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This narrative was written by Dr. Marshall W. Johnson, one of  
Dr. Oatman’s Ph.D. students.

We dedicate this work to the memory and contributions of Earl R. Oatman (1920–2015), Emeritus Professor of Entomology, 
University of California, Riverside (UCR), United States. Professor Oatman grew up in the agricultural setting of rural, eastern 
Oklahoma. He joined the United States Army prior to America’s involvement in WWII. Following the Japanese invasion of the 
Philippines, he was taken prisoner in April 1942 at the age of 22. He experienced the infamous Bataan Death March from which 
he escaped and evaded the Japanese for about 1 year. He was later retaken prisoner and held for 3 years, eventually being sent to 
Japan where he did slave labor in a zinc mine. He was freed following the destruction of Hiroshima and Nagasaki.

Following the war’s end, Professor Oatman earned B.S. and M.S. degrees from the University of Missouri at Columbia. 
He continued his education at the University of California, Berkeley, where he obtained a Ph.D. in Entomology in 1956, 
studying under Professor A. E. Michelbacher, an early proponent of the “integrated control” concept. Afterward, he joined 
the Entomology faculty of the University of Wisconsin, Madison, where his research focused on integrated control of ar-
thropod pests of deciduous fruit trees. In 1962, he was hired into the Division of Biological Control of UCR’s Department 
of Entomology, where his primary responsibilities were research and instruction (undergraduate and graduate).

Professor Oatman’s research focused on the biological control and integrated pest management (IPM) of arthropods at-
tacking vegetable crops (e.g., tomatoes, broccoli, and potatoes) and small fruit (strawberries). These cropping systems 
historically received frequent applications of pesticides due to low cosmetic thresholds. In the 1960s and 1970s, he was 
one of a handful of researchers who pioneered the use of alternative controls and IPM approaches in tomatoes and other 
vegetable crops. Major pests that he and his team of colleagues and students targeted included the tomato fruitworm, 
Heliocoverpa zea (Boddie), beet armyworm, Spodoptera exigua (Hübner), tomato pinworm, Keiferia lycopersicella 
(Walsingham), cabbage looper, Trichoplusia ni (Hübner), tobacco hornworm, Manduca sexta (Johannson), and veg-
etable leafminer, Liriomyza sativae Blanchard. Studies were conducted on population monitoring, biological control 
(conservation, augmentation, and classical), timing of chemical applications based on pest densities, selective pesticides, 
natural enemy biology and ecology, non-target impacts of broad spectrum pesticide use, economic analysis of manage-
ment approaches, and mating disruption using pheromones.

Results from the studies of Professor Oatman and his associates demonstrated that calendar-based, unilateral chemical con-
trol for the complete array of tomato pests was unnecessary and sometimes resulted in upsets of secondary pests (e.g., Liriomyza 
leafminers) within the crop system. By integrating selective pesticides, such as formulations of Bacillus thuringiensis spores, 
and augmentative releases of the egg parasitoid Trichogramma pretiosum Riley, it was possible to control the direct fruit pests 
(e.g., H. zea, S. exigua, K. lycopersicella) without decimating the natural enemies that held leafminers in check.

The desire to use the most effective egg parasitoids in augmentative releases stimulated Professor Oatman to conduct 
foreign exploration for effective Trichogramma species and become a world expert on the biology and systematics of this 
genus in collaboration with Professor John Pinto. These efforts contributed to the development and success of today’s com-
mercial insectaries that produce Trichogramma for commercial farming operations.
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Foreword

Tomato (Solanum lycopersicum L.) is the second most important vegetable crop in the world after potato. World production 
and consumption of tomato has grown quickly over the past 25 years. Current world production is about 170.75  million tons 
of fresh fruit produced on 5.02 million hectares in over 150 countries. The tomato plant has been bred to improve productiv-
ity and fruit quality. Because of its popularity and use in cooking and processing, tomatoes are one of the most profitable 
vegetable crops. However, tomato production is also labor-intensive and prone to production problems that can reduce both 
yield and quality of fruit which in turn reduces grower’s income. Tomatoes can be subjected to attack by a number of insect 
pests from the time plants first emerge until harvest. The damage can result from feeding on roots, foliage, and fruit or by 
spreading certain diseases, such as viruses.

Much has been published over the years about the insect pests of tomato and their control. What is missing is a com-
prehensive synthesis of all the information in one place. This book Sustainable Management of Arthropod Pests of Tomato 
integrates and evaluates all this information into one volume. This is accomplished by 46 authors who have substantial 
knowledge and experience in the field of pest management in tomato production systems across the world where tomatoes 
are grown. The first chapters of the book detail the most important pests of tomato throughout the world. Each of these pest 
chapters is arranged in the same general way discussing identification, biology, distribution, hosts, damage, crop losses, 
economic thresholds, and management practices.

With most insects, outbreaks are difficult to predict, and choosing management tactics and timing of those tactics can 
be challenging. Scheduled sprays are frequently considered the most practical management program due to the variety of 
insect pests on this crop. However, dependence on chemical pesticides is not likely to provide a sustained solution to many 
of the pest problems. This book provides the knowledge of insect behaviors, pest monitoring, and effective ecological and 
economic strategies that will enable producers to either avoid or greatly reduce the damage they incur in their tomato crop. 
Additional chapters discuss the principles behind alternative controls to chemicals such as host-plant resistance, transgenic 
approaches for pest control, and biological control using predators, parasitoids, and entomopathogenic nematodes and other 
pathogens. The ideas and principles behind integrated pest management are discussed in two chapters dealing with IPM in 
protected environments and in field production systems.

Sustainable Management of Arthropod Pests of Tomato is an important book for anyone interested in tomato arthropod 
pest management.

Prof. Dr. Iqrar Ahmad Khan
Vice Chancellor

University of Agriculture
Faisalabad, Pakistan

April 2017
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Preface

Tomatoes are one of the most commonly grown vegetable crops in the world. In 2014, 5.02 million hectares of land were 
devoted to tomato cultivation with a total production of almost 170.75 million tons. It is a major money-making crop 
and few other agricultural commodities can match the income potential of fresh market and processed tomatoes. While 
 tomatoes are grown throughout the world, it is not the easiest crop to grow profitably. The level of training or education 
in tomato production has often been found to be a major factor determining whether or not a grower produces a profitable 
crop. Extension educators and other forms of education and information have been found to be essential in providing 
valuable information about tomato production and pest management to small and large growers.

Our goal in writing Sustainable Management of Arthropod Pests of Tomato was to create a resource for tomato producers,  
field workers, extension educators, university personnel, and others about tomato insect pests. In addition to describing 
the pests’ biology, life history, and damage, a great deal of this book is dedicated to management. Many publications 
have descriptions of the pests, but oftentimes offer only generic information as to how the pest can be controlled with  
chemicals, cultural management practices, or biological control agents. The chapters in this book are written by authors 
who have decades of experience in pest management in vegetables and more specifically in tomatoes. Rather than just list 
some general approaches for the pests’ management, they discuss management programs that have been proven under 
various field and tomato production systems. Much time and expertise has gone into describing different management 
practices and their advantages, disadvantages, and limitations. Management of some of these pests requires wide-ranging 
combinations of control strategies and the authors of these chapters have the experience and knowledge to provide this type 
of information.

The first part of this book provides information about specific insects and mite pests of tomato throughout the world. 
These chapters are arranged in the same general way discussing identification and biology, distribution and hosts, damage, 
crop losses, economic thresholds, and management practices, which is the largest section of each chapter. The management 
section deals with how best to monitor the pest, what chemical, biological, or cultural controls are most practical to use, and 
other IPM tactics such as host-plant resistance, and pheromone-based strategies including mass trapping and mating disrup-
tion. Also included for each pest are the economic considerations that examine the most cost-effective methods to manage 
the pests in tomato production systems. Following these chapters are broader treatments of the principles behind manage-
ment alternatives to chemical control, including host-plant resistance, transgenic approaches for pest control, biological 
control using parasitoids, predators, pathogens, and nematodes, and using the cultural control of bagging technology. The 
ideas and principles behind integrated pest management are discussed in two chapters dealing with IPM in protected envi-
ronments and in field production systems. Finally, because of the continued importance they play in insect management, 
there is a discussion of the registration process for insecticides.

The authors of this book work in universities and government agencies located in North and South America, Europe, 
Africa, and Asia, across the world where tomatoes are grown. This gives not only a global perspective on the different pests and 
their management, but also the local production practices and concerns of different areas throughout the world. The combined 
experience and knowledge of the authors in the field of pest management in tomato production systems is substantial, and we 
appreciate the dedication of each author in bringing their expertise to the pages of this book. We are also thankful to Nancy 
Maragioglio and Billie Jean Fernandez for their continuous support and endurance throughout this project.

Waqas Wakil
Faisalabad, Pakistan

Gerald E. Brust
Maryland, USA

Thomas M. Perring
California, USA
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Chapter 1

Tomato and Management of Associated 
Arthropod Pests: Past, Present, and Future
Waqas Wakil1, Gerald E. Brust2, Thomas M. Perring3

1University of Agriculture, Faisalabad, Pakistan; 2CMREC-UMF, University of Maryland, Upper Marlboro, MD, United States; 3University of 

California, Riverside, CA, United States

1.  INTRODUCTION

Tomato, Solanum lycopersicum L., is the most widely grown vegetable and leading non-grain commodity in the global pro-
duction system (Bai and Lindhout, 2007; Srinivasan, 2010; Testa et al., 2014). It belongs to the family Solanaceae, which 
has over 3000 plant species of economic importance, including potato, eggplant, petunia, tobacco, pepper (Capsicum), 
and Physalis. Solanum is the largest genus in the Solanaceae family encompassing 1250 to 1700 plant species which are 
widespread in distribution, remarkable in morphological and ecological diversity, and present on almost all temperate and 
tropical continents (Weese and Bohs, 2007). It was in the 16th century that tomato was assessed as a close relative of the 
genus Solanum and declared as Solanum pomiferum Cav. (Bergougnoux, 2014). In 1753 Linnaeus first classified tomato 
as S. lycopersicum; however, many revisions were suggested later on by different researchers (Foolad, 2007; Peralta and 
Spooner, 2007). It took about 200 years to confirm the contribution of Linnaeus for recognition of tomato in the genus 
Solanum when phylogenetic classification of the Solanaceae and the genus Lycopersicon were revised through molecular 
data (Bergougnoux, 2014).

Botanically, tomato is a fruit berry, and not a vegetable, and this fact was featured in a historical debate in 19th century United 
States in a special legal hearing of Nix versus Hedden-149 United States 304 (1893) (Bergougnoux, 2014). In the spring of 1886, 
Nix challenged the tax collection at the port of New York on tomatoes imported from the West Indies categorizing tomatoes under 
vegetable. There was a long debate based on literal and scientific claims about tomato but in the end the court opined that “Though 
botanically tomatoes are fruit of a vine like cucumbers, squashes, beans and peas but these have common usage as vegetable 
for gardens and kitchens and commonly used as vegetables” (https://supreme.justia.com/cases/federal/us/149/304/case.html). 
Initially, tomatoes were flattened in shape, segmented, and golden in color (Matthiolus, 1544). In 1554, Matthiolus (1554) 
reported another variety comparable in shape, but red in color. The first cultivated tomatoes were yellow and cherry-sized 
and hence this fruit was named golden apples. Tomatoes were regarded as poisonous for a time, but their beauty was still 
appreciated for ornamental purposes. After its arrival in Europe, tomatoes were known as the Peruvian apples. Patrick Bellow 
of Castletown is known as the first British tomato grower who grew plants from seeds in 1554 (Bauchet and Causse, 2012). 
Different species of tomatoes are now available in different shapes (Tanksley, 2004).

Tomatoes were distributed globally after their import in the 16th century from the Andean region to Europe (Bergougnoux, 
2014). The word “tomato” in English has its origin from the Aztec word tomatl, clearly depicting its domestication his-
tory. The introduction of Europeans to tomatoes probably took place during a voyage of Cortez in 1519, when he picked 
up some tomato plants from Mexico. McCue (1952) provided bibliographic investigations about the domestication history 
of tomato. He found that the Spanish conquistador Cortes introduced the small yellow tomato to Spain when Tenochtitlan, 
the Aztec city known as Mexico City today, was captured in 1521. Following this tomatoes were brought to Italy through 
Naples (a Spanish possession at that time). The first known European name tomato as “pome dei Moro” (Moor’s apple) 
and the French as pommes d’amour, or love apples, because tomatoes were thought to possess aphrodisiacal properties. 
“Tomate” was introduced in the 17th century, which later was modified to “tomato,” most likely due to inspiration from the 
more familiar potato.

Native to western South America, wild tomatoes were spread to a wide variety of habitats ranging from sea level on 
the Pacific coast up to 3300 m above sea level in the Andean Highlands, and from arid to rainy climates. Wild tomatoes are 
believed to be restricted to a narrow range of isolated valleys which possess a particular climate and soil type (Nakazato and 

https://supreme.justia.com/cases/federal/us/149/304/case.html
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Housworth, 2011). This hypothesis is supported by studies using two close tomato relatives S. lycopersicum and Solanum 
pimpinellifolium L. This diversity is further expressed through morphological, physiological, and sexual characteristics 
(Peralta and Spooner, 2005; Peralta et al., 2005). Modern molecular techniques have helped to determine that tomatoes 
from Europe and North America share similar isozymes and molecular markers with those from Mexico and Central 
America (Brazil, Guatemala, El Salvador, Honduras, Nicaragua, Costa Rica, and Panama), which clearly shows that both 
regions transferred tomatoes to Europe and back to North America (Peralta and Spooner, 2007; Bauchet and Causse, 2012).

Because tomatoes have an enriched nutritional package, are easily cultivated, and are highly adaptable, there has been a 
dramatic increase in tomato production around the world. The world’s drastic fluctuations and uncertainties in food supply 
have placed this crop in the upper echelon to fight food security issues. Tomatoes are not only used as fresh produce but also in 
a broad range of processed products such as juice, paste, powder, soup, sauce, and concentrate. They are enriched with nutri-
ents such as β-carotene, lycopene, and vitamin C, all known for their positive impacts on human health (Bergougnoux, 2014).

2.  PRODUCTION, AREA, AND YIELD

At the global level, tomato consumption surpasses all other vegetables after potato (FAO, 2017), making it one of the 
most popular garden crops. Tomato is an important vegetable of Asia and Africa with a global production of ~70% 
(Srinivasan, 2010). Recently, Europe surpassed Africa in production and the combined share of Asia and Europe is 
72.83% of the world’s total production (FAO, 2017) (Fig. 1.1A). The Republic of China is the world leader in tomato 
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FIGURE 1.1 The average share of continents for tomato production (A) and summary of global tomato production trend represented by 15 leading 
producers of the world (B) during 2014 (FAO, 2017).
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production, providing more than 50% of the world’s tomato acreage (Fig. 1.1B). After China, the United States and India 
add more than one-third of the world’s production; Turkey and Egypt also have a notable contribution. During the last 
20 years, tomato production and area under its cultivation is continuously increasing. It is very interesting to note that 
∼20 years ago, the United States and Europe were the leading tomato producers, but now the scenario has changed. The 
area under tomato cultivation has gradually increased globally, reaching 5.02 million ha in 2014 which was 3.27 million 
ha in 1995 (Fig. 1.2A). Correspondingly, the total annual production also enhanced from 87.44 to 170.75 million tons 
since 1995 to 2014, respectively (Fig. 1.2B). The recent trend for increased production also corresponds to the increase 
in public consumption reaching an average of about 20.5 kg/capita/year in 2009. Libya, Egypt, and Greece represent 
the nations with the largest tomato consumption of 100 kg/capita/year. A general perception is that in the Mediterranean 
and Arabian region, the consumption of tomato is highest in the world averaging between 40 and 100 kg/capita/year 
(Bergougnoux, 2014).

3.  TOMATO AND GLOBAL FOOD SECURITY

If one considers only lipids, proteins, and sugars, tomatoes undoubtedly have little nutrition. However, in the true sense, 
tomato encompasses an important nutritional package for human health, including antioxidants such as lycopene, vitamin 
A (β-carotene), and ascorbic acid (vitamin C) (Bergougnoux, 2014). The antioxidant properties of lycopene are considered 
to protect against cancer and cardiovascular diseases (Rao and Agarwal, 2000). Wild tomatoes, in contrast to cultivated 
cultivars, possess about 5 times more ascorbic acid (Stevens, 1986). Nutritional improvements have been bred into some 
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last 20 years (1995–2014) (FAO, 2017).
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cultivars, but these can result in lower yields that restrict the commercial success of these cultivars (Causse et al., 2007). 
The development of improved varieties of tomatoes through modern techniques is a key factor that will promote tomato in 
the area of food insecurity.

4.  PESTS OF TOMATO: CURRENT STATUS, CHALLENGES, AND FUTURE PRIORITIES

Damage caused by arthropod feeding presents one of the greatest economic challenges faced by tomato growers in green-
house and open-field situations. From the time the seed germinates until the fruit are ready to harvest, tomato is under 
constant threat by a diversity of insect and mite pests. These can be categorized broadly as those that feed on the vegeta-
tive plant causing indirect yield loss and those that feed directly on the fruit. In the early vegetative stage, the germinating 
seedling is exposed to mole crickets and flea beetles. Mole crickets (Orthoptera: Gryllotalpidae) feed on the roots and stems 
of emerging and newly transplanted tomatoes (Silcox, 2011; Bailey, 2012), which can kill the plant. Often the damage due 
to mole crickets is not apparent until the grower notices dead plants, and by then it is too late to prevent the yield loss. In 
extreme situations, the grower may need to replant the field. Once plants are established, the next pest of concern is flea 
beetles (species Epitrix and Phyllotreta). Adult flea beetles feed on cotyledons and early true leaves, leaving small shot 
holes in the leaves (Cranshaw, 2013), which can kill the plant outright, or at minimum reduce photosynthesis and water 
balance of the leaves.

As the tomato plant continues to grow, it faces with additional pests. Mites in the family Tetranychidae (Tetranychus 
urticae Koch, Tetranychus evansi Baker and Pritchard), Eriophyidae (Aculops lycopersici (Massee), Aceria lycopersici 
(Wolffenstein)), and Tarsonemidae (Polyphagotarsonemus latus (Banks)) feed on the leaves and stems of the plant; under 
severe infestations mite feeding can cause plant death. More commonly, mites rasp the epidermal cells of leaves and stems 
that reduce photosynthesis which can reduce the yield (Jeppson et al., 1975; Alagarmalai et al., 2009; Meck, 2010; Navajas 
et al., 2013).

Aphids, specifically Macrosiphum euphorbiae Thomas, Myzus persicae (Sulzer) and whiteflies, Trialeurodes vaporari-
orum Westwood, and Bemisia tabaci (Gennadius) feed on the foliage, extracting phloem sap which weakens the plant 
reducing yield (Hussey et al., 1969; Dedryver et al., 2010). Aphids and whiteflies can kill small seedlings under very high 
densities. In addition to sap feeding, they also produce copious amounts of honeydew that covers fruit and foliage. This 
sugary material serves as a substrate for sooty mold fungi which turns the leaves and fruit black (Johnson et al., 1992). Sooty 
mold can reduce photosynthesis and must be washed from fruit which adds expenses incurred by the grower. In addition, 
feeding by immature stages of B. tabaci (MEAM1) on tomato foliage causes a fruit abnormality known as tomato irregular 
ripening (Schuster et al., 1996; Dinsdale et al., 2010). This abnormality is characterized by sections of the fruit that remain 
green, while other sections ripen normally. Another hemipteran that feeds on foliage is the potato psyllid, Bactericera 
cockerelli (Sulc). This insect also feeds on plant phloem, injecting salivary toxins that result in “psyllid yellows.” Feeding 
by nymphal stages is most often associated with psyllid yellows (Cranshaw, 1994).

Leafminers in the Diptera order can be severe pests, mining the leaves of tomato foliage. There are four species, i.e., 
Liriomyza sativae (Blanchard), Liriomyza trifolii (Burgess), Liriomyza bryoniae (Kaltenbach), and Liriomyza huidobrensis 
(Blanchard) to be considered, and under high densities they can severely damage leaves causing reduced yields (Walker, 
2012). Leafminers tend to be secondary pests that normally are under control of various parasitoids. However they can be 
severe when pesticides are overused reducing the natural enemies.

Another foliage feeder is the Colorado potato beetle, Leptinotarsa decemlineata Say; adults and larvae feed on the ten-
der stems of the plant as well as the young foliage. Under heavy infestations, these beetles can completely defoliate tomato 
plants, causing heavy crop loss (Hare and Moore, 1988).

Thrips (Thysanoptera: Thripidae) can be pests of young seedlings where they rasp epidermal tissue causing a reduction 
in photosynthesis. It is rare in established plants, but high densities can stunt the plant. Western flower thrips, Frankliniella 
occidentalis Pergande, feed on pollen and flowers, which lead to bud damage and blossom drop (Kirk, 1997). They also 
feed on young fruit, causing discoloration and scarring making them unacceptable for fresh fruit marketing (Salguero 
Navas et al., 1991).

Stink bugs (Hemiptera: Pentatomidae) can be a pest problem in tomato. Early instar stink bugs prefer to feed on the 
foliage, which generally does not affect tomato unless the bug density is high. Later instar and adult bugs prefer to feed on 
young, green fruit (Lye and Story, 1988). Stink bug feeding leaves puncture marks on the fruit, often surrounded by discol-
oration; these marks downgrade the quality of fresh market tomatoes. Similar to stink bug, leaf-footed bugs, Leptoglossus 
phyllopus (L.), Phthia picta (Drury) also cause damage due to feeding. With their long proboscis, leaf-footed bugs probe 
deep within the plant. When this occurs to fruit, the fruit may abort or become discolored as they mature, making them 
unmarketable (Ingels and Haviland, 2014).
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Finally, insects of the order Lepidoptera feed on tomato foliage, stems, and fruit. While some species such as the tomato 
leafminer, Tuta absoluta (Meyrick) (Desneux et al., 2010) feed predominantly on foliage, other species feed on foliage in 
the early larval instars and move on to the fruit during later instars. These include Helicoverpa armigera (Hübner) (Venette 
et al., 2003), Helicoverpa zea (Boddie) (Capinera, 2001), Spodoptera exigua (Hübner) (Liburd et al., 2000), Spodoptera 
litura (F.) (Ahmad et al., 2013), and Keiferia lycopersicella (Walsingham) (Capinera, 2001). There are several lepidopter-
ans that feed mainly on the fruit, including Manduca quinquemaculata (Haworth), Manduca sexta (L.) (Foster and Flood, 
2005), and Phthorimaea operculella (Zeller) (Kroschel, 1995), attacking tomato by boring into the fruit or by chewing 
damage on the foliage and/or fruit.

Compounding the diversity of pests in tomato is the fact that global trade and ease of travel across the globe has resulted 
in the movement of pests from one region to another. These invasive pest introductions upset the existing integrated pest 
management (IPM) programs, complicating the decisions that growers must make to preserve their economic viability. 
A current example of an introduction of a non-native pest of tomato is that of the South American tomato leafminer  
T. absoluta. This small moth has invaded 40% of the world’s tomato crop where it almost causes total crop loss (Anonymous, 
2005). It is apparent that more effort is needed to prevent invasive pests from entering new areas of tomato production, and 
such exclusion is one of the main techniques of IPM. Increasing efforts to inhibit international pest movement in the future 
will greatly reduce crop loss and pest management costs.

Direct-feeding damage on tomato by many insects and mites challenges growers in the development of holistic 
IPM programs. One simply cannot manage a single pest; all potential pests must be considered. This is compounded 
by the fact that many of the insects that feed on tomato also serve as vectors of plant pathogens. The most significant 
of these are the aphids and whiteflies. Their unique way of feeding in the phloem causes minimal damage to the 
sieve elements so that inoculation of virions results in successful inoculation and the formation of disease. There are 
more than 150 viruses known to be transmitted by whiteflies (Polston and Anderson, 1997; Jones, 2003) and over 
100 viruses that are transmitted by aphids (Kennedy et al., 1962; Blackman and Eastop, 2007). Thrips also trans-
mit viruses in the genus Tospovirus, the most widespread of which is tomato spotted wilt virus (Riley et al., 2011). 
Management of insect-borne viruses presents particular challenges for tomato growers. Due to a very short inocula-
tion time, insecticides and biological control agents are not effective in reducing spread. In these situations, areawide 
control to reduce vector numbers outside the target tomato field or exclusion strategies for greenhouses or the open 
field must be used, often at a high expense to the growers. In these cases, the future depends on varieties that are 
resistant to the virus or to insect feeding. Other insects transmit bacterial pathogens. The tomato psyllid, B. cockerelli 
is the vector of the bacterial pathogen, Candidatus Liberibacter Jagoueix et al. solanacearum (CLso). This bacterium 
causes a disease in tomato known as vein greening, which is known to reduce fruit set and can cause plant death 
(Butler and Trumble, 2012b; Sengoda et al., 2013). Stink bugs puncture green fruit and can infect them with bacterial 
and yeast pathogens that lead to fruit rot (Zalom and Zalom, 1992).

Fortunately, there is a wealth of information from research conducted on the various arthropod pests and vectors of 
pathogens, which is used to form management strategies. Foremost in the development of IPM programs is determining 
cost-effective methods for sampling pests in tomato; many of these are outlined in this book for specific insects and mites. 
Sampling strategies include using light traps, colored sticky traps, and pheromone traps for monitoring pest population lev-
els. Information from traps and field sampling has been used to develop a variety of sampling plans. With good estimates 
of pest density, growers then can select appropriate management tools for their pest situation.

The most utilized control method is to treat pest populations with insecticides and/or acaricides. The reason behind this 
is the ease of application, inexpensive cost of pesticides, and rapid reduction of pest numbers. Pesticides also have a long 
history of use for pest control. Sulfur, herbs, oils, and soaps were used as controls in the beginning (Brown, 1951; Jones, 
1973). In the 1600s nicotine mixtures, herbs, and arsenic were the most important constituents used for insect pest control. 
In the early 1800s entomologists began to understand the importance of temperature in the development and distribution of 
insects, a concept we use today to know when a particular pest species is active (Martin, 1940; Ware and Whitacre, 2004). In 
the 1860s the Colorado potato beetle, L. decemlineata, became one of the first invasive insect pests when it was introduced 
from the United States to Europe resulting in major losses of solanaceous crops, including tomato. This led governments 
to begin inspecting agricultural products entering their countries, which at times resulted in quarantines to be implemented 
(Ware and Whitacre, 2004). The agricultural inspections and quarantines caused an increase in the importance of pest con-
trol procedures and products. One of these products was Paris green, a mixture of arsenic and copper sulfate, for the control 
of Colorado potato beetle (O’Kane, 1915). Over the next 50 years, there was expansive development of equipment that 
could more effectively apply insecticides. In the early 1900s overreliance on pesticides for the control of arthropod pests 
in vegetables resulted in field failures; they were dangerous to farm workers and had negative impacts on the environment 
(Brown, 1951; Mrak, 1969).
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It was not until the early 1940s that chemicals effective in killing insects with moderate mammalian toxicity were 
synthesized and became commercially available (Shepard, 1951). In the 1950s and 1960s there was a rapid increase of syn-
thesized pesticides most notably the chlorinated hydrocarbons and organophosphates (Shepard, 1951; Ware and Whitacre, 
2004). These products were very successful because they were highly effective, relatively inexpensive, fairly easy to apply, 
and relatively safe to humans.

However, in 1962 Rachel Carson’s seminal book, Silent Spring, brought public awareness to the possible deleterious 
effects of unrestrained pesticide use (Carson, 1962). Issues included pesticides and their metabolites found throughout the 
environment and in humans, adverse effects on wildlife, resistance development, and secondary pest outbreaks. In response, 
government established agencies to manage pesticides such as the Environmental Protection Agency (EPA) in the United 
States and The European Environment Agency. Since the 1970s, IPM has been emphasized in academia and government 
agencies and promoted in the agricultural community. IPM can be defined most simply as utilizing multiple tactics of 
pest control (i.e., resistant plant varieties, pesticides, natural enemies, cultural control, etc.) to keep pests below economic 
thresholds in order to conserve environmental quality (Ordish, 1976; EPA, 1998).

To accomplish better management of arthropod pests, in the early 1990s reduced-risk pesticides were given expedited 
review by the Environmental Protection Agency. For a pesticide to be considered reduced risk, it must have one or more 
of the following qualities: a reduced impact on human health and very low mammalian relative to alternative materials; 
a reduced impact on non-target organisms; a lower potential for contaminating groundwater; and a lower pest-resistance 
potential (EPA, 1998). The reduced-risk pesticides can be integrated into IPM programs easily as they tend not to cause 
some of the negative drawbacks of older and more toxic pesticides, such as secondary pest outbreaks and reduction of 
natural enemies.

Second to pesticides, biological control has become a prominent component of IPM programs. There are specific and 
generalist natural enemies that have been identified for each of the insect and mite pests attacking tomato. A few examples 
are tachinid flies that parasitize adults and older nymphs of stink bugs, entomopathogenic nematodes that control flea beetle 
larvae overwintering in the soil (Miles et al., 2012), parasitoids and predators that attack aphids and whiteflies, predatory 
mites from the family Phytoseiidae that feed on mites and small insects, and generalist predators for the Colorado potato 
beetle (Brust, 1994), leaf-footed bugs (Ingels and Haviland, 2014), and potato psyllid (Butler and Trumble, 2012a).

Additional tools used in IPM for tomato pests fall under the broad categories of cultural control. Cultural control 
strategies are those that are applied to the crop in such a manner that they create a suboptimal environment for herbivores. 
Examples include planting date, manipulating fertilizer and irrigation regimes, crop-free periods, and natural and synthetic 
mulches (Weintraub and Berlinger, 2004). For greenhouses, cultural controls involve using insect exclusion screens and 
adding UV-blocking materials to plastic houses (Vatsanidou et al., 2011).

Perhaps the most exciting area of IPM for tomato pests is plant resistance. Tomato has been the topic of considerable 
research which has identified a variety of genes in wild tomato relatives that have been bred into commercial tomato culti-
vars. In addition, tomato has proven to be a model plant for identifying novel genes and defensive pathways that are helping 
us understand how herbivores interact with the tomato plant. This research holds tremendous promise for the future in the 
development of tomatoes that not only are resistant against the pests, but against the pathogens that many of them vector. 
Additional successes in biotechnology, such as RNA interference (RNAi) hold promise for incorporation into tomato plants 
that selectively targets pests (Zhang et al., 2015).

5.  CLIMATE CHANGE

One of the main challenges to face agriculture in the next 50 years and beyond is climate change. While climate change 
is sometimes presented in disastrous hyperbolic terms, it may be more pragmatic to look at the coming changes as chal-
lenges, much as we would with any invasive new pest. Agricultural crop production will be affected under future climate 
change, but the magnitude and direction of impacts on crops will vary locally and are difficult to predict because of 
the complexity of the interacting variables involved, such as CO2 levels, temperatures, precipitation, and near-surface 
winds. To date, research has focused on single factors usually in controlled environments, creating uncertainty about 
climate-change effects on crop production. Changes in average climate conditions are important, as are changes in the 
timing and incidence of extreme climate events. For instance, if we look only at elevated CO2 levels, which now are 30% 
higher than during pre-industrial times, we might expect an increase in crop yields (Kimball, 1983; Lawlor and Mitchell, 
1991). However, if we include the impact of higher temperatures on pest biology into the mix, the resultant scenario 
may counter balance the beneficial effect of the increase in CO2 (Cushman et al., 1988; Adams et al., 1990; Lawlor and 
Mitchell, 1991).
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An increase in temperatures could lead to an increase in crop water demand, increasing water use (Rosenzweig and 
Parry, 1994). On the other hand, the trend of diminished near-surface winds over the last 20 years and projections for 
continued declines may decrease evapotranspiration of cropping regions. The anticipated greater spring–summer air tem-
peratures would be beneficial to crop production at northern sites, where the length of the growing season is presently a 
limiting factor for growth. For vegetables, a critical period of exposure to temperatures is the pollination stage, when pollen 
is released to fertilize the plant and trigger the development of fruit. Temperature thresholds are normally cooler for each 
crop during pollination than for optimum vegetative growth. Exposure to high temperatures during this period can greatly 
reduce crop yields and/or quality, and increase the risk of crop failure. Tomato plants exposed to nighttime temperatures 
above 20°C during flowering and fruit set can experience reduced yield and quality (Brust, 2016). And these are only a few 
of the climate-change effects when considering just the crop. We have to take into account the effects on the pests of these 
crops and their natural enemies.

Generally, an increase in air temperature will benefit insect pests, as long as upper limits are not exceeded. Greater 
temperatures accelerate an insect’s life cycle while warmer winters reduce cold-stress mortality. The overall positive effect 
of increasing temperatures on expansion of insect geographical ranges in natural systems is well known (Parmesan, 2006; 
Gregory et al., 2009; Bale and Hayward, 2010). With increasing temperatures, there is early migration and maturation 
resulting in successful establishment in habitats that were previously beyond the range of insect population (Bale and 
Hayward, 2010). However, as is the case for crops, insects have optimal temperatures under which they thrive; therefore 
not all insect populations will increase with increasing temperature.

Extension of the growing season will likely have a profound effect on crop injury from some insect pests (Bradshaw 
and Holzapfel, 2010). The anticipated expansion of the geographic range of the corn earworm, H. zea and European corn 
borer Ostrinia nubilalis (Hübner) will result in increased losses from these pests (Diffenbaugh et al., 2008). Climate change 
will alter the environmental thresholds currently keeping some pests in check, making pest outbreaks more common as a 
result. For example, because of global warming over the last century, the northern extension of some crop ranges may have 
altered aphid community composition. In Europe, autumn sowing of winter wheat, barley, and rape provides a substrate 
for non-diapausing aphids to survive the winter (Roos et al., 2011). In Scotland the genetic variability of green peach aphid 
populations is increasing in association with warmer winters and earlier dispersal (Malloch et al., 2006).

Management costs may increase in the future due to shifting geographic ranges and decreasing generation times requir-
ing more frequent pesticide applications. If we examine Lepidopteran pests on sweet corn in the United States, we see that 
pesticide applications decrease with increasing latitude, from 15 to 32 times per year in Florida, four to eight times per year 
in Delaware, and zero to five times per year in New York (Hatfield et al., 2011). Because insects develop more rapidly at 
higher temperatures, their populations will increase more quickly than under current climate conditions and crop damage 
will occur more frequently. Therefore, action thresholds based on insect density may need to be reduced to prevent undesir-
able losses (Trumble and Butler, 2009). Climate change is also likely to affect virus diseases of plants indirectly by altering 
the geographic range of both vectors and non-crop reservoirs, and the feeding habits of vectors although these effects are 
likely to vary by geographic region (Canto et al., 2009; Navas-Castillo et al., 2011).

Results from climate-change studies have indicated an increased number of extreme weather events over the next 
50 years (Adams et al., 1990; Rosenzweig and Parry, 1994). From periods of drought followed by torrential downpours to 
warm late winter temperatures that suddenly develop into one or two nights of a devastating late frost, weather patterns in 
many places of the world will be subject to wild swings, but with a consistent steady rise in CO2 levels and temperature. 
Increases in extreme precipitation events may result in similar fluctuations in pest populations as pest outbreaks are often 
associated with dry years, although extreme drought and extremely wet years also are unfavorable to insects (Hawkins and 
Holyoak, 1998; Fuhrer, 2003). The effect of increased atmospheric CO2 on insect pests is much more complex than that 
of increasing temperature because insect fitness is greatly dependent upon the response of the host plant to increased CO2 
concentrations. This indirect action of CO2 makes for more variable interactions between plants and insect pests.

The extensive amount of research on climate change and agriculture is beyond the scope of these few pages. This brief 
section is intended to show the possibilities that may come in the next few decades, and the complexity of predicting what 
the effects of climate change will be on the agricultural community. The economic consequences of climate change will be 
contingent upon the reactions by growers, industry, and governments to specific regional changes in climate parameters. 
Responses could vary from individual farmers adjusting their horticultural practices and pest management programs in 
response to more variable weather patterns, to the agricultural industry developing drought and heat-tolerant cultivars, to 
increased government investment in climate-change research and more federal risk-management programs. The complex-
ity of the agricultural system will demand substantial efforts and cooperation between all stakeholders to develop effective 
strategies to adapt to changing climate patterns.
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1.  INTRODUCTION

Aphids, as a group, represent some of the most damaging insects to agriculture in the world. They were the subject of 
numerous research studies, and the topic of many books, including Dixon (1973, 1985), Harris and Maramorosh (1977), 
Minks and Harrewijn (1987), Blackman and Eastop (2000), and van Emden and Harrington (2007). While it is difficult to 
quantify the worldwide losses and control costs related to aphid feeding on tomato, it is clearly substantial. Aphids damage 
plants in three major ways. First, they remove plant sap from phloem sieve elements, which weaken the plants resulting in 
lower quality and quantity of fruit. Heavy infestations can result in plant death. Second, due to the fact that phloem is an 
amino acid poor substrate, aphids must process a large quantity of phloem to gain the products necessary for protein syn-
thesis which they use to produce offspring. With a modification of their gut into a filter chamber, aphids are able to shunt 
large quantities of phloem which is excreted in a carbohydrate-rich exudate that is termed “honeydew.” Aphids produce 
large quantities of honeydew which can cover the leaves and fruit. The sugary substrate provides a suitable medium for 
the growth of black sooty mold fungi (from the genera Capnodium, Fumago, Scorias, Antennariella, Aureobasidium, and 
Limacinula). On the foliage this sooty mold can become so thick that it reduces photosynthetic activity on the leaves result-
ing in poor quality and quantity of fruit. On the fruit, the honeydew and sooty mold must be removed prior to processing 
the tomatoes or packaging them for fresh market. This is an added cost for tomato producers. The third, and perhaps most 
costly type of aphid damage, is as efficient vectors of a number of plant viruses. This chapter discusses the biology, ecology, 
and management of aphids that attack tomato.

2.  IDENTIFICATION, BIOLOGY, DISTRIBUTION, HOST RANGE, AND SEASONAL 
OCCURRENCE OF MAJOR APHID PESTS ON TOMATO

Blackman and Eastop (2000) noted 12 “mostly very polyphagous aphid species” found on tomato. These included Aphis 
craccivora Koch, Aphis fabae Scopoli, Aphis gossypii Glover, Aphis spiraecola Patch, Aulacorthum solani (Kaltenbach), 
Brachycaudus helichrysi Kaltenbach, Macrosiphum euphorbiae Thomas, Myzus ornatus Laing, Myzus persicae (Sulzer), 
Rhopalosiphum rufiabdominale (Sasaki), Smynthurodes betae Westwood, and Toxoptera aurantii (Boyer de Fonscolombe). 
Holman (2009) listed 15 species on tomato, which included many of those mentioned by Blackman and Eastop (2000) plus 
Aphis nasturtii Kaltenbach, Brachycaudus (Acaudus) cardui L., Brachyunguis harmalae B. Das, Brachyunguis plotnikovi 
Nevsky, Macrosiphum rosae L., Myzakkaia verbasci Chowdhuri, Basu, Chakrabarti & Raychaudhuri, bringing the total 
number of aphid species that feed on tomato to 18. Many of these species invade tomatoes when they are grown in close 
proximity to the aphid’s primary host plant. This was the case for R. rufiabdominale, a grain aphid which moved from 
outside into glasshouse tomatoes and overwintered on tomato and pepper (Zilahi-Balogh et al., 2005). While any of the 
species mentioned may be economic pests of tomatoes in the local context, such as A. gossypii (Kobari and Noori, 2012; 
Helmi and Mohamed, 2016), two species are considered to be global pests, M. euphorbiae and M. persicae. These aphids 
will be the focus of this chapter.

The potato aphid, M. euphorbiae, “undoubtedly originated in North America” (Blackman and Eastop, 2007). It was 
first identified in the UK in 1917 and quickly spread throughout Europe on potato (Eastop, 1958). In addition to North 
America and Europe, it has long been established in Central and South America and Africa, and recently has spread in 
eastern Asia (Blackman and Eastop, 2007). It is a highly polyphagous species feeding on more than 200 plant species in 
20 different families (Blackman and Eastop, 2007). During the winter the eggs are laid on many different primary hosts 
(for example Rosa, Solanum, Euphorbia, and Lycium spp.), while migrants spend the summer on a variety of secondary 
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hosts. In particular, they colonize the Solanaceae, especially potato and tomato (Blackman and Eastop, 2000), and plants 
in the Cucurbitaceae (melon), Chenopodiaceae (beet), Compositae (lettuce), Leguminosae (bean), Rosaceae (citrus). They 
are commonly found on numerous ornamental plant species. There are two color morphs, pink and green, and the younger 
tomato leaves are preferred by the pink form, while the younger and middle leaves are preferred by the green form (Walker 
et al., 1984a). The pink form tends to predominate older plants (Walker et al., 1984b).

Blackman and Eastop (2000) and Stoetzel and Miller (1998) provide general descriptions of M. euphorbiae. It is a 
relatively large aphid with two color biotypes; yellowish-green or pinkish-red (Fig. 2.1). Wingless adult females (apterae) 
are 1.7–3.6 mm long, and pear-shaped in appearance. The body is often shiny and the eyes are distinctly reddish. The anten-
nae have six segments, with two to six secondary sensoria on the basal half of segment three. Antennae are generally dark 
apically, but sometimes are entirely dark. The legs, siphunculi (cornicles) and cauda (tail) are usually the same color as the 
body, but the siphunculi can be darker toward the apices. The siphunculi have a slight apical constriction with several rows 
of polygonal reticulations in the constricted areas. They are approximately 6–11 times as long as wide. The cauda is also 
relatively long, more than twice as long as wide. It is elongate, finger-shaped and with 8–10 lateral setae and 2–3 dorsal 
pre-apical setae. The legs are also noticeably long. Wingless immature forms are rather long-bodied and paler than adults, 
with a dark spinal stripe and a light dusting of whitish-gray wax. The dark stripe on the back is sometimes seen in adults.

Winged adult females (alatae) are 1.7–3.4 mm long, although sometimes they can be noticeably larger than apterae 
of the same population. Different shades from green to pink characterize the color of the body. They have pale-green to 
yellow-brown thoracic lobes, with the antennae and siphunculi being darker than in the apterae. The hind wings have two 
characteristic oblique veins. The antennae are 6-segmented, with 10–18 secondary sensoria on the basal third of the third 
segment. The central stripe on the back is much less distinct in winged forms (Stoetzel and Miller, 1998; Blackman and 
Eastop, 2000).

The main characteristics distinguishing M. euphorbiae from other aphid species are the length of the reticulated area on 
the siphunculi, the number of sensoria on the third antennal segment, and the tapering shape and presence of lateral hairs on 
the cauda (Palmer, 1952). M. euphorbiae has a diploid chromosome number of 2n = 10 (Blackman and Eastop, 2000; Monti 
et al., 2011). Keys to distinguish M. euphorbiae from other aphid species were presented by Denmark (1990), Stoetzel et al. 
(1996), and Stoetzel and Miller (2001).

The biology of M. euphorbiae can be heteroecious holocyclic (=alternating host, sexual reproduction) in certain tem-
perate climates, and autoecious anholocyclic (=single host, parthenogenetic reproduction) in warmer tropical climates. 
For both types, aphid females can produce apterae (wingless) and alate (winged) forms. The alates are produced when the 
population needs to migrate to another host, which can be triggered by crowding or queues that the female receives from a 
declining host plant.

For holocylic populations, day length, temperature, host quality, parent type, and genetic factors play a role in the pro-
duction of different offspring (MacGillivray and Anderson, 1964; Lamb and MacKay, 1997). In the spring, when day length 
is expanding, alate females migrate from overwintering hosts into summer hosts and produce a large proportion of apterous 
individuals. Multiple generations of alates and apterae will utilize the secondary summer hosts until the day length and tem-
perature signal the upcoming winter months. When conditions are right, the females will give rise to a generation of males 

FIGURE 2.1 Pink color morph of the potato aphid, Macrosiphum euphorbiae.
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and gynoparae (females) who migrate to the primary overwintering host where they mate (Shands et al., 1972). Males are 
attracted to females by a sex pheromone that is released from the waving hind leg of “calling” virgin females (Goldansaz 
and McNeil, 2003). The sex pheromone was identified as a mixture of (1R, 4aS, 7S, 7aR)-nepetalactol and (4aS, 7S, 7aR)-
nepetalactol in a ratio that varied with age from 4:1 to 2:1 (Goldansaz et al., 2004). In laboratory tests, males walked toward 
synthetic blends of the two components in the ratios released by females, but did not respond to the individual components 
alone (Goldansaz et al., 2004). The female offspring (oviparae) then lay eggs on the bark of Rosa spp. and the aphids 
overwinter in the egg stage. In the spring, eggs hatch into a new generation of apterous females (fundatrix). The offspring 
of these fundatrices feed on the new growth in rose buds. By the second generation, some alatae are produced and most 
individuals of the third generation are alatae. These individuals migrate toward secondary host plants, including tomato, 
in the late spring and summer. This migration is influenced by the time of egg hatching and the rate of aphid development.

In Europe, and most other areas where M. euphorbiae is an exotic species, the life cycle is mainly anholocyclic with 
continuous asexual reproduction on secondary hosts. Sexual morphs are sometimes produced in small numbers (Möller, 
1971). However, overwintering as eggs on Rosa spp. is rare in Europe (Meier, 1961); most aphids remain mobile through 
the winter months on weeds, potato sprouts in storage or chitting houses, or on lettuce and other crops in greenhouses. 
In early May or June winged forms are produced that migrate to potatoes or other field crops. A second winged dispersal 
occurs in July if populations are high, while a smaller migration occurs in the autumn.

The distinction between different life cycles in M. euphorbiae is less clear-cut than for most aphid species. A degree 
of “life cycle plasticity” and “genotype plasticity” has been described. M. euphorbiae can remain on its primary host Rosa 
spp. throughout the year, eliminating the summer secondary host plants altogether (MacGillivray and Anderson, 1964). M. 
euphorbiae also deviates from the normal pattern seen in host-alternating aphids as apterous females on secondary hosts 
are capable of producing winged females (gynoparae) and males. This enables M. euphorbiae to reproduce sexually on both 
primary and secondary hosts, although sexual reproduction on secondary hosts is much less common (Lamb and MacKay, 
1997). Aphid populations can survive year-round in warm climates and in greenhouses, infesting foliage, stems, and fruit 
late in the season.

The green peach aphid or peach potato aphid, M. persicae (Fig. 2.2) is extremely polyphagous and has a worldwide 
distribution (Jansson, 2003) except where there are temperature and humidity extremes. It is probably of Asian origin 
where it’s primary host, Prunus persica (L.) Batsch, is native. Within its range, it is relatively cold resistant. Howling 
et al. (1994) described the mortality of aphids at various cold temperatures and their results suggested that an acclimatized 
overwintering population of M. persicae would persist without significant mortality after a period of 7–10 days with −5°C 
temperatures each night.

M. persicae is a highly variable species; strains, races, and biotypes have been distinguished based on morphology, 
color, biology, host-plant preference, ability to transmit viruses and insecticide resistance (van Emden et al., 1969). The 
eggs measure about 0.6 mm long and 0.3 mm wide, and are elliptical in shape. Eggs initially are yellow or green, but soon 
turn black. Mortality in the egg stage might be quite high. Nymphs are initially greenish, but soon turn yellowish, greatly 
resembling viviparous (parthenogenetic, nymph-producing) adults. Adult wingless parthenogenetic females are oval-bod-
ied, 1.2–2.1 mm in body length (Blackman and Eastop, 2000), and can vary in color from whitish green, pale yellow-green, 
gray green, mid-green, dark green, to pink or red (Blackman and Eastop, 2007). Apart from genetically determined color 

FIGURE 2.2 The green peach aphid, Myzus persicae.
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variations, they are more deeply pigmented green or magenta in cold conditions. Immature stages are quite shiny, but adults 
are less so. Winged morphs have a black central dorsal patch on the abdomen. Immatures of the winged females are often 
pink or red, especially in autumn populations, and immature males are yellowish (Blackman and Eastop, 1984). The distin-
guishing characters of the M. persicae group that can be seen with a hand lens or under the microscope are the convergent 
inner faces of the antennal tubercles in dorsal view, and the very slightly clavate (club-like) siphunculi, which are usually 
dark-tipped and more or less as long as the terminal processes of the antennae. M. persicae alate virginoparae derived from 
overwintering eggs on Prunus have cylindrical cornicles, whereas those from populations derived from overwintering vir-
ginoparae have clavate cornicles.

van Emden et al. (1969) reviewed the life cycle of M. persicae. This aphid can complete a generation in 10–12 days, 
with over 20 generations per year in mild climates. Blackman (1974) discussed the life cycle variability of M. persicae on a 
worldwide basis. It is heteroecious holocyclic (host alternating, with sexual reproduction during part of life cycle) between 
Prunus and summer host plants, but anholocyclic on secondary (summer) hosts in many parts of the world where peach 
is absent, and where a mild climate permits active stages to survive throughout the winter. It is usually anholocyclic in the 
tropics and subtropics, with exceptions. For example, Ghosh and Verma (1990) reported apterous oviparous females of M. 
persicae for the first time from India, collected on P. persica.

For the holocyclic populations, alate virginoparae created from the fundatrices migrate from the overwintering hosts 
to summer hosts in the spring. From these females, a number of apterous female generations occur, with successive gen-
erations of apterous and alate virginoparae born viviparously by thelytokous (all female) parthenogenesis. These females 
develop on summer hosts until the day length shortens in the fall (critical photoperiod between 12.5 and 14 h in Europe) 
and the temperature falls below a certain threshold. These environmental conditions induce autumn migrants (gynoparae) 
to migrate back to peach. Gynoparae will attempt to colonize a range of trees and shrubs, but the sexual part of the cycle is 
only completed on P. persica and close relatives. Gynoparae produce oviparae (mating females) that feed on peach leaves. 
Males are produced after gynoparae (1 month later in a study from Italy) on the summer hosts, and migrate independently 
to peach, where they mate with the oviparae, which by then have become adults. Males appear to be attracted by a sex 
pheromone released by sexual females, and are also attracted to the smell of the winter host (Tamaki et al., 1970). Oviparae 
lay 4–13 eggs, usually in crevices around and in axillary buds. Up to 20,000 eggs may occur per P. persica tree, although 
they average around 4000. Clearly, there is a large variation in egg numbers between trees (van Emden et al., 1969). The 
eggs overwinter in diapause, requiring a period of chilling to develop, and are extremely cold resistant (surviving tem-
peratures as low as −46°C). Hatching coincides with the swelling of flower buds, which provide food for fundatrices (van 
Emden et al., 1969). In the second generation, both apterous and alate females are produced. Both of these morphs continue 
producing offspring, and as the nutritional suitability of the peach tree declines, the production becomes primarily alates, 
which migrate to summer hosts. Although the winter host is limited to Prunus and close relatives, the array of summer hosts 
is vast with plants from over 40 families (Blackman and Eastop, 2000). These include Brassicaceae, Solanaceae, Poaceae, 
Leguminosae, Cyperaceae, Convolvulaceae, Chenopodiaceae, Compositae, Cucurbitaceae, and Umbelliferae. These sum-
mer hosts involve many economically important plants, including tomato.

Genetically, M. persicae normally has 2n = 12 chromosomes (Blackman et al., 1978), but chromosomal variation exists 
(Blackman, 1971). In this aphid, 2n has been reported to be 12, 13, and 14. This variation can be related to local populations. 
For example Cognetti (1961) reported 2n = 14 from aphids collected in Italy and the same diploid number was also reported 
from India (Sethi and Nagaich, 1972). According to Blackman (1971), all of the dark green biotypes have a chromosome 
complement of either 2n = 13 or 14. The aphids with 2n = 13 differed from normal diploids (2n = 12) in having one unpaired 
element and two shorter autosomes. The aphids with 2n = 14 seemed to have two unpaired elements and four shorter frag-
ments (Gautam et al., 1993). Morphological differences were recorded in the 2n = 13 and 2n = 14 aphids. Blackman (1980) 
stated that the aphids with 2n = 13 are evolutionarily older with the 2n = 14 aphids evolving later.

3.  DAMAGE, ECONOMIC THRESHOLDS, AND LOSSES

Aphids damage tomato directly by inserting their stylets into phloem sieve elements and withdrawing sap from the 
plant’s phloem, and indirectly by excreting honeydew on which sooty mold grows and by vectoring plant viruses. As 
phloem-feeders, they withdraw plant resources for their growth and reproduction (Dedryver et al., 2010). Common 
visible symptoms may be chlorosis, necrosis, wilting, growth stunting, and malformations (Goggin, 2007). Among 
the aphid species that attack tomato, M. euphorbiae causes the most significant direct damage (Strand, 1998), par-
ticularly during the period from 6 to 8 weeks before harvest (University of California IPM program, http://ipm.ucanr.
edu/PMG/r783301711.html). Symptoms of M. euphorbiae attack are foliar necrosis at the feeding site and chloro-
sis that extends beyond the point of infestation (Strand, 1998; Goggin, 2007). Continued feeding by large colonies 

http://ipm.ucanr.edu/PMG/r783301711.html
http://ipm.ucanr.edu/PMG/r783301711.html
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results in distortion of leaves and stems, and the plant can be stunted; severe infestations can result in plant death. 
In comparison, severe M. persicae infestation results in moderate wilting, which is usually not considered a prob-
lem unless plants are water-stressed (University of California IPM Program, http://ipm.ucanr.edu/PMG/r783300711.
html). Excretion of large quantities of honeydew promotes the development of black sooty mold fungi which covers 
foliage and fruit. This sooty mold reduces the photosynthetic capacity of foliage and must be washed from tomato 
fruit before it can be marketed, adding cost to the tomato grower.

The extent of damage caused by M. euphorbiae to tomato depends upon both aphid and plant genotype. There is con-
siderable difference in tomato variety susceptibility to potato aphid feeding. For example, in an experimental trial where 
plants were artificially infested with the same initial number of M. euphorbiae females, plant height and dry mass reduction 
caused by aphid infestation was significantly greater in the cultivar Rio Grande than the other two cultivars tested, Scintilla 
and Beefmaster (Rivelli et al., 2012). In the case of the last two cultivars, aphids didn’t cause any significant growth reduc-
tion compared to the noninfested control. Tomato cultivars carrying the Mi gene are known to be resistant to the potato 
aphid (Rossi et al., 1998; Kaloshian et al., 2000; De Ilarduya et al., 2003). However, some aphid clones are able to overcome 
the Mi gene plant resistance (Goggin et al., 2001). Indeed there is tremendous genetic variability in aphid populations as 
demonstrated by Raboudi et al. (2011) and this variability is likely important in aphid/tomato variety interactions. They 
showed three distinct genetic groups among just 15 M. euphorbiae populations in Tunisia. Virulent potato aphid genotypes 
can establish comparable population densities on resistant (Mi+) and susceptible (Mi–) tomato cultivars (Rossi et al., 1998; 
Goggin et al., 2001). In addition, avirulent aphid clones, whose population growth is significantly lower on resistant versus 
susceptible tomato plants, show quantitative and qualitative differences in their virulence (Cooper et al., 2004). The mode 
of action of Mi-mediated resistance seems to differ from one aphid population to another, and includes feeding deterrence 
and antibiosis (Hebert et al., 2007).

The virulence variability of different aphid populations within a single aphid species, together with variations due 
to weather, timing of infestation, and diversity of cultural conditions, makes it difficult to precisely assess the economic 
losses caused by aphids. In general, economic loss assessment requires information about the relationship between pest 
abundance and yield loss. This relationship involves a complex set of interactions between the insect, the host plant, and the 
environment. Two approaches are possible: to build a model for yield losses based on plant growth analysis or, to empiri-
cally assess yield loss through observations and experimental trials in field and semi-field conditions (Dent, 1991). West  
(1946) and Walgenbach (1997) attempted the empirical approach to assess the economic damage caused by the potato aphid 
to tomato crops and to establish an economic threshold level for this insect. In the earlier study, tomato plants grown in a 
very controlled greenhouse environment were used to show that 40 Macrosiphum solanifolii Ashmead (=M. euphorbiae) 
aphids per gram of plant tissue was a critical infestation level, resulting in 33.7–42.2% plant weight reductions (West, 
1946). Walgenbach’s (1997) observations were based on aphid infestations in the field. Infestations were maintained below 
fixed threshold levels by applying an aphicide. Threshold levels of 10%, 25%, 50%, 65%, and 100% infested leaves 
were compared. Walgenbach (1997) found that yields were consistently lower in the non-treated control, 100%, and 65% 
infested leaf treatments compared with the other treatments, although differences were not significant. He also observed a 
reduction in fruit quality that appeared to be the major cause of profit–loss in the high aphid density treatments. Reductions 
in fruit quality related to aphids were caused by sunscald.

Ideally, the number of insects feeding on a plant and the duration of the infestation will influence the extent of yield 
loss (Dent, 1991), so the level of attack should be expressed as “insect-days.” In addition, the effect of each developmen-
tal stage should be experimentally quantified and aphid counts should be adjusted to “adult equivalents” (Wratten et al., 
1979). Walgenbach’s (1997) approach to the assessment of the economic damage caused by potato aphid on fresh market 
tomato, which used the percentage of infested leaves as an attack index, may not be precise, but is practical. To assess 
infestation percentage is much less time consuming than to count the number of aphids on plants. In this way the cost of 
sampling is reduced and the practice can be adopted more readily by growers. The main limit of the results obtained by 
Walgenbach (1997) lies in the fact that it describes a single situation. The economic threshold proposed may not be valid, 
for instance, in the case of other tomato cultivars, other areas of cultivation, or when adopting different cultural practices. 
However, Walgenbach (1997) provided the first reference point for making decisions on insecticide applications against 
potato aphid in tomato. Threshold levels for M. euphorbiae recommended by Walgenbach (1997) were 50% infested leaves 
when using broad-spectrum insecticides, and 25% when using narrow-spectrum aphicides. Subsequent work by Wittenborn 
and Olkowski (2000) determined a treatment threshold on processing tomatoes to be 37% aphid positive leaflets or two 
aphids/leaflets. Both of these studies contributed to the current action threshold of 50% infested leaves in the United States 
(University of California IPM Program, http://www.ipm.ucanr.edu/PMG/selectnewpest.tomatoes.html) (Kuhar et al., 2009; 
Bessin, 2010). Lower action thresholds are sometimes suggested in other countries, such as Italy (10% of infested plants 
or less) (Viggiani, 2002).

http://ipm.ucanr.edu/PMG/r783300711.html
http://ipm.ucanr.edu/PMG/r783300711.html
http://www.ipm.ucanr.edu/PMG/selectnewpest.tomatoes.html
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Aphids also damage tomato by vectoring viruses. This type of damage often is much more serious than that caused by 
feeding activity. Blackman and Eastop (2000) note that M. persicae is the most important aphid virus vector, known to 
transmit over 100 plant viruses (Kennedy et al., 1962; Blackman and Eastop, 2007). M. euphorbiae is also an efficient vec-
tor, transmitting over 40 non-persistently transmitted viruses and 5 persistently transmitted viruses (Blackman and Eastop, 
2007). The economic threshold for aphids as virus vectors is much lower than it is for them as direct pests (Hooks and 
Fereres, 2006), and it is sometimes assumed to be zero (Viggiani, 2002).

Based on the persistence of the pathogen in the vector and the way in which the vector carries the pathogen, Nault 
(1997) classified viruses into four categories, namely (1) non-persistently transmitted, stylet borne; (2) semi-persistently 
transmitted, foregut borne; (3) persistently transmitted, circulative; and (4) persistently transmitted, propagative. Katis 
et al. (2007) shortened these to three mechanisms. In their description, viruses that require brief (<1 min) stylet probes are 
non-persistent. There is no latent period between acquisition and transmission and these viruses are rapidly lost after acqui-
sition. The second type is semi-persistent transmission in which aphids require a longer feeding probe (15 min) to acquire 
and transmit the pathogen. In this type of transmission also, there is no latent period and the virus generally is retained in 
the aphid for up to 2 days. Persistent transmission is characterized by long probes required for acquisition and inoculation. 
There is a latent period required for the virus to circulate through the aphid gut, through the hemolymph, and to the salivary 
glands where they can be transmitted. In persistent transmission, the pathogen is retained for the life of the aphid.

Most viruses transmitted by aphids to tomato are non-persistently transmitted, stylet-borne viruses. These include alfalfa 
mosaic virus (AMV), cucumber mosaic virus (CMV), potato virus Y (PVY), potato leafroll virus (PLV), tomato aspermy 
virus (TAV), and tobacco etch virus (TEV). General symptoms of viral diseases are stunting, chlorosis and necrosis, leaf 
malformations, poor fruit set, fruit malformation, and uneven ripening (Crescenzi and D’Agrosa, 2001). Aphid behavior 
during host selection is particularly important in virus epidemiology and management. Perring et al. (1999) provided a 
conceptual model of the sequences required for acquisition and transmission of a plant virus. The first step is that the aphid 
receives stimuli to land and feed on the infected plant in such a way as to acquire virions from the infected plant. When 
searching for a host, migrant aphids first respond to visual stimuli, landing on both host and non-host plants (Hooks and 
Fereres, 2006; Katis et al., 2007). After landing, aphids make brief (<1 min) stylet insertions as a conditioned reflex to tarsal 
contact with any solid surface (Powell et al., 1999). This probing behavior is not inhibited by the presence of repellents 
or deterrent cues (Katis et al., 2007). During these initial exploratory probes limited to the epidermis, aphids acquire non-
persistently and semi-persistently transmitted viruses. The second step is that the aphid must receive stimuli to fly from 
the infected plant and stimuli to land on another (non-infected) plant. Since aphids land and probe on a series of plants 
while searching for their appropriate host, stylet-borne virus can be spread very rapidly, even if aphids tend to lose them 
quite readily when the probe is extended for a long time after virus acquisition (Goggin, 2007). During this host searching 
process, the virus must be retained in the aphid, the third step in the successful transmission process (Perring et al., 1999). 
Fourth, after landing on the non-infected plant, the aphid must receive stimuli to feed on the new plant in such a way as to 
inoculate it with virions. The fifth and final step in the process is the plant must be susceptible to the virions, which then 
cause disease.

Because of the host searching behavior of aphids and the fact that most aphid-borne tomato viruses are non-persistently 
transmitted, there is a high risk for the transmission of viral pathogens. Thus, the best management strategies aim to prevent 
the incoming attack of aphid vectors rather than to control the aphid population in response to a particular action threshold. 
Insecticide application to the crop is not effective in preventing the spread of stylet-borne viruses (Goggin, 2007), perhaps 
with the exception of applying oils (Perring et al., 1999; Katis et al., 2007). Oils are distinguished from other insecticides 
by the fact that they inhibit virus transmission without altering aphid-probing behavior.

4.  MANAGEMENT

The management of M. persicae and M. euphorbiae on tomato has been the focus of a great deal of research. Much of 
the early work was on the use of insecticides because of their low cost, ease of use, and effectiveness. This single-strategy 
approach gave way to the concept of integrated control introduced by Stern et al. (1959) who were working on the spotted 
alfalfa aphid, Therioaphis maculata (Buckton) on alfalfa. Stern et al. (1959) suggested using a lower rate of insecticide 
which would allow natural enemies to survive, thus providing two mechanisms of control. From this early beginning, strate-
gies that bring added layers of control have been studied to the point that now we think in terms of integrated pest manage-
ment (IPM). This can be defined as “a comprehensive pest technology that uses combined means to reduce the status of a 
pest to tolerable levels while maintaining a quality environment” (Pedigo and Rice, 2006). First and foremost in any IPM 
program is the development of methods to quantitatively assess pest densities (Pedigo and Rice, 2006).
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4.1  Monitoring and Sampling

In tomato, aphids can be monitored in a variety of ways depending on the intended purpose of the information. Harrington 
et al. (2007) provide an excellent review of aphid monitoring and many of the techniques they present are used for aphids 
on tomato. In their chapter, they divide the sampling methods into (1) “Crop Sampling,” which includes in situ plant counts, 
destructive plant counts, vacuum sampling, sweeping, and beating, and (2) “Aerial Sampling” which includes colored 
water pan traps, clear or plant-colored water pan traps, sticky traps, sex pheromones (which are rare for aphids), filter nets, 
and suction traps (Harrington et al., 2007). To evaluate alate aphid immigration into the field, growers can use pan traps, 
sticky traps, filter nets, or suction traps. The yellow sticky trap (Fig. 2.3) is quick and easy to employ, and aphids are highly 
attracted to these traps because of the yellow color. In addition, aphids are easy to count on sticky traps. The second type of 
trap is the yellow water pan trap (Fig. 2.4), which is highly attractive to aphids because of the yellow color (Eastop, 1955). 
Lykoyressis et al. (1993) determined the relationship between aphids caught in yellow pan traps and numbers of alate and 
apterous aphids on the plants over 2 years. They found no relationship between trap catches and plant counts for M. per-
sicae throughout the study. However, they found significant relationships for the total numbers of M. euphorbiae caught 
in traps and the total number of alates on plants (r2 = 0.83) and the total aphid population on plants (r2 = 0.69) for 1 year of 
the study. When they observed the immigration period data, they found even stronger relationships with alate numbers on 
plants (r2 = 0.93) and total aphid numbers on plants (r2 = 0.80). These data suggest that the yellow trap is not that reliable 
for estimating field densities, but if they are used, they will be most effective when aphids are immigrating into a field such 
as during the early growth cycle. Wise and Lamb (1955) came to the same conclusion when sampling M. euphorbiae on 
oilseed flax (Linum usitatissimum L.) finding that neither pan traps nor sweep samples were as reliable as plant counts.

Early work on sampling M. euphorbia in processing tomato showed that M. euphorbiae were found more often on 
upper leaves than inner canopy leaves (Walker et al., 1984a). Further studies on a large number of fields (50 fields equal-
ing 2500 acres) supported a presence/absence sampling program, but better accuracy was determined when leaflets were 
sampled from upper and lower parts of the plant canopy (Wittenborn and Olkowski, 2000). Walgenbach (1994) sampling 
M. euphorbiae throughout the season determined that the distribution changed as the plant grew. He found that the highest 

FIGURE 2.3 Yellow sticky traps used to trap aphids. Flat trap (left) and circular trap (right). Sometimes sticky traps catch non-target insects, such as the 
alfalfa butterflies in the circular trap.

FIGURE 2.4 Yellow water pan trap used to trap aphids. Close up of trap (left) and deployed in the field (right).
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percentage of aphids was on the middle plant stratum through the first 60 days of plant growth, followed by a majority of 
aphids on the upper stratum after 60 days. In addition, he noted that the third most recently expanded leaf from the upper-
most part of the plant gave the highest level of precision among all single-leaf samples. He presented a binomial (presence/
absence) sampling plan based on this third leaf, which he labeled “T3.” Similar findings were presented by Hummel et al. 
(2004), who determined that aphid numbers on the upper canopy leaves were predictive of the inner canopy aphid densi-
ties. They also showed that the proportion of infested leaves were predictive of the average number of aphids per leaf in 
the upper canopy, thereby confirming that a presence/absence sampling plan would predict the aphid density on the plants. 
Field distributions were shown to be highly aggregated (Walgenbach, 1994) and Hummel et al. (2004) suggested that this 
aggregated distribution resulted from alate aphids infesting fields and females parthenogenetically reproducing where they 
alight. Given this clumped distribution, it is important to adequately sample a field to determine the field distribution. The 
University of California IPM guidelines (http://ipm.ucanr.edu/PMG/r783301711.html) note that potato aphids should be 
monitored from flower bloom to early fruit set by determining the presence/absence of potato aphids on “the leaf below 
the highest open flower on 30 plants selected at random throughout the field.” An interesting variation of this was reported 
by Boll and Lapchin (2002), who used “project pursuit non-parametric regression” to estimate M. euphorbiae densities in 
greenhouse grown tomatoes. Citing the need to sample many plants in the greenhouse to determine the level of infestation, 
they suggest counting aphids in an area for 1 min, and assigning the counts to abundance classes, which then could be used 
to determine treatment thresholds. Boll and Lapchin (2002) noted that this strategy saved sampling time by 10-fold, was 
non-destructive, and best suited for large scale surveys and optimizing IPM strategies.

4.2  Cultural Control

In addition to using insecticides, biological control agents, and host-plant resistance, agricultural producers can employ 
a variety of agronomic techniques that influence pest densities. Wratten et al. (2007) lists 18 techniques that can be used 
to manipulate the crop environment. By using these methods, growers can alter how aphids settle upon and leave plants, 
can impact aphid reproduction and mortality and the amount of damage caused by each aphid. It is important to note that 
agronomic practices and environmental factors may interact in a complex way and these practices can either help to reduce 
pest populations, or create favorable conditions for infestations. In most cases, agronomic techniques directly affect yield, 
independent of pest presence and control (Clark et al., 1999).

Manipulating the physical environment is very different between the open field and under greenhouse conditions. When 
tomato is grown in greenhouses, the walls act as physical barriers that deny aphid access to plants. Greenhouse walls are made 
of solid plastic or glass in cold climate regions, and they require heating in the winter months. In the Mediterranean climatic 
zones, which do not require heating in the winter, greenhouses may be entirely covered with insect exclusion screens (IES) 
(Weintraub, 2009). The advantage of mesh screening is that it permits movement of air and helps reduce humidity, which is 
important for the control of plant pathogens. IESs have proven to be very effective in preventing pest infestations (Vatsanidou 
et al., 2011), and this is important in the prevention of diseases caused by viral pathogens transmitted by aphids and other 
phloem-feeding insects. Of course, greenhouses must be properly constructed with double screened entrances, and be prop-
erly maintained. Technical features of IES have been reviewed by Weintraub and Berlinger (2004). Polyethylene films and 
nets may contain color additives that alter the transmitted light spectrum, interfering with the vision of insects (Edser, 2002; 
Diaz and Fereres, 2007; Ben Yakir et al., 2012). UV-blocking materials reduce the attraction of winged aphids to the outside 
walls of the greenhouse and prevent ingress of aphids when gates are opened for ventilation (Costa et al., 2002; Kumar and 
Poehling, 2006). However, the effects of these plastic films on biological control agents and pollinator species must also be 
considered. Results concerning predator and parasitoid foraging behavior in altered conditions of light are few and discordant 
(Weintraub, 2009). Performances of individual species are expected to be more or less negatively affected by UV-blocking 
materials according to the relative importance of chemical cues compared to visual ones in host location and acceptance (Diaz 
and Fereres, 2007; Vatsanidou et al., 2011). In the case of the aphid parasitoids Aphidius colemani Viereck and Aphidius 
matricariae Haliday, host finding and fecundity are not adversely affected by UV-absorbing plastics (Chyzik et al., 2003; 
Chiel et al., 2006). Effects of UV-light blocking materials on pollinator’s behavior may be important as ultraviolet-sensitive 
photoreceptors play a pivotal role in orientation and in the perception of color and shape of flowers (Diaz and Fereres, 2007). 
All these must be considered carefully as the incorporation of the bumblebee (Bombus terrestris L.) hives into greenhouses is 
a common practice to increase tomato yield. So if IES have an important role in preventing aphid infestations in greenhouses, 
the pros and cons of using a UV-absorbent material should be considered.

In the case of open-field tomatoes, mulches may reduce aphid settling to some extent; the amount of impact varies accord-
ing to type of mulch (Weintraub and Berlinger, 2004). Mulches may be natural or synthetic. Natural mulches are made of 

http://ipm.ucanr.edu/PMG/r783301711.html
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straw, compost, peat moss, bark chips, sawdust, or other natural material. Synthetic materials include aluminum and various 
types of plastics. Mulches used to control weeds, to retain soil water, and to promote crop maturation may also repel insect 
pests. Aphid landing preference is mainly determined by the degree of contrast between the yellow-green color of plants and 
the color of the soil (background color) (A’Brook, 1968). The best results have been obtained by using plastic UV reflective 
mulches (aluminum-painted or metallized mulch) as a crop cover (Wolfenbarger and Moore, 1968; Schalk and Robbins, 1987; 
Kring and Schuster, 1992; Csizinszky et al., 1995; Yoltas et al., 2003; Doring et al., 2004; Summers et al., 2004). Another 
strategy that has been tested is to use floating row covers. These have been shown to reduce M. persicae on tomato (Atta-Aly 
et al., 1998), but the plant morphology of tomato makes them useful only in the early growth stages. With the high cost of row 
covers, it is unlikely they will be used for such a short time period in the early vegetative growth.

Once aphids become establish in the crop, cultural controls may be used to counteract population growth and spread. 
For example, tomato planting date has been shown to impact the number of aphids and their predators. Perring et al. (1988) 
found more aphids on young tomato compared to older tomatoes; thus they recommended planting early so that plants were 
older when aphid abundance was greatest. Furthermore, they found that early infestation by M. persicae, which did little 
damage to the tomatoes, provided hosts for the predator Aphidoletes aphidimyza (Rondani), which established and provided 
biological control against subsequent infestations of M. euphorbiae (Perring et al., 1988). Another study on planting date 
conducted in Bangladesh found that aphids were more abundant in tomatoes planted early (Ahsan et al., 2005). These two 
studies illustrate the importance of aphid seasonality in local regions when considering a planting date strategy. Another 
practice that has been evaluated is the use of intercropping other plants with tomato. Afifi et al. (1990) found that inter-
cropping with onion or garlic significantly reduced M. persicae densities in the tomato. Among other agronomic practices, 
fertilization and irrigation have the highest impact on aphid populations as they significantly alter the food quality of host 
plants. Trends in the amino acid concentration of the phloem sap of host plant are highly correlated with changes in the 
aphid fecundity (Awmack and Leather, 2002), and fertilization with high nitrogen levels has long been known to be associ-
ated with aphid infestations (Kennedy, 1958). In addition to the total amount of nitrogen, whether it is supplied in organic 
or inorganic form is important. For example, the application of inorganic fertilizers may result in nutrient pulses. Nitrogen 
pulses cause nutrient imbalances and lead to high concentrations of foliar nitrogen. In contrast, organic farming practices 
promote a gradual release of plant nutrients which does not lead to spikes in nitrogen accumulation in plant tissues (Altieri 
and Nicholls, 2003). As a consequence, organic crops would be expected to be less susceptible to insect pests. As evidence 
of that, Morales et al. (2001) reported a significant reduction of Rhopalosiphum maidis (Fitch) infestations in corn after the 
application of organic fertilizers compared with synthetic fertilizers. A similar study also showed lower M. euphorbiae and 
M. persicae densities when organic fertilizers were used compared to synthetic fertilizers (Yardim and Edwards, 2003). 
Some field observations seem to contradict the link between high nitrogen concentrations in plant tissues and high level of 
insect damage in tomato (Letourneau et al., 1996; Letourneau and Goldstein, 2001), although aphid infestations tend to be 
higher in conventional farms (Letourneau and Goldstein, 2001). In agreement with field observations, Inbar et al. (2001), 
in a laboratory experiment with potted tomato plants, found no significant relationships between C/N ratio and insect per-
formance. Nevertheless, they found that fertilized tomato plants were more vigorous and more suitable for insect pests. 
Thus, the relationship between fertilization and performance of phytophages in tomato seems to be more complex and not 
immediately inferable from the nitrogen content in plant tissues. Inbar et al. (2001) concluded that, “regardless of insect 
species or bioassay method, the results in the tomato system support the plant vigor hypothesis (Price, 1991) that predicts 
positive association between insect performance and plant growth.”

With specific regard to aphids in tomato, Leite et al. (1999) tried to link aphid longevity to plant fertilization. They found 
that high nitrogen and potassium fertilization level in tomato led to an increase in leaf area, which in turn caused a reduction 
in the trichome density. Solanum lycopersicum L. trichomes, despite being mainly nonglandular, play a role in protection 
against insect pests (see above). Therefore, the reduction of trichome density subsequent to high levels of NK fertilization 
is likely to favor aphid infestations. However, Leite et al. (1999) did not observe any significant effect of plant fertilization 
on survival and longevity of M. persicae in tomato. These authors focused only on aphid longevity and did not report any 
observation on aphid fecundity, even though fecundity is the life history trait that we would expect to be most affected by 
nitrogen fertilization (Awmack and Leather, 2002). Latigui and Dellal (2009) found that percentage of NH4

− had a direct 
impact on aphid fertility; the higher the rate of NH4

+ the higher the M. euphorbiae fertility.
Management of soil fertility should also consider the soil microflora since it may play an important role in plant nutri-

tion and health (Hyakumachi and Kubota, 2004). Among plant growth–promoting microorganisms, fungi of the genus 
Trichoderma and Glomus are known to have a symbiotic relationship with tomato. Arbuscular mycorrhizal fungi (AMF), 
to which fungi in the genus Glomus belong, are particularly important for phosphorus uptake (Conversa et al., 2007) and 
mycorrhizal inoculation in the soil enhances tomato yield (Conversa et al., 2007; Colella et al., 2014). However, Glomus 
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(mycorrhizal fungi) and Trichoderma (non-mycorrhizal fungi) species seem to significantly differ in their direct effect on 
aphid populations, at least in the case of potted tomato plants in controlled conditions (Guerrieri et al., 2004; Battaglia 
et al., 2013). Tomato plants colonized by Trichoderma longibrachiatum Rifai MK1 were shown to be more suitable hosts 
for M. euphorbiae (Battaglia et al., 2013). Feeding on colonized plants, aphids displayed faster developmental time and 
higher reproduction. However, aphid performance was reduced when tomato roots were colonized by Glomus mosseae  
(T. H. Nicolson & Gerd) Gerd & Trappe (Guerrieri et al., 2004). Indirectly, both plant growth–promoting fungi enhance the 
attractiveness of the aphid parasitoid Aphidius ervi Haliday and the generalist predator Macrolophus pygmaeus (Rambur) 
(Guerrieri et al., 2004; Battaglia et al., 2013). However, the levels of parasitoid attractiveness to plants colonized by T. 
longibrachiatum MK1 were lower than the attractiveness to aphid-infested plants (Sasso et al., 2007). M. pygmaeus devel-
ops faster on Trichoderma-colonized plants (Battaglia et al., 2013). Furthermore, Rhizophagus irregularis (Syn. Glomus 
intraradices Schenk and Smith) positively affects the foraging behavior and the life history traits of M. pygmaeus (Duran 
Prieto et al., 2016). This mirid is a zoo-phytophagous predator (Alomar et al., 2002) that uses the plant mainly as a source 
of water but keeps a phytophagous behavior in the youngest stages when there is a scarcity of prey. These fungi somehow 
promote a faster development of this predator, possibly due to an increased nutritional value of plant tissues. Thus, while 
colonization by Glomus reduces aphid infestations, the effect of colonization by Trichoderma is difficult to predict. The 
final effect depends on whether the enhanced performance of natural enemies is sufficient to counteract the positive nutri-
tional impact of Trichoderma-colonized plants on aphid performance. It should also be noted that there is no information 
on how these fungi affect damage thresholds. It is possible that plant tolerance to pests might increase as a consequence of 
better plant growth and enhanced vigor.

In addition to plant growth–promoting fungi, a number of plant growth–promoting rhizobacteria (PGPR) have also been 
identified. Among them, the rhizobacterium Bacillus subtilis Ehrenberg is promising for protection of tomato from diseases 
and insect pests. B. subtilis isolates, obtained from the rhizosphere soil of healthy tomato plants, negatively affect several 
growth parameters of A. gossypii, resulting in a reduction of aphid numbers and CMV incidence in the field (Sudhakar 
et al., 2011).

Field application of growth-promoting bacteria and fungi in tomato has not always produced the expected effects in 
terms of control of aphids and viral pathogens transmitted by them (Zehnder et al., 2001; Colella et al., 2014). Variability 
in the response of plants to growth-promoting organisms may be the result of specific fungal or bacterial strains used 
(Klironomos, 2000; Hart and Reader, 2002). Furthermore, tomato is characterized by a high degree of genetic variability 
and plant responses to environmental stress and cultivation techniques can change with the cultivar (Srinivasa Rao et al., 
2001; Rivelli et al., 2013). As a consequence, suitability for aphids in tomato may be very different among genotypes 
(Goggin et al., 2001; Cooper and Goggin, 2005; Rivelli et al., 2013).

Volatile organic compounds (VOCs), which are products of defensive pathways (Colby et al., 1998), are directly involved 
in plant–aphid interactions by playing a role in the attraction of winged morphs (Visser et al., 1996; Digilio et al., 2012a), 
in host acceptance, and eventually in aphid reproduction (Hildebrand et al., 1993). Moreover, VOCs can act as synomones 
by attracting aphid parasitoids (Sasso et al., 2007, 2009). Cultural practices that increase VOCs attractiveness to natural 
enemies tend to increase the efficiency of biological control.

4.3  Resistance of Tomato Plant to Aphids

Plants offer a wide variety of resistance mechanisms to aphids. In his review, van Emden (2007) categorized 12 distinct 
mechanisms of resistance to aphids using the 3 classifications originally proposed by Painter (1951): antixenosis, antibiosis, 
and tolerance. A number of studies have evaluated the performance of commercial tomato varieties against M. euphorbiae, 
M. persicae, and A. gossypii (Kobari and Noori, 2012; Rivelli et al., 2012, 2013; Helmi and Mohamed, 2016). These studies 
provide valuable information when selecting certain varieties to grow in specific geographical locations.

Tomatoes have been used extensively in resistance research due to unique genes that have been introduced from wild 
tomato into commercial varieties. Several wild species have been studied extensively, including Solanum (=Lycopersicon) 
cheesmanii Riley (Simmons et al., 2003, 2005; Simmons and Gurr, 2004, 2006), Solanum (=Lycopersicon) hirsutum 
(=Solanum habrochaites S. Knapp & D.M. Spooner) (Quiros et al., 1977; Kok-Yokomi, 1978; Musetti and Neal, 1997a,b; 
Leite et al., 1999; Simmons et al., 2003; Simmons and Gurr, 2004; Kohler and St. Clair, 2005; Antonious and Snyder, 2008; 
Antonious et al., 2014), Solanum (=Lycopersicon) pennellii (Correll) D’Arcy (Goffreda et al., 1988, 1989; Goffreda and 
Mutschler, 1989; Rodriguez et al., 1993; Simmons and Gurr, 2004, 2006; Simmons et al., 2003, 2005; Kohler and St. Clair, 
2005; Antonious and Snyder, 2008; Leckie et al., 2016), and Solanum (=Lycopersicon) peruvianum L. (Kok-Yokomi, 1978; 
Kaloshian et al., 1995). From these wild species have come a number of traits that confer resistance to aphids, including 
leaf volatile and non-volatile metabolites, many of which are produced and stored in trichomes.
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4.3.1  Leaf Trichomes

The constitutive defense of the tomato plant is associated with the trichomes, plant hairs that are unicellular or multicellular 
appendages arising from epidermal cells. “Pubescence” refers to the set of trichomes that cover the surface of a plant; it 
confers resistance to a broad spectrum of pests. Trichomes are of various shapes and sizes (see review by Glas et al., 2012). 
In many species, the intraspecific variability of trichome type and density is often related to environmental parameters 
(Levin, 1973). Although trichomes have been used by many authors for taxonomic purposes, their real significance was 
ignored for a long time. It is now clear that trichomes play an important role in plant defense, especially with regard to 
insects (Glas et al., 2012).

The defensive role of trichomes has been studied in detail in Solanaceae. Solanum spp. have seven trichomes types 
with two primary roles in plant defense (Luckwill, 1943; Reeves, 1977; Seithe, 1979; Glas et al., 2012). First, the presence 
of a dense mat of hairs on plant surfaces constitutes a physical barrier and confers resistance, since it reduces the access 
of insects to the surface and limits the possibility of feeding. For example, M. euphorbiae avoid excessively hairy plants, 
including S. hirsutum (Quiros et al., 1977). Trichomes may also hinder the ovipositional activity of insects. In some cases, 
however, females have better adhesion due to pubescence and therefore they prefer leaves with the presence of trichomes 
(Robinson et al., 1980). The importance of trichome density for aphid resistance is also exemplified in the Woolly mutant 
of S. lycopersicum, which appears gray due the dramatic increases in the number of non-glandular trichomes (types II, III, 
and V) (Shilling, 1959; Tian et al., 2012). This increase in trichome density reduces the amount of aphid and leaf miner 
feeding on tomatoes (Chai et al., 2002).

Second, trichomes can possess exudates that are toxic to aphids (Levin, 1973). These exudates are released when broken 
by insects (Kennedy, 2003), and they can poison aphids by contact, ingestion, and/or inhalation. They can prevent insects 
from moving and feeding, thereby impacting survival. In their review, Glas et al. (2012) described the various compounds 
found in glandular trichomes and they identified the biochemical pathways of these trichomes. They noted the value of 
these structures for breeding resistant plants and touched on methods that might be employed for engineering resistant 
plants based on glandular trichomes.

The glandular type IV trichomes are abundant in wild tomatoes and are correlated with broad-spectrum arthropod resis-
tance (Glas et al., 2012). Luckwill (1943) observed that the type IV trichomes were completely absent in cultivated S. lyco-
persicum. As early as 1938, McKinney (1938) suggested that M. persicae migrants were unable to colonize tomato because 
the insects became entangled in a “gum-like secretion or exudate from the tomato foliage.” While the main mechanism of 
resistance conferred by type IV glandular trichomes is entrapment (Johnson, 1956; Goffreda et al., 1988), aphid mortality 
is often noted (Simmons et al., 2003, 2005).

The chemical constituents of type IV trichomes differ in the wild tomato species ranging from sesquiterpenoids to 
methyl ketones to acyl sugars. In relation to resistance to aphids, the trichomes of S. pennellii are best characterized. S. 
pennellii has a high density of type IV glandular trichomes on leaves, stems, sepals, and fruit epidermal surfaces. The exu-
dates of these type IV trichomes irritate, entrap, and kill insects, including aphids (Lemke and Mutschler, 1984; Rodriguez 
et al., 1993). In addition, Goffreda et al. (1988) noted that M. euphorbiae settled less frequently on S. pennellii with type 
IV trichomes, had a delay in time to first probe, had fewer probes, and spent less time feeding on the plant than they did 
on S. lycopersicum, which lacked type IV trichomes. Goffreda et al. (1989) demonstrated that the active compound in the 
S. pennellii trichomes was 2,3,4-tri-O-acylglucose, as plants treated with this acyl sugar reduced aphid settling relative to 
untreated plants (Goffreda et al., 1989; Rodriguez et al., 1993). While early attempts to cross S. pennellii with Solanum 
esculentum found only moderate level of heritability in the crosses (Goffreda and Mutschler, 1989), it is now known that 
production of acyl sugars is controlled by multiple genes (Leckie et al., 2012, 2013, 2014). Furthermore, Da Silva et al. 
(2013) determined that tomato lines with high levels of acyl sugars exhibited antibiosis-type resistance to M. persicae. The 
differences in the genes from S. pennellii and cultivated tomatoes that control acyl sugar production have been identified 
demonstrating the possibility of metabolically engineering cultivated tomato to express a spectrum of these toxic metabo-
lites (Fan et al., 2016).

The volatiles of S. habrochaites var glabratum type IV trichomes are acutely toxic for A. gossypii, M. euphorbiae, and 
M. persicae (Williams et al., 1980; Musetti and Neal, 1997a; Da Silva et al., 2013). The key toxicity factor is the methyl 
ketone, 2-tridecanone (Eigenbrode and Trumble, 1993), which alone caused 100% mortality in M. euphorbiae and A. gos-
sypii. The type IV trichomes of S. habrochaites accession LA1777 contain volatile terpenoids that provide resistance to 
insects (Muigai et al., 2002, 2003; Bleeker et al., 2009, 2011). The genes underlying these important resistance traits have 
been identified and metabolic engineering of cultivated tomatoes for these compounds is possible (Besser et al., 2009; 
Bleeker et al., 2009, 2011). While LA1777’s monoterpenes and sesquiterpenes provide a strong resistance to lepidopteran 
larvae and whiteflies and have been intensively studied, their potential for aphid control was considered less compelling 
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than S. pennellii’s acyl sugars (Simmons et al., 2003). Entrapment and mortality of M. persicae was observed in the first 
24 h after contacting LA1777 plants.

Finally, while not stored in trichomes, tomato’s volatile six-carbon (C6) aldehydes directly reduce aphid fecundity and 
the C6 aldehydes and alcohols indirectly induce defenses in the leaves, which interfere with aphid population expansion 
(Hildebrand et al., 1993).

4.3.2  Genetics of Resistance

When host plants are attacked by aphids, there is a massive transcriptional, physiological, and metabolic reprogramming 
in the host plant. Despite the activation of defense-signaling networks, in many interactions, aphids have adapted to a 
host plant and are able to establish residency and proliferate. To deter adapted aphids, selected host-plant genotypes have 
evolved resistance (R) genes that serve as a molecular surveillance system to recognize a specific aphid species/biotype, 
and rapidly induce effective defenses that interfere with insect growth, development, viability, fecundity, and/or repellence. 
Numerous R genes that confer resistance to microbial pathogens have also been isolated and characterized. The majority 
of R genes encode nucleotide-binding leucine-rich receptor (NLR) proteins that recognize specific pathogen/pest effectors 
and enable rapid deployment of defenses (van der Hoorn and Kamoun, 2008; Jacob et al., 2013; Cesari et al., 2014; Wu 
et al., 2015a). While numerous genes conferring resistance to aphids have been identified genetically, only two R genes that 
control resistance to aphids have been cloned to date. Tomato’s Mi1.2 and the melon Vat both encode NLRs with a coiled 
domain (Milligan et al., 1998; Boissot et al., 2016).

The tomato Mi gene was the first aphid R gene characterized at the molecular level. The Mi locus contains two NLR-
encoding genes, namely Mi-1.1 and Mi-1.2 (Milligan et al., 1998). The Mi locus originally was identified as conferring 
resistance to several root-knot nematode species (Meloidogyne spp.) (Roberts and Thomason, 1986) and later demonstrated 
to confer resistance to M. euphorbiae (Vos et al., 1998). Mi1.2 was independently identified as Meu-1 in a screen for M. 
euphorbiae resistance in tomato (Kaloshian et al., 1995, 1997; Rossi et al., 1998). Finally, Mi-1.2 also confers resistance 
to three additional hemipteran pests: two whitefly species (Bemisia tabaci (Gennadius) B and Q), and one tomato psyllid 
(Bactericerca cockerelli Sulc) (Nombela et al., 2003; Casteel et al., 2006). Feeding on Mi1.2 plants increased M. euphor-
biae mortality, decreased female longevity, and altered feeding behaviors (Kaloshian et al., 1997; Kielkiewicz et al., 2010). 
However, it does not confer resistance to M. persicae (Civolani et al., 2010).

Mi-1.2-mediated resistance to M. euphorbiae is developmentally regulated. Aphid resistance is first displayed in fully 
expanded leaves of tomato plants that are 5 weeks old (Kaloshian et al., 1995, 1997); surprisingly, expanding leaves remain 
susceptible to M. euphorbiae throughout the life of a Mi-1.2 plant. Mi-1.2-induced resistance are factors in the phloem and 
the mesophyll and/or epidermis (Kaloshian et al., 1997; Pallipparambil et al., 2010). De Ilarduya et al. (2001, 2004) identi-
fied another gene, Rme1 (“resistance to Meloidogyne spp.”) required for Mi-1.2-mediated resistance. Rme1 is functional at 
the same physiological step as Mi-1.2 or is upstream of Mi-1.2.

4.3.3  Tomato Response to Aphid Feeding

Plants express a complex defense network to deploy the chemical defenses that control pathogens and pests. At the core of 
this network are the defense hormones salicylic acid (SA) and jasmonic acid (JA). These hormones interact with ethylene, 
gibberellic acid, abscisic acid, auxin, and cytokinins to fine tune responses to insect and pathogen attack (Pieterse et al., 
2012). Treatments with SA and JA and the use of mutants that interfere with the production or perception of SA and JA 
have demonstrated the key roles of these hormones in resistance to insects. The relative importance of SA- and JA-mediated 
responses on resistance to aphids and other phloem-feeding insects varies in different host plants (Walling, 2009). In 
tomato, JA treatments decrease M. euphorbiae longevity and net population growth in susceptible plants (Cooper et al., 
2004; Cooper and Goggin, 2005). Congruent with these data, aphids prefer and perform better on tomato plants that are 
unable to perceive JA (the jai1 mutant) and, therefore, cannot express JA-regulated defense traits (Bhattarai et al., 2007). 
While JA-regulated defenses are critical in aphid-susceptible genotypes, JA treatments did not enhance, nor did the jai1 
impair the aphid resistance conferred by the Mi1.2 gene.

Unlike JA, SA-regulated defenses contribute to aphid resistance in both aphid-susceptible (mi-1.2) and resistant 
(Mi-1.2) tomato genotypes. Treatments of mi-1.2 or Mi-1.2 tomato plants with the SA analog BTH (benzo (1,2,3)- 
thiaiazole-7-carbothioic acid S-methyl ester) decreased M. euphorbiae population growth (Cooper et al., 2004; Cooper 
and Goggin, 2005; Li et al., 2006). Furthermore, aphid performance on the transgenic tomato line (NahG), which has 
low SA levels, showed that SA-regulated defenses are important in resistance in both mi-1.2 and Mi-1.2 tomato plants 
(Li et al., 2006; Thaler et al., 2010). The importance of both SA- and JA-regulated defenses in basal resistance to  
M. persicae has also been documented (Boughton et al., 2006).
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Insects cause varying amounts of cellular and tissue damage depending on their feeding behaviors (Walling, 2000). It 
is widely thought that the amount of tissue damage that occurs during aphid feeding is less than that which occurs with 
caterpillars or beetles, and more than that which occurs with stealthy phloem-feeders such as whiteflies (Tjallingii, 2006; 
Walling, 2008). Therefore the activation of the signaling pathways activated by tissue damage varies in response to aphids 
and is dependent on the amount of tissue damage and introduction of effectors that influence damage-induced defense 
signaling. With tissue damage, there is a rise in JA, the volatile methyl-JA, and the bioactive JA conjugate (JA-Ile), which 
leads to activation of JA-regulated defenses (Wasternack et al., 2006). JA induces the expression of a wide variety of JA 
biosynthetic enzymes, antinutritive proteins (e.g., proteinase inhibitors, polyphenol oxidases, and arginase) and chemicals 
(e.g., chlorogenic acid and rutin), and changes in volatile blend to activate defense gene expression and attract predators and 
parasitoids to insect-damaged plants. JA not only increases trichome densities, it also alters trichome chemical composition 
to enhance resistance to insects, including aphids. However, while cellular damage occurs in response to aphid feeding, 
activation of the JA-regulated genes appears to occur early and transiently and is subsequently followed by activation of 
SA-response genes (Bhattarai et al., 2007). Recently the changes in the tomato transcriptome in response to 24, 48, and 96 h 
of M. euphorbiae feeding was determined (Coppola et al., 2013). This study showed that in an aphid-susceptible tomato 
plant, SA-regulated responses dominate.

In addition to the importance of SA and JA in defense responses to aphid feeding, ethylene (ET) has an important 
role in aphid–tomato interactions. There is an ET burst and increased expression of ET biosynthesis and response genes 
in response to M. euphorbiae feeding on both aphid-resistant and -susceptible tomato plants (Mantelin et al., 2009). In 
contrast, Anstead et al. (2010) found that some ethylene-biosynthetic gene RNAs were upregulated in resistant tomato 
compared to the susceptible control plants after M. euphorbiae feeding, while ET-perception genes were not regulated in 
resistant or susceptible tomato plants. It should be noted that relative to changes in ET-response genes in aphid-resistant 
melon plants after A. gossypii feeding, the tomato ET-response to M. euphorbiae was relatively weak.

Using the tomato plants with impaired ET biosynthesis or perception, Mantelin et al. (2009) showed that when ET 
signaling is reduced in an aphid-susceptible tomato plant (mi1.2), the plants have smaller M. euphorbiae populations. In 
contrast, ET does not appear to contribute to Mi-1.2-mediated resistance to M. euphorbiae. To further examine the role 
of ET-response factors in aphid-susceptible and resistant plants, Wu et al. (2015b) silenced the ET-response factor Pti5, 
which is known to have a role in resistance to the microbial pathogen Pseudomonas syringae Van Hall pv. tomato. Wu et al. 
(2015b) showed that Pti5 RNAs increase in response to aphid feeding but this increase was independent of ET. Silencing 
of Pti5 levels caused increases in aphid populations on both aphid-resistant and susceptible tomato plants. This raises an 
important feature in the tomato resistance to aphids. Multiple pathways are important in aphid resistance, particularly when 
combined with R-gene-mediated resistance (Cooper et al., 2004; Cooper and Goggin, 2005).

The importance of another signaling pathway in aphid resistance was recently revealed. The study of M. persicae-
Arabidopsis interactions indicated that the disaccharide trehalose and trehalose-6-phosphate constitute a novel defense-
signaling branch for curtailing aphid success. Both molecules are present in trace amounts and using Trehalose Phosphate 
Synthase11 (TPS11) mutants, Singh et al. (2011) showed TPS11 controls starch accumulation and the levels of PAD4 
in Arabidopsis. PAD4 is important in regulating senescence-associated genes and in reducing aphid success. In 2012, 
Singh and Shah demonstrated that there are strong parallels in tomato and Arbidopsis responses to M. persicae. Like 
Arabidopsis, tomato TPS11 and PAD4 RNAs are induced after aphid attack, the levels of trehalose and trehalose-6-phosphate  
increase, and starch accumulates. Tomato’s PAD4 is induced by exogenous trehalose, and aphid success is antagonized by 
trehalose. While not yet supported genetically in tomato, these results suggest that trehalose signaling may be an important 
new defense-signaling branch in tomato’s resistance against aphids.

Finally, volatiles are potent molecules that attract natural enemies to insect-infested plants and are also important 
in plant-to-plant communication and induction of defenses. For example, when tomato plants are in close proximity to 
tobacco plants engineered to emit high levels of the monoterpene β-ocimene, tomato plants had enhanced resistance to 
aphids (Cascone et al., 2015). The β-ocimene-exposed tomato plants had a lower number of M. euphorbiae settle on the 
plants, fewer nymphs born, and aphid body masses were lower. In addition, there were higher numbers of the parasitoid A. 
ervi. In addition, β-ocimene-exposed tomato plants had higher levels of methyl-SA and cis-3-hexen-1-ol (a C6 volatile), 
both of which are known to reduce aphid development.

4.3.4  Aphid Strategies to Overcome Resistance and “Effectors”

As aphids have coevolved with their host plants, they have developed a number of strategies that allow them to overcome 
plant resistance. These strategies include avoidance of plant surveillance, manipulation of signal transduction by insect 
effectors, and resistance to plant defense chemicals (Bansal and Michel, 2015). Aphid effectors have been identified in 
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aphid–Arabidopsis and aphid–tomato interactions (Kaloshian and Walling, 2016). These effectors target unknown steps 
in plant defense signaling, but they result in enhanced aphid success. For example, three M. euphorbiae effectors, Me10, 
Me23, and Me47, have been characterized to date (Atamian et al., 2013; Kettles and Kaloshian, 2016). When these effectors 
were introduced into Nicotiana benthamiana Domin, aphid fecundity was increased, suggesting that these actively suppress 
N. benthamiana defenses against aphids. Similarly, when expressed in tomato, Me10 and Me47 increase aphid fecundity.

Aphid effectors may also be generated by aphid secondary endosymbionts. Chaudhary et al. (2014) showed that 
Buchnera’s GroEL was present in the saliva of M. euphorbiae and it was able to induce pattern-triggered immunity in the 
model plant Arabidopsis. Aphids feeding on plants treated with GroEL had reduced fecundity. Furthermore plants engi-
neered with GroEL had reduced fecundity in M. persicae and M. euphorbiae.

The effectors that are recognized by resistance genes are not known for any aphid–plant interaction (Kaloshian and 
Walling, 2016). However, there is evidence that there is diversity in M. euphorbiae isolates from the United States and 
Europe with regard to their ability to grown on tomato plants containing the Mi-1.2 resistance gene (Goggin et al., 2001; 
Cooper et al., 2004; Hebert et al., 2007). While M. euphorbiae from France and the Netherlands were killed on the Mi-1.2 
plants, M. euphorbiae isolates from California, North Carolina, and New Jersey were able to overcome the Mi1.2-mediated 
resistance. These data suggest that the European M. euphorbiae isolates have effectors that are directly or indirectly rec-
ognized by Mi-1.2 and thereby activate rapid and effective defenses. The M. euphorbiae isolates from the United States 
either do not express an effector recognized by Mi-1.2 or have found an additional route to circumvent this potent aphid 
resistance mechanism.

4.3.5  Impact of Abiotic Factors on Resistance

Agronomic factors such as fertilization and water stress can play an important role in the development of the population of 
pests. Indirectly they may affect the adaptation phase of the pests to the host plant or change the level of plant resistance 
to the insect. For example Leite et al. (1999) found that nitrogen and potassium levels were inversely related to trichome 
density and idioblasts in S. esculentum and to idioblasts in S. hirsutum.

Water stress is also a common abiotic environmental factor that causes physical and chemical changes in plants, con-
sequently influencing the relationship with insect pests (Holtzer et al., 1988). It is evident that a plant characterized by 
conditions of water deficit is most susceptible to infestations by phytophagous arthropods, as well as more easily infected 
by diseases of bacterial and fungal origin (Mattson and Haack, 1987). The literature on the response of arthropods to water-
stressed plants is vast. A number of variables including the host, the aphid species, and the level and duration of water stress 
impacts aphid survival, growth, development, and reproduction (Huberty and Denno, 2004; Agele, 2006). Intermittent 
stress can have a completely different effect than water stress that is constant. Rivelli et al. (2012, 2013) subjected tomato 
plants infested with M. euphorbiae to water stress and found that M. euphorbiae response to water stress depended on the 
tomato cultivar, the intensity of the stress applied, and the speed with which the stress was developed. Interestingly, the 
density of M. euphorbiae increased during the early days of the experiment, perhaps as a function of increased fecundity 
initiated by elevated soluble amino acids in the early phases of the water stress. Another explanation is the deactivation of 
plant resistance genes.

4.4  Biological Control

The aphidophagous guild is particularly rich in species, and includes predators, parasitoids and pathogens. Nevertheless, 
biological control of aphids often is not satisfactory (Dixon, 2000; Snyder and Ives, 2003). This can be explained by the fact 
that natural enemies of aphids usually are deficient in one or more traits that an effective biological control agent should 
have. According to Debach and Rosen (1991), an effective biological control agent should have a high prey specificity, as 
well as a reproductive rate and a tolerance of environmental conditions similar to that of the pest. An important feature of 
aphids is that they have a very high reproductive potential and an unstable relationship with the host plant over time (Dixon, 
1992; Dixon et al., 1993). Adult females that settle on a suitable host plant maximize their investment in reproduction 
(Powell et al., 2006). In this way, aphid colonies which are largely apterous expand rapidly as long as favorable plant and 
environmental conditions persist. Once these conditions change, alates appear and the aphid density on the infested plant 
quickly decreases. Aphid parasitoids are sufficiently specialized and reproduce rapidly in such a manner to show density-
dependent responses to increasing host populations. Yet, often this occurs with a time lag which is generally equal to one 
generation of the host (Snyder and Ives, 2009). During this time the aphid population grows and can reach very high levels. 
Parasitoid densities become large enough to suppress the pest later on, but eventually too late. The economic threshold may 
be passed even if the parasitization rate reaches levels close to 100%.
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The scientific literature regarding the use of predators and parasitoids for biological control of aphids most often refers 
to crops other than tomatoes (Powell and Pell, 2007). These include pepper (Rabasse et al., 1983; van Schelt, 1999), cucum-
ber (Benninson, 1992; Benninson and Corless, 1993; Hágvar and Hofsvang, 1995; Burgio et al., 1997; Mulder et al., 1999; 
El Habi et al., 1999, 2000; Kuroda and Miura, 2003), strawberry (Sterk and Meesters, 1997; Tommasini and Mosti, 2001), 
and ornamental plants (Scopes, 1969; Hämäläien, 1980; Snyder et al., 2004). Knowledge on delivery methods, including 
natural enemy/prey ratio, and the effectiveness of control is widely available. But this information must be applied with 
caution to crops other than those referred to in the experimental trials; the host plant may play a key role (Beglyarov and 
Smetnik, 1977).

4.4.1  Parasitoids

For biological control of aphids, parasitoids have been used more often than predators and pathogens (Powell and Pell, 
2007). One of the key advantages of aphid parasitoids is that they prey exclusively on aphids, although some parasitoids 
will feed on multiple aphid species. Aphid parasitoids belong to the families Braconidae and Aphelinidae, with the major-
ity of species in Branconidae. In their review, Powell and Pell (2007) listed no successful incidences of using parasitoids 
for biological control of aphids on tomato. However, in the glasshouse, for M. persicae control they did cite augmentative 
releases of A. matricariae and A. colemani in sweet pepper, Lysiphlebus testaceipes (Cresson) in beans, and Aphelinus 
abdominalis (Dalman) on cut roses. Cota and Isufi (2009) noted decreases in potato aphid populations when A. colemani 
was released. For M. euphorbiae, A. abdominalis, and Aphelinus asychis Walker have been used on roses. These parasit-
oids species should be evaluated for aphid control in greenhouse-grown tomato. One such study showed some impact of 
A. abdominalis for control of M. euphorbiae particularly when other predators (A. aphidimyza, Macrolophus caliginosus 
Wanger, and Dicyphus tamaninii Wanger) were present (Alomar et al., 1997).

Other studies have revealed some interesting biological interactions with aphid parasitoids, their host and the host plant. 
For example, Sasso et al. (2007) and Digilio et al. (2012a) found that, as a consequence of M. euphorbiae attack, tomato 
plants released methyl salicylate and cis-hex-3-en-1-ol, two compounds which negatively impact the aphid but serve to 
attract the aphid parasitoid A. ervi. In another study, Digilio et al. (2012b) determined that transgenic tomato plants express-
ing Cry3Bb Bacillus thuringiensis Berliner toxin had no impact on M. euphorbiae that fed on the plants, nor was there any 
impact on the natural enemies M. caliginosus or A. ervi.

4.4.2  Predators

On tomatoes, Syrphidae (Gilbert, 1986, 2005; Verheggen et al. 2009a), Coccinellidae (Hodek and Honěk, 1996; Sarmento 
et al., 2007), Chrysopidae (Principi and Canard, 1984), Cecidomyiidae (Meadow et al., 1984; Nijveldt, 1988; Cota and 
Isufi, 2009), and spiders (Sunderland et al., 1986) are major components of the aphidophagous guild. Aphid predators 
are generalist in the sense that they feed on several prey species, both aphids and non-aphids. However, it is necessary to 
make some distinction. Coccinellids, syrphids, and cecidomyiids such as A. aphidimyza feed primarily on aphids (although 
multiple species of aphids) and only opportunistically upon other prey (Ankersmit et al., 1986; Chambers and Adams, 
1986; Hodek and Honěk, 1996; Snyder and Ives, 2003). Other predator species are broad generalists. Among this group 
are Hemiptera (Alvarado et al., 1997), Carabidae, and spiders. In addition to polyphagy, predators have relatively long 
generation times (Dixon and Hemptinne, 2003; Snyder and Ives, 2009), which is not a favorable attribute for an effec-
tive biological control agent. For instance, ladybird developmental time is comparable to the average duration of an aphid 
colony. Therefore, coccinellid larvae have difficulty completing development in a single aphid patch and they must be able 
to explore multiple patches, often on different plants, to complete development (Dixon and Hemptinne, 2003). This situ-
ation is exacerbated when there is an early decline in aphid abundance. Additionally coccinellid larvae have to cope with 
the fact that the prey becomes scarce just when the food requirements are greatest. As a reproductive strategy, coccinel-
lids lay just a few eggs in patches with aphid colonies at an early stage, well before aphid populations peak in abundance. 
The number of predator larvae is regulated further by cannibalism that may dramatically reduce survival (Dixon, 2000). 
This helps explain why aphidophagous predators have limited effect on aphid abundance peaks (Kindlmann and Dixon, 
1999; Dixon and Hemptinne, 2003; Snyder and Ives, 2003). Moreover, predators prey on each other and they often prey 
on the juvenile stages of parasitoids inside aphids (Polis et al., 1989; Rosenheim et al., 1993, 1995; Ferguson and Stiling, 
1996; Lucas et al., 1998; Rosenheim, 1998). This intraguild predation may have a disruptive effect on biological control 
(Rosenheim et al., 1993, 1995).

In certain systems, generalist predators have favorable characteristics for the biological control of aphids. These preda-
tors feed on several different prey species and sometimes they have phytophagous habits as well. For these reasons their 
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density is independent of the densities of individual prey species (Harmon and Andow, 2004). In addition, generalist preda-
tors may already be present in the crop at the beginning of aphid infestations. Conversely, generalist predator predation 
on aphids may be influenced by the presence of other more favored prey. Parasitoids and generalist predators can exert a 
complementary effect, despite the unidirectional intraguild predation (Snyder and Ives, 2003; Weisser, 2003). Parasitoids 
are capable of mounting a strong numerical response to host increase, but with a time lag equal to the time required for the 
development of juveniles into adults. Feeding activity of generalist predators can prevent aphid populations from reaching 
a high peak density during this time.

Host-plant preferences must be considered when exploiting aphid natural enemies as biological control agents. High 
trichome density can provide major resistance against aphids (Farrar and Kennedy, 1991; Simmons et al., 2003), but 
also may reduce or disrupt biological control. In tomato, trichomes may interact directly or indirectly with aphid natural 
enemies (Kennedy, 2003; Economou et al., 2006). For instance, the ability of the lacewing Mallada signatus (Schneider) 
to prey on tomato aphids is significantly lower in the presence of densely arranged trichomes (Simmons and Gurr, 2004, 
2006). Similarly, Episyrphus balteatus (DeGeer) is reported to fail in controlling aphids on tomato plants (Verheggen et al., 
2009a), even though it is attracted to tomato volatiles released in response to M. persicae feeding (Verheggen et al., 2009b). 
These hoverfly females have difficulty landing, presumably hampered by the long type I and III trichomes (Verheggen 
et al., 2009a). The larvae are strongly affected by trichomes because they do not possess legs (apodal) (Rotheray, 1987). 
They adhere to plant surfaces by greasy smeared saliva and move by means of body contractions. Thus their attachment and 
mobility is hindered on hairy tomato leaves (Verheggen et al., 2009a). This negative effect depends on the combination of 
larval morphology, size, and mode of movement. For example, larvae of the predatory midge A. aphidimyza are apodal and 
their locomotion is similar to that of hoverflies. However their survival increases in the presence of hairy surfaces (Lucas 
and Brodeur, 1999). They have a smaller body size compared to syrphid fly larvae, and they move easily between tri-
chomes. Negative effects of trichomes may also be less apparent on leg-bearing predators, especially if they have long legs 
allowing them to maintain some distance from the plant’s surface. Some predators actually prefer plants with trichomes that 
provide their eggs a refuge from cannibalism and predation. Both A. aphidimyza and the coccinellid Coleomegilla maculata 
DeGeer lay more eggs on plants with high density of trichomes (Lucas and Brodeur, 1999; Seagraves and Yeargan, 2006). 
In addition, the mirid bug Dicyphus errans (Wolff) prefers foraging on pubescent plants (Voigt et al., 2007).

Recently, the use of predatory mirid species for the control of tomato pests in greenhouse has spread in Europe. Three 
mirid species, native to the Mediterranean region, have been selected for this purpose: D. tamaninii, M. pygmaeus, and 
Nesidiocoris tenuis (Reuter), all belonging to the subfamily Dicyphinae (Lykouressis et al., 2000; Alomar et al., 2002). 
Another species, Macrolophus basicornis (Stal), has also been shown to have population parameters that suggest it would 
be a good predator on M. euphorbiae and M. persicae (Banos-Diaz et al., 2014). A fifth species, Dicyphus hesperus Knight, 
was selected for greenhouse pest management in Canada after screening several native mirid species (McGregor et al., 
1999; Shipp and Wang, 2006; Gillespie et al., 2007; Buitenhuis et al., 2013). These generalist predators are known to read-
ily colonize tomato crops, having an impact on whiteflies, aphids, lepidopterans, and mites (Gabarra et al., 1988; Perdikis 
and Lykouressis, 1996; Alomar et al., 2002; Castañé et al., 2004; Gabarra et al., 2004). They may also be able to establish 
on crops early in the growing season, when pests are colonizing, and they remain on the target crop when prey are scarce. 
Unfortunately, as omnivores, their feeding on the host plant carries the risk of causing economically significant damage to 
the crop. The risk of crop damage in tomato varies with predator species and it is dependent on the predator-to-prey ratio. 
The differences in the damage caused by three of the predatory species mentioned above are mainly due to the preference 
for various parts of the plant (Castañé et al., 2011). For example, D. tamaninii prefers to feed on fruit when prey are scarce. 
This behavioral characteristic discourages commercial release of this predator. N. tenuis has a strong preference for the 
three uppermost leaves and the apical bud. Damage includes the abortion of flowers and small fruits, as well as stunted plant 
growth (El-Dessouki et al., 1976; Vacante and Tropea-Garzia, 1994; Sanchez and Lacasa, 2008; Calvo et al., 2009; Arnó 
et al., 2010). Yet Sanchez and Lacasa (2008) showed an increase in the final average weight of fruits that compensated for 
the reduction in fruit numbers due to the abortion of flowers. Nevertheless, the damage caused by N. tenuis may be severe 
in the presence of continued feeding on the plant due to lack of prey (Arnó et al., 2010). In spite of the risk of crop dam-
age, N. tenuis is being broadly released in tomato greenhouses (van der Blom et al., 2009). Finally, the use of M. pygmaeus 
is generally considered safe as injury caused by this predator has not been observed on commercial crops (Malausa and 
Trottin-Caudal, 1996; van Schelt et al., 1996; Castañé et al., 2003). This species has been released throughout European 
tomato greenhouses since 1994 (Malausa and Trottin-Caudal, 1996; van Lenteren, 2003; Arnó et al., 2009).

The predatory behavior of M. pygmaeus against M. persicae and M. euphorbiae has been widely studied (Perdikis 
et al., 1999; Perdikis and Lykouressis, 2002; Lykouressis et al., 2007; Fantinou et al., 2008, 2009; Moerkens et al., 2014). 
This predator shows a higher predation rate and preference for smaller aphid instars. In the presence of aphids as the sole 
prey available, M. pygmaeus exhibits a type II functional response (Holling, 1959, 1966), which relies on a constant rate 
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of attack on each prey throughout prey densities. As a result, M. pygmaeus might remain effective at low prey densities. 
N. tenuis also feeds on M. persicae under laboratory conditions (Valderrama et al., 2007). In practice, these two predatory 
species are not used for the control of aphids although they could be effective. They both are used against whiteflies and 
Tuta absoluta (Meyrick). Prospects for predatory mirid bugs as biocontrol agents of aphids have been recently considered 
for sweet pepper (De Backer, 2012; Messelink and Janssen, 2014; Pérez-Hedo and Urbaneja, 2015). A release of four M. 
pygmaeus per plant has been evaluated and shown to control small densities of aphids (De Backer, 2012). A drawback of 
this strategy is that M. pygmaeus numbers increase slowly, so that it takes a long time to establish in the crop (Lenfant et al., 
2000; Castañé et al., 2006). Thus a better strategy might be to release M. pygmaeus into the crop at a very early, preventative 
stage. In addition, it would be best to follow the common practice of providing predators with eggs of Ephestia kuehniella 
Zeller as supplementary food (Lenfant et al., 2000).

4.4.3  Pathogens (Entomopathogenic Fungi)

While few aphids are impacted by bacteria and viruses, they are infected by entomopathogenic fungi. Currently, about 
700 species of fungi that are pathogenic to insects and mites have been described (Vega et al., 2009). Most belong to the 
division Ascomycota, order Hypocreales, and the division Zygomycota, order Entomophthorales (Powell and Pell, 2007). 
Entomopathogenic fungal spores attach to the host surface and germinate, producing hyphae that penetrate the exoskeleton 
(Butt et al., 1990; Hajek and Leger, 1994). The ability to penetrate through host cuticle is a unique feature that distin-
guishes fungi from other pathogenic organisms, such as bacteria, viruses, and microsporidia. Because they do not need to 
be ingested, this feature increases the spectrum of hosts that can be used as a food source. The trophic relationship with 
the host can be of various types (Vega et al., 2009). Some fungal species are biotrophic, exclusively feeding on living cells. 
Other species are necrotrophic, feeding on dead tissues. Still other species have a mixed behavior, biotrophic in the first 
phase and subsequently necrotrophic. The level of specificity of entomopathogenic fungi varies from extreme specializa-
tion (Jensen et al., 2001) to extreme polyphagia (Meyling et al., 2009). Some fungal species have an intermediate level 
of specialization, infecting hosts of a specific systematic group. One example is Pandora neoaphidis (Remaudière and 
Hennebert) which attacks aphid species (Ekesi et al., 2005).

Symptoms associated with infection by entomopathogenic fungi are variable and often nonspecific (Deseö Kovács 
and Rovesti, 1992). Sometimes it is possible to observe the presence of dark spots on the cuticle at the points of 
hyphae penetration. These spots are caused by integument melanization following the host defensive reaction. In 
some cases a change of color of the entire body can be observed. In adult insects, the fungus redirects host physi-
ological activities in its favor, effectively causing sterility in the host insect. This effect is evident within 24 h after P. 
neoaphidis or Beauveria bassiana (Balsamo-Crivelli) Vuillemin infection (Baverstock et al., 2006). Finally, entomo-
pathogenic fungi can induce behavioral changes in the host. For example P. neoaphidis alters the response to aphid 
alarm pheromone ((E)-β-farnesene). Aphids, the second and third day after infection, become less sensitive to the 
pheromone but continue to produce it (Roy et al., 1998). The percentage of aphids that does not respond to the phero-
mone increases as the disease progresses.

Fungi in the order Entomophthorales have been the subject of several studies on the environmental distribution and 
interaction with the host plant, in order to develop techniques for biological control using fungi. P. neoaphidis is an exam-
ple, which is widespread in temperate regions, but not presently useful for inoculation or augmentation. This species, 
unlike other Entomophthorales and most entomopathogenic fungi, does not produce dormant spores. However, in the 
presence of unfavorable environmental conditions, it can produce loricoconidia with thickened walls (Nielsen et al., 2003). 
Several studies have attempted to clarify the mechanism of environmental persistence of this entomopathogenic species in 
the absence of aphid hosts. P. neoaphidis can remain active during the winter, infecting small anholocyclic (=single host, 
parthenogenetic reproduction) populations of aphids and it can remain as inoculum deposited on plant or soil substrates 
(Remaudière et al., 1981; Nielsen et al., 2003). The optimum temperature for infection is around 20°C, but P. neoaphidis 
can also infect aphids at lower temperatures (5°C), compatible with winter temperatures in some temperate regions. The 
time required to kill the host increases with decreasing temperature (Wilding, 1973). The propagules of the fungus that do 
not reach the host can have a different survival rate depending on the substrate on which they fall. Conidia on vegetation 
germinate producing secondary conidia that can persist for up to 14 days. In the soil, however, the conidia may persist for 
several months, but their infectivity decreases over time (Baverstock et al., 2008). Conidia need light to germinate and 
infect aphids (Baverstock et al., 2008). It has also been speculated that they are sensitive to photoperiod, but this is not 
completely understood.

