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Abstract

Abstract

Delottococcus aberiae (Hemiptera: Pseudococcidae) is an
invasive mealybug native to sub-Saharan Africa that was detected
causing significant damage to citrus fruits in eastern Spain in 2009.
Due to the lack of knowledge about this species, the management of
D. aberiae has been carried out by the application of authorized
insecticides against mealybugs. However, the latest European
Directive (2009/128 / EC) on the sustainable use of pesticides
stipulates that chemical treatments in agroecosystems must be
reduced, promoting more sustainable management strategies such as
the application of biological control methodologies. In addition, when
an invasive species arrives for the first time in a territory it is
necessary to study its biology, behavior, damage caused and control
possibilities. This thesis presents for the first time these studies of
biology and behavior of the pest as well as a characterization of the
damage produced by D. aberiae. The possibilities of implementing a
classical biological control program against this species in citrus in
Spain have also been studied.

To analyze the biology and behavior of D. aberiae, several citrus
orchards infested with the mealybug have been sampled for three
years in the Valencian Community (eastern Spain). Samples have
been collected periodically and the number of mealybugs, their
developmental stage as well as the infested stratum and organ where
they were present have being recorded. The period of damage to the
fruit was studied in semi-field and field conditions by the artificial
infestation with D. aberiae of fruits of different diameter. Finally, the
behavior and possibilities of biological control of D. aberiae were
studied by sampling several citrus orchards in the native area of the
mealybug (South Africa).
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Results showed that the density of D. aberiae populations in
citrus orchards is high in spring and summer, decreasing to lower
levels in autumn and winter. In addition, the insect completes several
generations throughout the year and two of them are clearly defined
and result in high population levels. Regarding its distribution, D.
aberiae was mostly installed in the canopy of the tree and migrations
were observed between different organs, showing a clear preference
for the developing fruit. From February to September some mealybugs
were found in the trunk and soil, moving upwards or downwards
depending on the phenology of the plant and the climatic conditions.

The comparison between sampling techniques revealed that
corrugated cardboard band traps provide a quantitative measurement
of D. aberiae density in the orchards. On the other hand, sticky traps,
baited with D. aberiae females were able to detect the main male
flight periods. D. aberiae caused direct damage to the fruit
(deformation and/or reduction in size) by feeding on the ovary of the
flower or on small fruits in development. These damages are probably
due to their interference with the process of cell division.

Finally, in South Africa, native area of the pest, the highest
density levels of D. aberiae were found in summer and the highest
parasitism rates occurred in autumn. Among the complex of D.
aberiae natural enemies, the two most abundant species were
Anagyrus sp. nov. 1 (Hymenoptera: Encyrtidae) and Allotropa sp.
nov. (Hymenoptera: Platygastridae). Both parasitoids could play an
important role in a biological control program against D. aberiae in
Spain. For now, Anagyrus sp. nov. 1 seems the best candidate because
of its higher rates of parasitism in South Africa.
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Resumen

Delottococcus aberiae (Hemiptera: Pseudococcidae) es un
pseudocdccido invasor originario del Africa subsahariana que fue
detectado causando graves dafios en citricos del este de Espafia en el
afio 2009. Debido al desconocimiento existente sobre esta especie, la
gestion de D. aberiae se ha llevado a cabo mediante el uso de
tratamientos quimicos autorizados contra este tipo de insectos. Sin
embargo, la ultima Directiva Europea (2009/128/EC) sobre el uso
sostenible de productos fitosanitarios estipula que la aplicacion de
plaguicidas en el ambito agricola debe reducirse, promoviendo
estrategias de manejo mas sostenibles como es la aplicacion del
control biol6gico de plagas. Ademas, cuando una especie invasora
Ilega por primera vez a un territorio es necesario estudiar su biologia,
comportamiento, dafios causados y posibilidades de control. En esta
tesis se presentan por primera vez estos estudios de biologia y
comportamiento de la plaga asi como un andlisis de los dafios
producidos por D. aberiae. También se han realizado estudios con el
objetivo de implementar la aplicacién de un programa de control
bioldgico clésico sobre esta especie en citricos en Espafa.