Particularly interesting are the interactions between Entomophthorales fungi and other organisms from a community 
ecology point of view. For example, larvae and adults of Coccinella septempunctata (L.) are not infected by P. neoaphidis 
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(Roy et al., 2001); therefore they are able to prey on aphids infected by the fungus (Rosenheim et al., 1995; Brodeur and 
Rosenheim, 2000). In addition, adults of A. ervi are not infected by the fungus, but the larvae of the parasitoid directly 
compete with the fungus inside the aphid host (Powell et al., 1986). The parasitoid is able to outcompete the fungus and 
complete larval development only if the deposition of the egg takes place before the fungal infection. In addition to the 
direct interactions described above, indirect interactions between these organisms exist. It was shown that the presence of 
entomophagous insects, competing with the fungus for the same resource, may facilitate the infection by P. neoaphidis 
(Pell et al., 1997; Roy et al., 1998; Roy and Pell, 2000; Baverstock et al., 2007). Although the aphidophagous species, such 
as C. septempunctata, can carry fungal conidia and accidentally contaminate the host, it is thought that the increase in the 
percentage of infection is mainly linked to the escape behavior of aphids, which offers greater possibilities of contact with 
the pathogen (Roy and Pell, 2000; Baverstock et al., 2007). In aphids, winged migrants also play an important role in the 
spread of the fungus (Chen et al., 2008). The percentage of infected females landing on a new host plant can exceed 30%. 
Fungal species that spread in this way are mainly P. neoaphidis, Entomophthora planchoniana Cornu, and B. bassiana. 
Another aspect to be considered is the ecological interaction between entomopathogenic fungi and host plants. Of particular 
interest is the discovery of endophyte behavior of B. bassiana in tomato (Ownley et al., 2008). In this capacity, it also plays 
a role in protecting the plant from diseases caused by plant fungal pathogens.

Fungal entomopathogens, as well as other biological control agents, are implemented with various strategies (Fuxa, 
1987). In the context of augmentative biological control of aphids, entomopathogenic fungi are used to inundate the crop 
in much the same manner as a chemical pesticide. Insect control is achieved directly by the applied organisms without the 
need for epizootic spread. Several species of entomopathogenic fungi can be reared and stored easily (Vega et al., 2003). 
However, factors related to the production and storage of large quantities have resulted in only a dozen species of entomo-
pathogenic fungi available in about 170 products (Faria and Wraight, 2007). These species belong mainly to the genera 
Beauveria, Metarhizium, Lecanicillium, and Isaria. B. bassiana is effectively used against whiteflies, thrips, and aphids 
(Gindin et al., 1996; Shipp et al., 2003; Quesada-Moraga et al., 2006). Under laboratory conditions, Lecanicillium isolates 
have proven to be more virulent against aphids species compared to B. bassiana and other genera belonging to the order 
Hypocreales (Loureiro and Moino, 2006; Åsman, 2007). Lecanicillium longisporum R. Zare & W. Gams (=Verticillium 
lecanii) has been used successfully against aphids in glasshouses in North European countries, where temperature and 
humidity requirements of this fungus are satisfied (Dedryver et al., 2010).

It should be noted that different isolates of the same fungus can have different virulence against individual insect spe-
cies, and different capacity of adaptation to the environmental conditions (Yeo et al., 2003; Quesada-Moraga et al., 2006; 
van Hanh et al., 2007). Moreover, in the context of IPM, to consider the effectiveness of entomopathogenic fungi against 
the target species is not enough. We must consider possible conflicts with plant disease control and with the use of preda-
tors, parasitoids, and pollinators. Observations on pollinators visiting crops treated with B. bassiana seem to indicate that 
pollinator susceptibility varies widely depending on the pollinator species. Apis mellifera L. is not susceptible to this fungus 
(Goettel and Jaronski, 1997), while epidemics have developed in the brood of Bombus impatiens Cresson (Al-mazra’awi 
et al., 2006). Thus the effect of bioinsecticides on pollinators must be quantified depending on the fungal isolate, doses 
of use, and pollinating species. B. bassiana and Metarhizium anisopliae (Metchnikoff) Sorokin can infect both pests and 
predators (Roy and Cottrell, 2008). Some predators, such as Anthocoris nemorum L. and C. septempunctata, avoid parts of 
the plant contaminated with B. bassiana (Meyling and Pell, 2006; Meyling and Hajek, 2010). This behavior reduces preda-
tion rate and can have significant negative effects, particularly when the prey is not very sensitive to the entomopathogenic 
fungus.

4.4.4  Application of Biological Control for Aphids in Tomato

Aphid control by use of augmentation, both with fungi or entomophagous insects, is mainly limited to greenhouses 
(Dedryver et al., 2010). Several species of aphid natural enemies, including entomopathogenic fungi, are commercially 
available and can be used for augmentative biological control in tomato (Powell and Pell, 2007). The aim of this method is 
to control pests by mass-rearing and releasing natural enemies which do not occur naturally in sufficient number or at the 
optimal time. Four parasitoid species, all belonging to family Braconidae, are available in Europe and in the United States. 
These include A. colemani, A. ervi, A. matricariae, and L. testaceipes (Powell and Pell, 2007). Among them, A. colemani 
has become the most popular for management of aphids in greenhouses. Parasitoids can be introduced into the greenhouse 
by direct release or by using “banker plants” (Frank, 2010). These plants are infested by an aphid species that is not harm-
ful to the crop but suitable for the parasitoid. This strategy allows the buildup of parasitoid numbers at an early stage of 
crop infestation (Powell and Pell, 2007). This approach has also been used to establish populations of A. aphidimiza in the 



Aphids: Biology, Ecology, and Management Chapter | 2 33

greenhouse. Alternatively, A. aphidimyza can be distributed throughout the tomatoes as pupae. One interesting study deter-
mined that by rearing A. aphidimyza in cages containing spider webs, there was more mating, and females laid more eggs 
than in cages without spider webbing (van Schelt and Mulder, 2000).

There are very few reports of successful augmentative releases of natural enemies against aphids in field situations. 
One such report concerns augmentative releases of Crysoperla carnea (Stephens) that successfully controlled aphids 
in field tomato in the former USSR (Beglyarov and Smetnik, 1997). This result was obtained with releases of one larva 
per five aphids, a very high rate. For another predator, H. convergens, resistant tomato varieties had a negative impact 
on consumptive rates and led to higher densities and dispersal of M. euphorbiae (Kersch-Becker and Thaler, 2015) and 
Orius insidious (Say) (Pallipparambil et al., 2015). Thus there are some general constraints of augmentative biologi-
cal control of aphids in tomato fields, some of which are technical and some economic. For this reason research efforts 
have focused on developing a different strategy known as conservation biological control. Conservation aims at enhanc-
ing the efficacy and local abundance of the existing community of natural enemies by means of habitat management, 
modification of existing practices, and/or manipulation of natural enemy behavior (Zehnder et al., 2007; Dedryver  
et al., 2010). We mentioned that in natural conditions, individual species of aphidophagous predators and parasitoids 
are not very effective in aphid biological control due to the long developmental time in comparison to that of the prey. 
However, many different types of natural enemies attack aphids, and they could be combined to maintain the pest 
population under the economic threshold (Gillespie et al., 2006; Yano, 2006). In this manner, conservation biological 
control may be a promising way for limiting aphid damage and reducing pesticide use in the field. In order for this type 
of biological control to be successful, it may be necessary to manage insects that negatively impact natural enemies. For 
example, the presence of red imported fire ants, Solenopsis invicta Buren, has been shown to increase aphid abundance 
in field tomatoes, presumably by interfering with biological control (Coppler et al., 2007). One of the major factors in 
conservation biological control of aphids seems to be the plant biodiversity. Letourneau and Goldstein (2001) found that 
the relative amount of natural vegetation surrounding tomato fields is the best parameter for explaining parasitoid and 
mirid predator abundance. These authors observed a greater proportion of parasitized aphids in tomato fields near natural 
areas. In addition, the predatory mirids were much more abundant, on average, on organic farms than on conventional 
farms, logically because of the minimal use of pesticides. Balzan and Moonen (2014) conducted studies proving that 
field margin vegetation promoted biological control and reduced damage in tomato fields. Togni et al. (2016) found that, 
when intercropping tomato and coriander, the coccinellid predator Cycloneda sanguinea (L.) used the coriander for ovi-
position, and fed on pollen and nectar before aphids became available in the tomato. The intercropping supported their 
conservation biological control agenda.

In general, the limitation of pesticide use can be considered a prerequisite for the application of conservation biological 
control. If fungicides are avoided as well, natural activity of Entomophthorales fungi can be conserved (Fritz et al., 1981). 
Fungi in the Entomophthorales are not as easily to rear as those in the Hypocreales, but they are particularly suitable for 
conservation biological control because they can cause natural epizootics that reduce aphid densities within a short time 
(Dedryver et al., 2010).

4.5  Chemical Control

Despite clear evidence for the benefits of a holistic-IPM program for aphids, insecticidal control remains the first 
and most popular strategy used by conventional tomato growers. The reason for this is twofold. First, there is a 
continued tradition of using insecticides that date back to the earliest days of tomato production (e.g., Miles, 1927; 
Morgan, 1937; Sloan, 1945; Taschenberg, 1949; Schuder, 1950; Wolfenbarger, 1954; Taschenberg and Avens, 1955; 
Harding, 1959). These papers report control with a wide variety of materials including oils, botanical insecticides like 
pyrethrum, rotenone, and nicotine, early compounds including nicotine sulfate, calcium cyanide, and lead arsenate, 
through the “synthetic chemical era” which saw organochlorines, organophosphates, carbamates, formamadines, and 
pyrethroids being used for insect (including aphid) control. Second, the materials used had the advantages of being 
fast acting, very effective, inexpensive, easy for the grower to apply, long lasting, and were broad spectrum, killing 
many pest insects with single applications. While these materials provided outstanding results for killing insects, 
they also had negative effects on the environment and non-target species. These effects became apparent through 
the 1960s and 1970s giving support to the integrated control concepts proposed by Stern et al. (1959). Insecticide 
development moved toward materials that were effective, expensive, short-lived, narrow spectrum, selective for the 
pest insect, and therefore, environmentally friendly. These attributes remain today for the majority of insecticides 
in use and a substantial amount of research on controlling aphids using insecticides is ongoing. In addition, a great 
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deal of information is available on the modes of actions for the various materials (see Insecticide Resistance Action 
Committee at http://www.irac-online.org/modes-of-action/). By rotating among these modes of action, resistance to 
insecticides can be reduced or eliminated.

The University of California Pest Management website lists the currently available materials for aphid control on tomatoes in 
California (http://ipm.ucanr.edu/PMG/r783301711.html). This list includes synthetic materials in various insecticide classes as 
well as some natural products and products that are registered for organic use. In addition, a variety of other materials have been 
evaluated, including acetone fumigation in greenhouses (Tunc et al., 2004), cyantraniliprole in the field (Misra and Mukherjee, 
2012), endosulfan and monocrotophos (Ao, 2015), translaminar action of cyantraniliprole (Berry et al., 2015), and seed treat-
ment with thiamethoxam (Maurya et al., 2015). In this last study, the insecticidal effect was strong early in the plant growth and 
declined as the plant matured. In addition, there was minimal impact on natural enemies.

Neem-based products from the neem tree, Azadirachta indica Jussieu, also have been evaluated for aphid control 
on tomatoes. Soliman and Tarasco (2008) and El-Shafie and Abdelraheem (2012) found that Neem Azal-T/S provided 
good control of aphids on greenhouse tomato and cucumber. Neem soap was also found to provide 92% mortality of 
M. persicae 48 h after treatment in the laboratory (Satyavati et al., 2014). On the other hand, neem products were found 
to be poor aphid controls by Ao (2015). Nzanza and Mashela (2012) found that mixing neem extract and wild garlic 
(Tulbaghia violaceae Harvey) was more effective for aphid and whitefly control than either plant extract alone, suggest-
ing a synergistic effect.

Other plant-based products also have been tested. Antonious and Snyder (2008) made crude extracts from tomato leaves, 
separated the products, and screened them against insects. The methyl ketones provided the best insecticidal properties against 
M. persicae. Dubey et al. (2012) made a soap-based insecticide containing a natural pyrethroid made from Chrysanthemum 
plant extracts, which significantly reduced aphids on tomato and the incidence of tomato yellow leaf, an aphid-borne virus. 
Bamboo vinegar has also been shown to reduce M. persicae densities in tomato, although there may be other side effects to 
using this material on tomato (Yao et al., 2012). In laboratory and greenhouse studies, A. gossypii was reduced using extracts 
of geranium and chinaberry, while basil, onion, and garlic gave moderate to low control (Ghanim, 2014).

A final interesting study evaluated vermicomposts for M. persicae control on tomato. Vermicomposts are produced 
when microorganism break down the waste products of earthworms (Arancon et al., 2007). Edwards et al. (2010) prepared 
an aqueous solution of vemicompost and compared dilutions of 20%, 10%, and 5% in soil drenches of tomato seedlings, 
after which the plants were infested with aphids. The authors reported that all of the treatments significantly reduced pest 
establishment on the plants, reduced their reproductive rates, and in the higher rates of solutions, caused the insects to die 
14 days after treatment. Edwards et al. (2010) attributed the response to the uptake of phenolic materials that came from 
the vermicompost.

4.6  Management of Viruses Transmitted by Aphids

Previously, we mentioned that insecticides generally are not effective to reduce the incidence of tomato plants infected 
by aphid-borne viruses. The exception to this general rule is in the case of persistently transmitted viruses (Perring 
et al., 1999). The best long-term strategy is the development of tomato varieties resistant to the pathogen and/or the 
aphid vector. Other strategies for reducing disease spread of aphid-borne viruses focus on preventative measures. Katis 
et al. (2007) reviewed these measures and categorized them under strategies that reduce sources of the virus and those 
that prevent or reduce virus spread. To reduce virus sources, they suggest seed certification to insure non-infected seed, 
controlling weeds that harbor the virus and vectors, removing diseased plants in the field, eliminating volunteer crop 
plants that germinate prior to planting the crop, and isolating the field from virus and aphid sources. To prevent or reduce 
virus spread, Katis et al. (2007) lists the biological control of aphids, which may be effective in persistently transmitted 
virus systems. However biological control can result in an increase in aphid movement which actually promotes virus 
spread (Weber et al., 1996). The use of colored and/or reflective mulches, ground sprays, row covers, barrier crops, and 
intercrops also have shown promise for reducing aphid-borne virus incidence (Csizinszky et al., 1995; Katis et al., 2007; 
Wratten et al., 2007).

Considering biological control in the reduction of aphid-borne virus spread, it generally is not effective for reducing 
non-persistently transmitted plant viruses spread. This is because the natural enemy does not act quickly enough to prevent 
inoculation. However, biological control may have more relevance when secondary spread is accomplished by aphids that 
develop in the field. These systems are characterized by persistently transmitted pathogens and by reducing the overall 
number of vectors in a field, the virus spread can be reduced. Care should be taken when trying to use natural enemies to 
reduce virus spread because aphids may emit an alarm pheromone when attacked by predators and parasitoids, thus elicit-
ing escape behavior that may accelerate virus spread within the field (Hooks and Fereres, 2006; Kaplan and Thaler, 2012).

http://www.irac-online.org/modes-of-action/
http://ipm.ucanr.edu/PMG/r783301711.html
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4.7  Integrated Pest Management

From the discussion above (Sections 4.1–4.6), it is clear that the management of aphids on tomato, both in the field and in 
greenhouses, has been the focus of many researchers. There are a few other ideas that have been evaluated which may be 
useful in certain situations. For field tomatoes, we mentioned the concept of creating more stable plant communities by 
planting a variety of permanent plants at the field margins. This practice holds natural enemies and serves to reduce aphid 
pests (Balzan and Moonen, 2014). Earlier in this chapter, we discussed the JA-mediated induced resistance pathway, which 
has been shown to have a negative impact on aphids. A novel use of this system was reported by Worrall et al. (2012), 
who treated tomato seeds with JA. Plants grown from these seeds were more resistant to a number of arthropods, includ-
ing aphids, than non-treated plants. They also found that this seed priming did not reduce plant growth, suggesting it to be 
explored for commercial use. A final novel technique involves aphid pathogens. Recently a virus has been isolated from 
M. euphorbiae (Teixeira et al., 2016). This virus, named MeV-1, is thought to be in the genus Flavivirus, and it is found 
only in nymphal and adult aphids, but not in the tomato host plants. Interestingly, the virus was found in aphid populations 
from Europe, but not North America. If this virus causes disease in the aphids, it may present a novel management strategy.

For greenhouses, there are additional possibilities. For example, Latimer and Oetting (1994) found that brushing tomato 
plants (a practice used to control plant height in the greenhouse), prior to infestation with M. persicae, reduced the number 
of aphids that colonized the plants. The authors suggested that this may have been due to changes in plant biochemistry 
elicited by the brushing. It is possible that brushing the leaves disturbed the trichomes, providing volatiles that repelled the 
aphids. Other ideas have focused on managing CO2 levels. Sun et al. (2011) reviewed the literature on studies that have 
evaluated CO2 levels on plant growth and insect pests. They found that aphids, in general, responded positively to higher 
CO2 levels. It would be interesting to determine if this relationship is true for aphids on tomato and if so, does reducing 
CO2 levels in greenhouses provide an aphid management tool. Another greenhouse strategy that provides a more airy envi-
ronment compared to screening, used an electric field to prevent insects. With insulated conductor wires at 5 mm intervals 
Kakutani et al. (2012) created an electric field that captured insects and airborne conidia. This electric field provided stable 
pest exclusion and abundant air circulation. Along these same lines, Takikawa et al. (2016) described an electrostatic nursery 
shelter that successfully caught M. persicae. Another study applied low-frequency acoustic signals to tomato and found that 
this increased yield, improved crop quality, and had a reduced incidence of infestation by aphids (Hou et al., 2009). Further 
research with sound wave technology has been shown to stimulate plant growth of a variety of vegetable crops, including 
tomato (Hassanien et al., 2014). These authors suggest that sound waves strengthen the plant immune system, reducing 
infestation of mites and aphids. Another paper reports the genetic modification of wheat to express and release (E)-beta-
farnesene, the aphid alarm pheromone (Bruce et al., 2015). The plants produced pure (E)-beta-farnesene and repelled three 
aphid species in laboratory assays. However field trials showed no reduction in aphids. In these field studies, the authors 
noted that insect abundance was low and the climatic conditions were erratic, suggesting the need for further research. This 
is an interesting idea that could have great applicability for aphid management on tomato, particularly in the greenhouse.

5.  ECONOMICS OF MANAGEMENT STRATEGIES

From the discussion above, it is clear that substantial research has been done in the various management areas that can lead 
to aphid reduction in tomatoes. While it is challenging to assign direct cost–benefit to these strategies, the most effective, 
quick acting, and frequently used strategy is insecticides. Systemic materials that target phloem-feeding insects, such as 
aphids, provide long-term control, and the application to the roots through various irrigation practices that are already being 
done for the crop, make insecticides attractive to tomato growers in field and greenhouse settings. These types of applica-
tions also enable the use of biological control in many situations promoting a trend toward more integrated management sys-
tems. Continued application of management options that integrate cultural control practices provides additional reduction 
in aphid numbers. Recent advances in identifying plant resistance genes are moving toward the development of commercial 
varieties that have high quality traits and aphid resistance. This is particularly important when we consider aphid-borne 
pathogens that are difficult to manage through conventional insecticide, biological, and cultural control methods. IPM must 
also take into consideration the multiple pests of tomato. For example, Cameron et al. (2009) noted that, after removing 
sources of aphid and thrips-borne viruses, New Zealand processing tomato growers were able to reduce overall insecticide 
use for Helicoverpa armigera (Hübner) by 60%. Similarly, densities of aphids, whiteflies, and lepidopteran larvae were 
lowest when tomato growers followed IPM modules in Gujarat, India (Chavan et al., 2013). Put another way, Zalom et al. 
(2001) noted that established IPM programs fail when there is too much emphasis on one strategy versus another. In addi-
tion, pest management strategies are often most effective when implemented on an areawide basis. Bauske et al. (1998) 
reported on the success of IPM teams from seven states in southeastern United States. These teams, comprising growers, 
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pest consultants, cooperative extension agents, and university faculty, developed best IPM practices for tomato growers in 
the region. Through their work, they found that growers in many of the states adopted the IPM strategies on more than 75% 
of the fresh-market tomato acreage. Programs like these that integrate the scientific evidence obtained in the studies above 
will result in economically and environmentally sustainable management of aphids in tomato.

6.  FUTURE PROSPECTS AND CONCLUSION

Depending on the location and seasonality of tomatoes, aphids can be primary, secondary, or occasional pests of this valu-
able commodity. The literature is rich with studies that help us understand the biology of the two primary aphid pests, M. 
euphorbiae and M. persicae, and how they interact with their biotic community and within their abiotic environment. These 
studies give a historical perspective on where we have been, and the “other IPM section” above gives insight into where we 
might be headed in the future. Greater specificity and efficiency of insecticides, recent success with biological control, and 
our expanding knowledge of tomato genetics all point to a positive future for aphid management.
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Chapter 3

Thrips: Biology, Ecology, and Management
David Riley1, Alton Sparks Jr.1, Rajagopalbab Srinivasan1, George Kennedy2, Greg Fonsah1, John Scott3,  
Steve Olson4

1UGA, Tifton, GA, United States; 2NCSU, Raleigh, NC, United States; 3UF Gulf Coast REC, Wimauma, FL, United States; 4UF North Florida Research 

and Education Center, Institute of Food and Agricultural Sciences, Quincy, FL, United States

1.  INTRODUCTION

Tomato spotted wilt (TSW) was reported as a disease of tomato for the first time in Australia (Brittlebank, 1919) which was 
attributed to tomato spotted wilt virus (TSWV) transmission by Thrips tabaci Lindeman (Pittman, 1927). Later, “Frankliniella 
insularis (Franklin)” (Smith, 1931), a misidentification of Frankliniella lycopersici Steele (Andrewartha, 1937) which was 
synonymized with Frankliniella schultzei (Trybom) (Moulton, 1948), was also implicated. The incidence of TSW was 
not significantly reduced by the available inorganic and nicotine insecticides at that time (Samuel and Pittman, 1928). 
By 1933, studies regarding host-plant resistance to “Kromnek disease” caused by thrips (Frankliniella sp.)—transmitted 
virus—were conducted in the Cape Province of South Africa, but with little success (Moore, 1933). “Kromnek disease” was 
later described as identical to the Australian TSW (Moore and Anderssen, 1939). Smith (1933) reported that spotted wilt of 
tomato had been observed at that time in Australia, the British Isles (in glasshouses), and in the United States. In the United 
States, McWhorter and Milbrath (1938) summarized a 4-year study on thrips-transmitted “tip blight” in southern Oregon 
cannery tomato production areas (the vectors Frankliniella occidentalis Pergande and T. tabaci were reported as present) 
and was the first to document that weeds could serve as a virus reservoir. By 1942, insecticide treatment and greenhouse 
sanitation proved effective for managing this problem in Oregon (Leach and Berg, 1944). In 1939, Bonnemaison (1939) 
reported TSW in several locations in France. By the 1940s, tomato was being bred for TSW resistance in Hawaii (Kikuta and 
Frazier, 1946) and spraying programs for thrips control to reduce TSW were being developed in Brazil (Costa et al., 1950). 
Sakimura (1961) stated that neither F. occidentalis nor T. tabaci were observed to reproduce readily in California (United 
States) tomato, whereas T. tabaci did reproduce readily in lettuce. This supported his observation that lettuce was the major 
source of the virus at that time in California. Through the 1970s, TSW in tomato remained a sporadic pest problem in the 
United States. In a 1980 California study of arthropod pests of tomatoes, thrips did not make the list of primary or secondary 
pests of tomato, and were not mentioned in standard field survey report forms (Lange and Bronson, 1981).

Thrips, as a major pest of tomatoes causing widespread economic losses in the United States, emerged about the same 
time as TSW showed up in major peanut production areas in the southcentral and southeastern United States. The first 
detection of TSW in peanut was in 1973 in Texas (Halliwel and Philley, 1974) and by the 1980s severe TSW problems were 
reported in peanut in Louisiana (Bond et al., 1983), Alabama (Gudauskas et al., 1988), Georgia (Culbreath et al., 1991), 
and North Carolina (Brandenburg, 1986). At the same time, TSW problems in tomato were also reported in Arkansas 
(Gergerich, 1985), Louisiana (Greenough et al., 1985), and northern Florida (Olson and Funderburk, 1986). Early reports 
in Louisiana suggested that a wide array of weeds were the hosts of the virus (Bond et al., 1983) and that there was a pos-
sible link between the increased incidence of western flower thrips and TSW (Greenough et al., 1985). The southeastern 
United States was in a regional epidemic by the early 1990s. Thrips-transmitted TSWV was confirmed to be a severe and 
widespread disease in tomato (Fig. 3.1) in Georgia (Gitaitis et al., 1998), which lead to intensive pesticide use and other 
tactics to control thrips and reduce economic losses in this high value crop (Greenough et al., 1990; Gitaitis et al., 1998; 
Riley and Pappu, 2000).

The two main thrips vector species associated with the initial TSW epidemic in the southeastern United States 
were the tobacco thrips, Frankliniella fusca (Hinds), and the western flower thrips, F. occidentalis (Greenough et al., 
1985; Culbreath et al., 1991). Riley et al. (2011a) estimated that from 1996 to 2006 there was an annual average 
loss of $12.3 million in peanut, $11.3 million in tobacco, and a combined $9 million in tomato and pepper for a total 
of $326 million over the 10 years in the state of Georgia, alone. Losses as high as 95% in spring-grown susceptible 
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tomatoes were observed at individual sites during the mentioned time period. Early attempts at control consisted of 
one of the following: the systemic insecticide imidacloprid applied as a seedling drench to reduce thrips feeding; foliar 
insecticides to suppress thrips populations; and reflective mulch to deter thrips from alighting on the plants (Riley and 
Pappu, 2000). A TSW-resistant tomato cultivar, Stevens (Stevens et al., 1991), was available but was not as productive 
as standard hybrids (Riley and Pappu, 2000). Effective integrated management was beginning to be developed by 2004 
(Momol et al., 2004; Riley and Pappu, 2004). However, by 2008 the use of high quaility TSW-resistant commercial 
cultivars of tomato had become widespread in the southeastern United States (Riley et al., 2011b), which greatly miti-
gated the crisis. At the time of writing of this chapter, the status of TSW in tomato in the southeastern United States 
is considered adequately managed with host-plant resistance, reflective mulch, and various chemical treatments. How 
this management strategy and the resulting recommendations were developed is summarized from the body of work 
presented by the authors at http://www.tswvramp.org/ and discussed in the following sections. A critical first step to 
thrips management in tomato begins with proper identification and understanding the biology of the individual thrips 
species relative to their role in the epidemiology of tospoviruses. The following section focuses on the two main vector 
species, F. occidentalis and F. fusca, in the southeastern United States.

2.  IDENTIFICATION

Thrips fall under the insect order Thysanoptera (fringe/hair-winged insects) and all known TSWV vector species are from 
the family Thripidae (Riley et al., 2011a). Vector-species adults are around 1–2 mm long (Figs. 3.2–3.4). Therefore, these 
small insects can be difficult to recognize unless the crop scout is trained to identify them (Hoddle et al., 2012). The impor-
tance of thrips as agricultural pests is mostly a result of their ability to transmit tospoviruses. Worldwide, TSW is the most 
serious disease caused by a tospovirus (Moyer, 2000). TSWV can be vectored by at least nine species of thrips (Ullman 
et al., 1997; Pappu et al., 2009; Riley et al., 2011a). It appears from regional studies that thrips responsible for TSW out-
breaks in the southeastern United States are western flower thrips, F. occidentalis, tobacco thrips, F. fusca (Navas et al., 
1991b; Riley and Pappu, 2000, 2004), and possibly Frankliniella bispinosa (Morgan) (Webb et al., 1997). Other thrips spe-
cies that have been reported to transmit TSWV include: F. schultzei, Frankliniella intonsa (Trybom), Frankliniella gemini 
(Bagnall), Frankliniella cephalica (Crawford), T. tabaci, and Thrips setosus (Moulton) (Riley et al., 2011a), but currently 
F. occidentalis, and F. fusca are likely responsible for the majority of TSWV epidemics in the southeastern United States 
(Groves et al., 2003).

2.1  Frankliniella occidentalis Pergande

Western flower thrips are 1.2–1.9 mm long, yellow to brown with eight antennal segments. Setae on the head and thorax, 
a comb on the abdomen, and antennal features help to distinguish it from other closely related species (Oetting et al., 
1993). Briefly, features that can alert the scout that they are looking at a western flower thrips include (1) the postocular 

FIGURE 3.1 Hybrid Florida 47 susceptible tomato plant damaged early by TSW. This early infection results in total loss of fruit from this plant. www.
tswvramp.org, with permission.

http://www.tswvramp.org/
http://www.tswvramp.org
http://www.tswvramp.org
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FIGURE 3.2 Slide mount of Frankliniella occidentalis Pergande showing antennal segments and pronounced postocular setae. Riley, D.G., Joseph, 
S.V., Srinivasan, R., Diffie, S., 2011a. Thrips vectors of tospoviruses. Journal of Integrated Pest Management 1. http://dx.doi.org/10.1603/IPM10020, 
with permission.

FIGURE 3.3 Slide mount of Frankliniella fusca (Hinds), common name Tobacco thrips. Riley, D.G., Joseph, S.V., Srinivasan, R., Diffie, S., 2011a. 
Thrips vectors of tospoviruses. Journal of Integrated Pest Management 1. http://dx.doi.org/10.1603/IPM10020, with permission.

FIGURE 3.4 Frankliniella occidentalis Pergande feeding on pine pollen. www.tswvramp.org, with permission.

http://dx.doi.org/10.1603/IPM10020
http://dx.doi.org/10.1603/IPM10020
http://www.tswvramp.org
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seta IV is distinct under 40× magnification and (2) the length of the pronotal antero-marginal setae are equal to that of the 
antero-angular setae (Fig. 3.2). Also, the row of setae or comb on tergite VIII is complete with long and irregular setae 
(Moritz et al., 2001; Mound et al., 2009); however, this is only visible using greater than 40× magnification on a properly 
slide-mounted specimen. The interactive keys by Moritz et al. (2001) clearly distinguish this species from other pestiferous 
thrips species.

2.2  Frankliniella fusca (Hinds)

Briefly, tobacco thrips are 1.0–1.3 mm in length, generally dark brown to black, and also possess an antenna with eight seg-
ments (Fig. 3.3). Features that can alert the scout that they are looking at a tobacco thrips are: (1) the postocular seta IV is 
mostly absent under 40× magnification and (2) the length of the pronotal antero-marginal setae is distinctly shorter to that 
of the antero-angular setae. Using higher magnification, tergite VIII does not exhibit a distinct row of setae or a “comb” 
(Moritz et al., 2001; Mound et al., 2009). A reduced-wing (micropterous) form of adult tobacco thrips can occur with the 
typical winged (macropterous) form (Oetting et al., 1993). The reduced-wing form of tobacco thrips is common in Georgia 
peanuts (Todd et al., 1995). Again, refer to Moritz et al. (2001) or the online key provided by Hoddle et al. (2012).

3.  BIOLOGY

The population dynamics of F. occidentalis and F. fusca have been documented in many landscape systems in the Southeast 
including crops (e.g., tomato [Navas et al., 1991b; Riley and Pappu, 2000, 2004], cover crops [Toapanta et al., 1996], peanut 
[Barbour and Brandenburg, 1994; Todd et al., 1995], and tobacco [McPherson et al., 1999]), and weeds (Chamberlin et al., 
1992; Groves et al., 2001b, 2002; Srinivasan et al., 2014). In peanuts, all thrips species tend to peak early in the season, e.g., 
less than 30 days post-April planting (Todd et al., 1995). In fact, most of the population dynamics studies in the southeastern 
United States cited above show a distinct late April to early June peak, which is also reflected in regional trapping studies 
for thrips (Groves et al., 2003). Temperature largely controls when thrips generation turnovers occur in the spring (Morsello 
et al., 2010), but a possible explanation for the intensity of late spring thrips populations is the regional availability of pine 
pollen (Riley et al., 2010). Pine pollen is an excellent food source for thrips (Fig. 3.4). Pine pollen deposited on thrips host 
plants increases western flower thrips and tobacco thrips net reproduction by severalfold (Hulshof et al., 2003; Angelella 
and Riley, 2010; respectively).

Seasonal factors that can alter thrips population dynamics include temperature (Lowry et al., 1992; Morsello and 
Kennedy, 2009), photo-period (Whittaker and Kirk, 2004; Chaisuekul and Riley, 2005), ambient humidity (Kirk, 1997), 
precipitation (Morsello et al., 2010), and the availability of suitable host plants for oviposition and development (Lewis, 
1973). Temperature is likely the major factor affecting the rate of development. The number of degree days needed for  
F. fusca and F. occidentalis to complete one generation (egg to adult) are reported to be 234 (lower threshold 10.5°C) and 
253 (6.5°C), respectively (Lowry et al., 1992). These thrips require approximately 2 weeks to develop from eggs to adults 
at 25°C (Lowry et al., 1992). Adults begin the process by inserting bean-shaped eggs into plant tissues, which can be either 
leaves or floral parts (Hansen et al., 2003). The eggs are usually visible only after plant-tissue staining (Fig. 3.5). After ovi-
position, the eggs hatch in 3–4 days. The first instar nymph is off-white to yellowish in color and adult western flower thrips 
is yellow to orange in color. Tobacco thrips adults are dark brown to black as previously mentioned. The heavily feeding, 
first to second instar stages take 10–14 days to complete, while the pre-pupa and pupa stages can last approximately 1 week 
(Lowry et al., 1992). As thrips develop into the pre-pupal stage, they typically fall from the plant into the soil and pupate; 
however, Broadbent et al. (2003) reported that some pupae can remain on the plant. The non-feeding pupal stage, distin-
guished by well-developed wing pads, has limited mobility (Lewis, 1973). Adults emerge within 3 days at 30°C (Lowry 
et al., 1992). Adult F. occidentalis females can survive for 4–5 weeks at 30°C and lay an average of 50 eggs (Reitz, 2008). 
Thrips are typically haplodiploid with virgin females producing only haploid male offspring, and mated females produc-
ing diploid female and haploid male offspring in a female-biased sex ratio (Lewis, 1973; Moritz, 1997). Western flower 
thrips adults have fringed wings (Figs. 3.2 and 3.4) like most adult Thripidae, but some adult tobacco thrips can be wingless 
(brachypterous) which can affect overwintering and dispersal (Wells et al., 2002). In addition to understanding this general 
thrips biology, it is helpful to understand the biological relationship between thrips and tospoviruses.

Tospoviruses, in the virus genus Tospovirus and family Bunyaviridae, are transmitted only by thrips in the family 
Thripidae, subfamily Thripinae (Moyer, 2000; Riley et al., 2011a). The main tospoviruses in tomato in the United States 
are tomato spotted wilt virus (TSWV) and, to a lesser extent, tomato chlorotic spot virus (TCSV), impatiens necrotic spot 
virus, and groundnut ringspot virus (GRSV); (German et al., 1992; Moyer, 2000; Adkins et al., 2013). For a review of the 
global status of tospoviruses, see Pappu et al. (2009). As previously stated, the main thrips vector species of these viruses in 
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the United States are F. occidentalis and F. fusca, and to a lesser extent, F. bispinosa, T. tabaci, Scirtothrips dorsalis Hood, 
and F. schultzei (Riley et al., 2011a). T. setosus is also reported to transmit TSWV to tomato in Japan (Nakao et al., 2011).

The well-documented relationship between TSWV and western flower thrips (Wijkamp et al., 1995; Ullman et al., 
1997; Whitfield et al., 2005) is our best guide to the potential relationship between TSWV and other thrips vectors. The first 
and second instars of western flower thrips acquire TSWV by feeding on infected plant tissue. The virus enters the thrips 
through infection sites in the midgut, replicates, and migrates to the salivary gland, and after a latent period, viruliferous 
adults inoculate the virus when they settle and feed on other plants (Ullman et al., 1997). Virus replication takes place in 
the thrips vector (Ullman et al., 1997) and the highly polyphagous nature of thrips (Kirk, 1997) makes it difficult to manage 
TSWV epidemics. This is because, once infected adult thrips can disperse, sometimes kilometers depending on weather 
conditions (Lewis, 1973), to a wide range of host plants and transmit the virus. TSWV acquisition by first instar thrips can 
be as short as 1–2 h (Ullman et al., 1992) and median latent period at 27˚ C is 84 h (Wijkamp and Peters, 1993). However, 
it is not until the thrips complete their development and the adults move to other host plants that the spread of virus across 
the landscape occurs. Transmission can occur in as little as 5 min of feeding (Wijkamp, 1995), which is often the time in 
the field before thrips can be killed by insecticides. It is important to note that each cohort of first to second instar thrips 
must acquire the virus since there is no transovarial passage of the virus (Wijkamp et al., 1996). Due to this requirement of 
re-acquisition for subsequent thrips generations, the frequency of viruliferous adults fluctuates greatly over time. However, 
even low percentages of viruliferous thrips can cause significant yield loss. The percentage of viruliferous thrips typically 
increases over time in the spring, but even 3% infected thrips in field populations can be associated with a severe TSW year 
(McPherson et al., 2005). Several generations occur per year in the southeastern United States (Chappell et al., 2013), but 
only one or two generations occur in a single tomato season. Both F. fusca and F. occidentalis were reported in multiple 
native, non-crop or “weed” plant species over the winter (Groves et al., 2002; Beaudoin and Kennedy, 2012; Srinivasan 
et al., 2014). The growth stage of the most frequently encountered thrips sampled from the foliage of weeds during the 
winter months are nymphs, not adults (Chamberlin et al., 1992; Srinivasan et al., 2014). F. fusca can reproduce throughout 
the winter months in southern Georgia in Vidalia onions (Fig. 3.6, Sparks et al., 2010) and in weed hosts (Srinivasan et al., 
2014). Of course, the lower winter temperatures greatly lengthens the life cycle of thrips (Chappell et al., 2013) and can 
alter the relative proportions of thrips species (Riley and Sparks, 2014).

4.  DISTRIBUTION AND HOST RANGE

The distribution of thrips and its associated host range is complex and extensive (Mound, 2005). Even the worldwide dis-
tribution of the single species, F. occidentalis, is partly due to its invasive biology (Morse and Hoddle, 2006). It is better 
researched than most pest thrips species because of its wide distribution and economic impact (Kirk, 2002; Kirk and Terry, 
2003; Reitz, 2009). International shipments of ornamental plants are thought to be linked with F. occidentalis movement 

FIGURE 3.5 Stained thrips eggs in young leaf tissue. www.tswvramp.org, with permission.

http://www.tswvramp.org
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around the world (Perrings et al., 2005). Western flower thrips are highly polyphagous, feeding on >60 host botanical fami-
lies (Yudin et al., 1986). F. occidentalis settle and feed mostly on flowers and pollen (Navas et al., 1991b), but can also settle 
and feed on plant leaves (Todd et al., 1995; Joost and Riley, 2004). The action of feeding on fruit can lead to a “dimpling” 
and discoloration of the tomato fruit surface (Navas et al., 1991a). F. fusca is somewhat different from F. occidentalis in 
that it settles and feeds more on plant leaves (preferably young leaf tissue) than on flowering and fruiting structures (Joost 
and Riley, 2007). F. fusca is reported to be the dominant thrips species on pre-flowering tomato foliage in Georgia (Joost 
and Riley, 2004). Leaf damage and associated feeding behavior has been documented for F. fusca (Joost and Riley, 2005). 
As with all thrips feeding, a very high frequency of feeding can disfigure and stunt the plant. F. fusca is prevalent in the 
southeastern United States (Diffie et al., 2008), but found throughout the United States (Hoddle et al., 2012). It now occurs 
in the Netherlands (Vierbergen, 1995), southeastern Asia (Wang et al., 2010), and Japan (Nakao et al., 2011), but is thought 
to be native to the new world (Mound et al., 2009). The plant host range for this thrips is very broad. It is one of the main 
thrips pest of cotton (DuRant et al., 1994; Groves et al., 2003), onion (Sparks et al., 2010; Riley and Sparks, 2014), peanut 
(Lowry et al., 1992; Todd et al., 1995), ornamentals (Oetting et al., 1993), peppers (Hansen et al., 2003), and tomato (Navas 
et al., 1991b; Riley and Pappu, 2000, 2004; Joost and Riley, 2004, 2007).

5.  SEASONAL OCCURRENCE

The timings of thrips movement before and during the tomato growing season are important from the standpoint of TSWV 
epidemiology. Relative to this epidemiology, it is also important to understand the complex relationship between TSWV, its 
thrips vectors, and plant hosts at the landscape level (Groves et al., 2003; Morsello and Kennedy, 2009; Morsello et al., 2010; 
Chappell et al., 2013). At the level of individual thrips vectors, factors affecting virus acquisition and latency periods regulate 
the flow of TSWV through vectors from one host plant to another (Whitfield et al., 2005). As previously mentioned, virulifer-
ous adults occur only when first instar nymphs acquire TSWV from an infected host plant (Ullman et al., 1997). Following 
ingestion, the virus infects cells in the midgut and migrates in the haemolymph to the salivary glands (Wijkamp, 1995). TSWV 
continues to replicate in the salivary glands and is inoculated to healthy plants when the thrips salivate during feeding. Due to 
the time required for the virus to migrate to the salivary glands and replicate, there is a temperature-dependent latent period 
of 3.5–7 days following acquisition of the virus before the thrips is able to inoculate another plant. Although some thrips that 
acquire TSWV as a first instar are able to inoculate the virus in the second instar, most of them are not able to transmit until 
they become adults. Moreover, because second instars do not disperse readily and subsequent preadult stages do not feed, it is 
the adults that disperse causing TSWV epidemics. The virus is unable to be acquired by adult thrips via ingestion of infected 
plant sap. Therefore, non-infected adults that feed on TSWV-infected host plants are not able to transmit TSWV to new plant 
tissues (Ullman et al., 1997). An important consequence of this relationship is that only infected host plants which support the 
reproduction of vector thrips species can act as a source for spread to other plants.

After an infected adult thrips inoculates a plant with TSWV by feeding, it takes one to three or more weeks, depending 
on plant age and environmental conditions, before the virus spreads through the plant and is available to be acquired by 

FIGURE 3.6 Thrips adults and immatures and associated leaf damages in onions. www.tswvramp.org, with permission.

http://www.tswvramp.org
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thrips larvae feeding on the plant. This delay, combined with the fact that only adults who acquired the virus during the 
first instar are able to spread TSWV, means that a plant infected in the field cannot become a source for spread of the virus 
to other plants until a minimum of 2 to 3 weeks have passed (Riley et al., 2012a). The length of this delay is influenced 
by numerous factors including plant age and temperature, and is important in determining the potential for TSWV to be 
spread from plant to plant within a susceptible crop field. In addition, as plants age they become more resistant to infec-
tion (Beaudoin et al., 2009) and less preferred by thrips for settling and feeding (Joost and Riley, 2007). In the case of 
pepper, susceptibility to infection under a given level of inoculation pressure (number of infectious thrips feeding on the 
plants) decreases by an average of approximately 50% in the first 7–9 days after transplanting (Beaudoin et al., 2009). This 
increase in resistance with plant age explains why tobacco, pepper, and tomato crops transplanted during periods of peak 
virus spread suffer higher infection than those transplanted several weeks prior to the period of peak virus spread. It also 
explains why within-field spread of TSWV tends to be limited unless large densities of reproducing vectors develop within 
the crop. Because age-related resistance is not absolute, within-field spread of TSWV can be significant when large densi-
ties of vectors are allowed to develop.

Although both tobacco thrips and western flower thrips spread TSWV in tomato, the tobacco thrips, F. fusca, is primar-
ily responsible for early season spread, which most often causes the greatest yield losses (Chaisuekul et al., 2003; Joost 
and Riley, 2004). In the southeastern United States, tobacco thrips and the virus overwinter mostly on non-crop plant hosts, 
primarily seasonal, annual weeds. Many of these winter weeds tend to senesce in the spring when temperatures rise, caus-
ing a migration of viruliferous thrips from these plants in the landscape to freshly planted crops, such as tomato (Groves 
et al., 2002; Beaudoin and Kennedy, 2012). The prior infection of winter weeds resulted from fall migration of viruliferous  
F. fusca and F. occidentalis coming out of senescing summer host plants that were infected with TSWV (Kahn et al., 2005). 
It appears that F. fusca as a TSWV vector plays a critical role in maintaining TSWV-infected plants in the fall, winter, 
and spring, but that F. occidentalis serves a critical role as TSWV vector during the warmer months in the annual cycle 
(Chappell et al., 2013). The annual peak in thrips densities occurs in the spring in the southeastern United States (Riley 
et al., 2010), specifically in North Carolina between Julian dates 281 and 309 (Fig. 3.7).

There is good evidence that for the southeastern United States, F. fusca initiates the primary virus inoculation in spring in 
the tomato crop in North Carolina, South Carolina, and Georgia from overwintering weed sources (Chamberlin et al., 1992; 
Cho et al., 1995; Groves et al., 2002, 2003) as an early crop invader (Joost and Riley, 2004). Tomato plants infected early 
in the season will likely produce few marketable fruits, if any (Moriones et al., 1998; Chaisuekul et al., 2003). However, 
in situations where large densities of F. occidentalis develop within tomato crops following bloom, they can continue to 
cause later-season spread of TSWV that results in fruit damage and suppresses marketable yield (Riley et al., 2012a).  

FIGURE 3.7 Numbers of dispersing adult Frankliniella fusca caught on yellow sticky traps and sentinel plants infected with TSWV throughout the year 
at one location in North Carolina. Note the large spring peaks in numbers of dispersing thrips and spread of TSWV in spring and summer. www.tswvramp.
org, with permission; adapted from Groves, R.L., Walgenbach, J.F., Moyer, J.W., Kennedy, G.G., 2003. Seasonal dispersal patterns of Frankliniella fusca 
(Thysanoptera: Thripidae) and tomato spotted wilt virus occurrence in central and eastern North Carolina. Journal of Economic Entomology 96, 1–11.

http://www.tswvramp.org
http://www.tswvramp.org
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Since F. occidentalis feeds directly on the fruit (Navas et al., 1991a), mature plant resistance may not be a significant fac-
tor. Mature plant resistance is an observed phenomenon in pepper, as when the plant leaf tissue matures it becomes less 
attractive for thrips feeding and TSWV transmission (Beaudoin et al., 2009). Each of these situations present different pest 
management challenges.

The population levels of the primary vector in the southeastern United States, F. fusca are dependent on the availability 
of host plants suitable for reproduction, favorable temperatures, and the lack of heavy rainfall, a significant regional fac-
tor in F. fusca mortality (Morsello and Kennedy, 2009; Morsello et al., 2010). Regional modeling of F. fusca population 
dynamics based on empirical validation using these factors has been mostly successful in the southeastern United States 
(Chappell et al., 2013). Even then, we know that other biotic and abiotic thrips mortality factors can greatly influence 
within-crop population dynamics, such as chemical and physical control tactics (Riley and Pappu, 2000, 2004; Riley et al., 
2012b), naturally occurring biological control by predaceous minute pirate bugs, Orius spp. (Baez et al., 2004), and a para-
sitic nematode, Thripinema fuscum Tipping and Nguyen (Sims et al., 2009).

6.  DAMAGE, LOSSES, AND ECONOMIC THRESHOLDS

Regional, multi-crop economic losses in the southeastern United States due to thrips-transmitted TSWV were presented 
in the introduction to this chapter. Since tomato production typically occurs near other major crops infested with thrips, 
e.g., peanut (Todd et al., 1995), cotton (DuRant et al., 1994; Groves et al., 2003), tobacco (McPherson et al., 1992, 1999), 
onion (Sparks et al., 2010), and tomato can serve as a sink or a source of thrips vectors. It is challenging to relate thrips 
numbers, and even more difficult to link numbers of viruliferous thrips to regional crop loss (McPherson et al., 2005). 
The most common in-season crop metric that has the strongest relationship to tomato crop yield is TSW foliar symptoms 
(Fig. 3.1). The type of relationship reported in tomato is that the earlier the TSW symptoms appear, the lower the yield 
(Moriones et al., 1998; Chaisuekul et al., 2003; Riley et al., 2012a). This is also the case in other solanaceous crops such 
as tobacco (McPherson et al., 2005). Therefore, preventative control, not a threshold-based on thrips numbers, is critical to 
the management of this pest as a vector of tospoviruses. On the other hand, thrips and virus dispersal in the landscape can 
be predicted with weather-based models (Chappell et al., 2013). Therefore, although there is no economic threshold in the 
traditional sense, there are triggers for control action similar to those used in regional plant-disease management based on 
an assessment of risk (see http://climate.ncsu.edu/thrips/).

Relative to the direct damage that thrips cause to the plant, tobacco thrips prefer young leaves to older tissue (Joost and 
Riley, 2007) and they have been associated with early season TSW development in the crop (Riley et al., 2012a). Plant-
tissue scarring caused by thrips feeding can be severe enough to disfigure leaves or even stunt the plant. The same crop also 
can have feeding-associated injury by western flower thrips (Yudin et al., 1986). Plant pollens and flower tissues are mainly 
targeted by the flower thrips for feeding which can lead to flower bud damage and blossom dehiscence (Kirk, 1997). As 
previously stated, although flower thrips are prevalent on flowers (Navas et al., 1991b), western flower thrips have been 
reported in relatively low numbers on the leaves of tomato seedlings (Joost and Riley, 2004). One of the more serious 
concerns about direct damage caused by flower thrips is the dimpling and discoloration of fruit (Fig. 3.8) rendering them 
unacceptable for the fresh tomato market (Navas et al., 1991a).

Thrips use piercing-sucking mouthparts to feed on plant tissues (Kirk, 1997). They use a single mandible as a sharp 
probe and a rocking motion of the head to penetrate the leaf cuticle. After the outer cell wall is penetrated, a pair of max-
illary stylets extend deeper into cellular structure of the leaf. The cellular contents are digested by saliva that has been 
injected into the cells and then sucked up through the maxillary stylets (Kindt et al., 2003). The adults inoculate plant 
tissue with TSWV present in their saliva. The reduction of tomato fruit quality caused by this inoculation can be severe, 
making some plants non-harvestable, directly reducing overall weight of tomato produced per plant, and causing severe 
post-harvest tomato quality losses due to the irregular ripening. This symptom appears on fruit perceived to be marketable 
at the time of harvest that develops after the commercial ripening process in the packing sheds (Riley and Pappu, 2004).

A typical example of fruit damage in tomato associated with thrips virus transmission to the tomato plant is shown in Fig. 
3.9. The concentric ring pattern is commonly thought to be indicative of TSWV infection (Moyer, 2000), but is similar to the 
infections of TCSV and GRSV in tomato (Adkins et al., 2013). This damage can show up many weeks after virus transmission 
occurred (Riley et al., 2012a). Direct scarring or dimpling of the fruit surface can show within a week of feeding and oviposi-
tion. The halo spotting of mature tomato fruit caused by thrips reported by Navas et al. (1991a) can sometimes be confused 
with stink bug damage. Stink bug damage often causes larger areas of discoloration around the feeding site due to much larger 
size of the stink bug and deeper probing into the fruit. Thrips damage to fruit is typically associated with western flower thrips 
or other flower thrips species, and not tobacco thrips, which is more of a foliage feeder. Late-season control of thrips to prevent 
fruit damage must take into consideration how effective the insecticide is against flower thrips species. An average 1 adult per 
plant can cause no damage but growers should make some decision at this threshold level (Funderburk et al., 2014).

http://climate.ncsu.edu/thrips/
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7.  MANAGEMENT

The primary solution to TSWV problems in tomato in the southeastern United States has been the development and use of 
TSWV-resistant tomato cultivars through traditional breeding programs and regional field evaluations (Riley et al., 2011b). 
However, with the potential threat of host-plant resistance-breaking strains of TSWV (Roselló et al., 1997, 1998), the use 
of multiple tactics seems to be a prudent approach to long-term TSWV management in tomato (Momol et al., 2004; Riley 
and Pappu, 2004). Most of the management practices used for TSWV mitigation in the tomato crop, at least at the time 
of writing this chapter, occur within the tomato field during the growing season. The epidemiological conditions outside 
of the field are considered only when trying to estimate potential risk of TSWV infection for that season (Chappell et al., 
2013). One view of thrips management in fruiting vegetables can be found in the study by Demirozer et al. (2012) which 
emphasizes the role of natural enemies.

7.1  Cultural and Physical Control

Silver agricultural film (Fig. 3.10) was first used as a physical/cultural control for TSW in the panhandle area of North 
Florida in 1997 based on the study of Greenough et al. (1990). Metalized reflective mulch (Repelgro-Full Reflective, 
ReflecTek Foils Inc., Lake Zurich, IL, similar to Clarke Ag Plastics—silver on black, Greenwood, Virginia, United States) 
was field-tested in 1998 (Stavisky et al., 2002), and in 1999 commercial tomato growers used the metalized mulch to 
produce improved tomato yields. Grower trials expanded in 2000 and the results of the largest trial comparing 25 acres of 

FIGURE 3.8 Halo spots around thrips feeding sites. www.tswvramp.org, with permission.

FIGURE 3.9 TSWV symptoms/damage to FL 47 susceptible tomato fruit. Riley, D.G., Sparks Jr., A., Langston, D., 2011c. Managing Tomato Spotted 
Wilt in Georgia. The University of Georgia Cooperative Extension Service, Circular 1002, with permission.

http://www.tswvramp.org
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metalized mulch to 100 acres of black mulch, with data collected by Glades Crop Care, Inc (Fig. 3.10). There have been 
consistently documented benefits of using reflective mulch for managing thrips and TSW over the years (Momol et al., 
2004; Riley and Pappu, 2004; Andersen et al., 2012).

Reflective mulches presumably disorient thrips, thereby reducing the level of initial settling of the thrips on the tomato 
crop (Greenough et al., 1990; Stavisky et al., 2002; Riley and Pappu, 2004). In large-scale, reflective-mulch field plots 
represented in Fig. 3.10, TSW incidence was mostly observed around the field edges. The metalized reflective mulch con-
sists of a very thin (100–300 Å) layer of aluminum deposited on a polyethylene mulch base (Clarke and Scruby, 2001). It 
is important to note that soil temperature can be reduced by highly reflective plastic mulch films (Diaz-Perez and Batal, 
2002), and this can lead to slightly delayed tomato harvests in the spring (Riley and Pappu, 2004). On the other hand, dur-
ing the summer months when soil temperatures can be excessive, higher plant stem weights may occur with the metalized 
mulch (Andersen et al., 2012). Also, the use of reflective mulch can reduce the incidence of tomato pests other than thrips, 
such as whiteflies (Summers et al., 2010).

7.1.1  Weed Management

Although a great deal of effort has focused on implicating weeds sources for TSWV epidemics (Johnson et al., 1995; 
Groves et al., 2001b, 2002, 2003; Srinivasan et al., 2014) and the management of weeds can affect F. fusca dispersal 
(Beaudoin and Kennedy, 2012), a validated weed management practice has not been shown to be effective in reducing 
overall TSWV incidence in large-scale commercial tomato fields to date. Glyphosate (herbicide) treatment of winter 
weeds in conservation tillage can lead to earlier and higher levels of thrips dispersal from treated weeds (Beaudoin and 
Kennedy, 2012). When this occurs in a field adjacent to a tomato field that is being transplanted, it can lead to increased 
spread of TSWV into the field. Therefore, keeping weed sources of thrips and TSWV adjacent to the tomato crop green 

(B)

(A)

FIGURE 3.10 (A) Tomato seedlings transplanted into metalized reflective-mulch beds, and (B) commercial percentage of tomato spotted wilt disease 
symptoms in plots in black versus metallic plastic mulch treatments. www.tswvramp.org, modified with permission.

http://www.tswvramp.org
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and actively growing could delay thrips movement from weeds sources into tomato. We have observed that if infected 
weeds adjacent to tomato are killed just prior to transplanting tomatoes, the incidence of TSWV was significantly higher 
in the tomato relative to plots where weeds remained intact (Riley, unpublished data). Therefore, it might be best to view 
weeds as both a source (as illustrated in Fig. 3.11) and a sink for thrips vectors of TSWV. Perhaps the best use of weeds 
is simply a mechanism for monitoring and assessing risk levels associated with thrips vectors of TSWV (Groves et al., 
2003; Morsello and Kennedy, 2009).

7.2  Host-Plant Resistance

Since the early 1990s when annual TSW epidemics broke out in the southeastern United States, host-plant resistance was 
considered a top priority to both growers and pest managers dealing with the problem. This was largely because of the 
ongoing success of transgenic virus resistant vegetables, particularly mosaic resistant squash, during that time (Gaba et al., 
2004). In fact, traditional (non-transgenic) TSWV resistance had been reported in tomato during that period (Stevens et al., 
1991, 1992; Kumar et al., 1993, 1995), but very few commercial cultivars were widely available in the 1990s. The tomato 
variety “Stevens” (Stevens et al., 1991), was observed to be mostly asymptomatic in field tests in Georgia, but “Stevens” 
produced less marketable fruit than the tomato “FL 47,” a common TSWV-susceptible tomato hybrid (Riley and Pappu, 
2000). Even so, there were active commercial breeding efforts producing new releases in the late 1990s. BHN444, a high 
yielding TSW-resistant tomato, was released in 1998 and successfully field-tested in the southeast (Momol et al., 2004; 
Riley and Pappu, 2004). By 2008, multiple TSW-resistant commercial tomato lines became available to grower in the 
southeastern United States (Table 3.1). Currently, host-plant resistance is the main tool for mitigating the impact of TSWV 
in regions where this virus has become established. Therefore, it is important to know the origin and potential stability of 
resistance in the future.

The earliest TSWV resistance genes originated from Solanum pimpinellifolium (L.) in the 1950s (Stevens et al., 1992). 
Two resistance alleles at the Sw-1 locus (Sw-1a, Sw-1b) and three recessive resistance genes; sw-2, sw-3, and sw-4 were 
identified by Finlay (1953). In 1959, Clayberg et al. (1960) reported that the cultivar “Pearl Harbor” had Sw-1a and “Rey de 
los Tempranos” had Sw-1b and the three recessive genes which were TSWV strain specific in their ability to reduce disease 
symptoms. Paterson et al. (1989) field-tested Finlay’s resistant lines and observed that they were susceptible to isolates of 
TSWV in Arkansas. In 1986, the Solanum esculentum Mill. cultivar “Stevens” bred in South Africa from an introgression 
from Lycopersicon peruvianum (L.) Mill. was reported to be strongly resistant (van Zijl et al., 1986). The exact source of 
resistance in “Stevens” is likely from PI 128654 (Stevens et al., 1992) which was characterized by a single dominant gene, 
Sw-5, observed to provide a broader spectrum of protection from a range of TSWV isolates. The Sw-5 gene also provided 
protection from TCSV and GRSV (Boiteux and Giordano, 1993). The Sw-5 gene is reported to be located on the long arm 
of chromosome 9 between CT71 and CT220 (Stevens et al., 1995; Brommonschenkel and Tanksley, 1997; Folkertsma et al., 
1999). Stevens et al. (1996) developed a genetic marker tightly linked to the Sw-5 locus using RAPD primer UBC#421 

FIGURE 3.11 Movement of thrips in the weedy landscape during the spring. David and Angelika Riley, www.tswvramp.org, with permission.

http://www.tswvramp.org
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TABLE 3.1 Tomato Cultivars, Their Source, Resistance Designation, and TSW-Resistance Expression for the Years 
Evaluated From 2006 to 2010

Cultivara Plant Source TSW-Resistant Geneb TSW-Resistance Expressionc

Quincy Seminis + *****(5)

BHN 640 BHN/Siegers + *****(5)

Crista Harris Moran + *****(5)

Bella Rosa Sakata/Siegers + *****(5)

Amelia Harris Moran + *****(5)

Talladega Syngenta + ****(4)

Red Defender Harris Moran + ****(4)

BHN 444 BHN/Siegers + ****(4)

Redline Syngenta + ****(4)

BHN 602 BHN/Siegers + ****(4)

Top Gun Twilley + ****(4)

Inbar Hazera + ****(4)

Tycoon Hazera + **(2)

Carson Hazera + **(2)

Picus Seminis + **(2)

BHN 685 Siegers + **(2)

Shanty (Roma) Hazera + **(2)

Tribeca Vilmorin + **(2)

Mountain Glory Siegers + **(2)

Fletcher Reimer Seeds + **(2)

Muriel Sakata/Siegers + **(2)

Finishline Syngenta + **(2)

8746 UF + *(1)

Tous 91 Hazera + *(1)

8751 UF ^ *(1)

Nico Harris Moran + *(1)

8612 UF + *(1)

8749 UF +^ *(1)

Tribute Sakata + *(1)

HAZ 3089 Hazera + *(1)

HAZ 3084 Hazera + *(1)

Rubia (Roma) Sakata + *(1)

8768 UF + *(1)

8688 UF +^ *(1)

8793 UF ^ *(1)

8685 UF + *(1)

HAZ 3088 Hazera + *(1)

Continued
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(which has greatly aided breeding efforts). An improved sequence characterized amplified regions (SCAR) marker was 
developed, which was easier to read on the gel and subsequently became widely used (Garland et al., 2005). More recently, 
Shi et al. (2011) developed a PCR-based marker and two single nucleotide polymorphism (SNP) markers for marker-
assisted selection (MAS). These advances have facilitated the deployment of Sw-5 in a number of cultivars (Table 3.1).

Unfortunately, some reports showed that certain strains of TSWV had overcome the Sw-5 resistance (Roselló et al., 
1997, 1998). TSWV strains that cause disease symptoms in Sw-5 cultivars were documented in South Africa (Thompson 
and van Zijl, 1996), Hawaii (Cho et al., 1996), and Australia (Latham and Jones, 1998). The threat of resistance-breaking 
strains (Lopez et al., 2011) and direct transmission to Sw-5 tomato fruit that subsequently expresses damage (Aramburu 
et al., 2000) are causes for concern about the long-term viability of this tactic. Potential sources of resistance were found in 
L. peruvianum accessions PI 126935, PI 126944, CIAPAN 16, PE-18, and CIAPAN 17, and Roselló et al. (1998) described 
the resistance gene, Sw-6, from PE-18 that provided partial resistance (Roselló et al., 1999). The level of resistance of Sw-6 
was not as high as that provided by Sw-5. Roselló et al. (2001) found that a heterozygous tomato line with both Sw-5 and 
Sw-6 genes had a higher level of resistance to TSWV. Resistance derived from Lycopersicon chilense Dun. in a line called 
Ck-12 has a broad spectrum of resistance (Canady et al., 2001). A gene derived from Ck-12 (Sw-7) was mapped to chromo-
some-12 (Price et al., 2007). Preliminary studies indicate that hybrids heterozygous for Sw-7 have intermediate resistance to 
TSWV (Scott, unpublished data) and do not confer resistance to GRSV (Adkins, personnel communication). Furthermore, 
using lines with Sw-7 (e.g., Fla. 8516) does not seem to confer resistance to Sw-5 resistance-breaking strains in Hawaii 
(Scott, unpublished data). It may be that Ck-12 has another resistance gene lost in Sw-7 lines developed from it, and there-
fore further selection may reveal a modification of Sw-7 that can be used in Sw-5 resistance management. Transformed 
tomato plants with the nucleocapsid protein (N) gene from TSWV were achieved fairly early during the time of TSWV 
outbreaks in the southeastern United States (Kim et al., 1994). Gubba et al. (2002) was able to develop broad-spectrum 
resistance to TSWV by combining transgenic resistance with Sw-5 resistance. Recent research continues to enhance tospo-
virus resistance with NSs (nonstructural protein encoded by the “s” segment) fragments increasing the range of resistance 

Cultivara Plant Source TSW-Resistant Geneb TSW-Resistance Expressionc

FTM 2305 Sakata + *(1)

8684 UF + *(1)

8687 UF ^ *(1)

8686 UF ^ *(1)

Hedvig Hazera + *(1)

Galilea Hazera + *(1)

Cupid Seminis – ***(3)

SecuriTY 28 Harris Moran – (3)

Big Boy Ferry Morse – (1)

Tygress Seminis – (3)

Mariana (Roma) Sakata/Rupp – (3)

FL 47 Seminis/Siegers – (5)

Caporal Vilmorin/Clifton – (3)

Pony Express Harris Moran – (1)

Marglobe USDA – (2)

aCultivars ranked (from highest to lowest) based on the marketable fruit yield (kg) within number of years they were tested.
bThe abbreviations “+” = Sw-5; “^” = Sw-7 present.
cNumber of year(s) when significant TSWV-resistance was detected (“*”) on a selected cultivar compared with susceptible-cultivars per total years evaluated 
(in parenthesis). Cultivars are arranged within expression group from highest to lowest yield.
Reproduced with permission from Riley, D.G., Joseph, S.V., Kelley, W.T., Olson, S., Scott, J., 2011b. Host-plant resistance to tomato spotted wilt virus 
(Bunyaviridae: tospovirus) in tomato. HortScience 46, 1626–1633.

TABLE 3.1 Tomato Cultivars, Their Source, Resistance Designation, and TSW-Resistance Expression for the Years 
Evaluated From 2006 to 2010—cont’d
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across serologically unrelated tospoviruses (Yazhisai et al., 2015). Whitfield et al. (2008) reported that a soluble form of 
the TSWV envelope glycoprotein could inhibit virus transmission in thrips. Small interfering RNAs or RNAi were com-
mercially deployed in squash and tomato as a powerful tool to reduce viral disease along with an assessment of potential 
ecological risks (Auer and Frederick, 2009). Additionally, tomato hybrids engineered with TSWV sequences for virus resis-
tance have proven effective for mitigating the virus’ ability to develop resistance-breaking strains (Accotto et al., 2005). In 
the southeastern United States, the traditionally bred Sw-5 resistance has proven stable and effective on commercial farms 
(Scott et al., 2005, 2011), but it is reassuring to know that transgenic options are available in the event that resistance-
breaking strains of TSWV increase.

Currently, commercially field-grown tomato cultivars with Sw-5 (Riley et al., 2011b) in the southeastern United States 
have not shown significant damage symptoms at any period during plant development. However, late infection by F. occi-
dentalis directly to fruit of Sw-5 plants can result in fruit blotch (Aramburu et al., 2000). Though fruit blotch occurs in crops 
that are harvested mature-green, it is not evident until the fruits ripen during shipping, causing serious price reductions for 
the tomato packer and affect their reputation. This is a particularly insidious problem because it occurs after processing 
and shipping costs have been incurred. There was preliminary evidence that lines with Sw-7 did not have the fruit blotch 
problem of Sw-5, which still needs to be verified. Sw-5 or Sw-7 lines continued to be tested for TSWV resistance at the 
University of Florida through 2014. Private companies were also actively developing resistant cultivars, and by 2011 had 
quite a large selection available (Table 3.1), including Roma or plum-type tomato lines (Riley et al., 2011c).

7.3  Biological Control

Biological control of thrips has been reported to be quite effective in pepper (Funderburk et al., 2000, 2002, 2013) and is 
recommended for fruiting vegetable crops in general (Funderburk, 2009). The most effective natural enemies are the minute 
pirate bugs, Orius spp. (Hemiptera: Anthocoridae) (Funderburk et al., 2000) and nematode parasites of thrips Thripinema 
spp. (Tylenchida: Allantonematidae) (Lim et al., 2001; Funderburk et al., 2002). Insecticides such as pyrethroids and neo-
nicotinoids have been reported to significantly reduce Orius sp. in pepper, while other insecticides, such as spinetoram and 
cyantraniliprole, are less disruptive to the natural enemies (Funderburk et al., 2013). In tomato, the effectiveness of natural 
enemies on the tomato crop to prevent primary spread of TSWV is somewhat questionable, given the rapidity of virus trans-
mission once the vector lands on the plant (Wijkamp, 1995). However, biological control agents do help to reduce overall 
thrips densities and thereby reduce secondary spread in the crop (Funderburk, 2009). In addition, since thrips persists in the 
landscape in weeds (Groves et al., 2001b; Srinivasan et al., 2014), naturally occurring biological control by natural enemies 
in non-crop areas may be important in generally suppressing thrips vector densities, presumably leading to reduced TSWV 
inoculum in the landscape.

7.4  Chemical Control

Thrips, and in particular western flower thrips, are highly polyphagous (Mound, 2005), which implies that they can adapt 
to a wide range of plant compounds. Similarly thrips can adapt to a wide range of insecticidal compounds (Gao et al., 
2012). Therefore, it is important to have a range of insecticidal modes of action for thrips control and insecticide resistance 
management (Espinosa et al., 2002; Broughton and Herron, 2009; Willmot et al., 2013). Resistance-management strate-
gies for thrips include a resistance monitoring program, rotation of insecticides for each generation of thrips, no more than 
two consecutive treatments with the same insecticide in a season, and rotating insecticide chemistries that do not have 
known cross-resistance tendencies in species-specific thrips populations (Gao et al., 2012). The diversity of thrips (F. fusca,  
F. occidentalis, F. bispinosa, and Frankliniella tritici (Fitch)) and differences in individual species’ response to insecticides 
(Willmot et al., 2013) add to the difficulty in thrips control. In order to assess insecticide efficacy, proper identification of 
thrips by a trained individual is required both pre- and post-insecticide application.

Probably the largest impediment to effective use of insecticides to mitigate TSWV spread is the fact that transmis-
sion occurs relatively quickly, within 5 min of thrips feeding time (Wijkamp, 1995). Thus treatments need to be preven-
tative rather than reactive. In addition, TSWV symptom development in the field occurs 2–5 weeks after inoculation; 
therefore disease symptoms cannot be used to time insecticide application (Riley et al., 2012a). Sticky traps (Riley et al., 
2012a) and beat cup samples from tomato seedlings (Joost and Riley, 2004) can be useful in detecting early invasion of 
thrips into a tomato field. Early preventative, systemically applied insecticide treatments have been recommended for 
various solanaceous cropping systems (Riley and Pappu, 2000, 2004; McPherson et al., 2005; Jacobson and Kennedy, 
2013). However, where thrips vectors are not a concern during early season in tomato, preventative treatments are not 
warranted (Cameron et al., 2009).



Thrips: Biology, Ecology, and Management  Chapter | 3 63

Perhaps the most effective use of insecticides for TSWV disease management is as a chemical deterrent to thrips feeding 
(Groves et al., 2001a; Joost and Riley, 2005; Jacobson and Kennedy, 2013). Unfortunately, an insecticide’s ability to influ-
ence thrips feeding behavior can be species-specific (Joost and Riley, 2005) and even insecticide-rate-specific (Jacobson 
and Kennedy, 2013). In one documented case, thrips settling on peanut and tomato foliage systemically treated with imi-
dacloprid varied between species, with F. fusca being deterred by the insecticide in both crops, but F. occidentalis actually 
settling more on peanuts treated with imidacloprid (Riley, 2007). Therefore, if F. occidentalis is the main TSWV vector 
present, imidacloprid is not recommended. The new systemic diamide insecticide, cyantraniliprole, has inhibitory activ-
ity on thrips vectors of TSWV in pepper although not quite as strong an effect on reducing thrips feeding as imidacloprid 
(Jacobson and Kennedy, 2013).

Insecticides with primarily contact activity against thrips often are used when thrips densities reach direct damag-
ing levels, i.e., in the absence of TSWV. There are many insecticide groups with distinct modes of action (Insecticide 
Resistance Action Committee Groups, http://www.irac-online.org/modes-of-action/; accessed July 26, 2016) that control 
thrips including organophosphates (1B), carbamates (1A), pyrethroids (3A), neonicotinoids (4A), spinosyns (5), avermec-
tins (6), and others (Shan et al., 2012). Spinosyns can be very effective against thrips while preserving the thrips predator, 
minute pirate bugs (Funderburk et al., 2000). But they can negatively affect beneficial Hymenoptera (Biondi et al., 2012). 
It is important to note that thrips immature stages do not tend to be more susceptible to insecticide than the adult stage, but 
also that selection for resistance in the same thrips populations occurs at much different rates between adult and immature 
thrips stages (Contreras et al., 2010). In addition, later-season sprays have been recommended to reduce secondary spread 
of TSWV (Andersen et al., 2012). Once a plant expresses severe TSW, insecticide sprays do not affect tomato production 
on that plant. The use of insecticides can affect the spread of TSWV in tomato, often enhancing other control tactics (Riley 
and Pappu, 2000, 2004; Coutts and Jones, 2005; Andersen et al., 2012). As a general recommendation, growers should use 
preventative insecticide treatments only where thrips and TSWV reoccur annually for a given tomato production season. 
In addition, thrips vectors need to be identified in a given location to be able to select a more appropriate insecticide (Table 
3.2). Finally, if prevention is warranted, use effective systemic treatments, such as cyantraniliprole, that not only control 
thrips, but also reduce thrips feeding on the plant.

7.4.1  Plant Activators

Plant activators are compounds that can illicit an immune response in the plant when applied as a spray or drench. In 
the case of TSW disease suppression there are systemic acquired resistance (SAR) compounds that have been shown to 

TABLE 3.2 Insecticide Efficacy Against Thrips in Tomato and Pepper in the southeastern United States, 2012

Insecticide

Efficacy Ratinga Registration
Mode of 
Action (MOA)Tobacco Thrips Flower Thrips Tomato Pepper

Acephate (e.g., Orthene 97) G G Nob Yes 1B

Dinotefuran (e.g., Venom 70SG) G G Yes Yes 4A

Endosulfanc (e.g., Endosulfan 3EC) F F Yes Yes 2A

Imidacloprid (e.g., Admire 2F) G-AF P Yes Yes 4A

Methomyl (e.g., Lannate 2.4LV) G G Yes Yes 1A

Oxamyl (e.g., Vydate 2L) G G Yes Yes 1A

Spinetoram (e.g., Radiant 1SC) G-E G-E Yes Yes 5

Pyrethroidsd G F-P Yes Yes 3

Cyantraniliprole (e.g., Verimark) G G Yes Yes 28

aEfficacy rating: AF, anti-feeding effect; E, excellent; F, fair; G, good; P, poor.
bIndividual products may not be labeled for the specific pest but should provide indicated level of control when applied according to label instructions for 
the crop.
cEndosulfan is labeled through 2015 on pepper and tomato.
dLabeled pyrethroid insecticides include bifenthrin (e.g., Capture 2EC), lambda-cyhalothrin (e.g.,Warrior 1CS), permethrin (e.g., Pounce 3.2EC), zeta-
cypermethrin (e.g., MustangMax 0.8EC), esfenvalerate (e.g., Asana XL), and cyfluthrin (e.g., Tombstone 2EC, Baythroid XL).
Modified with permission from www.tswvramp.org.

http://www.irac-online.org/modes-of-action/
http://www.tswvramp.org
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suppress TSWV disease development if applied at, or just prior to, virus inoculation by the thrips (Louws et al., 2001; 
Obradovic et al., 2004; Vavrina et al., 2004). Specifically, the compound acibenzolar-S-methyl (Actigard 50WG, Syngenta 
Crop Protection, Greensboro, NC), is an analog of salicylic acid that can cause tomato plants to exhibit less disease symp-
tom development early in the season under field conditions (Riley et al., 2012b). Prevention of early disease symptoms 
in tomato can lead to significantly increased yields in tomato (Chaisuekul et al., 2003). The use of SAR compounds can 
enhance other TSW mitigation practices such as reflective mulch (Momol et al., 2004; Awondo et al., 2012; Riley et al., 
2012b). Typically these compounds provide similar levels of control as preventative insecticide treatments (Riley et al., 
2012b). Foliar sprays of acibenzolar-S-methyl have been shown to reduce TWV disease symptoms when applied before 
transplanting followed by foliar treatments on a biweekly basis (Momol et al., 2004). Typical rates of acibenzolar-S-methyl 
are low to avoid phytotoxicity in young plants but can be increased as the plant matures (Mandal et al., 2008). As an addi-
tional benefit, other tomato plant diseases can be reduced with the use of SAR compounds (Louws et al., 2001).

7.5  Integrated Pest Management

In crops other than tomato, there has been some indication that tillage practices can affect TSWV incidence, specifically 
that conservation/minimum tillage reduces TSWV incidence in peanut (Hurt et al., 2006). Since tomato production in the 
southeastern United States is primarily for fresh market and is grown on plastic mulch beds, minimum tillage practices will 
not be applicable for most commercial fields. However, rye cover crops between plastic mulch beds are occasionally used, 
and results from peanut trials indicate that rye covers can reduce thrips and TSWV (Olson et al., 2006). Altering tomato 
crop fertility can affect thrips populations, and greater nitrogen has been associated with higher thrips numbers (Stavisky 
et al., 2002); excess nitrogen should be avoided. Intercropping, living mulches, and other practices that reduce thrips abil-
ity to efficiently find and feed on the tomato crop from overwintering sources should provide some degree of reduction of 
TSW, but the question comes down to the cost–benefit and cultural acceptability of the tactic.

8.  ECONOMICS OF MANAGEMENT STRATEGIES

Based on surveys in 2008–09 in Georgia, Florida, South Carolina, and North Carolina, 75% of tomato growers and 58% of 
pepper growers used at least some improved method (e.g., resistant cultivar, metallic reflective mulch, Actigard, imidaclo-
prid) in managing TSW. Over 67% of tomato growers used some TSW-resistant tomato cultivar and imidacloprid, while 
60% reported using Actigard. Fewer tomato (19%) and pepper (16%) growers used metallic reflective mulch. Most of the 
respondents (71%) indicated that TSW-resistant cultivars reduced TSW and produced fruits of acceptable yield and qual-
ity. Over half of the respondents (62%) indicated having problems with more than one virus in tomato production, while 
only 36% face a similar problem with pepper. Statistical analysis revealed that the odds of growers satisfied with the use of 
Actigard alone in controlling TSW were 7 to 1, while the odds of growers satisfied with the use of reflective mulch alone 
were 9 to 1 when compared to not using one of the tactics. The odds those growers were satisfied using a combination of 
Actigard and reflective mulch in the control of TSW were 59 to 1 as opposed to not using both (Awondo et al., 2012).

A cost–benefit analysis comparing improved management practices (IMPs) with conventional management practices 
(CMPs) using results from on-station experiments and cost (fixed, variable) data revealed a nominal total production cost of 
$11,013/ac for the CMP and $13,314/ac for IMP. A breakeven (BE) variable cost of $2.88 and $2.33 was estimated for CMP 
and IMP, respectively, and a BE yield of 1366 cartons/ac (25 lb) for CMP and 1664 cartons/ac (25 lb) for IMP was realized 
(Fonsah et al., 2010). The IMP consisted of using one of the Sw-5 tomato hybrids (see Table 3.1). Second, the IMP used a 
systemic insecticide effective against the thrips vector species at the time of transplanting. Third, IMP used metallic reflective 
mulch if slight soil cooling had no negative economical consequence. Considering the margin of error in the estimates (using 
a risk-rated sensitivity analysis), the results of Table 3.3 indicate that the increase in yield and net return from using IMP are 
large enough to compensate tomato growers for the additional production cost incurred in using IMP (Fonsah et al., 2010). 
Most commercial tomato farmers in regions of the southeast United States, where TSW is a known problem, currently use 
tomato cultivars with host-plant resistance to TSWV. Marketing and trade will continue to be a major influence on choices 
made by the tomato growers in this area and economics ultimately will determine if the industry can adapt to this and other 
threats to production. At present, it appears that economical solutions to TSW will prevail in the southeastern United States.

9.  FUTURE PROSPECTS

Ideally, management of thrips and tospovirus in tomato should be based on key economic factors that control the use 
of tactics to provide the most profitable production of tomato. Decision tools need to be developed to control the use 
of tactics beginning with regional scale factors such as weather (e.g., Chappell et al., 2013). Then a risk-assessment 
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model should be developed for each region, as has been done for TSWV management in peanut (Brown et al., 2005). 
The durability of Sw-5 resistance in the southeast United States and elsewhere may be enhanced by the addition of 
Sw-7 to resistant cultivars. If new virulent strains of TSWV occur or new tospoviruses emerge that are not controlled 
by existing genes, then new sources of resistance must be discovered. This will result in excessive work especially if 
the resistance is found in species that do not cross easily with tomato such as S. peruvianum or S. chilense. Evolving 
genomic advances should facilitate the introgression of such resistance genes, but there will still be considerable time 
between resistance discovery and acceptable resistant cultivars. Ideally, early generation lines from any introgres-
sion projects should be made available to gene banks so that they can be tested for resistance to tospovirus and other 
problems as they emerge. This would save considerable breeding time in attaining the first crosses in distantly related 
species. Otherwise, transgenic approaches could make future impacts if an economically justified need spurs its com-
mercial development. New technologies involving RNA silencing could accelerate the development of transgenic resis-
tant cultivars (Auer and Frederick, 2009).

10.  SUMMARY

Thrips have become a major worldwide pest of tomato in the last few decades mainly because of their ability to transmit 
tospoviruses to the crop. The main Tospovirus in tomato in the United States is TSWV and the main thrips vector species 
in the United States are F. occidentalis and F. fusca. Current management of thrips relies heavily on preventative tactics 
to reduce thrips settling and/or feeding (and thus virus inoculation) on the tomato plant, and host-plant resistance to the 
Tospovirus. The main tactics for reducing the impact of TSW on tomato, ranked from most to least effective, are: (1) tomato 
plant resistance to TSW, (2) cultural/physical controls such as reflective mulch, (3) properly chosen, timed, and applied 
insecticides for the thrips species present on the crop, (4) plant activators to reduce the development of TSW symptoms, and 
(5) biological and other control tactics. This ranking may change as new techniques and strategies are developed. However, 
the thrips/Tospovirus crisis that challenged the southeastern United States has much abated in the last decade with the 
aforementioned management tactics.
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1.  INTRODUCTION

Whiteflies have long been considered as an important insect pest on a global scale, attacking a wide variety of agricultural 
commodities (Mound and Halsey, 1978; Gerling, 1990b). There are 1556 accepted species names in 161 genera that exist 
among the known extant whiteflies in the world (Martin and Mound, 2007). However, two species, the sweetpotato white-
fly, Bemisia tabaci (Gennadius), and the greenhouse whitefly, Trialeurodes vaporariorum Westwood cause most of the 
damage (Nauen et al., 2014). This is the case for tomato, and both species are pests in both the open field and greenhouse 
tomato agroecosystems. Whiteflies, using mouthparts modified for sucking, damage plants by removing sap, excreting 
honeydew, vectoring plant-limiting viruses, and for one member of B. tabaci species complex, causing tomato irregular 
ripening. Because of these four types of damages, research on whiteflies has varied widely. Sometimes studies have focused 
on solving crop loss due to one or several of these damage types and the results are most applicable on a local scale. Other 
research has broader application for tomato growers throughout the world. In this chapter, we focus on the basic biology, 
ecology, and management of B. tabaci and T. vaporariorum on tomato.

2.  IDENTIFICATION, BIOLOGY, DISTRIBUTION, HOST RANGE, AND SEASONAL 
OCCURRENCE OF WHITEFLY PESTS ON TOMATO

Both B. tabaci and T. vaporariorum are pests of crops in open field and greenhouse situations, but their importance in each 
of these types of agriculture have varied over time. T. vaporariorum has been a problem in greenhouses for a very long time; 
in fact its common name of greenhouse whitefly or glasshouse whitefly is symbolic of this long-term relationship with 
greenhouses. B. tabaci, while undergoing a number of changes regarding its systematics (see below), originally was named 
the tobacco whitefly because of its association with that open field crop. Both of these whiteflies have a large host range, 
of which tomato is a key crop. A search of the Web of Science Core Collection search engine found 251/855 (29.3%) and 
938/3796 (25.9%) of the citations were related to tomato for T. vaporariorum and B. tabaci, respectively. Historically, T. 
vaporariorum has been a problem of greenhouse tomatoes and B. tabaci has been a problem in field tomatoes, mostly as a 
virus vector. However, within the last 25 years, we have experienced these two whitefly species as pests, sometimes severe, 
in both greenhouse and field tomato crops.

The interactions of these two whiteflies on tomato have been studied with some interesting results. In Japan, both species 
can occur on tomatoes in the greenhouse. When this occurred, T. vaporariorum selected upper leaflets, while B. tabaci selected 
middle leaflets (Tsueda et al., 2014). These choices were reflected in the number of eggs laid by each species on their selected 
leaflets. The authors further determined that whitefly selection was related to specific volatiles emitted by the tomato leaflets in 
their respective positions. Additional studies conducted in China determined that B. tabaci produced up to 4.9 times the prog-
eny as T. vaporariorum (Zhang et al., 2011). In addition, B. tabaci developed faster, lived longer, and had a higher female:male 
sex ratio than T. vaporariorum. All of these parameters lead to displacement of T. vaporariorum by B. tabaci in as few as four 
generations. Chun-Li et al. (2015) found that these two species influence each other through their impact on tomato. Prior 
infestation of tomato with B. tabaci resulted in improved development, longevity, and fecundity of T. vaporariorum. However, 
prior infestation with T. vaporariorum did not have an impact on the development of B. tabaci. This study suggests a negative 
impact of B. tabaci feeding on plant defenses that does not occur with T. vaporariorum feeding.
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2.1  Bemisia tabaci (Gennadius)

B. tabaci is a global pest causing significant loss to a wide variety of agricultural commodities. Arguably one of the most 
damaging insects in the world, three books have been written specifically on B. tabaci in the last 2 decades (Gerling and 
Mayer, 1996; Stansly and Naranjo, 2010; Thomson, 2011). The literature on this insect is expansive and was thoroughly 
reviewed by Cock (1986). B. tabaci was first described by Gennadius (1889) as Aleurodes tabaci, a whitefly collected in 
Greece on tobacco. It has undergone a number of synonymization events with other whiteflies (Perring, 2001), and after 
several decades of research into the nomenclature of B. tabaci, it is becoming clear that this entity is a complex of mor-
phologically indistinguishable species (Dinsdale et al., 2010; Tay et al., 2012). Whitefly researchers have utilized a variety 
of naming conventions including race, biotype, genetic groups, and species to identify the variants of whiteflies in the 
complex. The major variants on tomato are New World whitefly (New World), previously known as Biotype A, Middle 
East Asia Minor 1 whitefly (MEAM1), previously known as Biotype B or Bemisia argentifolii Bellows and Perring (Dinsdale 
et al., 2010; Boykin, 2014), and the Mediterranean (MED) whitefly, previously known as Biotype Q and now known to be 
the original B. tabaci (Cuthbertson and Vӓnninen, 2015). Although we recognize the distinction between the B. tabaci spe-
cies, we will refer to these simply as B. tabaci unless there is information specific to the New World, MEAM1, and MED 
whiteflies.

Whiteflies have six life stages: the egg, four nymphal instars, and the adult stage (Walker et al., 2010). The egg stage of 
all whiteflies has a stalk at their larger end, called the “pedicel.” Quaintance and Baker (1913) stated that this stalk serves 
as an attachment for the egg, and it also “seems to direct the spermatozoa at the time of fertilization.” During this time the 
stalk is filled with protoplasm. After fertilization the protoplasm dries up and the stalk becomes a hollow tube. Most white-
flies insert the pedicel into leaf stomata (Paulson and Beardsley, 1985). But B. tabaci pedicles are inserted directly into 
epidermal tissue. The apex of the pedicel has a porous fibrous structure which absorbs water and possibly nutrients from the 
leaf (Walker et al., 2010). The eggs of B. tabaci are typically scattered about the leaf surface although sometimes they are 
laid in partial egg circles. A “fecundity of well over 500 progeny per female has been demonstrated” (Naranjo et al., 2010).

All whitefly nymphal stages are oval in shape and dorsoventrally flattened. The first nymphal instar is called the 
“crawler” stage, because it is highly mobile and probes the leaf surface for a suitable location to insert its stylets into 
the phloem sieve elements. The lateral margins of the crawlers have many setae that are absent in later instars. These are 
thought to be mechanosensory in nature enabling the crawler to sense leaf hairs (Walker et al., 2010). Once the crawler 
locates a suitable feeding site, it begins feeding and molts into the subsequent instars, which are sessile on the plant, not 
moving from the original location selected by the crawler (Gill, 1990). The insect goes through three additional nymphal 
instars (second–fourth). The fourth instar is sometimes referred to as the “pupal” stage (Bemis, 1904; Sharaf and Batta, 
1985; López-Avila, 1986; Gill, 1990), but Gill (1990) noted that the early fourth instar feeds, and thus is not a pupa in the 
normal sense of holometabolous insects. Later in the instar, the insect enters a transitional substage during which apolysis 
takes place and the adult cuticle is formed. This stage has red eyes and yellow body pigment. Byrne and Bellows (1991) 
suggested that the term pupa, if used, be reserved for the last nymphal stadium found after apolysis.

Walker et al. (2010) provided a detailed review of the adult morphology of B. tabaci, noting that they have the typical 
anatomy of adult insects in the Sternorryncha. The wings of B. tabaci are covered in white powder wax that is secreted soon 
after the adult ecloses from the last nymphal instar (Gill, 1990). The wings are held “roof-like” over the abdomen (Fig. 4.1), 
which gives them a long, narrow appearance on the leaf. Adults typically are found on the lower leaf surfaces of tomato. 
There is a sexual dimorphism in B. tabaci. Females are larger than the males and have a rounded abdomen where the male 
abdomen is more pointed (Fig. 4.1). Perring and Symmes (2006) described 4 phases in the elaborate courtship behavior of 
MEAM1 whiteflies leading to copulation. MEAM1 males also have been shown to interrupt courtship and impact mating 
of other B. tabaci sibling species (Perring, 1996, 2001; Liu et al., 2007; Walker et al., 2010). Whiteflies have arrhenotokous 
reproduction systems in which non-fertilized eggs are haploid males and fertilized eggs are diploid females.

Naranjo et al. (2010) reviewed the life history of B. tabaci and summarized the research that had been conducted up to 
that time. Typical of all poikilothermic insects, development, survival, and reproduction of B. tabaci is linked closely to 
temperature (Wagner, 1995; Wang and Tsai, 1996; Nava-Camberos et al., 2001; Xie et al., 2011; Guo et al., 2013; Hai Lin 
et al., 2014; Zeshan et al., 2015). These studies present a range of egg to adult developmental times from 105 days at 15°C 
to 14 days at 30°C. Fecundity also varied from a mean of 324 eggs per female at 20°C to 22 eggs per female at 30°C. Yang 
and Chi (2006) constructed life tables calculating an intrinsic rate of natural increase of −0.0176, 0.0667, 0.1469, 0.1611, 
0.1745, and 0.0989 d−1 at 15, 20, 25, 28, 30, and 35°C, respectively. The mean generation time was determined to be 81.9, 
48.6, 28.4, 25.3, 22.1, and 18.2 days, respectively. In addition to temperature, the host plant plays a major role in the biol-
ogy of B. tabaci as shown in studies by Butler et al. (1983), Coudriet et al. (1985), Bethke et al. (1991), Perring et al. (1992, 
1993), Nava-Camberos et al. (2001), Kakimoto et al. (2007), and Lorenzo et al. (2016). In fact, Hai Lin et al. (2014) found 



Whiteflies: Biology, Ecology, and Management Chapter | 4 75

that host plant had a greater impact on egg development than temperature, humidity, and photoperiod. Another interesting 
study conducted in China found that MEAM1 whiteflies had an increase in number of eggs laid after feeding on tomato 
plants infected with tomato yellow leaf curl China virus (Guo et al., 2010). Whiteflies carrying this virus have been shown 
to feed more often from phloem sieve elements, make more phloem contacts, and spend more time in the salivation phase 
than whiteflies that were not carrying the virus (Moreno-Delafuente et al., 2013). These behaviors are known to enhance 
inoculation of tomato yellow leaf curl virus (TYLCV) by B. tabaci and result in more efficient feeding for the whitefly. 
Thus, the virus–whitefly relationship is mutually beneficial to the whitefly and the virus (Moreno-Delafuente et al., 2013).

Yet even on the same host plant, developmental rate may vary across different B. tabaci sibling species, locations, and 
experimental conditions. Two studies, both conducted at 25°C and 65% RH illustrate this point. Salas and Mendoza (1995) 
studied Biotype A (New World group) in a lab setting in Venezuela on detached tomato leaflets. Jamuna et al. (2016) studied 
Biotype B (MEAM1 group) in a greenhouse setting in India on attached tomato leaves. These studies showed some marked 
differences (Table 4.1). The total pre-adult duration was 4 days difference between the New World whiteflies (22.3 days) and 
the MEAM1 whiteflies (18.1 days). The ovipositional period also was different with 16.7 days for New World whiteflies 
compared to 2.25 days for MEAM1, resulting in vastly different average numbers of eggs per female (194.9 for New World 
and 94.5 for MEAM1). This variability makes the interpretation of biological data on B. tabaci in the literature challenging; 
one must be aware of the specific whitefly variant and the host plant on which the studies are performed.

B. tabaci has a worldwide distribution, inhabiting every continent (Ghahari et al., 2013; CABI, 2017a). Originally it was 
known as a pest in subtropical and arid regions of the world, but has now been moved to temperate environments where 
it exists in greenhouse and open-field tomatoes. It is absent only in the most northern regions of Europe and Asia. This 
whitefly also is polyphagous, estimated to feed on over 900 host plants (McKenzie et al., 2014). This host range has been 

FIGURE 4.1 Bemisa tabaci, one female (center) and two males displaying courtship behavior (top). Male on right is attempting to disrupt male on left 
by using his wings. Adults and eggs (Bottom). Notice wings held roof-like over the abdomen.
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compiled from all of the known variants that have been assigned to the single species B. tabaci. Most of the species in the 
B. tabaci complex have limited host ranges, some with only a single known host-plant species. The MEAM1 and MED 
whiteflies are anomalies in the complex by feeding on many different host plants.

2.2  Trialeurodes vaporariorum (Westwood)

T. vaporariorum, known as the greenhouse whitefly or glasshouse whitefly, is the most economically important species 
in the genus (Russell, 1948). It was first described as Aleurodes vaporariorum by Westwood in 1856, from whiteflies col-
lected on tomato in glasshouses throughout Europe (Quaintance, 1900; Cockerell, 1902). However, Cockerell (1902) noted 
that this whitefly “is supposed to have originated in Brazil.” Russell (1948) listed 7 synonomies for T. vaporariorum and 
Ghahari et al. (2013) listed 11 whitefly species that have been synonymized.

Like other whiteflies, T. vaporariorum has six life stages; the egg, four nymphal instars, and the adult. Various authors 
have described these life stages in detail (Morrill, 1905; Hargreaves, 1915; Russell, 1948; Burnett, 1949; Gill, 1990). On 
tomato, eggs are 0.23 mm long and 0.10 mm wide (Gerk et al., 1995). The egg pedicel is inserted in the leaf, similar to B. 
tabaci. However, the placement of eggs is quite different than B. tabaci. Hargreaves (1915) states that the eggs “generally are 
laid in circles on the undersides of leaves.” The insect inserts its stylets into the leaf tissue and, using that point as center and 
its body as radius, revolves as each egg is deposited. T. vaporariorum is known to lay large numbers of eggs reaching as high 
as 534 per female on Lamium purpureum L. (Lloyd, 1922). In this same study, the number laid on tomato was 110 per female.

The nymphal stages are oval in shape and dorsoventrally flattened as in B. tabaci, but they are distinct in having a mar-
ginal fringe and long wax rays on the dorsum (Gill, 1990) (Fig. 4.2). Gerk et al. (1995) reported the length and width of 
first–fourth instars on tomato to be 0.30:0.16 (length:width), 0.41:0.23, 0.54:0.34, and 0.75:0.47 mm, respectively, similar to 
the sizes reported by other authors (Quaintance, 1900; Hargreaves, 1915). Adult whiteflies have wax covered wings which 
are held flat over the abdomen (Fig. 4.3); a trait that can be used to distinguish from B. tabaci. Males (length = 0.75 mm, 
width = 0.26 mm) are slightly smaller than females (length = 0.90 mm, width = 0.30 mm) (Gerk et al., 1995). This species 
has an arrhenotokous reproduction system in which non-fertilized eggs are haploid males and fertilized eggs are diploid 
females. Similar to B. tabaci, the courtship and mating behavior of T. vaporariorum is elaborate (Las, 1979; Ahman and 
Ekbom, 1981; Li and Maschwitz, 1985).

The development of T. vaporariorum is optimal at lower temperatures than B. tabaci. Xie et al. (2011) evaluated both 
species at 15, 18, 21, and 24°C, and found that T. vaporariorum produced more eggs and survived better at 15 and 18°C 
while B. tabaci produced more eggs and had higher survival at 24°C. This information is consistent with previous studies on 
T. vaporariorum, which showed higher fitness at cooler temperatures. For example, Burnett (1949) reported the fecundity 
and longevity of females at temperatures ranging from 9 to 33°C. He reported maximum longevity at 15°C with very short 
survival at 9°C and temperatures over 27°C. Similarly, females laid more eggs at 18 and 21°C than lower and higher tem-
peratures. Hussey and Gurney (1958) found maximum development of immatures and highest fecundity at 27°C compared 

TABLE 4.1 Life Stage Parameters for B. tabaci Reported in 2 Studies

Life Stage Parameter Salas and Mendoza (1995) Jamuna et al. (2016)

Egg stage duration (days) 7.3 6.3

First instar duration (days) 4.0 3.65

Second instar duration (days) 2.7 2.75

Third instar duration (days) 2.5 2.9

Fourth instar duration (days) 5.8 3.5

Total pre-adult duration (days) 22.3 18.1

Pre-oviposition period (days) 1.4 1.45

Oviposition period (days) 16.7 2.25

Fecundity (No. of eggs/female) 194.9 94.5

Longevity of female (days) 19.0 5.65

Longevity of male (days) 19.4 3.3
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to 23 and 21°C. However, the maximum female longevity was at 23°C. Specific studies on tomato found an average total 
life cycle of 25 days, with pre-adult development lasting 16.2 days (Gerk et al., 1995).

T. vaporariorum is distributed throughout the world, found on every continent (Ghahari et al., 2013; CABI, 2017b). 
Its pest status in greenhouses has resulted in its range expansion into far temperate regions of the globe. The host range 

FIGURE 4.2 Trialeurodes vaporariorum adult female and immatures. Two of the individuals are fourth instar nymphs (yellow in color) and two of them 
have enclosed to the adult stage leaving the exoskeleton of the last nymphal instar. Notice the long marginal wax filaments.

FIGURE 4.3 Trialeurodes vaporariorum, three females, eggs, and crawlers (Top). Adults and eggs (Bottom). Notice wings held flat over the abdomen.
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of T. vaporariorum is very large, which was recognized very early, as Russell (1948) listed 138 plant species as host 
for this whitefly. Currently, CABI (2017b) estimates 859 species of plants from 469 genera and 121 families on which 
T. vaporariorum is known to exist. The biology and life history parameters of T. vaporariorum vary with host plant. 
For example, they were found to have a higher intrinsic rate of natural increase on zucchini (rm = 0.12) than on tomato 
(rm = 0.10) (Calvitti and Buttarazzi, 1995).

3.  DAMAGE, ECONOMIC THRESHOLDS, AND LOSSES

Whiteflies, using mouthparts modified for sucking plant sap, damage plants in four ways, three of which are similar to 
aphids (see Chapter 2). They remove plant sap which can reduce yields and weaken plants to the point of killing them under 
high whitefly densities. Hussey et al. (1969) presented results for yield loss due to assimilate removal by T. vaporariorum 
and noted that these losses varied by season, being greater in the July to October crop compared to the March to July crop. 
The authors speculated that the reduced loss from feeding in summer was due to production of excess photosynthate under 
long day conditions. For B. tabaci an economic injury level (EIL) of four nymphs per leaf and one adult per beat tray (30 cm 
width × 45 cm length × 5 cm depth) were obtained in a study of open field tomato in Brazil (Gusmao et al., 2006). This study 
was conducted in processing tomatoes valued at $218.2/ton, which is somewhat lower than a 5-year average of $269.7/ton 
reported for the United States from 2011 to 2015 (ERS, 2017). This higher value in the United States would reduce the EIL 
to 3.25 nymphs per leaf, all other factors being equal.

Second, a large amount of the phloem sap is not utilized for whitefly metabolism or egg production, and this sap is 
excreted in a high carbohydrate-rich form known as honeydew. Whitefly honeydew varies over the different life stages and 
adults produce more than nymphs (Henneberry et al., 1999). This sugary substance covers tomato foliage and fruit and pro-
vides a substrate for a variety of saprophytic fungal species, turning the surface sticky and black. These include Penicillium 
sp., Cladosporium herbarum (Pers.) Link, Fumago vagans Pers. (Lloyd, 1922), and Cladosporium sphaerospermum Link 
(Eggenkamp-Rotteveel Mansfeld et al., 1982). This “sooty mold” reduces photosynthesis on covered leaves and fruit, and 
must be washed from tomatoes before the fruit can be marketed. Johnson et al. (1992) conducted a 2-year field study to 
quantify loss of yield and quality due to feeding of T. vaporariorum and subsequent sooty mold. They reported a 5% loss 
caused by sooty mold deposition caused by an infestation of 298 whitefly days per cm2 of leaf surface for both years. This 
corresponding to a maximum density of about 8.3 nymphs per cm2 which agreed with a threshold of 7 nymphs per cm2 
suggested earlier by Hussey et al. (1969) to avoid losses from sooty mold-contaminated fruit.

Third, both T. vaporariorum and B. tabaci transmit plant viruses which can be very debilitating to tomato crops. More 
than 150 plant viruses are known to be transmitted by whiteflies and the number continues to grow (Polston and Anderson, 
1997; Jones, 2003). Although the majority of these are vectored by B. tabaci (Polston et al., 2014), the criniviruses are 
vectored by Trialeurodes species. McKenzie et al. (2014) lists 100 viruses vectored by B. tabaci and CABI (2017a) lists 
121 virus species. Thus B. tabaci has been labeled as a “supervector” (Gilbertson et al., 2015). They noted that the high 
reproductive rate, dispersal ability, polyphagy, and development of insecticide resistance contributed to disease outbreaks 
throughout the world.

Finally, whiteflies in the MEAM1 group of B. tabaci possess salivary components that are injected into tomato during 
feeding which causes a fruit abnormality known as tomato irregular ripening (TIR) (Fig. 4.4). This abnormality has been 
linked to nymphal feeding (Maynard and Cantliffe, 1989; Schuster et al., 1990; Schuster, 2001; McCollum et al., 2004; 
Dinsdale et al., 2010). Schuster et al. (1996) determined the relationship between nymphal densities and TIR symptom 
severity. Whiteflies in most other B. tabaci groups do not cause TIR. An action threshold of one whitefly nymph per two 
leaflets prevented TIR of tomato (Schuster, 2002). More effective control measures would presumably increase this thresh-
old, whereas less effective control would have the opposite effect.

These four types of damage can be severe in their own right, but taken together, the hierarchy of whitefly damage poten-
tial is: plant viruses > irregular ripening > sap removal, resulting in the reverse relationship for (EILs) (Stansly and Natwick, 
2010).

4.  MANAGEMENT

Severe crop losses due to the damage and control efforts of B. tabaci and T. vaporariorum have resulted in over a century of 
research being conducted on the management of these whiteflies. In this chapter, we cover the individual topics of chemi-
cal, biological, and cultural control, as well as host-plant resistance as it relates to whiteflies. While these are presented as 
independent topics, the best management schemes integrate strategies and consider not just whiteflies but other pests on 
tomato (Zalom et al., 2001). Chavan et al. (2013) found that an integrated pest management (IPM) module was equally 
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effective at controlling whiteflies, aphids, and lepidopteran pests as was the insecticide standard with the added benefit that 
natural enemies were conserved in the IPM module. IPM programs can be particularly effective in the production of organic 
tomatoes (Shojai et al., 2003). In this study, they employed intercropping with cucumber and tomato (both T. vaporariorum 
hosts), organic and inorganic fertilizers, release of predators and entomopathogenic fungi, and trapping to manage B. tabaci, 
leaf miners, and lepidopteran pests. In addition to integrated management programs for direct whitefly damage, Gilbertson 
et al. (2011) and Pratissoli et al. (2015) present IPM programs to reduce whitefly-vectored plant viruses.

4.1  Monitoring and Sampling

Prior to the implementation of any IPM program, suitable methods for pest density assessment must be developed (Pedigo 
and Rice, 2006). Based on similar life histories of B. tabaci and T. vaporariorum on tomato, the physical aspects of sam-
pling are similar. However, there may be distinctions between the two whiteflies regarding when and where to sample, par-
ticularly in open field and greenhouse environments. In their review of whitefly sampling, Ekbom and Rumei (1996) noted 
that specific sampling plans were determined by the distributions of insects, which was a function of three mechanisms; (1) 
plant physiology, biochemistry, and architecture; (2) the degree of heterogeneity in the environment; and (3) the specific 
insect behavior and movement.

A more recent review revealed the breadth of sampling studies that have been conducted on a wide variety of crops 
(Naranjo et al., 2010). Specific studies on tomato have been conducted by numerous authors (Martin et al., 1991; Kim 
et al., 1999, 2001; Gusmao et al., 2005, 2006; Arnó et al., 2006; Park et al., 2011; Song et al., 2014; Böckmann et al., 
2015). These studies have determined that a presence-absence sampling program should be restricted to the 3–5 leaf zone 

FIGURE 4.4 Tomato irregular ripening caused by salivary components of Bemisia tabaci MEAM1 group whiteflies. Fruit showing external symptom 
of red and green coloring (Top). Fruit showing internal red and green sectoring (Bottom).
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on infested plants (Martin et al., 1991). Arnó et al. (2006) also evaluated whitefly distribution in tomato and found that T. 
vaporariorum eggs were located mainly in the top plant stratum, while B. tabaci eggs were more in the middle stratum; 
nymphs of both species were in the bottom stratum. They suggested sampling a 1.15 cm leaf disc from the top stratum as 
the most efficient sampling unit for simultaneously sampling the eggs of both species. Gusmao et al. (2005), after evaluat-
ing 12 sampling methods, determined that the best sampling method for B. tabaci in open field tomatoes was to beat one 
apical leaf into a tray to assess adults and to count nymphs on a basal leaf. Furthermore, they noted that 45 samples per 
field needed to be taken for nymphs and 24 samples were needed for adults. Additional research used these sampling pro-
tocols and established EILs and sequential sampling plans which vastly reduced the number of samples required to reach 
a decision compared to their conventional sampling protocol (Gusmao et al., 2006). Wang et al. (2014) developed a novel 
counting algorithm for counting whiteflies in computer images. This method utilized two features of the whiteflies, color 
and shape, to provide low error rates across various commodities, including tomato.

One of the most widely used methods for sampling whiteflies is the yellow sticky trap (see Fig. 2.3 in Chapter 2). A 
number of variables have been evaluated with regard to yellow sticky traps, including the color or shade of the yellow used 
(Okadome and Amano, 2014), the trap shape, vertical/horizontal orientation, and placement with respect to the crop being 
sampled. Studies evaluating these variables were reviewed by Ekbom and Rumei (1996) who noted that sometimes the trap 
counts provide a good estimate of whiteflies on plants and other times they do not. Song et al. (2014) related trap counts 
to treatment threshold, stating that for a treatment threshold of 10 adults B. tabaci per trap, the required number of traps in 
the greenhouse was 15 with a fixed precision level of 0.25. They also determined that the mean whitefly density per trap 
was efficiently estimated when the trap had two or more whiteflies. Böckmann et al. (2015) determined that yellow trap 
catches provided reliable information on nymphal density in greenhouse tomatoes. Further evaluation of yellow sticky traps 
was made in the review of the topic by Pinto-Zevallos and Vanninen (2013). These authors cover various aspects of using 
yellow sticky traps including their reliability, representativeness (i.e., the difference between the expectation of the sample 
estimate, and the population parameter being estimated), the relevance of the sticky trap estimate to crop loss, and the prac-
ticality of the sticky trap program. Based on the considerations of these parameters, Pinto-Zevallos and Vanninen (2013) 
offered suggestions for improving the use of yellow sticky cards using automated counting tools and with geostatistics, as 
in Park et al. (2011).

4.2  Cultural Control

Cultural control involves the deliberate manipulation of environmental factors and production practices to limit pest dam-
age. Cultural controls can involve both temporal and spatial manipulations.

4.2.1  Crop Management: Fertilizer and Irrigation

Whitefly fitness is a function of the quality of its host plant. As such, different fertilizers can impact the density of whiteflies 
developing on the leaves. This has been demonstrated in T. vaporariorum, which has been shown to have a higher intrinsic 
rate of increase on tomatoes with higher nitrogen levels (Jauset et al., 2000). Similarly, higher nitrogen-containing plants 
positively influenced the production of greater number of eggs by T. vaporariorum, which obtained sufficient nutrients for 
metabolism and oviposition with less feeding (Park et al., 2009). The positive relationship between host nitrogen content 
and whitefly fitness is also apparent in tomatoes grown hydroponically (Hosseini et al., 2015). Irrigation methods have also 
been shown to impact B. tabaci infestations and virus incidence. Abd Rabou and Simmons (2012a) compared drip, furrow, 
and sprinkler irrigation, and found that daily drip irrigation resulted in lower whitefly densities and lower incidence of virus.

4.2.2  Host-Free Period

One of the more drastic forms of cultural control is the imposition of region-wide host-free periods to reduce whitefly 
densities and viral inoculum. While a host-free period in the greenhouse can be created using lethal high temperatures 
(Tsueda et al., 2007), the implementation is much more difficult in the open field on an area-wide basis. However, there are 
examples that have proven effective. One strategy is to alter planting dates to provide as much time as possible between suc-
cessive crops to reduce whitefly density (Ahsan et al., 2005). A host-free period was imposed in the Dominican Republic 
in response to devastating epidemics of TYLCV that threatened their tomato industry (Hilje et al., 2001; Gilbertson et al., 
2007). The host-free period was imposed for June, July, and August when commercial production of tomato ceased and 
prohibited cultivation of a range of whitefly hosts, including eggplant, peppers, beans, cotton, cucurbits, and tomato. Salati 
et al. (2002) recorded a significant decrease in viruliferous whiteflies in areas where compliance with the host-free period 
was high, and an increase in the viruliferous whitefly population as tomato production resumed. In Cyprus in the early 
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1980s, a program to destroy overwintering tomato as a source of viral inoculum for spring planting greatly reduced inci-
dence TYLCV (Ioannou, 1987). In the Arava desert region of Israel, a 1 month crop-free period was established during 
peak summer heat (June–July) to reduce vector habitat and eliminated losses due to TYLCV and other viruses (Ucko et al., 
1998). Examples of successful host-free periods in Cyprus and Israel were carried out on a limited scale compared to the 
Dominican Republic. A voluntary host-free period for managing B. tabaci in tomato and other vegetable crops was success-
fully implemented in Florida (Hilje et al., 2001). The campaign was particularly effective in the southwestern production 
area where incidence of whiteflies and associated viruses were reduced by maintaining fields free of host crops for at least 
2 months during the rainy summer period.

The success of a host-free period depends, in part, on the presence of weeds and other non-economically important 
plants in the surrounding area serving as hosts of whiteflies and viruses. The contribution of weeds acting as reservoir hosts 
of TYLCV on viral dissemination remains ambiguous. In Israel, where TYLCV first was identified, the virus has been 
detected in the weeds Cynanchum acuta L. and Malva parviflora L. (Cohen et al., 1988). The virus has also been detected 
in other regions in the weed species Cleome viscosa L., Croton lobatus L, Datura stramonium L., Mercurialis ambigua 
L.f., Physalis spp., and Solanum nigrum L. (Mansour and Al-Musa, 1992; Sanchez-Campos et al., 2000; Salati et al., 2002). 
Surveying weeds in Cyprus, Papayiannis et al. (2011) detected TYLCV in over 460 samples of almost 50 different weed 
species representing 15 plant families. Polston et al. (2009) tested 1920 plants from 45 known species of wild plants repre-
senting 15 plant families in Florida, but did not detect wild plant reservoirs of TYLCV. Smith et al. (2015) confirmed that 
Amaranthus retroflexus L. is a host of TYLCV in Florida and that Bidens alba (L.) DC., Emilia fosbergii Nicolson, and 
Raphanus raphanistrum L. are not hosts of the virus.

Tomato is considered the primary source of TYLCV inoculum in Florida. For this reason, prompt and complete destruc-
tion of the crop after harvest is considered the foundation of TYLCV management (Schuster et al., 2007). These authors 
recommend that plants be treated with a contact desiccant herbicide to destroy plant tissue combined with a heavy crop oil 
to kill adult B. tabaci and prevent their dispersal from the field. Time of planting can also be manipulated to avoid damage 
from whiteflies and whitefly-vectored viruses. In Cyprus, tomatoes planted early in spring or late in fall usually escaped 
infection with TYLCV (Ioannou, 1987). Planting date for tomatoes in Egypt has been effectively shifted to reduce whitefly 
damage (El-Gendi et al., 1997).

4.2.3  Trap Crops

Orientation toward the yellow-green spectrum of vegetation is one of the first steps in host finding for B. tabaci and  
T. vaporariorum. Economic and wild hosts of B. tabaci vary in terms of their suitability as substrates for oviposition and 
development (Smith et al., 2014). B. tabaci will respond to volatiles produced by some host plants (Cao et al., 2008; Li 
et al., 2014), however, evidence indicates that whiteflies require gustatory information to ultimately accept a host (van 
Lenteren and Noldus, 1990; Hunter et al., 1996; Lei et al., 1998). The need for B. tabaci and T. vaporariorum to taste a 
host in order to accept it may help explain the ambiguity surrounding the use of trap crops to manage whiteflies. A trap 
crop is a plant that is more attractive to the pest than the main crop which is being protected (Hokkanen, 1991). The 
assumption with trap cropping is that the trap crop will influence host selection before the pest has landed on the main 
crop, drawing the pest away from the main crop. Schuster (2003) consistently found more B. tabaci on squash than tomato 
in both field and greenhouse choice experiments. In a follow-up study, Schuster (2004) found that tomato surrounded 
by squash had lower numbers of whiteflies and lower incidence of TYLCV than tomato surrounded by tomato. In con-
trast, trap cropping with eggplant or beans did not reduce whitefly numbers on tomato (Al-Musa, 1982; Arias and Hilje, 
1993; Peralta and Hilje, 1993), although Choi et al. (2015) found that eggplant attracted B. tabaci better than tomato in 
the greenhouse. Furthermore, these authors found that treating the eggplant with dinotefuran decreased the density of 
whiteflies in tomato greenhouses (Choi et al., 2016). Maize was shown to be a good barrier crop, and eggplant was shown 
to be a good trap crop for B. tabaci (Rajasri et al., 2009). Both crops resulted in low incidence of tomato leaf curl virus 
(ToLCV). Lee et al. (2010) found that T. vaporariorum tended to settle and accumulate more on eggplant than poinsettia 
(Euphorbia pulcherrima Willd. ex. Klotzsch) in a greenhouse setting, with the eggplant essentially functioning as a trap 
crop. Previous host experience can also influence whitefly acceptance of new crops (van Lenteren and Noldus, 1990).

4.2.4  Intercropping

Intercropping to prevent B. tabaci from finding host plants has shown promise for whitefly management. The presence 
of multiple hosts may in itself affect the behavior of B. tabaci. Bernays (1999) found that when B. tabaci was presented 
with a variety of acceptable hosts, it tended to move more and feed for shorter periods of time than when only one host 
was available. Studies on intercropping tomato with squash (Youssef et al., 2001; Schuster, 2004), corn (Abd Rabou and 
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Simmons, 2012b), and Capiscum (El-Serwiy et al., 1987) resulted in lower B. tabaci numbers and lower incidence of 
TYLCV. Al-Musa (1982) observed reduced TYLCV in tomato intercropped with cucumber. Similar studies have lowered 
the incidence of ToLCV and whiteflies in tomato. Verma et al. (2013) used French bean as a tomato intercrop and showed 
reduced B. tabaci numbers and ToLCV incidence. Celery has also been used for intercropping with tomato in the green-
house, resulting in a 98% reduction (Pei-Xiang et al., 2011) and 89% reduction (Zhou et al., 2014) in T. vaporariorum den-
sities. Intercropping can also impact the natural enemy complex. Smith et al. (2001) observed increased whitefly (both B. 
tabaci and T. vaporariorum) parasitoid diversity, but no increase in overall parasitism on tomato intercropped with roselle 
(Hibiscus sabdariffa L.) and corn (Zea mays L.) compared to tomato grown in monoculture.

4.2.5  Mulches

Whitefly flight behavior is known to be influenced by light. As whiteflies leave unfavorable host conditions (poor resources 
and/or crowding), they orient toward UV light (320–400 nm), the spectrum associated with the sky. Once airborne, white-
flies become attracted to the yellow-green spectrum of light (510–590 nm) reflected by vegetation (Mound, 1962; Coombe, 
1982). This orientation behavior is physiologically predisposed to successful location of new host plants (van Lenteren and 
Noldus, 1990; Blackmer and Byrne, 1993a,b) and can manipulated for whitefly management.

One method is to use living mulches; surrounding the protected crop with other plants that “mask” the target plant from 
the whiteflies. Research with living mulches in Costa Rica demonstrated that planting tomato into an established mulch of 
either perennial peanut (Arachis pintoi Krapov. & W.C. Gregory), the weed cinquillo (Drymaria cordata (L.) Willd. ex J.A. 
Schultes), or coriander (Coriandrum sativum L.) reduced the number of B. tabaci adults entering plots and the incidence 
of tomato yellow mottle virus. The presence of living mulches also delayed the onset of viral symptoms compared to crops 
grown on bare ground (Hilje and Stansly, 2008). Living mulches are best suited to control whiteflies during the first 5 weeks 
after planting, when protection from whitefly-vectored viruses is crucial, and before the mulch plants must be suppressed 
to prevent competition with the main crop (Hilje et al., 2001).

Another method is to use plastic mulches on which the protected crop is grown. These plastic mulches have been evalu-
ated extensively and are known to impact whitefly alighting behavior and virus disease spread in tomato (Csizinszky et al., 
1995). Many different colors have been evaluated, and these studies were reviewed by Greer and Dole (2003) who noted 
that aluminum foil and aluminum-painted mulches were the most effective at repelling whiteflies. This is logical given the 
relationship between whitefly flight and UV light; the creation of UV reflectance close to plants repels whiteflies from 
“seeing” the yellow-green spectrum of target host plants (Antignus, 2000). One specific study on tomato has shown that 
plants grown over aluminum mulch had lower densities of B. tabaci and lower incidence of tomato mottle virus (TMoV) 
(Csizinszky et al., 1999). The repellant effect of reflective mulches diminishes over time as the mulch becomes soiled and 
shaded by growing crops (Smith et al., 2000).

4.2.6  Habitat Manipulation

Another strategy that has been used to manage pests involves the provisioning of habitat, floral resources, or alternate hosts 
and prey to enhance biological control of the pest, though the effectiveness of this strategy on whitefly control in tomato is 
unclear. Habitat plantings that provide floral resources in the form of nectar and pollen have been used to enhance biological 
control for many pests (Naranjo and Hagler, 1998; Jervis and Heimpel, 2005). Providing floral resources to enhance parasit-
ism of whiteflies might be of value in tomato if it does not increase attraction of flower-loving, phytophagous pests such as 
Frankliniella thrips, leafminers, and hemipterans. In general, Hymenoptera parasitoids rarely feed on pollen, although they 
may take advantage of floral nectar (Sivinski et al., 2011). Host feeding is a common approach for accessing protein among 
parasitic Hymenoptera, including Encarsia and Eretmocerus, the genera most used for whitefly suppression (Gerling, 
1990a). Whitefly parasitoids also take advantage of honeydew produced by their hosts as a sugar-rich energy source (van 
Lenteren et al., 1987; Hirose et al., 2009). Given that key whitefly parasitoids rely on host feeding and honeydew rather than 
nectar and pollen for food as adults, provisioning floral resources might not enhance parasitism of whiteflies.

4.2.7  Protected Agriculture

In protective structures such as greenhouses and screen houses, whiteflies can be physically excluded from the crop by the 
use of plastic film or fine mesh materials. There are logistical challenges to hermetically sealing a structure because of the 
need for ventilation to manage temperature and relative humidity (Stansly et al., 2004). Mesh sizes of 230 × 900 μm or less 
are needed to exclude whiteflies (Bethke and Paine, 1991). Tanaka et al. (2008), Kakutani et al. (2012), Nonomura et al. 
(2012, 2014), and Takikawa et al. (2016) described the use of electrically charged screens in greenhouses to repel and/or 
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kill B. tabaci while allowing proper ventilation for tomato production. Once inside a structure, whiteflies are protected from 
natural enemies and may find conditions for establishment more favorable than in the field. To address this issue, Takikawa 
et al. (2015) developed a battery-operated electrostatic insect sweeper for eliminating whitefly adults. A combination of 
resistant varieties, and chemical and biological control may be needed to manage whiteflies in protected structures (Stansly 
et al., 2004).

Based on the principles of exclusion in protective houses, several other strategies have been adopted in open field toma-
toes. For many years, growers in Israel and Egypt have used plastic (Berlinger et al., 1983) and muslin (Haydar and Aly, 
1990) coverings to protect young tomato plants from infestation by B. tabaci. A recent study determined that the optimal 
covering period for row covers to reduce the incidence of whitefly-vectored viruses and maintain high yields was 6–7 weeks 
(Al-Shihi et al., 2016). Floating row covers can be used in the field to exclude whitefly and other pests from crops grown 
in small plots (Qureshi et al., 2007; Ben-Yakir et al., 2012; Gogo et al., 2014). It has also been shown that row covers com-
bined with basil intercropping can improve tomato yields (Mutisya et al., 2016).

4.2.8  Ultraviolet Light

While UV and other intensely reflected lights repel whiteflies and are useful as aluminum mulches (see above), there is 
evidence that whiteflies rely on near-UV light to navigate during flight (Antignus, 2000). Polyethylene films used in green-
houses are typically made with UV-absorbing material to maintain the longevity of the film while transmitting sufficient 
visible light for crop production. UV-absorbing plastic has been used in high tunnels and other forms of protected culture to 
reduce crop colonization by whitefly and other pests. Antignus et al. (1996) found that UV-absorbing plastic sheeting could 
reduce incidence of TYLCV to as low as 20% in tomato grown in high tunnels compared to 93% under non-UV-absorbing 
plastic. This is apparently because B. tabaci is significantly less likely to enter a tunnel constructed with UV-absorbing 
material than one constructed with conventional plastic (Costa and Robb, 1999; Kumar and Poehling, 2006b). Follow-up 
studies showed a 30% disease reduction after 50 days in tunnels with the UV-absorbing plastics (Antignus et al., 1998). 
In addition to whiteflies not entering the tunnel, Antignus et al. (2001) suggested that the lack of UV light in the tunnels 
interfered with whitefly flight orientation, resulting in low dispersal capabilities. The color of greenhouse or tunnel netting 
may also influence B. tabaci activity. Ben-Yakir et al. (2012) found that the incidence of TYLCV was 2–4 times lower in 
high tunnels covered with yellow or pearl-colored netting than in tunnels covered with black or red netting.

4.3  Tomato Plant Resistance to Whiteflies

Host-plant resistance is a key strategy in successful IPM programs and often a last line of plant defense when focused pre-
ventative biological and cultural controls are in place along with insecticide management. In tomatoes, efforts for breeding 
resistance to both the whitefly pests and their transmitted viruses have focused on wild relatives of Solanum lycopersicum 
L. As with resistance to aphids and aphid-borne viruses (see Section 4.3 in Chapter 2), these wild tomatoes offer resistance 
traits encoded by unique genes, which have been introduced into domesticated tomato. Resistance to both B. tabaci and/or 
T. vaporariorum has been studied with some traits offering resistance or tolerance to both species.

Early development of whitefly (as well as aphid) resistance in tomatoes focused on screening existing tomato varieties 
and related species for reduced pest survival and fitness (Curry and Pimentel, 1971; Clayberg and Kring, 1974; De Ponti 
et al., 1975). These studies indicated that domesticated S. lycopersicum has lower levels of resistance than some wild rela-
tives and that one of the biggest determinants of increased resistance was the presence and density of trichomes. Trichomes 
are hair-like structures that are either glandular or non-glandular, providing a physical defense against pest feeding or ovi-
position, and, as with glandular trichomes, a chemical deterrent, including the secretion of acyl sugars. Manipulation of 
the types of trichomes and secondary metabolites secreted by glandular trichomes has been a major focus of pest-resistant 
tomato breeding.

S. lycopersicum has several types of trichomes that confer various levels of constitutive defense against insect pests. 
For more information on the types of trichomes present in tomatoes and their roles in plant defense against hemipteran 
pests, see Chapter 2 . The means of resistance conferred by trichomes against whiteflies are similar to those in aphids. In 
S. lycopersicum, types II, III, and V trichomes are non-glandular and vary in size (Channarayappa et al., 1992; Glas et al., 
2012). As purely a physical deterrent, a higher density of branched non-glandular trichomes on a wooly mutant tomato line 
demonstrated significant resistance against T. vaporariorum (Clayberg and Kring, 1974). This resistance, however, does 
not seem to be the case with B. tabaci. Studies have shown that higher densities of non-glandular trichomes are correlated 
with increased oviposition rates by B. tabaci (Heinz and Zalom, 1995; Toscano et al., 2002). The presence of non-glandular 
trichomes alone is not a reliable character on which to base whitefly resistance, particularly as mixed infestations of B. 
tabaci and T. vaporariorum do occur on tomato (Arnó et al., 2006).
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Most efforts in tomato-resistance discovery and breeding have focused on the effects and manipulation of glandular 
trichomes. Glandular trichomes (Types I, IV, VI, and VII) on S. lycopersicum are involved in the production, storage, 
and release of defensive compounds, including different classes of tomato secondary metabolites (Bleeker et al., 2012). 
In Solanum spp. glandular trichome types IV and VI are associated with resistance to arthropods including whiteflies 
(Antonious and Snyder, 2008; Rodriguez-Lopez et al., 2012). Secreted substances can entrap whiteflies killing them or may 
have repellent or toxic properties (Kisha, 1981; Freitas et al., 2002; Muigai et al., 2002; Fancelli et al., 2003; Antonious 
and Snyder, 2008). Secondary metabolites secreted from the trichomes of wild tomatoes that have demonstrated resistant 
properties against whiteflies include methyl ketones, sesquiterpene hydrocarbons, and glucolipids (Antonious and Snyder, 
2008).

Different species and varieties of undomesticated tomato have contributed to whitefly-resistant S. lycopersicum breed-
ing efforts. Resistance to T. vaporariorum has been demonstrated in Solanum pennellii Correll D’Arcy due to its production 
of sugar esters (glucolipids) from type IV trichomes (Rodriguez et al., 1993). Acyl sugars are also implicated in resistance 
against B. tabaci. S. pennellii-derived acyl sugars have been shown to reduce oviposition by B. tabaci with several varieties 
showing resistance; LA716 (containing the highest acyl sugar content) showed the highest (Nombela et al., 2000; Freitas 
et al., 2002; Muigai et al., 2003; De Resende et al., 2009; Oriani and Vendramim, 2010). Studies have also demonstrated 
the potential for foliar application of acyl sugars as a pesticide against whiteflies (Leckie et al., 2016). Crosses of S. lycop-
ersicum with S. pennellii that have superior fruit production along with high whitefly resistance have been challenging but 
potentially achievable (Dias et al., 2016), particularly with the acyl sugar quantitative trait loci (QTL) identified (Leckie 
et al., 2012). This cross confers resistance linked to repellence by sesquiterpenes, including zingiberene and curcumene, 
and monoterpenes, including p-cymene, alpha-terpiniene, and alpha-phellandrene (Bleeker et al., 2009).

Other wild tomato species including Solanum galapagense S.C. Darwin & Peralta (Firdaus et al., 2012) and Solanum 
hirsutum (=habrochaites) Dunal (Heinz and Zalom, 1995; Muigai et al., 2003) have also demonstrated resistance proper-
ties. Compounds such as zingiberene (a sesquiterpene) produced by S. hirsutum var. hirsutum (not produced by commer-
cial tomato cultivars (Bleeker et al., 2012)) show reduced oviposition and nymphs of B. tabaci (Lima et al., 2016). QTL 
has been identified in S. hirsutum that reduce oviposition in both B. tabaci and T. vaporariorum (Maliepaard et al., 1995; 
Lucatti et al., 2014). Some methyl ketones, derived from Solanum glabratum Dunal, are toxic to B. tabaci, showing sig-
nificant mortality rates at certain concentrations (Antonious and Snyder, 2008). The discovery, manipulation, and testing of 
trichome exudates and their contributions to tomato resistance against whiteflies has been extensive because of its promise 
and continuation in advancing host-plant resistance research.

Plant defenses against attack by pests and pathogens follow two courses of action, which are triggered differentially 
based on the location of first detection by plant cells. When pests or their products are detected by cellular plasma mem-
brane receptors, or pattern recognition receptors (PRRs), pattern-triggered immunity (PTI) is activated (Kaloshian and 
Walling, 2015). When plant intracellular receptors recognize pest virulence products (effectors), effector-triggered immu-
nity (ETI) is activated (Dodds and Rathjen, 2010). These plant immunity pathways have been studied and continue to be 
elucidated primarily via research with plant pathogens; however, these pathways have also been implicated in plant defense 
response to hemipteran (piercing-sucking) insects, including whiteflies.

In tomato, a broad-spectrum resistance (R) gene, Mi, which encodes a coiled-coil, nucleotide-binding, leucine-rich 
repeat receptor, has been discovered (Roberts and Thomason, 1986) and cloned (Milligan et al., 1998). First discovered 
for its resistance against nematodes, Mi-1.2 has since been shown to confer resistance to B. tabaci (Nombela et al., 2001, 
2003b) in the form of reduced whitefly infestation, oviposition, and subsequent number of fourth instar nymphs developing 
on plants carrying the gene. Further study on this R gene has identified a specific tomato locus, Rme1 that is required for 
Mi-1-mediated resistance (Nombela et al., 2003a; Martinez de Ilarduya et al., 2004). Questions remain about Mi-1 resis-
tance against T. vaporariorum. Lucatti et al. (2010) found that greenhouse whitefly resistance in tomato is independent of 
the REX-1 marker (Williamson et al., 1994), which is used for detection of the Mi-1 gene in tomato lines. Evidences for a 
post-whitefly stylet penetration, pre-phloem ingestion defense mechanism, as well as a phloem-located resistance factor in 
wild tomato species against T. vaporariorum has been demonstrated (McDaniel et al., 2016), but Mi-1-mediated resistance 
has not yet been concluded for T. vaporariorum.

Plant innate immunity against pests and pathogens involves complex signaling networks controlled by salicylic acid 
(SA), jasmonic acid (JA), ethylene (ET), and interactions with other pathways (Kaloshian and Walling, 2005). Whitefly 
secreted compounds have been shown to interact with these pathways as a means of manipulating or thwarting plant 
defense response. As with pathogen response following plant-triggered defenses, hemipteran salivary products act as effec-
tors that alter plant immune responses. Whitefly effectors delivered into tomato and other host plants, including one origi-
nating from an endosymbiont of B. tabaci, Hamiltonella defensa Moran et al. (Su et al., 2015), have been reviewed recently 
by Kaloshian and Walling (2015). Small RNAs that may act to manipulate plant defense have also been detected recently 
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in the saliva of B. tabaci feeding on tomato and in the phloem of whitefly-infested leaves (van Kleeff et al., 2016). Our 
understanding of tomato defense responses and whitefly–tomato interactions deepens as research in this area continues.

4.4  Biological Control

Natural enemies of whiteflies include a wide variety of predators, parasitoids, and entomopathogens that have been the 
subjects of various reviews. For example, Vet et al. (1980) reviewed the biological control of T. vaporariorum noting that 
25% of the glasshouses producers in the Netherlands were using Encarsia formosa Gahan for biological control as early as 
1978. Ekbom (1981) listed nine predators that had been evaluated for control of T. vaporariorum. Gerling (1990a) reviewed 
the predators and parasitoids of whiteflies, noting 13 predators and 9 parasitoid species of T. vaporariorum, and 34 preda-
tors and 7 parasitoid species attacking B. tabaci. More recently, Gerling et al. (2001) reviewed the biological control of B. 
tabaci using predators and parasitoids, whereas Naranjo (2001) focused more specifically on conservation and evaluation 
of these natural enemies in IPM systems. Arnó et al. (2010) covered the biology and ecology, interactions, utilization, 
monitoring, and impact of natural enemies of B. tabaci. Most recently, Liu et al. (2015) reviewed the distribution, life his-
tory, bionomics, and utilization of whitefly parasitoids, noting that at least 115 species in 23 genera have been reported on 
B. tabaci. Faria and Wraight (2001) discussed fungal pathogens as biological control agents of B. tabaci. CABI (2017a) 
lists 24 predator species, 21 parasitoid species, and 10 pathogen species that have been reported on T. vaporariorum and 48 
predators, 33 parasitoids, and 7 pathogens species that are known from B. tabaci (CABI, 2017b). In this section, we sum-
marize current studies of natural enemies of B. tabaci and T. vaporariorum for biological control as a component of IPM.

Although there are many predators, parasitoids, and microbial agents that attack whiteflies, there are “few definitive 
examples of successful biological control” of whiteflies (Naranjo, 2001). Difficulties managing whiteflies with biological 
control in general may be exacerbated by difficulties achieving biological control of whiteflies on tomato in particular. 
Trichomes, glandular and non-glandular, can negatively impact the behavior and life-history parameters of predatory insects 
and mites, including survival, foraging, oviposition, and movement (Riddick and Simmons, 2014; Schmidt, 2014).

4.4.1  Predators

Of the more than 150 arthropod species currently described as predators of whiteflies, only a handful have been studied 
in detail, leaving many with limited laboratory observations or qualitative field records (Gerling et al., 2001; Arnó et al., 
2010). Most of the known predators of whiteflies are ladybird beetles, predaceous bugs, lacewings, phytoseiid mites, and 
spiders.

4.4.1.1  Coccinellidae

Ladybird beetles are important natural enemies of whiteflies that may exhibit various degrees of oligophagy. About 40 spe-
cies have been reported to prey on B. tabaci (Gerling et al., 2001; Arnó et al., 2010) and 10 species are known to prey on T. 
vaporariorum (Gerling, 1990a). Deligeorgidis et al. (2005) determined that Coccinella septempunctata (L.) provided good 
control of T. vaporariorum on tomato. They suggested a 1:30 predator:prey ratio to achieve success. They also found that 
this predator preferred B. tabaci over T. vaporariorum. Most other studies have focused on three beetle species: Serangium 
parcesetosum Sicard, Delphastus catalinae (Horn) (=Delphastus pusillus (LeConte)), and Nephaspis oculatus (Blatchley).

Larvae and adults of S. parcesetosum can prey on all whitefly immature stages but they prefer fourth instar nymphs 
(Al-Zyoud and Sengonca, 2004). Larvae developed normally within a temperature range of 18 and 30°C (Sengonca et al., 
2004). Throughout the developmental periods they consumed approximately 1440 first–third instar nymphs and 250 fourth 
instar nymphs of B. tabaci at 18°C, or 970 first–third instar nymphs and 170 fourth instar nymphs at 30°C (Sengonca 
et al., 2005). Adults survived an average of 5–6 months at 18°C and 2–3 months at 30°C on B. tabaci. Al-Zyoud et al. 
(2005) reported that mean total fecundity of S. parcesetosum was greater on cucumber than on cotton (means of 97.7 and 
31.0 eggs/female, respectively), although there were no significant host-plant effects on developmental time from egg to 
adult. However, longevity varied by host-plant species and sex, with a mean of 63.4 day for females and 50.3 day for males 
on cucumber compared to 92.4 day for females and 52.5 day for males on cotton. S. parcesetosum avoided B. tabaci parasit-
ized by En. formosa, preferring to feed on non-parasitized prey (Al-Zyoud and Sengonca, 2004; Al-Zyoud, 2007). Al-Zyoud 
et al. (2007) found that a single pair of S. parcesetosum per plant released 1 or 2 weeks in an initial infestation of 50 B. 
tabaci adults per plant resulted in maximum reduction of 90% after 5 weeks.

D. catalinae is the most commonly used predacious natural enemy being commercially reared for controlling whiteflies 
on various ornamental and vegetable crops under greenhouse conditions. D. catalinae consumed immature stages of B. 
tabaci, especially eggs, and completed larval development between 22 and 30°C (Legaspi et al., 2008). Liu (2005) reported 
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that the developmental time of D. catalinae from oviposition to adult emergence was 19.0 days for females and 18.8 days 
for males; females laid a mean of 5.6 eggs per day over a 97.0-day period. Simmons and Legaspi (2004, 2007) studied the 
life history of this predator. They determined the longevity was reduced from 174 days at 25°C to 16 days at either 5°C or 
35°C. No eggs hatched when maintained at 5°C, while 48% hatched at 15°C, although none of the resulting larvae reached 
the pupal stage. In a field study, a few individuals were still able to survive during winter when temperatures dropped to 
–8°C. D. catalinae females consumed more than 150 whitefly eggs or nymphs per day, and each larva ate nearly 1000 
eggs during a 2 week developmental period. They were also found to discriminate between parasitized and nonparasitized 
whitefly nymphs and avoided feeding on the parasitized nymphs. Simmons et al. (2008) determined a negative effect of 
low relative humidity on oviposition, egg hatching, and immature survival. Liu and Stansly (2004) found that pyriproxyfen 
and buprofezin sprayed on B tabaci eggs reduced D. catalinae egg fertility although the process was largely reversible fol-
lowing removal of treated eggs.

N. oculatus has shown good potential for biological control of B. tabaci, especially in greenhouses (Liu et al., 1997).  
N. oculatus consumed fewer whiteflies but had a more efficient searching behavior than D. catalinae (Liu and Stansly, 
1999; Ren et al., 2002; Huang et al., 2006; Legaspi et al., 2006). N. oculatus consumed immature stages of B. tabaci, espe-
cially eggs, and completed development between 20 and 33°C (Ren et al., 2002). At 26.7°C, 55% RH, and photoperiod of 
14:10 (L:D), N. oculatus adult longevity averaged 56.1 days for males and 67.5 days for females. After an average 11.3 day 
pre-oviposition period, females laid a mean of 3.03 eggs per day. Developmental time was 19.4 days from oviposition to adult 
emergence for females and 18.3 days for males. Male–female pairs of adults consumed 184.1 eggs per day over a period of 
16 weeks. Net reproductive rate was 54.27, generation time was 51.27 days, and doubling time was 8.89 days. The intrinsic 
rate of population increase was estimated at 0.078 (Ren et al., 2002).

4.4.1.2  Heteroptera

12 Anthocoridae, 2 Berytidae, 3 Lygaeidae, 18 Miridae, 1 Nabidae, and 2 Reduviidae species have been recorded as white-
fly predators (Gerling et al., 2001; Arnó et al., 2010). Macrolophus pygmaeus (Rambur) and Nesidiocoris tenuis (Reuter) 
are widely used as biological control agents of B. tabaci, and Dicyphus hesperus Knight is being used for control of T. 
vaporariorum (Lambert et al., 2005) and considered for control of B. tabaci (Calvo et al., 2016). In their study, Calvo et al. 
(2016) showed no plant damage by this predator and suggested augmentative releases to help improve biological control. 
Tupiocoris cucurbitaceus (Spinola) also has been shown to survive, develop, and reproduce on T. vaporariorum (Noemi 
Lopez et al., 2012), and it also shows promise for control of B. tabaci (Orozco Munoz et al., 2012).

M. pygmaeus attacks all pre-imaginal stages of T. vaporariorum (Mohd Rasdi et al., 2009) but prefers older nymphs of 
B. tabaci (Bonato et al., 2006). Prey consumption of B. tabaci averaged 5.94 per day regardless of stage, and adult longevity 
averaged 33.7 days. For T. vaporariorum, this predator can consume 94 eggs and 56.5, 2.4, and 11.8 nymphs in the second, 
third, and fourth nymphal instars, respectively (Lykouressis et al., 2009). This predator can cause damage to gerbera flowers 
and may reduce tomato fruit set on some cultivars when prey is limited. Another negative is that this species can interfere 
with biological control by consuming whitefly parasitoids (Moreno Ripoll et al., 2012b). M. pygmaeus can be success-
fully reared on a meat diet supplemented with potato sprouts for nymphs and as oviposition substrate for adults (Castane 
and Zapata, 2005). N. tenuis is another mirid species, endemic in Mediterranean regions, which has been shown to make 
a significant natural contribution to the control of pests such as whiteflies, leafminers, thrips, and spider mites within that 
region (Ryckewaert and Alauzet, 2002; Urbaneja et al., 2005). N. tenuis is also zoophytophagous and can feed on certain 
host plants (e.g., tomato), causing feeding punctures leading to possible infection and flower abortion when prey is scarce 
or absent. Intraspecific evaluations using both M. pygmaeus and N. tenuis found no intra-guild predation of these two preda-
tors (Moreno-Ripoll et al., 2014).

In vegetable greenhouses, success in using mirids for biological control of B. tabaci includes the inoculative and aug-
mentative release of M. pygmaeus and N. tenuis. Adults of M. pygmaeus were released at two rates (2 and 6 individuals/
plant) in an initial infestation of 10 B. tabaci adults per plant, and the results showed that the high release rate could control 
whitefly populations (Alomar et al., 2006). Calvo et al. (2009b) compared two different release rates of N. tenuis (1 and 
4 individuals/plant) in large exclusion cages and found significant reduction of B. tabaci populations (>90%) with both 
release rates. However, bug feeding can weaken the apex and arrest plant growth. Calvo et al. (2012a,b) evaluated different 
release rates (0.5, 1, and 2 individuals/plant in winter as well as 0.5 and 1 individuals/plant) for tomato greenhouse applica-
tion of N. tenuis and found significant reduction of the B. tabaci populations with all release rates. However, only the 0.5 N. 
tenuis/plant rate did not result in appreciable crop damage.

Predation on B. tabaci was somewhat compromised where M. pygmaeus and N. tenuis coexisted with each other on 
tomato plants but was improved when the parasitoid Eretmocerus mundus Mercet was included in the mix (Moreno-Ripoll 
et al., 2012a). This result supported previous reports that the combined use of the parasitoid and predator provided better 
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results than the use of any single natural enemy, especially in spring when whitefly populations were very high in an experi-
mental tomato greenhouse (Gabarra et al., 2006; Trottin-Caudal et al., 2006). Figuls et al. (1999) found that chlorpyrifos, 
formetanate, and methamidophos were toxic to third and fourth instar mirids for 30 days, whereas foliar applications of 
imidacloprid and endosulfan became harmless by 21 days after treatment. There were no effects on the reproductive capac-
ity of females that were exposed as nymphs to these insecticides.

In addition to these hemipterans, several species of Orius have been evaluated for whitefly control. Arnó et al. (2008) 
reported that Orius laevigatus (Fieber) and Orius majusculus (Reuter), both known as thrips predators, were able to feed 
on whitefly eggs, nymphs, and adults, and that they completed their respective preimaginal development with B. tabaci 
nymphs as their only available prey.

4.4.1.3  Neuroptera

Twenty one Chrysopidae and two Coniopterygidae species have been recorded as B. tabaci predators (Gerling et al., 2001; 
Arnó et al., 2010). However, only Chrysoperla carnea (Stephens) and Chrysoperla rufilabris (Burmeister) have wide com-
mercial availability and use as biological control agents of B. tabaci. Syed et al. (2005) determined that B. tabaci was better 
prey for C. carnea than the cotton leafhopper Amrasca devastans (Dist.). Breene et al. (1992) evaluated first and second instar 
C. rufilabris larvae against B. tabaci on Hibiscus rosa-sinensia L. in the greenhouse and found that 25 or 50 larvae per plant 
at 2 week intervals maintained marketability. Legaspi et al. (1996) found that C. carnea and C. rufilabris fed on B. tabaci had 
faster development, increased survival, and greater weight on cucumbers and cantaloupes compared to poinsettia and lima bean.

4.4.1.4  Phytoseiidae Predatory Mites

Seventeen Phytoseidae and one Stigmaeidae species have been recorded as whitefly predators (Gerling et al., 2001; Arnó 
et al., 2010). Amblyseius swirskii Athias-Henriot and Euseius scutalis (Athias-Henriot) appear to be promising biological 
control agents against B. tabaci based on their high intrinsic rates of increase (Nomikou et al., 2001). They feed mainly on 
whitefly eggs and nymphs. Immature mites needed 15–20 whitefly eggs or nymphs for development, and adults consumed 
up to three eggs or two nymphs daily. Enhanced survival, development, and reproduction was seen when they also fed 
on pollen and honeydew (Nomikou et al., 2002, 2003). Both mite species were able to suppress B. tabaci populations on 
cucumber (Nomikou et al., 2001, 2002), and thus may have utility in tomato. Polyphagy and the ability to feed on alterna-
tive foods were found to promote persistence in the crop, even if B. tabaci was scarce, enabling the inoculative release of 
mites before pest colonization (Nomikou et al., 2002, 2004; Messelink et al., 2006). Other phytoseiids, Amblyseius barkeri 
Hughes and Amblyseius cucumeris (Oudemans) also prey on whiteflies. Cheng et al. (2014) showed release of both preda-
tors resulted in good control of B. tabaci on greenhouse tomatoes. Control lasted for 50 days after initial release which was 
better than pesticide-treated plots (Cheng et al., 2014).

4.4.2  Parasitoids

To date more than 500 species of parasitoids in 23 genera within six families have been described for whiteflies (Evans, 
2007; Noyes, 2012; Liu et al., 2015). While whitefly parasitoids represent six families of Hymenoptera, the majority are 
from the genera Encarsia and Eretmocerus (Aphylinidae). Encarsia species are endoparasitic, whereas eggs of Eretmocerus 
are laid under the host. However, the first instar larva penetrates the host, later emerging from the fourth instar nymph. En. 
formosa, Er. mundus and Eretmocerus eremicus Rose, and Zolnerowich have been widely used for biological control of B. 
tabaci, and En. formosa has been the parasitoid most used for T. vaporariorum.

En. formosa is a thelytokous parthenogenetic and synovigenic species that has been used and studied around the world 
for control of T. vaporariorum under greenhouse conditions (Hoddle et al., 1998). Studies relating to B. tabaci were 
inspired by outbreaks in European glasshouses (Drost et al., 1996). En. formosa oviposits in any of the four whitefly 
nymphal instars but develops mainly in the fourth from which they emerge as adults. The first instar nymph is the least suit-
able stage, resulting in highest parasitoid mortality and longest immature development. Larvae are elongate and caudate in 
the first instar with stout, prominent tails (Gerling, 1966), whereas second and third instars of both sexes are hymenopteri-
form. En. formosa host feeds on all nymphal stages of whitefly, although more frequently on second and late fourth instars 
than on first or third instars.

En. formosa is the most widely used insect for biological control of greenhouse whitefly in vegetable crops including 
tomatoes. Both inundative and seasonal inoculative release methods have been utilized to control T. vaporariorum with  
En. formosa for a long time (Wilson, 1931; Scopes and Biggerstaff, 1971; Liu et al., 2015). Van Lenteren et al. (1996) described 
the searching behavior of this parasitoid, noting that on some plants a single parasitoid and her offspring are able to kill more 
whiteflies per unit of time than a single whitefly female can produce. However, on certain plants the whitefly reproduces so 
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quickly that the parasitoid cannot keep up. Hoddle et al. (1997a,b) achieved better control of B. tabaci on poinsettia with a low 
inundative release rate of En. formosa (one compared to three wasps/plant/week). Studies on demographic parameters with  
B. tabaci as host have shown lower reproductive rates for En. formosa than the more proovigenic Eretmocerus spp., especially 
at high temperatures favored by B. tabaci (Qiu et al., 2004; Arnó et al., 2010). Eretmocerus spp. also are able to locate patches 
of the whitefly more quickly (Hoddle et al., 1997b). Therefore, interest has turned to Eretmocerus species, in particular  
Er. eremicus and Er. mundus, for control of B. tabaci (Hoddle, 2004; Stansly et al., 2004, 2005a,b).

Er. mundus and Er. eremicus parasitize all immature instars of B. tabaci but especially the second and third.  
Er. eremicus also attacks T. vaporaiorum. The first instar larva penetrates into the host from underneath during the 
early fourth nymphal stadium (Gelman et al., 2005). The second and third instar nymphs are preferred for oviposition, 
and development is delayed when the first instar nymph is attacked. First instars are pear-shaped, becoming globular 
after penetrating the host. The globular shape is retained by second and third instars with an indentation in the oral area 
(Gerling and Blackburn, 2013; Gerling et al., 1991). Eretmocerus females host-feed by penetrating the host’s vasiform 
orifice with their spatulate ovipositor (Gerling et al., 1998). Demographic parameters generally favor Er. mundus over 
Er. eremicus and En. formosa for control of B. tabaci (Arnó et al., 2010).

The release rates are also important for Er. mundus success in greenhouse tomatoes. Rates of six parasitoids per 
m2 resulted in 92% reduction in B. tabaci (Stansly et al., 2005b). The ovipositing Er. mundus female deposits methyl-
branched cuticular hydrocarbons (C31 and C33 dimethyl alkanes) on B. tabaci nymphs (Buckner and Jones, 2005). The 
host marking is relatively nonvolatile and enables conspecific females to discriminate parasitized from nonparasitized 
hosts through antennation. Er. eremicus also avoided these marked hosts, although Er. mundus did not respect hosts 
marked by Er. eremicus.

Er. eremicus attacks both B. tabaci and T. vaporariorum with apparently equal facility (Stansly and Natwick, 2010). 
Thus, it is especially useful for controlling mixed infestations of the two whiteflies. It has been used to control pure infesta-
tions of B. tabaci, albeit with limited success. Er. mundus became the dominant species in greenhouses in Spain where it 
was released along with Er. eremicus. Although immigration from outside the greenhouse partly explained this dominance, 
behavioral traits such as inclination to parasitize hosts parasitized by the other species may have assisted Er. mundus in 
competition with Er. eremicus. Similarly, introduced Old World species of Eretmocerus gained over native Eretmocerus 
spp. following invasion of exotic Old World Bemisia spp. in the southern United States and Australia.

As the combination of A. swirskii and Er. mundus can provide a significantly better suppression of B. tabaci than Er. 
mundus alone, this combination should be the strategy advised for commercial sweet pepper greenhouses (Calvo et al., 
2009a). Control in tomato was shown to be possible, although higher release rates were required to obtain the same level of 
control as in pepper (Stansly et al., 2005b). While Er. eremicus seemed less well adapted to controlling B. tabaci in Spanish 
greenhouses (Stansly et al., 2004, 2005a), Er. mundus has limited commercial availability due to sterility of unknown etiol-
ogy affecting both males and females in mass rearing facilities (Chiel et al., 2012).

For decades, workers have utilized one of the three methods for introducing parasitoids into greenhouses for control of 
greenhouse whiteflies. Parr et al. (1976) introduced the “pest in first” method, which called for establishing a low, evenly 
distributed whitefly population on which introduced parasitoids could establish. While this makes sense to the biological 
control specialist who wants to ensure establishment of the parasitoid, it is not favored by growers who are reluctant to have 
whiteflies established in their crop. This method also requires repeated introductions of the parasitoids. A second method, 
the “banker plant method,” involves placing potted plants with parasitized whiteflies throughout the greenhouse (explained 
in more detail in Section 4.4.4) (Stacey, 1977). For this method, growers should not use fewer than 90 infested plants per 
hectare. This method has the advantage of easy implementation and a single introduction is all that is needed for season-
long control. A third method “introduction after the pest is seen” (also known as the “multiple introduction,” “dribble 
method,” or “Dutch method”) was developed by Woets (1978). This method relies on scouting to detect whiteflies and once 
they are found, releases need to be made. Multiple releases are typically required to keep the whitefly population in check. 
The rate of introduction is approximately two parasitoids per plant (Woets, 1978). Eggenkamp-Rotteveel Mansfeld et al. 
(1982) evaluated the Dutch methods with the parasitoid En. formosa and determined that an even distribution of T. vaporari-
orum was not essential for success of this method, which provided satisfactory control.

4.4.3  Pathogens

Most reports of entomopathogenic fungi of whiteflies refer to species of Isaria (Paecilomyces), Lecanicillium (formally 
Verticillium), Beauveria, and Aschersonia. Beauveria bassiana (Balsamo-Crivelli) Vuillemin, Isaria fumosorosea Wize 
(=Paecilomyces fumosoroseus (Wize) A.H.S. Br. & G. Sm.), and Lecanicillium lecanii Zare and Gams are generalist ento-
mopathogenic fungi that infect B. tabaci. Studies on T. vaporariorum have shown Aschersonia sp. (Spasova et al., 1980), 
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Aschersonia aleyrodis Webber (Fransen et al., 1987), and L. lecanii (Lee et al., 2002) to be effective. These fungi require 
high humidity for infection and development typical of greenhouse environments (Faria and Wraight, 2001).

Second and third instar nymphs are highly susceptible to B. bassiana and I. fumosorosea. Conidia of B. bassiana 
germinate most readily on the cuticle of second instars (54% germinated), and I. fumosorosea germination is highest 
on third instar cuticle (45%). Fourth instars have low susceptibility to these pathogens, and spore germination on the 
cuticle of fourth instars is very low for B. bassiana (7%) and intermediate for I. fumosorosea (33%) (James et al., 
2003). More recent studies have shown the highest production in cherry tomatoes when plants were treated with I. 
fumosorosea and L. lecanii (Espinel et al., 2008). I. fumosorosea also has epizootic potential against B. tabaci adults 
under favorable conditions. Different strains of these pathogens have different impacts on whitefly mortality (Junaid 
et al., 2016).

L. lecanii was shown to have a high pathogenicity to all developmental stages of B. tabaci; however, the second instar 
nymphs were shown to be most susceptible to infection. Pathogenicity of L. lecanii involves adhesion of spores to the 
insect cuticle, germination, penetration, and internal colonization culminating in host death. L. lecanii produces secondary 
metabolites with insecticidal properties during colonization of the host tissue, which may play an important role in host 
mortality (Wang et al., 2007). Cuthbertson et al. (2005b) reported that L. lecanii can significantly reduce B. tabaci survival 
on tomato and verbena foliage held at high humidity and that second instars were generally most susceptible to infection. 
Certain strains of this pathogen were also shown to be effective for controlling T. vaporariorum (Lee et al., 2002; Koike 
et al., 2004).

The entomopathogenic fungi B. bassiana, I. fumosorosea, and L. lecanii have been commercially developed as 
mycopesticides to control B. tabaci (Faria and Wraight, 2001). I. fumosorosea significantly reduced B. tabaci popula-
tions on ornamentals when applied weekly. Under normal greenhouse conditions, infection was detectable 7–10 days 
after application. However, many of the whiteflies killed by the fungus did not show typical coloration unless placed 
in humid conditions to allow sporulation. I. fumosorosea was compatible with Encarsia, Eretmocerus, and D. pusillus, 
and was tolerant of some fungicides. B. tabaci can be suppressed for several months following a single application of 
L. lecanii if the temperature remains between 15 and 25°C and the humidity is greater than 90% for at least 10 h/day. 
L. lecanii can kill 80–97% of nymphs, and subsequent infection kills many adults emerging from surviving nymphs. 
However, it is also pathogenic to Encarsia when applied directly, but whiteflies are even more susceptible, so the fungus 
and wasp can coexist.

Entomopathogenic fungi are easy to apply, although good coverage is required on the abaxial (lower) foliar surfaces 
where whiteflies reside. Electrostatic sprayers have been evaluated to improve coverage, and this application was shown 
not to have a negative impact on the fungus P. fumosorosea (Saito, 2005). Some fungi also have been shown to provide 
additive control when applied in combination with insecticides (Cuthbertson et al., 2005a; Borisade, 2015) or the photo-
active dye Phloxine B (Kim et al., 2010). Entomopathogenic fungi present essentially no risk to human health, and most 
studies show that they are relatively innocuous to other natural enemies (Goettel et al., 2001; Vestergaard et al., 2003; 
Zimmermann, 2008). However, fungi are slow acting compared to chemical insecticides, exhibit poor adulticidal activity, 
and are incompatible with many commonly used fungicides. In addition, they are relatively expensive, have limited shelf 
life, and are dependent on favorable environmental conditions (Inglis et al., 2001; Faria and Wraight, 2001; Vidal et al., 
2003; Fargues et al., 2005; Saito, 2005; Rivas et al., 2014).

A final pathogen to discuss is the entomopathogenic nematode Steinernema feltiae (Filipjev) which has shown promise 
for B. tabaci control in the greenhouse (Cuthbertson et al., 2007). These authors evaluated the nematodes in the formula-
tion Nemasys on five host plants, including tomato. The infested plants were sprayed with the nematodes, and after 72 h the 
mortality of whiteflies was 80%. Similar to entomopathogenic fungi, nematodes require specific environmental conditions, 
particularly high humidity (Cuthbertson et al., 2007) to thrive and provide control.

4.4.4  Application of Biological Control for Whiteflies on Tomato

The trend in whitefly management is toward greater use of non-insecticide based control methods involving deployment of 
natural enemies. In fact, progress on the control of whiteflies with natural enemies has been outstanding and will continue 
to be used on a more regular basis. However, although large numbers of arthropod predators, parasitoids, and fungal species 
are known to attack whiteflies in a variety of agricultural systems worldwide, few have been studied and evaluated for use in 
IPM programs. Thus, much work will be required before biological control assumes a more dominant role in pest manage-
ment systems for B. tabaci and T. vaporariorum in affected crops. More comparative studies on pathogens (Soliman and 
Tarasco, 2008), parasitoids (Pang et al., 2011), and predators (Lambert et al., 2005) as well as intra-guild impacts (Gillespie 
et al., 2006; Bao Fundora et al., 2016) need to be conducted.
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In general, natural enemies are most effective when introduced early and whitefly populations are low. Otherwise, non-
residual sprays such as insecticidal soap, horticultural oil, natural pyrethrins, or insect growth regulators (IGRs) can be used 
before releasing natural enemies. Biological control is becoming a cost-effective standard for greenhouse vegetable pro-
duction, especially in Europe but also in Canada, the United States, and elsewhere. This is in response to increasing public 
sentiment against pesticides, which in turn is driving development of improved pest exclusion techniques, virus-resistant 
cultivars, more affordable and increased natural enemy options, and better quality control. There remains vast potential for 
expansion in biological control of whiteflies in open field and greenhouse-grown tomatoes.

An interesting strategy for applying entomopathogens was reported by Kapongo et al. (2008a,b). They used bumblebees 
to transmit B. bassiana and Clonostachys rosea (Link) Schroers, Samuels, Seifert, and W. Gams to whiteflies on tomatoes 
in a greenhouse. In their studies, the pathogens resulted in 49% control of T. vaporariorum. While this is not adequate 
control on its own, it may contribute to other practices in an IPM program. Another novel idea combined an application of 
Pseudomonas sp. with chitosan and reduced disease severity of ToLCV (Shefali et al., 2014).

Another strategy gaining momentum that not only is compatible with biological control but also enhances success is 
the use of banker plants. Broadly defined, banker plants are plants added to a crop system to provide a population of prey 
species that supports and maintains a constant population of natural enemies as the target crop continues to grow. There are 
several examples of banker plants used for management of whiteflies in tomato. Stacey (1977) used tomato plants infested 
with parasitized T. vaporariorum to initiate and maintain a population of En. formosa in greenhouse tomatoes. This strat-
egy was has also been to control B. tabaci in greenhouse tomatoes by releasing the predator N. tenuis onto banker plants 
(Nakano et al., 2016). Xiao et al. (2011) used papaya infested with another whitefly, Trialeurodes variabilis (Quaintance), 
to raise and maintain the parasitoid Encarsia sophia (Girault & Dodd) for control of MEAM1 whiteflies on greenhouse 
tomatoes. Mullein (Verbascum thapsus L.) is a banker plant used to establish the whitefly predator D. hesperus in green-
houses to enhance predation of T. vaporariorum on tomato (Sanchez et al., 2003). D. hesperus, similar to other predatory 
mirids used for biological control of whiteflies, will feed on plants such as tomato when there is a paucity of prey. Sanchez 
et al. (2003) and Nguyen-Dang et al. (2016) found that D. hesperus was more abundant in greenhouses with mullein than 
in houses only containing tomato and that mullein sustained significant numbers of D. hesperus when whitefly densities 
on tomato were low. While there have been some failures using banker plants to enhance biological control of whiteflies 
(Parolin et al., 2013, 2015), the identified successes suggest that banker plants could improve biological control.

4.5  Chemical Control

Chemical insecticides provide a major control strategy in the management of whiteflies. Historically, there was more reli-
ance on insecticides, as the discovery of other IPM components such as natural enemies and plant resistance were rare. 
Very early work for greenhouse whiteflies used fumigation materials such as hydrocyanic acid gas (Lloyd, 1922; Speyer 
and Owen, 1926; Miles, 1927), calcium cyanide (Miles, 1927), and tetrachloroethane (Parker, 1928) with recommenda-
tions to treat at night and to open the greenhouse at dawn to minimize the risk to workers. During the 1940s and 1950s, 
additional research on pesticides was conducted including nicotine fumigation (Richardson et al., 1943), DDT, and hexa-
ethyl tetraphosphate aerosols (Smith et al., 1947). Additional research was conducted through the 1960s and 1970s with 
organophosphate materials such as Dibrom (Condron et al., 1962; Adamson et al., 1972). Azodrin, Guthion, and Parathion 
were sprayed weekly for 3 weeks, which controlled T. vaporariorum (Smith, 1970). These materials were evaluated as plant 
sprays and as aerosols and fumigants in the greenhouse. In addition, carbamates such as aldicarb (Lindquist et al., 1972b) 
and methomyl (Krueger et al., 1973) were introduced into greenhouse whitefly management (Lindquist et al., 1972b).

Heavy reliance on insecticides is still present in tomato, especially in open field crops. With B. tabaci, the older broad-
spectrum insecticides (organophosphates and pyrethroids) have not proved very useful except perhaps in combination. In 
contrast, the systemic neonicotinoids have been key players since their advent in the mid-1990s, particularly those that are 
relatively stable in the soil and effectively absorbed through the root system. Other modes of action widely used as foliar 
sprays primarily against nymphs include the IGRs pyriproxyfen and buprofezen, Insecticide Resistance Action Committee 
(IRAC) mode of action (MoA) 23 products (spiromesifen, spirotetramat) and the anthranilic diamides, cyantraniliprole, and 
chlorantraniliprole (IRAC MoA28). Oils, soaps, and detergents also have been used widely for whitefly control.

4.5.1  Pyrethroids and Organophosphates (IRAC MoA 3A and 1B)

These older chemistries have long histories of use against whiteflies, especially B. tabaci on cotton. Not surprisingly, resis-
tance against both has been equally widespread, with resistance ratios sometimes well above 1000 (Denholm et al., 1996). 
One way of dealing with this issue has been to use mixtures, some but not all of which are synergistic (Ishaaya et al., 1987). 
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For instance, acephate and methamidophos were potentiating with bifenthrin and fenpropathrin although acephate was 
antagonistic with cypermethrin (Ahmad, 2007). However, the acephate-fenpropatherine mixture can be extremely active 
against B. tabaci, even when the individual products are almost inert (Denholm et al., 1996). These authors hypothesized 
that the synergism was most likely based on inhibition of pyrethroid-hydrolyzing esterases by OPs.

4.5.2  Nicotinic Receptor Agonists (IRAC MoA 4)

Nicotine (MoA 4B) derived from tobacco was the first insecticide used in this class (Ujváry, 1999), but this material was 
accompanied with high mammalian toxicity (LD50 = 3 mg/kg in mice) (Okamoto et al., 1994). The neonicotinoids (MoA 
4A) are more toxic to insects because they bind more tightly to insect neuroreceptors (Tomizawa and Casida, 1999). 
Imidacloprid was the first synthetic member of this group, eventually becoming the most widely used insecticide worldwide 
(Yamamoto, 1999). Its advent revolutionized whitefly control in many crops, including tomato, where dramatic declines 
in densities of B. tabaci were documented (Stansly, 1996). Through reducing whiteflies, imidacloprid has also been shown 
to reduce TIR (Powell and Stoffella, 1998). It has been shown that the effectiveness of imidacloprid can be enhanced with 
fertilizers (Sun and Liu, 2016). Other neonicotinoids, including thiamethoxam, dinotefuron, and acetamiprid, soon fol-
lowed and have been shown to be effective toward B. tabaci (Esashika et al., 2016) and T. vaporariorum (Sachin et al., 
2016). Those recommended for soil application (all but acetamiprid) are xylem mobile and translocated efficiently from 
roots to emerging leaf tissue where whitefly reproduction mostly occurs (Nauen et al., 1999). At the same time, residue 
concentrations are low in fruit which mainly utilize phloem as their primary source of water and in which transpiration 
rates are negligible compared to leaves (Juraske et al., 2009). Soil application is the most efficient method of delivery and 
also minimizes exposure to beneficial fauna (Smith and Krischik, 1999; Prabhaker et al., 2011), workers, and consumers. 
Newer nicotinic receptor agonists with different chemistries include sulfoxaflor (MoA 4C) applied as a foliar spray and 
flupyradifurone (MoA 4D) applied both to foliage and soil.

4.5.3  Insect Growth Regulators

Pyriproxyfen, a juvenile hormone mimic (IRAC MoA 7C), and buprofezin, an inhibitor of chitin biosynthesis (IRAC MoA 
16) are the two IGRs used most for whitefly control. Activity is primarily against nymphs, although they are also active 
against the adult female through suppression of embryogensis (Ishaaya and Horowitz, 1992). These products have been 
useful in many crops, but are most intensively used in cotton where resistance has been notable, especially to pyriproxyfen 
in the MED group of B. tabaci in Israel (Horowitz et al., 2003).

4.5.4  IRAC MoA 23

Spiromesifen and spirotetramat are classed as tetronic acid derivatives that cause reduction in lipid biosynthesis by 
targeting the acetyl-coenzyme A carboxylase. Both are effective against mites and whiteflies as well as a wider range 
of sucking insects in the case of spirotetramat, thanks to both xylem and phloem mobility (Nauen et al., 2008). Both 
products are used effectively to control whitefly nymphs in tomato and other vegetable pests, although resistance to 
spiromesifen has already been described in T. vaporariorum (Karatolos et al., 2012). Both are applied as foliar sprays 
rather than soil treatments, despite the fact that spirotetramat has systemic activity. The additional effectiveness 
against mites is an advantage over the neonicotinoids which are known to exacerbate spider mite infestations (James 
and Price, 2002).

4.5.5  Cyantraniliprole (IRAC MoA 28)

This anthranilic diamide belongs to a class of insecticides that function by activating insect ryanodine receptors caus-
ing mortality from uncontrolled release of calcium ion stores in muscle cells (Selby et al., 2013). In contrast to other 
insecticides of this class, cyantraniliprole is effective against sucking insects due to greater xylem mobility and its 
inherent activity (Barry et al., 2015). It has shown excellent activity against B. tabaci on tomato in the field, both as 
foliar and soil application (Smith and Giurcanu, 2013; Stansly and Kostyk, 2013, 2016a,b; Barry et al., 2015) and 
against T. vaporariorum in the open field (Sachin et al., 2016). It is also effective against Lepidoptera and dipteran 
leafminers. Another apparent advantage is the ability to apply an entire seasonal rate to seedlings prior to transplant-
ing (Stansly, unpublished data). Resistance to cyantraniliprole has not yet been reported, but might be expected soon 
because the closely related chlorantraniliprole has been used widely for control of Lepidoptera and dipteran leafmin-
ers in vegetable production during the last decade.
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4.5.6  Soaps and Oils

Soaps and oils have been used as insecticides at least since the 18th century (Metcalf and Metcalf, 1993). Oils are 
thought to kill by suffocation, whereas soaps, detergents, and other surfactants are believed to kill by breaking the 
surface tension of water, which then fills the trachea and results in drowning. Thus both materials kill by blocking the 
spiracles, in one case with a thin film of oil and in the other by filling the spiracles with super-wetted water (Stansly 
et al., 1996). Oils are also known to reduce whitefly settling and may impact transmission of plant viruses (Schuster 
et al., 2009). While generally less effective than many synthetic products, these physical modes of action are unlikely 
to be subject to selection for resistance. In addition, they provide a degree of selectivity, targeting whiteflies with 
limited impact on their natural enemies (Butler et al., 1993; Stansly et al., 1996, 2002). These materials may also be 
more effective in combinations (Liu and Stansly, 2000). It is essential to get good coverage, especially in the case of 
oils. Highly refined horticultural mineral oils are characterized by narrow boiling point ranges and minimal concen-
trations of unsaturated ring compounds to limit phytotoxicity (Agnello, 2002). Soaps and household detergents can 
also be phytotoxic at high concentrations but are generally safe for frequent use on tomato at concentrations of 1% 
or less (Vavrina et al., 1995).

4.5.7  Botanicals and Other Materials

A variety of plant-based products have been evaluated for whitefly control. For example, compounds identified from 
crude extracts of tomato relatives Solanum (=Lycopersicum) hirsutum (=Solanum habrochaites S. Knapp & D.M. 
Spooner) f. glabratum, S. habrochaites f. typicum, and S. (=Lycopersicum) pennellii were evaluated for B. tabaci 
control (Antonious and Snyder, 2008). They found that the compound 2-tridecanone caused 72% mortality of white-
flies. Oil from the seeds of sugar apple, Annona squamosa L. were shown to cause MEAM1 whitefly nymphs to 
shrink and detach from the leaf surface (Singh et al., 2000; Lin et al., 2009). Another natural product, polygodial has 
been shown to repel B. tabaci adults (Prota et al., 2014). The authors caution that this material can cause moderate 
phytotoxicity in tomato. Extracts from milkweed, Calotropis procera (Aiton) W.T. Aiton and garlic, Allium sativum 
L., reduced oviposition by MEAM1 whiteflies by 56.6% and 56.5%, respectively, compared to non-treated controls 
(Barati et al., 2014). Neem-based products from Azadirachta indica A. Jussie have also been shown to negatively 
impact whiteflies (El-Shafie and Abdelraheem, 2012; Diabate et al., 2014; Chavan et al., 2015; Asmita and Ukey, 
2016). Kumar and Poehling (2006a) found that soil drenching with NeemAzal, a commercial neem-based product, 
resulted in the best control and efficiency for B. tabaci control in tropical open field and greenhouse grown tomatoes. 
Similarly, Karanja et al. (2015) showed excellent control of T. vaporariorum nymphs on tomato with soil applications 
of neem. There is some evidence for synergism with fermented extracts of neem and wild garlic, Tulbaghia violacea 
Harvey (Nzanza and Mashela, 2012). They found a mixture of these two plant extracts were more effective at reducing 
B. tabaci densities than either extract alone. Fumigation with extracts from the fruit of chinaberry, Melia azedarach 
L., were shown by Palacios et al. (2008) to reduce T. vaporariorum in the greenhouse on cucumber which can also 
be considered for tomato. Extracts from Jatropha curcas L. were shown to reduce B. tabaci on open-field tomato 
equal to the reduction by using synthetic pesticides (Diabate et al., 2014) and extracts from Ageratum conyzoides 
L., Plectranthus neochilus Schltr., and Tagetes erecta L. were shown to be repellant to MEAM1 adults, resulting 
in reduced oviposition on tomato (Baldin et al., 2013). Other studies by Emilie et al. (2015) that showed B. tabaci 
were repelled by extracts from Aframomum pruinosum Gagnepain, Cinnamomum zeylanicum Presl, Pelargonium 
graveolens L’Héritier, Anethum graveolens L., Cymbopogon winterianus Jowitt ex Bor, Litsea cubeba (Lour.) Pers., 
and Satureja montana L. P. graveolens were also found to be effective by Baldin et al. (2015), particularly the vapor 
toxicity of the main chemical constituents geraniol, linalool, and citronellol. Additional essential oils of Piper cal-
losum Ruiz & Pav., Adenocalymma alliaceum (Lam.) Miers, P. graveolens, and P. neochilus inhibited the settlement 
and oviposition of MEAM1 adults on tomato plants (Fanela et al., 2016).

In summary, synthetic and natural insecticides have served as effective tools for controlling whiteflies on tomato. 
A current list of materials currently approved for use in California (United States) is provided by UC-IPM (2016). 
Novel modes of action providing evermore safe, effective, and selective control continue to appear in the market place. 
Recent activity in the area of plant-based natural products is showing a variety of materials that have efficacy against 
whiteflies. Yet with these advances, costs of whitefly control with chemicals continue to rise, and the grace period free 
of resistance is typically short. These economic and biological considerations, as well as increasing public concern, 
continue to stimulate the search for pesticide alternatives to manage whiteflies and other pests of tomato and food 
crops in general.
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4.6  Insecticide Resistance

Horowitz et al. (2007) reviewed the topic of insecticide resistance in B. tabaci. In this review, they discuss various resistance 
mechanisms that exist in whiteflies, show a number of bioassays used to evaluate resistance, and review the various studies 
that have been done to monitor for resistance in B. tabaci throughout the world. Furthermore, they present the known cases 
of resistance to various insecticidal classes and give strategies for delaying or reducing resistance. Other studies have also 
shown resistance of T. vaporariorum to neonicotinoid compounds (Pappas et al., 2013). McKenzie et al. (2014) emphasize 
the importance of rotating chemicals among different modes of action to minimize resistance in whiteflies.

4.7  Management of Viruses Transmitted by Whiteflies

B. tabaci transmits over 150 virus species, the majority of which are Begomoviruses (family Geminiviridae) (Lapidot and 
Polston, 2010). More than 35 of the described Begomoviruses infect tomato (Ji et al., 2007). Several Begomovirus species 
cause tomato yellow leaf curl disease (TYLCD), one of the most important diseases affecting tomato production (Moriones 
and Navas-Castillo, 2000). Viruses in the TYLCD group have a monopartite genome. Others, including TMoV, have bipar-
tite genomes (Abhary et al., 2007).

The management of viruses transmitted by whiteflies is a broad topic which has been the subject of several reviews 
(Czosnek et al., 2010; Lapidot et al., 2014). Most whitefly-vectored viruses belong to the genus Begomovirus in the family 
Geminiviridae, characterized by a twin isohedral structure containing a monopartite or bipartite genome consisting of cir-
cular single-stranded DNA. All Begomoviruses are persistently transmitted by B. tabaci and many infect tomato. The intro-
duction of different members of the B. tabaci species complex into new geographic areas can result in expanding disease 
problems (Pan et al., 2015). Perhaps the most devastating Begomovirus is the monopartite TYLCV group, first described in 
1939 from Israel (Picó et al., 1996). Outbreaks of viruses in this group have been encountered worldwide.

Symptoms of TYLCV consist of stunting, small chlorotic leaves that roll inward, and flower abortion. Symptom expres-
sion begins in emerging buds above which few flowers set fruit. Consequently, yield loss is greatest early in the crop cycle. 
Given the potential severity of TYLCV, protection from whitefly attack may be the most important pest management task 
facing the grower or consultant. Because the virus is persistent in the whitefly vector, insecticides can provide effective 
management (Smith and Giurcanu, 2014). However, no thresholds have been proposed for this or any other plant virus 
vector. Such a threshold would have to be based not only on number of whiteflies per sample unit, but also the proportion 
carrying the virus and capable of transmitting the pathogen. Clearly, it is difficult to assess the number or proportion of 
viruliferous whiteflies coming into a tomato crop, although some idea can be gained by knowing the likely origin of immi-
grating whiteflies.

Mohamed (2010) reported a 67.5% decrease in tomato yield from plants inoculated at a young age with TYLCV from 
Egypt. Saikia and Muniyappa (1989) reported losses of up to 91% from TYLCV in southern India. This level of loss cor-
responded to that observed for tomato plants showing first symptoms of TYLCV 30 days after transplanting in the field 
(Stansly unpublished data). For TYLCV, there is a direct relationship between the number of days until first symptom 
expression and the yield loss (Fig. 4.5A). This linear relationship is the same for TMoV, but the slope of the relationship is 
much lower reflecting the lower impact of the TMoV disease on yield (Fig. 4.5B) (Stansly and Schuster, 1990).

Several sources of resistance against TYLCV are available in commercial cultivars that greatly reduce the potential 
damage from B. tabaci, thus increasing tolerance to whitefly attack (Ji et al., 2007; Pereira Carvalho et al., 2015; Elbaz 
et al., 2016). In Israel Solanum peruvianum L. has been used as source of resistance in commercially available varieties; the 
resistance is partially dominant and involves at least three genes (Friedmann et al., 1998). Resistance genes from Solanum 
chilense (Dunal) Reiche have been used to produce varieties resistant to both TYLCV and ToMoV (Scott et al., 1996). The 
gene Ty-1, which confers partial dominant resistance, has been identified from S. chilense. The Ty-2 gene, which confers 
tolerance to several stains of TYLCV, has been identified from S. hirsutum and incorporated into several breeding lines.

Studies on “pyramiding” multiple genes have also shown improved performance (Prasanna et al., 2015), as have 
the use of RNAi technologies (Leibman et al., 2015; Chen et al., 2016). Nevertheless, growers often opt for susceptible 
varieties due to preference for particular horticultural characteristics (Ozores-Hampton et al., 2013). Begomoviruses are 
diverse and impact tomato production in environmentally diverse production areas globally. Environment influences 
the degree of tolerance exhibited by resistant varieties, which are more effective against some strains of Begomovirus 
than others. The result is that resistant varieties may be highly effective in some regions but susceptible to virus in other 
regions (Ji et al., 2007). In addition, like other begamoviruses, TYLCV has a relatively narrow host range, and cultural 
controls such as field sanitation, crop rotation, and especially host-free periods are effective in reducing primary spread 
(Hilje et al., 2001).
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Criniviruses contain a linear single-stranded, positive-sense RNA genome and are transmitted by whiteflies in a semi-
persistent manner. Two of these, tomato chlorosis virus (ToCV) and tomato infectious chlorosis virus (TICV) are wide 
spread and can cause considerable damage to tomato (Wintermantle, 2010). ToCV is most efficiently transmitted by B. 
tabaci and Trileurodes abutiloneus Haldeman, and less so by T. vaporariorum, whereas TICV is transmitted only by T. 
vaporariorum. Symptoms of TICV and ToCV in tomato are very similar and include interveinal yellowing, necrotic fleck-
ing, rolling, and thickening of older leaves and yield loss due primarily to reduction of photosynthetic area resulting in 
reduced size and number of fruit Arnó et al. (2009).

Sources of resistance to ToCV and TICV have been identified in wild tomato species but are not yet available in 
commercial cultivars. Therefore, vector control is critical to slow spread and severity of both diseases, although effec-
tiveness is limited by rapid transmission and short persistence of the virus (Tzanetakis et al., 2013). Criniviruses have 
broad host ranges compared to Begomoviruses, with ToCV known to infect at least 24 species from 7 taxonomic families 
(Wintermantel and Wisler, 2006). Therefore, reducing primary spread from weed or other infected crops is an important 
management practice.

Tomato torrado virus (ToTV; Secoviridae) is the type member of an emerging virus group (van der Vlugt et al., 2015). 
Symptoms include necrosis of leaves and fruit and reduced plant growth. ToTV is transmitted semi-persistently by B. tabaci, 
T. vaporariorum, and T. abutiloneus. A growing number of torrado viruses of tomato have been described since the dis-
covery of ToTV in 2004, including tomato marchitez virus, tomato chocolate spot virus, and tomato necrotic dwarf virus. 
There is little information available on crop loss or management of these viruses.

FIGURE 4.5 Production of virus-infected tomato plants expressed as percentage of yield loss from noninfected plants; (A) TYLCV, Florida 1999, (B) 
TMoV, Florida 1990. Adapted from Stansly, P.A., Schuster, D.J., 1990. Update on sweetpotato whitefly. In: Stall, W.M. (Ed.), Proceedings of Florida 
Tomato Institute, Vegetable Crops Special Series SS-VEC-001. IFAS, Gainesville, Florida, USA, pp. 41-59. http://www.imok.ufl.edu/programs/veg-hort/
tomato-institute/, with permission.

http://www.imok.ufl.edu/programs/veg-hort/tomato-institute/
http://www.imok.ufl.edu/programs/veg-hort/tomato-institute/
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4.8  Integrated Pest Management

From the discussion above, it is clear that growers have a number of options for managing whiteflies and whitefly-vectored 
viruses. There are additional strategies that have been evaluated which do not fit into the categories previously mentioned. 
One such idea is to use Acibenzolar-S-Methyl (ASM), the inducer of systemic acquired resistance (SAR) to improve perfor-
mance of insecticides. Fanigliulo et al. (2015) found that combining ASM and the insecticide cyantraniliprole provided the 
best defense against infection and disease development of TYLCV. Reduction in TYLCV disease severity was also dem-
onstrated with the application of the SAR inducer, eugenol, to tomato (Wang and Fan, 2014). Another study applied exog-
enous SA to tomato plants which repelled whiteflies (Shi et al., 2016). Studies evaluating the impacts of plant chemicals 
have also shown some interesting results. Li et al. (2014) found that (E)-2-hexenal, 3-hexen-1-ol attracted B. tabaci adults, 
while limonene deterred whiteflies from settling. The authors suggested these compounds might be useful in a “push–pull” 
strategy for whiteflies. Another study with limonene, citral, and olive oil mixture lowered B. tabaci adult settling, and was 
effective in a push–pull strategy using yellow sticky cards as the “pull” part of the strategy (Du et al., 2016).

Similar to aphids, studies to control whiteflies with vermicomposts have been conducted. These are materials produced 
by microorganisms during the breakdown of waste products of earthworms (Arancon et al., 2007). Applying vermicompost 
as solid fertilizer and in aqueous extracts resulted in substantial reductions in adult T. vaporariorum (Foroushani et al., 
2016). They found that mortality of the second nymphal instar occurred in vermicompost-treated plants.

5.  ECONOMICS OF MANAGEMENT STRATEGIES

Whiteflies damage tomatoes by (1) extracting phloem sap, thereby weakening the plant and directly reducing yield; (2) excret-
ing honeydew over the fruit and foliage that serves as a source for sooty mold fungus which reduces photosynthesis and must be 
washed off of fruit before marketing; (3) injecting saliva that in the case of B. tabaci (MEAM1) causes TIR; and (4) vectoring 
plant pathogens. While all of these types of damages can be present in the same tomato field, more often it is one or two of the 
damages that must be addressed by the grower to prevent economic loss. The reduction of whitefly numbers is an appropriate 
goal for all of these damage types, yet there are times when additional objectives may be more important. For example, preventing 
viruliferous whiteflies from coming into a field, or controlling them outside the target crop may be the best strategy to prevent the 
field from becoming infected by whitefly-borne viruses. The myriad of damage possibilities by whiteflies complicate the choices 
faced by growers and make it difficult to predict the economic outcomes of employing certain management strategies. However, 
in one study, Lindquist et al. (1972a) found that spraying tomato plants in the greenhouse every 5 days with endosulfan increased 
gross income by ca. $5000/acre. With our current insecticide formulations, we do not typically treat tomatoes every 5 days, but the 
return on investment demonstrated by Lindquist et al. (1972a) still makes insecticides the number one go-to strategy for whitefly 
management. Particular emphasis has been placed on the nicotinic receptor antagonists (see Section 4.2.2), which are applied 
to the soil and provide control by being transported in the phloem where whiteflies feed. These materials provide cost-effective 
control of whiteflies. In addition, due to the nature of their application to the soil, as opposed to spraying the foliage, they are 
compatible with natural enemies, thereby enabling a more integrated approach. This is particularly important, since a number of 
commercial companies produce natural enemies. This is resulting in more biological control applications in tomatoes, particularly 
in greenhouse situations. In addition, increased production of organically grown tomatoes favors a more IPM approach with less 
dependence on synthetic insecticides. Concomitant with this movement toward fewer insecticides are the advances being made 
in plant resistance against whiteflies and the viruses they transmit. The development of resistant varieties holds great economic 
potential for dealing with whiteflies on tomatoes in the future.

6.  FUTURE PROSPECTS AND CONCLUSION

Trends in fresh-market tomato production in recent years have moved toward more production in greenhouses. The driving 
forces for this trend are improved control over environmental conditions which have resulted in higher quality and the ability to 
have more precision on the use of IPM strategies, particularly biological control. At the same time, greenhouse producers and 
especially growers of open-field tomatoes still rely on pesticides because of their relative ease of use and immediate kill follow-
ing application. With increasing global warming, whitefly problems are likely to be exacerbated; Guo et al. (2012) noted that 
B. tabaci can survive long-term high temperature stress. The neonicotinoids continue to play a key role in whitefly control, and 
new synthetic and natural products are being developed. As mentioned above, there are a number of other creative strategies that 
are being evaluated for whitely control, and plant resistance is a fertile area of research. The more we integrate different types of 
controls, particularly within the context of other tomato pests that have been discussed in this book, the better chance we have of 
developing economically and environmentally sustainable pest management programs for whiteflies in tomato.
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1.  INTRODUCTION

Mites are a diverse group of arthropods compared to insects, and are among the most damaging pests of tomatoes world-
wide (Jeppson et al., 1975). Spider mites (family Tetranychidae) are especially troublesome, as an outbreak of these pests 
can lead to serious losses and even total failure of the tomato crop. Within the spider mite family the most widespread and 
abundant tomato pest is the two-spotted spider mite (TSSM), Tetranychus urticae Koch (Acari: Tetranychidae). One reason 
this mite is such a ubiquitous pest is that the “species” is probably a complex of biologically variable species (Bolland et al., 
1998). Much controversy exists regarding the taxonomic placement of TSSM, and there are approximately 65 synonyms 
included under this one species. One such problematic “species” of Tetranychus is Tetranychus cinnabarinus (Boisduval), 
the carmine spider mite, which is considered a red biotype of T. urticae in some studies (Dupont, 1978; Auger et al., 2013) 
and a separate species in others (Brandenburg and Kennedy, 1981; Kuang and Cheng, 1990). Thus a comprehensive presen-
tation of all the various synonyms of TSSM is not possible in this chapter and the most common descriptions of T. urticae 
will be used. Another species closely related to T. urticae is Tetranychus evansi Baker & Pritchard, the red tomato spider 
mite. This mite species has spread rapidly throughout the tropical and subtropical areas of the world during the last sev-
eral decades, and has become a major pest on tomato (Gotoh et al., 2003; Navajas et al., 2013). In the family Eriophyidae 
(superfamily Eriophyoidea) there are two major pest species of tomato, the tomato russet mite (TRM) Aculops lycopersici 
(Massee) and the tomato erineum mite Aceria lycopersici (Wolffenstein). Ace. lycopersici is closely related to the TRM 
and will be mentioned only when it differs substantially from Acu. lycopersici. The broad mite, Polyphagotarsonemus latus 
(Banks) (family Tarsonemidae) is known as citrus silver mite or yellow tea mite. This species is found throughout the trop-
ics and subtropics, and is mostly a problem in tomato greenhouse operations.

2.  TWO-SPOTTED SPIDER MITE, TETRANYCHUS URTICAE KOCH

2.1  Identification

Female T. urticae are 0.4 mm long and broadly oval with 12 pairs of dorsal setae, whereas the male is slightly wedge-shaped 
with a narrow caudal end (Boudreaux and Dosse, 1963; Bolland et al., 1998). Female mites are approximately 50% larger 
than males. The color of the adult mite varies; usually they are greenish-yellow or almost translucent green, although they 
can also be brown or orange-red (Boudreaux and Dosse, 1963; English-Loeb, 1990). Overwintering females are consis-
tently orange to orange-red (Fig. 5.1A). Two large dark spots (consisting of food or bodily waste) on either sides of the idio-
soma can usually be seen through the body wall (from which the species gets its common name). Mites that have recently 
molted may not have these spots (Shih et al., 1976; English-Loeb, 1990).

T. urticae eggs are about 0.15 mm in diameter, round, and translucent when first laid (Fig. 5.1B) but become white as 
hatching approaches. Most often the eggs are laid on the underside of leaves. Immature mites have the same general color 
and shape as adults, although the larvae have only 6 legs.

2.2  Biology

The life cycle for T. urticae consists of egg, larva, protonymph, deutonymph, and adult stages. Because spider mites are 
arrhenotokous (unmated females produce haploid eggs that develop into males while mated females produce diploid eggs that 
develop into females), this can lead to circumstances where there are very few males in the population. When this circumstance 
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occurs the female may mate with her sons leading to inbreeding. Inbreeding can further occur by mating of brothers and sis-
ters. Despite this potential for inbreeding, spider mites have considerable genetic diversity which allows them to adapt to new 
conditions and environments (Helle and Sabelis, 1985; Sabelis, 1991; Krips et al., 1998; Tommaso et al., 2007). Females 
oviposit fertilized and unfertilized eggs with the sex ratio of mated females being 3:1 female to male (Shih et al., 1976; Gotoh, 
1997; Rotem and Agrawal, 2003). Mated females can lay 20–30 eggs/day for a total of more than 200 over their 7–18 day life 
span depending on abiotic factors. Eggs, usually attached to fine silk webbing, hatch in approximately 3 days. After hatching, 
the first immature stage (larva) emerges with three pairs of legs, while all the nymphal and adult stages have four pairs. After 
each larval and nymphal stage there is a brief quiescent period, the chrysalis, during which the mite appears to be attached to 
the plant surface. Male mites generally mature more quickly than females and the adult males can be often seen guarding a 
deutonymphs chrysalis female so that they can mate with her as soon as she molts. At times a number of males will guard the 
same female deutonymph chrysalis, but usually only the most aggressive male succeeds in mating. This guarding behavior is 
often driven by the female who releases a sex pheromone at times resulting in one female mating with several males (Helle 
and Sabelis, 1985; Gotoh, 1997; Krips et al., 1998). The female mite has a pre-ovipositional period of approximately 24 h dur-
ing which she often disperses. Development is most rapid during hot, dry weather (Sabelis, 1991; Rotem and Agrawal, 2003; 
Tommaso et al., 2007). A single generation requires 5–20 days to reach adulthood before producing the next generation. There 
are many overlapping generations per year and only mated females overwinter in temperate regions.

T. urticae undergoes diapause in temperate regions when climatic conditions become too cold or hot. Diapause is indi-
cated by a change in color to orange or reddish-orange. Diapause is induced by several factors that include food quality, 
temperature, and day length (Shih et al., 1976; Veerman, 1985). Once in a hibernal (winter) diapause, females need a period 
of low temperature and short day lengths before diapause can be broken. How long and how deeply a population of TSSM 
stays in diapause is determined by their specific climatic conditions (Rotem and Agrawal, 2003; Kawakami et al., 2009). 
This can produce site situations that will cause some mite populations to emerge from diapause earlier or later than other 
local populations resulting in a slow but steady release of spider mite females throughout the early part of the season. Female 
T. urticae may also stop reproduction during the cooler winter months in temperate production areas. Reproduction in green-
houses, tropical, or subtropical environments typically occurs year round. T. urticae often uses aerial dispersal (see below) 
from tomato fields in the autumn to move to overwintering hosts such as chickweed, Stellaria media (L.) Vill. Females can 
also hibernate in ground litter or under the bark of trees or shrubs (Shih et al., 1976; Sabelis, 1991; Meck et al., 2009).

T. urticae is able to produce silk from glands located on the apex of their pedipalps. How well an individual mite 
survives can be greatly influenced by the mite’s ability to produce silk, as silk is used for web building, protection, and 
communication. T. urticae also uses silk as a social cue in selecting their microhabitat with group behavior being shaped 
by the individuals’ response to social cues, such as the amount of silk already present on a leaf. When mite population 
begins to increase on the undersides of leaves, the combined production of silk by the adults can serve as protection from 
some natural enemies and increase humidity levels preventing desiccation (Gerson, 1985). This silken “roof” also prevents 
pesticides from the leaf surface where mites are located. However, the presence of TSSM silk can be a signal for some 
specialist predators such as phytoseiid mites (family Phytoseiidae) and ladybird beetles to search more intensely when it is 
encountered (van de Vrie et al., 1972). T. urticae also use their silk for escape. Mites use the silk to spin down when they 
encounter a pesticide residue, especially pyrethroids, allowing them to avoid contact with the control treatment (Margolies 
and Kennedy, 1988). Many Tetranychidae use silk to disperse via a process called ballooning; TSSM disperses in two 
different ways using their silken threads. One way is when only mated females that have not laid eggs form large silken 
assembles at the top of a plant. At the apex of the plant, they are picked up by the wind for dispersal (Gerson, 1985). The second 

FIGURE 5.1 (A) Two-spotted spider mite overwintering female adult. (B) Two-spotted spider mite eggs.
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is when overcrowding occurs on a poor host plant. The mites collect on branch tips in masses of male and female 
mites, spin down on silk, and are picked up by the wind or animals (Clotuche et al., 2011). T. urticae can also use the 
silk as anchors and possibly as interference to other mites.

2.3  Distribution, Host Range, and Seasonal Occurrence

T. urticae is a cosmopolitan spider mite. Although considered a temperate zone species, it is also found throughout sub-
tropical regions (Sabelis, 1985a,b). T. urticae is reported on over 300 host plants worldwide, including over 100 cultivated 
species such as cotton, corn, soybean, tomato, pepper, and numerous fruit and ornamental species (Bolland et al., 1998). A 
number of native plant species, including cutleaf evening primrose, violets, chickweed, clovers, pokeweed, wild mustard, 
and blackberry are common hosts from which infestations spread to nearby crops (Migeon et al., 2010). T. urticae can be 
found on crop plants from early spring until the first killing frost in temperate areas of the world. Their populations begin 
to increase gradually in the early part of the growing season and rapidly at higher temperatures. Temperatures at or greater 
than 26.5°C with low rain fall and low to moderate humidity are prime environmental conditions for TSSM populations to 
rapidly increase to damaging levels (Gerson, 1985).

2.4  Damage, Losses, and Economic Thresholds

Two-spotted spider mites have stylet-like chelicerae used for piercing host plants. This releases cellular content of the epi-
dermal cells which the mite sucks up using its rostrum. The mite’s feeding causes the mesophyll cells in the area to collapse 
creating very small white chlorotic spots on the leaves where they have removed the chlorophyll (Fig. 5.2) (Sabelis, 1985a,b).

As feeding damage progresses a stippled appearance of the foliage is evident. After several days of heavy mite feed-
ing, necrotic spots begin to develop on leaf tissue and leaves will turn yellow or gray and collapse. Both T. urticae and T. 
cinnabarinus have been found to cause an unusual hyper-necrotic response in tomato that involves premature chlorosis of 
infested leaflets that consequently wilt and die (Foster and Barker, 1978; Szwejda, 1993). Although not common, TSSM 
feeding damage on tomato flowers causes a browning and withering of the petals. Mites will feed directly on the tomato 
fruit, usually at the stem-end around the cap area (Meck et al., 2009). This feeding damage is rough to touch and has small 
depressed areas where the mites have removed chlorophyll and the cells have collapsed. Another fruit problem caused by 
TSSM is gold flecking, which appears as yellow or gold spots scattered over the surface of the fruit as it ripens. When this 
flecking is severe it can reduce the market value of the fruits. The flecks are only in the epidermal layer of the fruit and do 
not penetrate beyond this (Brust, 2014). These flecks have been determined to be calcium oxalate crystals (Den Outer and 
Van Veenendaal, 1988). Gold fleck is thought to be a response to certain stresses the plant encounters during the season, 
such as high temperatures and humidity or TSSM or thrips feeding (De kreij et al., 1992; Ghidiu et al., 2006; Brust, 2014), 
or too high a level of calcium in the fruit as it is ripening (Den Outer and Van Veenendaal, 1988). Of all the possible causes, 
TSSM seems to be the most important in causing this fruit ripening problem in temperate regions (Brust, 2014).

FIGURE 5.2 White speckles on tomato leaf from two-spotted spider mite feeding.
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T. urticae is also implicated in the transmission of several viruses that include potato virus Y, tobacco mosaic virus, and 
tobacco ringspot virus. The mite does not actually inject the virus into the plant, instead excretes the virus onto the leaf 
surface and allows entry of the virus into the plant through feeding damage (Oldfield, 1970; Jeppson et al., 1975).

T. urticae, and most probably its species complex, is responsible for 10–50% yield losses in an average tomato produc-
tion season. This range is so large because mite infestations can be severe in some areas of a field and almost nonexistent 
in others. Environmental conditions and management programs (excessive early season insecticide applications) influence 
the severity of TSSM outbreaks and potential yield loss (Wilkerson et al., 2005). Yield loss is not only due to a reduction in 
tonnage of fruit, but also quality and size and therefore marketable yield (Oldfield, 1970; Metcalf and Metcalf, 1993; Meck, 
2010). Crop losses can occur when about 30% of the tomato leaf surface is damaged by spider mite feeding. In a study by 
Meck (2010) on tomatoes in North Carolina (United States), it was found that economic thresholds were very low at 1–2 
mites/tomato leaflet. This threshold is extremely low and probably not practical for most tomato operations. Sampling for 
mites in a tomato field has shown that mite populations were highly aggregated and the number of samples required for just 
60% precision was too large to be practical (Lange and Bronson, 1981; Park and Lee, 2007; Meck, 2010). Jayasinghe and 
Mallik (2010) in Thihagoda, Sri Lanka found that the middle developmental stage of tomato was the most critical period for 
mite damage and accounted for more than 50% of the total yield loss compared with early or late infestations. They devel-
oped an economic injury level (EIL) based on initial number of mites released on the plant and the number of days mites fed 
on the plant. While this EIL is a good place to start in understanding the relationship between mite numbers, feeding dura-
tion, and yield reduction, it is not practical at this time because it is impossible to know when and how many mites were ini-
tially there on a tomato plant and how long they had been feeding. Therefore, this EIL does not lend itself to commercial use.

3.  TOMATO RED SPIDER MITE, TETRANYCHUS EVANSI BAKER & PRITCHARD

3.1  Identification

T. evansi belongs to “Group 5” of the genus Tetranychus (Flechtmann and Knihinicki, 2002). To an untrained eye T. evansi 
looks very similar to T. urticae with a few exceptions. The body is from pale to dark orange in color and legs are also orange. 
Empodia (a lobe or spine between the two claws at the end of the tarsus) I and II of females have three pairs of proximoventral 
hairs and a tiny mediodorsal spur. All four proximal tactile setae on female tarsus I are nearly in line with the proximal set of 
duplex setae. The aedeagus (penis) is upturned distally and the dorsal margin is slightly convex (Baker and Pritchard, 1960).

3.2  Biology

The ability to predict population outbreaks of a new pest such as T. evansi greatly depends on its capacity to develop at 
different temperatures. Therefore, it is important to know the temperature requirements of a target species to understand its 
potential distribution and population dynamics (Ullah and Gotoh, 2013). The rm-value (intrinsic rate of natural increase) of 
a species is used to describe the growth and adaptation of a population to certain environmental conditions (Birch, 1948). 
Life history components, such as developmental rates, oviposition, survival rates, and the offspring proportion of females 
determine the rm-value (Sabelis, 1985b). The rm-value can be used to forecast how much of a potential problem a mite spe-
cies may pose in an agricultural system (Margolies and Wrensch, 1996; Gotoh et al., 2004).

Sabelis (1991) conducted a broad review of the life history parameters of tetranychid mites and found the rm-values for 
these mites range from 0.219 to 0.336/day at approximately 25°C. The rm-values of T. evansi fall within this range. Gotoh 
et al. (2004) conducted studies on temperature-dependent developmental and reproductive traits of seven T. evansi strains 
collected from Brazil, France, Japan, Kenya, Canary Islands, Spain, and Taiwan. Temperature had a significant effect on the 
egg to female adult duration among the seven strains studied. The developmental times of the T. evansi strains ranged from 
41.0 to 45.1 days at 15°C to 5.5–6.5 days at 40°C, and 9.7–10.5 days at 25°C. The strain from Brazil significantly differed 
from the France, Japan, Kenya, Canary Islands, and Taiwan strains in developmental duration. However, the overall life 
history parameters were very close among the seven T. evansi strains.

Sarmento et al. (2011a,b) showed that T. evansi suppresses the proteinase inhibitor (PI) activity in tomato plants by 
about 33% in comparison with the PI in non-infested tomato plants. This suppression resulted in higher oviposition rates 
(about twofold) on leaves that were attacked previously by conspecifics than on leaves that were not attacked, or on leaves 
that were previously attacked by heterospecifics (T. urticae). In T. urticae, oviposition rates were highest on leaves obtained 
from a “clean” plant followed by non-attacked leaves from an attacked plant. PIs are involved in induced plant defense 
and hamper the action of digestive proteinases present in the herbivore gut (Sarmento et al., 2011a). Oviposition rates of 
T. evansi were drastically reduced by 30% on leaves attacked previously by T. urticae compared with ones attacked by T. 
evansi (Sarmento et al., 2011b).
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3.3  Distribution, Host Range, and Seasonal Occurrence

T. evansi was first described as a new species based on specimens from tomato (Lycopersicon esculentum Miller) in the 
Mauritius Islands (Baker and Pritchard, 1960). However, it is considered to have originated from Brazil, from where it 
was first described as Tetranychus marianae McGregor (McGregor, 1950; Silva, 1954; Gutierrez and Etienne, 1986; de 
Moraes et al., 1987; Furtado et al., 2007; Navajas et al., 2013). Until the 1960s, it was known only from Mauritius Islands, 
Brazil, and Florida (United States). By the mid-1980s only a few other countries, such as Reunion Island, Rodrigues Island, 
Seychelles, Cuba, Puerto Rico, and Zimbabwe, reported it (Gutierrez, 1974; de Moraes et al., 1987; Furtado et al., 2007). 
Since the 1990s it has spread throughout the world (Fig. 5.3).

This species distribution is throughout the tropical to subtropical regions all over the world and is active year round 
(Migeon et al., 2009; Navajas et al., 2013). In Japan, T. evansi was first described as Tetranychus takafujii Ehara and Ohashi 
in 2001 at Kyoto and Osaka prefectures, where it specialized on solanaceous plants (nightshades, Solanum nigrum L., 
Solanum carolinense L., Solanum melongena L.). In the next year, it was found in Tokyo and Hyogo (Fig. 5.4). T. evansi 
was observed at 10 prefectures starting in 2008 from S. nigrum, S. carolinense, Solanum photeinocarpum Nakamura et 
Odashima, S. melongena to tomato.

FIGURE 5.3 Invasion of Tetranychus evansi to various areas of the world per decade.

FIGURE 5.4 Observed year of Tetranychus evansi at prefectures of Japan. Numerals in circles indicate the year of the 2000s.
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To date, more than 110 host species of T. evansi have been reported in both outdoor crops and greenhouses. Several T. 
evansi strains can attack different plant families such as Malyaceae (okra), Fabaceae, and Rosacea (Bolland et al., 1998; 
Navajas et al., 2013).

3.4  Damage, Losses, and Economic Thresholds

T. evansi infests abaxial and adaxial surfaces and causes graying or browning of the leaves, which eventually wither and 
drop from the plant. Symptoms and losses are similar to T. urticae. This species is considered an important pest of all sola-
naceous plants, such as tomato, potato, and eggplant in Africa, and can cause up to 90% yield loss in southern Africa (Sarr 
et al., 2002; Saunyama and Knapp, 2003).

4.  TOMATO RUSSET MITE, ACULOPS LYCOPERSICI (MASSEE)

4.1  Identification

The TRM is minute and difficult to see even with a 15× hand lens. It has a spindle-shaped body that is 150–200 μm long 
with two pairs of legs at the broader head end and long hairs on the narrower posterior end (Fig. 5.5).

The prodorsal shield has intricate microscopic sculpturing and lobes (Lamb, 1953; Kay, 1986). A morphologically 
detailed description of the adult can be found in Keifer (1940), Bailey and Keifer (1943), and Perring and Farrar (1986). 
Adults are transparent and tan-yellow or pink. Eggs are translucent white when laid, but turn yellow as they mature (Bailey 
and Keifer, 1943; Kay, 1986). In approximately 2 days, eggs hatch and larvae are off-white with two pairs of legs. Nymphs 
are yellowish and slightly larger than the larva. Larvae and nymphs remain close to where they originally hatched and tend 
to congregate near leaf edges (Keifer, 1940; Davis, 1964; Kay, 1986). The two pairs of legs have distinctive claw-like struc-
tures located at the distal end of the tarsi called feather-claws (Keifer, 1940, 1952).

4.2  Biology

The TRM has a very fast life cycle of 6–7 days (egg to adult), and females have a 22 days longevity while males are around 
16 days (Anderson, 1954; Carmona, 1964; Anonymous, 1972). Abou-Awad (1979) found that after each larval and nymphal 
stage, there is a quiescent stage similar to T. urticae. Populations of TRM increase rapidly at approximately 26°C and 30% 
humidity, although slightly higher temperatures and humidities have resulted in marginally faster developmental times 
(Bourne, 1952; Lamb, 1953; Davis, 1964; Abou-Awad, 1979). High humidity levels appear to slow the development of 
the mite only at high temperatures, but favor its development at lower temperatures (Rice and Strong, 1962; Perring and 
Farrar, 1986; Fischer and Mourrut-Salesse, 2005). Development was slowed when temperatures fluctuated around a mean 
compared with conditions at a constant temperature (Bourne, 1952; Lamb, 1953). Photoperiod was found to have no effect 
on TRM development (Davis, 1964). Temperatures up to 30°C are favorable for mite survival, but above 30°C survival is 
reduced by 22%. Females lay between 15 and 55 eggs over their life time (Monkman, 1992). Non-fertilized females pro-
duce only male eggs and fertilized females produce both male and female eggs (Flechtmann, 1974, 1977). Eggs hatch in 

FIGURE 5.5 Tomato russet mite adults, nymphs, and eggs.
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45–50 h at 21°C. The larval stage lives for 1 day while the nymphal stage for 2 days (Carmona, 1964; Osman, 1975; Abou-
Awad, 1979; Fischer and Mourrut-Salesse, 2005). Females start laying eggs as soon as they mature. Adults have been found 
to overwinter on nightshade weeds and petunias but are not reproductively active at this time (Bailey and Keifer, 1943; Kay, 
1986). Female mites disperse from dying host plants or overwintering sites by moving to the top of a plant and standing on 
their tapered posterior end allowing the wind to blow them away from the plant (Sloan, 1938; Keifer, 1952, 1966). At times 
several TRM females can form “dispersal chains” and they move as a group from the plant. Nightshade plants (Solanum 
spp.), Datura spp. and other solanaceous plants as well as Convolvulus arvensis L. can all serve as alternative hosts and 
sources of infestation (Zalom et al., 1986; Monkman, 1992).

4.3  Distribution, Host Range, and Seasonal Occurrence

The TRM is worldwide in distribution and occurs in all regions where tomatoes and other solanaceous crops are grown. 
There are few areas of the world where this pest is not present, with the exceptions being the furthest northern and southern 
latitudes, although it was reported in Antarctica (Lindquist et al., 1996; Máca, 2012).

Host range studies of TRM found it to be capable of reproducing on plants belonging to several solanaceous genera, 
as well as on field bindweed, morning glory, jimsonweed, sunberry, wild goose berry, and Chinese thorn apple (Perring 
and Farrar, 1986; Lindquist et al., 1996). By far the preferred host of TRM is tomato. There are some hosts (tobacco, some 
species of Convolvulus) listed in the literature that have been cited as hosts for TRM, but further studies demonstrated that 
those plants could not support reproduction. More detailed host lists can be found in Perring and Farrar (1986), Lindquist 
et al. (1996) and CABI (2013).

Tomato russet mites are a major pest in the tropical parts of the world year round. In subtropical areas they are a major 
pest during the summer and fall if weather conditions are warm (Lamb, 1953). In temperate areas TRM is a pest during 
the summer months, and will cause severe crop damage under the suitable environmental conditions of heat and humidity.

4.4  Damage, Losses, and Economic Thresholds

TRMs have piercing-sucking mouthparts and damage is usually found first on the lower leaves of a plant. TRM usually 
feeds on the undersides of leaves, but can also be found feeding on the stems of leaves and flowers. TRM removes cell 
contents from leaves, stems, and fruit cells. This feeding can produce a greasy appearance, which later becomes bronzed. 
Leaves may turn yellow, curl upwards, and dry out. Damage on tomatoes often starts on the lower leaves of a plant and 
moves upward. This feeding damage can be confused with nutritional deficiencies, plant disease, or water stress. Royalty 
and Perring (1988) and Petanović and Kielkiewicz (2010) showed that TRM feeding on tomato leaves resulted in the upper 
and lower epidermal cells being destroyed, although parenchyma cells were not damaged. Guard cells were also damaged, 
thereby inhibiting gas exchange and photosynthesis. Research also suggested that as TRM density increased, the feeding 
activity of each individual mite was intensified. Acu. lycopersici can cause serious reductions in yield in tomato crops, but 
usually only when young plants are exposed to attack.

Ace. lycopersici’s damage differs from TRM. Their feeding gives the feeding area a “fuzzy, hair like, or white mold” 
appearance (Massee, 1937; Jeppson et al., 1975). The mite’s feeding also causes misshapen leaves, curled leaf edges, and 
necrotic spots.

In some cases there have been losses up to 65% when young plants have become heavily infested shortly after trans-
planting (Eschiapati et al., 1975; Oliveira et al., 1982). Early infestations (25–30 days after transplanting (AT)) have led to 
60% yield reductions versus later infestations (55–70 days AT) leading to only a 5–10% reduction in yield (Eschiapati et al., 
1975; Estebanes-Gonzalez and Rodriguez-Navarro, 1991; Brust, 2013). Any stress on a tomato plant (drought, nutritional, 
disease, etc.) can lead to a TRM population increase on those stressed plants compared with plants that are not stressed 
(Estebanes-Gonzalez and Rodriguez-Navarro, 1991). When damage to lower plant parts increases, the mites move up to 
younger foliage. As plants begin to die, mites can move to the highest parts of the plant where they will be picked up by the 
wind. Although not common, Acu. lycopersici can be infected by the fungal pathogen, Hirsutella thompsonii F.E. Fisher 
(Cabrera, 1984).

Because TRM is so difficult to monitor using conventional methods and is so devastating in its damage to tomato plants, 
evaluating their population densities and the related yield losses has proved to be difficult. Thus thresholds for this mite in 
tomato have not been reliably determined. Growers should examine young tomato plants closely looking for the earliest 
symptoms of feeding from the mite. Look for bronzing on lower leaves and check these leaves and those immediately above 
them for mites. Once the initially damaged plants are found the area should be marked and checked again in a few days to 
see if mites and damage are increasing.
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5.  BROAD MITE, POLYPHAGOTARSONEMUS LATUS (BANKS)

5.1  Identification

Female mites are about 0.2 mm long and oval in shape. Their bodies are swollen in profile and transparent, light yellow to 
pale brown or green, and waxy with a faint, median stripe that forks near the back end of the body (Fig. 5.6) (Gerson, 1992; 
de Coss-Romero and Peña, 1998; Montasser et al., 2011).

Males are small (0.11 mm) and have relatively long legs. They are similar in color and lack the median stripe found in 
the females. The fourth pair of legs on the female is reduced to a slender long hair extending from the tip. The fourth pair 
of legs of males ends in strong claws that are used to pick up the female nymph and place her at right angles to the male’s 
body for transport and later mating (Peña et al., 1996; Ferreira et al., 2006).

Broad mite eggs are elliptical, gleaming, and colorless, about 0.08 mm long, and are covered with 30–40 scattered white 
knobs on the upper surface of each egg (Fig. 5.7) (Montasser et al., 2011). The distinctive egg is a key identifying charac-
teristic to use when confirming that plant damage is being caused by broad mites. When eggs hatch, larvae emerge that are 
roughly 0.05–0.1 mm long and due to minute ridges found on their skin appear white, but later become transparent. Larvae 
have three pairs of legs. After 2–3 days, the larva becomes a quiescent “pupa” that appears as a clear immobile engorged 
body that is pointed at both ends (Gerson, 1992; de Coss-Romero and Peña, 1998). The “pupa” is about 0.08 mm long. Once 
they molt from this stage they become adults, which have four pairs of legs.

5.2  Biology

Broad mites have a somewhat modified four stage life cycle: egg, larva, quiescent pupa (some researchers call this a nymphal 
or even a larval stage), and adult. Non-mated females lay male eggs; mated females lay female or male eggs at a 4:1 ratio 

FIGURE 5.6 Female adult broad mite on tomato leaf.

FIGURE 5.7 One broad mite egg on tomato leaf.
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(Ewing, 1939; Jones and Brown, 1983; Li et al., 1985; Ferreira et al., 2006). Female broad mites lay 1–6 eggs/day, 35–70 eggs 
over a 7–12-day period (Brown and Jones, 1983; Gerson, 1992; de Coss-Romero and Peña, 1998). Reproduction usually 
does not occur below 14°C or above 34°C. Males live 5–9 days while females live 8–13 days (Ewing, 1939; Brown and 
Jones, 1983; Li et al., 1985; Montasser et al., 2011). The eggs hatch in 2 or 3 days and emerge as larvae (Li et al., 1985; 
Gerson, 1992). Larvae are slow moving and do not disperse far. In 2 or 3 days, the larvae develop into a quiescent pupal 
stage. Quiescent female pupae become attractive to the males who pick them up and carry them to new foliage using their 
specialized appendages. The males then wait for the adult female to emerge at which time they immediately mate with her 
(Jones and Brown, 1983; Li et al., 1985; Gerson, 1992; Peña and Campbell, 2005). Although females are very active, males 
account for much of the dispersal of the broad mite population as they carry the quiescent female pupa to new areas on the 
plant (Gerson, 1992). It has been found that adult broad mites under certain circumstances disperse by phoresy (method of 
dispersal in which the mites cling to the surface of another arthropod animal to be carried to a new site) using green peach 
aphids and several whitefly species (Fan and Petitt, 1998; Ferreira et al., 2006).

5.3  Distribution, Host Range, and Seasonal Occurrence

Broad mites are worldwide in distribution in both field and protected areas. P. latus has a wide host range in tropical and sub-
tropical areas including 60 families of plants (Li et al., 1985; Grinberg et al., 2005; Ferreira et al., 2006; Alagarmalai et al., 
2009). In temperate climates it is a greenhouse pest throughout the year and a crop pest during the summer. Broad mites infest 
a great many ornamental plants such as African violet, azalea, begonia, Cannabis, chrysanthemums, cyclamen, dahlia, gerbera, 
gloxinia, jasmine, impatiens, lantana, marigold, snapdragon, verbena, and zinnia as well as crops such as apple, avocado, 
cantaloupe, castor, chili, citrus, coffee, cotton, eggplant, guava, papaya, pear, potato, sesame, string or pole beans, mango, 
tea, tomato, and watermelon (Rice and Strong, 1962; Peña and Campbell, 2005; Grinberg et al., 2005; Ferreira et al., 2006).

Broad mite is a major pest in the tropical parts of the world year round. In subtropical areas it is a major pest during 
the summer and fall if weather conditions are warm and wet (Li et al., 1985; Ferreira et al., 2006). In temperate areas it is 
a pest during the summer months, but under the right environmental conditions of heat and humidity it can cause severe 
damage—similar to TRM.

5.4  Damage, Losses, and Economic Thresholds

The dramatic effects of broad mite infestations and feeding become evident by the appearance of tissue damage and 
changes in plant morphology and physiology (Alagarmalai et al., 2009). The earlier the plants are infested by broad mites 
the greater the damage and reduction in yields (de Coss-Romero and Peña, 1998). Infested plants show growth inhibition 
and a decrease in leaf numbers and leaf area (Schoonhoven et al., 1978; Hill, 1983; Alagarmalai et al., 2009). Feeding by 
broad mites may cause leaves to bronze and thicken, become brittle, corky, or cupped downward, and narrower than normal 
because the mesophyll cells in the area collapse (Fig. 5.8).

FIGURE 5.8 Leaf deformation on pepper from broad mite feeding.
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Young stem growth may be distorted and stunted, and heavy feeding causes tomato flowers to die and drop off. Severely 
damaged plants may die. Broad mites cause damage even at low densities because they secrete a plant growth regulator–like 
toxin when they feed (Cross and Bassett, 1982; Nemesthoty et al., 1982; Peña, 1999). Mite damage can be confused with 
other plant problems such as viral diseases, micronutrient deficiencies, or herbicide injury. Even after control, damage may 
remain for weeks afterward (Schoonhoven et al., 1978; Nemesthoty et al., 1982). These factors make it challenging to make 
proper evaluations of control tactics, often leading to reports of control failures.

The broad mite’s minute size and ability to damage plants at very low densities generally results in plant injury serving 
as the first indication of an infestation. When damage is noted, terminals of symptomatic plants should be examined under 
magnification to verify the presence of broad mites (look for their eggs). Damage will usually start in small clumps in a field 
and can spread rapidly. As few as five broad mites on young plants may cause substantial plant damage leading to reduced 
fruit production. Tomatoes, however, are less susceptible to broad mite feeding compared to sweet pepper or cucumber, and 
can tolerate 5–10 broad mites on a small plant (Schoonhoven et al., 1978; Nemesthoty et al., 1982; Peña, 1999).

6.  MANAGEMENT

There are no reports on pest management practices for T. evansi, because there are so few studies on its population dynam-
ics and its predators on solanaceous crops. Therefore, this section will be a general discussion of mite management unless 
there are specific species to highlight.

6.1  Monitoring

Fields should be regularly inspected for mites to prevent population build up. However, the aggregated distribution of mites 
in the early infestation makes scouting for them challenging and a poor tool for predictive purposes (Lange and Bronson, 
1981; Park and Lee, 2007; Meck, 2010). Thus, scouting for mite feeeding damage is a better predictive tool. It is very diffi-
cult to control mite populations once they are established. Because damage symptoms can resemble nutrient deficiencies or 
plant disease, the presence of mites must be confirmed. There are methods to monitor mites used by researchers, but these 
are time consuming and labor intensive, and are not amenable to commercial grower situations.

6.2  Cultural Control

Basic crop sanitation helps in the control of all the mite species by keeping the area around the crop free of mite-weed hosts, 
which will reduce the sources of infestation (Kay, 1986). Some weeds are better at sustaining mite pests than others and 
these weeds, such as plantains, black nightshade, or solanaceous weeds should be targeted. Once harvest is complete, crop 
residues should be destroyed thus removing a breeding ground for the mites. Pruning back the affected plants and removing 
infested leaves will reduce pest numbers. For TSSM, dust management is particularly important. Dust on foliage makes it 
easier for mites to become a problem, although the mechanism of this effect has not been conclusively determined. There is 
evidence to show that dust interferes with mite predators and that the dust makes the foliage more hospitable for the mites. 
In many areas of the world there are periods of dry weather during the production of the tomato crop and the production 
of dust will be difficult to stop. Growing some type of cover crop around the field or between the field and an area of dust 
production can greatly reduce the amount of dust that is deposited on the tomato plant.

Tomato plants should be kept as healthy as possible by feeding, mulching, and watering at the proper levels (Varela 
et al., 2003). Water-stressed plants increase spider mite populations compared with the same plants without water stress 
(English-Loeb, 1990). Excessive nitrogen applications can cause succulent tomato plant growth, which can stimulate TSSM 
reproduction (van de Vrie et al., 1972).

6.3  Host-Plant Resistance

6.3.1  Tetranychus evansi

Some tomato varieties contain zingiberene, a sesquiterpene present in glandular trichomes of Lycopersicon hirsutum Dunal 
(ex. varieties PI-127826 and PI134414) (Maluf et al., 2001, 2007). Zingiberene content is markedly influenced by the 
density of glandular trichomes in tomato leaflets, especially type IV trichome density (see Luckwill (1943) for trichome 
classification). Higher densities of glandular trichomes (especially type IV and VI) decreased the distances walked by mites 
on the leaf surface (Maluf et al., 2001, 2007). Therefore, selection of tomato varieties with greater densities of glandular 
trichomes can be an effective tool to obtain tomato genotypes with greater levels of resistance (including repellency) to T. 
evansi (Maluf et al., 2007) and T. urticae (Alba et al., 2009).
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Fecundity and longevity of T. evansi on resistant varieties were negatively correlated with the density of trichome types 
I and IV, while these values were high for the susceptible variety “Money Maker” (Murungi et al., 2009). Onyambus et al. 
(2011) reported that T. evansi did not lay eggs and showed very short adult longevity on two (PI134417 and LA2285) out 
of eight tomato varieties that had trichome types IV and VI. Thus, it is possible to develop resistant tomato varieties against 
T. evansi and possibly other mite species (Onyambus et al., 2011).

Another possible resistance factor of tomato genotypes to T. evansi and other tetranychids is acyl sugars present in 
tomato leaflets (Resende et al., 2008; Alba et al., 2009; Maluf et al., 2010). The greater the concentration of acyl sugars 
the slower the movement of T. evansi on leaflets (2.6 vs. 12.4 mm after 60 min) (Kant et al., 2004; Resende et al., 2008).

6.3.2  Aculops lycopersici

In greenhouse and field studies conducted in Kenya, differences were observed in the levels of susceptibility to Acu. lyco-
persici among 12 varieties of tomato (Kamau et al., 1992). Plant damage from foliar feeding was tolerated better on the 
varieties Early Stone Improved and Beauty compared to the other 10 varieties. The variety that was most damaged by TRM 
feeding was Red Cloud, but the percentage yield loss was greatest on Hybrid Beefmaster and Oxheart, and lowest on Roma 
and Money Maker.

6.4  Biological Control

There has been much work done on the biocontrol of T. urticae, but not as much on the other mite pests. With any of 
the mites, conservation of natural enemies is the key management program a grower can undertake. This entails altering 
some agricultural practices to increase the numbers and activity of these predators, i.e., predatory beetles in the family 
Staphylinidae and Coccinellidae, lacewings, predatory thrips, Orius spp., mirid bugs, and predatory flies in the family 
Cecidomyiidae. This might include changing the type and rates of chemical pesticide applications, altering irrigation prac-
tices, growing cover crops and companion plants that help natural enemies, reducing dust production near the crop, etc.

Much work has been done on augmentative control, which involves the mass rearing of and release of TSSM preda-
tors. The most commonly available predatory mites that have proved most efficacious for TSSM control are in the family 
Phytoseiidae. There are many different species commercially available. Some phytoseiid mites are specialists such as 
Phytoseiulus persimilis Athias-Henriot which feed exclusively on spider mites such as T. urticae and T. cinnabarinus. P. 
persimilis can rapidly increase in numbers in response to surging spider mite populations and is good to use if a large mite 
outbreak is occurring (Nihoul, 1994; Drukker et al., 1997). However, P. persimilis is susceptible to population crashes as its 
food source (spider mites) becomes scarce, and at times has problems moving on tomato plants because of the trichomes on 
the leaves. P. persimilis performs best when released on plants already infested with TSSM (Nihoul, 1994; Drukker et al., 
1997). Combining P. persimilis with the predatory gall midge Feltiella acarisuga (Vallot) is particularly useful on tomato as 
the trichomes do not affect F. acarisuga and neither predator appears to interfere to any great extent with the other (Drukker 
et al., 1997).

Although P. persimilis is available in Europe, Africa, and Asia, other mites may be better suited for particular situa-
tions (Stoll, 1988; Seif et al., 2001). The mite predators Neoseiulus californicus (McGregor) and Neoseiulus cucumeris 
(Oudemans) are more adaptable generalist feeders (TSSM and broad mites), utilizing alternate food sources including pol-
len, which allows them to be used in the early part of the season to suppress early mite (TSSM and broad mite) outbreaks 
(McMurtry and Croft, 1997; Weintraub et al., 2003). Galendromus occidentalis (Nesbitt) tolerates high temperatures and 
low humidities (McMurtry and Croft, 1997). Amblyseius andersoni (Chant) is popular in Europe where it is available in 
slow release sachets embedded in long ribbons easily applied to crops. How many predatory mites to release depends on 
many things, such as the stage of the crop, cultivar, environment, area to be covered, release rates recommended, density 
of the pest. The release rate can be very site-specific and therefore growers need to work closely with the commercial bio-
control producer and university personnel to determine the best timing and density of a release for the best control potential 
(McMurtry and Croft, 1997).

Biological control agents for T. evansi were reviewed in detail by Navajas et al. (2013). Gutierrez and Etienne (1986) 
searched for natural enemies of T. evansi in South America. A few predators were found to be promising, such as the phy-
toseiid mite, Phytoseiulus longipes Evans (Badii, 1981; Furtado et al., 2006, 2007; Ferreira et al., 2006). Furtado et al. 
(2006) concluded that out of the 28 phytoseiid species surveyed on solanaceous plants, P. longipes is the most capable 
predator to control T. evansi, because it could easily move about on tomato leaves infested by T. evansi without being 
hampered by trichomes or the profuse webbing produced by the mites. The total fecundity of this predatory strain while 
feeding on T. evansi was similar to when it fed on T. urticae (Furtado et al., 2007). Another strain of P. longipes collected 
in Morocco resulted in a very low oviposition rate (0.1 eggs/day) when fed on T. evansi, compared with 2.7 eggs/day  
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when fed on T. urticae (de Moraes and McMurtry, 1987). Similar data were obtained in a Chilean strain, in which 89% of 
immatures did not complete their development when fed on T. evansi, although more than 90% of immatures reached adult-
hood when fed on T. urticae (Ferreira et al., 2006). Thus, there are conspicuous differences in feeding habits among P. lon-
gipes strains, although all strains belong to the same species (Furtado et al., 2007). The spider mite predators P. persimilis and  
N. californicus did not survive well when fed only T. evansi and probably should not be used for its management (de Moraes 
and McMurtry, 1987; Migeon et al., 2009).

When using augmentative release as a biocontrol strategy an important consideration is the quality of commercially 
available natural enemies. At times the quality of the shipment may be reduced due to poor production or shipping/handling 
preparations. Growers should evaluate the quantity and quality of each shipment of natural enemies as soon as the shipment 
arrives. Growers should calibrate their application rate by counting the number of active natural enemies and contact the 
supplier immediately if natural enemy quality is unsatisfactory.

While there are fewer studies on biocontrol of TRM and broad mites than the spider mites, there are predators that 
show potential. However, P. persimilis, which is a very important specialist predator of the TSSM, does not prey on TRM. 
Amblyseius fallacis (Garman) appears to survive and reproduce on and control both TSSM and TRM (Brodeur et al., 1997). 
There also may be potential for the use of Homeopronematus anconai (Baker) as a biological control agent as studies 
indicate that this predator can be effective in controlling TRM in tomato (Hessein and Perring, 1986, 1988; Perring and 
Farrar, 1986). The predatory mite Amblyseius swirskii Athias-Henriot was found to be a good predator of TRM and broad 
mite under laboratory and field conditions (van Maanen et al., 2010). Under field conditions A. swirskii was able to survive 
on maize pollen when broad mite densities became low (Momen and Abdel-Khalek, 2008; van Maanen et al., 2010; Onzo 
et al., 2012). N. cucumeris was found to control broad mite populations, but needed to be released on every plant or on every 
other plant; this release method resulted in controls equal to chemical applications (Schoonhoven et al., 1978; Waterhouse 
and Norris, 1987; Weintraub et al., 2003). Lower release rates resulted in poor control. Other studies have shown that 
Amblyseius largoensis (Muma) has potential as a biological control of broad mites (Rodrıguez et al., 2011). While there 
have been many studies examining other mite predators for control of mite pests on tomato under laboratory or greenhouse 
conditions, when moved to the field, few, if any, have been successful enough to warrant further study.

Other “biocontrols” include biopesticides such as entomopathogenic fungi. These fungi include Neozygites floridana 
(Weiser & Muma) (Humber et al., 1981; Maniania et al., 2008; Wekesa et al., 2008, 2010, 2011; Duarte et al., 2009; Ribeiro 
et al., 2009), Beauveria bassiana (Balsamo-Crivelli) Vuillemin, and Metarhizium anisopliae (Metchnikoff) Sorokin 
(Wekesa et al., 2005, 2006; Bugeme et al., 2008). de Faria and Wraight (2007) provided a list of commercially available 
species of the mycoacaricides for controlling tetranychid mites, in which 17 formulations from five fungal species were 
listed: B. bassiana, H. thompsonii, Isaria fumosorosea Wize, Lecanicillium muscarium (=Verticillium lecanii) R. Zare & 
W. Gams, and M. anisopliae (see also Maniania et al., 2008).

N. floridana has an optimal sporulation at 25°C and optimal germination between 25°C and 29°C, with the LC50 ranging 
from 3.16 to 3.47 days among three isolates at 29°C (Wekesa et al., 2010). Similarly, three of five isolates were pathogenic 
to T. evansi, and infestation rates by the fungal isolates on the mites were greater than 50% (Ribeiro et al., 2009). When both 
N. floridana and the phytoseiid mite P. longipes were simultaneously released on T. evansi infested leaflets, egg predation 
by P. longipes was greatly reduced because the predators spent increased time in self grooming, removing capilliconidia 
(from N. floridana) that were attached to their bodies (Wekesa et al., 2007). Other than the extra grooming there were no 
other effects of N. floridana on P. longipes.

For B. bassiana and M. anisopliae, optimal fungal germination was observed at 25°C and 30°C (Bugeme et al., 2008). 
Adults and deutonymphs of T. evansi were more susceptible to fungal infection than larval and protonymphal stages. While 
T. evansi eggs were found to be vulnerable to fungal infection, their mortality was dose-dependent (Wekesa et al., 2006). 
Under laboratory conditions M. anisopliae was pathogenic to adult females of T. evansi, causing mortality between 22% 
and 78% (Bugeme et al., 2008). All fungal isolates of B. bassiana showed similar results (Bugeme et al., 2008).

Chromobacterium subtsugae Martin is a naturally occurring, recently discovered bacterium, which produces a number 
of compounds that contribute to the formation of several complex modes of action, creating a biopesticide that is highly 
active against mites (Palmer and Vea, 2012). Control of mites using C. subtsugae is achieved by complex unique combina-
tions of repellency, oral toxicity, reduced egg hatching, and reduced fecundity. This bacterium has also been shown to have 
only minor effects on most beneficials (Palmer and Vea, 2012).

6.5  Chemical Control

By far the most common and effective method for controlling mite pests on tomatoes is by using synthetic chemicals. However, the 
non-judicious use of chemical compounds against other pests such as caterpillars or thrips can cause flare-up of mites, especially 
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TSSM. Only the common name of the chemical miticide will be provided and the chemicals presented here are not meant to be 
an exhaustive list of control options, but a general guide to the chemicals that are currently available and efficacious.

There are eight acaricides that consistently have shown efficacy on TSSM, TRM, and broad mites for many years: 
abamectin, acequinocyl, bifenazate, chlorfenapyr, etoxazole, fenpyroximate, milbemectin, and spiromesifen (Jensen and 
Mingochi, 1988; Liu, 2005; Walgenbach and Schoof, 2005, 2009, 2010a,b, 2011; Schuster, 2006; Schuster et al., 2009; 
Layton et al., 2011; Stansly and Kostyk, 2012, 2013). Abamectin serves as a good rescue miticide and offers residual con-
trol of TSSM (Walgenbach and Schoof, 2005, 2009). Bifenazate controls TSSM with less toxicity to predaceous mites and 
beneficial arthropods. Spiromesifen and fenpyroximate are slow acting contact controls that can take 2–5 days for results 
to be observed (CABI, 2005; Schuster, 2006; Schuster et al., 2009; Layton et al., 2011). Etoxazol is a translaminar growth-
regulating (molt inhibitor) miticide that is specific to plant feeding mites. It kills the eggs and nymphs of TSSM and steril-
izes the female adult, but does not adversely affect mite predators (Haji et al., 1988; CABI, 2005).

Experiments in Iran with six acaricides showed that bromopropylate, sulfur, and karathane were the most effective 
compounds for TRM (Baradaran-Anaraki and Daneshvar, 1992) while lambda-cyhalothrin or fluvalinate was found to 
give 98% control of TRM (Cheremushkina et al., 1991). Flubenzimine and abamectin were found to be the most effective 
treatments for TRM control followed by dicofol (dicofol is no longer used in many countries because of its toxicity to the 
environment) and dicofol plus tetradifon (Haji et al., 1988). Fourteen acaricides were tested against Acu. lycopersici on 
tomatoes in Australia (Kay and Shepherd, 1988). The most effective chemicals in controlling an established infestation 
were flubenzimine, cyhexatin, and azocyclotin. For best control of TRM, applications were needed every 7–10 days. Also, 
flubenzimine and cyhexatin were the most effective preventative treatments for TRM (Kay and Shepherd, 1988). Royalty 
and Perring (1988) found that judicious applications of avermectin B could provide good control of TRM while conserving 
its predator, H. anconai. Pesticides and spray oils were tested against broad mites with the most efficacious being: abamec-
tin, endosulfan, fenpyroximate, pyridaben, tebufenpyrad, dicofol, petroleum-based spray oils, and canola oil (Herron et al., 
1996; Peña, 1988).

There are three reports on chemical control of T. evansi; Blair (1989), Gotoh et al. (2011) and Nyoni et al. (2011). In one 
study pesticides were foliar-applied and five were soil-applied to determine control efficacy for T. evansi in Zimbabwe with 
48% of the chemicals tested being effective (Blair, 1989). A few chemicals such as binapacryl, cyhexatin, and dicofol are no 
longer used in some countries because of their toxicity to humans and environment. Out of 23 chemicals tested, 14 and 19 were 
effective to adult females and eggs of the Zimbabwean T. evansi strain, respectively (Blair, 1989).

Nine strains originating from Brazil, France, Kenya, Spain, Canary Island, Taiwan, and Japan (Kagoshima, Osaka, and 
Tokyo) were examined by Gotoh et al. (2011). All 11 chemicals tested were found to be effective for the control of T. evansi 
adults. Four strains used by Nyoni et al. (2011) were collected from Malawi and France. The LC50 values of four chemicals 
to adult females were variable. Only abamectin was considered to be effective to all four T. evansi strains tested (Nyoni 
et al., 2011). For bifenthrin, the LC50 values exceeded the recommended concentration in all four strains tested, and the 
LC50 values of two Malawian strains (1858–3560 mg/L) also were 20- to 39-fold greater than those of the two French strains 
(92.0–134.6 mg/L). For chlorpyriphos and fenpyroximate, LC50 values were similar among four strains (Nyoni et al., 2011).

Based on these studies, we recommend that the following chemicals should not be used to manage T. evansi: acephate, 
amitraz, bifenthrin, chlorpyriphos, cyflumetofen, dimethoate, flucythrinate, flufenoxuron, hexythiazox, and tetradifon 
because a marked resistance has already been documented in several studies. The present knowledge on chemical control 
suggests that 23 of the 35 acaricides could reduce T. evansi populations.

Calendar applications (spraying chemicals at regular predefined intervals rather than in response to pest populations) of 
chemicals increase the risk of resistance development in spider mites. This also applies to TRM and broad mites as well, 
but spider mites have a remarkable potential for rapid development of resistance (Cross and Bassett, 1982; Croft and Van 
de Baan, 1988; Peña, 1999; van Leeuwen et al., 2009; Ullah and Gotoh, 2013). Repeated use of acaricides with the same 
or similar modes of action should be avoided as this may lead to increased resistance. Development of resistance can be 
delayed by rotating acaricides; i.e., successively using acaricides with different modes of action, or by using mixtures of 
several compatible acaricides (Georghio, 1980; Ives et al., 2011; Ullah and Gotoh, 2013).

Other chemical controls include various “horticultural oils” that either are refined petroleum products (mineral oils) or 
plant-derived oils that can effectively reduce mite populations on tomatoes as long as coverage of the plant is thorough. 
These horticultural oils differ in their mode of action. One of the most direct pathways is by obstructing the air passages 
that mites use to breathe, causing them to suffocate. In other cases, the oils may interact with the fatty acids of the pest and 
degrade their lipid/waxy layer that normally keeps them from drying out, or the oils may interfere with the insect’s normal 
metabolic processes (Hamilton, 1993; Taverner, 2002). The petroleum oils have their impurities removed that are associ-
ated with plant injury. These refined, purified oils are mixed with an emulsifier, which then allows the oil and water to mix 
(Cranshaw and Baxendale, 2013). Horticultural oils when applied thoroughly to plants give results that are similar to the 
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best synthetic chemical compounds. However, it is difficult to apply the oils to the underside of the foliage or in tightly 
folded leaves where most of the mites are located. This inability to effectively apply the oils to tomato plants can result 
in spotty or reduced control of the mites. Though usually not as reliable as petroleum-based oils, some of the common 
plant-derived oils that have shown efficacy on mites include: caraway seed, citronella java, lemon eucalyptus, pennyroyal, 
peppermint, rosemary, sesame, thyme and cinnamon (Won-Il et al., 2004), Neem (Makundi and Kashenge, 2002), and 
Neem extract (http://www.infonet-biovision.org/PlantHealth/Plant-extract-Neem). Sulfur dust or wettable sulfur can be 
used although research shows that the efficacy of the sulfur products is especially variable (CABI, 2005).

7.  ECONOMICS OF MANAGEMENT STRATEGIES

For any of the mite pests discussed in this chapter, cultural control is necessary to reduce mite infestations. This includes 
making sure that mites are not introduced to the field with transplants. Once mite numbers are causing damage, the most 
economical control is the judicial use of a chemical miticide, either synthetic or organic. The key is to find the mite infesta-
tions early enough so that horticultural oils or natural enemies can be utilized to their best extent. Discovering infestations 
later when mite populations are widespread and yield reducing will necessitate the use of several synthetic chemical appli-
cations. While endemic predators of mites should be encouraged in the tomato system, inundative or augmentative releases 
of predatory mites in a field situation may not be as economical as chemical applications.

8.  FUTURE PROSPECTS

Proper, timely, and cost-effective monitoring of mites in a tomato field is one of the most important priorities for develop-
ing good IPM programs. As it stands now, there is no reliable cost-effective method to detect low, scattered mite densities, 
which would allow growers to use more options for control. Biological control using augmentative methods may be cost 
prohibitive for most small-land holders, therefore new mass-rearing methods are needed to reduce the costs. The appli-
cation of biocontrol agents is still relatively primitive and more work is needed to examine how it could be done more 
efficiently and cost-effectively. Some tomato cultivars have shown moderate to high levels of resistance to mites and the 
factors that induce resistance are inherited, thus breeding for some levels of resistance to mites should be a priority for 
future integrated management programs.

In Japan T. evansi never causes much damage to nightshade plants. Analysis of the cause of this phenomenon may lead 
to a new control method. On the other hand, Furtado et al. (2007) pointed out that natural enemies can control T. evansi on 
nightshade, although they did not show any data on population dynamics. For confirming why T. evansi does not increase 
its population density and damage nightshade plants, we need to examine and compare patterns of population dynamics on 
solanaceous crops and weeds. Additionally, there is little information on the distribution of T. evansi in China and the United 
States. This information would be helpful in estimating the invasion route from South America to Pacific Rim counties.

Fungal and bacterial endophytes are microscopic organisms that are present in all plant species. These organisms have 
been found at times to reduce pest feeding on plant hosts through the production of inhibitory chemicals. In some grass spe-
cies these fungal endophytes have been utilized as biocontrols by successfully reducing insect pest populations and damage 
while increasing host growth. The utilization of endophytes in broadleaf or vegetable plants is just at the beginning stages. 
Research is needed to identify which endophytes are present in vegetables and how they can be best utilized for control of 
mite pests within an integrated pest management system.
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1.  INTRODUCTION

Tomato (Solanum lycopersicum L.) is a host for a diverse array of arthropod pests including several species of Lepidoptera. 
Some of these pests are more problematic and widespread than others. This chapter concerns nine of the particularly prob-
lematic lepidopterans (Helicoverpa armigera (Hübner), Helicoverpa zea (Boddie), Keiferia lycopersicella (Walsingham), 
Manduca quinquemaculata (Haworth), Manduca sexta (L.), Phthorimaea operculella (Zeller), Spodoptera exigua (Hübner), 
Spodoptera litura (F.), and Tuta absoluta (Meyrick)) attacking tomato. These species are diverse in their feeding nature, 
attacking foliage, stems, immature, and ripe fruits. Moreover, some are polyphagous while others are known to feed only 
on a few species. Nevertheless, all of these insects have host plants other than tomato. Because some of these pests are more 
adaptive, they tend to be more damaging in some regions. Several tools for an integrated pest management (IPM) approach 
are available to relieve the problems on tomato from these lepidopterans, and some of these tools are well-suited for use 
against multiple lepidopterous pests.

2.  TOMATO FRUITWORM, HELICOVERPA ARMIGERA (HÜBNER)

H. armigera (tomato fruitworm, old world bollworm, African cotton bollworm, tomato worm, or corn earworm) is a 
polyphagous and highly mobile insect pest which continues to spread to new environments around the world.

2.1  Description and Biology

Adult H. armigera males are usually pale yellow with an olive green color, while adult females are reddish-brown. The 
female moths typically emerge first during the season, and live longer than males. Pearson (1958) reported that longevity 
varied from 1 to 23 days for males and 5–28 days for females, while Bhatt and Patel (2001) reported a lifespan of about 
51 days for males and 54 days for females. Females lay eggs singly and scattered, usually on or near leaflets, floral buds, 
or young fruit. They prefer to oviposit on hairy surfaces of plants with peak egg laying before or during host flowering 
(King, 1994). A female can lay 730 to 1702 eggs, with a maximum of 4394 eggs within 10–23 days (King, 1994; Fowler 
and Lakin, 2001). The eggs hatch in 3 days at 25°C and may take 10–11 days at low temperatures (CABI, 2016a). Upon 
hatching, neonate larvae are creamy white with dark brown or black heads with prominent spines on the body. Older 
larvae vary in color from pale green to brown to black with lateral stripes on the body (Fig. 6.1A). The larval period is 
about 15–25 days; there are six instars. Later larval instars are found singly on fruit or on other plant parts, as they are 
known to be cannibalistic (Twine, 1971; Kakimoto et al., 2003). Pupation occurs in the soil, and lasts about 10–14 days. 
Pupae are dark brown.
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2.2  Distribution, Host Range, and Seasonal Occurrence

H. armigera damages and feeds on at least 180 cultivated and wild plant species in 45 families (Venette et al., 2003a). 
Its distribution is expanding and includes at least 145 countries and territories (51 in Africa, 42 in Asia, 29 in Europe, 
20 in Oceania, and 3 in South America) (Sullivan and Molet, 2014). In late 2014, adults were collected in traps in 
several locations in Puerto Rico (USDA-APHIS, 2014). Subsequently, a male specimen was captured in a pheromone 
trap in the state of Florida in the United States in June 2015 (Hayden and Brambila, 2015). Beyond three males being 
detected in traps in June and July in Forida in 2015, no additional H. armigera specimens have been detected after 
nearly a year of continuous extensive trapping, which suggests that this was an isolated regulatory incident on the United States 
mainland (USDA-APHIS, 2016). Yet, as illustrated by its spread around the world, there is concern about populations 
of this pest becoming established in North America. H. armigera can have continuous populations throughout the 
year in tropical areas (Fitt, 1989). Yet, its distribution range is extended by its migration and overwintering abilities 
(Fitt, 1989; Gregg et al., 1993). Depending on certain climatic conditions, it may spend parts of its seasonal cycle 
in diapause. For example, diapause occurs when larvae are exposed to day lengths of 11.5–12.5 h and low tempera-
tures (19–23°C) or extended periods of hot and dry conditions (≥35°C) (King, 1994; Zhou et al., 2000; Shimizu 
and Fujisaki, 2002). Pupae can also enter a summer diapause during prolonged hot (above 37°C) and dry conditions 
(Nibouche, 1998). In addition, facultative pupal diapause can be induced in cooler areas (15–23°C) with shortened 
day lengths (11–14 h/day) (CABI, 2016a).

2.3  Damage, Economic Thresholds, and Losses

H. armigera is a major economic pest of many agricultural and horticultural crops (Torres-Villa et al., 1996). More dam-
age has been observed in tropical regions compared with temperate regions, which may be a result of more generations 
in the tropics (USDA-APHIS, 2014). Neonate larvae feed on the surfaces of leaves or floral buds, but older larvae prefer to 
feed on fruits. The larvae make holes in fruits and then thrust their heads inside to feed (Fig. 6.1B). The holes are circular 
and often surrounded by fecal pellets. The larva can feed on the inner contents and may hollow out the fruit. Severely dam-
aged fruits may rot and drop to the ground. This pest was estimated to cause 5–55% loss in most tomato-producing areas 
in the world (Kashyap and Batra, 1987). Global losses from this pest can be in excess of $2 billion annually (Hayden and 
Brambila, 2015).

2.4  Management

2.4.1  Crop Rotation

Although long distance host location by H. armigera is not well understood, field and laboratory studies have demonstrated 
the ability of the adults to discriminate between hosts and non-hosts within a short range (Jallow et al., 2004). The size of 
local populations of H. armigera is important because of the immediate threat to local crops, and crop rotation can help 
to mitigate attack from this pest. Some host plants such as corn (maize) (Zea mays L.) and okra (Abelmoschus esculentus 
(L.) Moench) have contrasting assets because they are good for attraction and attack by H. armigera, but the hosts can be 
relatively inferior for survival and fecundity of the offspring compared with some other hosts (Jallow et al., 2001). In 

larva

(A) (B)

FIGURE 6.1 (A) Larvae Helicoverpa armigera on tomato fruits and (B) larva feeding with head inside a tomato fruit.
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addition to tomato, crops such as chickpea (Cicer arietinum L.) or cotton (Gossypium spp.) are particularly good hosts for 
building up populations of H. armigera in response to favorable life-table parameters (Feng et al., 2010; Razmjou et al., 
2014). If growers plant tomato after a previous tomato crop or follow with other host plants, e.g., chickpea, corn, or cotton, 
damage will be higher from the emerging H. armigera than the previous crop. The tomato crop can be rotated with a non-
host cereal crop, cucurbit, or cruciferous vegetable to reduce infestation and damage to tomato by H. armigera.

2.4.2  Trap Crops

Planting African marigold (Tagetes erecta L.) longitudinally as a trap crop on both sides of 10 or 15 rows of tomato has 
been shown to reduce the incidence of H. armigera (Srinivasan et al., 1994). Tropical soda apple (Solanum viarum Dunal) is 
an excellent ovipositional attractant that does not support the development of H. armigera larvae, thus it serves as a “dead-
end” trap crop (Srinivasan et al., 2013).

2.4.3  Host-Plant Resistance

Planting H. armigera-resistant tomato cultivars would reduce pest damage, however, commercial tomato cultivars with 
appreciable levels of resistance are not available. Germplasm screening at AVRDC—The World Vegetable Center in 
Taiwan—revealed the presence of high levels of H. armigera resistance only in wild Solanum species, particularly Solanum 
habrochaites S. Knapp & D.M. Spooner and Solanum pennellii Correll. Efforts on introgressing resistance from wild spe-
cies into cultivated tomato resulted in resistant accessions, but with small fruits (Talekar et al., 2006). Leaves and fruits of 
transgenic tomato plants, that were transformed using a synthetic Cry1Ac gene coding for an insecticidal crystal protein 
of Bacillus thuringiensis (Bt) Berliner and highly specific to H. armigera, were demonstrated to be highly resistant to the 
larvae of H. armigera (Mandaokar et al., 2000). Among other genetic studies, the GroEL homolog XnGroEL protein of 
Xenorhabdus nematophila in tomato (Kumari et al., 2015) and host-induced RNA interference (HI-RNAi) by chitinase 
genes were demonstrated to enhance resistance of tomato to H. armigera (Mamta et al., 2015).

2.4.4  Pheromone-Mediated Management Tools

Traps using H. armigera sex pheromone can be used to monitor, mass trap, or disrupt male moths during the mating period. 
Traps baited with H. armigera pheromone lure adult males, and the data can be used to predict population buildup in the 
field. However, mass trapping may have limited direct effect when there are multiple host species in or near tomato produc-
tion systems in the tropics. High concentrations of pheromone can be placed in the field to permeate the air and overwhelm 
the males making it very difficult for the males to locate a receptive female (AVRDC, 1988). Failure to mate results in no 
egg production or in only non-viable eggs. Thus, the population is reduced.

2.4.5  Biological Control

A large suite of natural enemies (at least 290 parasitoids, predators, and pathogens) attack H. armigera (Ahmad, 2003). 
The parasitoids (at least 163 species) attack eggs, larvae, and pupae of H. armigera; they are represented by two fami-
lies of Diptera (37 species of Sarcophagidae and Tachinidae) while the other species are in eight families (primarily 
Braconidae, Ichneumonidae, and Trichogrmmatidae) in the order Hymenoptera (Romeis and Shanower, 1996; Ahmad, 
2003). The predators (at least 127 species) are generalist in 7 orders of arthropods (Araneae, Coleoptera, Dermaptera, 
Hemiptera, Hymenoptera, Mantodea, and Neuroptera) with most of the species occurring in Hemiptera and Coleoptera 
(Romeis and Shanower, 1996; Ahmad, 2003). The predators primarily attack eggs and larvae; three species of Carabidae 
and Labiduridae also attack the pupal stage, and two species of spiders have been reported to prey on the adult stage of  
H. armigera (Romeis and Shanower, 1996; Ahmad, 2003). The pathogens (at least 10 viral, fungal, bacterial, protozoa, and 
nematode species) attack the larval stage of H. armigera (Ahmad, 2003). The incidence of attack and distribution of the 
natural enemies varies by region and can be affected by host plant and climate (van den Berg et al., 1988; Romeis and 
Shanower, 1996). Egg parasitoids (e.g., Trichogramma pretiosum Riley) and larval parasitoids (e.g., Campoletis chlo-
rideae Uchida) can be conserved and/or released in tomato fields at regular intervals to curb the buildup of H. armigera 
(Romeis and Shanower, 1996).

2.4.6  Biopesticides

H. armigera has developed resistance to multiple classes of insecticides (Qayyum et al., 2015a). However, com-
mercially available biopesticides based on B. thuringiensis (Bibi et al., 2013), H. armigera nucleopolyhedrovirus 



134 SECTION | II Global Pests of Tomato

(HaNPV) (Jayewar and Sonkamble, 2015), and neem (Azadirachta indica A. Juss.) (Yadav et al., 2015) can be used 
against H. armigera. These microbial control agents in different combinations exhibited enhanced efficacy against H. 
armigera (Wakil et al., 2012, 2013; Qayyum et al., 2015b). Endophytic fungi also has potential to control H. armigera 
(Qayyum et al., 2015c).

3.  TOMATO FRUITWORM, HELICOVERPA ZEA (BODDIE)

H. zea is an important polyphagous insect pest of tomato and other crops, especially in the United States. Depending 
on the host, its common names include tomato fruitworm, corn earworm, sorghum headworm, vetchworm, and cotton 
bollworm.

3.1  Description and Biology

H. zea adults are medium-sized moths with a wingspan of 32–45 mm. The color of the adults varies, but the forewings 
generally appear yellowish-brown with a dark spot near the center (Fig. 6.2A). On the hind wings, a dark band flows 
toward the wing margins, but the wing margin and remaining part appears creamy white (Gilligan and Passoa, 2014). Eggs 
are pale green, turning yellow near hatching, and appear as a flattened sphere with several ridges originating from the top 
center. Larvae of H. zea and H. armigera appear identical. The larvae (Fig. 6.2B) range in colors, including brown, green, 
pinkish, yellowish, or blackish from early to late instars (Flood et al., 2005). They vary in size from 1.5 mm in neonates to 
25 mm toward maturity. The head capsule appears orange or light brown with white net–like markings. Larvae usually have 
a broad, dark band running laterally down their back located above the spiracles and a lighter band below. Pupation occurs 
in the soil, and the brownish pupae are 18–19 mm long (Quaintance and Brues, 1905). A female lays 35 eggs a day, with 
500–3000 eggs in its lifetime (Capinera, 2001). Neonates emerge from eggs after 3–4 days and start feeding on tender foli-
age, but increasingly prefer fruiting structures as they mature. There are generally 5–6 larval instars, with the larval period 
lasting 2–3 weeks under field conditions (Capinera, 2001). In general, a single larva invades a fruiting structure. Pupae can 
overwinter in the fall. Depending on environment, the life cycle of H. zea is completed in about 30 days with 1–7 genera-
tions in a year (Capinera, 2001).

3.2  Distribution, Host Range, and Seasonal Occurrence

H. zea is widely distributed in North, Central, and South America, the Caribbean Basin, as well as Hawaii and some 
other Pacific Islands (Hardwick, 1965). High levels of crop damage are observed late in the season in the United 
States (Flint, 1998). Weather regimes and wind patterns are the most influential components for migration of the adults 
(Sandstrom et al., 2007). The moths can travel several hundred kilometers in a single night (Westbrook, 2008). They 
are active year round in tropical and subtropical climates and are multivoltine in temperate climates. There is one gen-
eration per year in the northern areas of North America (e.g., southern Canada, Minnesota, and Wisconsin) (Capinera, 
2007), two–three generations in the northeastern and northwestern United States (e.g., Maryland and Oregon) (Coop 
et al., 1993), three–four generations in the South Central United States (e.g., Arkansas and Kentucky) (Isely, 1935), and 
between four and seven generations in the southern United States (e.g., Louisiana, Florida, and Texas) (Capinera, 2007). 
Larvae from the mobile adults damage several crops during the multiple generations each year (Westbrook and Lopez, 

(A) (B)

FIGURE 6.2 (A) Adult Helicoverpa zea and (B) larva on tomato fruit and hole damage from feeding.
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2010), but it prefers corn (Neunzig, 1969). Over 150 plant species are hosts for H. zea (Gilligan and Passoa, 2014). This 
includes species within the families Fabaceae, Malvaceae, Poaceae, and Solanaceae (Camelo et al., 2011) and over 30 
species of cultivated plants (Blanco et al., 2007).

3.3  Damage, Economic Thresholds, and Losses

Heavy and frequent losses caused by H. zea occur in fields and gardens, and sometimes damage also occur in trees, orna-
mentals, and greenhouse crops. Larvae feed on many plant parts, preferring flowers and fruits; mature larvae (Fig. 6.2B) 
can feed on multiple fruits (Capinera, 2001). Late plantings may result in 100% fruit damage. Locating 7 damaged fruits 
out of 100 randomly sampled fruits indicates a need for immediate insecticide treatment (Flint, 1998). An action threshold 
regimen with minimum fruit damage, reduced number of insecticide sprays, and maximum yield returns was determined 
when the first insecticidal application was made when 10% of the sampled tomato plants were infested with H. zea eggs, 
and the second spray was made when more than 3 damaged fruits/100 market-sized unripe fruits were observed (Kuhar 
et al., 2006). The high fecundity rate, polyphagous feeding behavior, high mobility, seasonal migration, and facultative 
pupal diapause of H. zea contribute to its high pest status.

3.4  Management

Since the mid-19th century, there has been a quest to protect field crops and gardens from H. zea in the United States 
Control strategies to manage H. zea fall into two broad categories: overall pest reduction and crop-targeted protection from 
pests. IPM has been the preferred tool to control this pest (Bottrell, 1979).

3.4.1  Trapping

H. zea is often monitored for population indices and expected infestation using a four-component sex pheromone (Klun 
et al., 1980). Light traps can also be used to provide information on infestation (Walgenbach et al., 1989), but this tool 
is labor-intensive and often rejected by growers. Instead, pheromone traps are the more accepted trap used by grow-
ers due to species specificity and its feasibility of use. Pheromone traps also revealed that the wild tomato species (S. 
habrochaites = Lycopersicon hirsutum Dunal) are more preferred by H. zea for oviposition than commercial tomato 
(Campbell, 1990). Advanced technologies have led to careful observations of the movement of adult H. zea using aerial 
collections, digital imaging, and radar (Westbrook, 2008) which may aid in population monitoring of H. zea in a given 
region.

3.4.2  Cultural Control

Intercropping corn into tomato fields effectively diverted the pest infestation from tomato to corn borders resulting in a 
reduced population level of H. zea in tomato fields; Sugar, Jean, and Java varieties of corn served as good trap crops (Rhino 
et al., 2014). Crop rotation, disking, and culling plants immediately after harvest, and deep plowing can help suppress 
populations of H. zea (Flint, 1998). To avoid the synchrony between oviposition and susceptible plant stage, timely or early 
planting help control H. zea (Hardwick, 1965; Flood et al., 2005).

3.4.3  Physical Control

Abiotic factors (e.g., rain and wind) can impact the survival of H. zea (Nuessly and Sterling, 1994). At 10% relative humid-
ity (RH), the survival of H. zea eggs was reduced by up to 50% when the exposure temperature was raised from 30 to 40°C 
for 4 h; 100% mortality occurred within 8 h at 40°C and 10% RH (Fye and Surber, 1971). Thus, hot ambient temperatures 
can reduce egg survival. Abiotic factors that affect the populations can be used to help model and predict populations of 
H. zea.

3.4.4  Host-Plant Resistance

Host-plant resistance to H. zea was first reported in sweet corn (Z. mays) (Collins and Kempton, 1917). Yet, tomato plants 
can respond to H. zea oviposition as a signal to restrict subsequent herbivory, and larval emergence induces an increased 
level of plant defense against herbivores (Kim et al., 2012). Oviposition on tomato plants resulted in a higher expression 
of pin2, a gene encoding defense proteins against herbivores, and feeding by H. zea is the source of cross-resistance (Kim 
et al., 2012). Feeding by H. zea can enhance tomato plant resistance to the potato aphid (Macrosiphum euphorbiae Thomas) 
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and the two-spotted spider mite (Tetranychus urticae Koch) (Stout et al., 1998). The extract of Clitoria ternatea L. has been 
introduced as “Sero-X,” a formulation that could be used effectively against Helicoverpa spp. and sucking insect pests of 
vegetables (Mensah et al., 2014). The treatment of methyl JA (methyl jasmonic acid) to a susceptible tomato mutant reinstated 
its normal wound response to herbivory, enhanced resistance to H. zea, and increased leaf trichome density (Tian et al., 2014).

3.4.5  Biological Control

Insects in the genus Trichogramma are the most efficient parasitoids of H. zea (Vargas and Nishida, 1980). For example, 
T. pretiosum were shown to destroy 40% of H. zea eggs in tomato fields in southern California, and 80% of the eggs in the 
Sacramento Valley, California, United States (Flint, 1998). Important H. zea larval parasitoids include Hyposoter exiguae 
(Viereck) (Flint, 1998), Archytas marmoratus (Townsend) (Gross, 1990), Campoletis spp. (Capinera, 2001), Cotesia spp. 
(Tipping et al., 2005), Eucelatoria bryani Sabrosky and Eucelatoria robentis (Coquillett) (Reitz, 1996), and Microplitis 
cropeipes (Cresson) (Herbert et al., 1993).

Several generalist predators feed on eggs and larvae of Helicoverpa spp. In Kentucky (United States), Nabidae was the 
major predator group reported to feed on Helicoverpa in soybean (about 50% predation of eggs and larvae). Coleomegilla 
maculata DeGeer resulted in about 45% predation of eggs and larvae in corn and other predators such as Geocoris punc-
tipes (Say) in soybean, and Orius insidiosus (Say) and Lygus lineolaris Palisot de Beauvois in sweet corn caused ≥10% egg 
predation (Pfannenstiel and Yeargan, 2002).

Entomopathogenic nematodes in the genus Steinernema can infect pupal and pre-pupal H. zea (Raulston et al., 1992). 
Steinernema riobravis Cabanillas, Poinar and Raulston, caused pupal mortality against H. zea in the southern United States 
(Feaster and Steinkraus, 1996). Nuclear polyhedrosis viruses have also been evaluated as biocontrol agents against H. zea 
on several crops (Washburn et al., 2001). Higher insecticidal activity of NPV of Anagrapha falcifera Kirby (AfNPV) 
against H. zea was observed on tomato and corn than on collard (Brassica oleracea L. var. acephala de Condolle), snap 
bean (Phaseolus vulgaris L.), and cotton (Farrar and Ridgway, 2000). B. thuringiensis can control 40–60% of larval 
population of H. zea, especially when applied for young larvae (Flint, 1998). B. thuringiensis dust (Dipel) and liquid for-
mulations (Thuricide) are generally effective and provide long-term H. zea control on homegrown tomato (Williamson, 
2014). A concealed feeding habit protects H. zea against foliar insecticides; however, transgenic crops lack this issue as 
toxins are expressed within all plant tissues (Sims et al., 1996).

3.4.6  Autocidal Control

The inherited sterility (IS) technique can be used to effectively control the population of H. zea. The long-term release of 
irradiated H. zea (100 Gy) reduced or delayed the occurrence of wild males, and the resulting F1 sterility was detrimental to 
the overall population growth of H. zea (Carpenter and Gross, 1993). The compatibility of F1 sterility with other manage-
ment methods against H. zea has been confirmed in several studies. For instance, Hamm and Carpenter (1997) successfully 
used nuclear polyhedrosis viruses with F1 sterility, and host-plant resistance was used with F1 sterility by Carpenter and 
Wiseman (1992) to control H. zea. F1 progeny from irradiated males and wild females was also a suitable host for an H. zea 
larval parasitoid, A. marmoratus (Mannion et al., 1995).

3.4.7  Chemical Control

Insecticide management for H. zea is focused on the early instars. Long-term use of pyrethroids has resulted in popula-
tions of H. zea resistant to several insecticides (Flood and Rabaey, 2007). Insecticides with low-to-moderate control levels 
against H. zea on tomato include carbaryl, endosulfan, indoxacarb, methomyl, and methoxyfenozide, but spinosad provided 
the best control among these (Weinzierl, 2007). Indoxacarb (at 2.4–6.0 g ai/100 L), deltamethrin (at 21.5 g ai/100 L), and 
triflumuron (at 15 g ai/100 L) all provided up to 80% control of H. zea on tomato crops (Martinelli et al., 2003). When the 
systemic chlorantraniliprole was used as a drip chemigation treatment, the percentage of tomato damaged by H. zea was 
reduced when compared to a foliar application (Kuhar et al., 2010). The safety of an anthranilic diamide formulation (cya-
zypyr 10% OD) to field populations of natural enemies of tomato insect pests was reported recently (Mandal, 2012). The 
effects of six insecticides belonging to different groups (lambda-cyhalothrin, spinosad, thiodicarb, chlorfenapyr, indoxa-
carb, and emamectin benzoate) on H. zea were determined on cotton. Spinosad and thiodicarb effectively controlled H. zea 
and usage rates of lambda-cyhalothrin, spinosad, and thiodicarb to control H. zea infestation were reduced (Brickle et al., 
2001). A study of two silicon minerals, wollastonite and olivine (acidulated and non-acidulated), revealed an effect of oliv-
ine on growth of H. zea compared to wollastonite which suggests an opportunity for future research to identify the safety 
of this mineral as a dust insecticide against Helicoverpa spp. (Stanley et al., 2014).
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4.  TOMATO PINWORM, KEIFERIA LYCOPERSICELLA (WALSINGHAM)

K. lycopersicella, tomato pinworm, is a major pest of tomato in tropical and subtropical regions of the United States.

4.1  Description and Biology

Elmore and Howland (1943) and Capinera (2001) provided excellent reviews of the biology of K. lycopersicella. 
Development from oviposition to adult requires 456 DD at a threshold temperature of 9.5°C (Weinberg and Lange, 
1980). Eggs are laid singly or in groups of two or three on host-plant foliage. Eggs typically hatch in 4–7 days (Capinera, 
2001). Newly deposited eggs are pale yellow, turning orange before hatching. There are four larval instars. Capps (1946) 
provided a key to identify larvae of K. lycopersicella and other species with which it might be confused. The first instar 
spins silk over itself and tunnels into the leaf. First and second instars are less than 1 mm long, yellowish-gray with a 
dark head capsule, and are typically found inside leaf mines, where they deposit their feces in a pile at the entrance 
(Capinera, 2001). As the larva matures, it develops darker pigmentation (first orange, then purple) on the dorsum of the 
abdomen (Capps, 1946). This irregular pigmented region contains two light-colored circular spots and two elongated 
light-colored sections that can be used as characters to identify this species (Capps, 1946). The third and fourth instars 
feed from within tied or folded leaves or bore into stems or fruits. Mature larvae pupate near the soil surface in loosely 
woven cells covered with soil particles. Pupae are initially green and then turn brown as they age. Adults emerge in 
2–4 weeks as small gray moths with a wingspan of 10 mm (Capinera, 2001). Mating begins soon after adult eclosion and 
usually occurs at night (McLaughlin et al., 1979).

4.2  Distribution, Host Range, and Seasonal Occurrence

Apparently native to Central America, K. lycopersicella was first found in California, United States in 1923 (Capinera, 
2001). It occurs in warm regions of Central, South, and North America as well as the Caribbean Islands and Hawaii. 
Populations also occur in greenhouses throughout North America. This pest can feed and develop on many species within 
the family Solanaceae including potato (Solanum tuberosum L.), eggplant (Solanum melongena L.), and several night-
shades and nettles (Solanum spp.), but it strongly prefers tomato (Batiste and Olson, 1973; Schuster, 1989). It can complete 
up to eight generations per year. In warm regions, K. lycopersicella can complete a generation in 30 days (Lin and Trumble, 
1985). It does not undergo diapause.

4.3  Damage, Economic Thresholds, and Losses

Small larvae of K. lycopersicella feed on leaves, causing blotch-type mines, while large larvae tie leaves and bore into fruit 
(Fig. 6.3). Infestation levels and damage can reach 100% in southern California, South Florida, or in greenhouses if imme-
diate control measures are not taken (Capinera, 2001; Natwick et al., 2014). It causes indirect damage to tomato plants by 
mining and folding leaves and causes direct damage by boring into fruit leaving a small “pin-size” hole. Secondary damage 
may also result when plant tissues become infected by pathogens, usually resulting in plant death or fruit rot. Fruit damage 

FIGURE 6.3 Larva of Keiferia lycopersicella on tomato fruit and feeding damage. Adapted from Alton N. Sparks Jr., University of Georgia, Bugwood.org.
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is usually greatest in the lower canopy of the plant (Wellik et al., 1979). A density of about one larva per plant can cause 
economic damage to tomato (Capinera, 2001).

4.4  Management

Although damage by this pest can be quite severe, an IPM program based on intensive sampling, parasitoid releases, use of 
mating disruption, and applications of selective insecticides can significantly reduce K. lycopersicella densities and con-
comitant feeding damage (Trumble and Alvarado-Rodriguez, 1993).

4.4.1  Monitoring and Trapping

The sex pheromone of K. lycopersicella was identified as a 96:4 mixture of [E]-4:[Z]-4-tridecenyl acetate (Charlton et al., 
1991). Pheromone-baited delta traps or other types of traps can be used to monitor K. lycopersicella adults to time insec-
ticide applications or when to start visual sampling (van Steenwyk et al., 1983). Although van Steenwyk et al. (1983) sug-
gested an action threshold of 10 months per trap per night, pheromone trap catch density is probably too variable to base 
control decisions, but it can be used as an indicator of mating activity and the need for field scouting. California tomato 
production guidelines recommend that traps be installed at planting at the density of one per 4 ha and be checked twice per 
week until harvest (Natwick et al., 2014). Plant inspections for larvae should begin as soon as moths are caught in traps. 
Because leaf mines and folded leaf shelters are conspicuous, visual inspections can be used to sample for K. lycopersi-
cella larvae. Wellik et al. (1979) suggested that the lower canopy stratum be sampled. Natwick et al. (2014) recommended 
inspecting foliage in California tomatoes as soon as seedlings are well established. Treatment is advised when an average 
of 1–2 larvae per 2-m row section is found.

4.4.2  Sanitation, Regulatory, and Cultural Control

Sanitation is an important first step in reducing pest populations. Infestations, particularly in colder-climate regions, often 
result from the movement or shipment of pinworms on transplants, or in picking containers, crates, or infested fruit regions 
or greenhouses with established populations of K. lycopersicella. Outbreaks may also result from populations perpetuated 
on plants left in fields after harvest or left in seed flats or compost heaps. Pena and Waddill (1985) reported very high infes-
tation levels of pinworms in volunteer (self-sown) tomatoes growing in fields in South Florida that were harvested previ-
ously, then abandoned or mowed. Thus, infested plants and culled tomatoes should be destroyed after harvest to eliminate 
or reduce breeding populations (Capinera, 2001). Tomatoes planted near infested greenhouses are also susceptible to pest 
outbreaks. In the United States, a combination of crop rotation with a host-free period has become an essential IPM com-
ponent for reducing K. lycopersicella populations in tomato crops; these strategies are most effective when practiced over 
large areas (UC IPM, 2016).

4.4.3  Mating Disruption

Pheromones can be used to confuse males for mating disruption (van Steenwyk and Oatman, 1983). A mating disruption 
study in tomato fields in California revealed that pinworm damage was reduced from 12% to 65% in insecticide control 
fields to less than 5% in pheromone-inundated fields (Jimenez et al., 1988). The pheromone was also applied to a hard 
matrix formed into a hanging spiral for air dispersal (Wyenandt et al., 2016). Fewer of these lures are needed per area for 
effective mating disruption.

4.4.4  Biological Control

Over 20 species of parasitoids were found attacking K. lycopersicella on tomato (Oatman and Platner, 1989). These parasit-
oids include members of: Braconidae (Agaths sp., Pseudapanteles dignus (Muesebeck), Bracon gelechiae Ashmead, Bracon 
spp., Chelonus blackburni Cameron, Chelonus phthorimaeae Gahan, Orgilus spp., Parahormius pallidipes (Ashmead)), 
Ichneumonidae (Campoplex phthorimaeae (Cushman), Campoplex sp., Pristomerus hawaiiensis Perkins, Pristomerus spi-
nator (F.), Trathala flavoorbitalis (Cameron)), Eulophidae (Elasmus nigripes Howard, Sympiesis stigmatipennis Girault), 
Pteromalidae (Zatropis sp.), Bethylidae (Goniozus sp.), and Trichogrammatidae (T. pretiosum). P. dignus is an important 
parasitoid and, along with other braconids, ichneumonids, and eulophids, up to 70% parasitism may result in California 
and Florida (Oatman et al., 1979; Pena and Waddill, 1983). P. dingus and Apanteles scutellaris Muesebeck were combined 
to reduce the population of K. lycopersicella by 50–60% (Poe et al., 1975). Another important parasitoid is T. pretiosum 
(egg parasitoid); it attacks the egg stage of K. lycopersicella (Pena and Waddill, 1983; Medeiros et al., 2009a).
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4.4.5  Chemical Control

Insecticides used to control K. lycopersicella can be intensive. Up to 16 applications of insecticides were made against this 
pest on cherry tomatoes in southern California in the 1980s (Jimenez et al., 1988). Populations of first and second instars 
are controlled effectively with insecticides, but later instars are often protected by leaf folds or fruits, and are more difficult 
to control with insecticides (Poe, 1973). There are many narrow-spectrum insecticides that provide effective control of  
K. lycopersicella including diamides, spinosyns, and avermectins. These insecticides provide effective control while mini-
mizing the impact on non-target organisms. B. thuringiensis has been demonstrated to be comparable to numerous synthetic 
insecticides for efficacy against K. lycopersicella (Seal and McCord, 1996). There has been a decrease in its susceptibility 
to several broad-spectrum insecticides including pyrethroids and carbamates in Florida (Schuster, 1989). If broad-spectrum 
insecticides are used, it becomes necessary to treat throughout the season until final harvest, which may also result in sec-
ondary pest outbreaks such as Liriomyza leafminers.

5.  TOMATO HORNWORM, MANDUCA SEXTA (L.), AND MANDUCA 
QUINQUEMACULATA (HAWORTH)

The tobacco hornworm (M. sexta) and tomato hornworm (M. quinquemaculata) are large size lepidopterans which have 
similar appearance (adults in Fig. 6.4A and B), biology, ecology, and damage. They both attack tomato and other plants. 
Two common names for adult M. quinquemaculata are five-spotted hawk moth and Carolina sphinx. Another common 
name for larva M. sexta is goliath worm.

5.1  Description and Biology

M. sexta is often used as a teaching and research model for many aspects of biology because of its large size and relative 
ease of rearing. Eggs are deposited on foliage of host plants, and females can deposit up to 1400 eggs (Yamamoto, 1968). 
The eggs hatch in 6–7 days while the larval stage lasts 20–30 days depending on temperature (Capinera, 2001). Larvae of M. 
quinquemaculata have eight “V-shaped” whitish patterns along their sides (Fig. 6.4C) while larvae of M. sexta have seven 
whitish lines along their sides (Fig. 6.4D). Larvae for both species have a prominent pointed structure or “horn” arising 

(A) (B)

(C) (D)

FIGURE 6.4 (A) Adult Manduca quinquemaculata; (B) adult Manduca sexta; (C) larva of Manduca quinquemaculata feeding on tomato foliage; and 
(D) larva of Manduca sexta feeding on tomato foliage. Photos (C,D) by B. Merle Shepard, with permission.
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dorsally from the terminal abdominal segment. There are usually five larval instars, but sometimes there are six, and may 
reach up to 81 mm long (Capinera, 2001). It is well known that M. sexta is tolerant to nicotine. Moreover, M. sexta can 
tolerate many other alkaloids (Wink and Theile, 2002). Although some other lepidopterans can tolerate nicotine and other 
alkaloids (Wink and Theile, 2002), the assessment of M. quinquemaculata to these compounds has not been reported.

5.2  Distribution, Host Range, and Seasonal Occurrence

A recent phylogenetic analysis suggests that M. sexta and M. quinquemaculata are closely related, with an ancestral center 
of diversification in Central America (Kawahara et al., 2013). The distribution, host range, and seasonal occurrence are 
similar between M. sexta and M. quinquemaculata. The distribution for M. sexta extends from southern Canada through 
the United States, Caribbean, Central America, and into South America, but tends to have lower incidences in the north-
eastern United States and Canada (Capinera, 2001). However, populations of M. quinquemaculata are found through-
out the United States, in southern Canada, and northern Mexico (BAMONA, http://www.butterfliesandmoths.org/species/
Manduca-quinquemaculata). Both species are reported to feed only on solanaceous species. Tobacco (Nicotiana spp.) and 
tomato are common hosts. They also feed on wild and cultivated species including eggplant and potato (Lawson, 1959; 
Capinera, 2001). These two species of Manduca overwinter as pupae and undergo one–four generations per year depending 
on temperature in a given region (Capinera, 2001).

5.3  Damage, Economic Thresholds, and Losses

Both species feed on leaves and can defoliate plants in a relatively short period of time. Most defoliation happens during 
feeding by the last two larval instars. Home gardens and small-hectare production receive the greatest amount of damage. 
Treatments for other pests in tomato often eliminate the threat from M. quinquemaculata and M. sexta. M. sexta is a com-
mon pest of tomato throughout the United States (Flood et al., 2005). It has long been recognized as an important crop pest 
in the United States. Over 60 years ago, it was reported as being the source of the primary loss (estimated as $25,530,000) 
to tobacco which was the greatest economic crop in the southeastern United States at that time (Madden and Chamberlin, 
1945). There are limited reports on economic threshold information on tomato for both M. sexta and M. quinquemaculata. 
Because of the voracious appetite of the larvae, the Ministry of Agriculture, Food and Rural Affairs (2009) Ontario, Canada 
supports a treatment threshold of one larva per 30 plants for infestation by either M. sexta or M. quinquemaculata.

5.4  Management

Various management strategies can help to control populations of M. sexta and M. quinquemaculata.

5.4.1  Trapping

Although adult M. sexta and M. quinquemaculata can be captured using light traps, this is not a practical method to control 
these pests (Capinera, 2001). A good understanding of the response of these species to odors may help in the develop-
ment of improved trapping strategies. A pheromone blend consisting of (Z)-9-hexadecenal, (Z)-11-hexadecenal, (E)-11-
hexadecenal, hexadecanal, (E,Z)-10,12-hexadecadienal, (E,E)-10,12-hexadecadienal, (E,E,Z)-10,12,14-hexadecatrienal, 
(E,E,E)-10,12,14-hexadecatrienal, (Z)-11-octadecenal, (Z)-13-octadecenal, octadecanal, and (Z,Z)-11,13-octadecadienal 
was found to be attractive to male M. sexta (Tumlinson et al., 1989). Gas chromatography coupled with electroantenno-
graphic detection revealed nine active compounds ((Z)-3-hexenyl acetate, nonanal, decanal, phenylacetaldehyde, methyl 
salicylate, benzyl alcohol, geranyl acetone, (E)-nerolidol, and one unidentified compound) from headspace volatiles of 
tomato leaves and three other host plants (Capiscum annuum L., Datura wrightii Regel, and Proboscidea parviflora 
(Woot.) Woot. & Standl.) (Fraser et al., 2003). Researchers have examined the receptors of M. sexta and have identified an 
alternate polyadenylation signal that appears to be associated with transcript processing (Patch et al., 2009; Große-Wilde 
et al., 2010; Garczynski et al., 2011).

5.4.2  Cultural Control

The type of fertilizer used on tomatoes may have an effect on insect populations. Damage to tomato from infestation by 
M. quinquemaculata was demonstrated by Yardim et al. (2006) to be suppressed by food waste vermicomposts as substitutes 
to a soilless medium, MetroMix 360. They speculated that the decrease in damage may have been from a more balanced 
release of fertilizer and an elevated level of phenolic compounds in the plants. Larvae, notably the later instars, can be easily 

http://www.butterfliesandmoths.org/species/Manduca-quinquemaculata
http://www.butterfliesandmoths.org/species/Manduca-quinquemaculata
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observed, and manually removed from tomato plants in gardens and small fields. Field cultivation can result in over 90% 
mortality of pupae that have burrowed in the soil (Capinera, 2001).

5.4.3  Host-Plant Resistance

Transgenic tomato plants expressing a protein from Bacillus thuringinsis var kurstaki (HD-1) sustained little damage from 
M. sexta while control plants were heavily damaged from feeding (Delannay et al., 1989). These transgenic plants were 
also protected from damage by K. lycopersicella and M. quinquemaculata. In related field trials, damage to non-transformed 
tomato plants resulted in 100% defoliation from M. sexta while transgenic tomato plants received only minor damage and 
were comparable to plants treated with insecticide (Fischhoff et al., 1987). Plant inbreeding may result in hosts being more 
attractive to hornworms. In a study with Solanum carolinense L., Kariyat et al. (2014) demonstrated the attraction and 
acceptance of this host on M. sexta feeding. Jasmonate-dependent depletion of soluble sugars of Nicotiana attenuata Torr. 
ex S. Watson resulted in the plant being more susceptible to attack by M. sexta larvae (Machado et al., 2015). Throughout 
larval development, jasmonates reduced the constitutive and herbivore-induced concentration of glucose and fructose in 
leaves of the plant, and the growth of the larvae increased (Machado et al., 2015). In cultivated tomato, the plant was dem-
onstrated to develop increased tolerance after prior feeding by M. sexta (Korpita et al., 2014). The previously damaged plant 
grew thicker stems, had reduced chlorophyll, and produced more leaves than a mechanically damaged treatment.

5.4.4  Biological Control

Natural populations of parasitoids are important in suppressing M. sexta and M. quinquemaculata. Lawson (1959) provided a 
list, although incomplete, of numerous natural enemies of M. sexta and M. quinquemaculata in tobacco focused on eggs and 
larvae. Lawson (1959) noted that the most important species in North Carolina, United States, were a hemipteran egg preda-
tor (Jalysus spinosus (Say)), a vespid larvae predator (Polistes fuscatus (F.)), and a braconid parasitoid (Apanteles congregates 
(Say)). Because of the adverse effects of nicotine and other compounds on parasitoids, the success of the braconid parasitoid 
Cotesia congregata (Say) may be less in regions with high incidence of tobacco versus other solanaceous host plants (Kester 
and Barbosa, 1991). Using M. sexta as a model for isolating insecticidal bacteria, 14 isolates were identified as belonging to the 
Bacillus cereus Frankland and Frankland group, two were identified as psychrotrophic Bacillus weihenstephanensis Lechner, 
three were Lysinibacillus fusiformis (Ahmed), and two others were identified as Enterococcus faecalis (Andrewes and Horder) 
(Martin et al., 2008). The predator Podisus maculiventris (Say) was demonstrated to have a reduction in prey consumption of M. 
sexta and reduced non-consumptive impacts on resistant tomato compared to susceptible tomato (Kaplan and Thaler, 2010). In a 
field study with M. sexta and M. quinquemaculata, mortality from parasitism by C. congregata and mortality for a combination 
of parasitism and predation varied based on leaf location by M. sexta, but not for M. quinquemaculata (Kester et al., 2002).

5.4.5  Chemical Control

Both M. sexta and M. quinquemaculata are susceptile to a wide range of conventional insecticides. However, they can also 
be controlled by more environmentally friendly insecticides such as spinosids (Herzog et al., 2002) and B. thuringiensis 
(Martin et al., 2008). Differences in binding of different classes of insecticides by hemolymph proteins of M. sexta have been 
demonstrated (Helling et al., 1986). To aid in the control without affecting non-target species, M. sexta was selectively killed 
when it was fed species-specific dsRNA targeting vATPase transcripts (Whyard et al., 2009).

6.  POTATO TUBERWORM, PHTHORIMAEA OPERCULELLA (ZELLER)

P. operculella, commonly known as potato tuberworm, is a key pest to solanaceous crops with cosmopolitan and oligopha-
gous pest status.

6.1  Description and Biology

P. operculella (Fig. 6.5B) adult moths are 10 mm long with a wingspread of 12 mm. The forewings of males have two–three 
dark spots while females have x-shaped spots (Rondon et al., 2007). The edges of both pairs of wing are fringed. Some 16–20 h 
after emergence, adults seek mates and copulate for 85–200 min (Makee and Saour, 2001). Moths are not active during the 
day; therefore, oviposition occurs at night (Traynier, 1975). They generally oviposit on foliage, but in the absence of foliage, 
they may oviposit on soil or plant debris (Traynier, 1975; Rondon et al., 2007). The eggs are spherical and white or yellow-
ish and are either deposited singly or in batches of 2–20 (Rondon et al., 2007). A female can lay up to 290 eggs which hatch 
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within 5–34 days, with an upper critical temperature of 36°C (Trivedi and Rajagopal, 1992). Newly hatched larvae are gray or 
yellow-to-white (0.1–0.2 cm in length); toward maturity (Fig. 6.5A), the color changes to pink and greenish with an average 
size of 1.5–2 cm (Maharjan and Jung, 2012). Sexual dimorphism starts to appear in the third larval instar, and two elongated 
yellowish testes are present on the fifth and sixth abdominal segment in the fourth larval instar, which differentiate males from 
females (Chauha and Verma, 1991). It takes the larvae 13–33 days to pupate depending on temperature (Trivedi and Rajagopal, 
1992). The pre-pupae spin silken cocoons and pupate on the soil surface or in leaf debris. Pupae are generally smooth, brown, 
and 0.84 cm long (Rondon, 2010). Pupation lasts 5–7 days in optimum conditions (Krsteska and Stojanoski, 2012).

6.2  Distribution, Host Range, and Seasonal Occurrence

P. operculella is widely distributed and may have originated in western South America (Balachowsky and Real, 1966). 
Reports of potato-tuber damage in Australia and New Zealand introduced P. operculella as an important pest to the world 
in the mid-1800s (Berthon, 1855). It has dispersed to more than 90 countries, particularly tropical and subtropical countries 
in Asia, Africa, Australia, and Central, South, and North America (Flint, 1986; Rothschild, 1986; Cisneros and Gregory, 
1994). It has distinct geographical populations across the United States (Medina et al., 2010). The adults can fly non-stop 
for more than 5 h which can cover up to 10 km in a single flight (Foley, 1985). Each stage can overwinter above 0°C and 
recolonize host crops in the spring (Coll et al., 2000; Krsteska and Stojanoski, 2012). Larvae are oligophagous on plants of 
solanaceous family and few additional families. It prefers to feed on potato, tomato, eggplant, pepper (C. annuum), tobacco, 
and wild solanaceous plants (Kroschel and Lacey, 2009). Other hosts include ground cherry (Physalis pruniosa L.) and 
jimson weed (Datura stramonium L.) (Das and Raman, 1994).

6.3  Damage, Economic Thresholds, and Losses

Larvae of P. operculella cause principle damage by boring into tomato fruits, making them unmarketable. The presence of 
larvae during harvest can result in the transfer of infested fruits to storage facilities where they can increase losses by infest-
ing other fruits (Kroschel, 1995). Although direct damage is not always severe, under high infestation levels, larvae tunnel 
into the fruit and spin webbing that may be filled with frass (Ferro and Boiteau, 1993). In temperate regions, populations 
build after mild winter hibernations and increase with occasional pest outbreaks, resulting in significant economic losses 
(DeBano et al., 2010). There is no reported economic threshold for P. operculella (Rivera, 2011).

6.4  Management

Pest management practices are focused at minimizing the number of females so that there can be a source reduction for the 
next generations.

6.4.1  Trapping (Monitoring/Mass Trapping)

To estimate populations of adult P. operculella, pheromone traps are well suited (Subchev et al., 2013). A gland occurring 
as a dorsal invagination, anterior to the last abdominal segment is the sex pheromone source. The pheromone, a mixture 
of cis-7, cis-11-tridecadien-1-ol acetate, is responsible for sex communication between sexes (Fouda et al., 1975). Another 

(A) (B)

FIGURE 6.5 (A) Larva and (B) adult Phthorimaea operculella. Rondon, S.I., 2010. The potato tuberworm: a literature review of its biology, ecology, 
and control. American Journal of Potato Research 87, 149–166.
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compound, trans-4, cis-7-tridecadien-1-ol acetate, is also active (Roelofs et al., 1975). Numerous blends of chemicals are 
available for mass trapping, monitoring, and mating disruption of P. operculella. Mass trapping efficiently works in fields 
and in storage facilities against this pest (Raman, 1988). Prolonged placement of pheromone sachets in sticky traps provides 
additional benefits when compared to water-pan traps (Rivera, 2011). Moths captured in traps do not provide quantitative 
information on density, but aid in estimating the population trend in an area (Rivera, 2011). Pheromone traps can be geo-
referenced to obtain geo-statistical maps to assist pest managers in monitoring an area and predicting if and when treatment 
is needed. Recent research has proved georeferencing of pheromone traps as a valuable technology to describe the phenol-
ogy and distribution of P. operculella (Masetti et al., 2015).

6.4.2  Cultural Control

Cultural control is vital in managing P. operculella infestations in the field (Das and Raman, 1994). Intercropping tomato 
with any nonpreferred crop can reduce the incidence of P. operculella. For example, 80–91% reduction in tomato damage 
was reported in Egypt by intercropping with onion and garlic; this resulted in an increase of 114–207% and 104–284% 
fruit yield, respectively (Afifi et al., 1990). The survival of P. operculella greatly depends on the presence of alternate hosts 
nearby, which helps to ensure its reproduction and perpetuation. Therefore, non-host crops surrounding the primary crop 
can disrupt this insect’s seasonal biology (Broodryk, 1971; Das and Raman, 1994).

6.4.3  Host-Plant Resistance

A lower performance of P. operculella on some non-preferred and less susceptible cultivars can be used in IPM programs 
(Golizadeh et al., 2014). Several traits have been located in tomato plants for resistance against P. operculella. Trichome-
based resistance of Solanum species has been found where type V and VI trichomes were associated with larval mortality 
(Duffey, 1986). Larval mortality in P. operculella is linearly related to high densities of type VI and low densities of type V 
trichomes (Simmons et al., 2006). Egg laying capacity of P. operculella is also affected adversely by glandular pubescence 
(Gurr and McGrath, 2001). Plant volatile compounds such as hexanal, octanal, and 1-octen-3-ol have been shown to deter 
oviposition, leading to reduced egg laying by P. operculella (Anfora et al., 2014).

6.4.4  Biological Control

A reduction in P. operculella damage was seen in Argentina and Brazil due to natural parasitism (Lloyd, 1972). Many of 
these parasitoids including Apanteles subandinus Blanchard, B. gelechiae, Copidosoma koehleri Blanchard, and Orgilus 
Lepidus Muesebeck were exported to other countries and have become successful biocontrol agents (Sankaran and Girling, 
1980). An ichneumonid, Diadegma turcator Aubert (=Diadegma pulchripes (Kokujev)), in Sardinia, accounted for 65% 
parasitism (Ortu and Floris, 1989). A combination of ichneumonids and braconids was even more effective (Pucci et al., 
2003). Parasitic wasps, D. pulchripes, Temelucha decorata (Gravenhorst), B. gelechiae, and two unidentified braconids 
emerged from field collected P. operculella larvae (Coll et al., 2000). The most abundant predators observed for P. opercu-
lella in a field in Israel were Coccinella septempunctata (L.), Chrysoperla carnea (Stephens), Orius albidipennis Reuter, 
and four species of ants; overall, parasitism was 40% and predation was 79% (Coll et al., 2000).

A foliar application of B. thuringiensis kurstaki (Btk) against P. operculella resulted in a control level similar to a soil 
application of parathion and carbaryl (Awate and Naik, 1979). A nearly 70% reduction in larval density and fruit damage 
was observed after a foliar application of Btk in tomato (Broza and Sneh, 1994). Two common insect pathogenic spe-
cies, Beauveria bassiana (Balsamo-Crivelli) Vuillemin and Metarhizium anisopliae (Metchnikoff) Sorokin have also 
been reported to kill early instars of P. operculella (Sewify et al., 2000; Sun et al., 2004). Entomopathogenic nematodes 
(Steinernema spp. and Heterorhabditis spp.) are candidates for the biocontrol of P. operculella larvae (Wraight et al., 
2007). Viral formulations can be effective based on several reports of Baculovirus phthorimaea (Fano and Winter, 1997) 
and granulosis virus (PoGV) (Kroschel et al., 1996). PoGV has a worldwide distribution (Zeddam et al., 1999), and its field 
studies revealed 35–40% reduction in larval population of P. operculella (Kroschel, 1995; Laarif et al., 2003).

6.4.5  Autocidal Control

The use of sterile insect techniques highlighted several possibilities to suppress P. operculella using classical and modern 
approaches. In developing an effective program using sterility as a control method against P. operculella, information 
including sex ratio, age, and weight of the adults are useful. Weight of both sexes had an impact on the number of times 
they mate and mating success (Makee and Saour, 2001). When the larvae of different ages were exposed to doses ≥100 Gy, 
only 13–35% pupated, but no adult emergence was observed (Saour and Makee, 2004).
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6.4.6  Chemical Control

The chemical control of P. operculella is a common approach, but a sustainable cropping system would be better served if 
treatment with chemicals was a secondary option because of the latent feeding of the larvae and the development of strong 
resistance toward many of the traditional chemistries including organophosphates, carbamates, and pyrethroids (Doğramaci 
and Tingey, 2008; El-Kedy, 2011). Pyrethroids, carbamates, and organophosphates have been used against this pest and 
indoxacarb, novaluron, and spinosad are three of the newer compounds used (Lawrence, 2009). Use of imidacloprid and 
acetamiprid has been found unsatisfactory for the control of P. operculella in tomato and tobacco (Lawrence, 2009; Vaneva-
Gancheva and Dimitrov, 2013). However, Ali (2012) evaluated a broad range of new chemistry insecticides in Sudan in toma-
toes and suggested abamectin and lufenuron as the most effective formulations in controlling P. operculella. Difenoconazole, 
imidacloprid, pirimicarb, and thiodicarb were found not to interfere with O. lepidus, a braconid parasitoid of  
P. operculella (Symington, 2003). Recent insecticide recommendations for the management of P. operculella include 
flubendiamide and chlorantraniliprole in many cropping systems (Rivera, 2011).

6.4.7  Other Control Tactics

The use of phenological-based studies linked with geographic information systems (GIS) helps to devise good predictive 
models determining the pests’ life history, i.e., development, mortality, and reproduction in different regions of the world 
(Sporleder et al., 2008). Synergistic interaction against P. operculella has been reported by integrating lethal extracts 
of Atropa belladonna L. and Hyoscyamus niger L. leaves with entomopathogenic fungi (B. bassiana) and bacteria (B. 
thuringiensis) (Sabbour and Ismail, 2002).

7.  BEET ARMYWORM, SPODOPTERA EXIGUA (HÜBNER)

S. exigua (beet armyworm, small mottled willow moth, or asparagus fern caterpillar) is a polyphagous insect pest of wide 
distribution.

7.1  Description and Biology

S. exigua adults are medium-sized moths (25–30 mm). Forewings are mottled gray and brown with a light-colored, 
bean-shaped spot and a pattern of irregular bands. Hind wings are much more gray or whitish with a dark outline. Adults 
live for approximately 10 days (Srinivasan et al., 2010). After emergence, adults mate and oviposition starts 2–3 days 
later, lasting for 3–7 days. Females prefer upper tender foliage for oviposition, particularly the lower surface of leaves, 
tip of the branch, and flowers near blossoming. A female lays 500–600 eggs in clusters of 100–150 eggs, covering the 
eggs in brown hairs; the eggs hatch in 3–5 days (Srinivasan et al., 2010). First and second instar larvae are pale green 
to yellowish and later instars are darker (Fig. 6.6). Upon hatching, larvae are 1 mm, but reach 22.3 mm in length as fifth 
instars (Wilson, 1934). The larvae develop in 2–3 weeks (depending on temperature), and there are generally five instars, 
but more can develop (Capinera, 2001; Srinivasan et al., 2010). Pupae are light brown, and pupation occurs in the soil 
after the larvae makes a chamber from sand and soil particles. Pupae are 15–22 mm, and the pupal duration varies from 

FIGURE 6.6 Larvae of Spodoptera exugia feeding on tomato leaf.
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7 to 11 days (Srinivasan et al., 2010). The pupal chamber helps protect S. exigua from chill injury (Zheng et al., 2011a). 
The life cycle of S. exigua may take from 24 (Wilson, 1934) to 126 days (Campbell and Duran, 1929) depending on 
temperature. In temperature-developmental rate studies, no development was observed at 12 and 36°C (Karimi-Malati 
et al., 2014). Developmental time (16.9 day) was slowest at 30°C, and mean generation time was shortest (15.1 day) at 
33°C (Karimi-Malati et al., 2014).

7.2  Distribution, Host Range, and Seasonal Occurrence

S. exigua originated from Southeast Asia. The migratory capacity of S. exigua facilitated its geographical distribution 
(Kimura, 1991; Westbrook, 2008). It is widely distributed in temperate (Zheng et al., 2011b), tropical, and subtropical 
areas of the world (Liburd et al., 2000) and has occasional outbreaks worldwide. It has been known in North America since 
1876 (Capinera, 2001). It does not diapause, but can overwinter in Arizona, Florida, and Texas in the United States with 
reduced winter populations (Liburd et al., 2000). It is found in the southern half of the United States. during the summer 
season (Capinera, 2001). This pest previously was reported in 67 countries; about 70% of these were in Asia and Africa 
(CAB, 1972). It is now found in at least 101 countries, with expansions expected in northern Europe and South America. 
Thus the geographical range should be revised to between 64°N and 45°S latitude (Zheng et al., 2011b). Host-plant species 
from more than 18 families (Pearson, 1982) have been reported, including tomato (Srinivasan et al., 2010) and several other 
agriculturally important plants.

7.3  Damage, Economic Thresholds, and Losses

S. exigua damages field, vegetable, and floral crops (Suenaga and Tanaka, 1997). In the southeastern United States, it has 
evolved as a key pest in tomato (Liburd et al., 2000). Heavy losses have been reported from several parts of the world 
(Zalom et al., 1986; Yee and Toscano, 1998). Damage to foliage is the major concern as it leads to reduced productivity. 
Larvae feed on fruits and foliage and they can be serious defoliators in flowering crops. Newly hatched larvae feed gregari-
ously but become solitary and highly active with maturity (Capinera, 2001). Feeding by young larvae may leave behind 
skeletonized leaves. After fruit set, larvae start feeding on fruits, reducing the value of the fresh market crop. In addition, 
larval contamination affects the value of processing tomatoes (Zalom and Jones, 1994). One S. exigua larva per 40 plants 
caused 5% tomato yield loss in field trials (Riley, 2006). Taylor and Riley (2008) estimated the economic injury level (EIL) 
as 1 larva/20 plants during the early season, 1 larva/9 plants during the late season, and 1 larva/17 plants for the season-long 
EIL. An impact of 1 larva/6 plants (averaged across the growing season), resulted in a 5% reduction in yield (Taylor and 
Riley, 2008).

7.4  Management

Short-term pest management practices such as insecticides tend to provide immediate pest relief, while long-term manage-
ment practices such as plant manipulation may not result in immediate control. Yet, safe and reliable short-term and long-
term practices can be complementary in the long-term management of armyworm populations.

7.4.1  Trapping (Monitoring/Mass Trapping)

Pheromone trapping is the most reliable way to capture and monitor adult S. exigua. The sex pheromones of female  
S. exigua have been identified (Z9, E12-14:Ac and Z9-14:OH) (Dong and Du, 2003), and they are used to monitor popula-
tions of this pest. A 6-year study (1994–2000) using pheromone traps against S. exigua suggested that because its widescale 
immigration starts in mid-July each year, this date may be used as a standard to determine when immediate treatment is 
needed to prevent economic crop damage in the Mississippi Delta of the United States (Adamczyk et al., 2003). Trap data 
also defined the activity period of male S. exigua; 15% were captured during the early hours of night, with peak capture 
during the last 4 h of the night and minimum catches per trap at sunrise (Cheng et al., 2015). Pheromone traps can disrupt 
mating and thus be used to control the pest (Kerns, 2000). For example, a synthetic sex pheromone was very effective in 
disrupting female–male communication and controlling S. exigua in onion fields in Kyoto, Japan (Yoshiyasu et al., 1995). 
The use of puffers is another strategy to be used with pheromone to get some level of control through mating disruption 
(Shorey and Gerber, 1996). A limitation associated with pheromone trapping of S. exigua is that adult moth catches per 
traps do not depict actual larval damage in the field. Monitoring of the pest can be done by inspecting egg masses, larval 
count, and hits (actively feeding group of larvae on a plant).
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7.4.2  Mechanical Control

In garden plots and small farms, large numbers of larvae causing obvious feeding injury can be handpicked from the plants 
(Srinivasan et al., 2010). However, this is unrealistic on large-scale farms because such labor-intensive practices are often 
uneconomic for commercial growers. In the same fashion, egg masses can be handpicked from plants (Srinivasan et al., 
2010).

7.4.3  Host-Plant Resistance

Low survival by S. exigua has been identified in several accessions of tomato (Eigenbrode and Trumble, 1993). Methyl 
ketones and the sesquiterpene hydrocarbon zingiberene can confer resistance to S. exigua (Eigenbrode et al., 1996). The 
enzymes, polyphenol oxidases (PPOs), in tomato, play an important role in resistance to insects. Larvae of S. exigua on 
leaves of tomato genotypes with suppressed PPO fed more and had higher weight than those on tomatoes which overex-
pressed PPO (Bhonwong et al., 2009). Among various plant species used to study the life history of S. exigua, long bean 
(Vigna unguiculata subsp. sesquipedalis L.) was the most suitable host plant, allowing the fastest development with the 
fewest number of larval instars, and the highest survival rate (Azidah and Sofian-Azirun, 2006). Based on the findings that 
jasmonic acid (JA) was necessary for the formation of glandular trichomes and related metabolites as defense traits in tomato 
(Bosch et al., 2014a), the role of JA in plant defense against S. exigua was studied. JA-deficient tomato was the preferred 
host plant by S. exigua over wild-type tomato plants for oviposition and feeding (Bosch et al., 2014b). Elicitors exclusively 
present in the oral secretion of S. exigua were mainly responsible for these pronounced results (Bosch et al., 2014b).

7.4.4  Biological Control

Several natural enemies are important in the management of S. exigua including parasitoids (Meteorus autographae 
Muesebeck (Ruberson et al., 1993), Cotesia marginiventris (Cresson) (Henneberry et al., 1991), Lespesia archippivora 
(Riley) (Eveleens et al., 1973) and Chelonus insularis Cresson (Pearson, 1982)), and egg and larval predators (e.g., C. 
carnea (Hogg and Gutierrez, 1980) and Orius tristicolor (White) (Eveleens et al., 1973)). Most of the parasitoids are in the 
orders Diptera (Tachinidae) and Hymenoptera (Braconidae and Ichneumonidae), while the major predators are from the 
orders Hemiptera, Hymenoptera, Coleoptera, Neuroptera, and Dermaptera (Ruberson et al., 1994).

The use of pathogens is another promising strategy for the control of S. exigua. Field trials on vegetable crops in 
Thailand with a formulation of nuclear polyhedrosis virus (Spod-X) of S. exigua, showed Spod-X as a cost effective and 
long-term management tool for S. exigua (Kolodny-Hirsch et al., 1997). For the performance of S. exigua nuclear polyhe-
drosis virus (SeNPV), a high RH level (90–100%) reduced the LD50 value of SeNPV against the larvae (Li et al., 2014). 
As an integrated approach, the interaction between the larval braconid parasitoids Meteorus pulchricornis (Wesmael) (Guo 
et al., 2013), Microplitis bicoloratus Xu and He (Cai et al., 2012), and Microplitis pallidipes Szepligeti (Jiang et al., 2011), 
and SeNPV enhanced the efficacy of the natural enemies. The addition of optical brighteners to nuclear polyhedrosis virus 
of S. exigua reduced the LC50 and LT50 values of the pathogen, and retarded larval development of S. exigua (Shapiro and 
Argauer, 2001).

B. bassiana (Wraight et al., 2010; Al-Kherb, 2014), M. anisopliae (Al-Kherb, 2014), and Nomuraea rileyi (Farlow) 
Samson (Lee et al., 2012) are the major reported fungal strains with good insecticidal potential against S. exigua. The role of 
secondary metabolites of the endophytic fungus, Alternaria alternata (Fr.) Keissl., as an immunosuppressive agent against 
Spodoptera sp. was reported by Kaur et al. (2015). Bacterial formulations, particularly those containing B. thuringiensis, 
also offer an enhanced effect to control S. exigua in vegetables and cash crops (Siebert et al., 2012). A bioassay using five 
Bt Vip3 proteins determined that S. exigua was most susceptible to Vip3Aa and Vip3Ae (Ruiz de Escudero et al., 2014).

7.4.5  Autocidal Control

Based on the concept of Knipling (1992) and Carpenter and Gross (1993) that F1 sterility would be more effective if inte-
grated with other pest control tactics, Carpenter et al. (1996) combined two approaches, i.e., F1 sterility and control with a 
parasitoid. They found that the application of the parasitoid C. marginiventris and F1 sterility was a compatible strategy that 
can be used effectively for an S. exigua management program.

7.4.6  Chemical Control

Insecticide treatments of S. exigua are generally started at the first detection of eggs, and are most effective when applied 
before the third instar moves into the fruit (Sparks, 2014). Resistance has developed in S. exigua against carbamates 
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(Mascarenhas et al., 1998), organophosphates (Ahmad and Arif, 2010), pyrethroids (Shimada et al., 2005), and spinosad 
(Wang et al., 2002). The level of resistance varies among geographical populations of S. exigua (Osorio et al., 2008; 
Che et al., 2013). Based on the results of studies showing rapid feeding cessation and decline in the feeding damage by  
S. exigua, Lai and Su (2011) further investigated the insecticidal role of chlorantraniliprole, an anthranilic diamide with a 
mode of action belonging to class 28 (IRAC, 2016). Their findings suggested that this chemical provided an exceptional 
effect against the neonate larvae (Lai and Su, 2011). Yet, there may be a tendency of S. exigua to develop resistance against 
chlorantraniliprole with successive exposures up to 23 generations (Lai and Su, 2011). New chemistries such as emamec-
tin benzoate (Bengochea et al., 2014), spinotram and indoxacarb (Huang et al., 2011), and in some situations, spinosad 
(Moadeli et al., 2014) may be a preferred option against different stages of S. exigua. Plant-based products can also be used 
against S. exigua (Juárez et al., 2014; Ntalli et al., 2014). Huang et al. (2014) recently reported on the effect of the essential 
oil of Pogostemon cablin (Blanco) Benth and demonstrated that it offers good insecticidal potential, particularly antifeed-
ant, larvicidal, growth inhibitory, and pupicidal effects against S. exigua. The extracts of eight Chinese medicinal plant 
species exhibited good antifeedant activity against third instar S. exigua larvae in laboratory trials (Feng et al., 2012). Insect 
growth regulators, including several commercial formulations such as tebufenozide (Liu et al., 2008) and methoxyfenozide 
(Aguire et al., 2013), have been extensively studied and demonstrated efficacious against S. exigua.

7.4.7  Integrated Pest Management

As an integrated approach with the combined use of microbial agents (B. bassiana, M. anisopliae, and B. thuringiensis, 
formulated as Dipel 2×) (Mesbah et al., 2004) and microbial formulations (two fungal Biosect and Biover, one Bt formu-
lation Dipel 2×) with a chemical insecticide (Lannate) (Zaki and Abdel-Raheem, 2010) were shown to control S. exigua. 
Liburd et al. (2000) proposed an IPM program for tomato where they used seven Bt commercial formulations, SeNVP, 
entomophagous nematodes (Steinernema carpocapsae (Weiser)), three chemical insecticides (methomyl, fenpropathrin, 
chlorpyrifos), and neem plant extract against three Spodoptera species including S. exigua. The pest populations were 
below EIL in treated plots, thus the treatments resulted in reduced fruit injuries and higher marketable yields of the toma-
toes (Liburd et al., 2000).

8.  COMMON ARMYWORM, SPODOPTERA LITURA (F.)

The common armyworm, S. litura is a polyphagous and highly mobile insect.

8.1  Biology

Adults of S. litura are very similar in size and color to Spodoptera ornithogalli Guenée (yellow-striped armyworm, found 
in North and Central America) and Spodoptera littoralis Boisduval (African cotton worm, found in the Mediterranean, 
Middle East, and Africa) (Mochida, 1973; Venette et al., 2003b). However, S. litura is the predominant species on tomato in 
tropical South Asia and Southeast Asia, and the geographical distribution among S. litura and S. ornithogalli or S. littoralis 
does not overlap in this region. The adults are usually brown; the forewings have numerous crisscross streaks on a cream or 
brown background (Fig. 6.7B). The hind wings are white with a brown patch along the border. The eggs are laid in groups 
of 200–300, and covered with brown hairs from the body of the female. Eggs hatch in 3–5 days. The young larvae feed 
in groups, but older larvae feed individually. The mature larvae (Fig. 6.7A) are green, pale greenish brown, or black, with 

(A) (B)

FIGURE 6.7 (A) Larva and (B) adult of Spodoptera litura.
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prominent black spiracles. The body may have transverse and longitudinal gray and yellow bands. Morphometric analyses 
of S. litura reared on tomato in the laboratory supports that has six larval instars on this host (Vashisth and Chandel, 2013). 
The larvae are nocturnal and feed actively during the night, but hide during the day in cracks and crevices in the soil and 
in plant debris. The larval period lasts 15–30 days and pupation takes place in the soil. Pupae are shiny reddish-brown. The 
duration of the pupal period varies from 1–3 weeks. Populations based on trap captures and larvae per leaf counts positively 
correlate with the weather (Monobrullah et al., 2007).

8.2  Damage, Economic Thresholds, and Losses

S. litura causes serious damage to many economically important crops, and feeds on over 100 plant species (Garad et al., 
1984; Maree et al., 1999; Ahmad et al., 2013). The preference of this pest is less on tomato than some other hosts such as 
cotton. Larvae of S. litura feed on leaf surfaces or on whole leaves, leaving only the main veins. They rarely feed on imma-
ture tomato fruits, but this type of feeding causes irregular holes in the fruit. Sometimes, the larvae cut tomato seedlings at 
the soil level. In a year-round field study on tomato, 80% plant infestation was observed in India (Monobrullah et al., 2007). 
However, there is a dearth of published data on damage threshold for this lepidopterous pest on tomato.

8.3  Management

Most of the pest management practices for S. litura are similar to managing H. armigera. Castor (Ricinus communis L.) 
and taro (Colocasia esculenta (L.) Schott) can be grown as trap crops along the field border to attract the egg-laying female 
adult moths. Since eggs are laid in masses, the egg masses and young larvae can be handpicked and destroyed in small-scale 
production. In addition, high rates of S. litura parasitism by Microplitis prodeniae Rao and Kurian and C. chlorideae were 
observed when taro was used as a trap crop (Zhou et al., 2010). Over 100 parasitoids and predators have been recorded as 
natural enemies of S. litura (Rao et al., 1993). A study based on trapping with sex pheromones across five Southeast Asian 
countries suggests that natural enemies are important in lowering population levels of S. litura in locations where the adults 
are found year round, compared to locations where they are absent during the winter period (Tojo et al., 2008). Sex phero-
mones of S. litura are commercially available in many countries and can be used for monitoring and mass trapping. S. litura 
is more susceptible to entomopathogenic fungi in the earlier instars than the later instars (Asi et al., 2013). S. litura nuclear-
polyhedrovirus (SlNPV) is commercially available in some countries, and can be used to replace chemical pesticides. The 
expression of Bt-Cry toxins through transgenic technology is an ongoing approach for protecting tomato plants against 
lepidopterous pests. A transgenic tomato line, Ab25 E, expressing Cry1Ab gene of B. thuringinsis was recently selected, 
and feeding on leaves of this plant by S. litura resulted in 100% larval mortality (Koul et al., 2014). Irradiated male S. litura 
with substerilizing gamma doses (either 100 or 130 Gy) resulted in little or no degradation of evaluated flight, behavior, or 
mating parameters (Seth et al., 2016). Thus, IS may offer a role in an IPM program for S. litura.

9.  TOMATO LEAFMINER, TUTA ABSOLUTA (MEYRICK)

The tomato leafminer, T. absoluta, has become an important invasive pest of tomatoes. It is one of the most important 
worldwide pests of tomato.

9.1  Identification and Biology

Adult T. absoluta moths (Fig. 6.8) are small, about 1 cm long, mottled gray with long filiform antennae. The adults live about 
30 days (Vargas, 1970; Estay, 2000). The adults are active at night and rest among vegetation during the day (Fernández 
and Montagne, 1990). Female moths can oviposit for more than 20 days and deposit as many as 260 eggs in their lifetime 
(Fernández and Montagne, 1990; CABI, 2016b). Eggs are small and oval, starting out as creamy white and turning yel-
low to yellow-orange (Estay, 2000). As the eggs darken, an outline of the larval head capsule can be seen; this is called 
the blackhead stage of egg development (Vargas, 1970). Larvae are dorsoventrally flattened, and their color changes from 
creamy white to dark green as they progress through four instars (Estay, 2000). Late instars may appear pink before pupa-
tion. Upon eclosion, larvae penetrate and feed on apical buds, flowers, new fruit, leaves, or stems of solanaceous plants 
(Pastrana, 2004). Mature larvae build a silken cocoon where pupation occurs. Newly formed pupae are dark with a greenish 
tint and then darken to brown over time (Estay, 2000).

Reproductive rates of T. absoluta vary depending on environmental conditions with a potential maximum of 12 genera-
tions a year (EPPO, 2005). The lower developmental temperature is approximately 8°C. At a constant 25°C, T. absoluta 
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completes a generation in about 28 days (Vargas, 1970). However, development is highly temperature dependent with the 
complete life cycle taking 76 and 24 days at 14 and 27°C, respectively (Barrientos et al., 1998). It is unknown whether this 
species undergoes diapause as it has been shown to overwinter in the egg, pupal, and adult stages (EPPO, 2005).

9.2  Distribution, Host Range, and Seasonal Occurrence

T. absoluta originated in South America and it has become a major threat to tomato production worldwide (Desneux et al., 
2010). T. absoluta is a primary pest of tomato in much of South America and was also detected in eastern Spain in 2006 
(Urbaneja et al., 2008). Since then it has spread rapidly throughout Europe and the Mediterranean Basin, including areas 
in North Africa and the Middle East (Desneux et al., 2010; Kýlýc, 2010; Seplyarsky et al., 2010); and the likelihood of its 
spread to new regions is expected. In October 2014, T. absoluta was reported for the first time in India (ICAR, 2010). As of 
mid-2016, T. absoluta was not known to occur in the United States. It attacks a wide range of hosts; in addition to tomato, 
cultivated host plants include potato, eggplant, pepper, and bean (P. vulgaris), representing a shift from Solanaceae to 
Fabaceae (Bloem and Spaltenstein, 2011). In addition to cultivated hosts, T. absoluta utilizes other wild solanaceous plants 
including Solanum nigrum L., Solanum elaeagnifolium Cav., D. stramonium, Datura quercifolia Kunth (=Datura ferox L.), 
and Nicotiana glauca Graham (EPPO, 2005).

9.3  Damage, Economic Thresholds, and Losses

Where it has become established, T. absoluta is one of the most damaging insect pests of tomato (Miranda et al., 1998; Estay, 
2000; EPPO, 2005; Desneux et al., 2010). Without adequate controls, infestations of T. absoluta can result in 90–100% 
loss of field-produced tomatoes (Estay, 2000; Vargas, 1970). T. absoluta is a major limiting factor for tomato production in 
South America (Ferrara et al., 2001). Plant injury consists of mine-formation within the mesophyll by feeding larvae, thus 
affecting the plant’s photosynthetic capacity, and resulting in lower fruit yield (Desneux et al., 2010). Heavy infestations 
can lead to complete defoliation leaving only a skeletonized leaf and frass. The most significant losses occur from fruit 
attack (Vargas, 1970), which can further be colonized by pathogens causing fruit rot. T. absoluta attacks leaves, flowers, 
stems and fruits, and in the absence of control measures, growers can lose their entire crop (Apablaza, 1992). Infestations 
are fairly easy to observe due to the high number of mines, galleries, and dark frass. However, economic thresholds based 
on fruit damage or infestation levels have not been established. While all plants are vulnerable to attack, damage is more 
severe in young plants. Thus, control measures are most critical for younger plants.

9.4  Management

The threat of T. absoluta has led to extensive insecticide use by tomato growers. This highlights the need for a compre-
hensive IPM program to keep T. absoluta densities below economically damaging levels, and to slow its spread (Arno and 
Gabarra, 2011). The best strategy for long-term control of T. absoluta is to prevent outbreaks by using numerous practices 
that complement each other and lead to a more sustainable pest-management program. These methods include biological, 

FIGURE 6.8 Adult of Tuta absoluta. Photo by Aziz Ajlan, with permission.
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biotechnological, cultural, and chemical controls. The use of pesticides is most suited only when preventive measures are 
inadequate and careful field monitoring indicates that economic loss is likely.

9.4.1  Monitoring and Trapping

Monitoring for the presence and density is a critical step in improving the management of T. absoluta. Lures that contain 
two major components of T. absoluta sex pheromone are commercially available, and can be used in traps (Attygalle et al., 
1996). Adult captures in pheromone traps highly correlate with densities of leaf mines and larvae in the field, leading to 
the establishment of treatment thresholds based on trap catch (Ferrara et al., 2001; Salas, 2004). However, these thresholds 
vary in different locations. For example, in some parts of South America, thresholds have been set at 45 ± 19.5 adults/trap/
day, whereas, in Chile, thresholds are set at more than twice that number—100 adults/trap/day (Benvenga et al., 2007). 
Monitoring for T. absoluta in the field requires intensive training and specialized manual labor. Scouting for this pest and 
interpreting infestation levels based on visual inspection is extremely difficult and time-consuming. While some thresholds 
are based on levels of defoliation, others are based on egg and larval counts (Benvenga et al., 2007; Desneux et al., 2010).

9.4.2  Cultural Control

Sanitation is a key first step in preventing initial infestations and spread of T. absoluta. Plants should be routinely examined 
for any evidence of infestation and all infested materials should be disposed of carefully (Bloem and Spaltenstein, 2011). 
The incorporation of crop residues after harvest effectively interrupts the life cycle of T. absoluta by killing the immature 
stages, and all equipment used in fields with known infestations should be thoroughly cleaned by high-pressure washing 
or steam. In addition, solanaceous weeds growing within 50 m of infested fields or processing areas should be removed 
(Bloem and Spaltenstein, 2011). Other cultural methods to decrease T. absoluta densities include non-solanaceous crop 
rotations, and proper fertilization and irrigation. In field tomatoes, a 6-week host-free period is recommended and can be 
adjusted based on climate (Bloem and Spaltenstein, 2011; Urbaneja et al., 2013). When possible, growers should avoid 
early and late-season tomato crops if T. absoluta is known to be present. Also, in field situations, conventional and center-
pivot irrigation are favored over soil irrigation because these methods disturb eggs, larvae, and pupae, and can increase 
mortality in field populations (Bloem and Spaltenstein, 2011).

9.4.3  Biological Control

Biological control is an important component in the integrated management of T. absoluta (Haji et al., 2002). Almost 50 
natural enemies have been reported in its native range in South America (Desneux et al., 2010). The eggs are parasitized 
primarily by Trichogramma spp. (family Trichogrammatidae) wasps, but they are also parasitized by wasps in the fami-
lies Encyrtidae and Eupelmidae. Augmentative releases of Trichogramma spp., especially T. pretiosum (Medeiros et al., 
2009a), have been successful in controlling T. absoluta in Colombia (Salas, 2001) and Brazil (Parra and Zucchi, 2004), 
but unsuccessful in Chile (Taco et al., 1998). The importance of predators attacking T. absoluta in South America has 
been acknowledged, but a complete understanding of their ecology and overall impact on T. absoluta mortality is needed 
(Desneux et al., 2010). Miranda et al. (1998) reported that the highest predation of T. absoluta occurred during the larval 
stage, with anthocorid bugs (Anthocoridae), coccinelid beetles (Coccinellidae), and to a lesser extent, predacious thrips 
(Phlaeothripidae) accounting for most mortality. Conversely, higher levels of egg mortality were attributed to parasitoids, 
but predators still played a large role. Bacci et al. (2008) found that the most important mortality factor for the larvae of 
T. absoluta was predation, particularly by Protonectarina sylveirae (Saussure) (Vespidae) as well as anthocorid and mirid 
bugs. Also, several researchers reported a decrease in populations of T. absoluta related to an increase in predator popula-
tions when conservative biological controls, such as companion plants, were applied (Medeiros et al., 2009b).

9.4.4  Chemical Control

Insecticides are the primary tool used to control T. absoluta (Bielza, 2010), which has led to many insecticide resistant 
populations. For example, resistance to cartap, abamectin, and permethrin in Brazil (Siqueira et al., 2000, 2001), and to 
pyrethroids in Chile (Salazar and Araya, 1997) and Argentina (Lietti et al., 2005) have been reported. Yet, insecticide 
use for T. absoluta management remains high. There are clear differences in efficacy among commercial insecticides 
on populations of T. absoluta (Braham and Hajji, 2012; Hanafy and El-Sayed, 2013). Among three bioinsecticides 
(spinetoram, spinosad, and emamectin) evaluated in tomato fields in Egypt, spinetoram was the most effective and 
Emamectin was the least (by about twofold) effective (Hanafy and El-Sayed, 2013). In that same study, spinetoram 
resulted in greater efficacy than the standard insecticides Pyridalyl and Indoxcarb. In numerous field trials in Tunisia 
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among a suite of biorational insecticides (including spinosad, kaolin clay, and plant extracts such as neem) and synthetic 
insecticides, efficacy was high (around 90% mortality) for spinosad and emamectin benzoate, but was low for triflu-
muron, diafenthiuron, and the plant extract Tutafort (Hanafy and El-Sayed, 2013). Treatment of tomato for T. absoluta 
control with either azadirachtin or chlorantraniliprole resulted in no adverse impact on adult survival or egg hatch of 
predatory bugs (Amphiareus constrictus (Stål) and Blaptostethus pallescens Poppius). However, nymphal survival of the 
predators was reduced (Gontijo et al., 2015). As novel insecticides become available, it is important that they are used 
judiciously, combining them with all other available tools for T. absoluta management and rotating modes of action to 
hinder the development of insecticide resistance.

10.  ECONOMICS OF MANAGEMENT STRATEGIES

Globally, losses from insect pests, weeds, and diseases average 35% of potential crop yields for six major crops (Oerke, 
2006). Losses to preharvest pests are similar in vegetable crops (Dhaliwal et al., 2010). With commercial vegetables being 
valued at over $20 billion in the United States (USDA, 2014), losses and pest control costs can exceed $10 billion in some 
years. Worldwide, approximately 30% of all insecticides used are applied to vegetables and fruits (Shelton et al., 2008). 
The world’s leading producers of tomatoes are China and the United States. Fresh and processed tomatoes account for 
more than $2 billion in annual farm cash receipts. Because the value of fresh market tomatoes is dependent on crop quality, 
cosmetic damage must be kept to a minimum. As a result, over 95% of the United States tomato crop receives insecticide 
applications (Gianessi, 2009). These applications add tremendous costs to producers, but are often viewed as the only effec-
tive means to manage certain pests, including most lepidopterans.

While costs greatly vary by locations, many studies have found that even with the increased overall production cost, 
the use of synthetic pesticides can lead to increases in net profits. In Turkey, the average cost of pesticide applications in 
processed and fresh-market tomatoes ranges 6–6.5% ($73–$82/ha) of the total production cost (Engindeniz and Cosar, 
2013). Nevertheless, these expenditures led to net profits of $235 and $507/ha, respectively (Engindeniz and Cosar, 2013). 
In the United States, pesticide costs represent 1–5% of the total costs of tomato production (Miyao et al., 2008; VanSickle 
et al., 2009). For example, in the state of Virginia, insecticide costs ($93/ha) represented about 5% of the total cost of tomato 
production, but prevented losses lead to increased profits on $1214–$2785/ha (Nault and Speese, 2002). Additional studies 
in the southeastern United States found profits similar to those in Turkey with insecticide applications increasing net profit 
by $451–$493/ha (Walgenbach and Estes, 1992; Zehnder et al., 1994).

While there is no doubt pesticides can help to manage pests and maintain profits, it is also clear that a balanced integrated 
approach can be more sustainable and lead to higher revenues. Evaluation of an integrated management program in Mexico 
found that net profits increased as much as US $95/ha when compared to a conventional treatment approach, even though in 
some cases, lepidopteran pest abundance was higher (Trumble and Alvarado-Rodriguez, 1993). In Australia, these increases 
were more modest, but growers using integrated management approaches saw on average, a $15.88/ha increase in profits 
than growers using conventional methods (Grinter, 1996). Not only can an integrated approach reduce costs and increase 
profits, it can also slow the development of resistance; all of the pests described in this chapter display some level of 
resistance to multiple active ingredients (APRD, 2016).

11.  SUMMARY

The lepidopteran pest complex presents many challenges for tomato growers worldwide. The effort to develop more sus-
tainable management programs for these pests has been impeded, primarily because this crop has a low tolerance for insect 
damage and effective insecticides are available. However, with increased incidence of insecticide resistance and concerns 
for the interest of human safety, environmental protection, and sustainability, there is a need for a truly integrated approach. 
It is clear that integrated approaches can maintain high yields, and increase profit, thereby leading to an overall increase in 
the sustainable management of lepidopteran pests in tomato. Although synthetic insecticide use remains the predominant 
control strategy in commercial tomato production, there are ample opportunities to increase the use of more sustainable 
approaches. However, because of indiscriminate insecticide use, there are concerns and limitations to the broader use of 
biological control agents in tomato production systems.

As new information becomes available and new programs are developed, growers should include multiple tactics that 
work together and can be implemented over wide areas. Growers need a truly integrated approach that incorporates host-plant 
resistance, biological controls, cultural controls, behavior control, sanitation, and judicious use of insecticides such as selecting 
insecticides that minimally impact natural enemies. When used alone, these strategies will not work sufficiently. When used 
together, however, they can complement each other and lead to improved pest suppression, reduced insecticide resistance, and 
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a more sustainable pest-management program. Further studies are needed to identify the most effective components of an envi-
ronmentally sound management program. Refinement of IPM techniques and educating growers, extension entomologists, 
and other IPM practitioners are critical in advancing the sustainable management programs of lepidopteran pests.
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1.  INTRODUCTION

The tomato/potato psyllid, Bactericera cockerelli (Šulc) has been recognized as a pest of solanaceous crop plants for 
nearly a century. In most locations, however, it was treated as a minor pest and only a concern due to occasional outbreaks. 
Moreover, the psyllid often was considered a threat to potatoes (Solanum tuberosum L.) and not tomatoes (Solanum lyco-
persicum L.). Recently, a range expansion accompanied by a change in the psyllid’s genetic structure and the introduction 
of a new pathogen has changed this attitude.

The first report of B. cockerelli as a pest appeared in 1915. In the California (United States) State Horticulture Bulletin, 
Compere (1915) reported the psyllid (then Paratrioza cockerelli Šulc) as a pest damaging False Jerusalem Cherry (Solanum 
capsicastrum L.), an ornamental plant grown in northern California. This was followed by a report in which Essig (1917) 
identified the tomato psyllid as a pest of economic importance, but noted that severe outbreaks were rare. However, in the 
early 1920s psyllids were associated with a plant condition known as “psyllid yellows” (Binkley, 1929), and at this point 
the psyllid became a greater concern.

Psyllid yellows was first reported in Utah (United States) (Carter, 1939) before appearing in various Rocky Mountain 
States and California in the autumn of 1928 (Richards, 1928; Shapovalov, 1929). Following the reports in the 1920s, there 
were numerous, although sporadic outbreaks of psyllid yellows, including an extremely severe outbreak in 1938 (Daniels, 
1934; Jensen, 1938). Most of these early outbreaks were associated with potatoes. Studies by Binkley (1929) indicated 
that eggs laid by infected psyllids could hatch and the nymphs would feed on plants, but often did not generate disease 
symptoms. Nymphal feeding, however, when observed in large numbers and for prolonged periods did result in symptom 
development. Binkley (1929) also suggested that transfer could occur between diseased and healthy tomato and potato 
plants. Therefore, it was assumed that the psyllid released a toxin during feeding, and that transferable toxin was respon-
sible for the psyllid yellows.

In 1994, a potato defect that afflicted both leaves and fresh tubers of potato plants was detected in Mexico and 
Central America (Secor and Rivera-Varas, 2004; De Boer et al., 2007; Gudmestad and Secor, 2007). This disorder was 
given the name “Zebra Chip” and by 2000 it was observed in potato fields in Texas (Munyaneza et al., 2007a). By the 
mid- to late 2000s, zebra chip was causing substantial losses to potato growers, and had been identified in various other 
western potato-growing regions (Munyaneza et al., 2007b). In 2004, high densities of B. cockerelli were reported on 
fresh-market tomatoes in both California and Baja, Mexico (Liu and Trumble, 2004; Liu et al., 2006b). This was fol-
lowed in 2006 by reports of tomato plants with symptoms including: darkened and/or chlorotic veins, curled leaves, 
and shortened internodes in Arizona greenhouse facilities. Testing of these plants by polymerase chain reaction (PCR) 
revealed the presence of a species of Candidatus Liberibacter Jagoueix et al., but no presence of common tomato 
viruses. In the same greenhouses, the most common insects identified were individuals of B. cockerelli (Crosslin et al., 
2010). Also in 2006, B. cockerelli were identified from the area around Auckland, New Zealand (Teulon et al., 2009). In 
2008, tomatoes from this area were found exhibiting psyllid yellows symptoms (Liefting et al., 2009). The losses from 
those infestations approached one million New Zealand dollars. By 2009, B. cockerelli was identified on both islands of 
New Zealand (Liefting et al., 2009).

In 2008, tomato plants in California were found to be suffering from infection with a then unknown disease that was 
associated with also an unknown bacterium. The bacterium was eventually identified as C. Liberibacter psyllaurous (née 
solanacearum) (Lso). Lso subsequently was detected in potatoes, tomatoes, cape gooseberry (Physalis peruviana L.), and 
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tamarillo (Solanum betaceum Cavanilles) (Liefting et al., 2008a,b). Critically, the bacterium was also detected in the psyllid 
B. cockerelli (Hansen et al., 2008). At about the same time that Lso was identified in the United States, it was also detected 
in infected plants and B. cockerelli in New Zealand (Liefting et al., 2008a).

It is now accepted that the psyllid B. cockerelli is associated with two different plant disorders. The first is “psyllid 
yellows,” and the second is zebra chip in potatoes and “vein greening disease” in other solanaceous vegetable crops. Lso 
subsequently was shown to survive in many plants including: eggplant, bell peppers, tamarillo, and various nightshade 
species (Butler and Trumble, 2012c). Multiple experimental studies have also demonstrated that Lso is transmitted by 
B. cockerelli (Munyaneza et al., 2007a,b; Hansen et al., 2008) which is the only known vector of the bacteria in the 
United States and New Zealand. Two other haplotypes of Lso also exist in Europe, but are not found in solanaceous 
plants. They are also transmitted by different species of psyllid (Nelson et al., 2012; Nissinen et al., 2014; Teresani 
et al., 2014).

Initially, major infestations with B. cockerelli in North America were relatively rare (Liu et al., 2006a). However, the 
occurrence of psyllid yellows and the more recent vein greening disease, in addition to a more permanent presence of the 
psyllid in many locations, have combined to make B. cockerelli a serious pest of tomatoes in the United States, Mexico, 
and New Zealand. Losses have also been reported in Canada and several Central American countries (Butler and Trumble, 
2012c; Munyaneza, 2012).

2.  TAXONOMY

B. cockerelli, alternatively referred to as the potato and tomato psyllid, was first described in 1909 from a specimen col-
lected on bell peppers (Capsicum sp.) in Colorado (Šulc, 1909). This early description by Šulc (1909) assigned the psyllid 
the name Trioza cockerelli. Šulc’s descriptions were followed by the first descriptions of the insect’s biology in 1910–11. 
These included an early description of the psyllid’s morphology (Crawford, 1911). Additionally, Crawford moved the psyl-
lid to the new genus Paratrioza. Following a synonymization of Bactericera and Triozidae, the psyllid is now placed in 
the genus Bactericera and the family Triozidae (Burckhardt and Lauterer, 1997; Hodkinson, 2009). Following Crawford 
(1911), B. cockerelli’s morphology was described by Rowe and Knowlton (1935), Tuthill (1945), Burckhardt and Lauterer 
(1997), Abdullah (2008), and Vargas-Madríz et al. (2013).

3.  MORPHOLOGY

Adult B. cockerelli (Fig. 7.1A) range in size from 1.3 to 1.9 mm (Essig, 1917; Lehman, 1930; Liu and Trumble, 2007). 
Like many other psyllids and Hemiptera, B. cockerelli are often described as “cicada-like” in appearance. Initially, fol-
lowing the final nymphal molt, post-teneral B. cockerelli are pale green or light brown. As adults, they are black, but 
can demonstrate variation in color and some adults are brownish. The first abdominal segment has a white band and 
the last segment has a white “V-shaped” marking. The psyllids have clear wings that rest on the back of the abdomen. 
Adult males have six abdominal segments plus an additional segment with the genitalia. Females have five segments 
and the genitalia segment. Like other insects in the order Hemiptera, B. cockerelli has sucking mouthparts with sheathed 
maxillae and a proboscis. A detailed recent diagnostic description of B. cockerelli was published online by Halbert and 
Munyaneza (2012).

B. cockerelli is hemimetabolous with five wingless nymphal instars (Fig. 7.1B and C). The first instars are light, pale, 
yellow, or orange while the last instars often turn green (Essig, 1917). Nymphal instars differ significantly in size (antennal 
length, body width, and body length) and this variation can be used to distinguish between instars (Vargas-Madríz et al., 
2013). It is possible to distinguish the sex of nymphs, but this is a complicated process and involves dissection (Carter, 
1950).

Eggs of B. cockerelli (Fig. 7.1D) are small with an average length of 0.3 mm and width of about 0.1 mm (Butler and 
Trumble, 2012c). Eggs are yellowish in color and have an oblong shape often described as “football-like.” Typically, eggs 
are laid on a short (0.2 mm) long stalk on the edge (margin) of leaves (Compere, 1915; Lehman, 1930; Pletsch, 1942) and 
the abaxial side of the leaf; although, this pattern varies among host plants (Prager et al., 2013a, 2014a).

Like all psyllids, B. cockerelli is a piercing-sucking insect with specialized mouthparts for feeding on phloem. To date, 
only a few studies have examined the specific feeding behavior of this psyllid species, and these have mostly been con-
ducted within the context of Lso transmission. Specific studies have examined potatoes (Butler et al., 2012; Pearson et al., 
2014) and tomato (Sandanayaka et al., 2014) using Electrical Penetration Graph (EPG) techniques and present similar 
results. In general, these studies indicate a similar sequence of events in feeding and pathogen transmission which can take 
as little as an hour, but often much longer (∼5 h).
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4.  DISTRIBUTION

The geography and distribution of B. cockerelli is a complicated topic that is the focus of substantial current research. In a 
broad sense, B. cockerelli is endemic to North America and probably Central America. However, it has been introduced to, 
and is invasive in, New Zealand and Canada (Butler and Trumble, 2012c; Munyaneza, 2012).

There are reports of B. cockerelli in locations in the western United States and Mexico dating to early 1900s. It gener-
ally is believed that the psyllid is native to Mexico, where it has been a documented pest since the 1970s (Garzon et al., 
1992; Garzón-Tizanado, 2003; Covarrubias et al., 2006; Lopez et al., 2013). However, the psyllid has increased in range 
and Cadena-Honojosa and Guzman-Plazola (2003) reported a dramatic increase in midwest Mexico, including the state 
of Guanajuato where 60% of tomato production was lost in 1990 to the psyllid and Lso. It has also been associated with 
crop losses of 65% in San Luis Potosi (Diaz et al., 2005), and losses of 35% in northeastern Mexico (Rubio et al., 2011). 
The psyllid has been documented in many states in the United States including: California, Montana, North Dakota, South 
Dakota, Nebraska, Kansas, Oklahoma, Texas, and Minnesota (Mills, 1939; Pletsch, 1947). There are records of psyllid in 
the Canadian provinces of Alberta, British Columbia, and Saskatchewan (Pletsch, 1947; Wallis, 1955). The psyllid is also a 
recognized pest in Guatemala and Honduras (Tuthill, 1945; Pletsch, 1947; Cranshaw, 1994; Jackson et al., 2009; Crosslin 
et al., 2010). As noted previously, B. cockerelli has been introduced into New Zealand where it is a pest on both greenhouse 
and field crops of solanaceous plants including pepper, potato, and tomato (Gill, 2006; Martin, 2008; Teulon et al., 2009; 
Thomas et al., 2011).

While B. cockerelli was known in the western United States for decades, it was long assumed that outbreaks in most 
states were due to migration from southern locations in Mexico (Pletsch, 1947). In part this concept was based on the prem-
ise that weather, and in particular, maximum and minimum temperatures, were the primary factors in limiting its endemic 
geographic range with the psyllid unable to tolerate extremes in temperature. In light of these limitations, many researchers 
have proposed that the psyllid is migratory, traveling north on the wind currents (Romney, 1939; Pletsch, 1947; Jensen, 
1954; Wallis, 1955). Rather than overwinter in the colder environments of the Pacific Northwest and high plains of the 
United States (Abdullah, 2008; Munyaneza et al., 2009; Swisher et al., 2013a,b), B. cockerelli is thought to migrate from 
“overwintering breeding sites.” Initially it was thought that these sites were located in southern Arizona and southern Texas 
(Romney, 1939). However, Pletsch (1947) noted that the psyllid could be observed much farther south into the east coast 
area of Mexico. It was thought that those psyllids found in Arizona, New Mexico, and then later more northerly states such 
as Colorado and Nebraska migrate from these Mexican locations. Recently, the migration concept has been complicated 

(A) (B)

(C) (D)

FIGURE 7.1 (A) An adult Bactericera cockerelli, (B) Early instar nymph, (C) fifth instar nymph next to a first instar nymph, and (D) egg. Photos by 
Ryan Perry.
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by determination that some B. cockerelli overwinter in Washington (United States), and are a genetically distinct haplotype 
(Swisher et al., 2014).

A similar migration has been proposed for B. cockerelli from overwintering locations in western (Baja) Mexico into 
southern California and throughout the central and northern portions of the state. Supporting this, the northernmost over-
wintering site for B. cockerelli in California was Ventura County (Butler and Trumble, 2012c), while the psyllid was 
observed occasionally in the summer in the northernmost counties. Thus, while Ventura County may be the northern-
most documented overwintering site in California, recent reports of substantial populations in northern California peppers 
(Trumble, unpublished data) suggest that the northern limit for the Western haplotype is expanding. The potential migration 
patterns of these psyllids are currently an active research topic for which there is little conclusive information.

The sporadic nature of B. cockerelli outbreaks in North America often has been explained by occasional migration of the 
psyllid into the more northern areas where outbreaks occurred. Associated with this hypothesis was the concept that both 
maximum and minimum temperature limited the permanent range of the psyllid (Goolsby et al., 2012; Percy, 2012; Tran 
et al., 2012; Workneh et al., 2013). Consequently, the psyllid was not thought to overwinter in northern states. In an attempt 
to confirm this hypothesis, many studies of temperature effects on B. cockerelli have been conducted.

Some of the initial studies of B. cockerelli focused on the role of temperature on development. Those studies deter-
mined that both high and low temperatures influenced the rate of development (Lehman, 1930; List, 1939; Wallis, 1955). 
Specifically, the studies suggested that on potatoes, 26.7°C is optimal for oviposition (List, 1939); this temperature is 
also suitable for oviposition on tomatoes. Temperatures in excess of about 30°C were found to reduce oviposition, rate 
of egg hatch, nymphal development and adult survivorship. Temperatures in excess of 35°C were typically fatal (List, 
1939). These findings have been subject to subsequent tests under various conditions, and have generally returned simi-
lar results (Abdullah, 2008; Yang and Liu, 2009; Yang et al., 2010a,b). Surprisingly, these studies also indicated that B. 
cockerelli is extremely cold-tolerant (Henne et al., 2010; Whipple et al., 2012). Specifically, adults collected in both 
Washington State and Nebraska can survive temperatures below −10°C for over 14 h while nymphs can tolerate −15°C 
(Henne et al., 2010; Whipple et al., 2012). Further, reports indicated B. cockerelli could survive the winters of the Pacific 
Northwest of the United States using the nightshade species, Solanum dulcamara L., as an overwintering host plant 
(Sengoda et al., 2013).

When outbreaks of the psyllid occurred in southern California in the early 2000s, researchers began examining the 
specific geographic origins of the psyllids. Liu et al. (2006b) used a combination of genetic markers to determine that B. 
cockerelli from the western and central United States represented two distinct populations. This work led to further investi-
gations of B. cockerelli populations and resulted in a new method for distinguishing the populations (Swisher et al., 2012). 
Based on the new “high temperature melting” technique, it was determined that there are four distinct B. cockerelli haplo-
types (Swisher et al., 2012, 2013a,b). Each of these haplotypes was determined to be associated with a specific geographic 
range and was named accordingly (Swisher et al., 2012, 2013a,b).

5.  HAPLOTYPES

As indicated by the naming convention, B. cockerelli haplotypes are strongly associated with geographic regions in the 
United States. The two more broadly distributed haplotypes are the Central and Western. Central haplotype psyllids 
have been observed throughout Colorado, Idaho, Kansas, Nebraska, New Mexico, North Dakota, Texas, and Wyoming. 
These are often found in north–central Mexico (Liu et al., 2006b; Swisher et al., 2013a). Western haplotypes have 
been identified in California, Idaho, Oregon, New Mexico, North Dakota, Washington, and Baja Mexico (Swisher 
et al., 2012, 2013a,b). Additionally, the source of B. cockerelli in New Zealand appears to be the Western haplotype 
(Swisher et al., 2013a,b). Northwestern haplotype psyllids are rather restricted in range, occurring in Idaho, Oregon, 
and Washington. Despite these associations, it is notable that some states contain multiple haplotypes of the psyllids. 
Finally, the Southwestern haplotype is rare and has only been observed in the Rocky mountain regions of Colorado and 
New Mexico (Swisher et al., 2013a).

Currently, there is a small but increasing body of research on the different haplotypes of B. cockerelli, mostly compar-
ing the Western and Central haplotypes. Liu and Trumble (2007) compared the Western and Central haplotypes and found 
a series of differences with respect to survivorship and fecundity between the haplotypes. They also determined that for the 
Central haplotype psyllids there were no significant effects of host plant, while host-plant preferences and developmental 
parameters vary for the Western haplotype. They determined that the Western haplotype psyllids survived better on tomato 
and developed better than those on peppers. Prager et al. (2014b) further examined this topic and determined that host-
plant preferences for oviposition and for settling differ between the Central and Western haplotypes. An important finding 
was that the Western psyllids had a preference for pepper and tomato versus potatoes. They also found a preference for the 
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natal host plant and that the ability to use the host plants varies with haplotype. It has also been determined that size varies 
among the haplotypes (Liu and Trumble, 2007; Horton et al., 2014). The Northwest haplotype has larger wings and longer 
tibia then either the Central or Western haplotypes (Horton et al., 2014). Finally, Swisher et al. (2014) examined B. cock-
erelli samples in Washington State dating back to the late 1990s, and based on this information suggested that the Western 
haplotype may be relatively new to the region.

6.  LIFE CYCLE

Since its appearance as pest in the late 1920s, multiple authors have presented mostly similar descriptions of the B. 
cockerelli life cycle (Lehman, 1930; Knowlton and Janes, 1931; Davis, 1937; List, 1939). B. cockerelli is a hemipteran 
and follows a typical hemimetabolous life cycle that transitions from egg to nymph to adult. The life cycle begins when 
females lay eggs on the leaves and sometimes stems of host plants, typically following a pre-mating period of 3–5 days 
and pre-oviposition period of 6–8 days (Abdullah, 2008). Eggs take about 6 days to incubate and hatch after 3–9 days fol-
lowing oviposition. Once the eggs hatch, there are five nymphal instars with nymphal development taking about 20 days. 
The reported adult life span for B. cockerelli in the laboratory varies with factors such as temperature and host plant, but 
is typically about 41 days (Abdullah, 2008). Notably, the time to development and the number of generations per season, 
which are associated, are also influenced by a number of factors including: host-plant species, temperature, and humidity 
(Abdullah, 2008; Yang et al., 2010b; Prager et al., 2014c).

7.  HOSTS

A primary complication in management of B. cockerelli is its ability to use a large range of host plants. The reported host 
range exceeds 40 plant species from 20 different families (Crawford, 1911; Essig, 1917; Knowlton and Thomas, 1934; 
Pletsch, 1942; Wallis, 1955). Within this variation, Wallis (1955) reports a general preference for the families Solanaceae, 
Convolvulaceae, and Lamiaceae. However, it appears that the psyllid’s primary host plants are in the Solanaceae with 
other species serving as alternate or overwintering hosts. Among the reported hosts, the most common are solanaceous 
vegetable plants including: tomatillo (Physalis philadelphica Lam.) bell pepper, chili pepper (Capsicum sp.), potato (S. 
tuberosum), eggplant (Solanum melongena L.), and tomato (S. lycopersicum) (Wallis, 1955; Butler and Trumble, 2012c; 
Percy, 2012; Prager et al., 2014a,b). Since, in many regions these plants are grown in the same vicinity and during the 
same season, there are likely many alternate host plants on which the psyllid can develop. This presents the potential for 
incursion from neighboring untreated fields, weeds in nearby areas, or from urban gardens. A second issue associated 
with the psyllid’s host range is its ability to use numerous other plants as intermediates for migration or overwintering, 
although many of these species cannot be used for reproduction (Knowlton, 1933a). Other plants reportedly used by psyl-
lid include: water jacket (Lycium andersonii A. Gray), desert wolfberry (Lycium macrodon A. Gray), matrimony vine/
wolfberry (Lycium barbarum L.), multiple species of Datura, and even species of Pinaceae (Wallis, 1955). Studies also 
indicate that the psyllid is capable of using species of Solanaceae and Convolvulaceae native to New Zealand includ-
ing Taewa (S. tuberosum ssp. andigena and S. tuberosum), kumara (Ipomoea batatas L. Lam.) and poroporo (Solanum 
aviculare G. Forst).

Within this vast host range, B. cockerelli has numerous documented preferences both for plants and varieties, with 
respect to development, oviposition, and settling. In some instances, these reported patterns might conflict. For example, 
Knowlton and Thomas (1934) have reported that nymphs may be unable to develop on bell pepper, while other authors 
report successful growth and reproduction (Liu et al., 2006a; Yang et al., 2010a,b). Similarly, the host plant has been shown 
to influence fecundity when psyllids are offered a choice of eggplant or bell pepper (Yang and Liu, 2009). Prager et al. 
(2014b) examined this topic in detail and determined that multiple factors can influence host-plant choices, including the 
plant on which the psyllid developed, and the psyllid haplotype. In addition to plant species, there is substantial evidence 
that cultivar (variety) influences attractiveness to potato psyllids in both potato (Diaz-montano et al., 2013; Prager et al., 
2014c) and tomato (Liu and Trumble, 2005, 2006).

8.  PEST STATUS

B. cockerelli is a pest and economic threat to tomatoes for three different reasons. The most obvious and immediate reason 
is that the psyllids feed on the phloem of the plants resulting in both weakened stems and substantial accumulation of hon-
eydew. This honeydew accumulation can add weight to the plants thereby stressing stems, lead to fungal infections on the 
plant, and cause extra cleaning effort or downgrading of harvested fruit.
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8.1  Psyllid Yellows

The second more critical problem associated with B. cockerelli infestation on tomatoes is a condition known as “psyllid 
yellows.” Psyllid yellows was first described in the early 1920s in association with a series of potato psyllid infestations 
of potatoes and other solanaceous vegetable crops (Richards, 1928, 1929; Eyer and Crawford, 1933; Daniels, 1934; Eyer, 
1937). Attributed to a still unknown toxin (Abernathy, 1991), psyllid yellows is a systemic disorder (Carter, 1939) that is 
apparently associated with nymphal feeding (Cranshaw, 1994). However, adults have also been shown to produce psyl-
lid yellows symptoms in tomatoes, but only when feeding at much higher densities then nymphs (Daniels, 1934). While 
responses vary among cultivars, eight nymphs feeding on two-week-old tomato plants will generate these symptoms (Liu 
et al., 2006a). While feeding appears to be the primary cause of psyllid yellows, it can also be transmitted through graft-
ing (Daniels, 1934; Cranshaw, 1994). Symptoms in tomatoes (Fig. 7.2) can include: spotting, stippling, discoloration of 
leaves, malformed tissues such as curled or puckered leaves (Chapman, 1985), shortened internodes, enlarged nodes, and 
stunted fruit, or failure of fruit to set altogether. The most diagnostic symptom is yellowing and cupping of the leaves 
(Richards, 1933). Finally, an important aspect of psyllid yellows is that in some instances plants may recover with removal 
of the psyllids. However, this ability is variable with influencing factors including cultivar, age of the plant, density of the 
infestation, and the duration psyllids were on the plant (Blood et al., 1933; Richards and Blood, 1933; Carter, 1939, 1950).

8.2  Vein Greening Disease

Recently, a new B. cockerelli–associated threat has arisen in the form of the C. Liberibacter solanacearum (Lso) (synony-
mous with C. Liberibacter psyllaurous). Lso is a phloem-limited, Gram-negative, Alphaproteobacteria that is a pathogen 
of many solanaceous plants. The bacterium has been detected in potatoes, bell peppers, eggplant, and tomatoes (Hansen 
et al., 2008). However, the bacterial titer is higher (>300 times) in tomato than potato (Sengoda et al., 2013). In potato, 
Lso causes “zebra chip” disease (Fig. 7.3), while in tomatoes infection with Lso leads to a condition known as “vein 

(A) (B)

(C) (D)

FIGURE 7.2 (A) A healthy tomato (variety “Yellow Pear”) plant and (B–D) leaves exhibiting various psyllid yellows symptoms.
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greening disease”(Figs. 7.4 and 7.5). Since symptoms first appeared in greenhouse tomatoes in Mexico, vein greening 
has been identified in numerous locations including tomato fields in California, greenhouses in Arizona, Ontario, and 
New Zealand.

Infection with Lso results in an array of symptoms. Among the symptoms in newly infected plants are interveinal chlo-
rosis, curling of leaves, stunting, and vein greening (Figs. 7.4 and 7.5). Infection in older plants also results in bleached 
leaves in some cultivars, foliar purpling, necrosis, wilting, and eventually death. Most importantly, infection leads to poor-
quality fruit with low sugar content, and/or failure of fruit to set.

Symptomatically, vein greening and psyllid yellows are very similar. However, there is increasing research that supports 
the conclusion that psyllid yellows is not caused by Lso. First, successive grafts of psyllid yellows–infected plants result 
in a gradual recovery of plants (Daniels, 1954; Cranshaw, 1994). This is not the case with Lso in which grafting results in 
eventual infection similar to the source plant (Hansen et al., 2008; Crosslin et al., 2010). These factors suggest that a patho-
genic microorganism is not involved with psyllid yellows and support the “toxin” hypothesis. The identity of this “toxin” 

FIGURE 7.3 A potato plant (variety “Atlantic”) exhibiting characteristic symptoms of zebra chip disease.

FIGURE 7.4 Tomato plant in the field exhibiting symptoms of infection with Lso.
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still remains unknown (Abernathy, 1991). Additionally, psyllid yellows symptoms can be found in plants that test negative 
for Lso. Thus, feeding by psyllids can lead to psyllid yellows condition, but vein greening results from infection with Lso, 
which is transmitted by the feeding of the psyllid (Munyaneza et al., 2007a; Hansen et al., 2008; Sengoda et al., 2010).

Currently, detection and positive identification of infection with Lso in either plants or B. cockerelli can only be accom-
plished via PCRs or related molecular techniques. This can be accomplished either using traditional PCR, or through quan-
titative real-time PCR, which has proven to be more sensitive (Li et al., 2009; Lévy et al., 2013; Wen et al., 2013).

Since Lso was detected, the body of research has increased at a dramatic pace and a particular focus has been the 
dynamics of transmission by the psyllid vector. The association between Lso and B. cockerelli was first described by 
Munyaneza et al. (2007a). It is now known that Lso can be transmitted by a single psyllid in as little as 2 h (Sandanayaka 
et al., 2014), while 20 psyllids can result in infection in an hour (Buchman et al., 2011). Given 72 h of exposure, 100% of 
tomato plants in laboratory studies were infected (Buchman et al., 2011; Sengoda et al., 2013). However, as the number of 
psyllids feeding on a plant increases, the time required for inoculation decreases (Rashed et al., 2013). EPG studies indi-
cate that while 35 min to an hour is required to reach the phloem (Butler et al., 2012; Sandanayaka et al., 2014), less than a 
minute is required for inoculation once a psyllid reaches the phloem, and thus inoculation may occur in as little as 35 min 
(Sandanayaka et al., 2014). Also, nymphs are less efficient than adults at transmitting the virus (Buchman et al., 2011), but 
they may be more efficient at acquiring Lso (Buchman et al., 2011). Finally, there is no effect of the host plant, on which 
the psyllid is reared, in their ability to transmit the bacteria to tomatoes (Gao et al., 2009).

The issue of haplotypes is further complicated because not only are there multiple haplotypes of the insect, there also 
are at least four haplotypes of Lso. Lso haplotype A is found primarily in the western United States (California) but is 
also detected occasionally in Texas and other central states. Lso recorded from New Zealand is also of the A haplotype. 
Haplotype B is mostly found in central United States but also occurs in the Pacific Northwest; it has never been found in 
California. Other haplotypes of Lso have been identified, but these are not found in North America and generally are asso-
ciated with other crops such as carrots and celery, or are associated with a different species of psyllid (Nelson et al., 2011, 
2013; Tahzima et al., 2014; Teresani et al., 2014).

9.  MANAGEMENT

9.1  Sampling and Treatment Decisions

One of the most complicated issues in managing B. cockerelli is determining when to take management action. Currently, 
there is no economic threshold for psyllid in any North American crop, including tomatoes. Some thresholds are provided 
for greenhouse tomato growers in New Zealand, where a psyllid infestation of greater than 2% triggers insecticide treat-
ment of the entire greenhouse. Spot treatments are recommended for 1.5–1.8% infestation (Anonymous, 2008a).

With the lack of a threshold in North America, producers have taken a zero tolerance approach for management of psyl-
lid in potatoes. This approach is indicative of the risk due to Lso. In the absence of Lso, the acceptable level of infestation 

(A) (B) (C)

FIGURE 7.5 (A) Leaf from a healthy tomato plant and (B–C) leaves of tomato plants infected with Lso and exhibiting symptoms.
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can be substantially higher as the risk is from psyllid yellows. Since plants may recover from psyllid yellows if timely 
action is taken, there is more flexibility in management decisions. However, Lso can be transmitted quite rapidly by even 
a single psyllid. Therefore, when vein greening is a concern, a much lower level of tolerance must be applied. Moreover, 
both psyllid yellows and Lso infections can cause plant death, but mostly they lead to a reduction in marketable fruit. In a 
commercial operation, it is typical to experience some loss to disease, therefore growers or pest control advisors (PCAs) 
may not take action if a small proportion of plants are infected with Lso.

The different haplotypes, numerous potential host plants, and insect’s migratory nature complicate the association 
between sampling for B. cockerelli and establishing appropriate thresholds. For example, there is evidence that psyllids do 
not use all host-plant species or varieties equally. In fact, it was demonstrated that host preferences can vary with cultivar 
(Liu and Trumble, 2004) and among haplotypes (Prager et al., 2014b). Thus, sampling needs to be conducted throughout 
the season since it is unclear when psyllids will invade fields in a given location, if they will leave those plants, if there will 
be multiple infestations, or if the insects will be carrying Lso.

Current recommendations for sampling of B. cockerelli are based on potatoes and involve placing yellow sticky cards 
at the margins of fields near the tops of plants (UCIPM, 2012). These sticky cards are best used as an indicator for the 
appearance of psyllids and that foliage examination should begin. It is thought that for potatoes, the combination of sticky 
cards and leaf samples is comprehensive enough to guide decisions (Goolsby et al., 2007). However, there are multiple 
published objections to the use of sticky cards (Martini et al., 2012), and many authors argue instead for the use of vari-
ous forms of plant sampling (Butler and Trumble, 2012b; Martini et al., 2012; Yen et al., 2012; Walker et al., 2013; Prager 
et al., 2012, 2013a, 2014a). In particular, it has been reported that sticky trap results do not correlate to counts on the plants 
(Prager et al., 2012). Additionally, most of the sampling studies of B. cockerelli were conducted on potatoes, and in some 
pest insects sampling plans and insect distributions have not proven to be consistent among crops or geographic locations 
(Trumble et al., 1987, 1989). Additionally, the current sampling recommendations for tomato in the United States do not 
provide guidance for when to take treatment action (UCIPM, 2012). In New Zealand, Walker et al. (2013) recommended 
potato growers sample 100 middle leaves from 50 randomly selected plants from a row, but again there are no solid recom-
mendations for tomato.

9.2  Within Field and Plant Distribution

Within fields of potato, pepper, and tomato, B. cockerelli exhibits an aggregated distribution with noticeable edge effects 
(Butler and Trumble, 2012b; Martini et al., 2012; Walker et al., 2013). This has been demonstrated in green tomatoes in 
Mexico in addition to potatoes (Crespo-Herrera et al., 2012). Within tomato plants, B. cockerelli exhibits a general prefer-
ence for the underside of leaves located in the middle-third of plants. However, this changes as plants grow larger (Prager 
et al., 2014a).

To date, there is only one published sampling protocol for B. cockerelli in tomatoes (Prager et al., 2014a). They devel-
oped three sequential sampling plans for B. cockerelli in California tomatoes based on 27%, 57%, and 70% infestation of 
fields. The three plans are intended to allow a grower to adjust for their level of risk aversion and perceived threat from 
Lso. Additionally, the sampling plans indicate that adults are difficult to detect and thus sampling should concentrate on 
nymphs. Sampling for nymphs also has the advantage that adults may be transient in a field while nymphs require adults to 
have been present long enough to oviposit. Furthermore, since nymphs are difficult to see in the field and searching plants is 
time–consuming, they present a binomial plan in which a plant need only be classified as having psyllids present or absent.

Perhaps the biggest complication in sampling and making treatment decisions for psyllids is their ability to use multiple 
hosts. In particular, psyllids that are reared on other host plants can use tomatoes as hosts and can transmit Lso to tomatoes. 
This is critically important to sampling and management because psyllids may develop in unmanaged fields or on weedy 
hosts, and then migrate into tomato fields. This is further complicated by the fact that tomatoes typically are equally or more 
acceptable to psyllid than either potato or pepper (Prager et al., 2014b).

The threat of B. cockerelli moving among plants can be considered in the context of a field study in which the number 
of adult and juvenile psyllids in adjacent tomato and pepper fields are examined. We conducted such a study in Orange 
County, California in 2009 and 2010 and found that in both 2009 (P < .001, df = 10) and 2010 (P < .001, df = 11) there was a 
significant difference between the number of adult psyllids in tomato and pepper fields over time (Fig. 7.6). Interestingly, 
the trend was much more apparent in 2009 where psyllids only appeared in tomato fields on one sampling date. In 2010, 
psyllids were present in both fields, yet they were typically more abundant in pepper fields (Fig. 7.6). When juvenile psyl-
lids were examined, there was a significant difference between plants (X2 = 19.0, P < .01, df = 1), years (X2 = 28.4, P < .01, 
df = 1), and among weeks (X2 = 30.0, P < .01, df = 11) (Fig. 7.6). Throughout 2009, this trend was due to the presence of 
psyllids on pepper plants when there were no (or few) psyllids on tomatoes. However, in 2010 there were more juveniles in 
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the tomato fields, as opposed to adults that were mostly on peppers. These results indicate that in adjacent fields, sampled 
with identical methods and on the same days, tomato psyllids are not evenly distributed. Although there were no strong 
patterns, in 2009 adult psyllids appeared more commonly on pepper than on tomato, a trend which was less distinct but also 
apparent in 2010. Conversely, juvenile stages were more common in tomato fields than in pepper, even on those dates where 
adults were prevalent in peppers. These results strongly suggest that sampling must be conducted using methods specific 
to a given crop, a finding also supported by the differences in within-plant distributions among crops, and the lack of edge 
effects in peppers relative to tomatoes and potatoes reported by Prager et al. (2013a).

9.3  Biological Control

Biological control is a desirable component of any integrated pest management (IPM) program. Integrating natural enemies 
requires knowledge of the natural enemy community and their interactions with pest insects. There are numerous reports 
and surveys of natural enemies of B. cockerelli in North America. These include field surveys (Knowlton, 1933b; Romney, 
1939) and laboratory assessments (Knowlton, 1933b; Knowlton and Thomas, 1934; Knowlton and Allen, 1936). Many of 
the field surveys were conducted in potato fields, and reported species of Chrysopidae, Anthocoridae, and Coccinellidae 
attacking psyllid. Laboratory studies also indicated that Syrphidae larvae, Nabidae, Miridae, and Geocoridae also attack  
B. cockerelli (Knowlton, 1933b; Knowlton and Thomas, 1934; Knowlton and Allen, 1936).

The most comprehensive examination of B. cockerelli natural enemies was by Butler and Trumble (2012a) in California. 
Based on multiple years of surveys in multiple crops, they determined that Orius tristicolor (White), Geocoris pallens 
Stål and Hippodamia convergens Guérin-Méneville were key natural enemies of B. cockerelli. They also suggested that 
the parasitoid Tetrastichus triozae Burks may have some utility as a control agent when pesticides are not used. However, 
Johnson (1971) examined this species and found limited control of B. cockerelli. A primary obstacle to biological control 
of B. cockerelli may be the low rate of parasitism even by psyllid specialists (Romney, 1939; Butler and Trumble, 2012a). 
In addition, even in those cases where parasitism reached substantial levels, the potential for transfer of the vein green-
ing pathogen was high because T. triozae attacks third or fourth instar nymphs and feeding by second or third instars can 

FIGURE 7.6 The mean (SEM) number of nymphs sampled in adjacent fields of tomato and pepper on the same days in 2009–10.
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introduce the pathogen into the plant. They suggested that perhaps a greater benefit would occur from psyllid population 
reductions on adjacent hosts outside the field that would reduce immigration into the crop. Another concern is the occur-
rence of Encarsia pergandiella Howard and Encarsia peltata (Cockerell), which hyperparsitize over 5% of the T. triozae-
parasitized B. cockerelli in crop fields in southern California (Butler and Trumble, 2011). The long-term impact of these 
hyperparasites on any inundative release program of T. triozae will require additional investigation.

Butler and Trumble (2012a) also identified many species of spiders preying on B. cockerelli. However, they did not 
identify any particularly effective species. Butler and Trumble (2012a) followed up on these surveys with exclusion cage 
experiments that demonstrated that natural enemies can play a role in reducing B. cockerelli populations. Furthermore, they 
found that the reduction was due to generalist predators. As mentioned, this is in agreement with some insecticide trials that 
demonstrate increased populations when less specific insecticides were applied.

Although not as comprehensive as the studies in California, Walker et al. (2011) examined the natural enemies of  
B. cockerelli on potatoes in New Zealand and found that brown lacewings, Micromus tasmaniae (Walker) and small hover-
flies were most abundant. Additionally, they provided unpublished data from laboratory studies that indicated brown lace-
wings, 11-spotted ladybird beetles (Coccinella undecimpunctata (L.)), large-spotted ladybird beetles (Harmonia conformis 
(Boisduval)), small hoverfly (Allograpta) larvae and adults, and damsel bugs were capable of feeding on all life stages of  
B. cockerelli. In New Zealand in 2006–08, surveys were conducted looking for potential control agents for B. cockerelli, but 
they failed to identify any natural enemies that could provide control on tomatoes (Anonymous, 2008a). As of 2013, Plant 
and Food Research Ltd. (Anderson et al., 2013) has been examining the potential for release of T. triozae as a biocontrol 
strategy.

Al-Jabr (1999) specifically examined the potential of two species of lacewing (Chrysoperla carnea (Stephens) and 
Chrysoperla rufilabris (Burmeister)) for control of B. cockerelli in tomato greenhouses. Results indicated that both species 
could develop on B. cockerelli but survival in the greenhouse conditions was limited, thus reducing the potential for its use.

Finally, Lacey et al. (2009) tested two species of entomopathogenic fungi for use against the psyllid and found that 
both Metarhizium anisopliae (Metchnikoff) Sorokin and Isaria fumosorosea Wize were effective in controlling the psyllid 
as both adults and nymphs. They further examined commercial formulations of these products and determined that they 
reduced eggs and nymphs relative to controls while also reducing zebra chip symptoms and plant damage (Lacey et al., 
2009, 2011).

9.4  “Green” Compounds and Organically Acceptable Control Methods

To complement or replace the various insecticidal materials applied for control of psyllids, numerous green or biorational 
materials have been examined. To date, biorational products are more commonly used in greenhouse operations than in 
the field, especially in New Zealand (Walker et al., 2010, 2011; Jorgensen et al., 2013). Among those materials examined, 
various levels of efficacy have been reported. For example, laboratory studies on potatoes in New Zealand have demon-
strated efficacy of multiple oils including: Sap Sucker Plus, Organic JMS Stylet-Oil (JMS Flower Farms Inc.), Excel Oil 
(GroChem), and Eco-Oil (Eco Organic Products); none of these materials were found to be repellent or reduce oviposition 
(Jorgensen et al., 2013). However, there were some associated reductions in nymphs that were likely due to reduced egg 
hatching (Jorgensen et al., 2013). This finding is somewhat contradictory to the findings of Walker et al. (2010) who found 
that Eco-Oil was more effective than Excel Oil. However, Eco-Oil’s effects are consistent with findings for other products 
including methylated seed oil and a sprayable wax matrix product (SPLAT, ISCA Technologies, Riverside, California, 
United States). Tests of those products demonstrated that nymphs and eggs were affected (killed or prevented from hatch-
ing) by non-insecticidal materials (Prager and Trumble, unpublished data).

At least two particle film products have been tested against B. cockerelli (Yang et al., 2010a,b; Peng et al., 2011). Peng 
et al. (2011) found that kaolin particle film resulted in reduced egg numbers on tomato plants in the lab, while in the field 
kaolin reduced numbers of eggs, nymphs, and adults. Similarly, Prager et al. (2013b) examined a limestone particle film on 
potatoes and found no effect on adult mortality or probing, but a significant reduction in oviposition.

9.5  Chemical Control

Starting with the first major outbreaks of B. cockererlli in North America in the 1900s, management has primarily focused 
on insecticidal approaches. Because of this, there is a long history of research on insecticidal control of B. cockerelli. Many 
of the materials that have been used or tested for control of B. cockerelli have been examined on potatoes and not tomatoes.

The earliest control approaches tested were nicotine sulfate and lime sulfur, with the lime sulfur proving effective (List, 
1917, 1918). In particular, lime sulfur was repellent to adults and toxic to nymphs. Sulfur had been recommended on many 
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occasions and was demonstrated to increase yields of both potato and tomatoes (List and Daniels, 1934; List, 1935, 1938). 
Unfortunately, lime sulfur is phytotoxic (List, 1935; Pletsch, 1942). Other materials that have been examined include nico-
tine, zinc, arsenite sprays, calcium cyanide dusts, and various oils (Knowlton, 1933b; Pletsch, 1942, 1947). In the 1940s 
growers began using DDT, which was effective but is no longer an option (Hill, 1945, 1948; Pletsch, 1947).

Beginning in the 1960s many different materials were used for control of psyllid. These included the organophosphates 
phorate, parathion, disulfoton, and demeton (Gerhardt and Turley, 1961; Harding, 1962; Gerhardt, 1966). Some carbamates, 
such as aldicarb, cloetiocarb, methomyl, and carbaryl have also been used against psyllid, but most were ineffective (Cranshaw, 
1985). In the 1980s another series of materials were examined for use in psyllid management. These included diazinon, endo-
sulfan, permethrin, acephate, phorate, disulfoton, and various pyrethroid insecticides (Cranshaw, 1985, 1989). Many of these 
materials proved effective, however, there is evidence that pyrethroids can lead to increases in psyllid numbers (Prager and 
Trumble, unpublished data). The use of methomyl and carbamates is known to result in increased pest pressure in potatoes, 
likely due to the negative effect on natural enemies (Prager and Trumble, unpublished data), but possibly from hormoligosis.

Beginning with the reemergence of psyllid as a pest in the 2000s another round of research on insecticidal management 
of psyllid has begun. This is largely fueled by the additional threat from Lso and the failure to develop effective or practical 
non-insecticidal methods of managing psyllid.

Currently, management of B. cockerelli is entirely dependent on the application of insecticides (Guenthner et al., 2012; 
Greenway, 2014). Since the major outbreaks of zebra chip in Texas, numerous insecticidal rotations have been proposed 
and applied for control of psyllid. These rotations have used materials including: imidacloprid + cyfluthrin, endosulfan, 
and methamidophos (Goolsby et al., 2007; Guenthner et al., 2012). In potatoes growers are more proactive with weekly 
insecticide applications than in tomatoes (Guenthner et al., 2012). There are a few specific studies of insecticidal control of  
B. cockerelli in tomatoes. However, these are greenhouse or laboratory-based trials. These studies found that spinosad, acet-
amiprid, and neem-based compounds are effective in killing B. cockerelli adults (Al-Jabr and Cranshaw, 2007). Other work 
by Liu and Trumble (2004, 2005) examined interactions between tomato cultivars and various insecticides. These studies 
revealed that imidacloprid, spinosad, pymetrozine, and pyriproxyfen altered psyllid biology. These effects included altered 
probing behavior, impacts on development and survivorship from egg to adult, and variation in non-feeding behaviors. In New 
Zealand, where psyllid is an introduced pest on tomato, potato, and bell pepper, multiple materials have been examined in the 
lab for control of psyllid on bell peppers (Berry et al., 2009). These studies indicated that the contact insecticides dichlorvos, 
lambda-cyhalothrin, methomyl, tau-fluvalinate, and methamidophos all caused greater than 98% mortality to psyllid. Yet, 
these materials are not encouraged in modern IPM strategies since they are harmful to humans and beneficial insects.

To date, the most effective material known for knockdown of B. cockerelli is abamectin, which has extremely high 
24-h mortality (Gharalari et al., 2009; Lacey et al., 2009). Abamectin is currently recommended as part of the University 
of California IPM strategy for B. cockerelli (UCIPM, 2012). Similarly, in New Zealand it is recommended that greenhouse 
growers spray young plants with abamectin or a similar “IPM compatible” insecticide.

At present, one of the most commonly used and recommended techniques for managing B. cockerelli is the soil (in 
furrow) application of insecticides including phorate or imidacloprid at planting, with imidacloprid being the most com-
monly used. Imidacloprid is especially useful because it has been shown to interfere with the psyllid’s probing behaviors 
that reduce transmission of Lso (Butler et al., 2011, 2012). Unfortunately, there is substantial evidence that the psyllid may 
be developing resistance to imidacloprid (Liu and Trumble, 2007; Prager et al., 2013c). This is the case in southern Texas, 
where psyllids often migrate from Mexico where growers apply imidacloprid many times a growing season (Prager and 
Trumble, unpublished data). An alternative to imidacloprid is the soil application of thiamethoxam, which is also effective 
against B. cockerelli (Gharalari et al., 2009; Prager et al., 2013c). However, thiamethoxam is highly sensitive to application 
method and less effective with increased irrigation. Additionally, it is not as effective as imidacloprid for long-term control 
(Prager et al., 2013c). In New Zealand, greenhouse growers are also advised to use neonicotinoid along with irrigation and 
apply thiacloprid along with irrigation water (Anonymous, 2008b).

Recently, a new material with a distinct mode of action, cyazapyr (IRAC class 28), has been approved for use in toma-
toes in the United States. Preliminary studies indicate that it is effective in controlling B. cockerelli and may provide similar 
results to imidacloprid and thiamethoxam (Trumble and Prager, 2014). Of particular interest is the ability to apply it as a 
soil treatment in place of neonicotinoid insecticides. This is important for resistance management. In addition to neonicoti-
noid insecticides, a variety of other selective systemic insecticides are currently used for control of B. cockerelli. Among 
these is pymetrozine, a product that inhibits feeding but is slow acting and has mixed reported efficacy (Liu and Trumble, 
2005; Gharalari et al., 2009; Walker et al., 2010). Spiromesifen and spirotetramat have also been shown to be effective 
against nymphs of psyllid (Liu and Trumble, 2004; Gharalari et al., 2009; Page-Weir et al., 2011), and they are frequently 
applied as part of insecticidal rotations on potato (Guenthner et al., 2012).

Overall, the lack of robust field data greatly complicates management of psyllid as the growers are often presented with 
contradictory information, or must rely on the results of studies conducted on other crops. As demonstrated in Table 7.1, even 
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the recommendations of institutions such as the Western Regional IPM Center (http://westernipm.org) offers contradictory 
information. For example, current UCIPM (2012) guidelines for control of psyllid call for the application of abamectin, spi-
romesifen, and spinosid. Meanwhile, the Western Regional IPM Center’s Pest Management Strategic Plans offers little recom-
mendation for control of B. cockerelli in tomatoes, but do indicate “fair” results from the use of esfenvalerate, methomyl, and 
oxyamyl. This obviously contradicts the finding that methomyl leads to increases in psyllid populations in potatoes and peppers 
(Prager et al., 2016). In the past five or so years, there has been an increase in field evaluations of materials for control of potato 
psyllids, many of which are described in the various Proceedings of the Annual Zebra Chip Reporting Sessions (http://zebra-
chipscri.tamu.edu). However, few of these results have been integrated into IPM guidelines. Additionally, there is currently 
only one published scheme for managing potato psyllids in tomatoes in the context of a pest complex (Prager et al., 2016).

10.  ECONOMICS OF MANAGEMENT STRATEGIES

The economics of managing B. cockerelli in tomatoes can be complicated. In Baja Mexico and southern California, out-
breaks of psyllid have resulted in millions of dollars of losses (Liu et al., 2006a). Growers have responded to this threat 
in two ways. First, they make multiple insecticide applications per week throughout the season. Second, they often grow 
tomatoes in large screen houses to exclude the insect. These approaches are costly in both labor and materials.

In New Zealand, B. cockerelli has been a pest of major concern to greenhouse tomato growers (Ivicevich, 2006; 
Robertson, 2006a,b; Teulon et al., 2009). This is due to the immediate implications of damaged plants, and also because 

TABLE 7.1 Reported Efficacy of Insecticidal Materials Evaluated for Control of Potato Psyllids in Potato, Bell Pepper 
and Tomato Based on Information From Current Pest Management Strategic Plans (PMSP)

Insecticidal Material
Commercial 
Name Pepper Tomato Potato

Abamectin AgriMek - - -

Acetamiprid Asail Poor - Good

Azadirachtin Neemix Poor, fair - -

Bacillus thurgensis Bt Poor - -

Beauveria bassiana Various Poor - -

Carbaryl Seven Poor - Good, excellent

Carbaryl Bait Seven Poor - -

Endosulfan Thionex, Thiodan - - Good, excellent

Esfenvalerate Asana - Fair Good, fair

Ethoprop Mocap - - -

Imidacloprid Provado/Admire/
Leverage

Ineffective - -

Memthamidophos Monitor - - Good

Methomyl Lannate - Fair -

Permethrin Pounce - - Fair, good

Phorate Thimet - - Good

Spinosid Success Poor - -

Sulfur Sulfur Good - -

Thiamethoxam Platinum/Actara - - -

Oxyamyl Vydate - Fair -

Imidacloprid + Cyfluthrin Leverage - - Good, fair

Hyphen (-) indicates no evaluation included for that pesticide in the PMSP for that crop.
Published online by the Western IPM Center.

http://westernipm.org
http://zebrachipscri.tamu.edu
http://zebrachipscri.tamu.edu
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there are implications for export markets (Robertson, 2008a,b). As a result, growers often have reverted to insecticide use, 
including the application of materials harmful to beneficial insects (Workman and Pedley, 2007a,b; Teulon et al., 2009). 
Consequently, there is a substantial risk to progress made toward IPM adoption in these scenarios.

In the United States, California is the largest tomato-growing region where B. cockererlli is found, with upward of 
80,000 ha grown annually. As in New Zealand, there are well-adopted and successful IPM strategies for tomatoes. However, 
these are likely threatened by psyllid. In large part this is due to the current reliance on insecticides to control psyllid, com-
bined with the lack of economic thresholds and a tendency to use materials harmful to beneficial insects (see Liu et al., 2012 
for details). Additionally, many of the materials used to manage psyllid in other crops that may be effective in tomatoes are 
still covered under patents and are therefore more costly than “traditional” and older insecticides.

A final problem for managing psyllid in tomatoes is that tomatoes are subject to many plant diseases and viruses. 
Tomato growers, especially those who grow processing tomatoes, are accustomed to loss from disease. Consequently, 
they may not specifically target psyllids in their management programs. When an infestation is with Lso-negative psyl-
lids, this may be acceptable because it is sometimes possible to recover from psyllid yellows, and because action may be 
taken before psyllid populations reach harmful levels. On the other hand, since the Lso bacteria can be transmitted quickly, 
infected psyllids need to be managed aggressively. However, this is difficult because one cannot determine if a psyllid car-
ries Lso, or a plant is infected with Lso, without complicated molecular techniques. Similarly, the symptoms of Lso can 
be difficult to distinguish from those of other plant diseases. These factors combine to force growers to evaluate their risk 
aversion and correspond accordingly, which has economic consequences.

11.  FUTURE PROSPECTS

B. cockerelli, the tomato/potato psyllid has been a known pest on tomato in the western United States for nearly a century. 
For much of this time it was an occasional pest, and most damage was linked to psyllid yellows symptoms. This made 
management relatively simple, as outbreaks could be treated with insecticide applications. However, over the last decade 
or so, it has been discovered that B. cockerelli is also the vector of C. Liberibacter solanacearum, the causal agent of 
zebra chip and vein greening disease. This makes management of B. cockerelli much more difficult. In particular, we are 
lacking in many of the important tools for optimizing IPM strategies. These include economic and damage thresholds, 
comprehensive examinations of disease frequency across locations and crops, and explicit tests of insecticides for control 
of B. cockerelli on tomato. We also lack knowledge on the alleged migration of psyllids and are only now starting to 
understand the biology of the various haplotypes of psyllids and Lso. This is partly due to the complete inability to culture 
Lso. Finally, we are lacking in IPM schemes that include the psyllid as part of pest complex along with other insects and 
pathogens. Given that the psyllid is progressively expanding its range and is capable of using numerous hosts, it is likely 
that both Lso and the psyllid will become an increasing and more consistent problem on tomatoes as it has in bell pepper 
and potato.
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1.  INTRODUCTION

Damage caused by minor pests of tomatoes is often localized to one area of tomato production. They may also be common 
in many tomato growing regions, but they cause marketable yield loss sporadically, both in time and space. For many of 
these minor pests, biological control agents, which are negatively impacted by overusage of pesticides, are important in 
maintaining these pest populations below economic thresholds. Therefore, it is important to use integrated pest manage-
ment (IPM) programs in tomato systems to preserve natural enemies while also managing both major and minor pests.

2.  STINK BUGS, EUSCHISTUS CONSPERSUS UHLER, THYANTA PALLIDOVIRENS 
(STÅL), NEZARA VIRIDULA (L.), CHINAVIA HILARIS SAY, EUSCHISTUS SERVUS (SAY), 
HALYOMORPHA HALYS STÅL, CHLOROCHROA SAYI (STÅL), CHLOROCHROA 
UHLERI (STÅL)

The family Pentatomidae is made up of a group of insects commonly called stink bugs that are familiar pests observed during 
the growing season on a wide variety of plants. While there are many species in this family they all cause very similar damage 
in tomatoes. The group gets its name because of their ability to release foul smelling odors from scent glands on their thorax 
located near their middle legs (both in the adults and the immatures) (Aldrich et al., 1995). All stink bugs, adults and immatures 
have piercing-sucking mouthparts that remove plant fluids. Because there are so many species that are considered to be “stink 
bug” pests, this section will discuss, in general terms, the various life histories and descriptions of the pests. A few specific 
species will be discussed in more detail because of their importance as pests in tomato. Although, there are other families of 
bugs that can attack tomato, Coreidae and Miridae, these will not be discussed in this section.

2.1  Identification

Adult stink bugs are shield-shaped, 1.3–1.8 cm long, 1.2–1.7 cm wide, and tend to be brown, green, or gray (McPherson 
et al., 1982). Some species have other distinguishing markings such as the brown marmorated stink bug Halyomorpha 
halys Stål that has two white spots on its antennae and alternating dark bands on the thin outer edge of its abdomen 
(Fig. 8.1). Other species have distinctive red or yellow markings. Some of the more common species of stink bug 
found as pests of tomato are: Consperse stink bug Euschistus conspersus Uhler; Red shouldered stink bug Thyanta 
pallidovirens (Stål) (= T. acerra), Southern green stink bug Nezara viridula (L.); Green stink bug Chinavia hilaris 
Say (=Chinavia hilare Say, Nezara hilaris Say, Acrosternum hilaris Say, Pentatoma hilaris Say); Brown stink bug 
Euschistus servus (Say); Say stink bug Chlorochroa sayi Stål; Bagrada bug Bagrada hilaris (Burmeister); and Uhler’s 
stink bug Chlorochroa uhleri (Stål). Eggs of stink bugs are distinctively barrel-shaped, 1.4 mm long and 1.3 mm wide, 
laid in tight clustered rows of between 30 and 130 eggs glued together. The eggs tend to be white or green when 
first laid, later turning pinkish to red or multicolored. Eggs usually are laid on the underside of foliage and hatch in 
approximately 6–7 days (Miner, 1966; Dietz et al., 1976). Immatures or nymphs are oval-shaped and usually dark 
colored or black and red when small. As they mature, they transform to adult coloration of green, brown, or gray. 
Nymphs can have distinctive patterns of spots or other markings that help distinguish one species from another (Dietz 
et al., 1976). The younger immatures (first to third instars) frequently aggregate while the later instars disperse from 
the egg-laying site as they mature (Slater and Baranowski, 1978).
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2.2  Biology

Overwintering stink bugs are in reproductive diapause and often appear reddish-brown (Brennan et al., 1977; Harris et al., 
1984). Most stink bug species become active during the first warm days of the growing season. Soon after becoming active 
they begin to lay eggs. Egg laying activity continues throughout the growing season. The number of generations for stink 
bugs varies from uni- to multivoltine. In general the further north the stink bug is found, the fewer the number of generations. 
However, a few species are multivoltine even when found north of 40 degrees latitude (McPherson et al., 1994; Munyaneza 
and McPherson, 1994). The egg to adult life cycle takes 30–45 days to complete, but varies with temperature. Stink bugs go 
through an incomplete metamorphosis with five nymphal instars, which takes about 25–30 days to complete (Todd, 1989). 
Adults live 45–60 days, on average. Adults overwinter in protected areas such as under leaf litter in woods, under crop residue, 
in cover crops, or on weeds such as wild mustards (Jones and Sullivan, 1981; Javahery, 1990).

2.3  Distribution, Host Range, and Seasonal Occurrence

Stink bugs are found throughout the temperate, neotropical, and tropical crop production areas of the world. Stink bugs feed on 
a wide variety of food sources from trees such as elderberry, black locust, honey locust, black cherry, dogwoods, basswood, and 
even pine trees to weeds such as mullein, various grasses, jimson weed, fleabane, wild lettuce, trumpet creeper, sedge, horse 
nettle, sage, mallow, wild mustards, and shepherd’s purse, to many crop plants including apples, beans, blackberry, corn, cotton, 
cabbage, crucifers, eggplant, peaches, pear, peppers, soybean, and tomato. Over 620 genera of plants are hosts to these pests 
(McPherson and McPherson, 2000). Stink bugs become active during the first few warm days of the season, and are most active 
in mid- and late season. They begin to move to overwintering sites as day lengths shorten and temperatures cool.

2.4  Damage, Losses, and Economic Thresholds

The early instar nymphs of stink bugs feed preferentially on the foliage of tomatoes (Simmons and Yeargan, 1988; Hallman 
et al., 1992). Lye et al. (1988) found that tomatoes would experience a significant reduction in growth with an increase in 
southern green stink bug density and feeding duration. Older nymphs and adults preferentially feed on green tomato fruit 
using their mouthparts to remove plant fluids (Lye and Story, 1988). When stink bugs feed they inject enzymes that help 
breakdown and liquefy tomato fruit cells that can be sucked up (Lye et al., 1988; Jones and Caprio, 1994). This puncture-
type of feeding lowers the quality of the fruit often making it unmarketable. The nymphs and adults also may inject yeasts, 
such as Eremothecium spp., that cause fruit rot (Lye et al., 1988; Apriyanto et al., 1989). The brown marmorated stink bug 
is known to vector Eremothecium coryli (Peglion) Kurtzman, which causes extensive fruit rotting (Brust and Rane, 2011). 

FIGURE 8.1 Brown marmorated stink bug.
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FIGURE 8.2 Stink bug feeding damage to tomato (cloudy spot).

FIGURE 8.3 Stink bug feeding damage to tomato with outer skin removed showing white spongy area.

The feeding wound made by stink bugs also provides an entry point for opportunistic pathogens (Jones and Caprio, 1994; 
McPherson et al., 1994). The feeding by stink bugs causes tiny punctures surrounded by empty cells that are filled with air 
that appear as white slightly sunken areas known as “cloudy spot” under the skin of green tomato fruit and as yellow sunken 
areas in red fruit (Fig. 8.2) (Brust, 2015). Underneath the cloudy spots, the tissue is spongy white (Fig. 8.3).

This damage along with the introduction of yeast and other fruit rotting pathogens increases the number of unmarket-
able fruit. Tomato fields that undergo heavy stink bug feeding can suffer significant yield (Zalom and Zalom, 1992). Non-
treated tomatoes have been shown to have 20% damage from stink bug feeding while insecticide-treated tomatoes had ∼4% 
stink bug damage (Chalfant, 1973). In some cases tomato fruit fed upon by stink bugs can have a bitter taste and mealy 
texture reducing marketable yield (Callahan et al., 1960).

Developing a threshold for stink bugs has been a challenge for pest management workers. Only a few trapping schemes 
have been established to monitor stink bugs; these include the consperse and brown marmorated stink bugs (see Section 2.5.1). 
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The adults can be seen at times feeding on plants in the early morning, but as the day becomes hotter they tend to move into the 
center of the plant (Brust, 2015). Stink bugs also feed extensively at night, which is another reason they are difficult to scout. 
At times the nymphs can be found in the interior of the tomato plant where they feed on foliage and fruit (Brust, 2015). Often 
the only thing that alerts one to their presence is the damaged fruit. One threshold for stink bugs is based on the amount of 
fruit damage in a field. Ten fruits in 40 different locations in a field should be examined, and if 0.5–1% of the fruit has feeding 
damage treatment is required (LeBoeuf, 2015). Fresh market tomatoes and possibly processing tomatoes sold for solid-pack 
canning are more sensitive to any feeding damage and need first consideration for treatment (Lye et al., 1988). However, if 
processing tomatoes are planned for paste then treatment for stink bugs is usually not justified unless the field environment is 
favorable for yeast or fungal pathogen development. A threshold developed in California (United States) for the processing 
tomato industry uses one-third to one-half of a stink bug per plant shake (see Section 2.5.1), which on average will result in 
approximately 5% fruit damage (Anonymous, 2013a).

2.5  Management

2.5.1  Monitoring

Stink bugs are difficult to monitor in tomatoes because they tend to hide in the interior of the plant when temperatures rise, 
they feed extensively at night, they drop or fly from the plant at slight disturbances, they consistently move in and out of 
a field to alternate hosts, and their coloration makes them difficult to detect. However, a sequential sampling program was 
developed for fresh market tomatoes in Louisiana (United States) for N. viridula using a visual count to sample populations 
from horizontal plant strata. A sequential sampling plan using the penultimate fruit cluster as a sample unit was developed 
to classify populations into low, moderate, and severe damage levels (Lye and Story, 1989). Another sampling program for 
stink bugs in processing tomatoes in California was developed based on the spatial distribution of the bugs (Zalom et al., 
1977). This sampling program uses the plant shake method for detecting stink bugs. This method is performed by beating 
or shaking the tomato vines and looking for stink bugs on the ground or on a cloth or tray that was placed at the base of the 
plant (Anonymous, 1998). Stink bug presence often can be detected before any are seen in a field by their watery frass that 
desiccates into brown spots on leaves and fruit.

Only two pheromones have been developed to monitor stink bugs. One is for the consperse stink bug where a double-
cone trap (Anonymous, 2013a) with an aggregation pheromone should be placed along field borders at flowering. The other 
pheromone that is commercially available is for brown marmorated stink bug, which uses a rocket-type trap that is placed 
along field edges especially where fields abut woods (Khrimian et al., 2014). The traps are not used to make treatment deci-
sions, but instead are used to begin intense sampling programs in the field for the presence of and damage due to stink bugs.

The University of California Davis (United States) has developed a phenology model for consperse stink bug that helps 
to predict nymphal emergence (Anonymous, 2013a). The model starts by calculating degree-days (DD) from the first cap-
ture of adult stink bugs in pheromone traps using 12°C as the developmental threshold. At 310 DD, intensive scouting in 
the field for nymphs should begin.

2.5.2  Cultural Control

Stink bugs overwinter in thick foliage in plant material, or under leaf litter. Wooded areas provide prime locations for stink 
bug diapause, and therefore they are the primary source of stink bugs for invasions into field crops. Stink bugs move out 
from the wooded areas into nearby vegetation which often consists of weeds or cover crops. Therefore, any weeds utilized 
by stink bugs around fields scheduled for tomato plantings should be destroyed. Natural enemies have been very important 
in keeping stink bug numbers low, and their populations should be preserved as much as possible. Calendar-based insecti-
cide applications early in the season leads to reduced natural enemies, potentially resulting in stink bug outbreaks. Natural 
enemies are shown to increase in tomato fields that border nectar-bearing flowering plants such as alyssum, buckwheat, 
sunn hemp, and sunflower that were planted early in the growing season (Wang, 2012; Phatak and Diaz-Perez, 2012).

2.5.3  Biological Control

There is a large contingency of natural enemies that prey upon stink bugs and these endemic predators and parasitoids can 
keep stink bug populations in check. The most vulnerable stage of stink bugs is the egg stage as there are many parasit-
oids that attack egg masses. In some cases parasitic wasps have been released into tomato production areas. For example, 
Trissolcus basalis (Wollaston) was released in California for control of the southern green stink bug, although there was 
some disagreement as to the definite efficacy of this parasitoid (Clarke and Walter, 1993; Jones, 1995). Another species of 
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Trissolcus, Trissolcus japonicus (Ashmead) that parasitizes brown marmorated stink bug (BMSB) eggs has been found in 
the wild in Maryland (United States) and is being studied in research laboratories for possible release (Anonymous, 2015a). 
There are 12 families of parasitic Hymenoptera that will parasitize stink bugs, the largest family being Platygastridae 
(Jones, 1988; Rider, 2015).

There are also other parasitoids such as Tachinids that parasitize stink bug adults and larger nymphs (Jones, 1988; Rider, 
2015). Estimates of parasitism rates peak at 80–100% in some locations, but overall rates this high are seldom seen during 
the season in most locations (Panizzi, 1988; Jones, 1995; Coombs and Khan, 1998; Panizzi and Oliveira, 1999). One com-
mon Tachinid genus is Trichopoda, and it parasitizes many of the important pest species such as the green and southern 
green stink bugs (McPherson et al., 1982; Jones, 1988; McLain et al., 1990). These parasitoids are able to use the sex (or 
aggregation) pheromone released by the male stink bug as a way to locate and parasitize the male (Aldrich et al., 1995). 
This is probably why male stink bugs of some species such as N. viridula are more heavily parasitized than females by the 
Tachinid Trichopoda pennipes (F.) (Mitchell and Mau, 1971; Harris and Todd, 1980).

There are many spiders and insects in the families Carabidae, Staphylinidae, Coccinellidae, Asilidae, Reduviidae, 
Formicidae, and even other Pentatomidae that feed on stink bugs. These natural enemies can account for a 50–80% reduc-
tion in stink bug numbers by the end of a growing season (Ragsdale et al., 1981; Stam et al., 1987).

2.5.4  Chemical Control

Stink bugs are difficult to control even with an efficacious insecticide. However, because large nymphs and adults tend to 
rest outside the plant canopy in the morning hours an insecticide application at this time would be the most efficacious. 
One of the problems with managing stink bugs is even if an insecticide treatment works and controls the stink bugs pres-
ent in the field at the time it is applied, the field is often reinfested within a few days because of the migratory nature 
of these pests. Studies have shown that there are several insecticide classes such as carbamates and organophosphates 
(IRAC classification 1) that can reduce most stink bug populations if they contact them. However, these insecticide 
classes did not control southern green stink bug N. viridula populations because their persistence was considered too 
short to prevent succeeding outbreaks (Waterhouse and Norris, 1987; Martins et al., 1990). Pyrethroid (IRAC classifica-
tion 3A) and neonicotinoid (IRAC classification 4A) are generally less toxic than older chemicals and their use in the 
control of stink bugs has increased yields and quality (Catchot et al., 2012; Kuhar et al., 2015). There are also “com-
bination” products available that combine a pyrethroid and a neonicotinoid into one product. These have shown good 
control of stink bugs (Catchot et al., 2012; Kuhar et al., 2015). While effective, the non-judicious use of pyrethroids can 
potentially create problems with resistance development and outbreaks of secondary pests if they are over applied; cau-
tion should be used with these insecticides.

2.6  Summary

Stink bugs are not a major problem in most tomato production areas of the world because of their sporadic nature as pests. 
At certain times though, their numbers can increase to damaging levels causing marketable yield reductions. Often times, 
damage occurs because growers are unaware of the pests until harvesting begins. Even though stink bugs are fairly large 
insects, they are difficult to monitor without expending time and money. Furthermore, because they are an intermittent pest 
in both time and space, growers do not spend time scouting for them until it is too late. Stink bugs have a large number of 
crop and weed hosts available to them throughout a season, thus it is difficult to know from where they may be coming or 
to where they could be moving as they migrate in and out of tomato fields. Another factor that makes stink bug damage so 
unpredictable is that natural enemies can play a significant role in keeping their populations below crop-damaging levels. 
But at certain times in a season, or for certain seasons, the natural enemies either are not effective or stink bug populations 
increase at a rate at which predators and parasitoids cannot keep up. At this point, growers must rely on pesticides for stink 
bug control. Fortunately, the pyrethroids and neonicotinoids do a good job of controlling the pest as long as applications are 
well timed and there is thorough plant coverage.

3.  COLORADO POTATO BEETLE, LEPTINOTARSA DECEMLINEATA SAY

The Colorado potato beetle (CPB) Leptinotarsa decemlineata Say first was identified in the early 1800s on buffalo bur 
(Solanum rostratum Dunal) found in the Rocky Mountain range of the western United States (Casagrande, 1987). In the 
mid-1800s the beetle began to feed on potato and rapidly became one of the most damaging pests of potatoes and other 
solanaceous crops in the temperate zone (Ferro et al., 1983; Worner, 1988). Insecticides were able to control the voracious 
pest in the early years, but it soon developed resistance to most pesticides used (Wilkerson et al., 2005). Pesticide resistance 
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remains a major concern with the management of this pest. This beetle pest is also known as the Colorado beetle, the ten-
striped spearman, the ten-lined potato beetle, or the potato bug.

3.1  Identification

CPB adults are pale yellow-orange, oval, and approximately 10 mm long with 10 black longitudinal stripes down the 
back (Wilkerson et al., 2005). The head has a triangular black spot near its center, and the prothorax has several asym-
metrical black markings (Voss, 1989; Capinera, 2001). There are many irregular rows of small indentations (punc-
tuations) on the beetle’s back and its legs, and underside of its body is black. Another species, Leptinotarsa juncta 
Germar, the false potato bug, is similar in appearance to CPB, but it is not as common. L. juncta is pale yellow with 
10 black stripes down its back, but it differs from L. decemlineata by having the third and fourth stripe connected, 
giving the appearance of one wide stripe. In addition, the punctuation on its back is jagged but in straight rows that 
outline each stripe, and the legs are usually orange. For a more detailed description of the CPB see Hare (1990) and 
Capinera (2001).

Eggs are 1.7–1.8 mm long and 0.8 mm wide, and yellow-orange in color. Eggs are usually found on the underside 
of foliage in clusters of 10–90 with 35–50 being the average (Capinera, 2001). Larvae are reddish-orange during the 
early instars, and they are 1.2–1.5 mm long; the fourth instar larva is 10–14 mm long. Larvae typically have two rows 
of black spots along their sides, and they are “humped-back” with the abdomen being greatly arched. Larvae have 
three pairs of thoracic legs, and one proleg at the apex of the abdomen (de Wilde, 1948; Ferro et al., 1985). The false 
potato beetle larvae are usually pale in color, sometimes appearing white, and have only one row of black spots. Pupae 
are orange-yellow or brown, and develop from larvae that have dropped from the plant and burrowed 2–5 cm into the 
soil. The pupal stage lasts 5–10 days, at which time the adults emerge and start the summer cycle again (Walgenbach 
and Wyman, 1984).

3.2  Biology

Beetles overwinter 5–15 cm below ground as adults. The beetles’ flight muscles degenerate while they are in diapause, 
which lasts approximately 3 months; diapause is broken when soil temperatures rise above 10°C (Logan et al., 1985). Most 
beetles amass in woody areas next to fields where they had consumed plant material the preceding summer (Ferro et al., 
1983; Weber and Ferro, 1993). Once beetles accumulate 75–250 DD (using a 10°C lower threshold) they emerge from the 
soil and begin short-range searching for food using sight or smell (Ferro, 1985). The emergence of the beetles is timed 
with the emergence of potatoes. Fields that have not been rotated will be inundated quickly with overwintered adults that 
either emerged within the field or had to walk only a short distance into the field (Voss and Ferro, 1990; Ferro et al., 1999). 
In some areas a small percentage (5–15%) of the population will undergo an extended diapause of an additional 1–2 years 
(Solbreck, 1978; Biever and Chauvin, 1992; Weber and Ferro, 1993). Within days after emergence from diapause the adults 
have developed their reproductive system and flight muscles (Ferro et al., 1999).

Upon arrival in a field, beetles immediately feed and in 5–6 days begin to lay eggs (Ferro et al., 1985, 1991). Eggs hatch 
in 5–12 days; females are capable of laying up to 800 eggs per season (Hare, 1990; Weber et al., 1994). There are four lar-
val instars—the first, second, and third instars take 2–3 days to complete, while the fourth instar lasts twice as long (Ferro 
et al., 1983; Biever and Chauvin, 1992; Ferro, 1993). Under cooler temperatures larvae tend to feed on the upper surface 
of leaves often near the top of the plant, but as temperatures increase larvae will move into the shade and the interior of the 
plant (May, 1981; Lactin and Holliday, 1994). Once the fourth instar is full size it passes a number of days as a non-feeding 
pre-pupa, recognized by its paler color and inactivity. These pre-pupae fall to the ground and burrow into soil to pupate. 
Depending on several factors such as temperature, day length, and host quality, the adults either emerge in a few weeks, 
or enter diapause and emerge in the spring. If they emerge in a few weeks they continue reproducing and feeding until 
short-day length induces them to undergo diapause. Beetles usually fly to their overwintering sites and burrow into the soil 
(Solbreck, 1978; Voss, 1989). Developmental time from oviposition to adult ranges from 20 to 55 days at optimal tempera-
tures between 26 and 33°C (Walgenbach and Wyman, 1984). There can be 1–3 generations per year depending on location.

3.3  Distribution, Host Range, and Seasonal Occurrence

The CPB is native to Mexico and was found in the early 1800s in Colorado feeding on buffalo bur. After incorporating 
potato and other solanaceous crops into its diet, it began to expand its range rapidly (Hsiao, 1985; Worner, 1988). The beetle 
spread north and eastward in a short period of time and by 1859 there was an outbreak of the pest in potato fields west of 
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Omaha, Nebraska (United States). In just 15 years the CPB had reached the Atlantic coast of the North American continent. 
Currently its distribution covers North America, (which includes the contiguous United States except for California and 
Nevada, southern Canada, and Mexico), northern Central America, Europe, and central and western Asia (Jolivet, 1991). 
CPB could invade much larger areas throughout eastern Asia, northern India, and the temperate zones of the southern hemi-
sphere (Vlasova, 1978; Weber et al., 1994). It is a quarantine pest in the UK, Ireland, and southern parts of Sweden and 
Finland. The false potato beetle is mostly confined to the eastern United States

While potatoes are the preferred host for the CPB, it also feeds and reproduces on other solanaceous crop plants such 
as eggplant, pepper, tobacco, and tomato as well as the solanaceous weeds belladonna, common nightshade, buffalo bur, 
ground cherry, henbane, and horse nettle (Brues, 1940; Gauthier et al., 1981). Very rarely the CPB feeds but not reproduce 
on other non-solanaceous plants. In choice studies by Hitchner et al. (2008) in Virginia (United States), CPB was more 
attracted to eggplant than either tomato or pepper. Their study also suggested that the male-produced aggregation phero-
mone is probably very important in host-plant selection. Additional research has shown that CPBs are able to fine-tune their 
host choice to locally abundant Solanum species (Horton et al., 1988).

CPB emergence and general life cycle is timed with the main crop host, potato. They emerge in the early spring along 
with the potato crop and continue their life cycle over the summer until shorter day lengths and deteriorating host plants 
signal the beetles into diapause.

3.4  Damage, Losses, and Economic Thresholds

CPB adult and larvae feed on the foliage and stems of host plants and is the most important defoliator of potato, eggplant, 
and, at times, tomato throughout North America (Hare, 1990). On an average each CPB larva consumes approximately 
40 cm2 of potato leaves per day, while the adult consumes almost 10 cm2 of foliage per day (Ferro et al., 1985; Capinera, 
2001). As larvae become larger they consume ever increasing amounts of foliage with first instars consuming 4%, second 
instars 6%, third instars 16%, and fourth instars consuming 74% of the total foliage (Hare, 1980). Heavy defoliation early 
in the plant’s development can result in greatly reduced yields (Hare and Moore, 1988; Zehnder and Evanylo, 1989). CPB, 
if left uncontrolled, can significantly reduce yields in tomatoes (Schalk and Stoner, 1979). The larval population resulting 
from an adult beetle density as small as 0.002 females per plant can cause significant yield losses in indeterminate tomato 
cultivars (Cantwell et al., 1986). In the midwestern United States, CPB can cause up to 75% crop loss in processing toma-
toes. It is estimated that CPB causes hundreds of millions of dollars in crop losses and chemical control expense each year 
in North America (USDA, 2012).

3.5  Management

3.5.1  Monitoring

There have been some studies using yellow as well as pheromone traps, but the most reliable method of detection is to inspect whole 
plants for the first signs of feeding damage or for the various life stages of the beetle, which are very evident (Capinera, 2001).

3.5.2  Cultural Control

One of the most effective and oldest management practices for CPB is crop rotation (Hough-Goldstein et al., 1993). Crop 
rotation was recommended as far back as 1872 (Bethune, 1872). By rotating a solanaceous crop, beetle populations can be 
reduced by 90% compared with a nonrotated system (Lashomb and Ng, 1984). Grain crops (wheat, oats, and rye) appear to 
be among the better rotational crops to reduce CPB populations (Wright, 1984).

Other effective cultural controls include altering planting time, changing crop varieties, and using mulches, cover crops, and 
trap crops. Late planting can disrupt and suppress second generation CPB larvae because adults emerge later in the season on this 
crop and the shorter day length encourages diapause. Earlier planting can also greatly reduce second generation larvae because the 
crop is already at or near senescence at the time of their emergence (Weber and Ferro, 1995). Trap crops (using another solana-
ceous crop that is equally or more preferred as tomato) need to be planted weeks before tomatoes are planted. These plantings are 
used to keep overwintered beetles from colonizing the main crop in the spring (Ferro et al., 1999). Applying mulch is another pos-
sible, albeit management-intensive, practice for CPB control. Mulch, usually straw from crops such as wheat or rye, should cover 
the field in an 8–10 cm deep layer before CPB emergence. The use of the straw mulch is thought to impact CPB in several ways; 
by interfering with the adult beetle’s ability to locate the field (Ng and Lashomb, 1983; East, 1993) and by increasing predation on 
eggs and larvae (Brust, 1994; Weber et al., 1994). The use of the mulch will decrease first and second instar larvae (Stoner, 1993, 
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1997) and decrease potato defoliation by two to five times compared with a non-treated control (Zehnder and Hough-Goldstein, 
1990; Brust, 1994). By adding manure to fields instead of synthetic fertilizers it was found that CPB infestations as well as dam-
age were reduced with no reduction in plant vigor (Alyokhin and Atlihan, 2005).

3.5.3  Physical Control

There is one physical control that has had some success for reducing overwintering beetles in a field, but it is very labor 
intensive. This method comprises digging a trench (1 × 1 m) along the field border that is lined with plastic. Because 
almost all overwintering beetles walk into the field, these trenches can capture and retain a major proportion of the 
population trying to colonize the crop in the spring (Misener et al., 1993). Additional physical controls include using 
propane flamers used to scorch the outer surface of the plant, thereby incinerating or damaging any CPB stage usu-
ally located there in the morning hours (Pelletier et al., 1995; Lacasse et al., 1998). Vacuum collectors (large vacuum 
machines mounted on a tractor) can literally suck the insects off of a plant (Laguë et al., 1999). These two methods are 
labor intensive and expensive to build and maintain. Another method uses straw mulch in the CPB’s overwintering sites. 
The mulch can be applied to overwintering areas in the fall, and then taken off along with the snow cover in midwinter; 
this significantly decreases beetle survival by approximately 20% (Milner et al., 1992).

3.5.4  Host-Plant Resistance

Developing genetically modified tomato plants expressing Bacillus thuringiensis Berliner delta-endotoxin, which is toxic 
to the CPB, is a possibility (Grafius and Douches, 2008). However, this technology was presented in 1995, but then quickly 
discontinued mostly due to consumer concerns about genetically engineered foods. CPB is at a much reduced risk of caus-
ing catastrophic and widespread crop losses in tomato compared to potato, and with the public concern about using geneti-
cally modified plants it is doubtful that this technology will be adopted in tomato production systems (Grafius and Douches, 
2008). More traditional forms of plant breeding for CPB resistance have not been very successful (Flanders et al., 1992; 
Fisher et al., 2002; Grafius and Douches, 2008; Maharijay and Vosman, 2015).

3.5.5  Biological Control

A number of predatory arthropods attack the CPB (Hough-Goldstein et al., 1993). The most prolific predator is the lady 
beetle Coleomegilla maculata (De Geer), which can devour 35% and 55% of first and second generation CPB eggs, respec-
tively; at times they even feed on small larvae (Hazzard et al., 1991). Ground beetles are a group of predators that can climb 
potato and tomato plants especially at night and feed on all non-adult stages of the CPB (Brust, 1994). The ground beetle, 
Pterostichus chalcites Say, has been observed feeding on various stages of the CPB in the midwestern and eastern United 
States (Heimpel and Hough-Goldstein, 1992; Brust, 1994). Several species of Lebia in North America have been found 
to be consistent predators of CPB eggs and small larvae (Logan, 1990; Weber et al., 2006). Other predators, such as stink 
bugs Perillus bioculatus (F.) and Podisus maculiventris (Say), have been found to attack beetle larvae, and releases of these 
predators reduced beetle density and defoliation, which increased potato yields by 65% compared with a non-treated con-
trol (Biever and Chauvin, 1992; Hough-Goldstein and McPherson, 1996). Sorokin (1976), Brust (1994), and Drummond 
et al. (1990) found that several groups of common natural enemies such as ground beetles, lady bugs, predacious stink bugs, 
phalangids, and spiders could decrease defoliation and increase yields over non-treated controls if their populations were 
augmented in the field.

Parasitic wasps and flies can at times play a role in the control of CPB. Edovum sp. has been shown to parasitize 70–90% 
of the CPB egg masses on eggplant (Lashomb et al., 1987). But surprisingly the amount of parasitism is only 50% in 
potatoes and tomatoes (Ruberson et al., 1991; Van Driesche et al., 1991). Tachinid flies (family Tachinidae) can parasitize 
25–65% of the second generation of CPB (Lopez et al., 1997).

3.5.6  Biopesticides

The entomogenous fungal pathogen Beauveria bassiana (Balsamo-Crivelli) Vuillemin is probably the most widely used 
biopesticide applied for control of the CPB. One of its major attributes is that it can be applied just like a synthetic pesticide. 
Studies have shown that B. bassiana can reduce beetle populations 35–75% (Cantwell et al., 1986). In another study by 
Brust (1994) it was found that integrating the use of B. thuringiensis tenebrionis with straw mulch (which increased natural 
enemies) gave results equal to the best pesticide controls. While these studies are encouraging, biopesticides as a whole are 
typically less effective than synthetic insecticides (Campbell et al., 1985). Biopesticides work best when applied early in an 
infestation when CPB larvae are small; they do not work very well, if at all, on adults.
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3.5.7  Chemical Control

The main method for control of CPB in North America and in most of the world is the use of synthetic insecticides. The 
reliance on insecticides is often unsuccessful because of the beetle’s remarkable ability to quickly develop resistance. 
Although the beetle has developed resistance to most of the major insecticide classes, not all beetle populations have this 
ability (Forgash, 1985; Boiteau et al., 1992; Ferro, 1993; Alyokhin et al., 2006; Mota-Sanchez et al., 2006). It is interesting 
to note that in areas of the world where the beetle is uncommon, insecticides still remain efficacious as the main manage-
ment tool. In North America more than 30 synthetic chemicals are available for use against this pest and their efficacy varies 
from one area to another (Alyokhin, 2007).

3.5.8  Resistance Management

The key to resistance management in the CPB is to avoid relying on a single mode of action for its control (Huseth et al., 
2014). For instance, over the last 20 years neonicotinoids have been used extensively for CPB control because of their effi-
cacy and ease of use (Mota-Sanchez et al., 2006). However, resistance has developed in some populations of CPB in the 
eastern United States. New approaches are necessary that will still allow growers to utilize pesticides, but in a manner that 
will reduce or greatly delay the development of resistance. A very thorough and complete discussion of resistance manage-
ment can be found in Huseth et al. (2014).

3.6  Summary

CPB is one of the major insect pest of potatoes, but fortunately it is only a sporadic pest in tomato. In most tomato fields 
the CPB is only a problem in isolated “hot spots” or along field edges. Because of the record of CPB resistance to many 
insecticides, the judicious use of chemicals along with well-planned chemical rotations is needed (Huseth et al., 2014). 
Utilizing an integrated approach to CPB management in tomato systems by means of cultural, biological, and other controls 
in addition to chemicals will result in the most sustainable pest control program.

4.  FLEA BEETLES, EPITRIX SPP., AND PHYLLOTRETA SPP.

There are more than 250 species of flea beetles (Coleoptera, Chrysomelidae, Alticinae) around the world (Kaszab, 1962; 
Gruev and Tomov, 1986; Brelih et al., 2003) but not all of these are important as plant pests. Important flea beetle pests 
include the genera Epitrix and Phyllotreta which feed upon and cause damage to many solanaceous (tomato and potato) 
and cruciferous (cabbage and broccoli) plants as well as to many other crops (Chenopodiaceae, Cucurbitaceae, Fabaceae) 
(Mayoori and Mikunthan, 2009; Cuthbertson, 2015). The genus Epitrix consists of approximately 180 species globally, 
with 130 species reported from the neotropics, 12 from North America, and 17 from Europe (Döberl, 2000). For tomato 
production, the flea beetles are generally considered minor pests with little importance, as compared with other crops such 
as potatoes, where some species are considered major pests in the United States, Canada, and some European countries 
(Kabaluk and Vernon, 2000; Antonelli and Davidson, 2001; Ambrosino, 2008).

4.1  Identification and Biology

Many flea beetles are very similar in external appearance, which can make identification rather difficult. Adults in two of 
the Epitrix species (generally known as potato tuber beetles) look very similar in size (1.5–2.0 mm) and color (brown to 
black). An enlarged femur on the hind leg which is a modified organ for jumping is the characteristic feature that enables 
flea beetles to hop when disturbed (Döberl, 2000; Anonymous, 2015b). Phyllotreta spp. generally known as cabbage 
beetles are oval shape, metallic black, bluish-green, or bronze in color, and between 1.5 and 3.0 mm in size. In some spe-
cies, elytra bear longitudinal yellow stripes (Anonymous, 2014). Flea beetle eggs are deposited at the base of plants. Larvae 
are cylindrical in shape and feed on small roots and root hairs (Anonymous, 2014). The larval stage takes about 1 month to 
complete. Pupae are yellowish in color (Antonelli and Davidson, 2001).

4.2  Distribution, Host Range, and Seasonal Occurrence

Flea beetles damage several crops as either major or minor pests through the entire European and Mediterranean Plant 
Protection Organization (EPPO) region. The tomato pest, Epitrix spp. can survive in different climate ranges, from a 
Mediterranean climate of Spain to a temperate climate in the United States and Canada (EPPO, 2015). Epitrix species are 
native to North America with two species having been introduced into Portugal and Spain (Anonymous, 2015a). International 
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trade is the main reason for their introduction to other countries (Jolivet and Hawkeswood, 1995). Epitrix utilize differ-
ent members of the Solanaceae family, particularly tomato and potato, as hosts (Anonymous, 2015a; Cuthbertson, 2015). 
Adults are strong fliers, and use chemical cues to locate their host plants. Overwintering occurs in the adult stage, in leaves, 
cracks, and crevices in soil or some other protective structures found in the field. On warm days in midspring, adults start 
to become active. Usually a second generation occurs in the summer with a third generation being rare (Cranshaw, 2013).

4.3  Damage, Losses, and Economic Thresholds

Damage from flea beetles is caused by adults. It is characterized by small shot holes (small round holes 2–3 mm in size) in the 
leaves (Mayoori and Mikunthan, 2009; Boavida et al., 2013; Cranshaw, 2013) (Fig. 8.4). Damage begins when the epidermis is 
peeled away followed by subsequent feeding destroying other leaf tissues giving leaves a sieve-like appearance (Anonymous, 
2014). These holes disturb the water conduction and balance in the leaves. This type of damage is more detrimental to seedlings 
often killing them (Cranshaw, 2013). The pattern of fruit damage is similar to the feeding by the tomato fruitworm Helicoverpa 
zea (Boddie) or tomato pinworm, Keiferia lycopersicella (Walsingham) on small tomato fruits (O’Neill, 2009). This type of 
feeding damage is seen in late-season tomato plantings when leaves undergo senescence due to maturity, water deficiency, 
or powdery mildew (Anonymous, 2015a). Damage at the 4–5 leaf seedling stage can cause economic loss, especially under 
hot conditions which results in plant desiccation (Anonymous, 2015a). The foliar feeding of larger plants is generally of little 
significance to the plant’s general health (Anonymous, 2015a). A 10–20% loss of leaf tissue typically does not affect yield 
(Cuthbertson, 2015), however, damage at later stages can affect fruit quality by causing uneven ripening and thus influencing 
market sales. The tomato crop should be treated as soon there is 30% (Foster and Flood, 1995).

4.4  Management

Successful management practices are aimed at avoiding insect entry into the field. In fields not previously planted with 
tomatoes, flea beetle infestations are usually located at borders (O’Neill, 2009). Cultural practices can be useful, particu-
larly when combined with chemical control measures. The impetus in pest management for flea beetles is to select for 
chemical management, which allows long-term control of flea beetles when beneficial natural enemies are not effective 
(Antonelli and Davidson, 2001; Ambrosino, 2008).

4.4.1  Trapping (Monitoring/Mass Trapping)

Tomato fields planted after another flea beetle host should be sampled early and thoroughly (O’Neill, 2009). Samplers 
should look for shot holes in the cotyledons and young leaves. When infestations occur because of nearby alternate hosts, 
beetles usually remain limited to about 200 ft along tomato field borders (Anonymous, 2013b). Early monitoring should be 
focused on the first five outside rows and the first 25 ft at the end of rows. A sampling of 30 damaged plants may provide 
enough information for a population estimate. Spot treatment is recommended when 5–10% of the seedlings are heavily 
infested (O’Neill, 2009; Anonymous, 2014).

Emergence cages, pyramidal in shape, 1 m2 at the base (Dosdall et al., 1996), are reported to be an effective tool for 
monitoring spring and fall flea beetle populations. The cages are relatively inexpensive, simple to establish and maintain, 

FIGURE 8.4 Characteristic flea beetle feeding damage on solanaceous crops.
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and the flea beetles can be readily collected and processed from these structures (Ulmer and Dosdall, 2006). A more accu-
rate estimation of flea beetle emergence in the spring uses degree days (Ulmer and Dosdall, 2006). Some plant-derived 
attractants can also be used to sample flea beetles. Successful capture of flea beetles has been reported by the use of sec-
ondary metabolites of plant origin such as isothiocyanates obtained from decomposition of non-volatile glucosinolates 
(Vincent and Stewart, 1984; Pivnick et al., 1992; Smart and Blight, 2000). The attractant baited crops not only help in 
monitoring the flight pattern of flea beetles but also play a significant role in the detection of overwintering adults in early 
spring (Tóth et al., 2007).

4.4.2  Cultural Control

Wider spacing between rows with a low seeding rate often leads to reduced damage by flea beetles (Dosdall et al., 1999). 
Sometimes, a high seeding rate is recommended to maintain plant numbers when seedlings are attacked by the beetles 
(Anonymous, 2015b).

4.4.3  Biological Control

Biological control is one of the most significant tools for managing high density pests such as flea beetles. A hymenop-
terous wasp, Microctonus vittatae Muesebeck, serves as a parasitoid of flea beetle and is found throughout the Pacific 
Northwest (Joyce et al., 2012). A limited level of predation by some generalist predators such as big-eyed bugs (Geocoris 
spp.), lacewing (Chrysoperla spp.), and damsel bugs (Nabis spp.) has been also reported (Gredler, 2001).

Overwintering flea beetles in the soil allows the use of soil-dwelling entomopathogenic nematodes belonging to 
Steinernematidae and Heterorhabditidae (Miles et al., 2012). Significant control of Phyllotreta spp. under field conditions 
was reported by Yan et al. (2013) using Steinernema carpocapsae Weiser and Heterorhabditis indica Poinar, Karunakar & 
David applied at the rate of 0.75 × 109 IJs/ha. Nematode species S. carpocapsae are specialists in suppressing flea beetle 
larvae in potatoes (Miles et al., 2012). Another widespread parasitic nematode Howardula phyllotretae Oldham is reported 
as a successful biocontrol agent against Phyllotreta spp. in the middle and east Black Sea region of Turkey (Yaman, 2002).

The entomopathogenic fungal species B. bassiana (Antwi et al., 2007) and Metarhizium brunneum Petch (Reddy et al., 
2014) have been found highly effective in reducing flea beetle damage and population density. The GHA and ATCC 74040 
strains of B. bassiana used either as a foliar spray or as a granular application provide control of flea beetle populations 
(Caldwell et al., 2005).

4.4.4  Chemical Control

In perishable vegetables with a high demand for fresh sales, flea beetles infestations can make the fruits unmarketable (Eyre 
and Giltrap, 2012; Cuthbertson, 2014). Epitrix species can be controlled through the use of insecticides (Döberl, 2000). 
Liquid and granular insecticides are the best known source of control but rather expensive for season-long management 
(Smith et al., 1997). When flea beetles threaten crop establishment, one of the viable strategies is seed treatment with a 
systemic insecticide or foliar application (Soroka et al., 2011). Seed treatment with clothianidin against flea beetles pro-
vided better protection to growing seedlings compared with imidacloprid seed treatment (Wilde et al., 2004). In a mortality 
assay where lambda-cyhalothrin was evaluated, 78.2% mortality was found at a 50% labeled dose, while 94.7% mortality 
was recorded at a 100% labeled dose (Ekbom and Müller, 2011). Antwi et al. (2007) compared the efficacy of ecorational 
insecticides including spinosad, B. bassiana, azadirachtin, and kaolin clay and the chemical insecticide bifenthrin and seed 
treatment with thiamethoxam against flea beetles. Flea beetle injury was significantly lower for thiamethoxam, bifenthrin, 
and spinosad applications. Some insecticides with a narrow spectrum of action were also found safe for some natural 
enemies. For instance, Yabar (1980) reported deltamethrin had excellent initial and long-lasting control for the manage-
ment of Epitrix spp. and did not affect the populations of predacious carabids. Malathion was found relatively harmless to 
carabids but did not offer sufficient control of Epitrix spp. (Cuthbertson, 2014). Foliar applications of bifenthrin, cyfluthrin, 
cypermethrin, and deltamethrin were found to be very toxic to Epitrix spp. (Vernon and Mackenzie, 1991). Pyrethroid 
insecticides also offer extended control of flea beetles than the non-pyrethroids insecticides (carbaryl, chlorpyrifos, and 
methamidophos) (Vernon and Mackenzie, 1991).

4.4.5  Integrated Pest Management

Sustainable management of flea beetles can be carried out through the use of B. bassiana and M. brunneum and this inte-
grated use was found to be more effective than entomopathogenic nematodes (S. carpocapsae), neem, or petroleum spray 



194 SECTION | II Global Pests of Tomato

oils and almost as effective as bifenthrin. Two applications of B. bassiana and M. brunneum or five applications of bifen-
thrin were highly effective in reducing flea beetle feeding damage in canola (Reddy et al., 2014). Horticultural oils and 
some neem-based insecticides exhibit effective repellency against flea beetles (Cranshaw, 2013) which could be helpful in 
avoiding field infestations.

4.5  Summary

Flea beetles from genera Epitrix and Phyllotreta serve as minor insect pests causing damage to tomatoes and other 
solanaceous (potato) and cruciferous (cabbage and broccoli) crops. In tomato production, little attention is paid to flea 
beetles compared with other crops such as potatoes, where some species are considered major pests in the United States, 
Canada, and some European countries. Adults are the damaging stage, particularly in spring with the characteristic shot 
hole feeding damage. These holes disturb the water conduction and balance in the leaves. In fields not previously planted 
with tomatoes, flea beetle infestations are usually located at the field edges. Spot treatment is recommended when 
5–10% of the seedlings are heavily infested. Careful determination of threshold temperature, along with accumulated 
DDs (requiring 50% emergence) improves the monitoring strategies for flea beetles and helps facilitate the timing of 
insecticide applications. Foliar applications of bifenthrin, cyfluthrin, cypermethrin, and deltamethrin have been effective 
against Epitrix spp. Pyrethroid insecticides also offer extended control of flea beetles than the non-pyrethroids insecti-
cides (carbaryl, chlorpyrifos, and methamidophos).

5.  LEAF-FOOTED BUGS, LEPTOGLOSSUS PHYLLOPUS (L.), PHTHIA PICTA (DRURY)

Leaf-footed bugs belong to the family Coreidae and occasionally damage fruiting vegetables, fruits, nuts, and ornamental 
plants (Xiao and Fadamiro, 2010). With piercing-sucking mouthparts, these medium-sized bugs feed on developing plants, 
particularly fruits and seeds (Mitchell, 2000; Xiao and Fadamiro, 2010; Schuster and Stansly, 2012; Schuster, 2015). The 
name “leaf-footed bugs” is given due to small leaf-like enlarged portion found on the hind legs of these bugs. Leaf-footed 
bugs resemble stink bugs (family: Pentatomidae) in their feeding behavior (Ingels and Haviland, 2014).

Generally known species of leaf-footed bugs include Leptoglossus zonatus (Dallas), Leptoglossus clypealis Heidemann, 
and Leptoglossus occidentalis Heidemann which are native to California and the western United States (Buss et al., 2013). 
Leaf-footed bugs are polyphagous with many vegetables as preferred hosts, particularly beans, cucumber, pea, pepper, 
squash, and tomato (Ingels and Haviland, 2014; Schuster, 2015). Phthia picta (Drury) is another important species from the 
family Coreidae that feeds on several important plant species. Both immature and adult bugs can cause damage to tomatoes 
(Soldi et al., 2012; Schuster, 2015). In addition to the direct damage to leaves and fruits, feeding by these bugs encourage 
increased attacks by other insects, fungi, and microorganisms. The deterioration hastened by these attacks can cause addi-
tional economic losses (Silva and Carvalho, 2001; Silva et al., 2001).

5.1  Identification

Adults of P. picta are elongated bugs (Fig. 8.5), with males usually smaller in size (14.2 mm) than females (15.5 mm). They 
are black in color with yellow or orange pronotal margins and a traverse stripe (Serantes, 1973; Silva et al., 2001). L. phyllo-
pus (L.) are usually dark brown with a white band running across the wing covers. The hind tibia is flattened in both genera. 
Eggs of leaf-footed bugs are commonly metallic in color, ovate in shape, and sometimes flattened laterally (Fig. 8.6). Eggs are 
deposited along stems in rows or along leaf veins in clusters (Silva et al., 2001; Ingels and Haviland, 2014; Schuster, 2015). In 
most cases, egg masses contain 10–15 eggs but more than 50 have also been reported. Nymphs tend to aggregate at first and 
then disperse throughout the plant. There are five nymphal instars that complete development to the adult stage in about 30 days 
(Silva et al., 2001; Schuster, 2015). Nymphs resemble adults with the exception of being smaller, apterous (without wings), 
and having a bright orange body. A few morphological differences are found in the species of Leptoglossus. For instance,  
L. zonatus bears two yellow spots on the pronotum, L. clypealis bears a thorn-like projection on the clypeus, extending from 
tip of the head, and L. occidentalis is without such features. Small leaf-footed bugs sometimes are difficult to identify due 
to close resemblance with nymphs of the assassin bug (Zelus renardii Kolenati) (Ingels and Haviland, 2014).

These bugs overwinter in the adult stage and will aggregate in protected areas like barns, palm fronds, woodpiles, citrus 
or juniper trees, under peeling bark, or in tree cracks. Severe cold winters may kill most of the adults. Thus severe infesta-
tions occur when a high percentage of adults survive a mild winter (Ingels and Haviland, 2014).
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5.2  Distribution, Host Range, and Seasonal Occurrence

Leaf-footed bugs are distributed across most of North America including California, Florida, Mexico, Texas, the Caribbean, 
and South America, including most regions of Brazil (Soldi et al., 2012). Leaf-footed bugs are polyphagous in their feeding 
behavior, damaging many plant in the Leguminosae and Solanaceae families (Silva and Carvalho, 2001; Silva et al., 2001; 
Soldi et al., 2012). Preferred vegetables include beans, cucumber, pea, pepper, squash, and tomato. In late spring, thistles and 
other weeds also are attacked (Ingels and Haviland, 2014; Schuster, 2015). Leaf-footed bugs native to California utilize a wide 
range of host plants including young citrus fruit, cotton bolls, watermelons, several ornamental trees, and shrubs. L. zonatus 
is considered the most common pest of tomato in California (Ingels and Haviland, 2014). Desert plants including palm trees, 
Joshua trees, yucca, and many farms, garden, and landscape plants are fed upon by L. clypealis. L. occidentalis is closely 
associated with conifer trees. Among garden fruits, leaf-footed bugs feed on almonds, pistachios, and pomegranates. Adults 
overwinter during the months of September and October until early spring, as the weather becomes warmer during the month 
of March; they take flight in search of food. The population fluctuates year to year which depends on weather conditions and 
egg parasitism. The population is greatest after mild winters due to greater adult survival and is directly correlated with rain, 
availability of food and presence of natural enemies (Ingels and Haviland, 2014).

5.3  Damage, Losses, and Economic Thresholds

Leaf-footed bugs have piercing-sucking mouthparts that are narrow and extend for more than half of the body length. 
The long proboscis assists in probing and punctures into leaves, shoots, and fruits to suck plant sap (Schuster and Stansly, 
2012). Probing depth depends on the body size of the bug as small nymphs generally remain limited to sap at superficial 
layers while adults can probe deep into fruit (Ingels and Haviland, 2014; Schuster, 2015). After hatching from egg masses 

FIGURE 8.5 Leaf-footed bug Leptoglossus sp.

FIGURE 8.6 Characteristic leaf-footed bug eggs.
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deposited under the leaf surface, nymphs start feeding gregariously. Mature nymphs and adults are the most damaging 
stages. Damage by leaf-footed bugs is usually of little economic concern, but if large numbers attack on few plants, 
the damage can lead to economic loss (Ingels and Haviland, 2014). In infested tomatoes, fruit punctures are a common 
symptom; this leads to fruit discoloration upon maturity. Discoloration arises due the presence of fungal yeast, E. coryli 
(formerly known as Nematospora) introduced through contaminated mouthparts (Ingels and Haviland, 2014). Such infesta-
tions are usually abundant during wet periods. The discoloration affects fruit quality and decreases marketable yield (Ingels 
and Haviland, 2014; Schuster, 2015). In addition to punctures and discoloration, feeding by leaf-footed bugs can cause 
fruit abortion and seed malformation (Grimm and Führer, 1998; Xiao and Fadamiro, 2010). The action threshold level is 1 
nymph or adult per plant (Schuster, 2015).

5.4  Management

Most of the time leaf-footed bug densities remain low, causing little damage to the tomato crop; no distinct management plan has 
been developed for the pests (Ingels and Haviland, 2014; Schuster, 2015). Conventionally, the use of broad-spectrum insecticides 
for other sucking insects has resulted in adequate control of leaf-footed bugs. However, when the pest population exceeds the 
threshold level, a variety of methods need to be implemented for the effective control of these bugs (Ingels and Haviland, 2014).

5.4.1  Trapping (Monitoring/Mass Trapping)

No special monitoring strategies have been devised for leaf-footed bugs (Haviland, 2007) because of their cryptic nature 
and spotty distribution. It is uncommon to find the egg masses of these bugs in the field. Most outbreaks of these pests are 
reported when plants are close to flowering and this is the time to begin sampling (Schuster, 2015). Sampling should be 
done on the entire plant and slight disturbance of the plant makes it easier to find the bugs. When plants are fruiting, 10 
fruits per plant on 6 plants should be examined for damage (Schuster, 2015). Little is known about the pheromone-mediated 
response of leaf-footed bugs, but Leal et al. (1994) reported behavioral changes of these bugs in response to alarm phero-
mones. In P. picta, the volatile extracts from males elicited responses in females in Y-tube olfactometer bioassays (Soldi 
et al., 2012). The compound found in the extracts was identified as 5,9,17-trimethylhenicosane (Soldi et al., 2012).

5.4.2  Cultural Control

Adult bugs overwinter in woodpiles, under bark of several trees (eucalyptus, juniper, or cypress), and in outbuildings. 
Removal of these sites prevents overwintering population buildup and early season infestations. Weeds and senescent crops 
can be reservoirs for migrating adults (Ingels and Haviland, 2014). Trap crops can be used to attract leaf-footed bugs away 
from the main crop. The use of a mixed trap cropping system with Peredovik sunflower and NK300 (forage) sorghum 
worked well in the management of leaf-footed and stink bugs to protect tomatoes (Majumdar and Miles, 2013). In another 
study, it was reported that leaf-footed bugs prefer soybean and sorghum over tomato (Majumdar, 2013). This trap crop 
system resulted in a significant reduction of insecticides used in the tomato crop. Foliar insecticide applications were used 
in a sorghum trap crop when leaf-footed bugs reached peak density, and this provided 78–100% control of the pest without 
treating the main crop (tomato) (Majumdar et al., 2012).

5.4.3  Biological Control

In countries where leaf-footed bugs are native, several egg and nymphal parasites and parasitoids have been found. Gryon penn-
sylvanicum (Ashmead), Ooencyrtus johnsoni (Howard), and Anastatus pearsalli Ashmead comprise the egg parasitoid com-
plex of Leptoglossus spp. in British Columbia and California (Maltese et al., 2012). Some members of the family Tachinidae, 
T. pennipes, and Trichopoda plumipes (F.) are parasitoids of adult leaf-footed bugs (Kuhar et al., 2010). The wasp G. pennsyl-
vanicum is an excellent egg parasitoid, and if present in sufficient numbers, it can reduce leaf-footed bug populations (Ingels 
and Haviland, 2014). G. pennsylvanicum also is an important egg parasitoid of Leptoglossus australis (F.) and detects potential 
host-finding cues from male leaf-footed bugs (Yasuda and Tsurumachi, 1995; Yasuda, 1998; Fatouros et al., 2008). Mitchell 
et al. (1999) monitored the egg parasitism of L. phyllopus from 1994 to 1997 in cultivated and wild hosts. The Hymenopteran 
parasitoids reared from the pest’s eggs were Gryon carinatifrons (Ashmead), G. pennsylvanicum, Anastatus spp. (Eupelmidae), 
and an unidentified encyrtid. Scelionids included about 93% of parasitoids in cowpea (Vigna unguiculata (L.) Walp.),  
wild hosts (Pyrrhopappus carolinianus (Walter) DC.), and cultivated blueberry (Vaccinium corymbosum L.) plants. The ratio 
of active parasitoids was 4:1 of G. carinatifrons: G. pennsylvanicum (Mitchell et al., 1999). A maximum of 72.2% parasitism 
was found in the wild host, 61.9% in cowpea, and 28.8% in blueberry.
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Many generalist predators such as big-eyed bugs (Geocoris spp.), damsel bugs (Nabis spp.), fire ants (Solenopsis 
invicta Buren), and spiders play a vital role in suppressing field populations of leaf-footed bugs (Ingels and Haviland, 
2014). Birds feeding on leaf-footed bugs also contribute in population suppression to some extent (Ingels and 
Haviland, 2014).

Entomopathogenic fungi, B. bassiana, and Metarhizium anisopliae (Metchnikoff) Sorokin were found to be pathogenic 
to adults of leaf-footed bugs in a dipping bioassay. M. anisopliae was found as the most efficient fungus with a median 
lethal concentration (LC50) of 4.34 conidia m/L. During field trials in Nicaragua, when test insecticides were applied 
against adults of L. zonatus and Pachycoris klugii Burmeister on physic nut (Jatropha curcas L., Euphorbiaceae) planta-
tions using an ultralow volume sprayer, B. bassiana was found more effective than malathion or an aqueous extract of 
ground neem seeds, leading to a 28% increase in total yield (Grimm and Guharay, 1998).

5.4.4  Chemical Control

Season-long management of leaf-footed bugs can be achieved by two applications of insecticides such as zeta-cypermethrin 
and lambda-cyhalothrin. In field trials conducted on sorghum trap crop, there was 70–90% reduction in the population of 
leaf-footed bugs without any insecticides needed for the tomato as the main crop (Majumdar and Miles, 2013).

Insecticides from different chemical groups, including pyrthroids (bifenthrin, cypermethrin, cyfluthin, esfenvaler-
ate, lambda-cyhalothrin, and permethrin), carbamates (carbaryl, methomyl andoxamyl), organophosphates (acephate 
and neonicotinoids acetamiprid, clothianidin, dinotefuran, imidacloprid, and thiamethoxam) have been found to be 
effective for controlling leaf-footed bug infestations (Kuhar et al., 2010). Neem-based botanicals are potential can-
didates for the management of leaf-footed bugs, with few negative effects on non-target insects or natural enemies 
(Ingels and Haviland, 2014).

5.5  Summary

Leaf-footed bugs belong to the family Coreidae. Both immature and adult bugs can damage tomatoes, with small nymphs 
feeding restricted to epidermal layers while adults can probe deep into fruit. After hatching nymphs feed gregariously, 
spreading throughout the plant in later instars. Mature nymphs and adults are more damaging stages. In infested tomatoes, 
fruit punctures are a common symptom of leaf-footed bug attack, and this leads to fruit discoloration during ripening. 
Damage by leaf-footed bugs is usually of little economic concern, but if large numbers attack a few plants the damage can 
lead to economic loss. Normally, the use of broad-spectrum insecticides for other sucking insects has resulted in adequate 
control of leaf-footed bugs. However, when the pest population exceeds the threshold level, a variety of methods need to 
be implemented for the effective control of these bugs. Insecticides from different chemical groups have been found very 
effective in controlling leaf-footed bug infestations.

6.  LEAFMINERS LIRIOMYZA SATIVAE BLANCHARD, LIRIOMYZA TRIFOLII (BURGESS), 
LIRIOMYZA BRYONIAE (KALTENBACH), AND LIRIOMYZA HUIDOBRENSIS 
BLANCHARD

Leafminers have gained attention as minor pests in several important crops especially tomatoes. Four well-known species 
belong to the genus Liriomyza (Liriomyza sativae Blanchard, Liriomyza trifolii (Burgess), Liriomyza bryoniae (Kaltenbach), 
and Liriomyza huidobrensis (Blanchard)) feed on 25 different plant families (Spencer, 1990). Members of this genus are 
polyphagous and have been recorded damaging several vegetable crops in Southeast Asia (Andersen et al., 2002; Winotai 
and Chattrakul, 2003; Tran et al., 2005, 2007). Liriomyza species infestations in tomato can result in crop losses up to 20% 
due to reduced photosynthetic activity and physical growth (Walker, 2012).

6.1  Identification

All species of Liriomyza have similar biological features. They can be difficult to identify; molecular techniques with 
specific mitochondrial and nuclear genomic sequences (Scheffer, 2000; Scheffer and Lewis, 2001), enzyme-staining tech-
niques, and starch gel electrophoresis (OEPP/EPPO, 1992) are being employed to help differentiate them. Adults are small 
flies, 1–3 mm in size with the prescutellar area usually dark and yellow, with the scutellum mostly yellow and rarely dark. 
There is a chitinized ridge present on the hind femora (Spencer, 1990).
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Females use their ovipositor to puncture the leaf surface to deposit eggs. The white oval-shaped eggs are about 0.25 mm 
in length. No differentiation is possible at the egg stage between different species. Larvae are about 0.5 mm in length but 
may reach 3.0 mm at maturity over three instars. Early instar larvae are translucent at hatching, turn cream colored later 
with yellow-orange patches appearing in the last instar. The number of spiracles is specific to species with 7–12 pores in 
L. bryoniae and 6–9 in L. huidobrensis (Spencer, 1973). Pupae are about 2 mm in size, oval in shape, and slightly flattened 
ventrally. Several researchers have studied and reported the biology of Liriomyza spp. in detail (Spencer, 1973; Waterhouse 
and Norris, 1987; Murphy and LaSalle, 1999; Kang et al., 2008).

6.2  Distribution, Host Range, and Seasonal Occurrence

L. bryoniae originated in Europe while the three other species (L. huidobrensis, L. sativae, and L. trifolii) are from the 
New World. L. huidobrensis originally was described in 1936 from Argentina (Spencer, 1973). Later this insect rapidly 
spread to many other regions of the world. In the coastal areas of Peru, it has remained a minor pest where its population 
is kept in check by a large complex of Hymenopteran parasitoids (Cisneros, 1984). In South East Asia, the exact distri-
bution of different leafminer species is unclear. The earlier invasion of the species was in urban and horticultural areas, 
which later extended to cropping regions. Rapid migration of L. huidobrensis and L. sativae was recorded in the early 
1990s toward eastern tropical and subtropical regions of Asia, resulting in increased crop losses and management cost 
(Rauf et al., 2000). In tropical Asia, at higher elevations (>1000 m), L. huidobrensis is the dominant species damaging 
important crops (Sivapragasam and Syed, 1999; Rauf et al., 2000) whereas in lowland areas, L. sativae is widely preva-
lent (Rauf et al., 2000; Andersen et al., 2002). L. sativae attacks 40 different hosts belonging to 10 different families in 
Florida (United States) (Stegmaier, 1966), however, Schuster et al. (1991) observed L. sativae on bean, tomato, eggplant, 
potato, squash pepper and watermelon. L. trifolii is recognized one of the major pests of chrysanthemum and celery but 
in Florida it is reported on 55 different hosts including tomato (Stegmaier, 1966; Schuster et al. 1991). L. bryoniae is rec-
ognized as a polyphagous insect feeds mainly on tomato, lettuce, cucumber, melon and other vegetables (Spencer, 1964) 
and L. huidobrensis attacks on celery, garden lettuce, broccoli, cauliflower, canation, garlic, onion, pepper tomato and 
potato (Spencer, 1990). The seasonal activity of the leafminer and its parasitoids can be monitored on potato, scallions, 
and broccoli by collecting weekly leaf samples (Shepard and Braun, 1998). Cooler temperatures favor L. huidobrensis 
feeding and oviposition (Olivera et al., 1993).

6.3  Damage, Losses, and Economic Thresholds

Leafminers feed on 25 plant families, but tomato is the main crop host; they have been also reported on cucurbits (cucum-
bers, melons, and watermelon), beans, glasshouse-grown lettuce, and lupines (Spencer, 1989, 1990). Leaf punctures that 
provide the base for mining within leaves are the early signs of Liriomyza infestation. Mines formed by leafminers vary 
in configuration, and are influenced by the host plant, physical and physiological features of the leaves, and the number 
of leafminer larvae per leaf. Generally, the shape and pattern of leaf punctures do not give any indication about leafminer 
species. However, white speckled punctures with a diameter of 0.2 mm on the upper leaf are usually the specific feature of 
Liriomyza species (OEPP/EPPO, 2005). Mining occurs on the upper leaf surface in the palisade tissues and trails of frass 
appear as dotted, black strips within mines (Fig. 8.7). Plant-mediated responses to mining often appear as discolored mines 
with dampened black and dried brown areas. Some species-based characteristics of the mines include: L. trifolii forming a 
tightly coiled, almost blotch-like mine; L. bryoniae and L. sativae forming a more loose, irregular serpentine mine; and L. 
huidobrensis forming irregular serpentine tunnels, restricted by veins within segments of the leaf, and undulating between 
upper and lower leaf surfaces. For all species, leaf mines increase in size as the larvae mature within the leaf. The mines 
are ruptured at one end by larvae to exit for pupation. Exit holes usually appear as semicircular slits (Spencer, 1990; OEPP/
EPPO, 2005). Leafminer larvae feed internally on leaf tissue and cause damage up to 80% in tomato and its damage mostly 
prominent against young plants. During oviposition, female can puncture the leaf that ultimately attracts the other adults 
and also act as entry point for secondary infection (Clark, 2015). One larva per plant at 0-2 leaf stage and one live larva 
found per 3 leaflets is the threshold of leafminer (Schuster and Smith, 2015).

6.4  Management

The outbreak of leafminers as secondary pests has been often attributed to the elimination of natural enemies (Luckmann 
and Metcalf, 1994). Studies in the 1940s considered the inclusion of parasitoids as important factors for suppressing the 
pest population below the economic treatment level (Hills and Taylor, 1951), and outbreaks were recorded only when there 
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were low densities of parasitoids (Oatman and Kennedy, 1976; Ohno et al., 1999). Therefore, narrow spectrum insecticides 
with the least damage to parasitoid populations should be used (Wene, 1953). Generally, these pest management tactics are 
preferred by progressive growers that make use of integrated approaches.

6.4.1  Trapping (Monitoring/Mass Trapping)

Placing yellow sticky traps close to the adult flight zone attracts and catches them, allowing rough estimates of field populations. 
Sticky traps, roller traps, and Taki traps are some of the suggested traps used for Liriomyza species in different crops (Anonymous, 
2014). Synthetic methyl salicylate (MeSa) also serves as an attractant for L. bryoniae and it can be used in pheromone traps. Its 
effectiveness can be enhanced by choosing a yellow color, which is most preferred by the adults (Bŭda and Radziute, 2008).

6.4.2  Cultural Control

The entry of Liriomyza adults into tomato field can be minimized by planting trap crops such as alfalfa, cotton, and water-
melon. Mixed cropping of a trap crop is suggested in heavily leafminer–infested areas to attract the pest to the non-preferred 
crop. Pest infestations can be reduced at times by efficient use of multiple cropping schemes (Altieri and Letourneau, 1982). 
Infested residue of the previous crop should be removed or buried immediately after harvest to avoid infestation in the sub-
sequent crop. Larvae are killed by shredding the crop residues before tillage as it lowers the chance of survival of concealed 
larvae within leaf mines. Weeds should be destroyed in areas around the field as they provide shelter and alternate sites of 
survival to adult flies (Mau and Kessing, 2007).

6.4.3  Mechanical Control

Along with other IPM tactics, mechanical control measures can be helpful and work as a first line of defense against leaf-
mining insects (Nugaliyadde et al., 2000; Meers, 2008). Removal of infected plant parts, uprooting of severely infected plants, 
and burning them aids in lowering the early infestation of leafminers. Sometimes hand picking and destroying mined leaves 
is the most useful approach to control the insect pest (Gilberg, 1993; Mahr and Ridgeway, 1993). While labor intensive, this 
strategy can be a simple and effective control method that preserves natural enemies and does not lead to resistance.

6.4.4  Physical Control

Temperature and humidity–mediated control is possible in mechanically facilitated premises such as greenhouses (Meyer, 
2003; Bográn, 2005). Traditional approaches such as manual use of barriers, sticky traps, and fires used to burn crop 

FIGURE 8.7 Leafminer larva Liriomyza sp. tunneling in leaf.
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residues often prove effective in managing many insect pests especially in remote areas (Reddy, 2013). In addition, row 
covers applied over bedding plants and at field planting can be effective in avoiding leafminer infestation until first bloom.

6.4.5  Host-Plant Resistance

Tomato varieties with low moisture content in their leaves could be used to lower the mining of Liriomyza species (Webb 
and Smith, 1969). A range of differences has been reported regarding the damage by leafminers among tomato cultivars 
(Wolfenbarger, 1966; Webb and Smith, 1969), breeding material, and Lycopersicon spp. (Kelsheimer, 1963; Webb et al., 
1971).

6.4.6  Biological Control

Liriomyza leafminers are known to be associated with several Hymenopteran parasitoids (Liu et al., 2009). Most of the 
reported parasitoids of L. huidobrensis, L. sativae, or L. trifolii are larval and larval-pupal parasitoids. About 40 hymenop-
terous parasitoids are found in association with the genus Liriomyza (Waterhouse and Norris, 1987). In Peru, Halticoptera 
arduine (Walker) (Pteromalidae), Chrysocharis phytomyzae (Brethes), Diglyphus begini (Ashmead) (Eulophidae), 
Diglyphus websteri (Crawford), and Ganaspidium sp. (Eucoilidae) are the dominant members of this complex (Sánchez 
and de Huiza, 1988; Vignez and de Huiza, 1992). Among these natural enemy fauna, some but not all are oligophagous that 
respond to the non-native Liriomyza spp. (Nicoli, 1997).

Although there is a fairly generalized level of parasitism for leafminers among hymenopterous wasps, there is some 
evidence of differential parasitism, with the parasitoids preferring some Liriomyza species over others (Abe et al., 2005).  
L. huidobrensis is parasitized by over 40 species of natural enemies (Song et al., 2003). A greater density of natural enemies 
and parasitism rates for Liriomyza spp. have been found in many field studies (Root, 1973; Risch et al., 1983). Sometimes 
the preferred parasitism of a particular species leads to the eradication of that species and replacement with other non-
preferred species. For instance, the enhanced parasitism of L. trifolii compared with L. sativae by Dacnusa sibirica Telenga 
has acted as a major factor in displacing L. trifolii with L. sativae in Japan (Abe et al., 2005; Abe and Tokumaru, 2008). 
Natural biological control of Liriomyza spp. has been reported with at least 23 species of parasitoids working efficiently 
to reduce pest populations by over 90% (Waterhouse and Norris, 1987; Greathead and Greathead, 1992; Johnson, 1993). 
There are some reports of successful release of entomopathogenic nematodes, such as Steinernema feltiae (Filipjev) for 
leafminer control in Europe (Williams and MacDonald, 1995).

For commercial scale use in greenhouse systems, laboratory mass-reared natural enemies are available for Liriomyza 
management. Augmentative biological control utilizing parasitoids has become an emerging field in the United States and 
other non-European areas for managing Liriomyza populations because of the cost-effective applications and compatibility 
with judicious use of insecticides (Ozawa et al., 2001; Chow and Heinz, 2006).

6.4.7  Autocidal Control

Sterile insect technique has appeared as a vital and innovative idea to suppress Liriomyza species that can even work in 
combination with biological control agents such as Diglyphus isaea (Walker). The exposure of late-stage pupae to gamma 
radiation (160 Gy) induced sterility in both sexes with the fitness of the sterile insects comparable to that of wild-type popu-
lations of Liriomyza species (Walker, 2012).

6.4.8  Chemical Control

In the 1960s and 1970s, continuous use of chemicals to control leafminer infestations resulted in a lack of emphasis 
on other management tools. This led to a worldwide leafminer crisis in the mid-1970s (Leibee and Capinera, 1995). 
Chemical insecticides had been the only tool of Liriomyza species management for years (Bartlett and Powell, 1981) 
which resulted in resistance development against several groups of insecticides (Parrella and Keil, 1985; Mason 
et al., 1987; MacDonald, 1991). Recently, new insecticides such as abamectin, spinosyns, and cyromazine with novel 
modes of action are performing well against Liriomyza species infestations (Trumble et al., 1997; Reitz et al., 1999). 
Spinosyn products are also in widespread use against insect pests that cooccur with leafminers, including thrips and 
lepidopteran pests (Reitz et al., 1999; Demirozer et al., 2012; Reitz and Funderburk, 2012). The use of surfactants can 
improve surface penetration thus enhancing the efficacy of spinosad against Liriomyza larvae (Bueno et al., 2007). 
Insecticide selection depends on the species of leafminer; in China L. trifolii is less susceptible than L. sativae to 
abamectin and cyromazine (Gao et al., 2012).
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6.4.9  Integrated Pest Management

Truly IPM programs in tomato can result in efficient and cost-effective control of Liriomyza species (Trumble and Alvarado-
Rodriguez, 1993; Trumble et al., 1997; Reitz et al., 1999). The integrated use of biological control agents with host-plant resis-
tance and host-specific insecticides has inspired research scientists and progressive growers to realize the full potential of IPM.

6.5  Summary

Tomatoes are attacked by several leafminer species belonging to the genera Liriomyza; L. sativae, L. trifolii, L. bryoniae, 
and L. huidobrensis. Damage to tomato crops at times surpasses 20% due to reduced photosynthetic activity which affects 
plant’s physical growth. Farmers often find it difficult to implement management practices due to the concealed activity of 
the larvae. Major outbreaks are reported in areas where native parasitoids of leafminers have been eliminated by the use of 
broad-spectrum insecticides. Natural enemies are the important factor needed to suppress leafminer population below the 
economic treatment level. When insecticides are necessary, those with narrow spectrum of activity and least detrimental 
impacts on parasitoids should be used.

7.  MOLE CRICKETS, SCAPTERISCUS VICINUS SCUDDER, SCAPTERISCUS BORELLII 
GIGLIO-TOS, GRYLLOTALPA GRYLLOTALPA (L.), GRYLLOTALPA HEXADACTYLA PERTY, 
AND OTHERS

Mole crickets have been reported as insect pests invading field crops, particularly tomatoes, for many years. They damage 
the basal and underground parts of the plants (Silcox, 2011; Bailey, 2012), feeding exclusively on roots and stems of seed-
lings; they can girdle the seedling resulting in the complete loss of plants (Villani et al., 2002; Silcox, 2011). The family 
Gryllotalpidae consists of five genera encompassing field and lawn mole crickets which are distributed throughout the tem-
perate and tropical areas of the world (Otte and Alexander, 1983; Nickle and Castner, 1984; Otte, 1994). Gryllotalpids are 
polyphagous and can feed on all upland crops (Hudson et al., 2008; Olga et al., 2011). Mole crickets are important pests on 
many crops such as tomato, potato, vegetables, and turf grasses (Ingrisch et al., 2006). Often Gryllotalpids are macropter-
ous but in rare cases they are brachypterous, micropterous, and apterous (De Villiers, 1985; Frank et al., 1998). Gryllotalpa 
gryllotalpa (L.) (European mole cricket) is the only seven-spurred mole cricket found in Asia (Townsend, 1983). Insects in 
the genus Scapteriscus are two-clawed mole crickets, and they include Scapteriscus vicinus Scudder (tawny mole cricket) 
and Scapteriscus borellii Giglio-Tos (southern mole cricket).

7.1  Identification and Biology

Mole crickets generally appear as gray-brown to black covered in ochreous pubescence (Annecke and Moran, 1982; 
Townsend, 1983; De Villiers, 1985; Cobb, 1998). They are burrowing in behavior and spend most of their lives in vertically 
and horizontally formed galleries below the soil surface. They possess a prognathous-type head (De Villiers, 1985) with 
fossorial (digging-type) legs. The forelegs possess two to four strongly sclerotized dactyls (claws) (Nickle and Castner, 
1984).

Females lay about 25–60 eggs from early spring to the end of July in underground chambers; eggs hatch in 3–4 weeks 
(Lake, 2000; Weed, 2003; Doggett, 2015). Hatched nymphs resemble the adults except for the presence of wings in the 
adult. Nymphs build underground galleries to feed on plant roots (Hudson, 1985). A nymph molts 8–10 times and matures 
in about 5 months (Walker, 1985). Generally, there are one to two generations per year. Strong flying behavior of mole 
crickets enables them to cover an area of up to 5 miles. Intraspecific wing length and resultant flight range differs geograph-
ically (Semlitsch, 1986; Frank et al., 1998). In males, the hind wing is often vestigial but present in conspecific females 
(Kavanagh and Young, 1989). Males produce mating sounds within galleries to attract females, after matting females dig 
nursery chambers to lay eggs (Bennet-Clark, 1989). Mole crickets are nocturnal in feeding and activity is rarely seen in 
daylight.

7.2  Distribution, Host Range, and Seasonal Occurrence

The Gryllotalpidae is distributed throughout the tropical and temperate regions of the world (Nickle and Castner, 1984; Hill 
et al., 2002). Generally speaking, mole crickets are cosmopolitan in distribution and have been found across Asia, Africa, 
Australia, Europe, and North and South America (Hudson and Saw, 1987; Henne and Johnson, 2001).
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The plant–host range for mole crickets includes many important field crops (Hudson, 1985; Barbara, 2005; Ingrisch 
et al., 2006). They have been reported feeding on beans, cereal crops, cash crops, flowers, ornamental plants, grasses, veg-
etables, weeds, and several other plants (Tindale, 1928; Daramola, 1974; Broadley, 1978; Townsend, 1983; Matsuura et al., 
1985; Frank and Parkman, 1999; Kim, 2000; Buss et al., 2002). Oviposition is influenced by soil moisture (Hertl et al., 
2001) and to some extent by soil temperature (Brandenburg, 1997). In general, oviposition occurs during spring or early 
summer (Cobb, 1998; Frank et al., 1998; Potter, 1998; Buss et al., 2002).

7.3  Damage, Losses, and Economic Thresholds

Damage by mole crickets occurs by direct feeding on roots and stems, or by burrowing in the soil around and between roots 
(Barbara, 2005; Ingrisch et al., 2006). Nymphs are the most active feeding stage and they damage crops by burrowing that 
leads to plant desiccation due to disturbed soil (Schoeman, 1996). The most susceptible plant stage for damage includes 
young or newly transplanted seedlings with the main damage to stem, roots, and lower leaves (Frank and Parkman, 1999; 
Olga et al., 2011). Typical symptoms of damage resembles that of cutworms, with early season feeding causing stand loss 
by the cutting off of seedling or recently transplanted tomato plants at the soil line and late-season damage consisting of 
irregular holes chewed into the surface of tomato fruit touching the ground. The damaged areas on the plant also serve as 
sites for the invasion of plant pathogens (Schuster and Price, 1992).

The presence of mole crickets also increases the activity of several bird and vertebrate pests that dig up and feed on the 
crickets. This magnifies potential crop losses (Schoeman, 1996; Potter, 1998) and makes the calculation for determining 
the economic threshold difficult. The estimation of the damage threshold requires it to be divided into three categories: (1) 
threshold for amount of damage and cost of control; (2) estimation of lowest population level capable of causing economic 
injury; (3) determining the population at which control should be initiated to avoid EIL (economic injury level) (Dent, 
1991). Thresholds could be as low as one adult per gallery per night due to very low tolerance levels (Brandenburg and 
Williams, 1993; Frank and Parkman, 1999).

7.4  Management

Variable levels of control have been achieved by using different conventional control measures. Mole cricket management 
recommendations suggest targeting young nymphs to achieve required levels of control (Xia and Brandenburg, 2000; 
Scharf, 2007). The young nymphal stage is the most susceptible stage to insecticide application (Olga et al., 2011).

7.4.1  Trapping (Monitoring/Mass Trapping)

The general subterranean lifestyle and great mobility of mole crickets make population estimates difficult (Hudson and 
Saw, 1987); because of this it is difficult to determine a treatment threshold (Hudson, 1985). The generally adopted pro-
cedure for population estimation requires the use of linear pitfall traps, soap flushing, and sound traps with male calling 
songs; the latter is used particularly for S. borellii and S. vicinus (Lawrence, 1982; Hudson, 1985; Parkman and Frank, 
1993; Gadallah et al., 1998).

Most sampling techniques for Gryllotalpids under field conditions require the use of liquid solutions consisting of pyre-
thrins, piperonyl butoxide, dishwashing soap, vinegar, and ammonia to flush the crickets out of the soil (Short and Koehler, 
1979; Potter, 1998). In addition, pitfall traps (Lawrence, 1982), estimating surface burrowing (Walker and Nation, 1982; 
Cobb and Mack, 1989), and soil-core extraction (Williams and Shaw, 1982) can also be used. One cannot rely on a single 
approach, however, the continuous mapping of infested areas and scouting to record field damage is one of the best methods 
that may limit the application of insecticides (Weed, 2003).

7.4.2  Cultural Control

Several cultural practices are used to decrease mole cricket populations. For instance, tillage (Denisenko, 1986; Sithole, 
1986), flooding (Frank and Parkman, 1999), and burning of dry leaves on infested soil (Denisenko, 1986; Sithole, 1986), 
particularly in the spring, alter the physical conditions of the soil and disrupt mole cricket galleries desiccating their eggs. 
Cultural practices that produce a deep, healthy root system create plants that are more tolerant to mole cricket feeding 
damage (Frank et al., 1998). Generally recommended cultural control practices for pest management include crop rotation 
(Pimentel, 1982), crop sanitation (Hardison, 1980), mixed cropping (Dempster and Coaker, 1974), tillage (Glass, 1975), 
fertilizer, and water management practices (Stoll, 1996; Elwell and Mass, 1989).
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7.4.3  Mechanical Control

The fact that mole crickets are sluggish during the early morning suggests this to be the best time to employ mechanical 
practices. Surveys conducted in Bangladesh showed that manual removal of insects was adopted by 72% of the farmers 
who participated in the study (Dasgupta et al., 2004). This non-chemical method was followed in Pakistan for insect pest 
management and included manual picking (Ahmed et al., 2004).

7.4.4  Biological Control

Biological control of mole crickets has emerged as a cost-effective approach (Adjei et al., 2000; Buss et al., 2002). In areas 
with native populations of mole crickets, several parasitoids and predators have been recorded. In addition, introduced pop-
ulations of biocontrol agents have provided significant control of the mole crickets around the world. For example, Ormia 
depleta (Wiedemann), a tachinid fly was introduced into several counties of Florida (the United States) in 1988. By 1994 it 
was established and providing a sufficient level of mole cricket control (Frank et al., 1996; Walker et al., 1996). Countries 
where O. depleta established successfully reported lower populations and damage from mole crickets (Frank et al., 1996). 
Larra bicolor (F.) (a digger wasp) is another effective biocontrol organism. The larvae of L. bicolor are ectoparasitoids of 
large Scapteriscus nymphs. Studies showed a 70% decline in mole cricket populations in north central Florida after the 
release of this wasp species (Weed, 2003).

The grubs of Pheropsophus aequinoctialis (L.), the South American bombardier beetle, are very efficient predators 
feeding on the eggs of Scapteriscus.

Steinernema scapterisci Nguyen and Smart is an entomopathogenic nematode that was introduced into the United States 
in 1985 (Frank and Parkman, 1999). This resulted in a significant reduction in nymphal and adult populations of S. borel-
lii and S. vicinus (Leppla et al., 2007). The only limitation associated to its use is its ineffectiveness against Scapteriscus 
abbreviatus Scudder and small to moderate size Scapteriscus mole cricket nymphs (Parkman and Frank, 1993). Pfiffner 
(1997) tested the efficacy of using the entomopathogenic nematode, S. carpocapsae 60 cm deep in soil against mole crickets 
in tomatoes grown under plastic tunnels and observed an 84% reduction in the mole cricket population.

Other potential biocontrol agents are entomopathogenic fungi, such as M. anisopliae and B. bassiana, depending upon 
the virulence of the isolate used (Boucias, 1985). B. bassiana provided control of mole crickets similar to that observed under 
insecticide treatments with imidacloprid, bifenthrin, and deltamethrin (Xia et al., 2000). The finding of the Mole Cricket 
Biological Control Project (MCBCP) carried out in Florida’s agricultural fields showed a reduction in the money spent on 
mole cricket control in pasture lands by $24/acre annually. Overall a savings of nearly $8 million annually or a cumulative 
benefit of $260 million was reported. An integrated biological control of mole crickets study was carried out using a Brazilian 
fly (Ormia depletaiptera (Wiedemann)), wasp (L. bicolor), and nematode (S. scapterisci), which resulted in the reduction of 
an invasive mole cricket population (S. vicinus, S. abbreviates, S. borellii) by up to 95% (Mhina and Thomas, 2013).

7.4.5  Chemical Control

Chemical control has been a conventional practice for the management of mole crickets. This strategy has included the 
use of food baits in 1900–1940s, use of DDT-based insecticides, and more recently, control with currently used materi-
als. Excessive pesticide use has led to the development of resistance in mole crickets to some pesticides such as chlor-
dane (Kepner, 1985). Mole crickets may have the ability to detect and avoid the insecticides and pathogens in the soil 
(Brandenburg, 1997; Xia and Brandenburg, 2000). Some pest management tactics are making use of juvenile hormone (JH) 
analogs that influence the growth and development of the immature mole cricket. Fenoxycarb, a JH analog reduced the egg 
hatchability and produced developmental deformations in S. abbreviatus (Parkman and Frank, 1993), but its application to 
nymphs did not produce the same results.

Among the new chemicals developed for insect control, imidacloprid has proved to be the most effective mole cricket 
chemical when applied between the start of egg laying and hatching (Olga et al., 2011). Mole cricket nymphs were also 
more susceptible to bifenthrin, fipronil, and indoxacarb than adults in laboratory assays (Olga et al., 2011). Fipronil was one 
of the most potent neurotoxins tested, causing significant neuroexcitation and rapid mortality in S. vicinus. The combined 
use of bifenthrin and imidacloprid increased toxicity and elicited instant knockdown better than either insecticide alone.

7.4.6  Integrated Pest Management

The integrated use of more than one control tactic appears to be the best approach for the management of mole crickets 
(Silcox, 2011). Sublethal topical application of B. bassiana in combination with substrate treatments of diatomaceous earth 
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(DE) and imidacloprid have been found to suppress populations of the southern mole cricket, S. borellii. Thompson and 
Brandenburg (2006) found that two strains of B. bassiana (5977 and 3622) worked synergistically with DE. However, no 
synergy was found for imidacloprid and DE integration. The integrated use of entomopathogens with other suitable agents 
such as DE can be used to reduce insecticide applications against mole crickets (Held and Potter, 2012).

7.5  Summary

Mole crickets have been reported as insect pests invading field crops, particularly tomatoes, for many years. They dam-
age the basal and underground parts of the plants. Their burrowing behavior results in them spending most of their lives 
in vertically and horizontally formed galleries below the soil surface. Gryllotalpidae is distributed throughout the tropical 
and temperate regions of the world. Damage by mole crickets occurs by direct feeding on roots and stems, or by burrowing 
in the soil around and between roots. Nymphs are the most active feeding stage and they damage the crop by burrowing 
that leads to plant/soil disturbance and desiccation. The most susceptible plant stage for damage includes young or newly 
transplanted seedlings with the main damage to stem, roots, and lower leaves. Typical symptoms of damage resemble that 
of cutworms. The general subterranean lifestyle and great mobility of mole crickets makes population estimates difficult. 
The fact that mole crickets are sluggish during early morning hours suggests this as the best time for mechanical practices. 
Biological control of mole crickets has emerged as a cost-effective approach. Some pest management tactics are making 
use of JH analogs that influence the growth and development of the immature mole cricket. Among the new chemicals 
developed for insect control, imidacloprid has proved to be the most effective chemical when applied between the start of 
egg laying and hatching.

8.  ECONOMICS OF MANAGEMENT STRATEGIES

The minor pests discussed above usually are intermittent problems in most tomato fields and infestations usually are con-
fined to a few “hot spots” and along field margins. The best practice is to scout fields when tomato plants are small and 
when they begin to fruit especially along any field borders with woods, weeds, or a cover crop. Because the damage is usu-
ally localized, spot spraying sections of fields where the pest or their damage is found can be effective. Frequent, repeated 
pesticide applications for any of these pests should be avoided.

Natural enemies are a very important factor in keeping minor pest populations below economic thresholds. The IPM 
approaches for the major tomato pests discussed in this book are imperative in order to maintain these minor pests below 
damaging levels. However, if the tomato field is located in an area that consistently produces high densities of any of these 
minor pests, specific tactics described above may be necessary. These may include using cultural practices, biological con-
trol, physical control, and chemical control unique to the minor pest.

9.  FUTURE PROSPECTS

One of the more difficult problems with minor pests is knowing how to sample them, which informs when treatments are 
necessary. Only a few sampling programs or thresholds exist for these pests and most are time-consuming and laborious to 
implement. What is needed is a quick reliable method of detecting a significant population density of the pests in the field. 
This may depend on developing effective pheromone traps that can detect the pests as they move into a field before much 
feeding damage has occurred.

There are two commonly used insecticide classes, pyrethroids and neonicotinoids, that are effective in controlling many 
of these pests. Overuse of pyrethroids can have negative consequences while neonicotinoids have been implicated as one of 
the many possible factors in bee decline (Hopwood et al., 2012). Therefore, more selective chemistries are needed that will 
target the pest but allow the conservation of natural enemies. On the ecological side, a better understanding of how natural 
enemies interact and respond to environmental conditions and to the pests’ population fluctuations is essential for taking 
advantage of these natural controls. Management programs that integrate different biocontrol agents such as entomopha-
gous nematodes and parasitoids are needed to reduce the dependence on chemical controls.
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1.  INTRODUCTION

Tomato, Solanum lycopersicum L. (Solanaceae), is among the world’s most widely grown and important vegetable crops. 
Worldwide production exceeds 140 million metric tons annually, with a value exceeding 50 billion dollars (FAO, 2014). 
Fresh tomatoes represent approximately 75% of this total. Tomato is rich in minerals, vitamins, and antioxidants that are 
important to a well-balanced diet. Tomato is also an important dietary component because it contains high levels of lyco-
pene, an antioxidant that reduces the risk associated with several cancers and neurodegenerative diseases (Miller et al., 
2002).

In addition to being an important crop, tomato has served as an important model for the study of plant resistance to dis-
ease and insect pests. As such, a number of important genetic and molecular tools have been developed in tomato, including 
a high-quality genome sequence (Menda et al., 2013). A voluminous literature has accumulated on various aspects of plant 
resistance in tomato, and a comprehensive review of this literature is beyond the scope of this chapter. Rather, this chapter 
presents an overview of several aspects of host-plant resistance in tomato, including important genetic sources of resistance 
and mechanisms (bases) of resistance, induced resistance, and the use of resistance in management programs. Emphasis is 
placed on resistance to arthropod pests, but resistance to pathogenic microorganisms is also discussed, because many of the 
traits involved in resistance to arthropods are also involved in plant resistance to pathogens and because certain features of 
tomato resistance to pathogens provide a valuable counterpoint to insect resistance.

Unlike most crop plants, pests and diseases are considered equally important in tomato (Carvalho et al., 2002). Tomatoes 
are subject to attack by almost 200 species of insects and mites with a diversity of feeding styles across the world. Among the 
important arthropod pests of tomato plants are piercing/sucking and cell-content feeders such as whiteflies, Bemisia tabaci 
(Gennadius) and Bemisia argentifolii Bellows & Perring, thrips in the genus Frankliniella, mites in the genus Tetranychus, 
and aphids such as Myzus persicae (Sulzer) and Macrosiphum euphorbiae Thomas. Some of these piercing/sucking insects 
are vectors of important viruses, particularly geminiviruses such as tomato yellow leaf curl virus. Among the important 
chewing insects are the defoliator Leptinotarsa decemlineata Say the leaf and fruit borer Tuta absoluta (Meyrick) the 
leafminer Liriomyza huidobrensis (Blanchard) and the fruit borers Neoleucinodes elegantalis (Guenée) and Helicoverpa zea 
(Boddie) (Gallo et al., 2002). These and other arthropods can cause severe yield losses in tomato; Picanço et al. (2007), for 
example, found that pests caused, directly or indirectly, a reduction of almost 60% of the total income from tomato culture.

Tomato is also a host to about 200 species of pathogenic microorganisms that affect tomato plants and fruits (Akhtar 
et al., 2010). These diseases, of bacterial, viral, or fungal origin, can cause severe reductions in yield and fruit quality 
(Csizinszky et al., 2005; Reis and Lopes, 2006). The most important foliar diseases of tomato in most production areas are 
the bacterial-speck and bacterial-spot diseases caused by Pseudomonas syringae Van Hall pv. tomato and Xanthomonas 
campestris Dowson pv. vesicatoria (Syn. Xanthomonas vesicatoria (Doidge)), respectively (Yu et al., 1995; Blancard, 
1997). These two diseases often are found together in mixed infections. Although they are caused by different pathogens, 
the diseases are marked by similar symptoms and are often confused (Delahaut and Stevenson, 2004; Cuppels et al., 2006). 
The most important wilt diseases in tomato are fusarium wilt, caused by three races of Fusarium oxysporum f. sp. lycop-
ersici W.C. Snyder & H.N. Hansen and bacterial wilt, caused by Ralstonia solanacearum (Smith) (Yabuuchi et al., 1995). 
Among other important diseases of tomato are late blight, caused by Phytophthora infestans (Mont.) de Bary, gray mold 
(Botrytis cinerea Pers) and several viruses, including tomato spotted wilt virus (vectored by thrips) and tomato yellow leaf 
curl (transmitted by whiteflies). In Brazil, the main pathogens affecting tomato plants and their fruits are Erwinia spp. and 
Alternaria solani Sorauer (Picanço et al., 1998, 2007). Infection of tomato fruit by these pathogens occurs mainly because 



218 SECTION | III Integrated Pest Management of Tomato Pests

of injuries during crop management and handling, and damage by insect borers (Bergamin Filho et al., 1995; Zambolim 
et al., 2000).

In addition to the pathogenic microorganisms, endoparasitic root-knot nematodes (Meloidogyne sp.) are considered to 
be among the most damaging pests of tomato worldwide (Trudgill and Blok, 2001). Disease symptoms caused by root-knot 
nematodes on susceptible host plants include damaged root systems and the formation of root galls, wilting, chlorosis, and 
stunted growth resulting in poor yield (Abad et al., 2003).

Currently, repeated applications of synthetic pesticides are used heavily to manage these arthropod and disease pests. 
The investments required in pesticide-based control can be considerable, and in some cases account for 40% of the total 
cost of production. There are numerous problems associated with overreliance on pesticides, including the high cost of 
pesticide applications, exposure of applicators and consumers to pesticides and residues, reductions in populations of 
beneficial arthropods, selection for insecticide resistance, and other adverse environmental effects (Thomazini et al., 2000; 
Picanço et al., 1998, 2007). Given the economic, environmental, and societal costs of overreliance on pesticides, it is clear 
that significant economic and environmental benefits could be gained from the increased use of resistant varieties in tomato 
pest management.

Plant resistance is variously defined in the literature. For diseases, resistance can be defined as “the ability of an organ-
ism to exclude or overcome, completely or to some degree, the effect of a pathogen” (Agrios, 2005). Resistant plants have 
fewer and/or less severe symptoms, and resistance may result from the inability of a pathogen to colonize, establish, and 
spread. A distinction is sometimes made between vertical resistance (race specific, highly effective resistance governed by 
a single gene) and horizontal resistance (non-race-specific, incomplete but broadly effective, and controlled by many genes) 
(Agrios, 2005). For arthropods, resistance can be defined as the consequence of heritable plant traits that result in a plant 
being damaged to a lesser degree than plants lacking these traits (Smith, 2005). Arthropod resistance can be manifested 
as lower preference by arthropod herbivores for resistant plants (antixenosis), by reduced growth, development, or fitness 
of arthropods on resistant plants (antibiosis), or by lower reductions in quality or yield from a given amount of injury on 
resistant plants (tolerance). The focus of this chapter is on those traits and mechanisms that limit the amount of injury or 
degree of infection/infestation caused by pests on resistant hosts, rather than on tolerance.

2.  RESISTANCE-RELATED TRAITS IN TOMATO

Plants possess arrays of structural and biochemical traits that together serve as the basis or mechanisms of resistance to 
pests. These traits can be constitutive (preformed), expressed irrespective of the presence or activity of pests, or inducible, 
expressed only (or to a greater degree) after attack by a pest. Most resistance-related traits affect arthropods or pathogenic 
microorganisms directly, but some act indirectly by increasing the effectiveness of natural enemies of the attacking organ-
ism. The resistance-related traits that have received the most attention are the secondary compounds, chemical compounds 
not directly involved in primary metabolic processes that mediate interactions with other organisms (Taiz and Zeiger, 
1991). The three main groups of secondary products in plants are terpenes, phenolics, and nitrogen-containing compounds 
(Taiz and Zeiger, 1991). Cultivated tomato, S. lycopersicum, and its wild relatives in this genus contain multiple represen-
tatives of these three major groups (Duffey and Stout, 1996; Glas et al., 2012); in addition, tomatoes and wild tomatoes 
produce methyl ketones and acylsugars, which are present in trichomes and play an important role in resistance to some 
pests (Fig. 9.1, Table 9.1).

3.  MORPHOLOGICAL TRAITS AND SECONDARY METABOLITES AS MECHANISMS OF 
RESISTANCE IN SOLANUM

3.1  Trichomes

Eight different types of trichomes have been distinguished in the genus Solanum, four of them glandular and four of them 
non-glandular (Fig. 9.2) (Glas et al., 2012). Non-glandular trichomes may protect plants from herbivores by interfering with 
their movements or feeding behaviors (Riddick and Simmons, 2014). The glandular trichomes contribute to the biosynthe-
sis and storage of a large number of secondary plant compounds, such as acylsugars, methyl ketones, and phenolics/oxida-
tive enzymes (Kennedy, 2003; see separate entries below). These compounds may directly toxify pests (Kennedy, 2003). 
In addition, compounds associated with trichomes are involved in the production of sticky exudates that can entrap small 
insects such as aphids. In addition to affecting herbivores, trichomes and their associated secondary metabolites can also 
interfere with the behavior of predators and parasitoids of herbivores (Riddick and Simmons, 2014). Increased densities of 
glandular trichomes on newly expanding leaves is a component of induced resistance in tomatoes (Boughton et al., 2005).
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FIGURE 9.1 Examples of secondary chemicals in tomato. (A) Tomatine (https://en.wikipedia.org/wiki/Tomatine). (B) Chlorogenic acid 
(https://en.wikipedia.org/wiki/Chlorogenic_acid). (C) Tridecanone (http://www.sigmaaldrich.com/catalog/product/aldrich/172839?lang=en&region=US).  
(D) Zingibrene (https://en.wikipedia.org/wiki/Zingiberene).

TABLE 9.1 Selected Studies Implicating Various Resistance-Related Traits to Arthropod Herbivores in Wild or 
Cultivated Tomato

Tomato Species or 
Accession

Resistance-Related Traits 
Implicated in Resistance Pests

References and 
Experimental Approach

Solanum lycopersicum Type VI trichomes; mono- and 
sesquiterpenes; flavonoids 
(rutin)

Flea beetle, Epitrix cucumeris; 
Colorado potato beetle, 
Leptinotarsus decemlineata

Kang et al. (2010)
Analysis of mutant line

S. lycopersicum and Solanum 
pennellii

Acylsugars Spider mites, Tetranychus urti-
cae; South American tomato 
pinworm, Tuta absoluta; 
silverleaf whitefly, Bemisia 
argentifolia

Maluf et al. (2010)
Hybridization of low- and 
high-acylsugar lines/species

S. lycopersicum Polyphenol oxidase Common cutworm, 
Spodoptera litura

Mahanil et al. (2008)
Transgenic overexpression of 
enzyme

Solanum habrochaites Methyl ketones/type VI glan-
dular trichomes

Helicoverpa zea Farrar and Kennedy(1987)
Experimental removal of 
trichomes

Solanum peruvianum Mi-1gene Tomato psyllid Bactericera 
cockerelli; potato aphid, 
Macrosiphum euphorbiae

Casteel et al. (2006) and Rossi 
et al. (1998)
Introduction of gene from wild 
species to cultivated tomato

S. habrochaites Zingiberene/glandular 
trichomes

South American tomato pin-
worm, Tuta absoluta

de Azevedo et al. (2003)
Correlations among zingib-
erene levels and resistance in 
interspecific crosses

S. lycopersicum Proteinase inhibitors Tobacco hornworm, Manduca 
sexta

Orozco-Cardenas et al. (1993)
Antisense suppression of 
hormone signaling

Solanum sp. Tomatine Tomato fruitworm, 
Helicoverpa zea, beet army-
worm, Spodoptera exigua

Bloem et al. (1989)
Addition of pure compound to 
artificial diets

https://en.wikipedia.org/wiki/Tomatine
https://en.wikipedia.org/wiki/Chlorogenic_acid
http://www.sigmaaldrich.com/catalog/product/aldrich/172839?lang=en&region=US
https://en.wikipedia.org/wiki/Zingiberene
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3.2  Acylsugars

Acylsugars have generated a large amount of interest as resistance traits in Solanum. Acylsugars consist of glucose or 
sucrose backbones to which multiple acyl chains of various lengths are linked via ester bonds. These compounds are 
synthesized and stored in the glandular trichomes of tomato, particularly type IV trichomes, and are major components 
of the sticky exudate from these trichomes (Kennedy, 2003). Acylsugars are found in particularly high concentrations and 
diversity in Solanum pennellii Correll and Solanum habrochaites S. Knapp & D.M. Spooner (Kim et al., 2012). High levels 
of acylsugars appear to impart resistance to multiple insect pests. For example, acylsugars inhibit oviposition and feeding 
by Liriomyza trifolii (Burgess) adults and feeding by M. euphorbiae, and they negatively affect the growth and survival of 
Spodoptera exigua (Hübner) and H. zea (Goffreda et al., 1990; Hawthorne et al., 1992; Juvik et al., 1994).

3.3  Methyl Ketones

Methyl ketones are another type of resistance-related secondary compound typically associated with type VI trichomes 
in tomato. These compounds, the most important of which are 2-tridecanone (2-TD) (Fig. 9.1C) and 2-undecanone 
(2-UD), are ketones derived from fatty acids that typically contain 7 to 15 carbons. Both 2-TD and 2-UD have as precur-
sors acetate units, which are condensed to form chains. 2-TD is highly toxic to a range of juvenile insects, increasing 
larval and pupal mortality, prolonging developmental periods, and causing deformation of pupae in various pests such as 
Manduca sexta (L.), L. decemlineata, T. absoluta, Liriomyza sativae Blanchard, M. persicae, Frankliniella occidentalis 

(B)

(A)

FIGURE 9.2 Photomicrographs (SEM) of tomato wild sp: Lycopersicon hirsutum (A, upper leaf surface and B, lower leaf surface). L. hirsutum is resis-
tant to TLCV under field conditions, but the resistance is to the vector (Bemisia tabaci) due to glandular trichomes, not to TLCV directly. ©2008 Canadian 
Science Publishing or its licensors. Reproduced with permission Channarayappa, C., Shivashankar, G., Muniyappa, V., Frist, R.H., 1992. Resistance of 
Lycopersicon species to Bemisia tabaci, a tomato leaf curl virus vector. Canadian Journal of Botany 70, 2184–2192.
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Pergande, B. tabaci, Tetranychus urticae Koch and Aculops lycopersici (Massee) (Kennedy and Sorenson, 1985; Fery 
and Kennedy, 1987; Channarayappa et al., 1992; Kumar et al., 1995; Leite et al., 1999a,c,d, 2001). It also deters feed-
ing and oviposition of adult insects. However, 2-TD is not very effective against H. zea and Heliothis virescens (F.), 
perhaps because this natural insecticide induces the production of enzymes (monooxygenases) capable of catabolizing 
this chemical compound by these insects (Rose et al., 1991). 2-UD is also toxic to arthropods, although less so than 
2-TD (Dimock et al., 1982). The concentration of 2-UD in the leaves is much lower than the concentration of 2-TD (Lin 
et al., 1987). However, 2-UD has a synergistic effect with 2-TD (Farrar and Kennedy, 1987). The use of 2-UD as a single 
resistance factor may have limited use, since this compound only causes deformations in pupae (Farrar and Kennedy, 
1988; Farrar et al., 1992).

3.4  Terpenes

Terpenes are lipophyllic compounds synthesized from acetyl-CoA via mevalonic acid and are composed of two or more 
five-carbon isoprene units. Terpenes are distinguished by the numbers of carbon atoms in their structures: monoterpenes 
(C10) (e.g., α-pinene, menthol), sesquiterpenes (C15) (e.g., costunolide and gossypol), diterpenes (C20) (e.g., abietic acid 
and phorbol), triterpenes (C30) (e.g., limonoid, saponins, α-ecdysone, and cardenolide), and polyterpenes (C5)n (Taiz and 
Zeiger, 1991). Tomato sesquiterpenes and derivatives are implicated in direct resistance against herbivores, but may also 
attract herbivores (Yu et al., 2010; Proffit et al., 2011). For example, tomato lines bred or engineered to express levels of 
the sesquiterpene 7-epizingiberene comparable to levels found in S. habrochaites PI127826 showed enhanced resistance to 
both spider mites and whiteflies (Bleeker et al., 2012). The resistance was manifested as reduced fecundity and survival of 
whiteflies and reduced egg laying and population growth of mites. Similarly, in lines resulting from crosses of cultivated 
tomato with S. habrochaites, zingiberene (Fig. 9.1D) content was correlated with resistance to T. absoluta (de Azevedo 
et al., 2003). Terpenoid metabolism in the trichomes of wild and cultivated tomato species differ in important ways and 
these differences may be responsible for differences in pest resistance (Besser et al., 2009).

As in other plants, volatile terpenes and other compounds emitted following herbivore feeding in tomato can be used as 
cues by predators and parasitoids to locate prey (indirect resistance; Bruce, 2015). Kant et al. (2004), for example, found 
that increased volatile emission by tomato plants infested with spider mites (T. urticae) coincided with enhanced attraction 
of predatory mites to infested plants.

3.5  Phenolics

Phenolics are a diverse group of secondary compounds, often derived from shikimate, that include phenylpropanoids, tan-
nins, lignin, and flavonoids. The most important phenolic compounds in tomato are the catecholic phenolics chlorogenic 
acid (Fig. 9.1B) and rutin. These compounds reduce the growth of noctuids such as H. zea and S. exigua when added to 
artificial diet at biologically realistic concentrations (Isman and Duffey, 1982; Duffey and Stout, 1996). A mutant line of 
cultivated tomato deficient in the production of rutin and terpenes (but not in chlorogenic acid) was more susceptible to flea 
beetles and the Colorado potato beetle (Kang et al., 2010). The toxic and growth-reducing effects of these phenolics may be 
related to their participation in the production of reactive oxygen species and/or their conversion to highly reactive quinones 
by oxidative enzymes such as polyphenol oxidase (Duffey and Stout, 1996).

3.6  Nitrogen-Containing Compounds

Secondary products containing nitrogen are synthesized primarily from amino acids (Taiz and Zeiger, 1991). Tomato, like 
most of the members of the family Solanaceae, contains alkaloids. It also contains an assortment of resistance-related pro-
teins, and indeed it has been one of the most important models for studying the role of proteins and enzymes in plant resis-
tance since the discovery, by Green and Ryan (1973), that proteinase inhibitors are inducible by wounding in tomato leaves.

Tomatine (Fig. 9.1A) is a steroidal glycoalkaloid saponin present in the foliage and unripe fruits of domesticated tomato 
and its wild relatives. Alpha-tomatine inhibits the growth and increases the mortality of noctuid larvae such as H. zea and  
S. exigua exposed to the compound in artificial diets at levels representative of levels in commercial tomato (Duffey and 
Stout, 1996). Alpha-tomatine also inhibits the growth of many fungi, although pathogens of tomato often possess the abil-
ity to detoxify tomatine (Oka et al., 2006). The deleterious effects of tomatine on insects and pathogens are thought to 
stem from precipitation of sterols in membranes by tomatine and the resultant destruction of membrane integrity and lysis 
(Duffey and Stout, 1996). The negative effects of tomatine on insect growth and survival can be alleviated or negated by 
phytosterols in tomato foliage.
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The proteinase inhibitors (PIs) are small polypeptides capable of inhibiting the proteolytic activity of digestive proteases 
in insect guts. The leaves of S. lycopersicum contain two PIs, PI I (an inhibitor of chymotrypsin) and PI II (a trypsin/chymo-
trypsin inhibitor) (Duffey and Stout, 1996). Several types of evidence support a role for tomato PIs in resistance. Addition 
of purified PIs to artificial diet reduces the growth of larval lepidopterans and coleopterans. Significant negative correla-
tions between levels of PIs in tomato tissues and insect growth and development have been found; for example, tomato 
leaves with higher levels of PIs supported reduced growth rates of larval S. exigua (Broadway et al., 1986). Transgenic 
tobacco plants overexpressing PIs from tomato supported markedly reduced growth of M. sexta larvae (Johnson et al., 
1989), while plants in which expression of PIs was suppressed were more susceptible to insects (Orozco-Cardenas et al., 
1993). The mechanism by which PIs lead to reduced growth and development appears to involve both reduction in the 
digestibility of plant tissues and a toxic effect resulting from a “hypertrophic induction of trypsin synthesis” (Duffey and 
Stout, 1996; Jongsma and Bolter, 1997).

Other proteins in tomato have been implicated in tomato plant resistance. The oxidative enzyme polyphenol oxi-
dase (PPO), found in both trichomes and leaves of tomatoes, catalyzes the production of quinones from catecholic 
phenolics such as chlorogenic acid. These quinones are highly reactive and can reduce the nutritive value of leaf tissue 
by irreversibly derivatizing proteins and rendering them nutritionally unavailable to herbivores (Duffey and Stout, 
1996). Oxidation of phenolics by PPO is also involved in the production of sticky exudates from trichomes. As with 
PIs, a role for PPO in plant resistance is strongly suggested by the inducibility of this enzyme by herbivory and by the 
strong correlations that exist between resistance and PPO activity. Furthermore, tomato plants engineered to overex-
press or underexpress PPO activity show enhanced or reduced resistance to several caterpillar species (Mahanil et al., 
2008; Bhonwong et al., 2009). Other oxidative enzymes, such as peroxidase, may contribute to tomato resistance via 
similar mechanisms (Duffey and Stout, 1996).

The roles of two other inducible enzymes, arginase and threonine deaminase, in tomato resistance have also been stud-
ied (Chen et al., 2005). The expression of both enzymes in leaves is induced by jasmonic acid (JA), the major hormone 
involved in plant responses to feeding by chewing insects, and both enzymes act to lower the nutritive quality of leaf tissues 
by catabolizing essential amino acids (arginine in the case of arginase and threonine in the case of threonine deaminase). As 
is the case with both PIs and PPO, overexpression of arginase in transgenic plants led to increase in resistance to a chewing 
herbivore (M. sexta), and reduced growth of M. sexta larvae on arginase-overexpressing plants was correlated with reduced 
levels of arginine in the caterpillar midgut (Chen et al., 2005).

3.7  Interactions of Primary and Secondary Metabolism

In addition to the important role played by resistance-related traits, plant nutrition and primary metabolism are important 
determinants of resistance in tomato. T. absoluta fed on tomatoes subject to nitrogen limitation showed lower survival and 
pupal weights and prolonged developmental times compared to insects fed on tomatoes grown under optimal N (Han et al., 
2014). These results are partly attributable to the importance of nitrogen to insect growth, but tomatoes subjected to N 
limitation also showed increases in concentrations of chlorogenic acid, rutin, and tomatine (Larbat et al., 2012; Royer et al., 
2013), suggesting that increases in plant resistance under nitrogen limitation result from the interaction of plant nutrition 
and secondary metabolism. Nitrogen fertilization also impacts expression of tridecanone and trichome-mediated resistance 
in S. habrochaites (Barbour et al., 1991).

4.  GENETIC RESOURCES FOR PLANT RESISTANCE BREEDING IN SOLANUM

4.1  Sources of Resistance: Resistance of Wild and Cultivated Tomato Species to Pests

Tomatoes are native to, and first were domesticated in, South America. In addition to S. lycopersicum and its wild form 
Solanum lycopersicum var. cerasiforme (Dunal) D.M. Spooner, G.J. Anderson & R.K. Jansen Gray (wild cherry), wild 
species of tomato include Solanum pimpinellifolium L. (currant tomato), Solanum cheesmaniae (Riley) Fosburg, Solanum 
chmielewskii (Rick, Kes., Fob. and Holle), Solanum chilense (Dunal) Reiche, Solanum neorickii D.M. Spooner, G.J. 
Anderson, & R.K. Jansen, Solanum peruvianum (L.), S. habrochaites and Solanum pennellii Correll (Rick, 1976). In 
general, wild tomatoes are more resistant to pests than cultivated tomatoes due to elevated production of resistance-related 
traits. These wild tomatoes thus represent an important source of genetic diversity for the development of pest-resistant 
varieties (Menda et al., 2013).

Wild relatives of cultivated tomato, particularly S. chilense, S. peruvianum, S. habrochaites, and S. pimpinellifolium, 
have proven to be rich sources of disease-resistance genes (Foolad and Sharma, 2005; Scott and Gardner, 2007). Resistance 
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to over 40 diseases and a few insects have been discovered in wild tomatoes, and at least 20 disease-resistance genes have 
been bred into tomato cultivars (Ji et al., 2007; Robertson and Labate, 2007). Several resources and approaches have 
been developed to facilitate the use of this genetic potential in tomato breeding. These resources and approaches include 
molecular markers to characterize genetic resources (Nuez et al., 2004; Ercolano et al., 2005), estimate genetic relation-
ships (Albrecht et al., 2010), and to manage Genebank accessions (Tanksley and McCouch, 1997), libraries for analyzing 
diversity in wild species (Eshed and Zamir, 1995; Monforte and Tanksley, 2000), and platforms for developing and screen-
ing tomato introgression lines from different wild species (Tripodi et al., 2010). Several cDNA and genomic libraries have 
been developed from wild tomato species to isolate resistance genes involved in disease responses.

4.1.1  Solanum lycopersicum

The great advantage of using accessions of S. lycopersicum in tomato breeding, despite their lower resistance compared 
to other species, is natural hybridization combined with desirable agronomic characteristics that are not present in wild 
species. Some varieties of S. lycopersicum, such as cerasiforme, Giant Orita, and Prince, possess some resistance to pests 
such as H. zea, T. absoluta, M. euphorbiae, T. urticae, and S. exigua (Eigenbrode and Trumble, 1993, 1994). This resis-
tance is due, in some cases, to the glandular trichomes and biochemical components in the leaves. In other cases, physical 
characteristics (thick cuticle) and growth habit (Juvik and Stevens, 1982; Juvik et al., 1982; Leite et al., 2003) influence the 
resistance to pests. Damage to fruits caused by T. absoluta and H. zea are negatively correlated with size and total number 
of fruits (Canerday et al., 1969; Leite et al., 2003). Another factor detected in cerasiforme was the presence of alkaloids 
in fruits, reducing the attack of S. exigua (Eigenbrode and Trumble, 1994). Elliger et al. (1981) reported that extracts of  
S. lycopersicum containing glucaric acid (not present in trichomes), when incorporated into artificial diets, reduced the 
growth of H. zea larvae.

The high proportion of non-glandular trichomes (≅95%) generally present in S. lycopersicum makes it more susceptible 
compared to other species of tomato with higher proportions of glandular trichomes. However, those varieties of S. lycoper-
sicum that have higher densities of glandular trichomes, especially type VI, also contain rutin, chlorogenic acid, 2-TD, and 
2-UD, all of which possess activity against insects and mites. However, there is a catch: the methyl ketones, at low levels, 
have a positive effect on the biology of these pests (Leite et al., 1999a). Wilkens et al. (1996) reported phenols as chemical 
groups that confer resistance in S. lycopersicum to pests. Silva et al. (1998) found that leaves of S. lycopersicum var. Santa 
Clara had higher total phenolic content than S. habrochaites f. glabratum PI 134417 and S. peruvianum LA 444-1, and that 
these compounds were positively correlated with the number of T. absoluta eggs.

4.1.2  Solanum pennellii

One interesting source, mainly because it is amenable to crosses with S. lycopersicum, is S. pennellii. High levels of 
resistance to important pests such as whiteflies and lepidopterans have been found in some genotypes of this species, par-
ticularly the LA 716 accession (Kumar et al., 1995). Suinaga et al. (2004b), for example, found resistant accessions of S. 
pennellii harbored a high number of small mines but a low number of large mines of T. absoluta. When the bases of resis-
tance have been investigated, evidence points to glandular trichomes (Goffreda et al., 1990), especially acylglucoses such 
as 2,3,4-tri-O-acylated glucose, that are present in type IV trichomes.

The relatively simple inheritance of acylsugars in S. penellii and the ease of crossing this species with S. lycopersicum 
suggests it may be possible to use tomato breeding lines derived from interspecific crosses with LA-716 to develop hybrid 
varieties with favorable agronomic traits and high levels of acylsugar-mediated resistance to pests. Maluf et al. (2010) tested 
the resistance of hybrids developed from crosses of low and high acylsugar breeding lines to spider mites, silverleaf white-
fly, and the South American tomato pinworm (T. absoluta). These hybrids had intermediate levels of acylsugars but showed 
levels of resistance comparable to that of the high acylsugar parent, validating the strategy of crossing low acylsugar lines 
and high acylsugar lines (with S. penellii parentage) for producing arthropod-resistant hybrids.

4.1.3  Solanum pimpinellifolium, Solanum cheesmaniae, Solanum chmielewskii, Solanum 
galapagense, and Solanum chilense

S. pimpinellifolium is resistant to some pests, such as T. absoluta, S. exigua, Liriomyza spp., and some hemipterans 
(Lourenção et al., 1984; Eigenbrode and Trumble, 1993). This resistance may be due to chemical compounds (α-tomatine) 
and physical characteristics (hardness of the fruit cuticle) (Juvik and Stevens, 1982). This species is also a potential source 
of resistance to Clavibacter michiganensis subsp. michiganensis Corrig. (Jensen) the causal agent of bacterial canker of 
tomato (Kabelka et al., 2002).
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Solanum cheesmanii Riley is resistant to Helicoverpa armigera (Hübner) and Keiferia lycopersicella (Walsingham), 
S. chmielewskii is resistant to Spodoptera littoralis (Boisduval) and S. chilense is resistant to H. armigera and B. 
tabaci biotype B and shows moderate antixenosis against F. occidentalis (Kumar et al., 1995; Picó et al., 1998). 
High densities of type III trichomes in hybrids of S. cheesmanii f. minor and S. lycopersicon were correlated with 
increased resistance to M. persicae (Simmons et al., 2005). Kumar et al. (1995) also observed low levels of antixeno-
sis against F. occidentalis in the species S. pimpinellifolium and S. chmielewskii. Lucatti et al. (2013) assessed adult 
and pre-adult survival and oviposition rate of B. tabaci on accessions of S. cheesmaniae and Solanum galapagense 
S.C. Darwin & Peralta and found that high levels of resistance in accessions of the latter species were associated with 
relatively high levels of acyl sugars and type I and IV glandular trichomes.

4.1.4  Solanum peruvianum

Despite the difficulty in crossing S. peruvianum with S. lycopersicum, which requires use of the embryo rescue technique, 
S. peruvianum has proven resistant to T. absoluta (Lourenção et al., 1984), M. persicae (Leite et al., 1997), and B. tabaci 
(Channarayappa et al., 1992; Picó et al., 1998). However, the causes of this resistance are still unknown. Leite et al. (1997) 
concluded that the high density of non-glandular trichomes promoted resistance of S. peruvianum LA 444-1 to M. persi-
cae and susceptibility to Frankliniella schulzei (Trybom). Suinaga et al. (1999) observed a negative correlation between 
heptadecane and hatchability of T. absoluta eggs in leaves of S. peruvianum CNPH 101. However, cyclobutanol and hexa-
decane correlated positively with the number of T. absoluta mines in this accession (Suinaga et al., 1999). Suinaga et al. 
(2004a) attributed resistance of S. peruvianum accessions to 4-methyl-2,6-di-t-butylphenol.

S. peruvianum shows resistance to the pathogens C. michiganensis subsp. michiganensis (Kabelka et al., 2002) and 
Oidium neolycopersici L. Kiss, which causes powdery mildew on tomato (Bai et al., 2004). This species also possesses the 
Mi gene for nematode resistance (Ammiraju et al., 2003).

4.1.5  Solanum habrochaites (syn. Lycopersicum hirsutum Dunal)

The role of methyl ketones in resistance to insect pests has been particularly well studied in S. habrochaites f. glabratum 
(Kennedy, 2003). 2-TD is found in the heads of glandular trichomes type VIc (Channarayappa et al., 1992) present in S. 
habrochaites f. glabratum, especially in accession PI 134417. In this wild tomato species, 2-tridecanone is present in con-
centrations up to 5500 μg/g fresh weight, mostly in type VI trichomes. 2-TD also is found in S. lycopersicum, but in much 
lower amounts. 2-UD also occurs in the glandular trichomes in PI 134417 and in other glabratum accessions (Farrar and 
Kennedy, 1987; Weston et al., 1989). Chlorogenic acid and sesquiterpenes (β-caryophyllene and α-humulene) also occur in 
type VI glandular trichomes of glabratum.

Other resistance factors not associated with trichomes occur in S. habrochaites. Leite et al. (1998) suggest that the leaf 
thickness of the PI 134417 could help resist B. tabaci biotype B. The high concentration of insoluble fiber and acid deter-
gent cellulose in the leaves of PI 134417 may confer resistance to attack by T. absoluta, as levels of these compounds were 
negatively correlated with the number of eggs of this insect (Silva et al., 1998). Leite et al. (1999b) reported the presence 
of crystal idioblasts in PI 134417 with resistance to M. persicae.

Oliveira et al. (2009) found that resistance to T. absoluta was associated with the absence of the compound tricosane; 
for example, no leaves of accessions HGB-674 and HGB-1497 of S. habrochaites were mined by T. absoluta, and the com-
pound tricosane was not found in these accessions. Accessions HGB-7236 and HGB-243, with a higher incidence of mined 
leaves, also contained the highest tetracosane concentrations, suggesting this compound is a susceptibility factor (Oliveira 
et al., 2009). Tetracosane was also partially implicated in susceptibility to T. absoluta by Suinaga et al. (1999). Oliveira 
et al. (2009) concluded that only two lines, HGB-674 and HGB-1497, appeared promising out of 57 accessions and three 
varieties of S. lycopersicum studied.

Several sesquiterpenes are present in type VI glandular trichomes in S. habrochaites f. typicum, including α-humulene, 
α-curcumene, zingiberene, and γ and δ-elemene. Presence of these compounds is correlated with resistance to pests such 
as S. exigua and T. urticae (Weston et al., 1989; Eigenbrode and Trumble, 1993; Rahimi and Carter, 1993; Eigenbrode 
et al., 1994; Freitas et al., 2000a,b). Also, 2,3-dihydrofarnesoic acid, first identified in the leaves of typicum by Snyder 
et al. (1993), has a repellent effect against T. urticae. On the other hand, Juvik et al. (1988) showed that the presence 
of some sesquiterpenes act as an oviposition stimulant for H. zea. Ecole (1998) noted that sesquiterpenes farnesene or 
α-bergamotene, α-humulene or δ-elemene, 2,5,5-trimethyl 1,3,6-heptatriene or (+) or camphene, santalol, and farnesene, 
and α-bergamotene, β-sinesal or farnesene and farnesol are involved in the resistance of typicum LA in 1777 against  
T. absoluta.
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Resistant accessions of S. habrochaites harbored a high number of small mines but a low number of large T. absoluta 
mines when compared to susceptible S. lycopersicum cultivars (Suinaga et al., 2004b). These authors suggested that, when 
evaluating resistance, the number of small mines should be evaluated together with the number of large mines. Similar 
results were reported by Ecole et al. (2000, 2001) in the resistant variety LA 1777 of S. habrochaites f. typicum, compared 
to susceptible tomato cultivars.

4.2  Considerations in the Breeding of Resistance in Tomato

All species of tomato are diploid (2n = 2x = 24) and show similarities in chromosome number and structure. Cultivated 
tomato shows limited genetic variability, a result of founder events and selection during domestication and development 
of modern cultivars. Miller and Tanksley (1990) estimated that the genomes of tomato cultivars contain 5% of the genetic 
variation of their wild relatives (1990). There are tomatoes that are strictly autogamous, such as S. cheesmaniae and some 
S. pimpinellifolium populations. The rate of variation within these populations is essentially zero. At the other extreme, total 
variability is vastly greater in highly outcrossing species such as S. chilense, S. peruvianum, and S. pennellii. An interme-
diate position with respect to outcrossing is occupied by the species S. chmielewskii, S. pimpinellifolium, and some wild 
forms of S. lycopersicum. Outcrossing within each group of species (among accessions) is possible. Interspecific crosses 
occur between groups of S. habrochaites, S. lycopersicum, S. pennellii, S. cheesmanii, S. pimpinellifolium, S. neorickii, and 
S. chmielewskii, and also between groups of S. peruvianum and S. chilense (Stevens and Rick, 1986). Examples of descen-
dants (F1) obtained by embryo rescue are possible, although difficult, among groups of S. peruvianum with S. lycopersicum 
and also with S. pennellii and some accessions of S. peruvianum (Stevens and Rick, 1986). Outcrossing does not occur 
between S. habrochaites and S. peruvianum or S. chilense (Stevens and Rick, 1986).

The major goals of tomato breeding focus on increased productivity, tolerance to biotic and abiotic stresses, and 
improved flavor characteristics and nutritional value of the fruit (Bauchet and Causse, 2012). Tomato breeding aimed at 
increasing resistance to pests has focused on tomato species in which resistance to pests is known to be present and for 
which there is some understanding of resistance mechanisms, notably leaf trichomes and associated traits (methyl ketones, 
phenolics, sesquiterpenes, and ester-sugars), morphological characteristics, and biochemical traits such as α-tomatine.

Genetic improvement of tomato cultivation has followed the process commonly used in autogamous species: introduction, 
selection, hybridization, and selection from segregating populations. All of these processes are based on the fact that, follow-
ing every selfing, the percentage of individuals heterozygous for a monogenic character decreases by 50% and, consequently, 
the percentage of homozygous subjects increases at the same rate (Melo, 1989). The methods of family selection (pedigree), 
population (bulk), modified family selection (SSD = single-seed descent), retro-crossing (back-cross), and some combinations 
or modifications of these methods have been used by breeders in the advancement of segregating generations (Melo, 1989).

The genetic bases of some resistance-related traits in tomato have also been studied (Freitas et al., 2002; Fernández-
Muňoz et al., 2003). For example, high levels of 2-TD involve at least three independent recessive genes (Fery and Kennedy, 
1987), but the genetic control of 2-UD levels is, so far, unknown (Farrar and Kennedy, 1991b). According to Barbosa and 
Maluf (1994), the heritability of 2-TD in tomato leaves is 60.6%. However, in breeding programs aimed at incorporating 
this resistance factor into commercial varieties, there has been a gradual diminution in the level of resistance to pests as 
plants are selected for improved agronomic characteristics (Sorenson et al., 1989; Barbosa and Maluf, 1994).

5.  INDUCIBLE RESISTANCE IN TOMATO

5.1  Modes and Systems of Resistance in Tomato

Plant resistance can be constitutive or inducible. Expression of the former type of resistance is not contingent upon the activi-
ties of arthropods or pathogens, whereas expression of the latter type is triggered or stimulated by the attack of pathogens or 
arthropods. The relative importance of these two modes of resistance to overall plant resistance, and the coordination and orga-
nization of these various systems of inducible resistance in the plant (see below), are not well understood. Importantly, how-
ever, constitutive and inducible resistance appear to rely on the same arrays of resistance traits within a particular plant species.

Studies of plant resistance in tomato have been crucial to demonstrating the importance of inducible resistance as a 
component of overall plant resistance. Tomato possesses multilayered, complex systems of induced resistance governed 
by networks of interacting hormones and other signals (Jones and Dangl, 2006; Campos et al., 2014). Both herbivory 
and pathogen infection trigger extensive transcriptomic reorganizations in tomato, with hundreds of genes upregulated 
and hundreds downregulated (Reymond et al., 2004; Bosch et al., 2014). Many of the downregulated genes are related to 
primary metabolism, and induced changes in primary metabolism may contribute to plant tolerance (Gomez et al., 2010). 
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In contrast, many of the upregulated genes are related to secondary metabolism, and levels and activities of many of the 
resistance-related traits in tomatoes increase following herbivory or infection (Chen et al., 2005; Thaler et al., 2010; Bosch 
et al., 2014). As a consequence of these changes in primary and secondary metabolism, the resistance of tomato plants to 
herbivores and pathogens increases following initial attack.

The systems of induced resistance against pathogenic microorganisms are thought to comprise two tiers or layers (Jones 
and Dangl, 2006). The basal layer of resistance is induced in plants by highly conserved microbial- or pathogen-associated 
molecular patterns (PAMPs) and is known as PAMP-triggered immunity (PTI). Suppression or dampening of PTI responses 
by effectors produced by pathogens can lead to successful colonization of the plant by the pathogen. However, some plants 
have evolved resistance (R) genes, the products of which directly or indirectly recognize microbial effectors. Recognition 
of an effector by an R gene leads to an amplified and highly effective version of PTI called effector-triggered immunity 
(ETI). ETI responses usually involve a hypersensitive response (HR) at the site of attempted infection that prevents further 
pathogen infection. The recognized effector is called an avirulence (Avr) factor. ETI is more or less synonymous with verti-
cal resistance (Agrios, 2005; Jones and Dangl, 2006).

Plants also possess systems of inducible resistance against arthropod herbivores. Unlike pathogen resistance, however, 
very few plant–arthropod interactions in tomato or other plants are governed by specific interactions among complementary 
sets of R genes and Avr genes in the plant and arthropod, and thus arthropod-induced responses appear to have more in com-
mon with PTI than with ETI (Campos et al., 2014). Moreover, indirect induced resistance, the most common example of 
which involves production of volatile compounds that attract natural enemies of a herbivore, appears to be a more important 
component of induced resistance to arthropods than to pathogens (e.g., Thaler, 1999).

5.2  JA- and SA-Mediated Responses to Arthropods and Pathogens

Pioneering research on the hormonal control of induced resistance has been conducted using tomato (Chen et al., 2006; 
Ntoukakis et al., 2014). Importantly, it now seems evident that diverse plant responses in tomatoes and other plants to 
pathogens and herbivores largely, but not entirely, converge on two hormonal pathways, one mediated by salicylic acid 
(SA) and the other by JA, although it is not yet clear how the various systems of induced resistance against pathogens and 
herbivores are coordinated or integrated.

Tomato plants respond to chewing insects, mechanical wounding, and some types of necrotrophic pathogens by activat-
ing the JA-mediated pathway (Thaler et al., 2010; Campos et al., 2014). An early step in this pathway in tomato involves 
release of systemin, an 18-amino acid peptide synthesized from a 200-aa precursor protein, prosystemin (McGurl and 
Ryan, 1992; Bergey et al., 1996; Schilmiller and Howe, 2005; Chen et al., 2006). Systemin binds a plasma membrane-
bound receptor kinase (Scheer and Ryan, 2002), resulting in the activation of a phospholipase and the release of linolenic 
acid. JA and its active derivative, jasmonyl-l-isoleucine (JA-Ile) are synthesized from linolenic acid via a series of well-
characterized steps (Bergey et al., 1996; Campos et al., 2014). Eventually, the JA-mediated transcriptional activation of a 
number of genes leads to increases in secondary compounds (e.g., proteinase inhibitors and polyphenoloxidase) that toxify 
and reduce the growth of insects (Bergey et al., 1996; Duffey and Stout, 1996). Current evidence implicates JA as the long-
distance defense signal within tomato plants (Schilmiller and Howe, 2005).

In contrast to the responses to chewing insects and necrotrophic pathogens mediated by JA, tomato plants respond to 
biotrophic pathogens and piercing-sucking insects by activating an SA-mediated pathway (Goggin, 2007; Thaler et al., 
2010; Campos et al., 2014; Yan and Dong, 2014). SA-mediated responses in general have negative effects on disease devel-
opment and some sucking insects (Goggin, 2007), but often been shown to have positive effects on the growth and fitness 
of chewing arthropods (Stout et al., 2006; Goggin, 2007; Thaler et al., 2010). In part, the positive effects of SA on insects 
stem from inhibition by the SA pathway of JA-mediated responses (“negative crosstalk”).

The existence of SA- and JA-mediated responses in tomato plants provides a mechanism whereby pathogenic microor-
ganisms and arthropod herbivores can interact indirectly through induced changes in the shared host plant. Many JA- and 
SA-mediated changes are long-lasting and systemic, and as a result feeding or infection by an initial attacker can indirectly 
affect organisms spatially and temporally separated from the initial attacker. These indirect plant-mediated interactions 
can involve taxonomically disparate organisms (Stout et al., 1998b; Mouttet et al., 2013). There is specificity both in 
the responses elicited by the initial attacker and in the impact on subsequent attackers (Thaler et al., 2010). These plant-
mediated interactions are often asymmetric (i.e., one participant in the interaction is affected more strongly than the other) 
(Thaler et al., 2010; Mouttet et al., 2013). The form and magnitude of induced plant-mediated interactions in tomato depend 
on, among other factors, the identity (feeding guild) of both the initial (triggering) and subsequent attackers, the degree 
of spatial and temporal separation between the interacting organisms, and the severity of attack. Mouttet et al. (2013), for 
example, documented several symmetrical and asymmetrical plant–mediated interactions among the tomato pests powdery 
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mildew (O. neolycopersici), silverleaf whitefly (B. argentifolii), and T. absoluta on shared tomato hosts. These plant-
mediated interactions likely have consequences for community structure and pest management in tomato fields, but these 
have not been fully elucidated (Thaler et al., 2001).

Tomato plants also exhibit systemic acquired resistance (SAR), a type of SA-dependent induced resistance to patho-
gens (Gozzo and Faoro, 2013; Yan and Dong, 2014) that intersects and overlaps with many of the phenomena described 
in the preceding paragraphs. Attempted infection of a resistant plant by an avirulent pathogen results in an HR, in which 
cells located around the infection site die within a few hours of attempted infection (usually as a part of an ETI response). 
The HR may directly kill the pathogen, restricting its spread in the plant, and also leads to release of a mobile signal that 
induces defense mechanisms in uninfected parts of the plant (Hammond-Kosack and Jones, 1997). Cells immediately 
surrounding the HR develop local acquired resistance (Ross, 1961a), characterized by the reinforcement of cell walls, 
synthesis of antimicrobial phytoalexins, and expression of pathogenesis-related (PR) genes (Fritig et al., 1998). At sites 
distant from the HR, SAR is induced (Ross, 1961b). This resistance is correlated with an accumulation of SA, expres-
sion of PR proteins, stimulation of other defense-related pathways, and relatively broad-spectrum resistance (Durrant 
and Dong, 2004). Elicitors of SAR in plants have been discovered and commercialized, and attempts have been made to 
integrate these elicitors into management programs for diseases in tomato. Obradovic et al. (2005), for example, showed 
that treatment of greenhouse-grown plants with the SAR elicitor acibenzolar-S-methyl (Actigard) reduced the occur-
rence of typical symptoms of bacterial spot.

Recent studies utilizing tomato mutants and transgenic plants with altered signaling capabilities have confirmed the 
importance of the JA-SA dichotomy and also have suggested that this dichotomy alone does not provide a framework 
sufficient to predict interactions among disparate attackers in tomato and other plants (Thaler et al., 2010; Tian et al., 
2014). Negative cross talk among the JA and SA pathways, the involvement of other hormones such as ethylene, abscisic 
acid, or gibberellic acid in signaling networks following attack, and the effects of JA- and SA-induced responses on 
organisms from the third trophic level all complicate the elucidation of these complex plant-mediated interactions, and 
as a result the full significance of induced resistance to the management of insect and disease pests of tomato in the field 
is not yet understood.

5.3  Gene-For-Gene Resistance to Diseases and Breeding for Disease Resistance

Vertical resistance, or ETI, is a particularly important component of tomato resistance to disease-causing microorganisms 
(Gozzo and Faoro, 2013; Ntoukakis et al., 2014). In contrast to more generalized systems of responses described in the 
previous section, the bases of ETI responses are specific interactions among sets of corresponding Avr and R genes in the 
pathogens and plants, respectively (Jones and Dangl, 2006). As described above, the products of Avr genes generated by 
the pathogen during attempted infection are directly or indirectly recognized by putative receptors encoded by R genes. 
Although regulation of ETI has a relatively simple genetic basis, the plant responses involved in vertical resistance are 
highly complex. ETI often involves an HR, activation of the SA pathway, and subsequent expression of SAR.

Vertical resistance is particularly suited for use in practical disease management programs. The complex and concerted 
responses activated by the recognition of Avr products by R genes are rapid and result in immunity or near-immunity with 
apparently little cost to the plant. The use of vertical resistance requires no additional efforts from the farmer. Moreover, 
the introgression of R genes into agronomically acceptable backgrounds, while not trivial, is certainly feasible, and verti-
cal resistance has been used in conventional resistance-breeding programs for decades (Pink, 2002). R genes conferring 
resistance to fusarium wilt, verticillium wilt, root-knot nematode, alternaria stem canker, gray leaf spot, and some bacterial 
and viral diseases have been introgressed into commercial tomato varieties. Unfortunately, R gene–mediated resistance is 
often rapidly circumvented by coevolving pathogens (Pink, 2002). Furthermore, vertical resistance is highly specific to one 
or a few pathogen strains or races, and thus does not provide broad-spectrum resistance. The structure and organization of 
resistance loci in the tomato genome have been investigated (Van Ooijen et al., 2007). Several tomato R genes have been 
isolated by various methods; in fact, the tomato R gene Pto, which confers resistance to P. syringae pv. tomato, was the first 
resistance (R) gene to be isolated from plants (Tang et al., 1996; Ntoukakis et al., 2014). Pto encodes a cytoplasmic serine-
threonine protein kinase and confers resistance against strains of P. syringae pv tomato that express the effector proteins 
AvrPto or AvrPtoB (Martin et al., 1993). Other R genes isolated from tomato include CF5, CF9, MI1-2, I2, ASC, HERO, 
VE, BS4, and SW5 (Ori et al., 1997; Parniske et al., 1997; Dixon et al., 1998; Milligan et al., 1998; Brandwagt et al., 2000; 
Kawchuk et al., 2001; Ernst et al., 2002; Schornack et al., 2004).

As noted above, vertical resistance plays a much smaller role in tomato resistance to arthropods than to pathogens. Of 
potential note in this respect is the Mi gene in tomato. The Mi gene confers resistance against several root-knot nematode 
species (Williamson, 1998). Mi encodes a protein with nucleotide-binding and leucine-rich repeat domains and is located 
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near the centromere of the short arm of chromosome 6 (Mehlenbacher, 1995; Milligan et al., 1998). The Mi gene was 
isolated by positional cloning and its identity confirmed by complementation of function (Kaloshian et al., 1998; Milligan 
et al., 1998). Mi-mediated resistance is characterized by a rapid (within 12 h of infection) HR that limits nematode feeding 
and establishment of a feeding site known as giant cells (Ho et al., 1992; Hwang et al., 2000). This gene was introduced into 
cultivated tomato from Lycopersicon peruvianum (L.) Mill. by embryo rescue. Although nematode infection sometimes 
occurs on resistant tomato cultivars, the pest generally fails to develop and reproduce to high levels on these resistant tomato 
genotypes grown under greenhouse or field conditions (Terrell et al., 1983). The gene confers resistance against three major 
Meloidogyne species that infect tomato, Meloidogyne arenaria Chitwood, Meloidogyne incognita (Kofoid & White) and 
Meloidogyne javanica (Treub) (Martinez de Ilarduya et al., 2001). Interestingly, the Mi gene also confers resistance to the 
potato aphid, M. euphorbiae (Rossi et al., 1998), and tomato psyllid, Bactericera cockerelli (Šulc) (Casteel et al., 2006), 
and was the first example of an R gene with activity against such taxonomically disparate organisms (Nombel et al., 2003; 
Goggin, 2007).

6.  PLANT RESISTANCE AS A MANAGEMENT STRATEGY IN TOMATO PRODUCTION

6.1  Current Status

As noted above, R genes for many important diseases have been transferred (introgressed) into commercial varieties, 
and for these diseases, use of resistant varieties is rightly considered the foundation for management. Fusarium wilt is 
one example. Isolates of F. oxysporum f. sp. lycopersici affecting tomato have been grouped into three races accord-
ing to their ability to infect a set of differential cultivars carrying distinct resistance factors. Three major resistance loci 
have been genetically characterized in Solanum species and all of them have been incorporated into commercial cul-
tivars. Fusarium wilt probably could not be effectively managed without these resistant cultivars. Other diseases for 
which commercial varieties with resistance are available include the Verticillium wilts, Alternaria stem canker, bacte-
rial speck, root-knot nematodes, tobacco and tomato mosaic viruses, and tomato spotted wilt virus (Csizinszky et al., 
2005; Jones, 2008). Some varieties have resistance to multiple diseases. Accordingly, resistance to disease pests fig-
ures prominently in the recommendations of varieties made by agricultural extension services and in trade and indus-
try publications (e.g., http://ipm.ifas.ufl.edu/resources/success_stories/T&PGuide/pdfs/Chapter2/Tomato_Cultivars.pdf; 
http://www.ipm.ucdavis.edu/PMG/r783900511.html). New resistant varieties are introduced almost yearly; for example, 
commercial fresh-market tomato hybrids with vertical resistance to late blight caused by P. infestans were recently released 
by the tomato breeding program at North Carolina State University, United States (Nowicki et al., 2012). In addition, 
sources of horizontal resistance for several tomato diseases such as early blight, powdery mildew, bacterial canker and 
bacterial wilt, horizontal resistance have been identified and used to develop varieties with both vertical and horizontal 
resistance against late blight and powdery mildew (Foolad, 2007).

In contrast, the use of resistant tomato varieties is not a central component of management programs for arthropod 
pests, as agronomically acceptable varieties with high levels of arthropod resistance are in development but not yet 
commercially available (Csizinszky et al., 2005). Sources of resistance in the form of genotypes of wild Solanum spe-
cies with high levels of resistance to insects have been identified (see Section 4.1). Some of the plant characters asso-
ciated with resistance, such as density of glandular trichomes and production of high levels of acylsugars, are under 
relatively simple genetic control. However, commercialization of resistant varieties has been hindered by poor yield 
and agronomic characteristics in the donors, and difficulty in introgressing genes for resistance into agronomically 
acceptable backgrounds (Talekar et al., 2006). As one prominent example, development of tomato varieties resistant 
to T. absoluta has been “intensively pursued” for over two decades, but incorporation of resistance into varieties with 
acceptable yield and quality has not yet been achieved (Guedes and Picanço, 2012).

Furthermore, despite much interesting work on induced resistance to arthropods in tomato, little progress has been 
made in developing commercial approaches to using induced resistance. Acibenzolar-S-methyl (Actigard) is registered 
on tomato and is useful against some bacterial diseases such as bacterial speck (McGrath and Smart, 2014). Foliar appli-
cations of JA to tomatoes stimulated expression of resistance-related traits, reduced abundance of arthropods in three 
feeding guilds, and increased rates of parasitism of S. exigua caterpillars in field experiments (Thaler et al., 2001). To 
this point, however, no commercial approaches based on applications of JA to plants have been developed. Recently, 
Worall et al. (2012) reported that tomato plants grown from seeds treated with JA showed broad-spectrum resistance as 
seedlings to spider mites, caterpillars, aphids, and the necrotroph B. cinerea. Long-lasting protection against pests was 
not accompanied by reductions in plant growth, suggesting that JA seed treatments may hold potential as a management 
strategy.

http://ipm.ifas.ufl.edu/resources/success_stories/T%26PGuide/pdfs/Chapter2/Tomato_Cultivars.pdf
http://www.ipm.ucdavis.edu/PMG/r783900511.html
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6.2  Complications for the Use of Plant Resistance in Management Programs

One of the limitations of the use of resistant tomato genotypes in pest management is the potential for decreased efficiency 
of biological control on resistant varieties (Farrar and Kennedy, 1991a, 1993; Barbour et al., 1993; Farrar et al., 1994; 
Riddick and Simmons, 2014). Sticky exudates produced by glandular trichomes can interfere with the activities of natural 
enemies (Riddick and Simmons, 2014). Genotypes with high levels of 2-TD and alpha-tomatine adversely affected para-
sitoids of S. exigua and H. zea (Duffey and Bloem, 1986; Duffey et al., 1986). Another problem arising from high levels of 
2-TD is the induction of resistance to insecticides such as carbaryl by exposure to 2-TD (suggesting a neurotoxic effect of 
2-TD). There is evidence that cytochrome P-450s (monooxygenases) are involved in the induction of tolerance to 2-TD fol-
lowing exposure of neonate H. virescens to 2-TD or leaves of PI 134417 (Rose et al., 1991), and this detoxication enzyme 
is also involved in tolerance to insecticides.

The resistance of tomato plants can vary throughout the canopy, with plant stage or age, and with changes in fertiliza-
tion, temperature, and photoperiod. The density of type VI trichomes and the production of 2-TD exudates are higher in 
spring than in autumn due to variation of the photoperiod (Weston et al., 1989; Nichoul, 1994). Gianfagna et al. (1992) 
observed that production of zingiberene in type VI glandular trichomes of leaves of typicum is greater under short day 
conditions (25/20°C temperature, day/night) than under long day conditions (30/25°C temperature, day/night). Levels and 
inducibilities of PPO and PIs in tomato leaves are influenced by the environment and by plant stage, with highest levels 
observed in young plants at higher temperatures and light incidence (Green and Ryan, 1973; Stout et al., 1996).

Barbour et al. (1991) observed that increasing rates of 20-20-20 NPK from 1.4 g to 2.8 g/kg soil did not affect the 
leaf area of PI 134417, but did decrease the density of type VIc trichomes and, consequently, the 2-TD content in leaves. 
Wilkens et al. (1996) concluded that the concentration of phenols in the leaves of S. lycopersicum and its resistance as a 
function of NK fertilization were consistent with the optimal defense hypothesis that predicted a negative relationship 
between growth and defense. Induction of PI and PPO activities are not affected by nitrogen fertilization in S. lycopersicum 
(Stout et al., 1998a). With increasing potassium fertilization there is a significant reduction in the density of crystal idio-
blasts, especially in PI 134417 (Leite et al., 1999b).

Leite et al. (1999b, 2001) observed increases in the contents of 2-TD and crystal idioblasts with increasing plant age and 
from the base to the apex of the plant canopy in S. habrochaites f. glabratum PI 134417. This is due to increasing density 
of trichomes from the base to apex and with increasing age of the plants. Because the apical and middle third of plants are 
where major attacks of most pests such as T. absoluta occur, elevated levels of these resistance factors in these parts of PI 
134417 have the potential to reduce tomato susceptibility to pests. The increase in 2-TD and trichomes with age has the 
advantage of making cultivars bred using PI 134417 as a source of resistance less susceptible to moths when plants are in 
the reproductive stage. However, these cultivars may show susceptibility to this pest during earlier stages of crop growth. 
On the other hand, tomato plants produce more PIs when younger (Alarcon and Malone, 1995).

7.  CONCLUSION

Tomato is one of the most important vegetables in the world, but it is subject to large losses from both insect pests and 
pathogenic microorganisms. The development and implementation of tomato varieties with resistance to pests and diseases 
is a key to reducing losses from these pests and diseases with reduced pesticide inputs. The secondary metabolites (e.g., 
phenolics, alkaloids, and methyl ketones), resistance-related proteins, morphological traits (e.g., trichomes), and hormonal 
pathways underlying constitutive and inducible resistance have been more thoroughly studied in tomato than in almost 
any other plant, although the genetic regulation of these resistance-related traits is insufficiently understood. Furthermore, 
the availability of tomato genotypes and wild tomato species with high levels of resistance to various pests and diseases 
represents an outstanding opportunity for the development of resistant varieties, as demonstrated by the commercialization 
of numerous disease-resistant varieties. Among the wild tomato species, those that appear most promising as sources of 
resistance are accessions of S. habrochaites not only because it is resistant to a large number of insects, but also because it 
crosses fairly easily with S. lycopersicum. Recent research has also focused on S. pennellii as another good source for future 
crosses with commercial species. However, maintaining high levels of resistance and high agronomic quality during the 
breeding process has proven difficult, particularly for insect-resistant varieties. Moreover, there may be challenges associ-
ated with incorporating insect-resistant varieties into management programs.

One important theme emerging from studies of plant resistance in tomato is the complexity of resistance. Multiple 
resistance-related traits contribute to resistance to any given pest. Suppression of expression of a single resistance-related 
trait reduces but does not eliminate resistance. For example, suppression of expression of terpenes and rutin in the odor-
less-2 mutant reduced but did not eliminate resistance to flea beetles and Colorado potato beetles, and plants were still able 
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to produce proteinase inhibitors (Kang et al., 2010). Interactions among secondary metabolites, such as the inactivation of 
proteinase inhibitors by polyphenol oxidase (Duffey and Stout, 1996) are important. Plant nutrition (e.g., nitrogen concen-
tration and C:N ratio) strongly influences plant resistance (Han et al., 2014), and primary metabolism and secondary metab-
olism are intricately intertwined (Barbour et al., 1991; Royer et al., 2013). Attack by arthropods and pathogens increases 
the resistance of tomatoes to subsequent attackers, and tomato responses to attack involve wholesale transcriptomic and 
metabolomic changes in the plant (Kant et al., 2015). Different types of attack produce qualitatively different responses 
in the plant (Kant et al., 2015). Induced responses to arthropods and pathogens are governed by a network of hormones in 
which JA and SA play prominent roles, but other hormones, and cross talk among hormones, are also important (Thaler 
et al., 2010; Tian et al., 2014). Expression of resistance-related traits can affect not only individual herbivores but also 
communities of herbivores. Furthermore, many of the effects of constitutive and inducible resistance on herbivores can be 
mediated by the activities of natural enemies (Thaler, 1999; Thaler et al., 2001).

Over the past several years, a full range of -omics technologies and genetic approaches (e.g., analysis of mutant lines, gen-
eration of transgenic lines) have begun to be applied to tomato to give a more comprehensive view of the location and organi-
zation of resistance-related genes and to dissect the responses of tomatoes to pathogens and pests (Table 9.1). The amount of 
information on various aspects of plant-pest interactions in this crop, coupled with many tools available and the large number 
of scientists dedicated to research on tomato, creates a synergism that makes important advances likely in the near future. Over 
the last several years, quantification of the levels of a broad range of metabolites has been documented in tomato–pathogen 
interactions (López-Gresa et al., 2010). The ability to screen a wide range of metabolites at once will facilitate identification 
of plant traits involved in resistance and will lead to greater understanding of the metabolic network involved in producing 
resistant phenotypes (Fernie and Schauer, 2009).

Several recent studies have illustrated the utility of combining data from metabolomics with those from other genomics plat-
forms to provide new insights on both gene annotation (Mintz-Oron et al., 2008) and regulation in complex biological systems 
(Osorio et al., 2011). These approaches have resulted in the identification of numerous genes likely to be involved in resistance. 
The integration of genotyping, pheno/morphotyping, and the analysis of the molecular phenotype using metabolomics, pro-
teomics, and transcriptomics will yield novel insights into the interaction of plant genomes with the environment and will also be 
a powerful strategy for crop improvement. Furthermore, the acceleration in mapping and sequencing techniques and the decreas-
ing costs of next-generation sequencing and metabolomics-based phenotyping will extend the possibilities of gene and marker 
discovery and genome-wide quantification of gene expression. This will simplify the development of resistant tomato varieties 
against pests and diseases in the future, either by conventional breeding, marker-assisted selection, or genetic engineering.
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1.  INTRODUCTION

Tomato is a major vegetable crop grown in nearly every country of the world. India ranks third in tomato production after 
China and the United States. Tomatoes are consumed in various ways in many dishes. Aside from being tasty, tomatoes 
are very healthy as they are a good source of a very powerful antioxidant lycopene, which can prevent the development of 
many forms of cancer. In addition to lycopene, tomato is a rich source of vitamin A and C and other important nutrients. 
However, tomatoes can be affected by biotic stresses such as pests and pathogens, which cause massive yield losses. Among 
the biotic stresses, insect pests are a major threat to yield and if not controlled properly, may cause substantial losses. 
Hence, insecticides are used extensively for insect control, which has resulted in increased crop production. Yet insect pests 
have remained a problem when they develop insecticide resistance by means of detoxification mechanisms. Conventional 
breeding is one of the effective ways to develop resistant plants, although this process is time-consuming and laborious. 
Therefore, genetic engineering of crop plants for resistance against insect pests is an important goal of agricultural biotech-
nologists. In the last three decades, genetic engineering has been utilized to generate insect-resistant crop plants, which has 
led not only to a significant reduction in pesticide use, but also reduced the development of insecticide resistance (Christou 
et al., 2006). Recently, RNA interference (RNAi) has proven to be a potential alternative tool for raising insect-resistant 
plants. In this chapter, we review the use of transgenic technology, as well as RNAi, for insect resistance in crop plants, 
with special emphasis on tomato.

2.  CONVENTIONAL METHODS FOR INSECT CONTROL

Many conventional methods have been used to control the devastating effects caused by insects. While these methods have 
been covered in other chapters of this book, we categorize them under chemical, biological, mechanical, and physical 
controls. Chemicals are the most widely used method, and the broad nature of insecticides leads to killing pests, inhibiting 
their feeding, mating, or other essential behaviors required for their development. Commercially available insecticides have 
been shown to be very effective. Synthetic sex pheromones which affect the mating in insects can also work, especially 
in large plantings. However, chemical control has many disadvantages. They can affect non-target organisms, including 
humans, particularly pesticide applicators and other farm workers (Mazid et al., 2011). This has raised the need for alter-
native control measures. Biological control agents are also widely used for insect control in tomatoes. This includes the 
use of predators, parasitoids, and microorganisms. Predators directly consume their prey during their whole lifetime, and 
the larvae of ladybugs are voracious predators of aphids. Parasitoids, on the other hand, lay their eggs on or in the insect 
host, ultimately killing the pest insect. Wasps are the major insect parasitoids. Pathogenic microorganisms such as bacteria, 
fungi, and viruses are also used to kill the host insects (Lord, 2005; Van Lenteren, 2012). Biological control is not meant 
to completely eradicate a pest, but can complement transgenic and other non-conventional approaches. Mechanical con-
trol measures can be effective and rapid, but are typically suitable only for pest problems on a small geographic scale due 
to their labor requirements. For example, handpicking can be used to remove bright colored and/or large insects in small 
garden plots. Similarly, shaking plants and using a strong spray of water can dislodge some pests from the plants. Physical 
control measures are also used to keep insect pests from reaching their hosts. These include the use of barriers (window 
screens on greenhouses) and pheromone traps to draw insects away from the target host plants.
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3.  NON-CONVENTIONAL APPROACHES FOR INSECT CONTROL: TRANSGENIC 
STRATEGIES

3.1  Bacillus thuringiensis (Bt) Toxins

Bacillus thuringiensis Berliner (Bt) is a Gram-positive bacterium that produces proteins known as insecticidal crystal proteins 
(ICPs). These proteins are toxic to a narrow group of insects. The spores produced by these bacteria contain one or more Cry 
and/or Cyt proteins called δ-endotoxins. These Cry toxins interact with specific receptors on the insect’s midgut epithelial cell 
surface. The host proteases activate these toxins and lead to the formation of an oligomeric pore–like structure that enters into 
the host membrane. This pore formation leads to ionic leakage in the cells, which kills the insect (Bravo et al., 2007; Crickmore 
et al., 2010). Hence, Bt has turned out to be a novel and potent method for the control of insect pests. Bt topical pesticides have 
been developed and are in extensive use to protect crop plants from insect pests. These Bt toxins are non-toxic to vertebrates, 
and have additional advantages of being safe (eco-friendly), specific, and biodegradable. Usually Bt is applied when the insects 
are in early growth stages as later-stage larvae are more tolerant. Additionally, UV light, weather, and the presence of certain 
proteases can lead to the degradation of Bt toxins. Therefore, topical Bt sprays generally have to be sprayed several times for 
effective control, increasing the cost and the amount of product required (Ranjekar et al., 2003).

These issues related to topical Bt application were addressed by introducing Bt Cry genes into tobacco and tomato 
plants (Vaeck et al., 1987; Krattiger, 1996). Tomato plants were transformed with chimeric genes harboring truncated 
lepidopteran-type Bt genes. Tomato plants expressing chimeric Bt genes conferred insect resistance to the plants and their 
subsequent progeny. Although the mRNA accumulation of chimeric transcript was found to be low, the level of protein 
expressed was enough to kill the larvae of Manduca sexta (L.), Heliothis virescens (F.), and Helicoverpa zea (Boddie) 
(Fischhoff et al., 1987). Truncated Cry1Aa and Cry1Ab toxin genes have provided resistance to tobacco and tomato against 
tobacco hornworm larvae (Jouanin et al., 1998).

The expression level of unmodified Cry genes in transgenic plants was low because of the codon bias between pro-
karyotic and eukaryotic systems. Therefore, modified Cry genes (Cry1Ab and Cry1Ac) have been introduced for better 
expression in plant cells (Perlak et al., 1991). Modifications in codon usage, poly A–type signals, and splice sites of ICPs 
helped in providing resistance against lepidopteran pests of cotton (Cry1Ac) and coleopteran pests of potato (Cry1Aa) 
(De Maagd et al., 1999). Subsequently, various modified Cry genes were used to transform many crop plants including 
rice, maize, peanut, soybean, canola, tomato, and cabbage (Sanahuja et al., 2011; Tabashnik et al., 2011). Taking into 
account the development of tomato transgenics using Bt genes, there are many studies which suggest the success of this 
technology. Transgenic tomato expressing Cry1Ac has shown high levels of protection against larvae of the tomato fruit 
borer (Helicoverpa armigera (Hübner)) (Mandaokar et al., 2000). In another study carried out in Egypt, overexpres-
sion of Bt (Cry2Ab) gene in transgenic tomato has resulted in the mortality of H. armigera and the potato tuber moth 
Phthorimaea operculella (Zeller) when fed on Bt tomato (Saker et al., 2011). Recently, a modified truncated Bt-CryAb 
gene was used to produce resistant tomato plants. The transgenic line Ab25E has been selected for further analysis, and 
showed 100% mortality of second instar H. armigera and Spodoptera litura (F.) with minimum damage to leaves and 
fruits (Koul et al., 2014).

Although most pests have been susceptible to Bt transgenic plants, resistance was reported as early as 2005 (Tabashnik 
et al., 2013). For example, the cotton bollworm, H. zea, and pink bollworm Pectinophora gossypiella (Saunders) showed 
resistance against Cry1Ac in cotton (Moar et al., 2008; Tabashnik et al., 2008, 2013). Also, in Puerto Rico, fall armyworm, 
Spodoptera frugiperda (Smith) has shown resistance to Cry1F in maize leading to its discontinuation (Matten et al., 2008). 
To combat resistance, transgenic plants expressing multiple Bt toxins have been developed. Transgenic cotton expressing 
Cry1Ac and Cry2Ab conferred resistance to H. zea, S. frugiperda, and Spodoptera exigua (Hübner) (Zhao et al., 2003).

3.2  Proteinase Inhibitors (PIs)

A wide range of defense proteins are expressed in plants. These include proteinase inhibitors (PIs) and lectins which 
are induced as a response to insect attack (Ryan, 1990). PIs are ubiquitous and hence they are found in microbes, 
plants, and animals (Laskowski and Kato, 1980). They regulate the activity of their corresponding proteases and are 
important for many biological processes. Seeds and tubers have high PI levels suggesting their role as a depot of safe 
storage forms immune to digestion unless required (Ryan, 1988). PIs were first identified as plant defense proteins in 
1972 when they were induced due to wounding and insect herbivory. As a wounding response brought about by insect 
attack, one of the four classes of proteinases—serine, cytosine, aspartic, and metalloproteinases—is accumulated in plants 
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(Ryan, 1990). In insects, proteinases release amino acids from dietary proteins and provide required nutrients for 
larval growth and development. Insect proteinases are inhibited by PIs affecting the digestion which leads to physi-
ological stress on insects as they have to synthesize alternative proteases resulting in growth retardation (Jongsma and 
Bolter, 1997). Molting, water balance, and enzyme regulation in insects are affected by PIs. Due to their significant 
inhibitory activity, PIs have been exploited for crop improvement. Cowpea Trypsin inhibitor (CpTi) expression in 
tobacco showed resistance against M. sexta (Hilder et al., 1987). Under laboratory conditions, transgenic tobacco 
plants expressing CpTi also showed resistance to S. litura (Sane et al., 1997). Expression of tomato inhibitor II and 
potato inhibitor II genes in tobacco resulted in retarded growth of M. sexta larvae (Johnson et al., 1989). Different 
levels of Mustard trypsin inhibitor (MTI-2) expression in transgenic tobacco, Arabidopsis, and oilseed rape showed 
developmental delay and mortality in three lepidopteran pests, Plutella xylostella (L.), Mamestra brassicae (L.), and 
S. litura (De Leo and Gallerani, 2002). Maize PI gene (MPI) when expressed in rice showed enhanced resistance 
against striped stem borers (Chilo suppressalis (Walker)) (Vila et al., 2005).

The above results clearly suggest that plants PIs are promising antimetabolites that can confer resistance against insect 
pests. However, insects may change the composition of proteinases to overcome the PI expressed in plants (Jongsma et al., 
1995; Broadway, 1995). Studies have revealed that high-level expression of soybean trypsin inhibitor gene in transgenic 
tobacco failed to confer resistance against H. armigera. A number of phytophagous insects have adapted to PIs of their 
host plants. Their growth and development is not affected by the presence of host PIs in their diet (Jongsma et al., 1995). 
A possible solution to this problem is to express a combination of PIs for effective resistance. Combined expression of two 
protease inhibitors has been useful in overcoming the compensatory response shown by insects where there is production 
of proteases insensitive to these inhibitors. Overexpression of potato PI II and carboxypeptidase inhibitors (PCI) under the 
control of leaf-specific promoter in tomato resulted in increased resistance to Heliothis obsoleta Auctorum and Liriomyza 
trifolii (Burgess) larvae (Abdeen et al., 2005).

Sporamin (trypsin inhibitor) from sweetpotato and CeCPI (phytocystatin) from taro when stacked and trans-
ferred to tobacco plants showed delayed growth and development of larvae of H. armigera (Senthilkumar et al., 2010). 
Nicotiana alata Link & Otto proteinase inhibitor (NaPI) is found in high levels in female reproductive organs of  
N. alata, an ornamental tobacco. This inhibitor targets the digestive enzymes, trypsin and chymotrypsin, present in the 
insect midgut. NaPI is a main potato type-II inhibitor (pin II) and has been shown to reduce the growth and development of 
Helicoverpa punctigera Wallengren. But the surviving larvae showed a high level of chymotrypsin activity. To overcome 
this, Solanum tuberosum L. potato type-I inhibitor (StPin1A), having a strong inhibitory activity against NaPI-resistant 
chymotrypsin activity, was expressed in combination of NaPI. The combination of NaPI and StPin1A in diet and transgenic 
plants helped in achieving better crop protection as compared to the effect of single inhibitor (Dunse et al., 2010).

A recent study also showed that transgenic rice plants expressing the fused maize proteinase inhibitor (MPI) and the 
potato carboxypeptidase inhibitor (PCI) into a single ORF (open reading frame) showed resistance to C. suppressalis. 
The MPI-PCI fusion gene was found to be stable for at least three generations without affecting the plant phenotype. 
Reduction in larval weight of C. suppressalis was observed when fed on MPI-PCI expressing rice as compared to control 
(Quilis et al., 2013).

3.3  α-Amylase Inhibitors (α-AI)

A growing body of research has suggested the use of α-AIs as biotechnological tools for generating transgenic plants with 
enhanced resistance toward pests. The introduction and expression of bean α-AI gene in pea conferred resistance to bruchid 
beetles (Shade et al., 1994). The resulting seeds were resistant to larvae of bruchid beetles, Callosobruchus maculatus (F.) 
and pea weevil Bruchus pisorum (L.) (Schroeder et al., 1995; Morton et al., 2000). Transgenic pea seeds expressing α-AI 
under the control of phytohemagglutinin promoter showed high resistance toward pea weevil. The development of weevil 
was blocked at an early stage even in the T5 generation. There was minimal damage to the seeds, yet the seed yield was not 
affected (Schroeder et al., 1995). Extraction of proteinaceous inhibitors from barley and wheat showed its significant inhibi-
tory action on amylase activity of the Sunn pest (Eurygaster integriceps Puton) which belongs to a group of the “shield 
bug” (Scutelleridae) and causes considerable yield losses (Bandani, 2005).

Recently, transgenic tobacco seeds (Nicotiana tabacum L.) expressing rye α-AI showed increased mortality in 
Anthonomus grandis Boheman larvae when fed with artificial diet mixed with transgenic seed flour (Dias et al., 2010). 
Apart from the use in legumes, α-AIs also are used to transform crop plants. Genetic engineering of Coffea arabica L. with 
α-AI1 showed the presence of the inhibitor in seed extracts and also the activity of digestive enzymes of Hypothenemus 
hampei (Ferrari) was significantly affected (Barbosa et al., 2010).



240 SECTION | III Integrated Pest Management of Tomato Pests

The members of this family have α-amylase inhibitory (α-AIs) activity (Gourinath et al., 2000). α-amylase inhibitors 
also affect the nutrient utilization by insects and hence function in a similar manner as proteinase inhibitors. α-amylase 
inhibitors are classified into six different groups based on the structural similarity. They are as follows:

3.3.1  Legume Lectin-Like Inhibitors

These were identified in common beans such as white, red, and black kidney beans. These inhibitors target insect, fungal, 
and mammalian α-amylases. α-AI1 and α-AI2 belong to this class and contain 240–250 amino acid residues (Marshall 
and Lauda, 1975; Ho and Whitaker, 1993). Mutation in the primary structures leads to their different specificity toward 
α-amylases (Grossi de Sa et al., 1997).

3.3.2  Knottin-Like Inhibitors

These are present in the seeds of Amaranth (Amaranthus hypochondriacus L.). These inhibitors show strong inhibition 
of insect α-amylases but do not affect proteases and α-amylases from mammals. They are also known as AAI (α-amylase 
inhibitor) and are 32 amino acids long (Chagolla-Lopez et al., 1994). AAI is the smallest inhibitor known to date. The 
three-dimensional structure of AAI shows three antiparallel β strands and is rich in disulfide bonds (Mehrabadi et al., 2012).

3.3.3  Kunitz-Type Inhibitors

This type of α-amylase is found in cereals such as barley, rice, wheat, maize, and cowpea (Micheelsen et al., 2008). They 
inhibit the α-amylases of insects as well as plants (Alves et al., 2009). BASI (α-amylase/subtilisin inhibitors) have been 
studied extensively (Mehrabadi et al., 2012) and they are known to have 176–181 amino acid residues (Mundy et al., 1983, 
1984). The structure of BASI revealed the presence of two disulfide bonds and 12-stranded β-barrel structure belonging to 
the family of β-trefoil-fold (Mehrabadi et al., 2012).

3.3.4  γ-purothionin

Isolated from Sorghum bicolor (L.) Moench, these inhibitors show strong inhibition against insect and mammalian 
α-amylases (Bloch and Richardson, 1991). SIα-1, SIα-2, and SIα-3 are the isoinhibitors and comprise 47–48 amino acid 
residues. These isoforms have eight cysteine residues which forms disulfide bonds (Nitti et al., 1995).

3.3.5  Thaumatin-Like Inhibitors

This class of inhibitors was isolated from maize (Zea mays L.) and the proteins are homologous to sweet protein thaumatin 
present in the fruits of Thaumatococcus daniellii (Benn.) Benth., giving them their name (Cornelissen et al., 1986; Hejgaard 
et al., 1991; Vigers et al., 1991). Zeamatin from maize is a well-studied member of this family and only inhibits insect 
α-amylase. This has 13 β-strands out of which 11 form a β sandwich at the core of protein (Batalia et al., 1996).

3.3.6  CM Proteins

CM (Chloroform-methanol) proteins were discovered from cereals, and they have 120–160 amino acid residues (Campos 
and Richardson, 1983). The 0.19 α-AI is the most studied inhibitor of this family and targets α-amylases from insects, 
bacteria, and mammals (Mehrabadi et al., 2012). Composed of 124 amino acid residues, they act as homodimer (Oda et al., 
1997; Franco et al., 2000). These proteins have a typical α-amylase/trypsin double-headed domain, and hence show inhibi-
tory activity against α-amylases (Barber et al., 1986) and trypsin-like enzymes (De Leo and Gallerani, 2002) separately or 
α-amylase/trypsin-like inhibition at the same time (García-Maroto et al., 1991). X-ray crystallographic analysis showed 
four major α-helics, a one-turn helix and two short antiparallel β-strands.

Despite these successful reports, α-AI-transgenic crops have not been utilized commercially because of the induc-
tion of systemic immunological responses in mice fed with peas expressing the α-AI protein. This is due to the altered 
post-transcriptional processing of the transgene in the heterologous pea system as bean is the source of the transgene 
(Prescott et al., 2005).

A recent report showed that peas, chickpeas, and cowpeas expressing bean-αAI as well as non-transgenic beans were all 
allergenic in BALB/c mice (Lee et al., 2013). An anti-αAI response was seen in mice after consumption of non-transgenic 
peas lacking αAI due to a cross-reactive response to pea lectin. They also showed that the allergic response of αAI trans-
genic peas was par with the non-transgenic peas. This has provided an insight into the need of in-depth experiments for such 
unexpected cross-reactive allergic responses upon consumption of plant products in mice (Lee et al., 2013).
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3.4  Lectins

Lectins were discovered by Stillmark in the year 1888 as a compound with hemagglutinating property. Stillmark (1888) 
extracted this compound from castor beans (Ricinus communis L.) and showed its ability to agglutinate red blood cells; it 
was named ricin. Later on, the first lectin was isolated from Canavalia ensiformis (L.) DC. (Jack beans) (Sumner, 1919). 
For a long period, lectins were called hemagglutinins as they agglutinate erythrocytes and other cells. But, it was found later 
that all lectins did not show the agglutinating activity. Hence, lectins are presently defined as carbohydrate-binding proteins 
that bind, with high affinity, to glycoproteins, glycolipids, or polysaccharides through their glycan subunit (Goldstein and 
Hayes, 1978). Lectins are no longer classified on the basis of agglutination.

Plant lectins are divided into four major groups: merolectins, hololectins, superlectins, and chimerolectins (Van Damme 
et al., 1998). Merolectins comprise proteins with only one carbohydrate-binding domain. This group does not show the 
activity of agglutination. Hololectins are proteins having two or more similar carbohydrate-binding domains and hence 
agglutinate cells. Superlectins, on the other hand, comprise two carbohydrate-binding domains that recognize different 
carbohydrate structures. Chimerolectins have proteins with one or more carbohydrate-binding domain fused to another 
domain showing biological activity other than carbohydrate-binding domain. This group of lectins is found abundantly in 
plants (Van Damme et al., 2008).

3.4.1  Constitutively Expressed and Inducible Lectins

Lectins are distributed extensively in nature and have been isolated from various plant species (Sharon and Lis, 1990; 
Rüdiger and Gabius, 2001). They are abundantly found in seeds or storage tissues (approximately 0.1–1.0% of the total 
proteins), hence are considered as storage proteins for growth and development (Van Damme et al., 1998). Constitutively 
expressed lectins, also known as “classical lectins,” accumulate either in vacuoles or in the cell wall and intercellular 
spaces, or are secreted into the extracellular compartment (Van Damme et al., 2008). Lectins expressing at high concentra-
tions are considered to be involved in plant defense (Etzler, 1986; Guo et al., 2013; Al Atalah et al., 2014; Roy et al., 2014).

Apart from constitutively expressed lectins, there are lectins which are induced and are present in low concentrations 
(Michiels et al., 2010). These are termed “inducible lectins” and are found in the nucleus and cytoplasm of the plant cell 
(Van Damme et al., 2003; Lannoo and van Damme, 2010). Oryza sativa L. agglutinin (Orysata) was the first inducible lectin 
to be characterized in rice seedlings (Zhang et al., 2000). Transgenic tobacco expressing orysata showed strong insecticidal 
activity against S. exigua, Myzus persicae (Sulzer), and Acyrthosiphon pisum Harris (Al Atalah et al., 2014).

Lectin purified from snowdrop bulbs (Galanthus nivalis L.) has been well studied. The G. navalis agglutinin, or GNA, is 
a mannose-specific lectin, having four identical 12 kDa subunits (Van Damme et al., 1987). GNA has been reported to show 
insecticidal activity against the rice brown planthopper (Nilaparvata lugens (Stål)) and rice green leafhopper (Nephotettix 
cincticeps Uhler) (Powell et al., 1993). Transgenic tobacco plants expressing GNA under the control of the constitutive 
promoter, CaMV35S, showed resistance against another family of heteropterans represented by the peach potato aphid 
(M. persicae) (Hilder et al., 1995). Similarly, transgenic potato plants expressing GNA under CaMV35S promoter showed 
effective control of the tomato moth, Lacanobia oleracea (L.), larvae. Larvae caused less damage to the leaves as compared 
to the control and there was a significant reduction in the insect biomass of moths that fed on GNA plants (Gatehouse 
et al., 1997). Partial resistance to rice brown planthopper (N. lugens) and another hemipteran pest (Nephotettix virescens 
(Distant)) was also obtained by expressing GNA in transgenic rice under tissue-specific (phloem and epidermal layer) or 
constitutive promoters (Rao et al., 1998; Foissac et al., 2000). Insects fed with transgenic rice showed reduced fecundity 
and survival rate. Expression of GNA in transgenic potato resulted in significant decrease in the survival and fecundity of 
the glasshouse potato aphid (Aulacorthum solani (Kaltenbach)) (Down et al., 1996). GNA-expressing transgenic plants 
had reduced damage when fed upon by Sogatella furcifera (Horváth) (white backed planthopper), and there was a nega-
tive impact on insect survival and fecundity. GNA expression was found to be 0.3% of the total soluble protein, and there 
was a 90% reduction of nymph survival on the transgenic plants compared to wild-type plants (Nagadhara et al., 2004). 
Transgenic maize expressing GNA under phloem-specific promoters showed resistance to corn leaf aphids (Rhopalosiphum 
maidis (Fitch)) under greenhouse conditions. The nymph production was considerably reduced by 46.9% on transgenic 
maize as compared to control (Wang et al., 2005).

Melander et al. (2003) expressed pea lectin in oilseed rape and obtained a significant reduction in pollen beetle (Meligethes 
aeneus (F.)) larval weight and also in larval survival. Mannose-specific lectin from garlic (Allium sativum L.) when expressed 
in transgenic rice resulted in partial resistance to hemipterans, N. lugens (brown planthopper), Nephotettix malayanus Ishihara 
& Kawase, and N. virescens (green leafhopper), and also showed reduced transmission of rice turgo virus by its insect vector 
(N. malayanus and N. virescens) (Saha et al., 2006a,b). N. tabacum agglutinin (NICTABA) gene was expressed in Nicotiana 
attenuata Torr. ex S. Watson, which does not carry the gene coding for NICTABA. Spodoptera littoralis Boisduval larvae when 
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fed with NICTABA-expressing plants showed up to 70% reduction in weight. Bioassays with M. sexta larvae also showed 
decreased larval weight when fed on plants expressing NICTABA (Vandenborre et al., 2010).

Recently, orysata, a lectin from rice with mannose-specificity, was overexpressed in transgenic tobacco. Detached 
leaves from the transgenic tobacco lines showed significant mortality, larval weight reduction, and retardation of develop-
ment in larval stages of S. exigua (Al Atalah et al., 2014). Transgenic tobacco plants expressing pea lectin (P-Lec) and the 
cowpea trypsin inhibitor (CpTI) also were generated to study synergic effects. Higher mortality of tobacco budworm 
(H. virescens) was observed in transgenic plants expressing both proteins in comparison with plant expressing only P-Lec or 
CpTI (Boulter et al., 1990).

GNA also has been fused with other proteins and evaluated for insect control. When GNA was fused with a spider venom 
peptide, δ-amaurobitoxin-Pl1a was formed. This was fed to third instar larvae of M. brassicae, and 100% larval mortality 
was observed within 6 days. Pl1a/GNA also caused mortality of the housefly (Musca domestica L.). A. pisum when fed on 
Pl1a/GNA-containing diet (1 mg/mL) showed 100% mortality after 3 days of feeding (Yang et al., 2014). This study sug-
gested that using GNA as a carrier with other toxins may prove useful for generating transgenics which may show increased 
resistance toward insect pests. Similarly, Tajne et al. (2014) came up with a new synthetic gene having Bt toxin Cry1Ac and 
A. sativum agglutinin (ASAL). The gene showed significant insecticidal activity for H. armigera and P. gossypiella.

3.5  Insect Chitinases

Chitinases are hydrolytic enzymes that cause the hydrolysis of chitin. The enzymatic cleavage takes place in a random man-
ner over the entire length of the chitin polymer, and the products are low molecular weight multimers of N-acetylglucosamine 
(GlcNAc) (Kramer and Koga, 1986; Reynolds and Samuels, 1996).

Insect chitinases are involved in cuticle turnover and digestion. These enzymes are found in molting fluid, venom glands, 
and midguts of insects (Terra and Ferreira, 1994; Krishnan et al., 1994; Terra et al., 1996). Insects periodically shed their exo-
skeletons and form new ones (Lehane, 1997). Chitinases are involved in this process and are present in the exoskeleton and 
gut lining of insects (Kramer et al., 1993). Degradation of chitin leads to perforation of the peritrophic matrix and exoskeleton, 
making insects vulnerable to attack by pathogens. Thus, expression of insect chitinase in plants may affect the growth of insect 
feeding on these plants owing to an inappropriately timed exposure to chitinase (Kramer and Muthukrishnan, 1997). Expression 
of cDNA for chitinase obtained from M. sexta, in tobacco plants showed partial resistance against H. virescens. Control and 
transformed leaves were fed to first instar larvae of tobacco budworm. Up to 80% reduction in total mass of surviving larvae on 
transformed leaves as compared to control suggested the potential of insect chitinases as targets (Ding et al., 1998).

3.6  Successes and Limitations of Transgenic Approaches for Insect Control

Transgenic technology has emerged as a potent method to produce insect-resistant plants. Success with this technology 
could save time and labor which is required for conventional breeding programs. Plants produced by transgenic technology 
have shown resistance against insects leading to increased crop yield. In combination with other powerful biopesticidal pro-
teins such as proteinase inhibitors, Bt could drastically reduce the utilization of chemical pesticides and protect the environ-
ment. Plants expressing Bt toxin, as discussed above, have provided an effective method for controlling lepidopteran pests 
(Naranjo, 2011). However, there is a need for the use of pesticides to control the sap-sucking insects, such as aphids, white-
flies, planthoppers, and plant bugs, as there is no Bt toxin known with potential insecticidal effects on these pests (Gatehouse 
and Price, 2011). Proteinase inhibitors and lectins can play a major role in the management of pests which are not susceptible 
to Bt, and they may also play a part in gene pyramiding strategies. At one time, PIs were considered as important components 
of pest management strategies. However, while there are reports of transgenic plants expressing foreign PI genes, no com-
mercial success has been realized. Understanding the insect defense will play an important role for PIs and other anti-insect 
components in resistant plants. The availability of plant and insect genome sequences can help us understand the interaction 
between the host and the insect. Even so, the development of these strategies must also consider the metabolic load required 
by plants to produce the extra protein used in insect resistance. The genetically modified insect-resistant crops can be used 
within the integrated pest management (IPM) strategy to obtain better results (Romeis et al., 2008).

4.  RNA INTERFERENCE AS A NOVEL ALTERNATIVE TOOL FOR INSECT RESISTANCE

Another technology that offers promise for insect management is RNA interference (RNAi) technology. This technique 
holds promise for crop protection against insect pests with fewer biosafety issues, since there are no transgene proteins 
being expressed in transgenic lines (Price and Gatehouse, 2008; Huvenne and Smagghe, 2010; Rajam, 2011, 2012a,b).
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4.1  RNAi in Gene Silencing

The discovery of RNA interference (RNAi) proved to be a boon in the area of molecular biology. It first was observed in 
Caenorhabditis elegans (Maupas) where double-stranded RNA (dsRNA) downregulated gene expression by cleaving its 
counter mRNA (Fire et al., 1998). It is a post-transcriptional gene silencing mechanism leading to cognate mRNA degra-
dation, and it relies on the specificity of the sequence of one strand of the dsRNA and the corresponding complementary 
transcript. RNAi mainly comprises small-interfering RNAs (siRNAs) and microRNAs (miRNAs) which differ in their 
biogenesis pathway but bind to their complementary target mRNA and lead to their silencing (Fig. 10.1). Gene knockdown 
by RNAi has now become a valuable tool to study the function of genes in various organisms. Also, new methods of control 
of insect pests of important agricultural crops have been developed based on RNAi by genetically engineering the plants to 
express dsRNA. The advantage of genetically engineered plants expressing dsRNAs is continuous and stable expression of 
dsRNA in plants without exerting the load of protein expression (Rajam, 2011, 2012a,b).

4.1.1  siRNA-Based Strategies for Insect Control

Small-interfering RNAs (siRNAs) are formed when dsRNA is cleaved by the RNaseIII Dicer. siRNAs are approximately 21 
nucleotide duplexes with a 2 bp 3′ overhang. Passenger strands (sense strands) of those duplexes are degraded while retaining 
the guide strand (antisense strand). The guide strand then is incorporated into a multiprotein complex called RNA-induced 
silencing complex (RISC). RISC has a catalytic component called Argonaute protein which cleaves single-stranded RNA 
(ssRNA) molecules having sequence complementarity with a guide strand of the siRNA duplex (Shabalina and Koonin, 2008) 
(Fig. 10.1). RNA-dependent RNA polymerase (RdRp) then interacts with RISC to generate a fresh lot of dsRNA based on a 
partially digested target template (Filipowicz, 2005). RdRp activity requires siRNA with 3′-OH annealed to the target mRNA 
to elongate the dsRNA. The gene coding of the RdRp is found in plants and fungi but not in insects and mammals.

Feeding of dsRNA through transgenic plants expressing the desired hairpin RNA of essential genes of insect has 
emerged as a potential tool to combat insect attack (Katoch et al., 2013). Transgenic plants expressing dsRNAs against 
genes of Lepidoptera, Coleoptera, and Hemiptera are common (Mao et al., 2007). Two successful reports of dsRNA-
expressing plants came in 2007. Both reports showed that the RNAi pathway could be exploited to control insect pests via 
in planta expression of dsRNA against well-chosen target genes of insects (Baum et al., 2007; Mao et al., 2007). Transgenic 

FIGURE 10.1 The biogenesis pathway for (A) siRNAs, (B) miRNAs in animals, and (C) plants. Adapted from Izquierdo, M., 2005. Short interfering 
RNAs as a tool for cancer gene therapy, Cancer Gene Therapy 12, 217–227; Du, T., Zamore, P.D., 2005. MicroPrimer: the biogenesis and function of 
microRNA. Development 132, 4645–4652; and Zhu, J.K., 2008. Reconstituting plant miRNA biogenesis. Proceedings of the National Academy of Sciences 
USA 105, 9851–9852.
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corn producing dsRNA specific to the gene encoding the A subunit of the v-ATPaseA proton pump showed significant 
mortality of Western corn rootworm larvae (WCR, Diabrotica virgifera virgifera LeConte) (Baum et al., 2007). The other 
report showed that targeting cotton bollworm gut–specific cytochrome P450 gene CYP6AE14 which gave resistance to gos-
sypol, conferred insect resistance to plants. Cotton bollworm larvae when fed on transgenic tobacco and Arabidopsis plants 
expressing CYP6AE14-specific dsRNA showed subsequent sensitivity to gossypol in artificial diet (Mao et al., 2007). The 
expression of dsRNA of CYP6AE14 was stable not only in the T1 but also in T2 generation, and showed enhanced resis-
tance to bollworms (Mao et al., 2011).

Huvenne and Smagghe (2010) reviewed different mechanisms by which insects uptake dsRNA. RNAi-mediated gene 
silencing was successful for the control of the whitefly Bemisia tabaci (Gennadius). Actin ortholog, ADP/ATP translocase, 
α-tubulin, ribosomal protein L9 (RPL9), and V-ATPase A subunit genes were targeted using dsRNAs and siRNAs. High 
mortality with LC50s of 11.21 and 3.08 μg/mL was observed with RPL9 and V-ATPaseA genes, respectively. The study 
suggested that the phloem-specific expression of the dsRNAs RPL9 and V-ATPaseA in plants may provide protection 
against whiteflies (Upadhyay et al., 2011).

Previously, the effect of chemically synthesized siRNAs was evaluated by targeting of the acetylcholinesterase (AChE) 
gene of H. armigera. Larvae fed with an artificial diet containing siRNA molecules resulted in mortality, larval growth inhi-
bition, and reduced pupal weight, and it also affected the adult fecundity compared to control larvae (Kumar et al., 2009).

Oral ingestion of dsRNA, expressed in plants triggers target-gene silencing in insects. Tobacco and tomato transgenic 
plants expressing dsRNA against H. armigera AChE when fed to the insects showed larval mortality and developmental 
delay (Kumar, 2011). The 20-hydroxyecdysone (20E), with its nuclear receptor complex Ecdysone receptor-ultraspiracle 
(EcR-USP) controls insect molting. Thus larvae feeding on tobacco plants expressing dsRNA of EcR showed resistance to 
pest attack (Zhu et al., 2012).

RNAi also was shown successful for targeting HaHR3, a molt-regulating transcription factor gene of H. armigera. 
The coding region of HaHR3 was targeted by expressing dsRNAs through the L4440 vector in Escherichia coli (Migula) 
and also in a plant transformation vector. H. armigera larvae, when fed with the E. coli or transgenic plants, considerably 
decreased the mRNA and protein levels of HaHR3, which resulted in developmental delay and larval mortality. The results 
suggested the potential use of recombinant bacteria for gene silencing studies in insects (Xiong et al., 2013). 3-hydroxy-
3-methylglutaryl coenzyme A reductase (HMG-CoA reductase; HMGR), a key enzyme in the mevalonate pathway in 
insects, has also been shown as a potential target for insect control. HaHMGR (H. armigera HMGR) silencing by RNAi 
resulted in reduced fecundity, oviposition, and vitellogenin (Vg) mRNA levels. In female moths, ovation rate was signifi-
cantly decreased by 98% as compared to controls (Wang et al., 2013).

Recently, oral delivery of dsRNA molecules to S. littoralis against a gene highly similar to P102 of H. virescens, 
strongly suppressed the encapsulation and melanization response, while hemocoelic injections did not result in evident 
phenotypic variations. This suggested that the protein is functionally conserved and plays a role in insect immunity. Hence, 
based on immunosuppression, dsRNA oral delivery can be exploited to develop novel technologies of pest control (Lelioa 
et al., 2014). Transgenic tobacco expressing siRNAs against the whitefly v-ATPaseA gene led to reduced transcript level of 
v-ATPaseA in whiteflies. The mRNA level was reduced up to 62% leading to mortality (Thakur et al., 2014).

Sitobion avenae (F.) causes serious economic losses to wheat (Triticum aestivum L.). Wheat was transformed with 
RNAi construct against the carboxylesterase (CbEE4) gene of S. avenae. The resistance gaining of M. persicae against 
organophosphate, carbamate, and pyrethroid pesticides was due to the activity of carboxylesterase. CbEE4 gene expression 
was considerably reduced in S. avenae fed with transgenic wheat expressing CbE E4 dsRNA. It was also found that the 
enzyme CbEE4 from S. avenae showed 20–30% hydrolysis within 40 min in Phoxim solution after feeding on transgenic 
wheat, whereas it was 60% in S. avenae fed on control plants. This suggested that the target gene was indeed responsible 
for resistance toward pesticides and this approach may prove useful for reducing pesticide resistance mechanisms in aphids 
(Xu et al., 2014).

A recent study suggested an interesting way to make plants resistant to insects. Rice and maize roots were irrigated 
with dsRNA solutions of insect target genes. P450 (Cyp18A1) and carboxylesterase (ces) genes of planthopper and ACB 
kunitz-type trypsin inhibitors (KTI) of Asian corn borers were chosen as targets. Increased mortality was observed when 
planthoppers and Asian corn borers were fed with treated rice and maize, respectively. This provided a clue that crop roots 
can absorb dsRNAs and trigger the RNAi pathway in both plants and insects. The result clearly demonstrates that root 
dsRNA soaking can be used as biopesticides during irrigation (Li et al., 2015).

Although RNAi has emerged as a valuable tool for generating resistant plants, it also has some limitations. It has been 
reported that at least 60 bp long dsRNA is required for efficient uptake by the insects (Bolognesi et al., 2012). But when 
dsRNAs are expressed in plants, they are processed into 21 bp long siRNAs by the plant’s machinery. Therefore insects 
take in more of these shorter siRNA sequences than the longer dsRNAs (Vazquez et al., 2010). Chloroplast transformation 
has provided a solution for this problem as a higher expression of transgenes can be achieved by virtue of the polyploidy 
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nature of its genome (Oey et al., 2009; Ruhlman et al., 2010). Two recent reports have shown the expression of stable, long 
dsRNAs in the plastid genome which also has the advantage of the absence of transgene silencing in chloroplasts (Verma 
et al., 2008; Zhang et al., 2015; Jin et al., 2015).

The first report of dsRNA expression in chloroplasts targeted ACT and SHR genes of Colorado potato beetle (Leptinotarsa 
decemlineata Say; CBP) (Zhang et al., 2015). ACT encodes for β-actin and SHR encodes for Shrub, an important subunit 
of the protein complex which works during remodeling of membranes required for vesicle transport. They transformed the 
plastid genome of potato with ACT, SHR, and ACT + SHR constructs. These three constructs were also used for nuclear 
transformation so as to compare the level of resistance against insects in nuclear and transplastomic plants. Complete mor-
tality (100%) was seen within 5 days of feeding by CBP on ACT-dsRNA-expressing transplastomic plants, whereas mortal-
ity was very low with nuclear transgenic lines. While no larvae survived on ACT-dsRNA-expressing transplastomic plants, 
few larvae survived on SHR-dsRNA and ACT + SHR expressing plants. However, the surviving larvae showed significant 
growth retardation (Zhang et al., 2015). Similarly, Jin et al. (2015) reported that expression of three dsRNAs targeting 
Chitinase, Cytochrome P450 (CYPAE14), and V-ATPase genes of H. armigera in tobacco chloroplasts led to considerable 
reduction of these gene transcripts in the insect midgut. They also observed higher larval mortality and lower pupation rate 
(Jin et al., 2015).

These reports suggest that chloroplast engineering can be exploited as a potential tool for producing large and stable 
dsRNAs which can control major agricultural pests.

4.1.2  MicroRNA-Based Strategies for Insect Control

MicroRNAs (miRNAs) are small endogenous RNA molecules of 21–24 nucleotides in length that regulate the gene expres-
sion at the post-transcriptional level by pairing to the sites within mRNA either by cleavage or translational repression. 
MicroRNAs were first discovered in C. elegans and were shown to be involved in the timed regulation of developmental 
events (Lee and Ambros, 2001). Since their discovery, computational prediction and small RNA sequencing helped in iden-
tifying number of potential miRNAs in various organisms including invertebrates, vertebrates, plants, fungi, and viruses. 
Understanding the regulatory roles of miRNAs may provide ways for crop improvement. MicroRNA-interference (miR-
NAi) technology provides an efficient platform for functional studies and agricultural applications.

miRNAs are generated from their own genes present in intergenic regions and from the protein coding genes, i.e., intra-
genic regions (Wang, 2009). The miRNA genes are transcribed by RNA pol II as long distinct transcriptional units as well 
as in clusters of polycistronic units, known as primary miRNAs (pri-miRNAs) (Lagos-Quintana et al., 2001; Kim, 2005). 
These pri-miRNAs are processed into ∼70 nt precursor miRNAs (pre-miRNAs) by the RNase III enzyme, Drosha (Lee 
et al., 2002). The pre-miRNAs are then transported to the cytoplasm by Exportin-5 and Ran-GTP (Yi et al., 2003), where 
they are processed further to generate 19–25 nt mature miRNA duplexes miRNA–miRNA* by the RNase III enzyme, Dicer 
(Grishok et al., 2001). However, in plants the miRNA duplexes are formed in the nucleus from pre-miRNAs by the dicer-
like enzyme, Dcl1, which is also involved in the processing of pri-miRNAs to pre-miRNA (Bartel, 2004; Fang and Spector, 
2007; Voinnet, 2009). These miRNA duplexes are exported out of the nucleus by Hasty (an Exportin-5 homology protein) 
(Park et al., 2005). The miRNA duplexes are recruited later into a multiprotein nuclease complex known as RNA-induced 
silencing complex (RISC), where only the guide strand of miRNA remains with the RISC and the passenger strands 
(miRNA*) are selectively eliminated in the presence of argonaute proteins (Llave et al., 2002; Tang et al., 2003). This RISC 
(mi-RISC) then binds to the motifs usually present in 3′UTRs of the target genes by exact or near-exact complementary 
base pairing, thereby silencing the target gene(s) through cleavage of target mRNA or translational repression, respectively 
(Carmell et al., 2002; Bartel, 2004; Voinnet, 2009; Wang, 2009) (Fig. 10.1).

Very few studies are available for miRNA-expression profiling after insect attack. A small RNA transcriptome change 
was observed as a result of herbivory (Pandey et al., 2008). RNA-directed RNA polymerase 1 (RdRp1) is involved in the 
miRNA biogenesis pathway. Silencing of RdR1 in N. attenuata Torr. ex S. Watson resulted in increased susceptibility to 
insect herbivores. This suggested the possible role of miRNAs in the defense mechanism in plants.

M. persicae (green peach aphid) is a phloem-feeding insect that affects cultivated crops worldwide (Blackman and 
Eastop, 2000). M. persicae produced significantly fewer progeny on Arabidopsis microRNA (miRNA) pathway mutants as 
these mutants responded to aphid infestation with increased induction of phytoalexin deficient3 (PAD3) and production of 
camalexin. It was also observed that aphids produced less progeny on camalexin containing artificial diet while they were 
more successful on PAD3 and cyp79b2/cyp79b3 mutants defective in camalexin production. This suggested the role of 
miRNAs in secondary metabolite regulation with relevance to hemipteran pest resistance (Kettles et al., 2013).

The identification of novel miRNAs of insect pests which are vital for their growth and development, and the discovery 
of novel miRNAs in host plant in response to pest attack can be utilized for crop protection by two different strategies. First, 
overexpressing the host plant miRNAs induced in response to pest attack may result in protection. Second, since miRNA 
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genes of the insect are vital for their growth and development, in planta expression of an antisense RNA specific to the 
miRNA sequences would suppress insect survival.

Alternately, there are other miRNA gene silencing methods (Wang, 2009). For example, endogenous miRNA precursors 
can be modified in such a way to generate desired small RNAs (sRNAs) and direct gene silencing in either plants or animals 
(Alvarez et al., 2006; Niu et al., 2006; Schwab et al., 2006). miRNA precursors preferentially produce the miRNA–miRNA* 
duplex. Naturally occurring miRNA–miRNA* sequences can be replaced by the required duplex sequence without chang-
ing structural features such as bulges or mismatches. Artificial miRNAs (amiRNAs) were first generated and used in 
human cell lines (Zeng et al., 2002), and later in Arabidopsis (Parizotto et al., 2004), where they were shown to effectively 
interfere with reporter gene expression. Later on, it was successfully demonstrated that amiRNAs can efficiently target the 
 endogenous gene similar to that of reporter genes and can be used in other plant species with comparable  effectiveness 
(Alvarez et al., 2006; Schwab et al., 2006).

This technology has been used successfully to generate viral-resistant plants (Ali et al., 2013; Vu et al., 2013), but its use 
to control insects is limited. Recently, a study showed the use of amiRNA for the control of the aphid, M. persicae. amiR-
NAs against two different regions of MpAChE2 gene were expressed in tobacco plants. These transgenic tobacco plants 
showed better resistance toward aphids attack as compared to plants expressing MpAChE2-specific hpRNA. The results 
suggest that expression of insect-specific amiRNA is a promising and preferable approach to engineer plants resistant to 
aphids and, possibly, to other plant-infesting insects (Guo et al., 2014).

These novel strategies may prove to be highly potent in protecting our crop plants against important pathogens and 
pests. However, these strategies have not been explored in plants for insect resistance but have shown to be promising in 
treating human diseases like cancer and heart disease (Stenvang et al., 2012).

5.  CONCLUSION

Insect control in agriculture is feasible in a safe and effective manner. Molecular biology gives us an opportunity to develop 
techniques which can be used for raising resistant genotypes. B. thuringiensis has been used in transgenic plants and has 
provided effective insect control. RNAi has a great potential for improving the crop yield as it takes the advantage of 
pathways involved in gene regulation. RNAi-based analyses of gene function have become effortless with the developing 
genome sequence resources. RNAi can be used to target PI-induced enzymes and genes which help in countering insect 
adaptation. It is highly specific which makes it a safe method for insect pest management. The success of RNAi mainly 
depends on the choice of target gene which can effectively kill the insect. Multiple genes can be simultaneously targeted to 
further strengthen the technology (Rajam, 2011). RNAi has been shown to work efficiently in plants such as tobacco and 
cotton, and while it has not been demonstrated in tomato, there is promise. Reports suggest that RNAi has potential for pest 
management, and field trials are required to study the long-term effectiveness of this method. Several aspects have to be 
taken into account before its practical applicability such as finding suitable target genes, stabilization of dsRNA during and 
after delivery, and cost-effectiveness for large scale use. The combination of different strategies and application of IPM will 
improve plant resistance against insects.
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Chapter 11

Biological Control in Tomato Production 
Systems: Theory and Practice
Sriyanka Lahiri, David Orr
North Carolina State University, Raleigh, NC, United States

1.  INTRODUCTION

Growers of fresh food products, such as vegetables and fruits, have low tolerance to pest damage due to market expectations 
and prices (Stern, 1973). Tomato, Solanum lycopersicum L. is one such vegetable commodity which originated in the South 
American Andes (Bai and Lindhout, 2007) and is consumed worldwide. Tomato plants are attacked by a number of pests 
which cause damage not only to the fruit and stem, but also to the root system of the plant. This is driving scientific inves-
tigation toward preventing economic losses incurred by tomato growers worldwide. The use of pesticides often provide 
adequate pest control, but its misuse or overuse (James et al., 2006; Baimey et al., 2009) can lead to pest resistance, elimi-
nation of natural enemy consortia, and accidental exposure to people (Cranham and Helle, 1985; Roberts, 1990; Salazar 
and Araya, 1997, 2001; Jacobson et al., 1999; Siqueira et al., 2000a,b, 2001; Chandler et al., 2005). As a result of concerns 
for environmental health, the development of pesticide resistance in pests, and the need for natural enemy conservation, 
integrated pest management (IPM) approaches for pest control are being researched and implemented. Biological control 
is an important and promising aspect of IPM (Gabarra et al., 1995). It is defined as “the study, importation, augmentation, 
and conservation of beneficial organisms to regulate population densities of other organisms” (DeBach, 1964). Biological 
control is viewed as a beneficial alternative at both pre- and post-harvest stages of tomato (Colak, 2009).

In this chapter, we present the various pests of tomato, their potential biological control agents, and suggested manage-
ment tactics.

2.  BIOLOGICAL CONTROL AGENTS OF TOMATO PESTS

Research based on laboratory, greenhouse, and open-field experiments exploring the efficacy of different groups of potential 
biocontrol agents has provided the information regarding the mechanisms and extent of possible applications of biocontrol tactics 
targeting tomato pests. Information, such as source of biocontrol agent, stage of pest most susceptible to biocontrol agent, most 
effective method of biocontrol agent deployment and biocontrol agents that can be used to complement each other, are discussed.

2.1  Whiteflies and Aphids

Two species of whiteflies, Trialeurodes vaporariorum Westwood and Bemisia tabaci (Gennadius) attack tomato in green-
houses (Gabarra et al., 1995; Jazzar and Hammad, 2004), while open-field tomato production faces various limiting factors 
to combat aphid and whitefly-transmitted viruses (Lapidot et al., 2014).

The polyphagous predator Dicyphus tamaninii Wagner is a potential biocontrol agent, which controls greenhouse tomato 
pests such as whiteflies and aphids (Gabarra et al., 1995). The cropping system plays a crucial role in contributing to the 
efficacy of a natural enemy, as does the prey density. Usually, under high whitefly pressure in greenhouses, D. tamaninii 
preys on greenhouse whitefly, T. vaporariorum quite effectively. However, this insect is known to be a facultative predator 
since it may feed on the fruits when prey is scarce (Gabarra et al., 1988; Alomar, 1994). Greenhouse, studies have shown 
that this predator does not damage tomato fruits under low prey densities (Gabarra et al., 1995). The efficacy of partially 
phytophagous predators such as D. tamaninii (Dolling, 1991) can be increased by managing natural populations of this 
predator. For example, conservational biological control programs can be developed by devising decision charts to advise 
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growers to spray, avoiding whitefly damage and minimizing the risk of injury to the crop from the phytophagous predator 
(Alomar et al., 1991; Alomar and Albajes, 1996).

The predatory fly, Coenosia attenuata Stein, which attacks B. tabaci and T. vaporariorum in greenhouse tomato 
(Gerling et al., 2001), is being considered as a biological control agent in Mediterranean greenhouses. Studies have 
shown an increased predator response during increasing temperatures, more prey flights, and higher conspecific densities 
(Bonsignore, 2016). The parasitoid Encarsia formosa Gahan is a potential biological control agent for B. tabaci (Jazzar and 
Hammad, 2004) as well.

Other insects in the Hemipteran suborder Sternorrhyncha feed on the leaves and stems of tomato, including Myzus 
persicae (Sulzer) and Macrosiphum euphorbiae Thomas (Sannino and Espinosa, 2009). Hoverflies (Fig. 11.1) with preda-
tory (or “aphidophagous”) larvae (Diptera: Syrphidae) (Fig. 11.2) and lacewings (Neuroptera: Chrysopidae) (Fig. 11.3) are 

FIGURE 11.1 Hoverfly. Photo by Matt Bertone, NCSU.

FIGURE 11.2 Hoverfly larvae feeding on aphids. Photo by Matt Bertone, NCSU.

FIGURE 11.3 Lacewing larva. Photo by Matt Bertone, NCSU.
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important natural enemies of aphids (van Rijn et al., 2013). Scarcity of suitable flowering plants in intensified agricultural 
systems can limit the effectiveness of natural enemies such as the hoverflies (Winkler et al., 2006; Olson and Wäckers, 
2007; Tscharntke et al., 2007; Meyer et al., 2009). However availability of honeydew has been shown to strongly enhance 
hoverfly survival, even in the absence of floral resources. Nectar and pollen from buckwheat, Fagopyrum esculentum 
Moench, has also been reported to enhance hoverfly adult longevity and egg production (van Rijn et al., 2013). Tian et al. 
(2016) reported that the entomopathogenic fungus Isaria fumosorosea (Wize) caused rapid mortality in B. tabaci feeding 
on tomato and beans. Infection rates on these two crops was higher than in whiteflies that fed on cucumber, Cucumis sativus 
L. and eggplant, Solanum melongena L. Therefore, host plants and rates of exposure to fungal conidia affect pathogenicity 
and virulence of I. fumosorosea.

2.2  Caterpillars

The tomato pinworm Tuta absoluta (Meyrick) is a devastating pest of tomato. This insect originated in South America, and 
has spread to several European, Middle Eastern, and North African countries since its discovery in Spain in 2006 (Desneux 
et al., 2010). Recently, it was reported from India as well (Kumari et al., 2015). T. absoluta, being a leafminer damages 
tomato leaves, terminal buds, flowers, and fruits (Moraes and Normanha Filho, 1982; Haji et al., 1988; Lopes-Filho, 1990; 
Castelo-Branco, 1992), causing a reduction of crop yield that can be as high as 90% (Apablaza, 1988). Damage is so high 
because the larvae feed on the mesophyll, thereby affecting photosynthetic capacity of the crop (Urbaneja et al., 2012). 
Other lepidopteran pests include Helicoverpa armigera (Hübner) (Balzan, 2013), Spodoptera littoralis Boisduval, and 
Lacanobia oleracea L. Larvae of S. littoralis and L. oleracea feed on foliage of tomato while H. armigera feeds on the 
fruit.

Fortunately, well-concealed pest stages of the notorious T. absoluta have effective natural enemies. Entomopathogenic 
nematodes (EPNs), Steinernema carpocapsae Weiser, Steinernema feltiae Filipjev, and Heterorhabditis bacteriophora 
Poinar attack T. absoluta larvae, pupae, and adults that remain hidden within galleries in leaves (Batalla-Carrera et al., 
2010). The host plant has an important effect on EPN efficiency. For example, the corn earworm, Helicoverpa zea (Boddie) 
feeding on tobacco, has been shown to reduce virulence and reproduction of the EPN S. riobrave, when compared to tomato 
and eggplant diets (Hazir et al., 2016).

Another effective biocontrol agent of the subterranean T. absoluta pupa is the entomopathogenic fungus species, 
Metarhizium anisopliae var. anisopliae (Metchnikoff) Sorokin that can be applied with irrigation water (Contreras et al., 
2014). Certain beneficial fungi benefit from predatory insects, by being spread through long distances as the predator 
scouts the fields for prey. For example, infective forms of the lepidopteran pathogens Vairimorpha necatrix (Kramer) 
and L. oleracea granulovirus (LoGV) are successfully vectored by the spined soldier bug, Podisus maculiventris (Say) 
(Fig. 11.4), via the excreta of the predator after feeding on infected larvae on tomato plants (Down et al., 2004). When 
five P. maculiventris females per plant defecated on the leaves of tomato, the number of newly introduced larvae of S. 
littoralis and L. oleracea feeding on the foliage and surviving after 20 days was reduced by 75% and 61%, respectively 
(Down et al., 2004). In another system, Marti and Hamm (1985) reported that spores of Vairimorpha species remained 

FIGURE 11.4 Spiny soldier bug. Photo by Matt Bertone, NCSU.
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viable in the gut of the big-eyed bug, Geocoris punctipes (Say) (Fig. 11.5) after feeding on infected larvae of Spodoptera 
frugiperda (J.E. Smith).

However, such associations may prove costly to the predator. For example, a reduction in fecundity and longevity of 
P. maculiventris occurred after feeding on V. necatrix-infected prey and a reduction in fecundity was found when feeding 
on LoGV-infected prey. In spite of the cost, there is demonstrated potential in disseminating infective pathogens to con-
trol lepidopteran pests of tomato using P. maculiventris. Since these types of interspecies associations of natural enemies 
may involve a cost for the biocontrol agent, a cost–benefit analysis should be used to decide the plausibility of using such 
liaisons.

Environmental factors such as nitrogen and water deficit cause a negative bottom-up effect on predators such as 
Macrolophus pygmaeus (Rambur) in tomato crops by depressing predation of hosts such as Ephestia kuehniella Zeller 
eggs and by reducing (up to 30%) predator longevity (Han et al., 2015). This study points to the limitations of mirid preda-
tor–based IPM programs in tomato. On the other hand, certain monoterpenes, which are herbivore-induced plant volatiles 
(HIPVs), can be utilized to manipulate natural enemies such as M. pygmaeus to enhance pest management of T. absoluta 
in tomato (De Backer et al., 2015).

T. absoluta is also known to be attacked by an idiobiont Palearctic ectoparasitoid species, a eulophid wasp (Necremnus 
artynes (Walker)) (Fig. 11.6), in Spain and Italy (Desneux et al., 2010; Gabarra and Arnó, 2010; Zappalà et al., 2012). Also, 
biological control of T. absoluta in tomato crops by Trichogramma spp. parasitoids has emerged as a promising manage-
ment tool (Chailleux et al., 2013). The host species in which a parasitoid develops can significantly affect the success of 

FIGURE 11.5 Big-eyed bug. Photo by Matt Bertone, NCSU.

FIGURE 11.6 Eulophid wasp (Necremnus artynes). Photo Šulc by Matt Bertone, NCSU.
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the parasitoid as a biocontrol agent against other hosts. Chailleux et al. (2013) showed that the mean number of parasitized 
eggs/female parasitoid ranged from 35.5 to 3.0 when five species of Trichogramma, reared on two different hosts, E. kue-
hniella and T. absoluta were tested for their potential for biocontrol of T. absoluta. Only two of the five parasitoid species 
reared on E. kuehniella and parasitizing T. absoluta eggs did slightly better than the ones reared on T. absoluta. Overall, 
however, the lowest parasitism of T. absoluta eggs was reported in wasps reared on T. absoluta, while the best result was 
obtained from wasps reared on E. kuehniella eggs. Therefore, the authors concluded that parasitism efficiency decreased in 
the T. absoluta–tomato system, and that this pest–plant system appeared unsuitable for the Trichogramma species tested, 
probably due to small size of T. absoluta eggs potentially causing morphological malformations. The study also pointed 
out that releasing both parasitoid and omnivorous predatory mirids may not be effective since the presence of M. pygmaeus 
seemed to deter parasitism in this study. Ultimately, the biological control of T. absoluta in tomato by Trichogramma spp. 
should rely on multiple inundative releases, after taking into account the presence of generalist predators (Chailleux et al., 
2013). Another factor to consider is the temperature tolerance of the biological control agent. For example, Trichogramma 
achaeae Nagaraja and Nagarkatti, appears to be well adapted to warmer conditions (Kabiri et al., 2010), but not to the 
low temperatures of the South of France (Voegele et al., 1988). Thus this Trichogramma spp. will not be an ideal classical 
biocontrol agent for this region.

Larval and pupal parasitoids of T. absoluta, belonging to 20 different species, were reported from the Spanish 
Mediterranean Coast, where the most commonly found species were N. sp. nr. artynes, Stenomesius cf. japonicus (Ashmead) 
and Neochrysocharis formosa (Westwood) (Gabarra et al., 2014). Other larval parasitoid families found in this study 
included Braconidae, Ichneumonidae, Pteromalidae and Chalcididae, and all T. absoluta egg parasitoids collected from 
sentinel egg masses on tomato plants belonged to the genus Trichogramma.

Dicyphus errans (Wolff) is an indigenous generalist predator species of northwestern Italy, which is used in the IPM 
of tomato crops. This species has been shown to have potential for controlling T. absoluta eggs and first instar larvae 
(Ingegno et al., 2013). Olfactometer bioassays indicated that adults were attracted to tomato plants either currently or 
previously infested with T. absoluta larvae (Ingegno et al., 2013), showing their ability to track the presence of this pest. 
Studies showed that female D. errans adults were significantly better at consuming T. absoluta eggs and preying on first 
instar larvae compared to males. The authors concluded that further research was needed to evaluate its suitability for mass 
production.

In an effort to reduce the reliance on chemical treatments for control of T. absoluta, laboratory, greenhouse, and 
open field experiments were conducted using three commercial formulations based on Bacillus thuringiensis Berliner 
(Bt) which were Dipel DF [Certis Europe B.V. suc. España (Murcia, Spain)], Turex [Certis Europe B.V. suc. España 
(Murcia, Spain)], and Costar [Syngenta Agro. S.A. (Madrid, Spain)] (González-Cabrera et al., 2011). The results 
indicated that spraying B. thuringiensis-based formulations were most effective against the highly susceptible first 
instar larva. However, other instars were also infected, significantly reducing T. absoluta numbers compared to non-
treated controls. In this study, the treated tomato plants were readily colonized by three species of predatory mirids, 
which preferentially preyed on T. absoluta eggs, while B. thuringiensis killed larva. Therefore, the integration of B. 
thuringiensis with biological control efforts using predatory mirids can be a safe strategy to manage T. absoluta in  
tomato.

2.3  Flies

Larvae belonging to unidentified species of the gall midge, Lasioptera feed on the tomato stem, thereby indirectly causing 
fruit loss (Perdikis et al., 2011). Also, tomato fruit fly, Neoceratitis cyanescens (Bezzi) has been reported from France as an 
important pest of the fruit (Brévault and Quilici, 2009).

The gall midge, Lasioptera donacis Coutin and Faivre-Amiot, can be infected with the parasitic nematode Tripius 
gyraloura n. sp, which render the infected females sterile (Poinar and Thomas, 2014). Also, a polyphagous parasitoid 
of tephritid flies, Fopius arisanus (Sonan) is reported to attack many fruit flies including N. cyanescens (Rousse et al., 
2006). F. arisanus is an egg/pre-pupal parasitoid of up to 21 tephritid pests. It was introduced in Hawaii in 1947, which 
led to the successful biocontrol of local Bactrocera dorsalis (Hendel) and Ceratitis capitata (Wiedemann) populations, 
becoming the predominant parasitoid of these pests in that region (Haramoto and Bess, 1970). In light of this success, 
the laboratory rearing of this parasitoid has been developed and research shows that Bactrocera zonata (Saunders) can 
serve as a favorable host for routine colonization of F. arisanus for mass production (Rousse et al., 2006). The study 
also showed that when the parasitoid developed on the tomato fruit fly, N. cyanescens, the survival rate was 10–25%. 
However, since B. zonata has been identified as a favorable host of this parasitoid, there is potential for effective aug-
mentation biocontrol using this natural enemy to control tomato fruit flies.
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2.4  True Bugs

Nezara viridula (L.) and Lygus spp. (Sannino and Espinosa, 2009) are common pests of tomato. In the Sacramento Valley of 
California, two economically important stink bug species are the consperse Euschistus conspersus Uhler and the red shouldered 
Thyanta pallidovirens (Stål) stink bugs (Pease and Zalom, 2010). Both fresh and processing tomatoes suffer from these pests that 
feed directly on the fruit, causing discoloration upon ripening, development of corky area below the surface, and association with 
yeast (Nematospora spp.) infection of the fruit (Pease and Zalom, 2010).

In California, the exotic Trissolcus basalis (Wollaston) has shown 100% parasitization of N. viridula egg masses vis-
ited by the parasitoid (Ehler, 2002). Other egg parasitoids of N. viridula include Gryon obesum Masner and Telenomus 
podisi Ashmead and Ooencyrtus californicus Girault and Ooencyrtus johnsoni (Howard). A potential biocontrol agent also 
includes the predatory P. maculiventris (De Clercq et al., 2002).

An increasing number of studies have reported the effects of non-crop plants on pests and their natural enemies (Gurr et al., 
2004). Biocontrol of stink bug pests, with the help of non-crop flowering plants in the agroecosystem, has been examined and 
found to be a promising avenue. In studies by Bugg and Waddington (1994), Norris and Kogan (2000), and Pease and Zalom 
(2010), the role of non-crop plants in providing the beneficial insects, such as predators and parasitoids, with favorable habitat was 
emphasized. Such research, aimed at supporting ecologically based pest management, provides a feasible alternative to chemical 
control. In support of the benefits of non-crop plants, Pease and Zalom (2010) found that parasitism of sentinel egg masses of 
consperse stink bug was significantly greater adjacent to sweet alyssum, Lobularia maritima (L.) borders compared to no border 
controls. In addition to research in conservation biocontrol, the possibility of augmentation biocontrol of stink bug has also been 
examined by assessing various stink bug egg parasitoids for the potential of mass rearing. Due to the unavailability of stink bug 
eggs in autumn and winter, the mass production of stink bug egg parasitoids for augmentation biocontrol is a challenge (Corrêa-
Ferreira and Oliveira, 1998; Doetzer and Foerster, 2013). To solve this problem, Kivan and Kilic (2005) studied the use of pentato-
mid eggs stored in liquid nitrogen to support sustained parasitoid production throughout the year. Further work reported that the 
fecundity of T. basalis parasitizing eggs of pentatomids, N. viridula and Acrosternum pengue (Rolston) that were stored in liquid 
nitrogen, remained unaffected (Doetzer and Foerster, 2013). The same was not the case with T. podisi, which showed a reduction 
in fecundity when parasitizing stored host eggs. Therefore, not all egg parasitoids respond well to stored host eggs but research 
aimed at identifying the ones that do, can support augmentation biocontrol. Clearly, further research in this field is necessary.

2.5  Psyllids

The tomato–potato psyllid (TPP), Bactericera cockerelli Šulc is a major pest of solanaceous crops such as tomato and 
potato, Solanum tuberosum L. in North and Central America (Liu et al., 2006; Munyaneza et al., 2007). It is also widely 
distributed in the tomato-producing regions of Mexico (Almeyda et al., 2008) and was detected in New Zealand in 2006, 
rapidly spreading throughout that country since then (Teulon et al., 2009; Thomas et al., 2011). Furthermore, it was reported 
from Australia’s Norfolk Island in April 2014 (Anonymous, 2014). Psyllids cause chlorosis and shortened, swollen inter-
nodes of the upper growth of tomato (List, 1925). Perhaps more seriously, they are responsible for the psyllid yellows 
disease (Munyaneza et al., 2010) and “zebra chip” in potato. The causative agent is an unculturable bacteria, Candidatus 
Liberibacter solanacearum (CLso) Jagoueix, vectored by TPP (Munyaneza et al., 2007). This phytopathogen has been 
shown to affect tomato volatile organic compounds (VOCs) by downregulating jasmonate, salicylate, and ethylene-regu-
lated defense gene expression (Casteel et al., 2012).

The southern ladybird beetle, Cleobora mellyi Mulsant is endemic to Australia (Slipinski, 2007), and it is a voracious 
predator of TPP in New Zealand (O’Connell et al., 2012). Longevity of the ladybird was shorter on TPP-only diet but 
could be improved by provisioning the predator with buckwheat, F. esculentum (Pugh et al., 2015). Additionally, the “new 
association” predatory mite, Amblydromalus limonicus (Garman and McGregor) in New Zealand is now mass-reared and 
commercialized, which has great potential as a biological control agent of TPP (Xu and Zhang, 2015). The term “new asso-
ciation” refers to the fact that A. limonicus is a local natural enemy in New Zealand (Knapp et al., 2013) and is an effective 
biological control agent of the invasive TPP.

2.6  Thrips

The western flower thrips, Frankliniella occidentalis Pergande are notorious pests of tomato (Gabarra et al., 1995). They 
are preyed upon by the mirid D. tamaninii. Other potential biocontrol agents of these pests include the phytoseiid predatory 
mites, Amblyseius swirskii Athias-Henriot and Neoseiulus cucumeris (Oudemans) (Hewitt et al., 2015). Entomopathogenic 
fungi such as Beauveria bassiana (Balsamo-Crivelli) Vuillemin, M. anisopliae, Lecanicillium lecanii (Zimmerman) Zare 
and Gams, and Metarhizium flavoviride Gams and Rozsypal var minus are potential biocontrol agents of tomato thrips, 
Thrips tabaci Lindeman (Hemalatha et al., 2014).
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The seasonal variation in the greenhouse climate may affect the efficacy of biocontrol agents. To study the extent to 
which this is true, small scale and commercial greenhouse studies were conducted on two species of phytoseiid predatory 
mites, A. swirskii and N. cucumeris, in controlling western flower thrips on chrysanthemum. The results of this study based 
on predation and oviposition rates showed that A. swirskii performed well in the summer and winter, whereas N. cucumeris 
was recommended as a cost-effective biological control agent in the winter months (Hewitt et al., 2015). Although, this 
study was conducted on chrysanthemum, it gives a valuable insight into the importance of selecting adaptable biological 
control agents of pests attacking tomato, such as F. occidentalis. Therefore, the ability of the natural enemy to adapt to the 
seasonal variations should play a crucial role in biocontrol agent selection.

2.7  Mites

A number of mite species such as red tomato spider mite, Tetranychus evansi Baker and Pritchard, two spotted spider mite, 
Tetranychus urticae Koch (Ferrero et al., 2014), carmine spider mite, Tetranychus cinnabarinus Boisduval and tomato russet 
mite, Aculops lycopersici (Massee) (Perring and Farrar, 1986; Berlinger et al., 1988) are pests of tomato. A number of phy-
toseiid predatory mite species are used as biological control agents for pest mites. Phytoseiulus longipes Evans successfully 
develops on T. evansi and T. urticae (Ferrero et al., 2014). These authors found that the Brazilian and Argentinian populations of 
P. longipes were able to develop and reproduce on T. evansi on tomato, but a Chilean population of P. longipes was not. In this 
case, relying exclusively on the Chilean population of predatory mites without prior experimentation would result in a failure of 
biocontrol efforts. A study conducted by Pappas et al. (2015) showed that feeding of the phytophagous predator, M. pygmaeus 
on tomato plants actually suppressed the performance of subsequently appearing T. urticae by reducing egg deposition and adult 
presence. The reason for the pest suppression is attributed to the induction of plant-defense responses by accumulation of tran-
scripts and the activity of proteinase inhibitors locally and systemically in the tomato plants with prior M. pygmaeus exposure.

In addition to predatory mites, entomopathogenic fungi are promising biocontrol agents of T. urticae. They can infect T. urticae 
by growing through their cuticle (Chandler et al., 2005). M. anisopliae, Hirsutella spp., and Verticillium lecanii (Zimmerman) 
Zare and Gams were found to be most effective in causing mortality in T. urticae, attacking glasshouse tomato crops using a 
single dose (Chandler et al., 2005). In this study, it was also found that three isolates from commercial biopesticides, B. bassiana 
(cultured from “Naturalis-L,” Troy Biosciences, Phoenix, TX, US); Hirsutella thompsonii Fisher (cultured from “Mycar,” Abbott 
Laboratories, US); and V. lecanii (used in “Mycotal” Koppert B.V., The Netherlands) were also pathogenic to T. urticae.

2.8  Nematodes

The roots of tomato are attacked by root-knot nematodes, Meloidogyne spp. which is usually the most damaging species 
of nematodes (Affokpon et al., 2011). Free-living soil fungi, Trichoderma spp., are regarded as potential biological con-
trol agents against root-knot nematodes (Spiegel and Chet, 1998; Sharon et al., 2001). Research targeting the root-knot 
nematodes was carried out in Benin, West Africa to isolate and identify local parasitic fungal populations in the genus 
Trichoderma that could be utilized as biocontrol agents (Affokpon et al., 2011). Based on field assessment, the authors of 
this study reported a significant inhibition of nematode reproduction, suppression of root galling, and an increase of tomato 
yield compared with the non-fungal control treatments.

In addition to this parasitic fungi, three antagonistic microbes including the bacterium Pseudomonas fluorescens Migula, 
fungus Paecilomyces lilacinus (Thom) Samson and yeast Pichia guilliermondii Wick were found to be effective in control-
ling root-knot nematode Meloidogyne incognita Göldi on tomato under greenhouse conditions. Plants in these treatments 
experienced enhancing growth parameters such as seed germination, seedling and root-system vigor, and mean shoot length 
(Hashem and Abo-Elyousr, 2011). However, the study found that the soil-inhabitant cyanobacterium Calothrix parietina 
Nägeli had a negative interaction between either of the biocontrol agents P. lilacinus or P. guilliermondii, indicating that the 
presence of C. parietina may reduce the efficiency of biocontrol agents in the soil. Such findings are important to pin point the 
deterrent factors that render a biocontrol agent less effective, which then can follow amelioration efforts to allow the biocontrol 
agent to reach its full potential.

2.9  Pathogens

Plants may suffer from microbial infections transmitted by various arthropod vectors such as tomato yellow leaf curl virus 
(transmitted by whiteflies) and potato virus Y (transmitted by aphids) (Berlinger et al., 1988). Additionally, tomato, similar 
to other nursery-based vegetable crops, are attacked by soil-borne plant pathogens such as fungal and oomycetes pathogens 
Pythium ultimum Trow, Phoma betae Frank, Rhizopus stolonifer (Ehrenb: Fr.) Vuill. and Fusarium oxysporum Schlecht 
(Shanahan et al., 1992), and other Pythium and Phytophthora spp. (Dukare et al., 2011). Roots also are affected by other 
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pathogens, such as the soil-borne bacteria Ralstonia solanacearum (Smith) which is a Gram-negative bacterium that causes 
bacterial wilt in tomato (Hayward, 1991; Fujiwara et al., 2011).

Losses of tomato produce can also occur post-harvest. It is estimated that over 20% of fruits and vegetables are lost in 
developed countries due to post-harvest diseases (Gullino et al., 1991). For example, the fungal pathogen Botrytis cinerea 
Pers. ex Fr. causes rotting of tomato fruits that are damaged during harvesting and packaging (Bello et al., 2008). Severe 
crown and stem rot in tomatoes is a major problem and is caused by the fungal pathogens, Rhizoctonia solani Kühn and 
Sclerotium rolfsii Sacc (De Curtis et al., 2010).

Fortunately, there are many instances of microbial biocontrol agents being examined and employed. Commercial bio-
fungicides containing antagonistic bacteria Bacillus subtilis Cohn and soil fungi Trichoderma asperellum Samuels, Lieckf. 
and Nirenberg are used to control pathogenic fungi attacking tomato crops (De Curtis et al., 2010). Biological control by 
microbes is a result of various antagonistic effects such as mycoparasitism, secretion of antibiotics and cell-wall degrad-
ing enzymes, competition for space and nutrients, induced systemic resistance (ISR), and rhizobacteria-mediated induced 
systemic resistance (RISR) (Madi et al., 1997; Pieterse and van Loon, 1999; Pieterse et al., 2002; Harman et al., 2004; 
Jones and Dangl, 2006; Bakker et al., 2007; Jung et al., 2007; Van der Ent et al., 2008; De Curtis et al., 2010). In search for 
sources of effective biocontrol microbes, Huang et al. (2013) found that the rhizosphere from diseased plants proved to be 
a good reservoir of biocontrol bacteria and that the isolates from rhizosphere of diseased tomato plants performed better at 
reducing disease incidence compared to those isolated from healthy plants. Therefore, it was concluded that the rhizosphere 
of infected plants is a good source for finding plant growth-promoting rhizobacteria (PGPRs).

Plant growth-promoting rhizobacteria (PGPRs) such as Bacillus spp. (Cao et al., 2011; Huang et al., 2011), 
Pseudomonas spp. (Boer et al., 2003; Guo et al., 2004), Streptomyces spp. (Sabaratnam and Traquair, 2002; Boukaew 
et al., 2010) and P. guilliermondii (Lahlali et al., 2011) isolated mainly from the rhizosphere of healthy tomato plants 
are used for biological control of R. solanacearum (Vanitha et al., 2009; Wei et al., 2011; Zhao et al., 2011; Huang et al., 
2013). Microbial biocontrol agents such as unique lytic phages, ϕRSL1, have also been shown to control R. solanacearum 
(Fujiwara et al., 2011). It was found that using ϕRSL1 as a biocontrol agent was far more effective than a phage cocktail 
consisting of highly virulent phages (Fujiwara et al., 2011). Tomato benefited from treatments with lytic phage ϕRSL1 at 
the seedling stage by being less wilted due to limited penetration, growth, and movement of R. solanacearum cells.

Fungal and oomycetes pathogens in tomato have been found to be controlled by P. fluorescens, a bacterial biocontrol agent. 
This bacterium produces secondary metabolites such as siderophores, diacetyl-phloroglucinol (DAPG), hydrogen cyanide, 
and an extracellular protease which it employs to control pathogens (Shanahan et al., 1992; Aarons et al., 2000). Yeast species 
Rhodotorula rubra (Schimon) F.C. Harrison and Candida pelliculosa Redaelli were found to be strongly antagonistic to B. 
cinerea in vitro. Further storage experiments indicated that these yeast species could be used as biocontrol agent of gray mold as 
an environmentally friendly alternative to fungicide treatment to control post-harvest gray mold in tomato (Bello et al., 2008).

Choice of biocontrol agents with the ideal capacity of pest management is crucial. Depending on the adaptability of the 
beneficial organism, amendments may be required to achieve desired results. For example, the wild strain of P. fluorescens 
has certain limitations such as limited motility and lower competitive colonization ability compared to a triple mutant strain 
KSW (Barahona et al., 2011). It is therefore suggested by the authors that biocontrol efforts may be supported by utilizing 
mutated strains of naturally occurring biocontrol agents.

In addition to research involving the determination of the most susceptible pest life stages as well as the possibility of 
using complimentary biocontrol agents, simple modifications in cultural practices or utilization of mutant strains instead of 
wild strains were shown to bring about positive results. For example, the application of novel antagonistic bacterial isolates, 
Burkholderia cepacia Yabuuchi et al., and Pseudomonas spp. via drip irrigation in Italy turned out to be effective biologi-
cal control technique. The severity of disease caused by S. rolfsii and R. solani was reduced by up to 63.8% and 73.2%, 
respectively (De Curtis et al., 2010). Also, the plant pathogenic fungi F. oxysporum, Pythium debaryanum Hesse, Pythium 
aphanidermatum (Edson) Fitzp and R. solani in tomato, were controlled by compost/compost tea preparations amended by 
antagonistic cyanobacterial/bacterial cultures, of which Anabaena oscillarioides (ex Bornet and Flahault) and B. subtillis 
were most effective (Dukare et al., 2011).

3.  BIOLOGICAL CONTROL PRACTICES IN TOMATOES

3.1  Importation Biological Control

Biocontrol of greenhouse whitefly T. vaporariorum with the parasitic wasp E. formosa is touted as the first successful 
instance of classical biological control in protected cultivation in Europe, Canada, Australia, and New Zealand with 
greatest success in the Netherlands and Great Britain (van Lenteren and Woets, 1988; Bale et al., 2008). Other examples 
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are the nematode, Steinernema scapterisci Nguyen and Smart Larra, wasp, Larra bicolor F. and Brazilian red-eyed fly, 
Ormia deplete (Wiedemann) which are used commercially as biopesticides against mole crickets in Florida tomatoes 
(Kerr et al., 2014).

3.2  Augmentation Biological Control

Trichoderma spp. currently are used for root-knot nematode management, such as in Kenya (Trichoderma spp.-based 
product, Labuschagne, 2008), Cuba (Trichoderma harzianum Rifai-based product, Wabule et al., 2003), Israel (registered 
as BioNem, Sikora et al., 2000), and United States (available commercially as T-22 Planter Box, Bennett et al., 2009). Also, 
lacewings have been considered for mass rearing and releasing in tomato crops in California, United States (Wittenborg 
and Olkowski, 2000). M. pygmaeus and Nesidiocoris tenuis (Reuter) are endemic natural enemies of T. absoluta that com-
monly appear in tomato crops in the Mediterranean basin (Arnó et al., 2010) and are mass reared and released, resulting in 
effective control of T. absoluta eggs and whitefly. Sometimes these are used along with B. thuringiensis that is highly effec-
tive in controlling first instar larvae of T. absoluta (Urbaneja et al., 2012). An integration of Bt treatments with inoculative 
releases of N. tenuis works best in greenhouse tomato (Mollá et al., 2011) and in certain other cropping systems (Urbaneja 
et al., 2012).

3.3  Conservation Biological Control

Plants with high nectar sources improve the performance of many natural enemies of tomato pests. For example, parasitism 
of mole crickets in Florida by the Larra wasp, has been enhanced by the availability of nectar from the shrubby false but-
tonweed, Spermacoce verticillata L. and patridge pea, Chamaecrista fasciculata (Michx.) (Portman et al., 2010). A recent 
study shows that sowing flower mixture strips among rows of tomato increased abundance and diversity of natural enemy 
functional groups as well as bees. Interestingly, although damage to plants from lepidopteran pests was highest in plots 
adjacent to wildflower strips, a higher crop productivity also was recorded from these plots (Balzan et al., 2016). Natural 
enemies, such as egg parasitoids and the predatory spined stilt bug, Jalysus wickhami Van Duzee of pestiferous stink bugs 
in tomato cultivation in California were found to benefit from sweet alyssum flowers, L. maritima bordering the tomato 
fields (Pease and Zalom, 2010). Conservation of N. tenuis and other local natural enemies by significantly reducing the use 
of insecticides has proved effective in the control of T. absoluta in open-field tomatoes in Israel (Harpaz et al., 2011). In the 
Northeast of Spain, an IPM program in greenhouse and open-field tomato for control of T. absoluta based on the predator 
M. pygmaeus takes advantage of large numbers of predators colonizing non-heavily sprayed crops (Gabarra et al., 2004). 
In addition, insecticides are used selectively and growers use Bt, which complement the efficacy of M. pygmaeus (Urbaneja 
et al., 2012). Releasing the predator in tomato nurseries as well as using banker plants (tobacco) also conserves the native 
predator Macrolophus caliginosus Wagner for greenhouse tomato (Arńo et al., 2000; Lenfant et al., 2000). Use of pest 
management tactics such as host-plant resistance should be examined for compatibility with natural enemy conservation. 
For example, trichome-based host-plant resistance in Lycopersicon species appears to be incompatible with biological con-
trol of aphids since the predator, Mallada signata Schneider, commonly used as a biocontrol agent of aphids, showed low 
efficacy due to increased cannibalism and trichome entrapment–related mortality (Simmons and Gurr, 2004).

4.  MANAGEMENT STRATEGIES TO SUPPORT BIOLOGICAL CONTROL EFFORTS

There are several crop management practices that have been shown to impact both natural control (control of pests provided 
by natural processes that may be biotic or abiotic factors, without human intervention) and biological control.

4.1  Adaptability of Natural Enemies

The success of natural enemies depends heavily on their acclimatization to the local climate. For example, isolating and 
utilizing fungal strains that are locally adapted to the climate and plant-parasitic nematode species seem to be the best 
management strategy to control root-knot nematodes (Stirling, 1991). Changing the site of natural enemy release can also 
improve the success of natural enemy. After foliar applications, infective juveniles (IJs) of entomopathogenic nematodes 
(EPNs) protect themselves from harmful environmental factors such as ultraviolet rays and desiccation by entering galleries 
made by insects in leaves or hidden foliage (Arthurs et al., 2004). Keeping this behavior of the IJs in mind, efficacy of EPNs 
to control T. absoluta can be increased by spraying the soil to control the last instar larvae as well as adults that emerge from 
pupae buried in soil (Batalla-Carrera et al., 2010).



262 SECTION | III Integrated Pest Management of Tomato Pests

4.2  Pesticide Use

Instead of spraying T. urticae directly with the commercial biopesticides Naturalis-L and B. bassiana isolated from 
Naturalis-L, greater mortality of the pest can be achieved by exposing the mites to tomato leaflets that have been sprayed 
previously with conidia suspension (Chandler et al., 2005). Biocontrol of root-knot nematode Meloidogyne javanica 
(Treub) can be achieved by using a combination of nematode trapping fungi Arthrobotrys oligospora Fresen and salicylic 
acid (Mostafanezhad et al., 2014). Other tactics include precisely timed applications of the biopesticide Mycotal, which 
is a formulation of V. lecanii or white halo fungus to control B. tabaci without having antagonistic effects on E. formosa 
(Jazzar and Hammad, 2004). The other recommended insecticide that is least harmful to natural enemies, pollinators, and 
the environment is B. thuringiensis (Ahmad et al., 2009; Biondi et al., 2013).

4.3  Habitat Manipulation

Predatory mirids such as Dicyphus spp. and Macrolophus spp. as well as hymenopteran parasitoids attacking pests 
of tomato have been known to benefit from access to non-pest resources such as pollen, floral, and extra-floral nectar 
and insect honeydew (Jervis et al., 1993; Wäckers, 2005; Vandekerkhove and De Clercq, 2010; Wäckers and van Rijn, 
2012; Portillo et al., 2012). A strong correlation between abundance of natural enemies such as Coccinellidae, Nabidae, 
Syrphidae, Chrysopidae (Neuroptera), Thomisidae (Araneae) and availability of wildflower strips was reported in a 
study conducted in eight organic tomato fields in Italy (Balzan and Moonen, 2014). In this study, the wildflower strips 
included flowers such as buckwheat, F. esculentum, common bean, Phaseolus vulgaris L., hairy vetch, Vicia villosa 
Roth, coriander, Coriandrum sativum L., fennel, Foeniculum vulgare Mill., and borage, Borago officinalis L. Therefore, 
conservation of seminatural vegetation in preexisting field margins and supplementing that with flowering strips is sug-
gested as a valuable management strategy to support arthropod functional diversity in ephemeral crops such as tomato 
(Balzan and Moonen, 2014). The fecundity and longevity of the parasitoid N. artynes were enhanced by the availability 
of flowering plants such as sweet alyssum, L. maritima. In addition, buckwheat, F. esculentum enhanced longevity of 
this wasp (Balzan and Wäckers, 2013).

5.  CONCLUSION

Various biocontrol agents have been identified through dedicated research in tomato pest management. Depending on the 
cropping systems (open-field or greenhouse tomatoes), certain biocontrol agents seem to fair better compared to others. 
Adaptability of the natural enemies to seasonal variation plays a crucial role in their success as biocontrol agents. It is evi-
dent that biological control of pests in tomato is a promising alternative that can be sustained without causing major damage 
to the environment. Many examples show the implementation of research involving importation, augmentation, and con-
servation biocontrol. These tactics should be integrated with other IPM approaches. Research also points to the importance 
of better farm management to conserve natural enemies, utilizing different species of natural enemies that are compatible 
with each other, and contribute to a holistic IPM program. While the population of the world grows and the need to produce 
more food increases annually, the conventional agricultural approaches are being modified to accommodate the health of 
the environment. Biological control is an important tool in facilitating this change in society, which is why the interest for 
finding potential biocontrol agents for pest management of tomato should be cultivated.
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1.  INTRODUCTION

Entomopathogenic nematodes (EPNs) from the families Heterorhabditidae and Steinernematidae are soil-inhabiting organ-
isms that are obligate insect parasites in nature (Kaya and Gaugler, 1993). These nematodes have evolved a mutualistic 
association with bacteria in the genera Xenorhabdus and Photorhabdus. Photorhabdus is associated with Heterorhabditis 
spp. and is carried in the intestine of infective juveniles (IJs) (Bird and Akhurst, 1983; Silva et al., 2002) (Fig. 12.1).

Xenorhabdus is associated with Steinernema spp. and confined to a specific vesicle within the intestine of the IJs. 
Nematodes locate their potential host by following insect cues (Lewis et al., 2006).

After IJs locate a host, they infect it through an orifice such as the anus, mouth, or spiracles, or by penetrating the cuticle 
(particularly in Heterorhabditis spp.). Once IJs enter the host, they shed their outer cuticle (Sicard et al., 2004) and begin ingest-
ing hemolymph, which triggers the release of symbionts by defecation (in Steinernema spp.) or regurgitation (in Heterorhabditis 
spp.) (Martens et al., 2004; Martens and Goodrich-Blair, 2005). The nematode–bacteria complex kills the host within 24–48 h 
through septicemia or toxemia (Dowds and Peters, 2002; Forst and Clarke, 2002). The developing nematodes then consume the 
bacteria, and liquefied insect tissues metabolized by the bacteria (Kondo and Ishibashi, 1988), mate, and can produce one or more 
generation before food resources become scarce. Bacteria recolonize the nematodes, which emerge as IJs from the depleted insect 
cadaver in search of new hosts (Poinar, 1990). These IJs do not feed and can survive in the soil for several months (Fig. 12.2).

Over 100 species of EPNs have been identified worldwide (approximately 80% are steinernematids), and at least 13 of 
these species have been commercialized (Shapiro-Ilan et al., 2014). In general, the innate virulence against different pest 

FIGURE 12.1 Infective juvenile of Heterorhabditis indica (average length = 528 μm and average body diameter = 20 μm). Photo by Juan Morales, 
USDA-ARS.
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FIGURE 12.2 Generalized life cycle of entomopathogenic nematodes in a Lepidopteran larva.

species varies among EPN species. Additionally, differences among EPN species in host-seeking strategy and tolerance 
to environmental conditions such as temperature and desiccation can determine the field efficacy of EPNs (Morton and 
Garcia-del-Pino, 2009). For these reasons, it is necessary to choose the best adapted species or strains of nematode for each 
pest and for its particular ecological conditions.

EPNs can be applied with most conventional liquid application systems used in horticultural pesticide treatments, 
including pressurized sprayers, mist blowers, electrostatic sprayers, irrigation systems, or aerial sprays. Handling consid-
erations to apply EPNs are agitation, nozzle type, pressure and recycling time, system environmental conditions, and spray 
distribution pattern (Grewal, 2002; Shapiro-Ilan et al., 2012).

EPNs have been extensively used in biological control of a variety of economically important pests occupying different 
habitats (Grewal et al., 2005). Most success has been achieved against soil-dwelling pests or pests in cryptic habitats such 
as inside galleries in plants where IJs find protection from environmental factors (Begley, 1990; Klein, 1990; Williams and 
Walters, 2000; Tomalak et al., 2005). The success against foliar pests where IJs are exposed to abiotic factors (UV radia-
tion, desiccation, and extreme temperatures) has been limited in some cases (Begley, 1990). However, EPN formulation to 
retard desiccation and/or the addition of adjuvants to increase leaf coverage and persistence of the IJs has enhanced the use 
of EPNs against foliar pests (Williams and Walters, 2000; Arthurs et al., 2004; Head et al., 2004).

Large-scale production and new formulations create marketing opportunities for EPNs in different crops. Horticulture, 
and particularly vegetables crops, offers a suitable habitat for the use of EPNs (protection from adverse environmental fac-
tors, frequent irrigation, soil type, etc.). This chapter will review selected literature on the use of EPNs for control of tomato 
pests above and below ground and discuss aspects of their efficacy.

2.  ROLE OF EPNS IN CONTROL OF PESTS IN TOMATO

2.1  The Tomato Leafminer, Tuta absoluta (Meyrick)

The tomato leafminer, Tuta absoluta (Meyrick) is an important pest of tomato crops in South America and has recently 
arrived in Europe affecting tomato plantations. The susceptibility of T. absoluta larvae and pupae to three species of ento-
mopathogenic nematodes, Steinernema carpocapsae (Weiser), Steinernema feltiae (Filipjev), and Heterorhabditis bacte-
riophora Poinar was examined under laboratory conditions by Batalla-Carrera et al. (2010). These authors determined high 
larval mortality (Fig. 12.3) when a dose of 50 IJs/cm2 was applied to petri dish experiments: 86.6% mortality with S. carpo-
capsae and 100% with H. bacteriophora and S. feltiae. In contrast with the larvae, pupae were less susceptible. Percentage of 
pupae infected by nematodes ranged from 8.3% caused by S. feltiae, 5% by S. carpocapsae, and 1.7% by H. bacteriophora.
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EPNs also are able to find and kill larvae on tomato leaves. In a leaf bioassay conducted in laboratory conditions 
(Batalla-Carrera et al., 2010), a high level of larval infection (77.1–91.7%) was recorded revealing the nematode’s capac-
ity to kill the larvae inside galleries. This is facilitated because tomato leafminer larvae, throughout their development,  
produce tunnels in the leaves generating entry holes that EPNs can use to penetrate and kill the larvae.

The efficacy of EPNs after foliar application to potted tomato plants was also evaluated under greenhouse conditions 
(Batalla-Carrera et al., 2010). Tomato plants infected with larvae of T. absoluta were sprayed with a 15 mL suspension of 
1000 IJs/mL and 0.05% of the oil adjuvant Addit (Koppert). The foliar application of EPNs resulted in an efficacy between 
87% for S. carpocapsae and 95% for S. feltiae and H. bacteriophora. One of the major obstacles to EPN efficacy in foliar 
application is limited persistence. In tomato cropping systems, the period of time that EPNs need to infect the insect is a 
relevant factor. Median lethal time (LT50) of S. carpocapsae applied on tomato leaf surfaces in laboratory conditions is 
7.6 h (Garcia-del-Pino et al., unpublished data). Batalla-Carrera et al. (2010) determined that after 1h of nematode exposure 
mortality rose to 53% and reached up to 86% after 3 h. Consequently, a foliar application of EPNs would allow the survival 
of the IJs long enough to find and infect the larvae on the surface of the leaf by penetrating into the galleries. Once the 
nematodes penetrate into the galleries they are protected from adverse environmental conditions.

In another series of studies, susceptibility of T. absoluta to Steinernema monticolum Stock, Choo & Kaya, and H. bac-
teriophora (HP88) was determined in both the laboratory and field (Shamseldean et al., 2014). In leaf bioassays conducted 
in the laboratory both nematodes showed high levels of virulence (80–100% mortality). Foliar application of the two EPN 
species in a field trial conducted over 3 years revealed 60–80% T. absoluta mortality for H. bacteriophora (HP88) and 
58–67% mortality when using S. monticolum. Thus, the authors concluded that H. bacteriophora (HP88) was more virulent 
than S. monticolum against T. absoluta in the laboratory and in the field (Shamseldean et al., 2014).

Current biological control strategies using predators, parasitoids, and entomopathogens against T. absoluta are 
focused mainly on controlling adults, eggs, and feeding larvae in the aerial parts of the plant (leaves, stems, or fruits). 
Thus far, no strategies have been developed to control stages of T. absoluta in the soil. The application of EPNs on soil 
to control last instar larvae, when they drop from the leaves to pupate, as well as emerging adults from the buried pupae 
could be a complementary strategy to the foliar treatments in the control of T. absoluta. The efficacy of soil treatments of 
three native entomopathogenic nematodes (S. carpocapsae, S. feltiae, and H. bacteriophora) against T. absoluta larvae, 
pupae, and adults was determined under laboratory conditions by Garcia-del-Pino et al. (2013). When larvae dropped 
into soil to pupate, soil application of nematodes resulted in a high level of larval mortality; 100%, 52.3%, and 96.7% 
for S. carpocapsae, S. feltiae, and H. bacteriophora, respectively. No mortality of pupae was observed, yet the mortal-
ity of adults emerging from soil was 79.1% for S. carpocapsae and 0.5% for S. feltiae. The susceptibility of emerging 
adults to S. carpocapsae offers a new perspective for the control of this insect. The application of S. carpocapsae to the 
soil surface in tomato plantations could create a nematode barrier that the tomato leafminer adult would have to pass 
through before reaching the tomato plant. This strategy could increase the effectiveness of EPNs against T. absoluta. 
Although adult mortality caused by nematodes usually occurs within 24–48 h after emergence, during this time adults 
do not produce progeny because the most prolific oviposition period of the T. absoluta females is 7 days after first mat-
ing, when they lay 76% of their eggs (Uchôa-Fernandes et al., 1995). Furthermore, as most infected adults will produce 
nematode progeny, these adult insects may aid nematode dispersal prior to death, although mobility of infected adults 
prior to succumbing is not yet known.

FIGURE 12.3 Tuta absoluta larva parasitized by entomopathogenic nematodes in soil.
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Garcia-del-Pino et al. (2013) reported on the compatibility of EPNs with some of the common insecticides used 
against T. absoluta larvae such as flubendiamide (Fenos, Bayer), chlorantraniliprole (Altacor, Dupont), and metaflumizone 
(Alverde, BASF). These insecticides had a negligible effect on nematode survival, infectivity, and reproduction. IJs that 
survived insecticide exposure were able to infect T. absoluta larvae and reproduce inside them. In addition, insect larvae 
affected by the three insecticides would serve as suitable hosts for the infection and reproduction of the nematodes. These 
results suggest that larvae of T. absoluta that drop from leaves following insecticide application could be suitable hosts for 
nematodes, thereby increasing their EPN concentration and persistence in the soil.

2.2  The Tomato Budworm, Helicoverpa armigera (Hübner) and Armyworms, Spodoptera spp.

The tomato budworm, Helicoverpa armigera (Hübner) and some species of Spodoptera, such as Spodoptera exigua 
(Hübner), Spodoptera frugiperda (J.E. Smith), Spodoptera littoralis (Boisduval), and Spodoptera litura (F.), are extremely 
polyphagous and constitute some of the most substantial pests of the tomato plant, attacking the leaves and the fruit. The 
pathogenicity of EPN species of Steinernema and Heterorhabditis to control these lepidopterans has been widely demon-
strated. Various studies showed H. armigera to be susceptible to S. feltiae (Dutky et al., 1956), Steinernema glaseri (Steiner) 
(Patel and Vyas, 1995), Steinernema riobrave Cabanillas, Poinar & Raulston, S. carpocapsae, and Heterorhabditis sp. 
(Tahir et al., 1995). EPNs are also pathogenic to armyworms. For example, S. exigua was found to be susceptible to S. 
feltiae (Kaya, 1985), S. litura was susceptible to different strains of S. carpocapsae (Kondo and Ishibashi, 1986; Kondo, 
1987), S. littoralis was susceptible to S. carpocapsae infection (Sikora et al., 1979), and S. frugiperda was susceptible to S. 
feltiae, Steinernema rarum (Doucet), and H. bacteriophora (Doucet et al., 1999).

Evidence suggests the efficacy of EPNs to control each insect species depends on the particular EPN species and strain. 
Kondo and Ishibashi (1986) compared infectivity of three species of Steinernema against larvae of S. litura in a petri dish 
bioassay. Their results showed significant differences in host mortality caused by S. carpocapsae (100% larval mortality), 
S. feltiae (70% host mortality), and S. glaseri (only 5% larval mortality). Glazer et al. (1991) studied the susceptibility of 
fourth instar S. littoralis to five strains of S. carpocapsae, S. glaseri, and H. bacteriophora. All the strains tested caused 
100% mortality with 50 IJs/larva after 96 h, although there were differences in virulence among strains. One strain of  
H. bacteriophora was the most virulent against larvae of S. littoralis while S. glaseri was the least virulent. In an 
experiment conducted in pots (Ali et al., 2008), the infection of H. armigera was evaluated with five steinernema-
tid species. Results indicated that although the tomato budworm was susceptible to the five EPN species tested, there 
were differences among species in virulence (with respect to the time to larval death) and the production of IJs per 
larva was as follows: Steinernema masoodi Ali, Shaheen, Pervez and Hussain > Steinernema seemae Ali, Shaheen, 
Pervez and Hussain > S. carpocapsae > S. glaseri > Steinernema thermophilum Ganguly and Singh. Campos-Herrera 
and Gutierrez (2009) screened virulence of 17 EPN strains from S. feltiae and S. carpocapsae species against  
S. littoralis larvae, resulting in a high level of mortality of 74–100%. Seenivasan and Sivakumar (2014) evaluated a total of  
27 nematode isolates in India belonging to four species, S. carpocapsae, Steinernema siamkayai Stock, Somsook & Reid, 
S. monticolum, and H. bacteriophora, against H. armigera and S. litura. Although both lepidopterans were  susceptible to 
all of the tested EPN species/strains, the virulence of nematodes varied within each insect species, resulting in mortalities 
ranging from 41% to 94% in H. armigera and from 89% to 93% in S. litura. Differences in susceptibility depending on 
the insect’s developmental stage have also been reported. Divya et al. (2010) tested the pathogenicity of Heterorhabditis 
indica Poinar, Karunakar & David against H. armigera and S. litura. They evaluated the susceptibility of second, third, 
fourth, and final instar larvae to EPNs in a laboratory experiment. H. indica caused 100% mortality in all the instars of both 
lepidopteran species. However, median lethal time was negatively correlated with increased larval age, revealing that the 
early instars of both insect species were more susceptible than the older instars. Other laboratory studies reported the sus-
ceptibility of pre-pupae and pupae (Fig. 12.4). Ali et al. (2007) observed 43% infectivity of H. armigera pre-pupa caused by 
steinernematids. S. exigua pupae showed high susceptibility to S. carpocapsae, with 63% pupal mortality (Kaya and Hara, 
1981), and to S. riobrave (Henneberry et al., 1995).

The susceptibility of eggs of H. armigera and S. litura to EPN infection recently has been reported with the nematode  
S. thermophilum (Kalia et al., 2014). A dose of 200 IJs of S. thermophilum caused ovicidal activity up to 84% when  exposing 
50 and 100 eggs of H. armigera and S. litura to the nematode, respectively. The finding of susceptibility in  lepidopteran  
eggs to EPNs is unique and may offer new potential for pest control approaches.

Soil application of EPNs against these lepidopteran pests are commonly used to control the last instars which crawl to 
the ground and enter crevices or loose soil for pupation, and to prevent adult emergence (Hussain et al., 2014) (Fig. 12.5). 
Cabanillas and Raulston (1996) reported that the application of nematodes through irrigation systems could be a potential 
approach for suppressing Helicoverpa populations. A microplot study to evaluate the control of H. armigera with the nema-
tode S. masoodi (Hussain et al., 2014) indicated differences in the level of control relative to the nematode concentration  
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applied. The suppression of adult emergence varied from 32% at a nematode concentration of 2 × 109 IJs/ha to 70% at a 
concentration of 6 × 109 IJs/ha. Control of these pests with foliar EPN application focused to suppression of the early instars 
has also been tested with success. However, foliar persistence of EPNs is short as the environment exposes the nematodes to 
unfavorable moisture conditions, high temperatures, and sunlight, which is detrimental to nematode survival (Koppenhöfer, 
2000; Georgis et al., 2006). Glazer and Navon (1990) tested S. feltiae mixed with two different solutions of antidesiccants, 
glycerol or folicote, against H. armigera and obtained 75% and 95% control of H. armigera. Vyas et al. (2002) tested a 
spray application of a native Heterorhabditis sp. to control H. armigera. Nematodes (100,000 IJs/m2) were applied alone 
and together with adjuvants (5% starch mixed with gum Arabic). Both treatments, EPN alone and with adjuvants, reduced 
the larval population by 32% and 47%, respectively, compared to an untreated control. Navon et al. (2002) developed a 
calcium-alginate-gel formulation mixed with EPNs to control S. littoralis and H. armigera larvae, and obtained larval mor-
tality of 89% with S. feltiae in the greenhouse. In crops other than tomato, prolonged EPN survival and efficacy in aboveg-
round applications has also been demonstrated using surfactant and polymer formulation (Schroer and Ehlers, 2005) or a 
sprayable gel (Shapiro-Ilan et al., 2010); these approaches may also be applied to tomato plantings. Thus, in considering the 
two approaches, the use of foliar application combined with soil application of EPNs could result in better control of these 
insect pests in the field (Yadav et al., 2008).

The use of EPNs with other biological control agents, such as viruses, fungi, or parasitoids has been developed as 
a promising alternative. Combined use of EPNs with other biocontrol agents (or other tactics) can result in vary-
ing interactions including antagonism, additivity, or synergy. The relationship may vary depending on the specific 
tactics that are being combined, the rates, the timing of application, and the target host (Shapiro-Ilan et al., 2012). 
For example, Gothama et al. (1996) reported the additive effect of combining S. carpocapsae with a nucleopolyhe-
drovirus against S. exigua. The combination produced higher larval mortality (62%) than either the nematodes (35%) 
or the virus alone (34%). The effect of H. bacteriophora and S. riobrave alone and in combination with the fungi 
Beauveria bassiana (Balsamo-Crivelli) Vuillemin and Metarhizium anisopliae (Metchnikoff) Sorokin was evaluated 
by Shairra and Noah (2014) under laboratory conditions against S. littoralis. H. bacteriophora caused higher mortal-
ity in S. littoralis larvae than S. riobrave (86% and 71% mortality, respectively), and M. anisopliae was more effective 

FIGURE 12.4 Spodoptera sp. pupa parasitized by entomopathogenic nematodes.

FIGURE 12.5 Infective juveniles of Steinernema carpocapsae on the soil surface after a soil treatment.
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than B. bassiana (80% and 41% mortality, respectively). However, the combined effect of fungi and EPNs resulted 
in an increased mortality of the host compared to the mortality caused by each agent alone. Atwa et al. (2013) tested  
S. carpocapsae and H. bacteriophora in combination with the parasitoid Microplitis rufiventris Kokujev against larvae of  
S. littoralis. The interaction between the nematodes and parasitoid was variable. When nematodes were inoculated  during  
the parasitoid egg stage or in the young parasitoid larvae, they were able to reproduce but the parasitoid larvae died. However, 
when nematodes were inoculated during the late larval instar of M. rufiventris, both nematodes and wasps  reproduced in the 
same host and resulted in greater overall mortality on S. littoralis larvae than either agent inflicted alone. Before embarking 
on a combined application program, the nature of interactions (antagonistic, additive, or synergistic) between two tactics 
should be elucidated (Koppenhöfer and Fuzy, 2002).

2.3  Leafminers, Liriomyza spp.

Leafminers of the genus Liriomyza number more than 370 species worldwide, of which Liriomyza trifolii (Burgess), 
Liriomyza bryoniae (Kaltenbach), Liriomyza huidobrensis (Blanchard), and Liriomyza sativae Blanchard can inflict sig-
nificant damage to tomato crops. Damage caused by Liriomyza spp. is related to the feeding punctures of adults and the 
mines produced by the feeding of larvae in the mesophyll tissues of tomato leaves (Spencer, 1973).

EPNs have been proposed as biological control strategies against leafminers (Hara et al., 1993). Even though EPNs 
cannot enter mines by penetrating the intact leaf cuticle, IJs enter the mine via the oviposition puncture created by the 
female fly during egg laying, or through any unnatural tear in the mine surface (LeBeck et al., 1993). Temperature and rela-
tive humidity (80–90% or higher) are important factors limiting the success of EPNs applied to the foliage for leafminer  
control. Nevertheless, at 20°C and >90% rh, sufficient IJs of S. feltiae were able to enter the leaf tissues within the first 12 h 
after application to reduce larval survival of L. bryoniae (Williams and MacDonald, 1995).

Host-stage suitability of L. trifolii to S. carpocapsae was reported by LeBeck et al. (1993) showing that all larval stages, 
the pre-puparium and the early puparium (<1 h after pupation initiation), were susceptible to EPNs. However, mortality 
was greatest for second-instar larvae (93.3%) and decreased for later developmental stages. S. carpocapsae reproduced suc-
cessfully in all immature stages except for the first-instar and the early puparium. The susceptibility of L. trifolii to EPNs 
also relates differently to the species or strains of nematode tested. Hara et al. (1993) reported mortality rates of L. trifolii, 
ranging from 48% to 98% by 20 strains and/or species of steinernematid and heterorhabditid nematodes. S. carpocapsae 
and S. feltiae produced higher mortality (>63%) in L. trifolii on bean leaves than Heterorhabditis sp. (<33%) when applied 
at 9 × 109 IJs/ha.

The first results of field trials using S. carpocapsae against L. trifolii were shown by Harris et al. (1990). Mortality of 
leafminers on chrysanthemum in a greenhouse after two nematode applications (5 × 108/ha) was equivalent to that obtained 
by two abamectin applications (0.17 kg[AI]/ha). These results are in agreement with Broadbent and Olthof (1995) who 
reported that two consecutive applications of S. carpocapsae (3 and 4 days after oviposition by leafminer) resulted in >80% 
mortality of leafminer larvae and 99.6% mortality with abamectin. Williams and Walters (2000) also obtained a mean  
L. huidobrensis mortality of 82 ± 5% after application of S. feltiae in a trial on lettuce at a commercial glasshouse, 
 significantly higher than the treatment with the systemic insecticide heptenophos. Similarly, in a trial conducted in a 
 commercial production glasshouse of Chinese brassica infected by L. huidobrensis the mean number of pupae was reduced 
by over 88% after the application of S. feltiae (Head and Walters, 2003).

Some studies were conducted on the potential combined use of EPNs with other strategies for leafminer control. Head 
et al. (2000) determined the compatibility of IJs and chemical insecticides (abamectin, deltamethrin, dimethoate, hep-
tenophos, and trichlorfon) to control larvae of L. huidobrensis. Although a limited range of insecticides can be applied 
simultaneously with S. feltiae, high levels of leafminer larval control can be achieved by the application of these  nematodes 
to vegetable foliage previously treated with insecticides. Furthermore, Sher et al. (2000) studied the combined use of  
S. carpocapsae and Diglyphus begini (Ashmead) for control of L. trifolii. These authors showed that D. begini adults were 
not susceptible to nematode infection. Leafminer larvae parasitized by the wasps were less susceptible to nematode infec-
tion, and adult wasps detected and avoided ovipositing on nematode-infected leafminer.

2.4  Hemiptera: Aphididae

Aphids are important pests of cultivated tomato plants and the use of insecticides is still the main control method. Extensive 
pesticide use may cause the development of resistance in aphids (Needham and Sawicki, 1971; Foster et al., 2002). 
Alternative control strategies are needed to avoid insecticide resistance and objectionable side effects of chemical insecti-
cides for humans and the environment. Among other biocontrol agents, EPNs have been studied as potential agents to aphid 
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control. Conceivably, aphids could be attacked by steinernematids, but they are generally not deemed to be a favorable host 
for EPNs (Poinar, 1975). Mráček and Růžička (1990) observed that when Steinernema spp. strain Hylobius was applied 
against Acyrthosiphon pisum Harris and Megoura viciae Buckton in petri dish experiments, only a few adults of A. pisum 
were parasitized and the mortality of M. viciae reached 28% after 3 days. Females of this nematode developing in infected 
aphids grew to pygmy size and mated but did not lay their fertile eggs. More recently, Park et al. (2013) explored the possi-
bility of EPNs as biological control of Myzus persicae (Sulzer). In experiments under laboratory conditions, S. carpocapsae 
had low infectivity against nymphs (2% mortality) and adults (6.7% mortality) of M. persicae. Only a few IJs invaded the 
hosts and developed into adult nematodes which grew to about 2 mm long, but did not produce offspring. These authors 
consider that the low parasitism observed may have been caused by the small body of this aphid.

2.5  Hemiptera: Aleyrodidae

Whiteflies are pests that can adversely affect the success of tomato crops. Damage to commercial tomato plants by these 
insects can be caused directly through phloem feeding or indirectly by the transmission of plant viruses. Among whiteflies, 
the sweetpotato whitefly, Bemisia tabaci (Gennadius) and the greenhouse whitefly, Trialeurodes vaporariorum Westwood 
are the most problematic for tomato crops.

EPNs have been shown to be effective against B. tabaci, but differential susceptibility has been observed among white-
fly instars. On tomato plants, when a foliar application of S. feltiae (10,000 IJs/mL with 0.02% of the non-ionic wetting 
agent Agral) at a dose of approximately 160 IJs/cm2 of leaf area was applied, the first three instars were more susceptible 
(70–75% mortality) than the fourth (50–55% mortality) (Cuthbertson et al., 2003a). Further studies by Cuthbertson et al. 
(2007a) demonstrated that the second-instar stage of B. tabaci is the most susceptible life stage to S. feltiae and S. car-
pocapsae. Nevertheless, Laznik et al. (2011) showed that adults of the greenhouse whitefly T. vaporariorum also were 
susceptible to the attack of S. feltiae. In fact, S. feltiae can cause adult whitefly mortality similar to levels produced by the 
chemical insecticide thiamethoxam. In greenhouse experiments, the mean number of whitefly adults per leaf was signifi-
cantly reduced from 128.5 ± 33.0 on the control leaves to 50.0 ± 12.0 on the leaves treated with EPNs.

Preliminary studies determined that the efficacy of EPNs against immature stages of whiteflies varies among a range 
of host plants (Head et al., 2004). In these experiments, foliar application of S. feltiae (10,000 IJs/mL) against B. tabaci 
recorded mortalities of 32% on tomato, 28% on cucumber, 22% on verbena, 22% on chrysanthemum, and 10% on poinset-
tia. According to these authors, the differences could be caused by the presence of leaf structures, such as hairs or waxy 
surfaces that may affect IJ movement or adherence to the leaf surface, thus reducing the efficacy of EPNs. However, further 
studies by Cuthbertson et al. (2007b) reported that under optimal environmental conditions for nematode activity, no host-
plant effects were present and EPNs were equally effective against whitefly larvae on a range of plant foliage types.

Environmental conditions, mainly the ambient temperature and humidity, have been shown to be a critical determinant 
for nematode survival and efficacy on foliar applications against B. tabaci (Cuthbertson and Walters, 2005). The favorable 
conditions for nematode survival (moderate temperature, high moisture, and limited exposure to sunlight) should be main-
tained for up to 6–8 h after their application to plant foliage (Williams and MacDonald, 1995). The addition of adjuvants 
to nematode applications enhance efficacy through their anti-desiccant properties and a reduction in surface tension of sus-
pension droplets (Shapiro-Ilan et al., 2012). The presence of a thin film of water on the leaf could facilitate more effective 
movement of IJs across the leaf surface when searching for a host. The use of adjuvants in foliar application of S. feltiae 
on tomato plants raised the mortality level of B. tabaci from 32% to 63% (Head et al., 2004). Similarly, the combined use 
of S. feltiae (10,000 IJs /mL) and 1% horticultural spraying oil increased the efficacy of EPNs against the second-instar of  
B. tabaci nymphs on collard and hibiscus (Qiu et al., 2008).

Cuthbertson et al. (2007b) provide evidence that the application of S. feltiae against second-instar B. tabaci on tomato 
plants under controlled laboratory conditions resulted in 99.2% mortality. A slightly lower level (80%) of B. tabaci mortal-
ity was obtained in the glasshouse situation. These authors also showed that efficacy was not related to the application rates 
on tomato plants. Mortality of B. tabaci larvae obtained by using 5000 IJs/mL did not differ from the recommended dose 
rate of 10,000 IJs/mL. Furthermore, there were no differences in mortality between one application of 2500 IJs/mL and 
two applications of 1000 IJs/mL. The reduction of the application rates of S. feltiae on tomato foliage, without reduction in 
efficacy, offers the potential for more economically viable use of EPNs against whiteflies.

When EPNs are used in integrated pest management (IPM) strategies, it is necessary that nematodes and agrochemical 
products or other control agents are compatible. The combination of EPNs with chemicals commonly used for the control 
of whiteflies has been addressed by different studies. Cuthbertson et al. (2003b) showed that better B. tabaci larval mortal-
ity was achieved when sequential applications of S. feltiae along with the chemicals buprofezin, nicotine, and imidacloprid 
are used. Similar results were obtained by Cuthbertson et al. (2008) following sequential applications of S. carpocapsae and 
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thiacloprid, pymetrozine, and imidacloprid, with mortalities up to 94% of B. tabaci second instars. Sequential  treatments 
offer a greater flexibility in timing applications against various life stages of the whiteflies (Cuthbertson et al., 2011),  
further encouraging their use in IPM strategies.

2.6  Thrips, Thysanoptera: Thripidae

The western flower thrips (WFT), Frankliniella occidentalis Pergande is an important pest of tomato plants, causing direct 
and indirect damages. WFT feed on plant tissue by rasping and sucking sap (Childers and Achor, 1995). However, the pri-
mary damage caused by WFT is the transmission of Tomato spotted wilt virus (TSWV) to tomato plants. Adults, first, and 
second-instar larvae feed voraciously on leaves and flowers until they move to the soil for pupation. There are pre-pupae 
(or pro-pupae) and pupae stages, both of which commonly occur in soil (Arzone et al., 1989).

The high resistance of WFT to chemical insecticides and their cryptic feeding behavior (flowers and leaf axes) make  
F. occidentalis control very difficult (Helyer and Brobyn, 1992). Different biological control agents are presently available 
and EPNs could provide a potential alternative to chemical insecticides among them (Laznik and Trdan, 2008).

Susceptibility of WFT to different EPN species in laboratory conditions was reported in several studies (Tomalak, 1994; 
Chyzik et al., 1996; Ebssa et al., 2004; Tomalak et al., 2005). Ebssa et al. (2001) determined the virulence of six differ-
ent strains of H. bacteriophora, S. feltiae and S. carpocapsae against second-instar larvae and soil-dwelling pre-pupa and 
pupa of F. occidentalis. Under high soil-moisture conditions, S. feltiae was highly virulent against late second-instar larvae 
and pre-pupae of WFT, but less effective against pupae. These authors also showed that rates of 100–200 IJs/cm2 caused 
30–50% mortality. However, high mortality in all soil-dwelling life stages of WFT was obtained only with a high concen-
tration of 400 IJs/cm2. In similar experimental conditions, Premachandra et al. (2003) determined that S. feltiae (Nemaplus 
strain) and H. bacteriophora (HD01 strain) caused 65% and 59% mortalities, respectively, in late second-instar and pupal 
stages. S. carpocapsae (Agriotos strain) and Steinernema arenarium (Artyukhovsky) (Anomali strain) caused moderate 
mortality (40–45%), while Steinernema spp. (Morocco strain) and H. bacteriophora (Nematop strain) had little effect.

The virulence of EPNs against larvae and adults of WFT on aboveground parts of plants has been studied less. In 
laboratory conditions, Perme (2005) showed that at high concentration (5000 IJs/mL) the most effective nematode was H. 
bacteriophora (92%), while at low concentration (500–1000 IJs/mL) the most virulent nematodes were S. carpocapsae 
(90%) and S. feltiae (82%). Nevertheless, Buitenhuis and Shipp (2005) found that significant mortalities of first (36%) and 
second instars (28%) were obtained only at very high rates of S. feltiae (20,000 and 40,000 IJs/mL), and susceptibility to 
this nematode in adult WFT was very low (3–6% mortality).

Due to the movement of WFTs from plants to soil over their lifespan, two different approaches for their control with 
EPNs may be feasible: soil applications and foliar applications. Efficacy of soil applications of EPNs against WFT in com-
post first was studied by Helyer et al. (1995). These authors showed that S. carpocapsae gave 76.6% control of pre-pupal 
and pupal stages of WFT only when applied at 25 × 104 IJs/L of compost; this high nematode-application rate is uneconomi-
cal for glasshouse soil applications. Ebssa et al. (2001) determined that soil applications of S. feltiae and S. carpocapsae at 
rates of 100–200 IJs/cm2 caused 30–50% mortality, but a high concentration of 400 IJs/cm2 is needed to obtain high mortal-
ity (90%) in all soil-dwelling life stages of WFT. Timing and frequency of applications of EPNs also can have a profound 
effect on WFT control. An early application of EPNs when the WFT density is within the control capacity of nematodes, at 
a lower IJ concentration (200 IJs/cm2) but in a repeated manner, can result in higher WFT control than a single application 
at the higher concentration of 400 IJs/cm2 (Belay et al., 2005). In IPM strategies, combined releases of different natural ene-
mies lead to a higher WFT control than separate releases of individual biocontrol agents. Combined soil treatments of EPNs 
and the soil predatory mite Hypoaspis aculeifer (Canestrini) are more effective (71–82% reduction of adult emergence) than 
individual applications of EPNs (46–71%) or the predatory mite alone (46%) (Premachandra et al., 2003). Other studies 
have shown that simultaneous soil application of EPNs and foliar application of the predatory mites Amblyseius cucumeris 
(Oudemans) produce greater WFT reduction than individual application of each natural enemy (Ebssa et al., 2006).

One of the first greenhouse experiments on foliar application of S. feltiae against F. occidentalis showed that weekly 
application of this nematode (125–250 × 106 IJs/100 L/1000 m2) on chrysanthemum resulted in a WFT adult reduction, 
especially females, and a minimal crop damage (only occasional flecked petals easily removed at harvest was detected) 
(Wardlow et al., 2001). Further studies demonstrated that nine foliar applications of S. feltiae (2500 IJs/mL) in one cucum-
ber-growing season reduced the damage of WFT on cucumber leaves, never exceeding 10% of the leaf surface (Trdan 
et al., 2007). The average fruit yield also was positively influenced by EPN applications (37–51% higher in treated vs. non-
treated plants). The nine foliar applications of EPNs against WFT resulted in an efficacy similar to three applications of the 
chemical insecticide abamectin on glasshouse-grown cucumbers (Trdan et al., 2007). The results suggest that, with proper 
optimization of EPN foliar applications, these biological agents are an effective alternative to the chemical control of WFT.
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2.7  Wireworms, Coleoptera: Elateridae

Numerous species of wireworms are severe and widespread agricultural pests causing damage throughout the world to 
a variety of crops such as potatoes, carrots, onions, tomatoes, aubergines, strawberries, and maize (Parker and Howard, 
2001). The difficulty in controlling wireworms with chemical insecticides, and the significant losses caused by this pest 
in organic crops, has increased research in the use of biological control agents. Therefore, great efforts have been made in 
finding pathogenic strains of nematodes to control wireworms. Elaterid larvae are generally considered to have poor sus-
ceptibility to EPNs. Nevertheless, some work has shown that the susceptibility depends on the nematode species/strains, 
nematode dose, and the wireworm species.

Danilov (1974) isolated S. carpocapsae (agriotos strain) from an Agriotes lineatus L. larva, obtaining a 75% control 
of wireworms with a dose of 1.5 × 106 IJs/m2. Toba et al. (1983) exposed later instar larvae of the sugar beet wireworm 
Limonius californicus (Mannerheim) to EPNs in a laboratory experiment. S. feltiae was more effective than S. glaseri, caus-
ing mortality of 58% and 7%, respectively. The experiment compared different concentrations of EPNs against L. califor-
nicus larvae, ranging from 0.4 to 393 IJs/cm2, and results with S. feltiae showed an increase in larval mortality from 13% to 
58%, respectively. However, there are other studies that reported poor efficacy of EPNs against wireworms. Morris (1985) 
reported no efficacy of S. feltiae and H. bacteriophora against the wireworm Ctenicera destructor (Brown) and San-Blas 
et al. (2012) did not obtain any infection of larvae of Agriotes sp. with S. carpocapsae.

Field application of EPNs has also been conducted with different species of wireworms. Kovacs et al. (1980) found S. 
feltiae to be effective in reducing corn seedling damage caused by wireworms (species unspecified). Toba et al. (1983) car-
ried out field cage tests to evaluate the efficacy of S. feltiae to control L. californicus. The mean mortality of these wireworms 
was 28% for the nematode concentration of 155 IJs/cm2 of soil, with no increment of efficacy (29%) when concentration was 
doubled (310 IJs/cm2). Schalk et al. (1993) reported that S. carpocapsae reduced damage caused by the wireworm Conoderus 
spp. (21% control) in a field assay with resistant sweetpotato cultivars, except during a very wet year when nematodes were 
leached from the rhizosphere. Ester and Huiting (2007) did not find any effect on the protection of potato tubers against wire-
worm (Agriotes spp.) attacks when S. feltiae was applied as a furrow treatment at a dose of 545,000 IJs/m2.

The interest in the development of biological alternatives to control wireworms has led to a search for more 
virulent EPN strains against wireworms. Toward that end, Ansari et al. (2009) tested five different strains of H. bac-
teriophora, Heterorhabditis megidis Poinar, Jackson & Klein, Heterorhabditis downesi Stock, Griffin & Burnell,  
S. feltiae, and S. carpocapsae against fourth- and fifth-instar larvae of A. lineatus in a laboratory assay. The most viru-
lent nematode tested was an H. bacteriophora strain which caused 67% mortality. The S. feltiae strain did not cause 
mortality of wireworms, but the other EPN strains provided control ranging between 15% and 50%. In another study, 
EPN virulence against the dusky wireworm, Agriotes sordidus Illiger, was evaluated with 15 native strains belonging 
to S. feltiae and two native strains to an H. bacteriophora species in Spain (Campos-Herrera and Gutierrez, 2009). 
A. sordidus was affected only by two S. feltiae strains (which caused 7% and 9% larval mortality) and both H. bacte-
riophora strains (which caused 4% and 5% larval mortality). The virulence of different species and strains of EPNs 
was also tested against the dusky wireworm Agriotes obscurus (L.) in the laboratory (Morton and Garcia-del-Pino, 
2016). Larvae were exposed to eight nematode strains, six native and two commercial, from the species S. feltiae,  
S. carpocapsae, and H. bacteriophora. At a dose of 100 IJs/cm2, a native S. carpocapsae was the most virulent strain 
causing 76% mortality while six other strains produced 9–36% larval mortality. S. feltiae was revealed to be ineffec-
tive for controlling A. obscurus.

The low susceptibility of some wireworms may be due to physical deterrents, such as a dense brush of hairs in the 
oral cavity, a thick cuticle, valvate spiracles, or muscles closing the anus which protects them from EPN invasion (Eidt 
and Thurston, 1995). Puza and Mracek (2010) tested the capacity of EPNs to colonize the hosts using Steinernema affine 
(Bovien) and Steinernema kraussei (Steiner) in experimental infection of living and freeze-killed wireworms (species 
unspecified). In their study, living elaterid larvae showed resistance to the nematode infection, and no mortality was 
observed. However, both nematode species were able to colonize the majority of dead wireworms (up to 70% of individu-
als colonized by EPNs) and multiply in the cadavers. The authors hypothesized that IJs could enter the cadavers through 
the anus and/or spiracles, since the constricting muscles of these openings were relaxed in the dead worms. Consistent with 
these results, Morton and Garcia-del-Pino (2016) reported that when IJs are injected into the hemocoel of larval A. obscu-
rus, nematodes are able to reproduce, showing that the routes of entry prevent infection by EPNs.

The increased damage caused by wireworms to agricultural crops, and the reduced efficacy of chemical insecticides 
to control these pests has led to a greater interest in the potential of EPNs. Current research is focused in two directions; 
the search for more virulent strains of nematodes to provide a range of promising EPN isolates to test for efficacy against 
wireworms, and the combining of EPNs with other biological agents to improve the efficacy for controlling this pest.
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3.  CONCLUSION AND FUTURE PROSPECTS

EPNs have been shown to be effective against a variety of tomato pests, especially when the insects dwell in the soil or 
live in cryptic habitats such as inside plant galleries. The ability of EPNs to seek and kill insects in these habitats, where 
chemical insecticides fail, makes these biocontrol agents especially attractive. The proven efficacy and compatibility of 
EPNs with other biocontrol agents, and with agrochemical products promote their incorporation into IPM strategies used 
on tomato crops. Furthermore, the resistance to chemical insecticides developed by different pests, European Union restric-
tions on chemical pesticides in conventional management (Directive 2009/128/EC to achieve the sustainable use of pesti-
cides), and the growth in organic horticultural production all could lead to expanded EPN use in horticulture. Nevertheless, 
the use of EPNs against aboveground tomato pests is still limited. Factors limiting EPN use against such horticultural pests 
include efficacies less predictable than are necessary for the successful market penetration of these biocontrol products 
(Georgis et al., 2006). Suboptimum or unpredictable efficacy may be related to the use of inappropriate nematode species 
and/or their application under suboptimal conditions such as high temperature, low moisture, and exposure to sunlight. For 
this reason, to expand the commercial use of EPNs, research should be focused on improving application and formulation 
technology and the use of appropriate EPN species. Slow-release formulations such as alginate and polyacrylamide gels 
(Schroer and Ehlers, 2005) or sprayable fire gels (Shapiro-Ilan et al., 2010), wood flour foam (Lacey et al., 2010), and EPN-
infected cadavers (Shapiro-Ilan et al., 2003; Del Valle et al., 2008; Dolinski et al., 2015) hold promise for their application 
in greenhouse-grown and open-field tomatoes. Research should also be focused on discovering new EPN species, more 
virulent strains, and strains that are best adapted to the tomato crop environment. These beneficial traits of EPNs could be 
obtained by genetic enhancement via selection, hybridization, or molecular manipulation of currently available populations 
to improve their biocontrol potential against each pest, and their persistence in the climatic conditions of tomato crops 
(Shapiro-Ilan et al., 2012, 2014). Once improved strains are obtained it will be important to ensure their biocontrol traits 
are stabilized, e.g., through the creation of homozygous inbred lines (Bai et al., 2005; Anbesse et al., 2013).

Recently, Ruisheng et al. (2013) suggested there is an added benefit of EPNs for tomatoes. The authors revealed an EPN-
induced insect, and disease resistance in tomato plants, when EPNs were applied to the soil surrounding the plants. This is 
consistent with previous studies which showed a direct antagonistic effect on root-knot/foliar parasitic nematodes and an indi-
rect effect on pests through the activation of defensive mechanisms in the tomato plants themselves (Fallon et al., 2002; Javed 
et al., 2012). Ruisheng et al. (2013) showed that the application of S. carpocapsae-infected wax moth (Galleria mellonella 
(L.)) cadavers to the soil around the roots of tomato plants reduced the rate of armyworm, S. exigua, development, reduced 
egg hatching of B. tabaci, and decreased the number of foliar disease spots produced by the bacteria Pseudomonas syringae 
van Hall. These results all support the hypothesis that a soil application of EPNs leads to a lasting benefit in tomato plants by 
enhancing their defensive capability, and it offers new perspectives for further studies on EPNs in horticultural systems.

Finally, end-user education and marketing support for the use of EPN products could help expand the use of these nema-
todes, the efficacy of which has already been shown against pests in horticultural production systems.
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1.  INTRODUCTION

Biological control of insect and mite pests of tomato is feasible if damage by target pest species can be reduced to accept-
able levels, and it is possible to manage populations of the remaining pests in a sustainable and nondisruptive manner. 
Tomato crops are valuable and grown worldwide, therefore the pest complex present at a given location may vary consider-
ably from region to region, as will the community of endemic natural enemies and availability of biological control prod-
ucts. The relative importance of specific pests and applicability of biological control also varies with horticultural practices 
and type of production, the most important difference being tomatoes grown in protected culture versus open field.

Most tomato production locations have several species of arthropods that are capable of causing economic damage at 
one or more stages of crop growth, but typically only a subset of these arthropods contains key pests. These pests occur 
annually and typically require some type of control (Zalom, 2012). The key pests that feed on fruit are considered most 
damaging due to direct injury and because their feeding is often accompanied by excrement or pathogen-caused decays 
that render the fruit unmarketable. Foliage feeders are generally less important, although some can severely impact yield 
and even kill plants outright at high densities (Fig. 13.1). Species that transmit disease-causing pathogens to plants are 
particularly destructive. Although transplants are commonly used in many types of tomato production, direct seeding is 
also practiced in field-grown tomatoes in a number of locations worldwide. Seedling pests can reduce plant stands or retard 
seedling growth when they are numerous, and affected fields may require replanting. Synthetic chemical insecticides have 
become widely used for managing key tomato pests. Insecticides can prevent these pests from causing economic damage, 
but are used far too often as cheap “insurance” for anticipated problems and can lead to outbreaks of other arthropods due 
to disruption of natural enemies (Johnson et al., 1980a). Biological control of the key pests in tomato production, integrated 
with other compatible tactics including cultural and mechanical methods, represents an alternative approach.

Conservation biological control is a relatively sustainable way of maintaining predators and parasitoids of arthropod 
pests in tomato production. Natural enemies are conserved by using selective horticultural practices, such as applying 
insecticides that are minimally disruptive to the natural enemies. There are hundreds of natural enemies of key arthropod 
pests worldwide that could be conserved to reduce pest populations locally, or enhanced through augmentation of favorable 
habitat in or around tomato fields. However, this chapter will focus on augmentative biological control (ABC), specifically 
invertebrate biological control agents (BCAs—arthropod predators and parasitoids) and microbial pesticides that are com-
mercially available or have potential for managing tomato pests.

2.  ARTHROPOD PESTS OF TOMATO, INVERTEBRATE BIOLOGICAL CONTROL AGENTS, 
AND MICROBIAL PESTICIDES

Although BCAs and microbial pesticides are commercially available and applied to control many of the most important 
arthropod pests of tomatoes worldwide (van Lenteren and Bueno, 2003), there is a great potential for expanding the diver-
sity of products and using them against a wider range of target pests. Some candidates are already identified (Table 13.1) 
but many other natural enemies could be developed as commercial BCAs. Since the major target pests of tomato are well 
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known (Finch and Thompson, 1992; Davis et al., 1998; Capinera, 2001; Zalom, 2012; Schuster et al., 2014), this chapter 
concentrates on species for which commercial BCAs and microbial insecticides are available for use individually or in 
concert (Table 13.1).

2.1  Lepidoptera

Several lepidopteran species are economically damaging pests of tomato and most are capable of injuring both fruit and 
foliage. Although some species occur worldwide, it is not uncommon to encounter different but related species occupy-
ing similar niches in different geographical regions, e.g., the tomato pinworm, Keiferia lycopersicella (Walsingham), 
and South American tomato moth, Tuta absoluta (Meyrick). Although both of these gelechiids are native to the new 
world, the distribution of K. lycopersicella is limited to the southern and western United States and Mexico, while T. 
absoluta is native to Peru and is widespread in all countries in South America. Both species mine foliage of their sola-
naceous hosts, including tomato, but can also cause extensive damage by feeding on fruit. Following its introduction 
into Europe, North Africa, and the Middle East, T. absoluta has become a serious pest in these regions, causing severe 
yield loss reaching 100% when left unmanaged. ABC has been considered for this pest (Urbaneja et al., 2012), includ-
ing hymenopteran and hemipteran predators, and predaceous Acari such as Amblyseius swirskii Athias-Henriot (Table 
13.1). Predatory mirid bugs have been conserved in greenhouses (Arnó et al., 2000; Albajes and Gabarra, 2003), and two 
egg predators, Dicyphus maroccanus Wagner and Macrolophus pygmaeus (Rambur), have been evaluated along with 
Bacillus thuringiensis Berliner to control T. absoluta in the Mediterranean region (Zappala et al., 2013). B. thuringiensis 
has also been used to control K. lycopersicella in the United States and Mexico in combination with releases of the egg 
parasitoid Trichogramma pretiosum Riley (Trumble and Alvarado-Rodriguez, 1993).

Prior to the emergence of T. absoluta as a major tomato pest, fruit-feeding Lepidoptera of the family Noctuidae were 
considered the most significant insect pests of tomatoes, and many species are still regarded as the key fruit-feeding insects 
in areas where T. absoluta does not yet occur. Noctuids are relatively large, strong flying moths that have a very broad 
host range and build to very high population levels on both crop and non-crop hosts. They tend to be a greater problem for 
field-grown tomatoes than those grown in protected culture because noctuids are easy to detect and exclude from structures 
(Pilkington et al., 2010). Some of the most damaging species are resistant to synthetic chemical insecticides (McCaffery, 
1998). Among the noctuids, the old world bollworm, Helicoverpa (Heliothis) armigera (Hübner), and its new world coun-
terpart, the tomato fruit worm, Helicoverpa (Heliothis) zea (Boddie) (Fig. 13.2), are considered the most damaging because 
their feeding results in deep, watery cavities that are contaminated with feces. Natural enemies, especially Trichogramma 
spp. egg parasitoids (Fig. 13.3) and some generalist predators, can be effective in reducing pest populations. Augmentative 
releases of T. pretiosum, predatory mites, and the minute pirate bug, Orius insidiosus (Say), can be used to manage H. zea, 
and B. thuringiensis is effective for first or second instar larvae (Table 13.1). Microbial pesticides are currently of limited 
use, but a commercial formulation of the nuclear polyhedrosis virus can control H. zea and other Lepidoptera at a level 
equal to conventional insecticides (Fig. 13.4). The product was registered by the United States Environmental Protection 
Agency (EPA) in 1975; however, it is no longer being produced because virus applications cost more than spraying syn-
thetic chemical insecticides.

FIGURE 13.1 Leafminer Liriomyza spp., damage to tomato plant leaves.



TABLE 13.1 Important Arthropod Pests of Tomatoes and Their Associated Natural Enemies, Including Commercially Available Species

Pests Agents

Available 
Commercially

ReferencesYes No

Lepidoptera

Tomato pinworm
Keiferia lycopersicella

Apanteles spp. X Schuster (2006)

Bacillus thuringiensis var kurstaki X Certis (2016b) and LeBeck and Leppla (2015)

Trichogramma pretiosum X LeBeck and Leppla (2015), Schuster (2006), and Zappala et al. 
(2013)

South American 
tomato moth
Tuta absoluta

Agathis spp. X Zappala et al. (2013)

Agathis fuscipennis X Zappala et al. (2013)

Amblyseius swirskii X LeBeck and Leppla (2015), van Lenteren (2012), and Zappala 
et al. (2013)

Apanteles spp. X Zappala et al. (2013)

B. thuringiensis var kurstaki X Gonzalez-Cabrera et al. (2011), Jacobson (2004), and LeBeck 
and Leppla (2015)

Baryscapus bruchophagi X Zappala et al. (2013)

Brachymeria secundaria X Zappala et al. (2013)

Bracon spp. X Zappala et al. (2013)

Bracon (Habrobracon) didemie X Zappala et al. (2013)

Bracon (Habrobracon) hebetor X Biofac Crop Care (2016a), van Lenteren (2000a), and Zappala 
et al. (2013)

Bracon (Habrobracon) nigricans (con-
colorans, concolor, mongolicus)

X Biondi et al. (2013) and Zappala et al. (2013)

Bracon (Habrobracon) sp. near nigricans X Zappala et al. (2013)

Bracon (Habrobracon) osculator X Zappala et al. (2013)

Chelonus spp. X Zappala et al. (2013)

Choeras semele X Zappala et al. (2013)

Chrysocharis spp. X Zappala et al. (2013)

Chrysoperla carnea species group X LeBeck and Leppla (2015), van Lenteren (2012), and Zappala 
et al. (2013)

Cirrospilus spp. X Zappala et al. (2013)

Closterocerus clarus X Zappala et al. (2013)

Cotesia spp. X Zappala et al. (2013)

Diadegma spp. X Zappala et al. (2013)

Diadegma ledicola X Zappala et al. (2013)

Diadegma pulchripes X Zappala et al. (2013)

Dicyphus spp. X Zappala et al. (2013)

Dicyphus errans X Ingegno et al. (2013), van Lenteren (2012), and Zappala et al. 
(2013)

Dicyphus maroccanus X Zappala et al. (2013)

Dicyphus tamaninii X Alomar and Albajes (1996) and Zappala et al. (2013)

Diglyphus spp. X Zappala et al. (2013)

Diglyphus crassinervis X Zappala et al. (2013)

Diglyphus isaea X LeBeck and Leppla (2015), van Lenteren (2012), and Zappala 
et al. (2013)

Dineulophus phthorimaeae X Luna et al. (2015)

Diolcogaster spp. X Zappala et al. (2013)

Dolichogenidea litae X Zappala et al. (2013)

Elachertus spp. X Zappala et al. (2013)

Elachertus inunctus species group X Zappala et al. (2013)

Elasmus spp. X Zappala et al. (2013)

Elasmus phthorimaeae X Zappala et al. (2013)

Halticoptera aenea X Zappala et al. (2013)

Hemiptarsenus ornatus X Zappala et al. (2013)

Continued
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Hemiptarsenus zilahisebessi X Zappala et al. (2013)

Hockeria unicolor X Zappala et al. (2013)

Hyposoter didymator X Zappala et al. (2013)

Macrolophus pygmaeus X Agrobio (2016a), Bioplanet (2016a), and Koppert (2016a)

Nabis spp. X Desneux et al. (2010) and Zappala et al. (2013)

Nabis pseudoferus Ibericus X Cabello et al. (2009), van Lenteren (2012), and Zappala et al. 
(2013)

Necremnus spp. X Zappala et al. (2013)

Necremnus artynes X Agrologica (2011) and Zappala et al. (2013)

Necremnus near artynes X Zappala et al. (2013)

Necremnus metalarus X Zappala et al. (2013)

Necremnus tidius X Zappala et al. (2013)

Necremnus near tidius X Zappala et al. (2013)

Neochrysocharis spp. X Zappala et al. (2013)

Neochrysocharis formosa (Closterocerus 
formosus)

X van Lenteren (2012) and Zappala et al. (2013)

Neoseiulus (Amblyseius) cucumeris X Leng et al. (2011), van Lenteren (2012), and Zappala et al. (2013)

Nesidiocoris tenuis X Agrobio (2016b), Bioplanet (2016b), and Koppert (2016b)

Orius spp. X Syngenta (2016b) and Zappala et al. (2013)

Orius albidipennis X van Lenteren (2012) and Zappala et al. (2013)

Orius insidiosus X Desneux et al. (2010), LeBeck and Leppla (2015), and van 
Lenteren (2012)

Pnigalio (Ratzeburgiola) cristatus X Zappala et al. (2013)

Pnigalio incompletus (Ratzeburgiola 
incompleta)

X Zappala et al. (2013)

Pnigalio soemius X Zappala et al. (2013)

Pnigalio spp. soemius complex X Zappala et al. (2013)

Pseudapanteles dignus X Luna et al. (2015)

Pteromalus intermedius X Zappala et al. (2013)

Pteromalus semotus X Zappala et al. (2013)

Stenomesius spp. X Zappala et al. (2013)

Stenomesius spp. near japonicus X Zappala et al. (2013)

Sympiesis sp. near flavopicta X Zappala et al. (2013)

Sympiesis sp. not specified X Zappala et al. (2013)

Tapinoma nigerrimum X Zappala et al. (2013)

Temelucha anatolica X Zappala et al. (2013)

Trichogramma spp. Zappala et al. (2013)

Trichogramma achaeae X Agrobio (2016c), Biotop (2016), Giraud (2015), and Zappala 
et al. (2013)

Trichogramma bourarachae X Zappala et al. (2013)

T. pretiosum X LeBeck and Leppla (2015), Oatman and Platner (1971), and 
van Lenteren (2012)

Zoophthorus macrops X Zappala et al. (2013)

Tomato looper
Chrysodeixis chalcites

B. thuringiensis strains EXP1 and EG 
2371

X Collins et al. (2014) and Vacante et al. (2001)

B. thuringiensis var. kurstaki X LeBeck and Leppla (2015) and Plantwise (2016)

C. carnea X LeBeck and Leppla (2015) and van Lenteren (2012)

Trichogramma achaeae X CABI (2016)

Trichogramma canariensis X Pino et al. (2013)

Tomato moth
Lacanobia oleracea

B. thuringiensis var. kurstaki X LeBeck and Leppla (2015)

C. carnea X LeBeck and Leppla (2015) and van Lenteren (2012)

TABLE 13.1 Important Arthropod Pests of Tomatoes and Their Associated Natural Enemies, Including Commercially Available 
Species—cont’d
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Eulophus pennicornis X Morris and Edwards (1995) and Price et al. (2009)

Steinernema carpocapsae X LeBeck and Leppla (2015) and van Lenteren (2012)

Vairimorpha necatrix X Down et al. (2004)

Cabbage moth
Mamestra brassicae

B. thuringiensis var. kurstaki X LeBeck and Leppla (2015)

C. carnea X Klingen et al. (1996), LeBeck and Leppla (2015), and van 
Lenteren (2012)

Microplitis mediator X Johansen (1997)

Podisus maculiventris X Filippov (1982) and LeBeck and Leppla (2015)

Steinernema carpocapsae X Beck et al. (2013), LeBeck and Leppla (2015), and van 
Lenteren (2012)

Trichograma spp. X Johansen (1997)

Beet armyworm
Spodoptera exigua

B. thuringiensis aizawai X Certis (2016a)

B. thuringiensis var. kurstaki X Certis (2016b)

Chelonus insularis X Capinera (2014c)

Cotesia marginiventris X Alvarado-Rodriguez (1987) and Capinera (2014c)

Geocoris spp. X Biofac Crop Care (2016b) and Capinera (2014c)

Lespesia archippivora X Capinera (2014c)

Meteorus autographae X Capinera (2014c)

Nabis spp. X Capinera (2014c)

O. insidiosus X Capinera (2014c), LeBeck and Leppla (2015), and van Lenteren 
(2012)

P. maculiventris X Capinera (2014c), LeBeck and Leppla (2015), and van Lenteren 
(2012)

Spod-X LC virus X Bio-Integral Resource Center (2015) and Certis (2016c)

Egyptian cotton 
leafworm
Spodoptera littoralis

Bacillus subtilis X Ghribi et al. (2012) and LeBeck and Leppla (2015)

B. thuringiensis var. kurstaki X Abdelkefi-Mesrati et al. (2011) and LeBeck and Leppla (2015)

Old world bollworm
Helicoverpa 
(Heliothis) armigera

B. thuringiensis var. kurstaki X Vijayabharathi et al. (2014)

Campoletis chlorideae X Fatma and Pathak (2011)

Trichogramma chilonis X Fatma and Pathak (2011)

Various actinomycetes X Vijayabharathi et al. (2014)

Tomato fruitworm
Helicoverpa 
(Heliothis) zea

B. thuringiensis var. kurstaki X Delannay et al. (1989) and LeBeck and Leppla (2015)

Baculovirus heliothis (NPV) Gemstar LC, 
Viron/H

X Young and Yearian (1974)

O. insidiosus X LeBeck and Leppla (2015) and UCDavis IPM (2013)

T. pretiosum X Oatman and Platner (1971), LeBeck and Leppla (2015), and 
van Lenteren (2012)

Tomato hornworm
Manduca 
quinquemaculata

B. thuringiensis aizawai X Certis (2016a)

B. thuringiensis var. kurstaki X Certis (2016b)

Cotesia congregata X Kessler and Baldwin (2002)

Geocoris pallens X Kessler and Baldwin (2002)

Tobacco hornworm 
Manduca sexta

Bacillus thuringiensis aizawai X Certis (2016a)

B. thuringiensis var. kurstaki X Certis (2016b)

C. congregata X Kessler and Baldwin (2002)

G. pallens X Kessler and Baldwin (2002)

T. pretiosum X LeBeck and Leppla (2015) and Oatman and Platner (1971)

Hemiptera (Whiteflies)

Glasshouse (green-
house) whitefly
Trialeurodes 
vaporariorum

Dicyphus hesperus X Lambert et al. (2005), McGregor et al. (2000), and van 
Lenteren (2012)

Dicyphus tamaninii X Alomar and Albajes (1996)

TABLE 13.1 Important Arthropod Pests of Tomatoes and Their Associated Natural Enemies, Including Commercially Available 
Species—cont’d
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Pests Agents

Available 
Commercially

ReferencesYes No
Encarsia formosa X Hoddle et al. (1998), LeBeck and Leppla (2015), van Lenteren 

(2012), and van Lenteren et al. (1996)

O. insidiosus X LeBeck and Leppla (2015) and van Lenteren (2012)

Macrolophus caliginosus X Agrobio (2016a)

Tobacco (sweetpotato) 
whitefly
Bemisia tabaci
Silverleaf whitefly
B. argentifolii

Dicyphus hesperus X LeBeck and Leppla (2015) and van Lenteren (2012)

Eretmocerus californicus X Rincon Vitova (2017)

Eretmocerus mundus X LeBeck and Leppla (2015) and van Lenteren (2012)

M. caliginosus X Arnó et al. (2000), Gabarra et al. (2006), and van Lenteren 
(2000a)

Nesidiocoris tenuis X Calvo et al. (2008), Koppert (2016b), and van Lenteren (2012)

O. insidiosus X LeBeck and Leppla (2015) and van Lenteren (2012)

Hemiptera (Aphids)

Potato aphid
Macrosiphum 
euphorbiae

Aphelinus abdominalis X LeBeck and Leppla (2015) and van Lenteren (2012)

Aphidius ervi X LeBeck and Leppla (2015) and van Lenteren (2012)

Chrysoperla spp. X LeBeck and Leppla (2015)

Lecanicillium lecanii X Fournier and Brodeur (1999)

O. insidiosus X LeBeck and Leppla (2015) and van Lenteren (2012)

Green peach aphid
Myzus persicae

Aphidius colemani X LeBeck and Leppla (2015) and van Lenteren (2012)

Aphidius matricariae X LeBeck and Leppla (2015) and van Lenteren (2012)

Aphidoletes aphidimyza X Applied Bio-nomics (2016a)

Chrysoperla spp. X LeBeck and Leppla (2015)

O. insidiosus X LeBeck and Leppla (2015) and van Lenteren (2012)

Cotton, melon aphid
Aphis gossypii

Aphidius colemani X LeBeck and Leppla (2015) and van Lenteren (2012)

Chrysoperla spp. X LeBeck and Leppla (2015)

O. insidiosus X LeBeck and Leppla (2015) and van Lenteren (2012)

Hemiptera (Psyllids)

Tomato (potato) 
psyllid
Bactericera 
(Paratrioza) cockerelli

Beauveria bassiana X Lacey et al. (2009) and LeBeck and Leppla (2015)

Delphastus catalinae X Applied Bio-nomics (2016b)

Metarhizium anisopliae X Lacey et al. (2009)

Tamarixia triozae X LeBeck and Leppla (2015)

Hemiptera (Stink Bugs)

Consperse stink bug 
Euschistus conspersus

Trissolcus spp. X Smilanick et al. (1997)

Southern green stink 
bug
Nezara viridula

Telenomus podisi X Ehler (2002)

Trichopoda pennipes X Ehler (2002)

Trissolcus basalis X Hoffmann et al. (1991)

Thysanoptera (Thrips)

Western flower thrips
Frankliniella 
occidentalis

A. swirskii X LeBeck and Leppla (2015) and van Lenteren (2012)

B. bassiana X LeBeck and Leppla (2015)

N. (Amblyseius) cucumeris X LeBeck and Leppla (2015) and van Lenteren (2012)

Orius spp. X LeBeck and Leppla (2015) and Syngenta (2016b)

Tobacco thrips
Frankliniella fusca

A. swirskii X LeBeck and Leppla (2015) and van Lenteren (2012)

O. insidiosus X LeBeck and Leppla (2015) and van Lenteren (2012)

Thripinema fuscum X Carter and Gillert-Kaufman (2015)

Galendromus occidentalis X LeBeck and Leppla (2015)

Continued
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Pests Agents

Available 
Commercially

ReferencesYes No

Diptera (Leaf Miners)

Tomato leafminer
Liriomyza bryoniae

Chrysocharis oscinidis X CABI-EPPO (2016)

Dacnusa sibirica X CABI-EPPO (2016) and van Lenteren (2012)

Diglyphus begini X van Lenteren (2012)

D. isaea X CABI-EPPO (2016), LeBeck and Leppla (2015), and van 
Lenteren (2012)

Opius dimidiatus X CABI-EPPO (2016)

Opius pallipes X CABI-EPPO (2016), Rincon Vitova (2001), and van Lenteren 
(2012)

American serpentine 
leafminer
Liriomyza trifolii

Chrysocharis parksi X Capinera (2014a)

Diglyphus begini X Capinera (2014a) and Tong-Xian et al. (2009)

Diglyphus intermedius X Capinera (2014a)

Diglyphus pulchripes X Capinera (2014a)

Pea leafminer
Liriomyza 
huidobrensis

Dacnusa spp. X Bahlaib et al. (2006)

D. sibirica X LeBeck and Leppla (2015), UCDavis IPM (2010), and van 
Lenteren (2012)

Halticoptera circulus X Bahlaib et al. (2006)

Opius spp. X Bahlaib et al. (2006)

Vegetable leafminer
Liriomyza sativae

Banacuniculus hunteria X Capinera (2014b)

Chrysonotomyia punctiventris X X Capinera (2014b)

D. isaea X Abd-Raboua (2007), LeBeck and Leppla (2015), and van 
Lenteren (2012)

Halicoptera circulis X Capinera (2014b)

Opius dimidiatus X Capinera (2014b)

Diptera (Darkwinged Fungus Gnats)

Bradysia spp. B. thuringiensis israelensis (Bti) X LeBeck and Leppla (2015) and Pundt (2014)

Dalotia coriaria (Atheta coriaria) X LeBeck and Leppla (2015), Pundt (2014), and van Lenteren 
(2012)

Hypoaspis miles
(Stratiolaelaps scimitus)

X LeBeck and Leppla (2015), Pundt (2014), and van Lenteren 
(2012)

Orius spp. X LeBeck and Leppla (2015) and Syngenta (2016b)

Steinernema feltiae X LeBeck and Leppla (2015), Pundt (2014), and van Lenteren 
(2012)

Acari (Mites)

Two-spotted spider 
mite
Tetranychus urticae

Amblyseius swirski X LeBeck and Leppla (2015) and van Lenteren (2012)

Neoseiulus (Amblyseius) californicus X LeBeck and Leppla (2015) and van Lenteren (2012)

N. (Amblyseius) cucumeris X LeBeck and Leppla (2015) and van Lenteren (2012)

Phytoseiulus persimilis X LeBeck and Leppla (2015) and van Lenteren (2012)

S. scimitus X Applied Bio-nomics (2016d)

Broad mite
Polyphagotarsonemus 
latus

Amblyseius andersoni X LeBeck and Leppla (2015) and van Lenteren (2012)

Amblyseius (Iphiseius) degenerans X LeBeck and Leppla (2015) and van Lenteren (2012)

N. (Amblyseius) californicus X LeBeck and Leppla (2015) and van Lenteren (2012)

Tomato russet mite
Aculops lycopersici

Amblyseius andersoni X Syngenta (2016a) and van Lenteren (2012)

G. occidentalis X LeBeck and Leppla (2015)

Neoseiulus (Amblyseius) fallacis X Applied Bio-nomics (2016c)

aFormerly Ganaspidium hunter.

TABLE 13.1 Important Arthropod Pests of Tomatoes and Their Associated Natural Enemies, Including Commercially Available 
Species—cont’d
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FIGURE 13.2 Tomato fruitworm, Heliocoverpa zea, larva.

FIGURE 13.3 Trichogramma sp. wasp parasitizing a tomato fruitworm, Heliocoverpa zea, egg. Photo by Jack Kelly Clark and Frank G. Zalom, 
University of California Statewide IPM Program, with permission.

FIGURE 13.4 Beet armyworm, Spodoptera exigua, larva killed by Baculovirus heliothis (NPV). Photo by Jack Kelly Clark and Frank G. Zalom, 
University of California Statewide IPM Program, with permission.
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Noctuids of the genus Spodoptera, including the beet armyworm, Spodoptera exigua (Hübner), the Egyptian cotton 
leafworm, Spodoptera littoralis (Boisduval) and others, feed on both foliage and fruit, but are not considered as damaging 
to tomatoes in the open field as is H. zea, possibly because they do not feed as deeply into fruit and the wounds may heal. 
Wounds cause fresh-market tomatoes to be rejected, but there is a wider tolerance for larval holes in tomatoes processed for 
products such as juice, paste, and ketchup. The microbial pesticide, B. thuringiensis subsp. aizawai, has enhanced control 
of S. exigua and Bacillus subtilis (Ehrenberg) is registered for use against S. littoralis (Table 13.1). Hemipteran predators 
available for ABC of these armyworms include Geocoris spp., O. insidiosus, and Podisus maculiventris (Say). Loopers, 
also members of the Noctuidae, feed primarily on foliage and the larvae can consume enough leaf area to reduce yields 
or expose fruit to sunburn when they occur at high densities. They usually can be controlled in tomato crops by natural 
enemies, particularly hymenopteran egg and larval parasitoids, and applications of B. thuringiensis (Delannay et al., 1989). 
One species, the tomato looper, Chrysodeixis chalcites (Esper), which occurs outdoors in Mediterranean tomato-growing 
areas and in protected culture in northern Europe, is managed with releases of predaceous green lacewings, Chrysoperla 
carnea (Stephens), and Trichogramma spp. parasitoids.

Hornworms are very large larvae of the lepidopteran family, Sphingidae, that have the capacity to quickly defoli-
ate plants. The tomato hornworm, Manduca quinquemaculata (Haworth), and a related species, the tobacco hornworm, 
Manduca sexta (L.), occur in Mexico north through the United States into Canada and feed only on solanaceous plants. 
They primarily occur in home gardens and field-grown tomatoes, and are not considered particularly damaging. There are 
many natural enemies of M. quinquemaculata that generally keep it under natural control, one of the most common being 
an ectoparasitic braconid wasp, Cotesia congregata (Say). B. thuringiensis also controls it very effectively.

2.2  Hemiptera

Whiteflies damage tomatoes through direct feeding on the foliage, inserting their stylets into leaf veins and extracting nutri-
ents from the phloem. They can occur in very large numbers, reducing plant growth and yield (Johnson et al., 1992). They 
also excrete honeydew that serves as a substrate for the growth of sooty mold that reduces the quality of harvested fruit. 
Although they can become damaging in the open field, they are primary pests in glasshouses and other forms of protected 
culture. Two species are of particular significance, the greenhouse whitefly, Trialeurodes vaporariorum Westwood and 
the tobacco or sweetpotato whitefly, Bemisia tabaci (Gennadius) (Trottin-Caudal et al., 2006). Both species transmit plant 
viruses and biological control may not be possible because very few vectors are required to infect tomato plants (Avilla 
et al., 2004). Biological control of T. vaporariorum and B. tabaci is well established in both Europe and North America 
(Argyriou, 1985; van Lenteren and Woets, 1988; Merino-Pachero, 2007) with the hymenopteran parasitoids Encarsia for-
mosa Gahan for T. vaporariorum and Eretmocerus mundus (Mercet) for B. tabaci. Several species of predatory Hemiptera 
are also commercially produced and distributed for biological control of these pests, e.g., O. insidiosus, Dicyphus hesperus 
Knight, and Macrolophus caliginosus Wagner (Table 13.1, whiteflies).

Aphids damage tomatoes through direct feeding on leaves and stems, production of honeydew that is associated with 
development of sooty mold, and transmission of plant viruses (Blumel, 2004). They are of concern in both open-field 
production and protected culture. In protected culture, it is preferable to manage aphids through exclusion (Hochmuth and 
Sprenkel, 2015); however, if they gain entry and spread widely, chemical or biological control is required. The three key 
species are distributed worldwide: potato aphid, Macrosiphum euphorbiae Thomas, green peach aphid, Myzus persicae 
(Sulzer) and cotton or melon aphid, Aphis gossypii Glover. Naturally occurring parasitoid guilds that are often habitat-
specific and generalist predators, including coccinellids, syrphids, and lacewings, can control these aphids unless they are 
impacted by insecticides. Commercially available hymenopteran parasitoids and general predators, such as green lace-
wings, Chrysoperla spp. (Fig. 13.5), and the minute pirate bug, O. insidiosus (Fig. 13.6), are effectively used in protected 
culture for controlling aphids (Table 13.1). A microbial insecticide containing the fungus Lecanicillium lecanii Zare & 
Gams is also registered for use on aphids in tomato crops and has shown promise in greenhouse applications (Fournier and 
Brodeur, 1999).

The tomato psyllid, Bactericera (Paratrioza) cockerelli (Šulc), is a member of the hemipteran family Triozidae. Long 
considered one of the most destructive potato pests in the western hemisphere, it has become a serious pest of other sola-
naceous vegetables, including pepper, eggplant, and tomato (Capinera, 2001; Agriculture and Agri-Food Canada, 2011). In 
recent years, it has gained prominence as a vector of the bacterium Candidatus Liberibacter solanacearum Jagoueix (syn. 
Liberibacter psyllaurous), commonly called the zebra complex or psyllid yellows. Bactricera cockerelli is attacked by a num-
ber of generalist natural enemies including lacewing larvae, coccinellids, big-eyed bugs, minute pirate bugs, mirids, nabids, 
and syrphid larvae, and the parasitoid Tamarixia triozae (Burks), which is produced commercially (Table 13.1). Microbial pes-
ticides, including the entomopathogenic fungi Beauveria bassiana (Balsamo-Crivelli) Vuillemin and Metarhizium anisopliae 
(Metchnikoff) Sorokin, have produced up to 78% mortality in the field (Lacey et al., 2009).
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Stink bugs are members of the suborder Heteroptera that contains the “true bugs” as opposed to the whiteflies, aphids, 
and tomato psyllid that are in the suborder Stenorrhyncha. Stink bug species are considered to be primary pests of tomatoes 
that damage green fruit by inserting their mouthparts into the fruit and injecting salivary secretions. This produces a white 
corky tissue below the epidermis that remains firm as the fruit ripens and is visible at harvest. Unlike the Stenorrhyncha, 
stink bugs do not transmit plant viruses, although they may vector the yeast Nematospora. Stink bugs usually are only of 
concern in open-field production because they can be excluded easily from tomatoes produced in protected culture. Stink 
bugs are relatively large insects, and notoriously difficult to control even with highly toxic insecticides. The most important 
natural enemies are egg parasitoids in the Hymenoptera family, Scelionidae, and nymphal parasitoids of the Diptera family 
Tachinidae. The scelionid, Trissolcus basalis (Wollaston), has been successfully mass reared and introduced to control the 
green stink bug, Nezara viridula (L.). This pest has spread worldwide from its origin in the Mediterranean area or the African 
mainland. Smilanick et al. (1997) demonstrated the potential of several native scelionids to control the consperse stink bug, 
Euschistus conspersus Uhler, through ABC in California tomatoes. However, the high cost of rearing the parasitoids on stink 
bug hosts prevented their adoption by commercial insectaries.

2.3  Thysanoptera

Three species of thrips, the western flower thrips, Frankliniella occidentalis Pergande, tobacco thrips, Frankliniella fusca 
(Hinds), and onion thrips, Thrips tabaci Lindeman, reportedly damage tomatoes both in protected culture and the open 
field. They directly injure foliar and floral buds, scar petals and flowers, and silver and crinkle leaves thus reducing yield 
and fruit quality. They may also cause damage indirectly by transmitting tomato viruses, such as tomato spotted wilt virus, 
impatiens necrotic spot virus, and tomato chlorotic spot virus. Thrips are tiny and difficult to exclude from protective 

FIGURE 13.5 Chrysoperla sp. larva feeding on a green peach aphid, Myzus persicae. Photo by Jack Kelly Clark and Frank G. Zalom, University of 
California Statewide IPM Program, with permission.

FIGURE 13.6 Minute pirate bug, Orius insidiosus, feeding on an aphid. Photo by Jack Kelly Clark and Frank G. Zalom, University of California 
Statewide IPM Program, with permission.
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culture, but elimination of alternate host plants from areas around structures where tomatoes are grown helps to reduce 
potentially invasive populations (Dissevelt and Ravensberg, 1997; Parrella et al., 1999; van Lenteren, 2000b). Various spe-
cies of predators attack thrips, especially anthocorids in the genus Orius, other generalist hemipteran predators, and spiders. 
Control with hymenopteran parasitoids has been less effective. Very high levels of parasitism of F. fusca by the nematode, 
Thripinema fuscum Tipping & Nguyen, have greatly reduced larval populations in the field, and caused a 50% reduction in 
the ability of females to transmit tomato spotted wilt virus. Commercial BCAs are available for managing thrips, including 
O. insidiosus, the phytoseiid mites A. swirskii and Neoseiulus (Amblyseius) cucumeris (Oudemans) and the fungal pathogen 
B. bassiana (Table 13.1).

2.4  Diptera

Larvae of dipteran leafminers, Liriomyza spp., mine leaves (Fig. 13.1) and petioles, reducing the photosynthetic ability of 
tomato plants and associated yields, and exposing developing fruit to sun scald. The American leafminer, Liriomyza trifolii 
(Burgess), pea leafminer, Liriomyza huidobrensis (Blanchard) and vegetable leafminer, Liriomyza sativae Blanchard, all 
originated in the western hemisphere but have greatly expanded their ranges to include protected culture in most tomato-
growing regions of the world. They are highly polyphagous, especially L. trifolii which has a host range that includes over 
400 species in 28 plant families. The tomato leafminer, Liriomyza bryoniae (Kaltenbach), has a more limited distribution in 
Europe and Asia. Hymenopteran parasitoids of dipteran leafminers in Braconidae, Eulophidae, and Pteromalidae families 
usually control these pests in the absence of insecticides. There are more than 150 species of parasitoids associated with 
Liriomyza spp. (Liu et al., 2011) and some have been mass reared for potential ABC (Liu et al., 2009). Several of these 
parasitoids are commercially available and used in protected tomato crops (Table 13.1). Predators and entomopathogens are 
not as effective as parasitoids in controlling dipteran leafminers (Johnson et al., 1980b).

Most species of dark-winged fungus gnats feed on fungi and decaying organic matter and are not considered economic 
problems. However, larvae of a few species in the genus Bradysia attack healthy tissue of tomato plants in greenhouses 
throughout the world. Fungus gnat problems are often symptomatic of damp conditions and diseased plant roots, and there-
fore can be mitigated by managing irrigation and promoting root health. ABC targets immature fungus gnats that are found 
in the upper 2.5 cm of soil. Commercially available predators include a rove beetle, Dalotia coriaria Kraatz, and a preda-
tory mite, Hypoaspis miles Berlese (Stratiolaelaps scimitus (Womersley)) (Table 13.1). The entomopathgenic nematode, 
Steinernema feltiae (Filipjev), and a microbial pesticide, B. thuringiensis israelensis, can also be used to control fungus 
gnats (Table 13.1).

2.5  Acari

Three mites associated with tomato production are regarded as significant pests worldwide. The most common species of 
spider mite attacking tomato plants in both protected culture and the open field is the two-spotted spider mite, Tetranychus 
urticae Koch. T. urticae has the capacity to reproduce very rapidly and build extremely high densities under favorable 
conditions. Foliar feeding by T. urticae causes leaves to desiccate and become chlorotic and necrotic, leading to yield loss 
and sun scalding of fruit. The broad mite, Polyphagotarsonemus latus (Banks), is a worldwide pest on vegetables, includ-
ing tomatoes, as well as ornamental plants grown in greenhouses. The edges of young leaves usually curl when damaged, 
become rigid and appear bronzed or scorched. Females of P. latus have a phoretic relationship with the whitefly, B. tabaci. 
The tomato russet mite, Aculops lycopersici (Massee), has a narrower host range than T. urticae or P. latus, requiring a 
perennial alternate host to survive during winter (Rice and Strong, 1962). A. lycopersici feeds on tomato foliage, flowers, 
and young fruit, causing leaf necrosis, bronzing of leaves and stems, flower abortion, and russeting of fruit. If uncontrolled, 
feeding by A. lycopersici kills the infested plant. These mites are controlled in the field by a number of natural enemies, 
such as predatory thrips, Orius spp., and predaceous mites in the families Phytoseiidae and Stigmaeidae. However, ABC of 
pest mites on tomatoes is limited to several species of Phytoseiidae, and their releases have proven especially successful in 
protected culture (Table 13.1).

3.  BIOLOGICAL CONTROL OF TOMATO PESTS IN PROTECTED CULTURE  
AND OPEN FIELD PRODUCTION

Biological control of arthropod pests of tomato with predators, parasitoids, and biopesticides depends on the production 
methods and tomato varieties that are grown, e.g., cherry, roma, grape, pear, cluster, heirloom, beefsteak, and cam-
pari. Tomatoes grown under protected culture in glasshouses and structures covered with shade cloth or plastic (e.g., 
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high tunnels) are generally infested by fewer pest species than tomatoes produced in open fields. For various reasons, 
protected culture has been the primary method of growing tomatoes in Europe for decades and is increasing in North 
America (Hanafi and Papasolomontos, 1999; Calvin et al., 2012). Almost all commercial tomato production in Canada 
occurs in technologically advanced glasshouses (Gabarra and Besri, 1999; Cook and Calvin, 2005), while the United 
States and Mexico are not only expanding protected culture in this type of structure but also in relatively simple shade 
houses that may not prevent pest entry. The geographical distribution of these tomato production facilities is increas-
ing, potentially exposing the plants to more pest problems in new regions, although the barriers created by protected 
culture and associated protocols prevent most pests from contacting the tomato plants. In the United States, the hectares 
of field-grown tomatoes greatly exceeds protected culture, and have declined only slightly as yields have increased. 
The full range of tomato pests that occur in the field must be managed using cultural practices (e.g., host-free periods), 
behavioral controls (e.g., mating disruption), applying biopesticides, and conserving natural enemies along with routine 
pest surveillance.

3.1  Availability of Commercial Natural Enemies for Tomato Pests

Adoption of biological control for tomato pests requires a reliable supply of high-quality natural enemies that are afford-
able and highly effective (Mhina et al., 2016). The necessary number of products is available, including 219 arthropod 
natural enemies produced worldwide, and there are tests to determine the quality of the most important species (van 
Lenteren, 2003, 2012). A current catalog listing natural enemies produced in North America includes 70 species of ben-
eficial nematodes, mites, and insect predators and parasitoids (LeBeck and Leppla, 2015). At least one natural enemy is 
listed for every arthropod pest of tomato, with many pests having several, along with potentially compatible biopesticides. 
The catalog identifies 61 suppliers of natural enemies, 35 of which are members of the Association of Natural Biocontrol 
Producers (ANBP) (http://www.anbp.org/). Adoption of ABC for tomato requires customer support and these companies 
provide written guidelines, including use and availability of natural enemies, release rates, and general biology of the target 
pests. The European biological control organization, the International Biocontrol Manufacturer’s Association (IBMA), has 
about 60 active members who produce or supply BCAs. Biorational products can also be located in the 2015 Directory of 
Least-Toxic Pest Control Products (BIRC, 2015). Therefore, at least in North America and Europe, natural enemies and the 
know-how to use them are readily available (BIRC, 2015).

3.2  Quality Assurance for Producing Natural Enemies

Producers and suppliers of natural enemies encounter many challenges in delivering high-quality products to tomato 
growers. Standard problems include developmental and behavioral changes in predators and parasitoids due to labora-
tory adaptation, facilities, and equipment that malfunction, substandard rearing materials, mistakes made by employ-
ees who tend to receive minimal training and supervision, and inadequate packaging, shipping, and handling (Nicoli 
et al., 1994; van Lenteren and Tommasini, 1999; Leppla, 2013). Many of these problems can be overcome by develop-
ing and implementing standard operating procedures (SOPs) that specify every step in producing and delivering the 
biological control products. SOPs include production control (facilities, equipment, and materials), process control 
(rearing procedures), and product control (growth stage of the natural enemy delivered) (Leppla, 2013). For product 
control, standards for BCAs usually describe the following measurable characteristics: species or strain identity and 
purity, age, size or weight, motility, survival, host location ability, and level of parasitism of the target pest (Smith, 
1996). For about 20 of these products, standards and associated tests have been developed by ANBP using a pro-
cess available from ASTM International (http://www.astm.org/), and some individual companies use the International 
Organization for Standardization (ISO 9001) program (http://www.iso.org/iso/home.html). ISO International defines 
a standard as “a document that provides requirements, specifications, guidelines or characteristics that can be used 
consistently to ensure that materials, products, processes and services are fit for their purpose.” The most common 
approach for testing biological control products is to modify the IOBC international standards for mass-producing 
insects (van Lenteren et al., 2003, http://users.ugent.be/∼padclerc/AMRQC/images/guidelines.pdf). Quality control 
guidelines are available for about 30 commercially produced BCAs based on these IOBC tests (Nicoli et al., 1994; 
van Lenteren et al., 2003). Regardless of the approach, at least minimal quality standards are required for all commer-
cial natural enemies purchased by tomato growers to manage arthropod pests. During shipment, however, the natural 
enemy products are exposed to abnormal circadian rhythms, overcrowding, reduced oxygen concentrations, condensa-
tion, and possibly temperature extremes.

http://www.anbp.org/
http://www.astm.org/
http://www.iso.org/iso/home.html
http://users.ugent.be/%7Epadclerc/AMRQC/images/guidelines.pdf
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3.3  Tomato Grower Evaluation of Natural Enemies

Preservation of the quality of natural enemies shipped by suppliers and received by tomato growers can be assessed by 
using the “Grower Guide: Quality Assurance of Biocontrol Products” (Buitenhuis, 2014). Tests are described for Aphelinus 
abdominalis (Dalman), Aphidius spp., Aphidoletes aphidimyza (Rondani), green lacewings (C. carnea, Chrysoperla rufilabris 
(Burmeister)), Cryptolaemus montrouzieri Mulsant, Dacnusa sibirica Telenga, D. (Atheta) coriaria, Delphastus catalinae 
(Horn), Dicyphus hesperus Knight, Diglyphus isaea (Walker), E. formosa, Eretmocerus spp. Feltiella acarisuga (Vallot), 
Hippodamia convergens Guérin-Méneville and other ladybeetles, Leptomastix dactylopii Howard, Orius spp., phytosiid mite 
predators (Amblyseius degenerans (Berlese), A. swirskii, Amblyseius andersoni (Chant), Neoseiulus californicus (McGregor), 
N. cucumeris, N. fallacis, Phytoseiulus persimilis Athias-Henriot), S. feltiae and other beneficial nematodes, Stethorus punctil-
lum (Weise), S. scimitus (H. miles) and Trichogramma spp. Criteria to be checked typically include the product name, com-
pany batch number, date received, packaging type and condition, number of organisms and emerging adults in the package, sex 
ratio, level of movement, and any other pertinent observations on the appearance and performance of the product. The natural 
enemies must be used as soon as possible and the supplier should be notified immediately if there is a problem.

3.4  The Status of Invertebrate Biological Control Agent Use in Augmentative Biological 
Control

Tomato growers are adopting ABC more frequently mainly in response to the expansion of pesticide-resistant populations of 
primary and secondary pests and escalating human health and environmental concerns. Consequently, the number of commer-
cial BCAs available for ABC has increased (van Lenteren, 2012), along with improvements in their rearing (Morales-Ramos 
et al., 2014). Application methods have also improved continuously (Waage and Greathead, 1988; Parrella et al., 1992; van 
Lenteren, 2000a; van Driesche and Heinz, 2004), such as the use of sachets and banker plants (Stacey, 1977). Sachets are per-
forated plastic envelopes of various sizes that are hung in plant canopies. They typically contain both a predator, e.g., predatory 
mite and a food source (commonly alternate mite prey or pollen). Sachets slowly release the predator (Bale et al., 2008), such 
as N. cucumeris to control western flower thrips on tomatoes (Shipp and Wang, 2003) and cucumbers (Jacobson et al., 2010). 
Banker plants, or open-rearing systems, are effective when target tomato pest densities are low (Frank, 2010). Crop or non-
crop plants are infested with host or prey species that are exposed to BCAs. The plants with the organisms are subsequently 
moved to the crop infested with target pests. Banker plants were developed initially to manage greenhouse whitefly-infested 
tomato plants, which were exposed to the aphelinid parasitoid E. formosa (Stacey, 1977). The banker plants with parasitized 
whitefly nymphs were moved to production greenhouses and emerging parasitoids attacked whitefly nymphs on the tomato 
plants. Although banker plants have been used primarily to manage whiteflies and aphids by incorporating a total of 19 BCAs 
(Frank, 2010), great potential exists to expand this kind of system to include more pests and natural enemies on a variety of 
greenhouse and field crops. Moreover, ABC could be integrated with other compatible management tactics, such as sterile 
insect technique, use of kairomones, and habitat diversification using various plant species (Sivinski, 2013). Improvements 
in BCAs and methods for their use will increase their availability and adoption (Collier and Van Steenwyk, 2004, 2006; van 
Lenteren, 2006). However, expansion in the development and use of both new and well-established BCAs continues to be 
complicated by governmental regulations. Delays and costs associated with assessing the risk of importing and releasing 
BCAs impedes the worldwide sharing of highly effective products (Bolckmans, 1999; Cock et al., 2010; van Lenteren, 2012).

3.5  Microbial Pesticides Available for Tomato Pests

Biopesticides have been broadly defined to include biochemical pesticides (pheromones and other attractants), microbial 
pesticides, and pesticides resulting from genetic manipulations (Glare et al., 2012). Numerous biopesticides are commer-
cially available for managing arthropods in field and greenhouse tomato crops (Lipa and Smits, 1999; IR-4, 2010; BIRC, 
2015). Although biopesticides constitute only about 5% of the global pesticide market (Seiber et al., 2014), their market 
share has grown significantly over the past few years as the use of certain synthetic chemical pesticides has declined 
(Thakore, 2006; Glare et al., 2012) and because of a greater emphasis on pesticide resistance management. Microbial pes-
ticides are preparations containing species of bacteria, fungi, viruses, or protozoa as the main ingredient. Currently, micro-
bial pesticides account for approximately 75% of the global biopesticide market with the bacterial agent, B. thuringiensis 
kurstaki, and other subspecies being the most widely used (Hassan and Gökçe, 2014; Olson, 2015). The 67 registered B. 
thuringiensis products that are marketed in more than 450 formulations alone generate annual sales exceeding $90 million 
(Jindal et al., 2013), and they are also the most common biopesticides used in tomato production. Other registered microbial 
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pesticides used on tomato crops include the fungi B. bassiana, M. anisopliae and L. lecanii. These infect taxa that are not 
controlled by Bacillus spp., including the western flower thrips (Ansari et al., 2007), potato psyllid (Lacey et al., 2009), and 
greenhouse whitefly (Ravensberg et al., 1990). A number of insect viruses infect Lepidoptera larvae but only a few, such as 
nuclear polyhedrosis viruses specific to the beet armyworm, S. exigua, and tomato fruitworm, H. zea, have been registered 
for use against tomato pests.

3.6  Advantages of Using Microbial Pesticides

Microbial pesticides have many advantages relative to synthetic chemical pesticides, including lower cost of development 
and registration, fewer side effects, and the possibility of less selection for resistance in the target pests. A novel chemical 
pesticide routinely requires $250 million and 9 years to reach the marketplace; whereas, development of a microbial prod-
uct may be limited to only $10 million over 4 years (Olson, 2015). Most microbial pesticides are not toxic to humans and 
other non-target vertebrates (Leng et al., 2011); therefore, they are exempt from residue limits on fresh and processed foods 
(Olson, 2015). This is particularly important for export crops that are shipped globally and subject to international maxi-
mum residue levels (Marrone, 2007). Moreover, since 2003 many chemical pesticides (>300) have been officially banned 
from the European Union (EU) to restrict residue levels, especially products deemed to be human endocrine disrupters 
(Leng et al., 2011; Lacey et al., 2015). When microbial pesticides are applied either alone or in combination with lower 
rates of chemical pesticides, consumer exposure to regulated pesticide residues is reduced while crop yields remain high 
(Regnault-Roger, 2012; Hassan and Gökçe, 2014). Food contamination by microbial pesticides is also unlikely because of 
their brief persistence (Hassan and Gökçe, 2014). Low-to-no reentry intervals and minimal post-harvest intervals also favor 
adoption of microbial pesticides instead of chemical pesticides (Olson, 2015). Because of their complex mode of action, 
it is unlikely that microbial pesticide use will lead to resistance in the target pests (Marrone, 2007; Copping, 2013). Also, 
these pesticides are generally composed of few volatile organic compounds, so they can be used to replace chemicals that 
cause air pollution (Marrone, 2007).

3.7  Challenges in Using Microbial Pesticides

Major challenges to increasing the acceptance and utilization of microbial pesticides are marketplace competition, stan-
dardization of production, and regulatory requirements. Competing with established, highly effective chemical pesticide 
distributors can be overwhelming for microbial pesticide suppliers who must convince growers to convert from their time-
tested methods and use relatively novel, unproven products (Olson, 2015). While production of chemical pesticides is 
dominated by fewer than 10 massive global corporations, microbial pesticide companies number in the hundreds, with 
more than 50 controlling no more than 60% of the total market (Leng et al., 2011; Olson, 2015). These companies produce 
microbial pesticides by fermentation using raw materials readily available from agriculture with production wastes often 
recycled to farms as fertilizer (Marrone, 2007). Nevertheless, production costs are relatively high and current microbial 
pesticide products are more expensive than most chemical pesticides, a major limiting factor in many potential markets 
(Lacey et al., 2015). Substandard production, handling, and distribution of microbial products can lead to loss of effective-
ness and also reduce sales (Fravel et al., 1999; Mishra et al., 2015). Mass-production technologies for microbial pesticides 
must be improved and standardized to minimize problems associated with contamination, formulation potency, reduced 
effectiveness, and limited shelf life (Jindal et al., 2013). Registration of a new microbial pesticides discovered by screening 
candidate microorganisms can be delayed because regulatory agencies use a framework designed for synthetic chemical 
pesticides (Lacey et al., 2015). Thus, the normally cost-competitive registration of a microbial pesticide can become a 
lengthy and expensive procedure (Jindal et al., 2013), and there is a need for greater harmonization of registration require-
ments across international boundaries, including acceptance of generic safety data (Regnault-Roger, 2012; Lacey et al., 
2015). Given these constraints, research and development for microbial pesticides is more attractive to start-ups and small 
companies with limited budgets than to large global corporations (Olson, 2015).

Another major difficulty in adopting microbial pesticides is grower education (Leng et al., 2011), especially demon-
strations that illustrate how microbial pesticides fit into IPM programs and what should be expected from these products 
(Jacobson, 2004; Marrone, 2007). Microbial pesticides are sometimes regarded as inferior to chemical pesticides in several 
ways, e.g., amounts required, speed-of-kill, and high life stage specificity (Leng et al., 2011). Although rapid degradation 
of most microbial pesticides can be considered advantageous when compared with chemical pesticides, frequent applica-
tions are required for optimal effectiveness. Many growers are confused and skeptical about microbial pesticides, brand-
name recognition is lacking, and expectations are high for “silver bullets” as experienced with many chemical pesticides 
(Marrone, 2007; Mishra et al., 2015). The relatively long periods required by microbial pesticides to kill their hosts have 
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also hampered their effectiveness and acceptance by potential users (Jindal et al., 2013). Moreover, growers often lack 
knowledge about how to handle and apply microbial pesticides. The added labor and expense often is a deterrent that inhib-
its the growth of the microbial pesticide market (Olson, 2015).

4.  TRENDS IN COMMERCIAL BIOLOGICAL CONTROL

Microbial pesticides could create a new era of sustainable agriculture by providing alternatives to some of the most problem-
atic chemical pesticides (Dufour, 2015; Mishra et al., 2015). In an effort to expand markets for microbial pesticides and BCAs, 
the historic first meeting of the fledgling “International Federation of Biocontrol/Biopesticide Associations” (now named 
“BioProtection Global”) was held in 2015. Founding members of the federation were the Biopesticide Industry Alliance (BPIA), 
International Biocontrol Manufacturers Association (IBMA), the South African Bioproducts Organization (SABO), Associacao 
Brasileira das Empresas de Controle Biologica (ABC Bio), and ANBP. Objectives of the federation include: (1) advancing bio-
control globally; (2) international harmonization of regulations; (3) access and benefit sharing of genetic resources; and (4) build-
ing relationships with allied industries and institutions, e.g., organic and sustainable agriculture, and relevant intergovernmental 
organizations (IGOs) and non-governmental organizations (NGOs). An impetus for formation of the global federation was the 
continued expansion of “biorational” products (biopesticides, biostimulents, and BCAs) and the recent purchase of smaller biora-
tional product companies by large multinational chemical companies, e.g., BASF, Monsanto, Dow, DuPont, Syngenta, and Bayer.

Efforts to integrate microbial pesticides and BCAs have been ongoing for many years. Oatman et al. (1983) dem-
onstrated that major lepidopteran fruit pests (e.g., H. zea) of tomato could be managed successfully using sprays of B. 
thuringiensis var. kurstaki (Dipel) combined with inundative releases of the egg parasitoid T. pretiosum. The level of control 
was not significantly different between ABC and weekly treatments with the broad spectrum pesticide methomyl. However, 
methomyl sprays led to increases in Liriomyza leafminers because of reductions in several species of hymenopteran para-
sitoids that normally kept them from becoming abundant (Johnson et al., 1980b). Due to detrimental effects on predators 
and parasitoids, along with many other problems, efforts are being made to dramatically reduce the use of synthetic chemi-
cal pesticides (Marrone, 2007), creating opportunities to employ safer microbial pesticides in combination with effective 
BCAs. However, each microbial pesticide must be evaluated individually with respect to its impact on BCAs. Johnson and 
Krugner (2004) reviewed 29 studies on the impacts of commercial organic agriculture products (four insect pathogens, 
Spinosad, and neem/azadirachtin) on 49 natural enemy species among 23 arthropod families, including insects, mites, and 
spiders. Many of the toxins used in legally compliant organic pesticides either killed or debilitated, via sublethal effects, 
many parasitoids and predators commonly found in agricultural crops, such as tomato.

Effective BCAs and microbial pesticides are available for managing many agricultural pests, but more have been discov-
ered that should be commercialized. Due to the development of niche markets, e.g., glasshouse crops, organic production, 
and certain field crops, BCA use has been growing at a rate of about 15–20% per year (Bolckmans, 1999; van Lenteren, 
2012), and probably has exceeded $200 million (Bolckmans, 2008). The sustained development of microbial pesticides is 
essential for increasing the quality and safety of agricultural production and enhancing the economic value of agricultural 
products, such as tomatoes and other vegetables (Leng et al., 2011). Progress in bringing new microbial pesticides to the 
marketplace will require additional investments in research to accelerate the discovery of potentially useful microorganisms 
and to enhance the efficacy, delivery, and persistence of the resulting products. Regulatory assistance is needed to specifi-
cally address living microorganisms, minimize expensive non-target testing, and decrease the time required for registration 
of microbial products (Glare et al., 2012). Currently, annual global sales of biopesticides are at least $3 billion depending 
on which organisms are included (Olson, 2015). If the global pesticide market is about $60 billion, biopesticides account 
for 5%, with an annual growth rate of 12% (Koivunen et al., 2013). Additional investments in accelerating development of 
these safer biological control products will yield significant economic and environmental returns (Leppla and King, 1996).

5.  ECONOMICS OF ADOPTING AUGMENTATIVE BIOLOGICAL CONTROL

In addition to being effective, BCAs and biopesticides must be affordable, and growers and pest management advisors must 
know how to use them appropriately in tomato cropping systems. Complete biological control of greenhouse tomato pests is 
routinely accomplished with BCAs, but can be complicated and is usually site-specific. Accordingly, most major suppliers 
require customers to contact them for guidance on how to manage their pest problems. It is necessary to accurately define key 
variables, such as the pest species and their abundance, possible use of chemical pesticides, and a range of complex cultural 
practices. This information is required to determine the species of natural enemies needed, the timing, release rates, and associ-
ated cost, and even to decide if biological control is feasible. The cost of biological control products varies widely and is not 
advertised usually because suppliers work with customers to design and price successful pest management programs. As a 
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generalized example for large-scale greenhouse tomato production, a major supplier of E. formosa recommends the following 
weekly regimen: (1) At planting—in a clean greenhouse, apply at a rate of 0.25 parasitoids/m2 if no whitefly is detected but, 
if whitefly is detected, increase the rate to 0.5/m2; (2) Main season— if the weekly count is over 2 whitefly per sampling card, 
double the rate to 1 parasitoid/m2; and (3) Late season—E. formosa should be maintained until the last 1–2 weeks of produc-
tion (http://www.appliedbio-nomics.com/). If it would take 16 weeks to produce a tomato crop, the weekly release rates are 
0.25 parasitoids/m2 for the first 2 weeks (500 parasitoids/ha), 0.5/m2 for the next 4 weeks (2000 parasitoids/ha), and 1/m2 for 
the last 10 weeks (10,000 parasitoids/ha). The grower would need 12,500 parasitoids per ha and, at an approximate price of 
US$8 per 1000, the cost would be $100/ha ($0.10/m2). Due to this economy of scale, a large well-managed tomato greenhouse 
in Canada had an annual cost of $140/ha ($0.14/m2) for whitefly control with E. formosa (B. Spencer, Applied Bio-nomics). 
However, the cost of biological control would escalate rapidly if the grower needed to manage spider mites concurrently with 
S. scimitus (H. miles) or P. persimilis at 50 to 100/m2, russet mites with A. fallacis at 2 mites/m2, aphids with A. aphidimyza 
at 0.2–0.6/m2, thrips with A. cucumeris at 100 mites per plant, and potato psyllid with D. catalinae at 1/m2. A natural enemy 
producer listed the following prices for these natural enemies: S. scimitus (10,000 at $27.00), P. persimilis (1000 at $32.50), 
A. fallacis (1000 at $32.50), A. aphidimyza (250 at $27.00), A. cucumeris (1000 at $80), and D. catalinae (100 at $53.00) 
(http://www.rinconvitova.com/index.htm). For comparison, a fictitious 16-week pest management strategy using two chemical 
pesticides, Acramite (bifenazate) for mites ($160/851 g/ha) and Pyganic (pyrethrins) for thrips, whiteflies, aphids, and other 
pests ($60/1.1 L/ha) would cost about $220/ha ($0.22/m2). Thus, although there would be an additional cost for mite biological 
control, use of BCAs probably would be less expensive for tomato production in certain situations, such as protected culture, 
and preferred to eliminate ineffective or highly toxic insecticide use, protect pollinator bumblebees, avoid worker reentry or  
pre-harvest intervals (Olson, 2015), preclude insecticide application costs (materials, equipment, training, record keeping, etc.), 
meet organic certification requirements, comply with government regulations, and satisfy consumer demands. Consequently, 
commercial biological control for arthropod pests of tomato will continue to increase globally as new BCAs and microbial 
pesticides are discovered and become commercialized.
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Protection of Tomatoes Using Bagging 
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Arthropod Pests
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1.  INTRODUCTION

Solanum lycopersicum L. (Solanaecae) fruit production is globally important with an annual production of 170 mil-
lion tons (FAO, 2014). Tomato production requires significant investment with pest control accounting for 40% of the 
total cost. In Brazil, pest control requires up to 40 spray treatments/crop in the rainy season (Rodrigues Filho et al., 
2003). Continued pesticide use may result in resistant insects, which can reduce fruit quality, and pesticides can also 
contaminate the environment, the applicator, and the consumer if not applied correctly (Picanço et al., 1998, 2007). 
Organic cultivation of tomatoes and other vegetable crops has been increasing approximately 9% a year throughout 
the world (Paull, 2011). Tomato plants that have been well nourished by organic matter are said to produce healthy 
fruit with higher dry matter content, flavonoid, and ascorbic acid content compared to fruit from conventional produc-
tion (Premuzic et al., 1998; Stertz et al., 2005; Mitchell et al., 2007). One method of reducing damage due to insects 
and diseases of tomato fruits is the use of bags. The use of waxed-paper, translucent plastic bags, and tissue non-tissue 
(TNT) fabric to protect fruit, starting when they are small (in general, after its formation), is one of the oldest and 
most effective control practices. These techniques have been found to be effective in preventing attacks by the fruit 
borers Annona crassiflora Mart. (Leite et al., 2012), Malus domestica Borkh. (Teixeira et al., 2011), Psidium guajava 
L. (Bilck et al., 2011), Pouteria caimito Radlk (Nascimento et al., 2011), and Mangifera indica L. (Graaf, 2010). In 
addition, bagging fruit with glassine paper resulted in a 67% reduction in infestation rates of Neoleucinodes elegan-
talis (Guenée) compared with non-bagged tomatoes (Rodrigues Filho et al., 2003). Clearly, bagging can prevent dam-
age by insects and reduce pesticide use without interfering with fruit formation and color development (Lebedenco, 
2006; Leite et al., 2014).

2.  TOMATO PRODUCTION IN BRAZIL AND IPM

Integrated pest management (IPM) can reduce the number of spray treatments needed to control pests and diseases when 
producing tomatoes (Picanço et al., 2007). Treatments may include selective use of insecticides (Leite et al., 1998), mineral 
oil as an insecticide (Picanço et al., 1998), more effective and selective compounds (i.e., new insecticides) (Silvério et al., 
2009), and plant extracts (Barbosa et al., 2011). Other techniques used to control pests and diseases include vertical staking 
of plants (Picanço et al., 1996, 1998), greater spacing between plants (Picanço et al., 1998), adequate fertilization (Leite 
et al., 2003), polyculture (Picanço et al., 1996), crop rotation (Leite et al., 2011), and mating disruption (Welter et al., 2005). 
Moreover, use of resistance to pests derived from wild tomato species and rustic accessions of S. lycopersicum (Leite et al., 
1999, 2001; Oliveira et al., 2009), disease resistant varieties (Paula and Oliveira, 2003), use of organic substances to attract 
or repel pests (Oliveira et al., 2009; Leite et al., 2011), natural and applied biological control (Pratissoli et al., 2005; Barbosa 
et al., 2011; Picanço et al., 2011), fruit bagging (Lebedenco, 2006; Leite et al., 2014), and organic farming (Mitchell et al., 
2007) are the techniques used to manage pests and diseases.
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3.  IMPACT OF FRUIT BAGGING ON TUTA ABSOLUTA (MEIRYCK), NEOLEUCINODES 
ELEGANTALIS (GUENÉE), AND HELICOVERPA ZEA (BODDIE)

Tomato fruit borers cause substantial damage in tomatoes in Brazil. These borers include Tuta absoluta (Meiryck)  
(Fig. 14.1A and B), N. elegantalis, and Helicoverpa zea (Boddie) (Picanço et al., 1998).

Only 0.3% of fruits bagged with organza fabric or TNT (Fig. 14.2A and B) were damaged by the insect borers  
(T. absoluta, N. elegantalis, and H. zea), while 23% of fruit was damaged in non-bagged clusters (Leite et al., 2014). 
Clusters bagged with paper (Fig. 14.2C) had 7.1% fewer fruits injured by H. zea versus fruit not bagged. Overall non-
bagged fruits (Fig. 14.2D) had a higher proportion of fruit damaged by insect borers: 7.5% by T. absoluta, 32.9% by  
N. elegantalis, and 28.7% by H. zea than bagged fruit (Leite et al., 2014). Serious damage by borers was reduced 
and greater fruit quality was observed in clusters bagged with organza fabric and TNT compared with non-bagged 
fruit. This finding agrees with the results of Rodrigues Filho et al. (2003) who found reduced damage caused by N. 
elegantalis on clusters of tomatoes bagged with glassine paper compared to insecticide treatment. Efficient control 
resulted from greater protection by the bags, which were completely sealed to prevent the penetration of these insects 
(i.e., oviposition on the fruits). Jordão and Nakano (2002) observed that a protective paper cone open at the bottom 
reduced damage by N. elegantalis by 70%, and by 40% for H. zea, but this type of protection was not effective against 
T. absoluta. The 4% damaged fruit on clusters bagged with paper was greater than the threshold of 1% of the fruit 
being injured by fruit borer (Alvarenga, 2004; Leite et al., 2014). This level of damage may be a result of the weak-
ness of the paper (Fig. 14.2E), especially after rainfall, even when the bags were replaced periodically (Leite et al., 
2014). Similar results were observed by Leite et al. (2012) with fruits of “araticum” A. crassiflora, bagged to protect 
them against fruit borers. These authors found that paper bags were destroyed by rain thus allowing a high level of 
insect damage.

4.  IMPACT OF FRUIT BAGGING ON ERWINIA SPP. AND ALTERNARIA SOLANI SORAUER

The main pathogens affecting tomato plants and their fruits in Brazil are Erwinia spp. and Alternaria solani Sorauer (Fig. 
14.1C and D) (Picanço et al., 1998, 2007). Infection of tomato fruit by these pathogens occurs mainly because of injuries 
during crop management and handling and damage by insect borers (Bergamin Filho et al., 1995). Bagging tomato fruit can 

(A)

(C)

(B)

(D)

FIGURE 14.1 (A) and (B) Tomato fruits attacked by Tuta absoluta, (C) tomato fruit attacked by Erwinia spp., and (D) tomato fruit attacked by 
Alternaria solani. Photos by Leite, G.L.D. (A), Rocha, F.S. (B), Catão, H.C.R.M. (C and D), with permission.
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prevent damage by these diseases (Lebedenco, 2006). Bagging tomato clusters with TNT showed a greater disease reduction 
(93.3%) of fruit damage by A. solani, followed by tissue organza with an 80.9% reduction compared with fruit bagged with 
paper, microperforated plastic bags, or non-bagged clusters (Leite et al., 2014). The reduction of disease by Erwinia spp. was 
greater on fruit bagged with TNT and organza fabric, at 86.3% and 78.4%, respectively, and 47.5% lower with microperforated 
plastic bags (Leite et al., 2014). These authors observed that TNT and organza fabric bags were more effective in preventing 
diseases by A. solani and Erwinia spp. because these coverings provided (1) greater protection against the spread of A. solani 
spores, which were mainly spread by wind as well as by splashing with rain and irrigation water (Zambolim et al., 2000); (2) 
higher gas exchange, avoiding the accumulation of moisture inside bagged clusters; and (3) increased protection against dam-
age by insects, which also reduced the spread of Erwinia spp. (Bergamin Filho et al., 1995). Also, the lower effectiveness of 
bagging clusters with microperforated plastic against Erwinia spp. and A. solani shows that this material is inappropriate for 
organic tomato production (Fig. 14.2F). This may be a result of the reduced gas exchange and increased moisture accumula-
tion, which favors the formation of a suitable environment for these pathogens (Leite et al., 2014).

(A) (B)

(C) (D)

(E) (F)

FIGURE 14.2 (A) Organza bag, (B) TNT bag, (C) paper bag, (D) control, (E) damaged paper bag, and (F) plastic bag.
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5.  IMPACT OF FRUIT BAGGING ON THRIPS AND MITES

Frankliniella schultzei (Trybom) attacks tomato plants and is most numerous in tomato flowers. Other thrips pests include 
Frankliniella occidentalis Pergande, which occasionally causes goldfleck damage to tomato fruit, and Thrips palmi Karny 
(Ghidiu et al., 2006; Kakkar et al., 2012). Tetranychus urticae Koch is an important mite pest on tomatoes that can feed 
directly on the fruit decreasing fruit marketability (Meck et al., 2013). Aculops lycopersici (Massee) is another important 
mite pest affecting tomato fruit yield and quality (Duso et al., 2010; Houten et al., 2013). Leite et al. (2014) did not observe 
any thrips or mite damage in tomato fruits that were bagged. However, no other research was found about the use of bags 
against these pests. We believe that the use of TNT and organza bags is able to reduce the damage due to these pests in 
tomato fruits, but field experiments are needed.

6.  IMPACT OF FRUIT BAGGING ON FRUIT PRODUCTION, QUALITY, AND PRODUCTION 
COST

Fruit bagging can impact fruit production, its quality, and production cost. Leite et al. (2014) tested four kinds of fruit bags 
against fruit borers and diseases in tomato plants: bagging with organza fabric, TNT covering, a microperforated plastic, 
brown paper bags, and no bagging (control). The percentage of flowers aborted (average of 0.36%) and fresh fruit mass 
(average of 91.87 g) were statistically similar among all of the treatments (Leite et al., 2014). Total number of fruits of 
“extra” size/cluster/plant were similar for clusters bagged with organza fabric (3.88 fruits in four clusters) or TNT (3.80 
fruits in four clusters) compared with the control (0.45 fruit in four clusters) (Leite et al., 2014). Fruits bagged with TNT 
(0.04%) or organza fabric (0.02%) had significantly fewer severe defects than the other treatments (0.12%), while the 
incidence of fruit with slight damage (0.04%) was similar among treatments (Leite et al., 2014). Bagged and non-bagged 
fruit clusters had similar percentages of aborted flowers and similar formation of fresh mass, which suggest that the mate-
rial of these bags did not affect tomato fruit formation (Leite et al., 2014). Lebedenco (2006) measured similar production 
rates of fresh mass for bagged and non-bagged tomato fruit. The average fresh weight/fruit of 91.87 g resulted in a yield of 
29.44 tons/ha.

Fruit size differed only for those with medium diameters, with the highest percentage (28.4%) for clusters bagged with 
microperforated plastic (Leite et al., 2014). They observed that clusters bagged with TNT or organza fabric had a higher 
percentage of “extra” fruit types with large (55.4% and 53.1%, respectively) and medium (19.8% and 17.7%, respectively) 
diameter compared to non-bagged clusters. On the other hand, clusters bagged with microperforated plastic bags or non-
bagged showed 22.9% and 17.7% large fruits and 11.1% and 6.3% medium fruits, respectively (Leite et al., 2014). The 
percentage of “extra” fruit types with small diameters (4.14%) was similar among treatments (Leite et al., 2014). Bagging 
with either organza or TNT provided more than twice the fruit yield of the control. Tomato fruit classified as “extra” have 
higher quality and market value (CEAGESP, 2000).

Leite et al. (2014) reported that skin color did not differ among treatments, with 92% of the fruit having the desired 
color pattern established by MAPA (Ministry of Agriculture, Livestock and Food Supply). The total soluble solids 
content (Brix) differed among treatments, with similar values for organza fabric (3.52 °Brix), TNT (3.67 °Brix) and 
control treatments (3.83 °Brix), which were greater than other treatments (2.77 °Brix) (Leite et al., 2014). The devel-
opment of fruit bagged either with TNT (41.03 days) or organza (40.72 days) to first harvest exhibited about a 3.86 
degree days (DD) compared to the control (37.01 days) (Leite et al., 2014). They suggested that similar skin color 
(normal production of lycopene), similar Brix degrees, and the roughly 3 DD in starting the tomato harvest either 
with organza fabric or TNT bagging were important because of the need to maintain the quality of the fruit (i.e., skin 
color and Brix degrees). The pattern of ripe tomato fruits and crude soluble solids that ranged from 3.5 to 6.0 °Brix 
showed that bagging fruit either with organza fabric or TNT maintained the proper temperature conditions for produc-
ing high-quality fruits (Alvarenga, 2004).

Leite et al. (2014) noted that the economic gain for bagging with organza fabric and TNT was significantly greater than 
for other treatments (Table 14.1). Bagging with TNT or organza yielded increases in profit over the control treatment of 
373.7% and 331.4%, respectively (Leite et al., 2014). The authors recommended the reuse of organza fabric bags for up to 
five crops to provide an economic gain similar to bagging with TNT (Table 14.2).

The >300% increase in production of tomatoes bagged either with organza fabric or with TNT compared to non-bagged 
clusters offsets the higher production cost by lowering losses to insect borers and to diseases (Leite et al., 2014). The value 
of organic tomatoes ranged from US$2.54 to US$7.15/kg and averaged US$5.15/kg compared to an average of US$1.00/kg 
for conventionally grown tomatoes (Martins et al., 2006) in the consumer markets of São Paulo State (Brazil), the largest 
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producer of organic vegetables in Brazil (Valarini et al., 2007). The profitability of organic tomatoes in protected cultivation 
is 59.9% (summer) and 113.6% (winter) with a production cost 17.2% lower than conventional tomatoes (Luz et al., 2007).  
The lower yield of organic tomatoes (30 tons/ha) compared to conventional production (56 tons/ha) can be offset by the 
higher market value of organic fruit, which can be 304% higher than tomatoes grown using  conventional  techniques. 
This higher value of organic tomatoes can more than compensate for the difficulties encountered when  producing organic 
 tomatoes (Martins et al., 2006). Growing a tomato crop is a high-risk enterprise with the fruit quality and market  determining 
the prices.

The demand for foods with less risk to human health (Diniz et al., 2006) extends to organically grown tomatoes that may 
have higher concentrations of flavonoids with antioxidant properties, which can be effective against cardiovascular diseases 
and some types of cancer (Mitchell et al., 2007).

7.  FUTURE PROSPECTS

We believe that the use of bagging fruit technique is a great option for tomato production (organic and conventional pro-
duction), and it is necessary to disclose this technique to farmers and test it in different world regions for other pests that 
attack fruit. The organza fabric can be reused numerous times, but should be cleaned in water with 1% sodium hypochlo-
rite (Machado et al., 2001). Bagging of tomato fruits with the organza material reused for five consecutive seasons can 
provide an economic gain similar to that of bagging with TNT. In addition to economic profitability, bagging tomato fruits 
has major environmental benefits. The bagging of tomato fruit clusters with TNT or organza fabric were more effective in 
reducing damage by insect borers and diseases than other bagging treatments and control. These two treatments produced a 
greater number of “extra” grade fruit, without negative effects on the color of the skin, fresh weight, Brix degrees, or flower 
abortion, thus resulting in greater economic gains.

TABLE 14.1 Profits From Bagging for the Production (US$) of 1 ha of Organic Tomatoes by 
Bagging Four Clusters of Fruits per Tomato Plant

Bagging Type Profit in US$/ha

TNT 119,958a

Organza 106,365a

Paper 70,050b

Plastic 46,996b

No bagging 32,096c

Values followed by same letter (a, b, c) do not differ by contrast  
analysis at 5% probability.
Adapted from Leite, G.L.D., Fialho, A., Zanuncio, J.C., Reis Junior, R., Costa, C.A., 2014. Bagging tomato fruits: a viable and 
economical method of preventing diseases and insect damage in organic production. Florida Entomologist 97, 50–60.

TABLE 14.2 Total Cost (US$) of Inputs and Services (Total Cost) and Profit per Hectare From 
Bagging With Organza Estimated on the Basis of Reusing the Organza Bags for Five Cropping 
Seasons

Total US$

Total cost of production except bagging 17,690

Total cost of production 27,386

Profit 114,708

Adapted from Leite, G.L.D., Fialho, A., Zanuncio, J.C., Reis Junior, R., Costa, C.A., 2014. Bagging tomato fruits: a viable and 
economical method of preventing diseases and insect damage in organic production. Florida Entomologist 97, 50–60.
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1.  INTRODUCTION

Tomato (Solanum lycopersicum L.) is one of the most widely grown vegetables in the world. It is grown on more than 
4.76 million ha with a production of nearly 165 million tons. Asia and Africa account for about 80% of the global tomato 
area, with about 72% of world output (FAO, 2013). China accounts for more than one-fifth of the world’s tomato production 
area; United States and India together account for another one-fifth. Although tomato requires a relatively cool, dry climate 
for high yield and quality (Nicola et al., 2009), it is adapted to a wide range of climatic conditions from temperate to hot 
and humid tropics (Naika et al., 2005). In the tropics, tomato production is severely constrained by insect, mite, and nema-
tode pests. The major pests include fruit borer (Helicoverpa armigera (Hübner)), common armyworm (Spodoptera litura 
(F.)), beet armyworm (Spodoptera exigua (Hübner)), whitefly (Bemisia tabaci (Gennadius)), leafminers (Liriomyza spp.), 
spider mites (Tetranychus urticae Koch, Tetranychus cinnabarinus Boisduval, Tetranychus evansi Baker & Pritchard), and 
root-knot nematodes (Meloidogyne spp.) (Srinivasan, 2010). Growers rely heavily on chemical pesticides to protect their 
tomato crops. For example, farmers in southern India spray chemical pesticides more than 50 times during a cropping sea-
son in tomato (Nagaraju et al., 2002). Pesticide misuse has adverse effects on the environment and human health, and also 
increases the cost of production. For instance, the share of the cost of pesticides to total material input cost was 31% for 
tomato in the Philippines (Orden et al., 1994).

One option to reduce pests on tomato and thus reduce the overuse of chemical pesticides is to grow tomato under pro-
tective structures. Cultivation of vegetables under protective structures such as net houses has become popular in recent 
years in many countries. Growing tomatoes under protective structures not only keeps pests away, but also enables farmers 
to produce this crop during off-season, when tomato usually sells for higher prices in the market. For instance, off-season 
tomato production in net houses increases the period of fruit availability from the last week of January to the first week 
of June in Punjab, India (Cheema et al., 2004). Tomato production under protected conditions is increasing due to high 
productivity and returns per unit area during the off-season (Tahir and Altaf, 2013). However, there is substantial cost in 
construction and operations of protective agriculture (Sethi et al., 2009). In addition, damage from pests inside net houses 
can be as serious as open-field production, causing net-house growers to use pesticides indiscriminately (Kaur et al., 2010). 
This chapter aims to compile the key pests and effective and affordable control technologies for their management on 
tomato under protective cultivation.

2.  BIOECOLOGY AND DAMAGE POTENTIAL OF MAJOR PESTS

2.1  Aphids, Aphis gossypii Glover

Aphids are important insect pests found during early crop stages on tomato under protective cultivation (Kaur et al., 2010). 
Since high relative humidity favors aphid population growth (Chakraborty, 2011), protective structures offer a conducive 
environment for the multiplication of aphids. Aphid infestations occur mostly during the cool dry season. Aphids reproduce 
through parthenogenesis (virgin birth) and are viviparous (give birth to live young). The adult color is highly variable, from 
light green to greenish brown. Both wingless and winged forms occur. The wingless forms are most abundant, but winged 
forms (Fig. 15.1) are produced under high aphid densities or when host-plant quality is inferior. Aphids possess a pair of 
black cornicles on the dorsal side of the abdomen which are used to release alarm pheromones. Aphids are mostly found in 
groups, and each female produces about 20 nymphs a day; the nymphs mature to adults in a week (Srinivasan, 2009). Both 



314 SECTION | III Integrated Pest Management of Tomato Pests

the nymphs and adults possess piercing/sucking mouthparts. They occur in large numbers on the tender shoots and lower 
leaf surfaces, and suck the plant sap. Slightly infested leaves exhibit yellowing, while severe aphid infestations cause young 
leaves to curl and become deformed, stunt plant growth, and reduce the number and quality of flowers and fruits. Aphids 
also produce honeydew, which leads to the development of sooty mold on leaf surfaces that reduces the photosynthetic 
efficiency of the plants.

2.2  Thrips Thrips palmi Karny and Scirtothrips dorsalis Hood

Thrips palmi Karny is widely distributed in South and Southeast Asia and Oceania. T. palmi is polyphagous and is known 
to feed on tomato, potato, hot pepper, watermelon, muskmelon, bottle gourd, cucumber, pumpkin, squash, among others. 
This species is commonly known as “melon thrips” because of its preferential feeding on cucurbits. Scirtothrips dorsalis 
Hood predominantly an Asian species but also present in Africa and Greater Caribbean (Kumar et al., 2014), prefers to feed 
on hot pepper. However, it is also reported to damage tomato (Meena et al., 2005; Kaur et al., 2010). Thrips attack tomatoes 
mostly during the dry season.

Each thrips female lays about 200 eggs, which take from 3 days to 2 weeks to hatch depending on the temperature. 
Nymphs have two active feeding stages, and the nymphal stage varies from 4 days to 2 weeks depending on the temperature. 
The pupal stage consists of the pre-pupa and pupa. The pre-pupal stage lasts for one to 2 days, and the pupal stage lasts for 
another one to 3 days. T. palmi adults are yellow in color, and there are three red ocelli on the top of their heads in a triangu-
lar form. There is also a pair of setae near the ocellar triangle, and the abdominal pleurotergites are without setae (Mound, 
1996). The head and legs of S. dorsalis are pale. The head is wider than longer, and has an ocellar triangle with closely 
spaced transverse lines. The pronotum has transverse lines and possesses four pairs of posterior marginal setae (Mound, 
2007). Adults live from 2 weeks to 2 months.

Thrips adults and nymphs prefer to feed on foliage and flowers, sometimes on young fruit too. Slightly infested leaves 
exhibit silvery feeding scars on the lower leaf surfaces, especially along the midrib and veins. In severe infestations, the 
leaves turn yellow or brown and dry on the lower leaf surfaces. Infested fruit is scarred and deformed. Thrips also transmit 
tospoviruses. Tomato spotted wilt virus (TSWV) in the United States, Spain, Hawaii, Taiwan, and Argentina, and Peanut 
bud necrosis virus (PBNV) in India are two important tospoviruses that infect tomato. Depending on the stage of the crop 
and season, diseases caused by these pathogens result in yield losses up to 80–100% (Ramana et al., 2011).

2.3  Whitefly, Bemisia tabaci (Gennadius)

Whiteflies are widely distributed in tropical and subtropical regions, and in greenhouses in temperate regions. B. tabaci is 
highly polyphagous, and is known to feed on several vegetables including tomato, eggplant, okra, other field crops, and 
weeds. Hot, dry conditions favor the whitefly, and heavy rain showers drastically reduce population buildup. This insect 
prefers the lower leaf surfaces. The whitefly adult is soft-bodied and light yellow in color. The body and wings are covered 
with powdery wax and the wings are held over the body like a tent (Fig. 15.2). Adult males are slightly smaller in size than 
the females. Adults live one to 3 weeks.

FIGURE 15.1 Winged aphids on tomato.
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The females lay eggs on the underside of tomato leaves, more on hairy leaf surfaces. Each female can produce as many 
as 300 eggs in its lifetime. The egg stage lasts 3–5 days during summer and 5–33 days in winter (David, 2001). The first 
instar nymph has antennae, eyes, and three pairs of well-developed legs. The nymphs are flattened, oval-shaped, and green-
ish yellow. The legs and antennae are atrophied during the next three instars and they are immobile during the remaining 
nymphal stages. The last nymphal stage has red eyes, and is sometimes incorrectly called a pupa because it is non-feeding. 
This last nymphal instar lasts about 9–14 days during the summer and 17–73 days in winter (David, 2001). Adults emerge 
from the last nymphal instar through a T-shaped slit, leaving an empty exuvia.

Both the adults and nymphs suck the plant sap and reduce the vigor of the plant. In severe infestations, the leaves 
turn yellow and drop off. They also secrete large quantities of honeydew, which favors the growth of sooty mold on 
leaf surfaces. B. tabaci acts as a vector for several viral pathogens including Tomato yellow leaf-curl virus (TYLCV). 
Plants infected by TYLCV show stunted growth with erect shoots. Leaflets curl upward and inward, are reduced in 
size, and have yellowing along the margins and interveinal chlorosis. The flowers wither and droop, and fruit set is 
reduced or nil.

2.4  Leafminers, Liriomyza spp.

Leafminers in the genus Liriomyza can cause severe infestations in protected tomato production. Liriomyza bryoniae 
(Kaltenbach) is known to occur in China, India, Japan, Korea, Taiwan, and Vietnam in Asia, and Egypt and Morocco in 
Africa. However, Liromyza sativae Blanchard, Liriomyza trifolii (Burgess), and Liriomyza huidobrensis (Blanchard) may 
also cause damage in tomato. L. huidobrensis occurs mostly in high elevations, whereas L. sativae occurs in low elevations 
(Srinivasan, 2010). L. bryoniae is a polyphagous insect and is recorded as a damaging pest on several plant species in at 
least 16 families (Spencer, 1990), although it prefers to feed on Cucurbitaceae. The major host plants are tomato, melon, 
watermelon, cucumber, cabbage, and lettuce.

L. byroniae will be used to describe the general biology of the leafminer flies causing problems in tomato; L. sativae 
and L. huidobrensis are similar. The adults are small, gray flies; adult males are slightly smaller in size than the females. 
The mesonotum is shiny black, femur is yellow, and subsequent leg segments are brownish. The longevity of adult females 
is 3–12 days (Cheng, 1994) and males live for a shorter time than females (Parrella, 1987). Each female can lay as many 
as 184 eggs in its lifetime (Lee et al., 1990). Eggs hatch in about three to 7 days. Larvae have four instars feeding inside 
the leaf tissues, and the larval stage lasts one to 2 weeks. The last instar larvae cuts a hole in the leaf and drops to the soil, 
where the insects pupate. Pupae are oval-shaped and yellow to brown in color. The pupal period lasts 8–11 days depending 
on temperature (Parrella, 1987).

The adult females create a leaf puncture and eggs are deposited in these punctures. After every leaf puncture, the females 
feed from them; hence, the leaf punctures can also be considered feeding punctures. Males are unable to create their own 
punctures, and feed from punctures created by females. Leaf puncturing can reduce photosynthesis and may kill young 
plants in severe infestations (Parrella, 1987). The larvae feed on the leaf mesophyll and cause irregular mines on leaf sur-
faces. In severe cases, several mines are formed on the same leaf (Fig. 15.3), which drastically reduce photosynthesis and 
thus yield.

FIGURE 15.2  Adult whitefly (Bemisia tabaci).
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2.5  Spider Mites, Tetranychus urticae Koch, Tetranychus cinnabarinus Boisduval, Tetranychus 
evansi Baker & Pritchard

Spider mites are serious pests of vegetable crops including tomato. Low relative humidity favors the multiplication of 
mites and precipitation is an important abiotic factor that restricts spider mite populations (Tehri et al., 2014). T. urticae 
is commonly known as the two-spotted spider mite or the red spider mite. It is minute in size and varies in color, from 
green to greenish yellow, to brown or orange red with two dark spots on the body. Eggs are round, and the egg stage lasts 
2–4 days. It has a 6-legged larval stage and two 8-legged nymphal stages (protonymph and deutonymph). The life cycle is 
completed in 1–2 weeks, depending on temperature, and there are multiple overlapping generations per year (Malinoski 
et al., 2006). T. cinnabarinus is commonly known as carmine spider mite. This mite is similar in size and biology to the 
two-spotted spider mite, but it is carmine in color. T. evansi is known as the tomato red spider mite (Navajas et al., 2013), 
and has a similar biology to the two-spotted spider mite. This is the predominant species in several countries in Africa 
on tomato and other solanaceous vegetables (Wekesa et al., 2005). In Asia, it has been reported in Taiwan (Ho, 2011).

Spider mite damage leads to the formation of several white or yellow speckles on the leaves. In severe infestations, 
leaves will become completely desiccated and drop-off. The mites also produce webbing on the leaf surfaces (Fig. 15.4); 
under severe conditions, the whole plant becomes wrapped in webbing. Under high population densities, the mites move 
to the tip of the leaf or top of the plant and congregate to form a ball-like mass (Fig. 15.4). The mites in these masses are 
carried to newer leaves or plants by wind (Brandenburg and Kennedy, 1982).

FIGURE 15.3 Mines caused by leafminer (Liriomyza spp.).

FIGURE 15.4 Webbing and ballooning of red spider mite.
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2.6  Oriental Leafworm Moth, Spodoptera litura (F.)

S. litura is the predominant species on tomato in tropical South Asia and Southeast Asia. It is a polyphagous and highly 
mobile insect and a pest of economic importance on many agricultural and horticultural crops. S. litura is a major lepi-
dopteran pest on tomato in net houses; the adult females lay eggs on the roof or side walls, and the neonate larvae can easily 
enter the structure (Talekar et al., 2003).

The adult is a stout-bodied moth with a wingspan of about 40 mm. The adults are usually brown and the forewings 
have numerous crisscross streaks on a cream or brown background. The hind wings are white with a brown patch along 
the border. The eggs are laid in groups of 200–300, and covered with brown hairs from the body of the female (Muniappan 
et al., 2012). The eggs take about 3–5 days to hatch. The neonate larvae are gregarious, and young larvae feed in groups 
(Fig. 15.5). However, they disperse when they become older to feed individually. The larvae are nocturnal and feed actively 
during the night hours. During the day, the larvae hide in the soil, in cracks and crevices, or in plant debris in the field. The 
larval stage lasts 15–30 days, depending on temperature, and pupation takes place in the soil. The pupae are shiny reddish-
brown, and this stage lasts from 1 to 3 weeks (Muniappan et al., 2012).

The neonate larvae feed on leaf surfaces and skeletonize the leaf while mature larvae cause general defoliation, leaving 
only the main veins of the leaves. Rarely, S. litura larvae feed on the immature stages of tomato fruit, and sometimes they 
will girdle the young seedlings at the soil surface resulting in lodged plants.

2.7  Nematodes, Meloidogyne incognita (Kofoid & White), Meloidogyne javanica (Treub), and 
Meloidogyne arenaria Chitwood

Plant parasitic nematodes are a major constraint in protected cultivation of tomato due to crop susceptibility, a favorable 
environment (especially temperature, moisture, and relative humidity), lack of awareness of nematode problems among 
growers, and nematode interactions with other microbes. The ideal conditions provided by protected cultivation and con-
tinuous year-round availability of the host plant often results in high population buildup of parasitic nematodes. Root-knot 
nematodes (Meloidogyne spp.) are a concern in most of the tomato-growing areas of the world and the most severe damage 
is caused by three species of root-knot nematode: Meloidogyne incognita (Kofoid & White), Meloidogyne javanica (Treub), 
and Meloidogyne arenaria Chitwood (Sikora and Fernández, 2005; Anwar and McKenry, 2010). Tomato yield losses of up 
to 80% in heavily infected soils have been recorded (Kaskavalci, 2007). Severe infestations can kill a tomato plant outright 
(Kamran et al., 2010). Nematode infestations can increase a plant’s vulnerability to various diseases such as Fusarium, 
Ralstonia solanacearum (Smith) and Pythium (Rivera and Aballay, 2008).

Nematode feeding results in root rot, lesions, discoloration, and deformities such as galls. The uptake of water and nutri-
ents is greatly reduced in infected plants. Above ground symptoms of root-knot nematode infestation are stunting, chlorosis 
or yellowing, and often wilting of plants or foliage in warm weather though the soil may have an adequate supply of mois-
ture. The number, size, and quality of fruits are reduced. Below ground symptoms are typical root knots or galls produced 
on roots that eventually lead to reduced water uptake. Several such galls give a clubbed, distorted, and cracked appearance 
to roots. Plants may be killed where nematode damage is severe (Mitkowski and Abawi, 2003).

Meloidogyne species are sedentary endoparasites. The infective second stage juveniles hatch from eggs in moist soil, 
move freely in the soil, and penetrate into the roots just behind the root tip. Once inside the cortical tissue, the juveniles 

FIGURE 15.5 Early larvae of Spodoptera litura.
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establish feeding sites where several root cells around the pests’ heads become enlarged, forming giant cells that constitute 
a nutrient source from which the nematodes take nutrients. Juveniles enlarge and swell as they develop into adult females. 
Within the galls, pear-shaped females lay eggs in a gelatinous matrix known as an egg mass. The life cycle is completed 
in 4–6 weeks depending on soil temperature. Nematodes are active in warm and moist soils that support the growth of host 
plants, and can complete several generations in one season, increasing their population densities by several fold (Ciancio 
and Mukerji, 2009).

Nematodes rarely move more than a few inches in a thin film of water within the soil. However, indirectly they can 
be moved with infected transplants and infested soil. Inside the net houses, nematodes are spread by implements used for 
plowing and cultivation. Nematodes can also spread from one area to another through irrigation or drainage water. They 
thrive in hot climates but can survive in temperate conditions as well (Strajnar et al., 2011).

3.  INTEGRATED PEST MANAGEMENT STRATEGIES IN PROTECTED TOMATO 
PRODUCTION

3.1  Cultural Control

Since most tomatoes grown in protected culture are of similar varieties, crop rotation can be effective in reducing pests on 
these crops. Some insect pests, such as S. litura have a wide host range of vegetable crops, so if growers plant tomato after 
tomato, or other host plants such as hot pepper, brassicas, legumes, the damage will be higher from emerging S. litura that 
pupated in the soil during a previous crop cycle. In this situation, the tomato crop should be rotated with a non-host cereal 
crop or flowers. Crop rotation with non-host crops such as cereals or grasses is also effective in suppressing nematode 
populations. Of course, growers should select the best rotational crop that will maximize their profits.

Growing tomato in the vicinity of other host plants should also be avoided, because S. litura adults can easily migrate 
to the newer tomato crop. Eggs of S. litura are laid in masses, and hence the young larvae that remain on a plant can be 
identified based on the feeding damage. Groups of these larvae should be hand picked and destroyed (Ghosh, 1989). Similar 
to S. litura many other pests of tomato are polyphagous; they have multiple host plants for feeding and survival ranging 
from cultivated crops to weeds. The selected site for tomato seedling production should be clean and located away from 
these host plants or weeds. If seedlings happen to be grown in those areas, the seedling trays should be covered with insect-
proof (50–64 mesh) nylon net to prevent the entry of aphids, thrips, and whiteflies. If the finer mesh size is not available, 
coarser (30 or 40) mesh size can be used and neem-based pesticides should be sprayed on the net surfaces. Ultraviolet 
(UV)-reflective plastic or straw mulches can reduce the number of whiteflies and thrips landing on tomato crops (Stavisky 
et al., 2002; Rajasri et al., 2011). UV-absorbing plastic films are a very promising tool to protect greenhouse tomato from 
thrips (López-Marin et al., 2011). These mulches offer promising control of several insect vectors, such as aphids, thrips, 
and whiteflies (Narayanasamy, 2013).

Covering moistened soil with a transparent polythene sheet for 1–2 months during the warmer months is called soil 
solarization. This method offers major advantages, including simultaneous control of pests, soil-borne pathogens, nema-
todes, and weeds, and also improves soil physical properties (Stapleton, 2000). Diseases caused by Meloidogyne spp. have 
been successfully controlled by soil solarization (Grinstein et al., 1995; Rao and Krishnappa, 1995). The main limitation 
is the dependence on warmer months with sufficiently high temperatures and sunshine to kill pests, pathogens, and weed. 
Heating the soil up to 70°C by means of aerated steam can be used for soil sterilization between cropping cycles in facilities 
that have heating systems. Steam can be useful in nursery facilities for treating potting media and propagation beds. The 
limitation of this method is the high cost of power and water.

As previously stated, continuous cropping increases soil-borne diseases and nematodes. Grafting has become a useful 
technique for the production of repeated crops of tomato. Grafting tomato scions on resistant root stocks of eggplant and 
Solanum torvum Sw. was shown to be an effective approach against soil-borne diseases and nematodes (Gisbert et al., 
2011). In many European and other Mediterranean countries, grafting susceptible plants onto nematode-resistant root 
stocks is being used in protected culture systems for a number of annual greenhouse crops including tomato, eggplant, and 
various cucurbits (Giotis et al., 2012).

The addition of organic amendments to the soil can be used to reduce nematodes on crop plants. For instance, mus-
tard oil cake can be used in managing M. incognita in tomato under net-house conditions (Kaur and Srinivasan, 2013). 
Amendments including peat, manure, and compost are useful for increasing the water- and nutrient-holding capacity of the 
soil, especially in sandy soils. Because nematodes more readily damage water-stressed plants, increasing the soil’s capacity 
to hold water can lessen the effects of nematode injury. Organic amendments enhance the activity of natural enemies and 
improve soil fertility and structure.
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3.2  Colored Sticky Traps

Yellow sticky traps are a common method for monitoring many pests, including aphids, whiteflies, and leafminer adults. 
Use of yellow sticky traps in seedling production areas at the rate of 1–2 traps/50–100 m2 can trap significant numbers of 
whiteflies. Lu et al. (2012) showed that yellow sticky traps significantly suppressed the population increase of adult and 
immature whiteflies in greenhouses. Similarly, thrips are highly attracted to bright blue color; blue sticky traps can be set 
up every 2–3 m2 in a greenhouse for effective control (Murai, 2002).

3.3  Pheromone Traps

Insect sex pheromones have long been used as monitoring and mass-trapping tools in IPM strategies, especially for lepi-
dopteran insects. Sex pheromones of S. litura are commercially available in many countries, and can be used for monitor-
ing as well as mass trapping (Srinivasan et al., 2015). Sex pheromone lures for S. litura should be installed in traps placed 
45–60 cm above the canopy level for effective attraction (Srinivasan, 2010). The lures should be replaced once every 
2–3 weeks, depending upon the prevailing weather conditions.

3.4  Biological Control

Predators and parasitoids offer promising control of pests in protective structures. Leafminers have several parasitoids. For 
instance, Gronotoma micromorpha (Perkins) (larval-pupal parasitoid), Chrysocharis pentheus (Walker), Neochrysocharis 
formosa (Westwood) and Diglyphus isaea (Walker) (larval parasitoids), Halticoptera circulus (Walker) and Opius phaseoli 
Fischer (pupal parasitoids) are known to occur in Asia, including Japan, Malaysia, Sri Lanka, and Taiwan (Lee et al., 1990; 
Sivapragasam and Syed, 1999; Niranjana et al., 2005; Abe, 2006). Predators such as green lacewings (Chrysoperla sp.), 
predatory mites (e.g., Neoseiulus cucumeris (Oudemans)), and predatory thrips (e.g., Haplothrips spp.) may feed on thrips 
(McDougall and Tesoriero, 2011). The ladybird beetles (Menochilus sp. and Coccinella sp.) and green lacewings are effi-
cient predators of aphids (Hazarika et al., 2001). Inundative release of ladybird beetles (Coccinella septempunctata (L.)) at 
5000 beetles per hectare also can suppress aphid populations (Yadav and Singh, 2015).

Several predators of spider mites occur in many countries. For instance, Stethorus spp., Oligota spp., Anthrocnodax 
occidentalis Felt, and Feltiella minuta Felt are known to occur in Taiwan (Ho, 2000). Predatory mites such as Phytoseiulus 
persimilis Athias-Henriot and several species of Amblyseius, especially Amblyseius womersleyi (Schicha) and Amblyseius 
fallacies (Garman), can be used to control spider mites. They are more effective in protective structures and in high humid-
ity conditions. Green lacewing [Mallada basalis (Walker) and Chrysoperla carnea (Stephens)] are also effective generalist 
predators of spider mites. Third-instar C. carnea can consume 25–30 spider mite adults per day; however, it needs supple-
mental food for long-term survival (Hazarika et al., 2001).

Natural enemies help keep pest populations on tomato in check under protected cultivation. However, broad-spectrum 
insecticides are harmful to most of these natural enemies. Therefore the use of natural enemies and pesticides that are safer 
to natural enemies should be considered in an overall pest management program.

3.5  Biopesticides

Commercially available biopesticides based on Bacillus thuringiensis Berliner (Bt), S. litura nucleopolyhedrovirus (SlNPV), 
and neem (Azadirachta indica A. Juss.) can be used against S. litura (Nathan and Kalaivani, 2006) and other sucking pests. 
Proper rotation should be adopted while applying Bt formulations to avoid development of resistance. For instance, B. 
thuringiensis subsp. kurstaki formulations may be rotated with B. thuringiensis subsp. aizawai formulations against S. 
litura. An organic salt (Lastraw) and an oil-based formulation of Beauveria bassiana (Balsamo-Crivelli) Vuillemin (Myco-
Jaal) were also found to reduce aphids, thrips, whiteflies, and mites (Tashpulatova, 2010; Kaur and Srinivasan, 2014).

Currently, biofumigation is of great interest as a technology for control of root-knot nematodes. The incorpora-
tion of cruciferous plants and those that release the nematicidal compound, isothiocyanate, can contribute to insect 
control (Kirkegaard et al., 1993; Stirling and Stirling, 2003). However, it has been stated repeatedly that the amount of 
nutrient-rich organic matter incorporated into the soil also stimulates microorganisms that produce ammonia, which 
is also highly nematicidal (Bello et al., 1998). In addition, research on agents that work against root-knot nematodes 
and do not have a detrimental impact on the environment is becoming increasingly important due to bans on chemical 
pesticides. Recent advances have produced quite a number of commercially available biocontrol products. Some of the 
well-accepted commercial products contain the bacteria Bacillus firmus Bredemann and Werner, Pasteuria penetrans 
(Sayre and Starr) and fungus Purpureocillium lilacinus (Thom) Luangsa-ard. According to a study by Wilson and 
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Jackson (2013), the key products at the moment are VOTiVO (B. firmus), DiTera (Myrothecium verrucaria (Alb. and 
Schwein) Ditmar), and BioAct (P. lilacinus). Thus, various microbial pesticides, botanical pesticides, and organic salts 
can be used to control major insect, mite, and nematode pests on tomato under protected cultivation.

4.  FUTURE PROSPECTS

There are two types of protective structures: permanent and temporary. These structures vary in design across countries. 
Simple net-house and plastic-house structures are widely used in South and Southeast Asia to grow tomatoes, especially 
during the off-season when tomatoes are not grown in the field. Although these structures can prevent entry of damaging 
insects if appropriate maintenance procedures are adopted, most of the time the pest pressure becomes high inside the struc-
tures because of operational issues or structural flaws. Once the pests get into the structures, they rapidly proliferate and 
cause enormous damage because of the absence of natural enemies. Pest damage and yield losses can be extremely high, 
which prompts growers to rely on chemical pesticides. However, recent developments in improving protective structures 
have demonstrated that they can be effective and sustainable for vegetable production (Bhatnagar and Narayan, 2011).

Recent research has shown that alternate technologies can significantly reduce pesticide use in tomato under protective 
structures. For example, biopesticide products, particularly botanicals, provide good levels of invertebrate pest control in 
UK tomatoes in glasshouses (George et al., 2015). Grafting of tomatoes on eggplant significantly enhanced the off-season 
tomato production under protective structures in the Philippines (Boncato, 2008). It is encouraging to note that the avail-
ability and use of IPM component technologies including microbial and botanical pesticides have increased in recent years 
in response to changes in policy. For instance, use of botanical and biological products increased 56-fold in Malaysia from 
2007 to 2010. About a threefold increase in the use of mineral oils in pest management was reported during the same 
period in Thailand (FAO, 2011). There is still a long way to go to realize the impact of these IPM technologies. More adap-
tive research is required, as well as commercial production and/or availability of IPM technologies. These technologies, 
combined with high quality protective structures can significantly increase tomato production and economic returns to 
vegetable growers in the near future.
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Chapter 16

Integrated Pest Management Strategies for 
Field-Grown Tomatoes
James F. Walgenbach
North Carolina State University, Mills River, NC, United States

1.  INTRODUCTION

The concepts and definitions of integrated pest management (IPM) have been extensively reviewed and debated (Bajwa and 
Kogan, 1996; Kogan, 1998; Prokopy and Kogan, 2003; Ehler, 2006), with at least 67 definitions proposed by a diversity 
of pest management stakeholders (Bajwa and Kogan, 1996). There is a general agreement, however, that the basic tenets 
of IPM include a decision-based process that relies on the coordinated use of multiple tactics to manage pest populations 
that is acceptable from an economic, environmental, and societal perspective. Implied in the definition is that decisions are 
based on knowledge of the ecology of pest(s) in relevant agroecosystems, pest density estimates are obtained through moni-
toring programs, and treatment thresholds are used to trigger control actions. In its most elementary form, IPM consists 
of the use of monitoring programs and economic thresholds to dictate insecticide applications. However, more advanced 
programs, referred to by some as ecologically based IPM (NRC, 1996), consist of the coordinated use of multiple tactics 
which are biologically intense and largely preventive in nature, to suppress or control a complex of pests. Regardless of 
the level of IPM used, the goal is to minimize pesticide use and the risks they pose to the environment and human health.

Despite the numerous research advances in developing new pest management tactics and technology during the last 
half century (Kennedy and Sutton, 1999; Jepson and Kogan, 2007), some propose that there is little evidence of progress 
in implementing IPM at the farm level (Barfield and Swisher, 1994; Benbrook and Groth, 1996; Ehler and Bottrell, 2000; 
Zalucki et al., 2009), citing agriculture’s continued reliance on pesticides as a key management tool (Ehler, 2006). However, 
there are economic and logistic issues that serve as formidable and legitimate barriers to implementing more biologi-
cally intense IPM programs on high-value crops such as tomatoes. Nonetheless, considerable progress has been made in 
understanding the ecology of tomato insect pests in agroecosystems throughout the world, the development of sampling 
and threshold levels, and the development of non-chemical management approaches. This chapter will review some of the 
major achievements in tomato IPM as well as constraints to progress.

2.  TOMATO PRODUCTION FACTORS AFFECTING IPM PROGRAMS

Numerous factors affect the options available for managing pest populations, including the diversity of the pest complex, 
value of the target crop(s), environmental issues, and regulatory actions that often reflect societal concerns over agricul-
ture’s impact on the environment and human health. All of these factors operate at the local level, and thus there is diversity 
in the level of IPM practiced. Higher levels of IPM can be complex and information intense, and the programs are therefore 
affected by the level of public and private support available to growers.

Tomatoes are grown throughout the world, with the top five producers as of 2011 being China with approxi-
mately 30% of world production, followed by India (10.5%), United States (7.9%), Turkey (6.9%), and Egypt (5.1%) 
(http://www.agribenchmark.org/horticulture/sector-country-farm-information0/tomato.html). Despite the diversity of pro-
duction regions, the arthropod pest complex is remarkably similar among different production areas. Although no world-
wide list of arthropod tomato pests has been compiled, Lange and Bronson (1981) estimated that there are probably >100 
different species. However, only about 30–35 species are potential pests (Zalom, 2012). Those that have been most inten-
sively researched during the past 10–20 years are shown in Fig. 16.1.

From a production system and economic perspective, tomatoes are essentially grown as three different crops; field-grown 
processing, field-grown fresh market, and protected fresh market (i.e., greenhouse or tunnel production). The value of fresh 

http://www.agribenchmark.org/horticulture/sector-country-farm-information0/tomato.html
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market tomatoes is generally 9–12 times higher than that of processing crops (USDA-NASS, https://quickstats.nass.usda.gov/), 
which affects the monetary inputs afforded to produce the crop and tolerance levels for damage. In addition, processing 
tomato production is a highly mechanized operation, while fresh market production requires high labor inputs for pruning, 
staking, stringing, harvesting, and farmworkers’ safety concerns can differentially affect the pesticide options on the two 
crops. Processing crops usually are contracted for a predetermined price and a set tolerance level for damage, while fresh 
market tomatoes are sold on a fluctuating market with a zero tolerance level for damage. The protected-culture tomato 
industry is rapidly growing throughout the world, and these production systems offer expanded opportunities for managing 
pests using physical and biological control options.

3.  THRESHOLDS AND SAMPLING PLANS

The use of sampling plans and economic thresholds is the foundation of IPM, because it provides a means for assess-
ing pest population densities and an economic basis for applying control measures—usually insecticides. The economic 
injury level (EIL) concept was first proposed by Stern et al. (1959) as the “lowest pest population density that will cause 
economic damage,” and was later quantified by Pedigo et al. (1986) with the expression of EIL = C/V × I × D × K, where 
C = cost of management, V = market value of the crop, I = injury units per pest, D = damage per unit injury, and K = pro-
portionate reduction in the insect population. Stern et al. (1959) defined the economic threshold level (ETL) as “the 
population density at which control measures should be initiated to prevent an increasing pest population from reach-
ing the economic injury level.” ETLs do not have a mathematical definition and are often set using subjective methods. 
Yet this is the pest density at which action is taken and the terms “action threshold” and “treatment threshold” are used 
interchangeably.

A diversity of sampling plans and economic threshold levels exist for many of the key arthropod pests of toma-
toes (Table 16.1). Two general approaches have been taken for establishing thresholds for the Heliothine complex on 
tomato, including Helicoverpa zea (Boddie), Helicoverpa armigera (Hübner), and Heliothis virescens (F.). There is 
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FIGURE 16.1 Number of studies during the past 20 years reported for various pests of tomato. Values represent the number generated from an 
AGRICOLA search inserting the scientific name of the insect and the world tomato.
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TABLE 16.1 Resources for Sampling Programs and Threshold Levels for Some Key Arthropod Pests of Tomato

Insect Type of Crop, Location Description References

Heliothine

Helicovera zea Processing, GA Sequential sampling plan based on eggs, 
with critical density of 0.02 eggs/leaf

Nilakhe et al. (1982)

H. zea Processing, CA Sequential sampling plan based on eggs. 
Threshold adjusted based on level of egg 
parasitism

Hoffmann et al. (1990, 1991)

Helicoverpa armigera Processing, New Zealand Larval-based economic threshold adjusted 
from 1 to 8.3 larva/plant-based on level of 
larval parasitism

Cameron et al. (2001); 
Walker et al. (2010)

H. zea Fresh, VA Egg-based threshold to initial sprays (≥10% 
plants with eggs, with subsequent sprays 
based on fruit damage (≥3%)

Kuhar et al. (2006)

Helicoverpa spp. Fresh, Australia Egg-based sequential sampling plant, with a 
threshold of 0.5 eggs/plant

Dawson et al. (2006)

H. zea Fresh, AL Egg-based threshold (presence of any healthy 
H. zea eggs) to dictate insecticide

Zehnder et al. (1995)

H. armigera Processing, Spain In-season fruit damage threshold of 3% to 
prevent end-of-season damage of >3%

Torres-Vila et al. (2003)

Pinworm

Keiferia lycopersicella Fresh, CA Pheromone trap threshold of 10 moths/
trap/night over 1.5 weeks to initiate weekly 
insecticide sprays

van Steenwyk and  
Oatman (1983)

K. lycopersicella Fresh, CA Economic threshold of 3–4 larvae/3 m of row 
(0.5 larvae/plant)

Wiesenborn et al. (1990)

Tuta absoluta Greenhouse, Spain Binomial sampling plan based on proportion 
of midplant leaves with larval infestations. Plan 
uses thresholds of 1% and 3% infested fruit

Cocco et al. (2015)

Leafminers

Liriomyza spp. Fresh, FL Sequential sampling plan using a lower 
and upper threshold 10% and 40% infested 
leaves, respectively

Wolfenbarger and 
Wolfenbarger (1966)

Liriomyza spp. Fresh, CA Sequential sampling plan based on yellow 
sticky traps for adults and pupal trays for 
pupal densities

Zhender and Trumble (1985)

Liriomyza trifolii Greenhouse, Korea Sequential binomial sampling plan using 
fluctuating threshold of 3 (early) and 7 (late 
season) mines per leaf

Lee et al. (2007)

Stink Bugs

Nezara viridula Fresh, LA Sequential sampling plan based on sampling 
penultimate fruit clusters for and using bug-
days to classify populations as low, moder-
ate, and high

Lye et al. (1989); Lye and 
Story (1988)

Aphids

Macrosiphum 
euphoribae

Processing, OH Sequential sampling plan based on upper or 
upper plus middle leaves

Walker et al. (1984b)

M. euphoribae Fresh, NC Binomial sampling plan based on third most 
recently expanded leaf. Threshold level of 
25% infested leaves

Walgenbach (1994); 
Walgenbach (1997)

Continued
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usually a minimum tolerance level between 2% and 5% damaged fruit in processing tomatoes, therefore in-season eco-
nomic threshold levels are based on pest densities that will prevent damage from exceeding tolerance levels at harvest 
(Hoffmann et al., 1991; Cameron et al., 2001; Torres-Vila et al., 2003). In California, the H. zea threshold is based 
on an adjustable egg density, which varies with the level of parasitized eggs (Hoffmann et al., 1991). In New Zealand 
processing tomatoes, the H. armigera threshold level is based on larval sampling, and the threshold is adjusted based 
on larval parasitism (Walker et al., 2010). Because of the higher value and lower tolerance for damage of fresh market 
compared to processing tomatoes, growers by default seek to minimize the damage to the greatest extent possible. 
Consequently, damage tolerance levels are very low and thresholds are often based on the detection of very low num-
bers of eggs (Zehnder et al., 1995; Kuhar et al., 2006). The use of thresholds in processing tomatoes has been highly 
successful in reducing pesticide use, with reductions of up to 40% in California (Grieshop et al., 1988) and 95% in New 
Zealand (Walker et al., 2010).

Insect Type of Crop, Location Description References

M. euphoribae Processing, CA Binomial sampling plan using upper leaves, 
and a threshold of 50–60% infested leaves

Hummel et al. (2004)

Thrips

Frankliniella spp. Fresh, NC Fixed-precision level sequential sampling 
plan based on 10-flower sample unit

Cho et al. (1995)

Frankliniella spp. Fresh, FL Adult and nymphal thrips exhibited dif-
ferential reference for upper and lower plant 
strata, with adults preferring upper flowers, 
and nymphos lower plant foliage

Reitz (2002)

Frankliniella spp. Fresh, GA Sampling of thrips during pre-flowering 
periods was most precise and efficient using 
a styrofoam beat cup method

Joost and Riley (2004)

Whiteflies

Bemisia tabaci Fresh, FL Within plant distribution of different life 
stages with optimum sample sizes

Schuster (1998)

B. tabaci Fresh, FL Action threshold of 5 nymphs per 10 leaflets 
to minimize irregular ripening disorder

Schuster (2002)

B. tabaci Fresh, Brazil Sequential sampling plan based on sampling 
nymphs per leaf and adults with beat tray. 
Economic threshold of 4 nymphs/leaf and 1 
adult/tray

Gusmão et al. (2006)

Trialeurodes 
vaporariorum

Greenhouse, Korea Fixed-precision sequential sampling plan 
based on yellow sticky cards spaced >12.5 m 
to monitor adults

Kim et al. (2001)

Multiple species Greenhouse Review of use of progress in using yellow 
sticky cards factors for monitoring whiteflies, 
and identification of gaps in their use as 
decision-making tools

Pinto-Zevallos and Vänninen 
(2013)

Spider Mites

Tetranychus urticae Fresh, Kenya Sequential binomial sampling plan with 
threshold based on predictive exponential 
model of population increase. Threshold 
of 27.9 mites/leaf, or 83% infested leaves, 
5 weeks after transplanting

Knapp et al. (2006)

T. urticae Fresh, NC Action threshold of 8 mite per leaflet on 
upper plant leaf

Meck et al. (2013)

TABLE 16.1 Resources for Sampling Programs and Threshold Levels for Some Key Arthropod Pests of Tomato—cont’d
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A diversity of sampling plans and thresholds exist for several other common pests of tomato, including direct counts of 
individuals on plants, and the use of pheromone traps and yellow sticky cards, the latter being common in greenhouse pro-
duction (Pinto-Zevallos and Vänninen, 2013). From the IPM practitioner’s perspective, the number of samples required to 
reliably estimate a population often exceeds what is practical (Cullen et al., 2000), therefore sampling for pest management 
decisions is usually a compromise between reliability and cost. The development of binomial or presence/absence sam-
pling is one approach to reduce sampling time without sacrificing precision. Binomial sampling is particularly useful for 
arthropods that are difficult to count and increase to high numbers, such as aphids, whiteflies, and spider mites (Table 16.1).

4.  CULTURAL CONTROL

Cultural pest control refers to the manipulation of the crop production system or cultural practices to reduce or eliminate 
pest populations. Cultural control practices can range from simple concepts such as adjusting planting dates to avoid pest 
infestations to more complex farmscaping approaches that may include adjusting the spatial and temporal arrangement of 
an agroecosystem. Cultural practices can be complex to implement, particularly those that rely on interactions of multiple 
plant species and arthropods. For this reason, their use is more common in small-scale diversified farming systems than 
large-scale monoculture tomatoes.

Perhaps the most common and easily implemented cultural pest management practice is the concept of avoidance. 
Practices such as adjusted planting dates and crop rotations have long been recognized at the local or farm level to avoid 
pest infestations. Avoidance measures can be particularly effective when implemented on an area-wide scale. For example, 
host-free periods have been successfully used to manage several insect-vectored viruses of tomato. Implementation of an 
area-wide rouging program of old, overwintered tomato crops in a 10 km2 area of Cyprus was used to eliminate primary 
inoculum sources of tomato yellow leaf curl virus (TYLCV) before emergence of its vector, the silverleaf whitefly Bemisia 
tabaci (Gennadius). This practice contributed to a reduction of TLCV-infected plants from 40% to 50% before the program 
began, and to <5% once the rouging program was initiated (Ioannou, 1987). Implementation of crop-free periods have 
also been highly successful in reducing whitefly-vectored tomato viruses in Israel (Ucko et al., 1998) and the Dominican 
Republic (Hilje et al., 2001).

Reflective mulches have long been used as a cultural tactic to manage the spread of insect-vectored plant viruses on sev-
eral vegetable crops including tomato. Mulches, usually aluminum-based, reflect ultraviolet light and repel incoming insects 
and prevent them from alighting on plants. This system was initially developed based on the knowledge of the flight behavior 
of aphids (Kring, 1972), but is also relevant to thrips (Scott et al., 1989) and whiteflies (Kring and Schuster, 1992). It is most 
often used to manage non- or semi-persistently transmitted viruses in which the vector transmits the virus quickly, before 
insecticides can kill the insect. Reflective mulches have been used successfully to reduce the incidence of viruses transmitted 
by B. tabaci, including tomato mottle virus (Csizinszky et al., 1999) and tomato leaf curl virus (Rajasri et al., 2011), aphids 
and transmission of cucumber mosaic virus and potato virus Y (Yoltas et al., 2003; Sikora and Murphy, 2005; Fanigliulo 
et al., 2009), and thrips transmission of tomato-spotted wilt virus (Greenough et al., 1990; Stavisky et al., 2002; Riley and 
Pappu, 2004). In addition to reflective mulches, rice husk (Rajasri et al., 2011) and living mulches consisting of either peanut 
or coriander reduced B. tabaci populations on tomatoes and delayed the incidence of begomoviruses. The relatively high cost 
and concerns about disposal of reflective mulches have been the obstacles to more widespread use of this strategy.

Intercropping consists of planting multiple crops in close proximity to promote beneficial interactions and to use growth 
resources more efficiently, such as light, water, and nutrients. Intercropping is a common practice where cultivated land is 
a limited resource. This diversification strategy can also aid pest management by reducing pest colonization and increas-
ing natural enemy populations by creating refuges (Andow, 1991). Intercropping tomato and maize in Nigeria resulted in 
reduced aphid densities and increased predatory spiders in tomatoes (Umeh and Onukwu, 2005). Intercropping tomato with 
coriander (Coriandrum sativum L.) and Gallant soldier (Galinsoga parviflora Cav.) resulted in lower abundance and higher 
diversity of arthropod pests, and higher abundance and diversity of predaceous arthropods compared with tomato monocul-
tures, which led to lower numbers of adults and eggs of the key lepidopteran pest Tuta absoluta (Meyrick) (Medeiros et al., 
2009). When used as a living mulch with tomato, coriander was also observed to contribute to reductions of B. tabaci popu-
lations and the incidence of begomovirus (Hilje and Stansly, 2008). Conversely, certain living mulches have sometimes lead 
to increased pest problems on tomatoes, as was the case with red clover and stink bugs (Hummel et al., 2002). Knowledge 
of how individual pests and specific combinations of crops and intercrops interact is critical to employing this strategy.

Trap cropping is a form of habitat manipulation in which stands of plants are grown to attract insect pests away from the 
target crop, or concentrating pests in a certain part of the field where they can be destroyed (Hokkanen, 1991). One of the 
first examples of trap crops in tomatoes was use of a tall variety of African marigold to suppress damage by H. armigera in 
India (Srinivasan et al., 1994). Planting rows of marigold at intervals ranging from every 10 to 20 rows of tomato reduced 
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H. armigera damage to tomato fruit by 9.3 and 3.9 times, respectively. The Colorado potato beetle (CPB) is a serious pest 
of solanaceous crops (including potato, tomato, and eggplant) in North America and Europe. Cultivated potatoes are con-
sidered a more attractive and suitable host than tomato for CPB, and planting potatoes several weeks before setting tomato 
plants can attract and retain beetles and prevent them from infesting tomatoes (Hunt and Whitefield, 1996). B. tabaci is a 
serious pest of vegetables in Florida that also vectors tomato TYLCV to tomato. Taking advantage of the greater attractive-
ness of whiteflies to cucurbits versus tomatoes, Schuster (2004) showed that planting a squash crop on the perimeter of 
tomatoes resulted in reduced whitefly populations and incidence of TYLC in tomato as compared to a tomato crop sur-
rounded by other tomatoes.

In addition to non-crop plants, tillage systems can also affect arthropod populations. For instance, a no-till system 
consisting of dead winter rye residue reduced initial colonization of tomato plants by overwintered Colorado potato beetle 
compared to a conventional till system, which subsequently led to lower CPB populations and fewer insecticide applica-
tions (Zehnder and Linduska, 1987; Hunt, 1998).

Knowledge of the impact of different plant species on pest and beneficial organisms can be used in more large-scale 
farmscape approaches to manage pests. For instance, weedy borders surrounding processing tomato fields in California 
were found to be a source of consperse stink bugs, Euschistus conspersus Uhler, infesting tomato fields. Managing the 
border with tillage and herbicides reduced the densities of this pest in adjacent tomatoes (Pease and Zalom, 2010). In this 
same study, sweet alyssum (Lobularia maritima (L.)), a long-flowering, high nectar-producing brassica that is an excellent 
resource for several hymenopteran parasitoids (Johanowicz and Mitchell, 2000), was evaluated as a companion crop to 
enhance stink bug natural enemy population. This cultural practice did increase parasitism of stink bug eggs in tomatoes, 
but only later in the season when parasitoids did not affect damage levels. Nonetheless, these types of studies provide the 
groundwork to better understand trophic interactions at the field level in tomato agroecosystems.

5.  HOST-PLANT RESISTANCE

Host-plant resistance is an attractive pest management option that can reduce pesticide use and provide relatively durable, 
long-term management of pest populations. Remarkable progress has been made in identifying disease-resistant genes in 
wild tomato varieties and incorporating these traits into commercial cultivars of Solanum lycopersicon L. (Gardner and 
Scott, 2012). In contrast, the development of arthropod-resistant cultivars is lagging far behind that of diseases. One of the 
few insects for which resistance does exist in commercial tomato cultivars is that of the potato aphid, Macrosiphum euphor-
biae Thomas. This resistance was attributed to a novel gene (Meu-1) that was thought to be closely linked to the nematode 
resistant gene Mi (Kaloshian et al., 1995), both of which were obtained from the wild cultivar Lycopersicon peruvianum 
(L.) Mill (Medina-Filho and Tanksley, 1983). It is now known that the Mi gene confers resistance to nematodes and potato 
aphid (Milligan et al., 1998; Rossi et al., 1998) as well as several biotypes of the silverleaf whitefly, B. tabaci (Nombela 
et al., 2003).

While insect resistance is currently lacking in commercial tomato cultivars, there is extensive knowledge on arthropod-
resistant traits in wild Solanum species, some of which have been incorporated into breeding lines. This resistance is 
largely associated with allelochemicals in type IV and VI glandular trichomes of accessions of Solanum (=Lycopersicum) 
hirsutum (=Solanum habrochaites S. Knapp & D.M. Spooner) f. glabratum, S. habrochaites f. glabratum, Solanum pen-
nellii (Correll) D’Arcy, and Solanum pimpinellifolium L., and confers resistance to a wide range of tomato arthropod pests 
(Farrar and Kennedy, 1991). Type IV glandular trichomes of S. pennellii (Blauth et al., 1998) and S. pimpinellifolium (Alba 
et al., 2009) contain high concentrations of acyl sugars that confer resistance to a broad spectrum of tomato pests, including 
aphids, whiteflies, tomato fruitworm, armyworm, leafminers, and spider mites. Additional allelochemicals associated with 
resistance include the sesquiterpenes zingiberene in type VI trichomes of accessions of S. habrochaites, and 2-tridecanone 
and 2-undecanone in type VI trichomes of Solanum hirsutum, f. glabratum Dunal. Incorporating trichome-based resistance 
into commercial cultivars is challenging, because inheritance is polygenic and linked to undesirable traits in wild donor 
plants. These trichome-mediated defense traits also have generally negative effects on parasites and predators (Kennedy, 
2003), and this can have implications that need to be considered when deploying resistant plants in the field.

Genetically modified (GM) crops with insect-resistant traits are a key component of modern agriculture that can increase 
sustainability by reducing pesticide and fuel use, increase yields, and enhance effects on biological diversity (NRC, 2010). 
Despite the high adoption rates and benefits realized to producers of GM crops throughout the world, primarily those of 
cotton and maize (James, 2013), this technology remains largely unavailable to producers of tomatoes and other fruits and 
vegetables. Public concern about the safety of GM vegetables has prevented the adoption of this technology by the fruit and 
vegetable industry (Nap et al., 2003; Anderson et al., 2007). Other than China (James, 2012), there is no known world pro-
duction of GM tomatoes. Nonetheless, considerable progress has been made in engineering tomatoes for pest resistance and 
improved market qualities, including the first commercially produced GM crop in the United States—the delayed-ripening 
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Flavr Savr tomato that was available from 1994 to 1997 (commercialized in 1994 and ceased 1997) (Bruening and Lyons, 
2000). Numerous transgenic tomatoes with resistance to lepidopteran pests based on expression of Bacillus thuringiensis 
Berliner (Bt) proteins (see Mandoakar et al., 2000; Saker et al., 2011) and proteinase inhibitors (Abdeen et al., 2005) have 
been developed, as are tomatoes with resistance to viruses transmitted by whiteflies (Sengoda et al., 2012), aphids (Zhang 
et al., 2012), and thrips (Fedorowicz et al., 2005). Despite the absence of commercially grown GM tomatoes anywhere in 
the world other than China, only corn, soybeans, cotton, and potatoes exceed tomatoes in the number of USDA-APHIS 
issued R&D field releases of GM varieties in 2013 (Fernandez-Cornejo et al., 2014).

6.  BIOLOGICAL CONTROL

There is extensive information on biological control programs for tomatoes in protected environments (see Chapter 15). 
The closed systems of greenhouses are ideally suited to biological control, because it is feasible to limit dispersal of natural 
enemies, avoid invasion of pests from outside sources, and create an environment more favorable to natural enemy than pest 
populations (Perdikis et al., 2008). Biological control plays a less prominent role in field-grown tomatoes, although there 
are several examples of programs that have used natural enemy populations to reduce insecticide use.

6.1  Aphids

The green peach aphid, Myzus persicae (Sulzer), is a common pest of tomato in both field and protected environments. 
Aphids have many predators and parasites in field-grown tomatoes, but natural enemies are generally ineffective in main-
taining populations below damaging levels (Walker et al., 1984a; Perring et al., 1988; Walgenbach, 1994). Parasitism of 
potato aphid by Aphidius spp. is hampered by high levels of hyperparasitism, and occurrence of the most effective predator, 
the syrphid Aphidoletes aphidimyza (Rondani), is not predictable (Farrar et al., 1986). Rates of parasitism are inversely 
density dependent, and predation by A. aphidimyza has been most effective in the early season when aphid densities are 
low. Thus the use of practices that suppress aphids, such as resistant cultivars, would be expected to enhance the efficacy 
of biological control. Natural enemies commonly used in greenhouse tomato crops include the parasitoids Aphidius ervi 
Haliday, Aphidius colemani Viereck, Aphelinus abdominalis (Dalman), and the syrphid A. aphidimyza (Perdikis et al., 
2008).

6.2  Mites

There are three potential mite pests of tomato, including the two-spotted spider mite (Tetranychus urticae Koch), probably 
the most common worldwide pest of tomato, the tomato russet mite (Aculops lycopersici (Massee)), and the tomato red 
spider mite (Tetranychus evansi Baker and Pritchard), the latter being an invasive species native to South American, but 
now occurring in most subtropical areas (Navajas et al., 2013). In contrast to the success of augmentative releases of preda-
tory phytoseiid mites in greenhouse tomatoes with Phytoseiulus persimilis Athias-Henriot (van Lenteren, 2000), biological 
control in the field has been less successful. Augmentative releases have not been shown to be practical in field-grown crops 
and natural populations of phytoseiid predators are sporadic because of variable climatic conditions. In addition, there can 
be a delay in the response of some phytoseiids to phytophagous mites while the predators adapt to the glandular trichome 
defense of tomatoes (Drukker et al., 1997; Sato et al., 2011; van Houten et al., 2013). Entomopathogenic fungi, particularly 
Neozygites floridana (Weiser and Muma), is widespread in distribution and can decimate spider mite populations under 
high humidity conditions (Duarte et al., 2009). Unfortunately, this fungus is highly sensitive to several fungicides used for 
managing diseases of tomato in many areas of the world (Klingen and Westrum, 2007; Weskesa et al., 2008).

Following the introduction of T. evansi into Africa in the 1990s, there was an effort to identify and import natural 
enemies from South America, the native range of T. evansi. This work is summarized by Navajas et al. (2013), but two can-
didate natural enemies that appeared to play an important role in maintaining T. evansi at low densities in much of Brazil 
were the phytoseiid Phytoseiulus longipes Evans (Furtado et al., 2006) and the fungal pathogen N. floridana (Weskesa 
et al., 2007). Introductions and assessments of these natural enemies in Africa have not yet been completed.

6.3  South American Pinworm

Despite a rich natural enemy complex of T. absoluta in its native regions of South America (Desneux et al., 2010; Luna 
et al., 2012), management in this region relies extensively on chemical control (Guedes and Picanco, 2012). Following the 
invasion of T. absoluta in Europe, several surveys revealed that a complex of native mirid predators and hymenopteran 
parasites were potentially effective biological control agents (Luna et al., 2011; Urbaneja et al., 2012; Zappala et al., 2013).  
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Natural enemies were suspected of helping to suppress populations within 2–3 years of T. absoluta’s arrival in Spain 
(Urbaneja et al., 2012). To date, the greatest progress has been the one made in protected crops with generalist mirid 
predators Macrolophus pygmaeus (Rambur) and Nesidiocoris tenuis (Reuter) and the egg parasitoid Trichogramm achaeae 
Nagaraja and Nagarkattii, while programs in field-grown crops are focusing on conservation methods.

6.4  Fruitworms

Worldwide, tomato fruitworms, including H. zea, H. armigera, and H. virescens, are among the most important pests of 
field-grown tomatoes. Damage threshold levels are extremely low, especially on high-value fresh market crops, and preven-
tive control practices are often necessary to minimize the damage. Trichogramma spp. egg parasitoids are well suited for 
preventive control, because they kill the egg and prevent the larvae from boring into fruit. Despite high rates of parasitism 
that often exceed 50% by naturally occurring Trichogramma populations (Oatman et al., 1983; Roltsch and Mayse, 1983; 
Hoffmann et al., 1990), biological methods alone do not provide the necessary level of control. Oatman and Platner (1971, 
1978) originally demonstrated that mass releases of Trichogramma pretiosum Riley were effective in reducing damage to 
processing tomatoes. This concept of mass releases of Trichogramma for fruitworm control was evaluated as a component 
of a tomato IPM program on fresh market tomatoes in Mexico (Trumble and Alvarado-Rodriguez, 1993). The mass-release 
component consisted of weekly releases of 100,000 T. pretiosum per hectare over a 5–9 week period. While this was effec-
tive in reducing fruitworm and armyworm damage, it did not improve control over the standard insecticide treatment. Due 
to the low cost of insecticides and high crop value, Trichogramma releases are not commonly used (Mills and Daane, 2005). 
However, conservation of naturally occurring populations is possible with selective insecticide use (Campbell et al., 1991; 
Hewa-Kapuge et al., 2003; Momanyi et al., 2012).

Processing tomato crops offer greater opportunities for incorporating biological control into IPM programs, because 
there are established minimum tolerance levels for fruit damage. For example, in California processing tomatoes where 
H. zea is a key late-season pest, the benefits of parasitism of eggs by Trichogramma spp. (Hoffmann et al., 1990) in reducing 
the need for insecticides was achieved by developing a sequential sampling plan with an adjustable threshold level based on 
rates of egg parasitism (Hoffmann et al., 1991). A similar program exists for managing H. armigera on processing tomatoes 
in New Zealand, except that the program relies on larval rather than egg parasitoids. The braconids Cotesia kazak (Telenga) 
and Microplitis croceipes (Cresson) were introduced into New Zealand in 1977 and 1986, respectively, and quickly became 
established and led to increased levels of H. armigera larval parasitism in several crops (Walker and Cameron, 1989). In 
tomatoes, parasitism levels increased from <1% before introduction to 60–80% by 1992 (Cameron et al., 2006). C. kazak, 
which parasitizes small larvae before they enter fruit, is the dominate parasite. Larval threshold levels were adjusted to 
account for the level of parasitism—threshold levels increase with increasing levels of parasitism—while maintaining fruit 
damage levels below 5% tolerance level (Walker et al., 2010). Incorporation of these parasitoids into tomato IPM programs, 
along with the use of compatible insecticides, led to a 95% reduction in insecticide use in New Zealand tomatoes (Cameron 
et al., 2009).

6.5  Leafminers

There are several species of leaf-mining Liriomyza that can be important pests of tomatoes, including the serpentine 
leafminer, Liriomyza trifolii (Burgess), vegetable leafminer, Liriomyza sativae Blanchard, and tomato leafminer, Liriomyza 
bryoniae (Kalt.). Because leafminers are indirect pests and the threshold for damage is relatively high (Kotze and Dennill, 
1996), naturally occurring parasites often keep leafminer populations at non-damaging levels when conserved with selec-
tive insecticide use. The most common hymenopteran parasites of Liriomyza spp. are Eulophids in the genus Diglyphus, 
and Brachonids in the genus Opius and Dacnusa (Liu et al., 2009). Classic study by Oatman and Kennedy (1976) demon-
strated that populations of L. sativae could be induced with applications of methomyl due to its adverse effects on parasites. 
This work remains relevant today, and selective insecticide use has helped to minimize the importance of leafminers as 
pests of field-grown tomatoes.

7.  SEMIOCHEMICAL CONTROL

Pheromone-mediated mating disruption has been evaluated as a management strategy for the tomato pinworm, 
Keiferia lycopersicella (Walsingham), and South American pinworm T. absoluta. Both of these insects are candidates 
for mating disruption because they have a restricted host range that includes tomato as a primary host, and neither of 
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them has a strong migratory behavior. van Steenwyk and Oatman (1983) obtained high levels of suppression of phero-
mone trap captures, but damage suppression was not considered sufficient to provide economic control. Immigration 
of female moths from adjacent non-disrupted fields was cited as a concern. Mating disruption of K. lycopersicella 
was a component of an IPM program compared to conventional chemical control in Mexican tomatoes, and while the 
IPM program was more cost-efficient, it was not possible to attribute lower levels of pinworm fruit damage solely to 
mating disruption (Trumble and Alvarado-Rodriguez, 1993). More recent studies with T. absoluta in Spain showed 
that mating disruption was efficacious in tomatoes grown in high containment, protected crops, but not in open-field 
grown tomatoes (Vacas et al., 2011). However, the high cost of T. absoluta pheromone is an obstacle to implementa-
tion. Finally, mass trapping of T. absoluta in greenhouse crops in Argentina resulted in reduced larval infestations on 
a consistent basis (Lobos et al., 2013).

8.  CHEMICAL CONTROL

Synthetic insecticides have been the primary tool used to manage arthropods in field-grown tomatoes for decades, and will 
likely remain a critical element in the near future. While some lament the lack of progress in moving away from pesticides 
in IPM programs (Ehler, 2006), the ease and efficiency of using pesticides are formidable obstacles to overcome on crops 
with stringent quality standards such as tomatoes. Numerous studies from a diversity of locations have demonstrated 
the value of insecticides in enhancing the profitability of tomato production, particularly when used in the context of an 
IPM program (Wiesenborn et al., 1990; Walgenbach and Estes, 1991; Trumble and Alvarado-Rodriguez, 1993; Nault and 
Speese, 2002; Yardim and Edwards, 2003; Engindeniz, 2006). It is noted, however, that production economic analyses do 
not capture costs associated with pesticide impacts on the environment or human health (Rushing et al., 1995; Ngowi et al., 
2007; Grovermann et al., 2013).

8.1  Change in the Type of Pesticides

The type and amount of pesticides used on tomatoes have changed dramatically during the past 20-plus years. These 
changes have largely been the result of regulatory decisions and pesticide resistance; the former being a trend in agriculture 
in general (Osteen and Fernandez-Cornejo, 2012), and the latter having impacts more at the local level. Introduction of 
synthetic pyrethroids in the late 1970s and 1980s resulted in a dramatic reduction in insecticide active ingredients applied—
insecticide use on vegetables declined by almost 50% between the early 1970s and mid 1980s—because of the lower use 
rates of pyrethroids compared to many of the organophosphate and carbamate insecticides that they replaced. Public con-
cerns about the effect of pesticide residues in the United States food supply led to a revamping of pesticide laws with the 
Food Quality Protection Act of 1996 (FQPA). The FQPA led to more stringent regulatory standards, and the crop protection 
industry responded by developing new products with unique modes of action and more friendly human health and envi-
ronmental profiles. Among those new groups commonly used in tomato production are the neonicotinoids, oxadiazines, 
diamides, spinosyns, tetonic acids, and several different types of insect-growth regulators. In contrast to older products that 
had a broad spectrum of pest activity, this new generation of insecticides have more narrow ranges of pest activity, which 
offers opportunities for enhancing biological control programs. It is noteworthy that while many pest management scien-
tists have lauded the appearance of narrow-spectrum insecticides, the number of premix products containing one or more 
active ingredients with different modes of action is the evidence that broad-spectrum control remains a desirable goal for 
agricultural community.

The availability of several different classes of insecticides with systemic activity is creating opportunities for delivery 
methods that can minimize negative impacts of insecticide use on human health and the environment. The vast majority of 
insecticides are applied to tomatoes as foliar applications with high-pressure sprayers. Negative impacts on human health 
and the environment can arise from the inevitable drift of pesticides to non-target sites, erosion of soil which releases 
pesticide-contaminated particles into water resources, and exposure of farm workers to pesticides that accumulate on plant 
surfaces. The latter is particularly relevant to fresh market tomatoes that require considerable hand labor to stake, string, and 
harvest. Many of these negative consequences can be mitigated with the use of systemic insecticides delivered to the root 
system via drip irrigation or drench applications. Neonicotinoids have been available for this delivery method for several 
decades, but control was limited to whiteflies, aphids, flea beetles, and certain species of thrips; foliar insecticides were still 
required for lepidopteran pests. The recent registration of several systemic diamides with lepiodopteran activity, including 
chlorantraniliprole and cyantraniliprole, broadens the spectrum of pests that can be managed with soil applied insecticides 
(Kuhar et al., 2010).
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8.2  Insecticide Resistance

There are several key arthropod pests of tomato that historically have been problematic to control because of insecticide 
resistance. Resistance among highly mobile, polyphagus lepidopteran pests, including the Heliothine complex of H. zea, 
H. armigera, and H. virescens, as well as the beet armyworm, Spodoptera exigua (Hübner), is usually not associated 
with insecticide use practices on tomatoes. Rather, resistance in these pests is more common in higher acreage crops such 
as cotton and corn that are responsible for insecticide exposure to large portions of populations. The widespread use of 
pyrethroids that provided effective and inexpensive control of the Heliothine complex on multiple crops beginning in the 
1980s eventually led to resistant populations, particularly in cotton production regions around the world (Ahmad, 2007; 
Hopkins and Pietrantonio, 2010; Wilson et al., 2013). The migratory behavior of these species plays an important role in the 
insecticide-resistance dynamics, affecting insecticide performance on a diversity of crops at considerable distances from 
the source of resistance (Pietrantonio et al., 2007; Avilla and González-Zamora, 2010). Concern about the development of 
Bt resistance in Heliothine populations due to widespread plantings of cotton and corn modified with Bt Cry proteins has 
largely not materialized. However, populations of the cabbage looper, Trichoplusia ni (Hübner), in Canadian vegetable 
greenhouses have developed resistance to repeated applications of Bt var. kurstaki (Janmaat, 2007), which is a concern in 
an environment where selective insecticide use is important in the maintenance of biological control programs.

In contrast to the Heliothines, T. absoluta, has a more restricted host range that includes the family Solanaceae, with 
tomato being the primary host. In its native South America, T. absoluta has developed resistance to virtually all classes of 
insecticides used against this pest (see Lietti et al., 2005; Silva et al., 2011; Campos et al., 2014), including organophos-
phates, pyrethroids, abamectin, cartap, indoxacarb, chitin synthesis inhibitors, and spinosad. Analysis of spatial patterns 
of resistance suggests that T. absoluta resistance is a local phenomenon related to the frequency of insecticide use and 
weather (Silva et al., 2011). A high proportion of T. absoluta populations in the Mediterranean Basin, which originated 
from an accidental introduction in Europe in 2006, carry pyrethroid-resistant alleles (Haddi et al., 2012). Indeed, high levels 
of resistance were detected in Greece, where potential resistance to chlorpyrifos and metaflumizone were also suspected 
(Roditakis et al., 2012). Current resistance management focuses on rotation of insecticides with different modes of action, 
along with the development of nonchemical tactics.

Another group of pests that have developed resistance to a wide range of insecticides are whiteflies, including 
Trialeurodes vaporariorum (Westwood) and B. tabaci, particularly among the B and Q biotypes of B. tabaci (Stansly and 
Naranjo, 2010). The greatest concern has been resistance development among the neonicotinoids, which have played a key 
role in managing whiteflies since the registration of imidacloprid in the early to mid-1990s. The dynamics of resistance is 
quite different in protected versus open-field tomatoes. For example, in open-field production in Florida where tomatoes 
are just one of several crops that serve as transient hosts on a local level, surveys of B. tabaci from multiple farms from 
2000 to 2010 exhibited a trend of increasing resistance to neonicotinoids (Schuster et al., 2010; Caballero et al., 2013). In 
southeast Spain where tomatoes are grown predominately in greenhouses, resistance was related to management strate-
gies used by individual operators. Operations that relied largely on chemical control had significant resistance to multiple 
insecticides, while those populations from houses that relied on biological control had the most susceptible populations 
(Fernández et al., 2009).

9.  FUTURE PROSPECTS

Tomato pest management programs will be impacted by many factors in the coming years, some of the most prominent 
being invasive pests, climate change, pesticide regulatory issues, and the availability of GM tomato cultivars. It is antici-
pated that pest problems will increase in many areas of the world due to the spread of invasive pests and climate change. 
The challenge will be to develop pest management strategies that are sustainable, preserve biodiversity, and are compatible 
with a growing population in which the buffer between agriculture and residential areas continues to diminish.

The introduction of invasive pests is a problem of rising importance on a global scale. International trade has been impli-
cated as a primary cause of the spread of pest species to new areas (Westphal et al., 2008), and this spread is expected to 
continue for the foreseeable future. While managing invasive pests is not fundamentally different from that of native pests, 
it complicates IPM programs by the need to manage more pests. Additionally, more pests limit the range of tactics available 
and affect the scale at which management must operate (Venette and Koch, 2009). The absence of effective natural control 
agents, at least during the initial stages of spread, can lead to large densities on a regional scale, and chemical control is 
often the only viable option under these circumstances. Increased insecticide use can disrupt biological and cultural control 
programs for existing pests from which the system will not recover easily. Some of the more important invasive pests of 
tomato in recent years include T. absoluta, which was introduced from South America into Europe and the North African 
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Mediterranean Basin (Desneux et al., 2010), the brown marmorated stink bug (Halyomorpha halys Stål) introduced from 
China to North America (Leskey et al., 2012) and Europe (Gariepy et al., 2014), the tomato red spider mite (T. evansi) intro-
duced from South America to sub-Saharan Africa, the Mediterranean region, Hawaii, and Taiwan (Navajas et al., 2013), and 
Liriomyza spp., which after 50 years continues to spread to new areas of the world (e.g., Rauf et al., 2000; Andersen et al., 
2002; Nyambo et al., 2011). Continued movement of these pests to new areas is probable.

The most recent assessment in 2013 by the Intergovernmental Panel on Climate Change (IPCC) predicts mean global 
surface temperature to rise by 1–3.7°C by 2100 (Stocker et al., 2013). Combined with rising levels of atmospheric carbon 
dioxide, changes of this magnitude are expected to significantly affect global agriculture and the population dynamics and 
status of arthropod pests (Sharma and Prabhakar, 2014). Foremost among these effects is the altered vulnerability of agri-
culture to invasive species (Ziska et al., 2011), e.g., regions previously not suitable for establishment of certain pests will 
become suitable. Impacts on native pests at the local level also will occur, including altered overwintering ranges, popula-
tion growth and phenology, and interactions with natural enemies and host plants (Sun et al., 2011; Sharma and Prabhakar, 
2014). There are many gaps in our ability to respond to these changes, but modeling efforts are helping to predict climate 
change effects on the expansion of pests (Ulrichs and Hopper, 2008), and the tritophic interactions among pests, host plants, 
and natural enemies (Gutierrez et al., 2008).

The suite of pesticides now available to growers represents a considerable improvement over those of 15–20 years ago 
in terms of safety to humans, the environment, and natural enemy populations. They primarily include new chemistry prod-
ucts with low use rates and pest specificity, and biopesticides with even greater specificity and safety. This trend will likely 
continue in view of the general public’s concern and perception about environmental and food safety issues. Multinational 
agrochemical companies have the ability to quickly incorporate new research technology into their search for new active 
ingredients (Lamberth et al., 2013), which will result in a continued flow of new products with unique modes of action that 
meet regulatory and market demands. While biopesticides account for <5% of the global pesticide market (Bailey et al., 
2010), this will likely increase with several large agrochemical companies now investing in this technology.

Host-plant resistance arguably offers the greatest opportunity for advances in tomato pest management. It is easy to use, 
compatible with other pest management tactics, and can greatly reduce pesticide use. However, these benefits are unlikely 
to occur until consumer skepticism of the safety of genetically modified fresh produce is overcome. Consequently, progress 
is being hamstrung by the need to rely on traditional breeding techniques to move insect-resistant genes into commercial 
cultivars. Although, Solanum spp. is the primary source of insect resistance, linkage drag associated with polygenic traits 
is slowing the progress. Recent studies suggest that there is a willingness among consumers to buy genetically modified 
vegetables, assuming that genes are not from other species (Lusk and Rozon, 2006; Lim et al., 2014).

As previously noted, there are numerous genetically modified tomatoes with insect-resistant traits that have been devel-
oped. Advances in recombinant DNA technology and RNAi technology (Katoch et al., 2013) greatly expand the sources 
of resistant traits to incorporate into tomatoes. Based on the success of other GM crops (Romeis et al., 2008), the eventual 
availability of GM tomato crops offers great promise to develop more IPM programs. The ultimate success in implement-
ing these programs at the field level, however, will depend on pest management scientists integrating this technology to 
programs that avoid pest-resistance development, determine compatibility with biological control programs, and under-
stand shifts in the importance of various pests (Kennedy, 2008). This will require research at the applied ecology level, and 
development of educational programs to facilitate implementation of new technology.
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United States
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1.  LEGISLATIVE HISTORY AND BACKGROUND OF PESTICIDE REGULATION IN THE 
UNITED STATES

Pesticide use and registration in the United States is currently regulated by the United States Environmental Protection 
Agency (EPA), which was established in 1970 in the wake of increasing concerns regarding environmental pollution. The 
new Agency was cobbled together from various programs from within the Department of Health, Education and Welfare, 
Department of the Interior, Department of Agriculture, and the Atomic Energy Commission. This diverse collection of 
governmental units provided the EPA with the appropriate range of skills required to regulate pesticides within a single 
agency. EPA’s regulatory authority has evolved over time as a result of a number of important statutes, keeping pace with 
the changing needs and demands of society.

Federal pesticide regulation began in the United States with the passage of the Federal Insecticide Act (FIA) in 1910, the 
purpose of which was to protect farmers and consumers from fraudulent or adulterated products. By the World War II era, 
chemistry had advanced to the point where numerous new compounds with agricultural value had significantly expanded 
the pesticide market. The FIA had ensured quality pesticide products but failed to anticipate the massive increases in pesti-
cide use and the potential for environmental damage and human health risk concerns that followed. In response, the United 
States Congress passed the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) of 1947.

As originally passed, FIFRA charged the United States Department of Agriculture (USDA) with the responsibility for 
pesticide regulation. FIFRA underwent a major revision in 1972 which transferred pesticide regulation authority to the 
EPA, with a greater emphasis toward protection of the environment and public health. FIFRA was then amended in 1988 
(known as FIFRA 88) to allow many pesticide products registered prior to 1984 to be reevaluated and reregistered using 
modern standards. It was amended again in 1996 with the passage of the Food Quality Protection Act (FQPA). The FQPA 
further modernized the safety standards to account for cumulative and aggregate risk associated with pesticides. Aggregate 
risks consider all routes of exposure from a given pesticide, including food, water, occupational, companion animal, and 
household use. Cumulative exposure seeks to address the combined risk of pesticides with a common mode of toxicity. 
FQPA also implemented a 15-year chemical review cycle for every registered pesticide product. This ensures that pesticides 
will continue to meet the United States government’s evolving safety standards.

The stricter safety standards under FQPA resulted in a large number of pesticides being either removed from the mar-
ket or having use patterns modified to reduce exposure and risk. All crops, including major agronomic crops and small 
acreage specialty crops, were impacted. These actions by the EPA further encouraged pesticide registrants to develop new 
products that are deemed to have lower risk compared to older products. Almost all of the new pesticides registered since 
1996 have superior human health and environmental risk profiles compared to their predecessors. This has allowed growers 
the opportunity to transition away from more hazardous pest management technologies while still retaining effective pest 
control. Another benefit of many of the new products is that they are more compatible with integrated pest management 
(IPM) principles.

The most recent amendments to FIFRA have been made in an effort to streamline and provide a more predictable EPA 
registration process. The Pesticide Registration Improvement Act (PRIA) was passed by Congress in 2003 and amended 
in 2007 and 2012. The PRIA basically provides a fee structure for EPA service to review pesticide registration requests. 
Registration actions in three divisions of EPA’s Office of Pesticide Programs (OPPs) are subject to PRIA fees: Antimicrobials, 
Biopesticides and Pollution Prevention, and Registration. The category of action (work effort by EPA), the amount of the 
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pesticide registration service fee, and the corresponding decision review periods are all prescribed in the statute (http://www2.
epa.gov/pria-fees/fy-201415-fee-schedule-registration-applications). The goal of this amendment is to create a more predict-
able evaluation process for affected pesticide decisions, and couple the collection of individual fees with specific decision 
review periods, or timelines, which provide resources to the three divisions noted. The legislation also promotes shorter deci-
sion review periods for reduced-risk pesticide applications. The shorter review period is meant to encourage the submission of 
pesticides that offer less risk to man and the environment than currently registered alternative products.

The Federal Food, Drug, and Cosmetic Act (FFDCA, originally passed in 1938) is another significant law regulating 
pesticides in the United States. This law authorizes the setting of tolerances (otherwise known internationally as Maximum 
Residue Limits, or MRLs) for pesticide residues in foods, usually expressed in parts per million. A tolerance level is the 
legally allowed level of pesticide residues in or on a food or animal feedstuff after use, according to Good Agricultural 
Practices. In practice, a pesticide use which follows EPA-registered label directions will not result in residues of that pesti-
cide on food or feed that exceed the tolerance level. The tolerance is specific for commodities or groups of commodities. In 
addition to being part of the EPA’s safety risk assessment, the tolerance level is also used for enforcement purposes, helping 
ensure and monitor legal usage. In the absence of a tolerance level (or exemption from the requirement of a tolerance) any 
pesticide residues in food or feed are considered illegal, as are pesticide residues that exceed their established tolerance. 
Such foods are subject to seizure by the United States or state governments, whether domestically grown or imported.

In most instances in the United States, biopesticides do not have specific numerical tolerances, but are exempt from tol-
erance based on the lack of a toxic endpoint, and quite often, their innate presence in the environment. In some cases when 
a biopesticide product naturally occurs in the environment it is not possible to distinguish residues from an application of 
the biopesticide from that which can be naturally present on the commodity.

To make a registration decision, EPA examines the ingredients of a pesticide along with the site or crop on which the 
product will be used, as well as other parameters such as the amount, frequency, timing of application, and storage and 
disposal practices. EPA evaluates the pesticide to ensure that it will not have unreasonable adverse effects on humans, envi-
ronment, and non-target species. This evaluation process requires the product registrant to provide certain data to EPA for 
review in order to make a registration decision, commonly known as a safety finding. A pesticide cannot be legally used in 
the United States until it has been reviewed and registered with EPA’s OPPs.

2.  ORGANIZATIONAL STRUCTURE OF EPA’S OFFICE OF PESTICIDE PROGRAMS

The EPA OPPs has the primary responsibility of accepting pesticide product registration applications, reviewing those 
applications, and issuing final product registrations. The OPP has nine divisions, plus the Office of the Director (http://
www.epa.gov/pesticides/contacts/index.htm#office).

Antimicrobial pesticides are regulated through EPA’s Antimicrobial Division (AD). The antimicrobial pesticides regu-
lated by AD are not intended for use in foods and include hard surface disinfectants, sanitizers, and preserving agents. 
These products can be extremely important considering their use in public health to control human pathogens and vectors 
of human pathogens. This division handles all product registrations, amendments, and reregistrations of such pesticide 
products. AD reviews all data within the division, does risk assessments, and issues registration decisions directly.

Known as a science division, the Biological and Economic Analysis Division (BEAD) supports pesticide regulation 
by providing use-related information and economic analysis. This division provides details on how pesticides are actually 
used which is valuable in exposure assessments, considering pesticide needs, and impacts of regulatory decisions. BEAD 
has laboratories which validate analytical methods used to measure pesticide residues and test public health antimicrobial 
products to ensure they work as intended. The laboratories serve as technical experts to states and support compliance 
monitoring by a number of federal entities, including FDA.

Biological pesticides are regulated by the Biopesticide and Pollution Prevention Division (BPPD). Biopesticides include 
microbials, plant incorporated protectants, and other biotechnology-related products. Biochemical biopesticides are also 
regulated in this division, which include plant extracts, pheromones, minerals, and other naturally occurring materials of 
limited toxicological concern. Such products routinely require a preclassification process to determine the proper EPA divi-
sion within which the pesticide will be evaluated and regulated.

The classification of biochemical biopesticides is distinguished from conventional pesticides which are reviewed in 
the Registration Division (RD). BPPD also seeks to limit pesticide impacts by promoting IPM activities, coordinating a 
Pesticide Environment Stewardship Program, and providing grants. Similar to AD, BPPD reviews all data within the divi-
sion and can do its own risk assessment and make its own registration decisions. In general, the overarching types of health 
and environmental data for biopesticides and conventional pesticides are similar. The primary difference is that biopesti-
cide requirements are set up in a tiered approach, with Tier 1 data being acute studies and then higher tier studies being 
subchronic and chronic, etc. In a vast majority of cases, registrations are mostly completed with data at the Tier 1 level. 

http://www2.epa.gov/pria-fees/fy-201415-fee-schedule-registration-applications
http://www2.epa.gov/pria-fees/fy-201415-fee-schedule-registration-applications
http://www.epa.gov/pesticides/contacts/index.htm
http://www.epa.gov/pesticides/contacts/index.htm
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Frequently, these requirements can be fulfilled through information in the public scientific literature since many biopesti-
cide active ingredients are commonly present in the environment with significant ongoing human exposure.

There are two other significant science divisions at EPA. The Environmental Fate and Effects Division (EFED) is 
responsible for reviewing and assessing data submitted to EPA related to environmental properties and effects of conven-
tional pesticides. The other important science division is Health Effects Division (HED). HED evaluates the data submitted 
to EPA concerning exposure and impacts of pesticide registration on humans and domestic animals.

All conventional chemical pesticides are regulated by the RD. This division is responsible for registration approvals, 
registration amendments, setting pesticide tolerances, approving experimental use permits (EUPs), and emergency exemp-
tions (in the case of emergency pest problems that cannot be addressed with products already registered). RD relies almost 
exclusively on the scientific reviews generated by BEAD, EFED, and HED in their regulatory decision process.

By law, all pesticide registrations must be periodically reviewed to ensure safety in light of the evolving knowledge of 
pesticide impacts. These reviews are conducted by the Pesticide Re-Evaluation Division (PRD). PRD has evolved out of 
the EPA response to the FIFRA 88 registration review process. It is a relatively new division in which EPA has integrated 
reregistration and tolerance reassessment activities to more effectively accomplish the goals outlined in FQPA.

The remaining EPA divisions are the Field and External Affairs Division (FEAD), providing links to many of the United 
States regional EPA offices, and the Information Technology and Resources Management Division (ITRMD). FEAD is 
responsible for Congressional interactions with EPA, coordination with and assistance to states and tribal authorities, 
international field activities, and other EPA communication and outreach programs. ITRMD provides information support, 
records management, pesticide incident and adverse impacts monitoring, and computer technical support. OPP’s personnel 
and budget are also managed by this division.

3.  TYPES OF PESTICIDE REGISTRATIONS UNDER FIFRA

There are several types of registration actions through which pesticides can be used legally in the United States:

3.1  Federal Registration Actions

Under Section 3 of FIFRA, EPA can register pesticides for use throughout the United States, although some pesticides are 
registered by EPA for more limited use in only certain states. In addition, states, tribes, and territories can place further 
restrictions on EPA-registered pesticides used or sold within their own jurisdictions. Therefore, the final label, although 
initially approved by EPA, is granted by these authorities for local use. There may be a significant lag time between label 
approval by EPA and final registration in a state and in some cases, a state may decline to register the use altogether.

3.2  Experimental Use Permits

Under Section 5 of FIFRA, EPA can allow manufacturers to field test pesticides under development. Manufacturers of 
conventional chemical pesticides are required to obtain Experimental Use Permits (EUPs) before testing new pesticides or 
new uses of registered pesticides, if they conduct experimental field tests on 10 acres or more of land or one acre or more 
of water. Experimental use of biopesticides also requires EUPs when used in these settings.

3.3  Emergency Exemptions

Under Section 18 of FIFRA, EPA can allow state and federal agencies to permit the unregistered use of a pesticide in a 
specific geographic area for a limited time if emergency pest conditions exist. Usually, this arises when growers and others 
encounter a pest problem on a site for which there is either no effective registered pesticide available, or for which there is a 
registered pesticide that would be effective but is not yet approved for use on that particular site or crop. These exemptions 
can also be approved for public health and quarantine reasons.

3.4  State-Specific Registrations

Under Section 24(c) of FIFRA, states can register a new pesticide product for any use, or a federally registered product for 
an additional use (or change in use pattern), as long as there is both a demonstrated “special local need,” a tolerance for the 
pesticide (or exemption from a tolerance), or other clearance under FFDCA (that would not change the safety finding of 
the product or use). However, EPA must review the 24(c) label and can disapprove a State’s special local need registration 
if they determine that it is not appropriate.
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4.  REGISTRATION PROCESS FOR A CONVENTIONAL (I.E., MAN-MADE) PESTICIDE  
IN REGISTRATION DIVISION

The Registration Process has five main steps: Front-End Processing, Science Reviews, Risk Assessment and Peer Review, 
Risk Management and Regulatory Decision, and finally the Federal Register publication (Fig. 17.1).

The front-end process takes place in the ITRMD where the registration submission (commonly referred to as “pack-
age”) is reviewed for completeness as outlined in EPA’s Pesticide Registration Notice 2011–3 (https://www.epa.gov/sites/
production/files/2014-04/documents/pr2011-3.pdf) and is billed according to the PRIA. The package is then provided to 
RD for further processing. There is a recommended report format that EPA strongly encourages that can be found at: https://
www.epa.gov/pesticide-registration/prn-2011-3-standard-format-data-submitted-under-fifra-and-certain-provisions.  
The use of these templates provides ease of review, consistency, quality, efficiency, and transparency. These templates 
provide applicants with important information regarding the specific data elements for each study and identifies key com-
ponents used by OPP to evaluate the suitability of a study for regulatory purposes. Submitters are further encouraged to 
submit the reports electronically.

5.  SCIENCE REVIEWS

Once the package is received and logged in by RD, it moves to the Science Divisions for review. The Science Review pro-
cess is based on Standard Operating Procedures and internal EPA policies and guidance. All data submitted to EPA must 
be from studies conducted according to Good Laboratory Practice standards (http://www.ecfr.gov/cgi-bin/text-idx?SID=e
8e8c217a719a588f03e927b0c618fba&mc=true&node=pt40.26.160&rgn=div5) or a clear indication of why data may not 
meet these requirements. HED does a primary review involving animal toxicity data to identify toxicological endpoints for 
humans. These include short-term (or acute), intermediate-term (subchronic), and long-term exposure (chronic) studies. 
The routes of exposure tested include not only oral and dermal but also inhalation exposure. The EPA evaluates the data for 
toxic effects with regard to cancer, organ toxicity, reproductive effects, birth defects, and endocrine effects.

For the typical pesticide there is also a series of environmental fate studies required for the primary review by EFED. 
These lab and field studies characterize persistence, mobility, and bioaccumulation of the product. Water resources data 
are used to help with modeling and monitoring data to estimate the potential exposure of these pesticides and to help refine 
estimates of exposure to humans. Other ecological studies are needed to estimate risk to terrestrial and aquatic organisms; 
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FIGURE 17.1 Pesticide review process in the registration division.

https://www.epa.gov/sites/production/files/2014-04/documents/pr2011-3.pdf
https://www.epa.gov/sites/production/files/2014-04/documents/pr2011-3.pdf
https://www.epa.gov/pesticide-registration/prn-2011-3-standard-format-data-submitted-under-fifra-and-certain-provisions
https://www.epa.gov/pesticide-registration/prn-2011-3-standard-format-data-submitted-under-fifra-and-certain-provisions
http://www.ecfr.gov/cgi-bin/text-idx?SID=e8e8c217a719a588f03e927b0c618fba&mc=true&node=pt40.26.160&rgn=div5
http://www.ecfr.gov/cgi-bin/text-idx?SID=e8e8c217a719a588f03e927b0c618fba&mc=true&node=pt40.26.160&rgn=div5
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therefore, studies are provided to determine acute and chronic toxicity. The data are initially reviewed by OPP scientists 
or contractors, and peer reviews are performed by EPA senior scientists. Depending on results from primary studies, addi-
tional, more specific studies may be required. Data reviews along with toxic endpoint recommendations are forwarded 
to the appropriate EPA risk assessor. For a complete listing of the testing guidelines please see: https://www.epa.gov/
test-guidelines-pesticides-and-toxic-substances/final-test-guidelines-pesticides-and-toxic.

BEAD contributes to the process by providing science reviews concerning what sites are being treated and for which 
pests. They examine how the pesticide is being applied, including equipment, timing, safety precautions, and limitations. 
Also provided are assessments of the quantity of pesticide used (such as rates of application, area treated, and total pesti-
cide amounts to be applied). The information supplied by BEAD can help determine any additional data requirements and 
estimates of human and environmental exposure for risk analysis.

6.  RISK ASSESSMENT

The universal equation for risk is: Risk = Hazard × Exposure. The types of risk assessment vary depending on use pattern 
and type of compound being registered. EPA assesses the human risks through a variety of sources, including diet (food 
and water), residential (oral, dermal, and inhalation), and occupational (dermal and inhalation). All of these consider short-
term, intermediate-term, and long-term (chronic) carcinogenic effects. There may also be cumulative risk assessments for 
chemicals that have a common mechanism of toxicity (for example, all organophosphate insecticides share a common 
mode of toxicity).

The first aspect of risk assessments are informed by the science reviews. These data reviews identify and quantify 
potential health effects that may occur from different types of pesticide exposure and are used to set the toxicological 
endpoints, LOEL (the lowest observable effect level) which is the lowest data point at which a toxic or adverse effect is 
observed, and NOEL (the no observed effect level) which is the highest data point at which there is no observed toxic 
or adverse effect. These are considered in the context of the reference dose (RfD), which is the daily oral exposure of a 
pesticide, uncertainty factors and sensitive population subgroups included, that is unlikely to have any deleterious effects 
during a lifetime.

EPA considers the full spectrum of a pesticide’s potential health effects. These studies also examine dose responses that 
provide dose levels at which adverse effects are observed in test animals. These dose levels then can be used to calculate 
an equivalent dose in humans. The potential hazard to humans is estimated by extrapolating from animal toxicity studies. 
EPA then applies safety or uncertainty factors to further protect humans and to account for any variability that occurs when 
extrapolating data from animals to humans. The safety factors include a 10× factor for interspecies variation as well as a 
10× factor for intraspecies (individual) variation (a total 100-fold protection factor). The FQPA also requires an additional 
10× safety factor for special sensitivity to infants or children. However, this safety factor may be lowered to 3× or elimi-
nated if data are available to show that there is not an increased risk to these sensitive population subgroups.

Human pesticide exposure is determined by data and modeling, water exposure is determined by using models and 
monitoring data. Spray drift models and data are used as well as dietary exposure and occupational exposure models. 
Occupational and residential exposure evaluates dermal and inhalation exposures both during and post-application for 
situations such as agricultural workers who mix and load chemicals, or for home owners who use products on their lawns 
and home gardens. Since the passage of FQPA, the EPA essentially considers all possible routes of exposure (known as 
aggregate exposure).

The EPA also conducts ecological (terrestrial and aquatic) assessments that consider acute and chronic exposures. This 
risk assessment is intentionally conservative to account for the wide ranges in pesticide sensitivity observed in the environ-
ment. EPA currently has an increasing focus on protecting endangered species (https://www.epa.gov/endangered-species) 
and pollinators. While the human risk assessment is conducted within the HED, the ecological risk assessment is conducted 
in the EFED. EFED evaluates risk to non-target organisms (i.e., wildlife, both aquatic and terrestrial organisms) and deter-
mines whether additional analysis is needed to assess risk to endangered species. They also assess the impacts to surface 
water and groundwater quality.

The EPA must assess pesticide risks to endangered species. The EPA and its federal partners, the USDA and the United 
States Fish and Wildlife Service (FWS) must consult to refine the risk estimate for endangered species. They are currently 
using an interim approach provided by recommendations of National Academy of Sciences’ National Research Council 
report, entitled, “Assessing Risks to Endangered and Threatened Species from Pesticides” (http://www.nap.edu/cata-
log/18344/assessing-risks-to-endangered-and-threatened-species-from-pesticides). This new approach provides species 
protections while also streamlining the consultation process and allowing ample opportunity for stakeholder engagement 
as early as possible. It is a difficult balance and can be resource-intensive at times, especially when considering the specialty 
fruit and vegetable crops which may be grown in close proximity to areas protected for endangered-species habitat.

https://www.epa.gov/test-guidelines-pesticides-and-toxic-substances/final-test-guidelines-pesticides-and-toxic
https://www.epa.gov/test-guidelines-pesticides-and-toxic-substances/final-test-guidelines-pesticides-and-toxic
https://www.epa.gov/endangered-species
http://www.nap.edu/catalog/18344/assessing-risks-to-endangered-and-threatened-species-from-pesticides
http://www.nap.edu/catalog/18344/assessing-risks-to-endangered-and-threatened-species-from-pesticides
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In assessing environmental risks for pesticides in water, including risks to people and to aquatic species, EPA uses a 
multistep process that includes computer models together with product-specific and species-specific data (https://www.epa.
gov/water-research/methods-models-tools-and-databases-water-research#models). Estimating the deposition of pesticide 
constituents on a water surface following an application is frequently a first step, and the accepted models for this are the 
United States Forest Service’s AGDISP and the closely related AgDRIFT; for drift beyond the computational limits of these 
programs, a linked Gaussian extension model has also been developed. Estimating the concentrations of pesticide materials 
in water requires a suite of models that take into account diffusion, chemical transformations, binding into sediment, and 
other chemical and physical processes. GENEEC (GENeric Estimated Environmental Concentration) is the Tier 1 screening 
model for assessing exposure of pesticides to aquatic organisms and the environment, and FIRST (FQPA Index Reservoir 
Screening Tool) provides a Tier 1 evaluation of pesticide levels in drinking water. For more refined evaluations, EPA uses 
the linked field-scale models PRZM-3 and EXAMS II (collectively known as PRZM-EXAMS); for aquatic assessments, 
PRZM-EXAMS uses a standard pond scenario, while drinking water assessments are based on an Index Reservoir and 
on Percent Crop Area exposed. Finally, SCI-GROW is used by EPA to model pesticide concentrations in groundwater. 
Regardless of the model(s) used, estimated concentrations of pesticide constituents are compared with toxicology data to 
move from estimates of exposure to estimates of risk.

Throughout the science review and risk assessment process, there are a series of technical reviews and peer reviews 
that take place. Peer review panels comprise senior scientists with specialized expertise in topics being assessed. These 
scientists comprise the Science Assessment Review Committees (SARCs) that are used extensively at OPP. They ensure 
consistency on decisions and methodology, make sure there are no gaps in data or information, conduct quality review 
checks of studies, and consider updated guidance documents. The SARCs will oversee decisions on a variety of issues in 
OPP such as toxic effects including toxicological endpoint selection and cancer considerations, FQPA Safety Factor, pesti-
cide metabolism, and routes of pesticide exposure.

In certain cases, the EPA will consider having a Scientific Advisory Panel (SAP) that consist of experts outside of the 
EPA to resolve certain issues, or to comment on new or existing policies. For example, the OPPs used a SAP to develop 
policy for the use of FQPA 10× Safety Factor for children, statistical methods for use of composite data in acute dietary 
exposure assessment, and use of watershed-derived percent crop areas as refinement tool in FQPA drinking water exposure 
assessments for tolerance reassessment. This SAP comprised experts from areas such as the National Institute of Health, 
medical universities. The recommendations from this panel were responsible for providing much of the information used 
to develop many of EPA’s current procedures.

7.  RISK REFINEMENT

After the passage of the FQPA, the reference dose for a given pesticide has been compared to that of a “risk cup.” The 
risk cup can be thought of as containing the total extent of all exposures to a pesticide. Potential exposures that are added 
include water, residential, occupational, and food. When the proverbial cup is full, the maximum RfD has been reached and 
there are no more exposures permissible. During the initial review of a new product, the EPA will assume that residues will 
occur at the level of the registrant’s proposed tolerance, that all the crops to be registered have the maximal residues, and 
that 100% of the crop acreage will be treated. This is a very broad, overestimate of the actual exposure, but if EPA finds the 
risk associated with such high exposure acceptable, there will be no need to further refine the estimate. On the other hand, 
if the risk cup “overflows” using this scenario, then EPA has the ability to do refinements that may still allow for new or 
additional uses to be registered.

EPA RD considers all of the “Risks and Benefits” of the product and develops methods to manage these risks. This pro-
cess often requires a very close working relationship with BEAD. In many cases it requires a decision-making process that 
may also require additional data. These data may include actual treated acre estimates or actual data from water monitoring 
studies. The pesticide product risk manager weighs results of the risk assessment against predetermined levels of concern. 
Every risk category (e.g., occupational, ecological, aggregate) has a predetermined level of concern and if triggered will 
cause the agency to further analyze that risk or use. EPA continues to determine whether additional data could reduce the 
risk estimate. They also include an economic assessment based upon crop loses, projected use, and product performance. 
If the risk estimates are as refined as possible, then the EPA product manager seeks risk mitigation measures, which may 
include reduced application rates, spray drift control measures, use of additional protective clothing, reentry restrictions, 
or other label restrictions.

Each phase of refinement is called a “tier” and there are three basic levels starting with no refinements at “Tier I,” to the 
risk assessment being highly refined at “Tier III” (Fig. 17.2). If, through the refinement and mitigation process, risks are no 
longer of concern, then the registration process will likely proceed at that point and eventually be granted.

https://www.epa.gov/water-research/methods-models-tools-and-databases-water-research
https://www.epa.gov/water-research/methods-models-tools-and-databases-water-research
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8.  FEDERAL REGISTER PUBLICATION PROCESS

The Federal Register publication process is required for two phases of the registration process. The first phase is the notifi-
cation process which usually occurs shortly after the registration package has been submitted to EPA. This Federal Register 
notice announces the receipt of an application to register pesticide products either containing new active ingredients or 
new uses for already registered products that have not been included in any previously registered products under the provi-
sions of section 3(c)(4) of the FIFRA, as amended (covered under 40 Code of Federal Regulations part 180). This posting 
allows for public comment and provides a brief description of the studies that have been submitted and what the submitter 
is proposing for a pesticide tolerance (MRL) level. The second phase of the Federal Register publication process occurs 
once a decision has been made, and approved by EPA management. This announcement is made public through a Federal 
Register Final Rule.

The final process requires a number of review and comment periods among the EPA staff at RD (along with consultation 
with HED and EFED) with the office of General Council. Once RD has completed, prepared, and signed the final docu-
ment, it is then prepared and presented to the Federal Register staff for publication as the Final Rule. The final signature 
for new active ingredients is provided by the OPPs Director. The final registration (label) is provided at the same time the 
Federal Register Final Rule is published and the process is complete.

9.  RECENT ADVANCES IN THE REGISTRATION PROCESS

9.1  Global Joint Reviews

Several years ago, the EPA entered into a cooperative relationship with a number of other national regulatory agencies to 
begin conducting joint reviews for new pesticide submissions. A global joint review is an evaluation of a pesticide submis-
sion through work sharing between two or more countries. The participating regulatory authorities establish a schedule for 
the review and determine the work split for the various scientific disciplines. The assigned countries do the primary study 
reviews, and then a secondary review (also known as a peer review) is completed by each country. After the reviews are 
agreed upon, each country uses the data reviews to develop individual risk assessments for the active ingredient, taking into 
account the specific uses being registered in their jurisdiction.

The goals of global joint reviews are to save resources, harmonize review requirements to the extent possible, and har-
monize toxicological end points and MRLs (i.e., tolerances) to the greatest extent possible. Since the initiation of global 
joint reviews, there has been significant progress in harmonizing MRLs and reducing trade irritants associated with pesti-
cide usage.

A recent example of a global joint review is noted in Table 17.1, where the insecticide chlorantraniliprole (from E. I. 
du Pont de Nemours and Company) was jointly reviewed by five countries. The various countries split the data review pro-
cess, then shared the conclusions, and registered this new, very low-risk insecticide in less than 2 years (submitted in 2007 

Risk Refinement

Tier II
Some refinements 
% crop treated, consumption 
patterns

Tier I
No refinementsToxic endpoint*

Tier III
Very refined 
Market data, water monitoring 
data, etc.

* NOEL/LOEL then add 10X  intraspecies (individual) 
safety factor, 10x interspecies safety factor, and 10x 
infants and children safety factor (if required) 

FIGURE 17.2 Risk refinement example.
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and registered in 2009). As a result of this stunning achievement, the MRLs established globally were nearly harmonized 
(i.e., identical in value for individual crops). Growers could use this new safer product with confidence that residues on 
exported agricultural commodities would not be illegal in the importing country. The product was reviewed in Codex (Joint 
meeting of Pesticide Residues) shortly thereafter and Codex MRLs were set, as well as registrations in other countries. 
Chlorantraniliprole is currently registered in over 100 countries around the globe.

9.2  Crop Grouping

Residue extrapolation is the process by which the residue levels on representative commodities are utilized to estimate 
residue levels on related commodities in the same commodity group or subgroup. This is also known as crop grouping. 
Representative commodities are chosen based on their commercial importance, and the similarity of their morphology 
and residue characteristics to other related commodities in the grouping. Ideally, representative commodities are the most 
economically important commodities in production and/or consumption and have a greater dietary burden than other crops 
belong to the grouping.

Residue extrapolation is a common consideration utilized by regulators internationally. The practice ensures that data 
requirements are only at a level that is scientifically justified in conducting risk assessment and to ensure the regulatory pro-
cess does not become unnecessarily burdensome, especially for minor crops. (EPA considers crops grown under 300,000 
acres to be minor crops.) Crop grouping not only reduces the burden for regulators but also for data generators. Minor crop 
producers have benefited most from this process because lower registration costs encourage more registrations on minor 
crops and the regulators have fewer reports to review. See http://www2.epa.gov/pesticide-registration/pesticide-tolerance-
crop-grouping-revisions for an update on the EPA process to expand the existing crop group regulations.

10.  SUMMARY

Pesticides are a key component of modern day pest management practices. Utilized in a vast number of agricultural com-
modities, it is critical that these substances are not only effective against the target pest, but safe for applicators, consum-
ers, and the environment. With over a century of pesticide regulation in the United States, the processes of insuring this 
safety are well developed and presented above. The laws governing pesticide regulation have evolved to ensure that the 
highest standards are utilized. While the system in the United States is highly sophisticated with rigorous risk assessments, 
it is also transparent and open to external observation and public scrutiny. At this same time, the global community has 
developed a high level of sophistication to provide scrutiny not only at the national level within each country, but also at 
regional (NAFTA) and global (Codex and OECD) scales. As the liberalization of trade and interdependence among coun-
tries increases in an effort to provide stable food supplies across the world, even greater cooperation and harmonization 
among countries will be needed. There will be greater effort placed on newer products and biopesticides. To that end, the 
cooperative efforts in pesticide regulation will serve to harmonize standards resulting in sustainable, lower risk products 
that will support global food security.

TABLE 17.1 Global Joint Review Assignments for Chlorantraniliprole

Chemical Toxicology
Residue 
Chemistry Ecotoxicology

Environmental 
Fate

Product 
Chemistry

Chlorantraniliprole United States Australia United Kingdom Ireland Canada

http://www2.epa.gov/pesticide-registration/pesticide-tolerance-crop-grouping-revisions
http://www2.epa.gov/pesticide-registration/pesticide-tolerance-crop-grouping-revisions
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