Para analizar la biologia y comportamiento de D. aberiae se han
muestreado durante tres afios varias parcelas de citricos con
poblaciones de D. aberiae en la Comunidad Valenciana. En estas
parcelas se han recogido muestras y contabilizado todos los
pseudococcidos presentes, su estadio de desarrollo y el estrato y
organo del arbol donde se encontraban. El periodo de dafios al fruto
fue estudiado en semicampo y campo mediante la infestacion artificial
con D. aberiae de frutos de distintos tamafios de didmetro. Por ultimo
se estudid el comportamiento y las posibilidades de control biologico
de D. aberiae muestreando diversas parcelas de citricos en su zona de
origen (Sudéfrica).
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Los resultados mostraron que la abundancia de las poblaciones de
D. aberiae en citricos es elevada en primavera y verano, reduciéndose
a niveles mucho més bajos en otofio e invierno. Ademas el insecto
completa varias generaciones a lo largo del afio, estando dos de ellas
muy claramente definidas y siendo las que dan lugar a elevadas
poblaciones de la plaga. En cuanto a su distribucion, D. aberiae se
instalo principalmente en la copa del arbol y se observaron
migraciones entre los distintos Organos, mostrando una clara
preferencia por el fruto en desarrollo. Entre febrero y septiembre parte
de las poblaciones de D. aberiae se encontraron en tronco y suelo,
existiendo movimientos de subida y de bajada a la copa en funcién de
la fenologia de la planta y las condiciones climaticas.

La comparativa entre técnicas de muestreo revel6 que las trampas
de carton corrugado proporcionan una medida cuantitativa de la
abundancia de D. aberiae en las parcelas. Por su parte, las trampas
pegajosas, provistas de hembras de D. aberiae, fueron capaces de
detectar los principales vuelos de machos. Por otro lado, D. aberiae
causé dafios directos al fruto (deformacién y/o reduccion de tamafio)
al alimentarse del ovario de la flor o de los primeros estados de
desarrollo de éste. Estos dafios son posiblemente debidos a su
interferencia con el proceso de division celular.

Por dltimo, en Sudafrica, lugar de origen de la plaga, los mayores
niveles poblaciones de D. aberiae se encontraron en verano y la tasa
de parasitismo fue maxima en otofio. Entre el complejo de enemigos
naturales de D. aberiae encontrados destacaron dos especies,
Anagyrus sp. nov. 1 (Hymenoptera: Encyrtidae) y Allotropa sp. nov.
(Hymenoptera: Platygastridae). Ambos parasitoides podrian tener un
papel importante en un programa de control biolégico contra D.
aberiae en Espafia. Por ahora, Anagyrus sp. nov. 1 parece el mejor
candidato por sus mayores tasas de parasitismo en Sudafrica.
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Resum

Delottococcus aberiae (Hemiptera: Pseudococcidae) és un
pseudococcid invasor originari de I'Africa subsahariana que va ser
detectat causant greus danys en citrics de I'est d'Espanya I'any 2009. A
causa del desconeixement existent sobre aquesta espécie, la gestié de
D. aberiae s'’ha dut a terme mitjancant I'4s de tractaments quimics
autoritzats contra aquest tipus d'insectes. No obstant aixo, l'dltima
Directiva Europea (2009/128/EC) sobre I'Gs sostenible de productes
fitosanitaris estipula que I'aplicacié de plaguicides en I'ambit agricola
ha de reduir-se, promovent estratégies de maneig més sostenibles com
és l'aplicacié del control biologic de plagues. A més, quan una especie
invasora arriba per primera vegada a un territori és necessari estudiar
la seua biologia, comportament, danys causats i possibilitats de
control. En aquesta tesi es presenten per primera vegada els estudis de
biologia i comportament de la plaga aixi com una analisi dels danys
produits per D. aberiae. També s'han realitzat estudis amb I'objectiu
d'implementar I'aplicacié d'un programa de control biologic classic
sobre aquesta espécie en citrics a Espanya.

Per a analitzar la biologia i comportament de D. aberiae s'han
mostrejat durant tres anys diverses parcel-les de citrics amb
poblacions de D. aberiae a la Comunitat Valenciana. En aquestes
parcel-les s'han recollit mostres i comptabilitzat tots els pseudococcids
presents, el seu estadi de desenvolupament i I'estrat i organ de l'arbre
on es trobaven. El periode de danys al fruit va ser estudiat en
semicamp i camp mitjancant la infestacié artificial amb D. aberiae de
fruits de diferents mides de diametre. Finalment es va estudiar el
comportament i les possibilitats de control biologic de D. aberiae
mostrejant diverses parcel-les de citrics en la seua zona d'origen (Sud-
africa).
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Els resultats van mostrar que I'abundancia de les poblacions de D.
aberiae en citrics €s elevada a la primavera i estiu, reduint-se a nivells
molt més baixos a la tardor i hivern. A més l'insecte completa diverses
generacions al llarg de l'any, estant dos d'elles molt clarament
definides i sent les que donen lloc a elevades poblacions de la plaga.
Quant a la seua distribucio, D. aberiae es va instal-lar principalment
en la copa de l'arbre i es van observar migracions entre els diferents
organs, mostrant una clara preferencia pel fruit en desenvolupament.
Entre febrer i setembre part de les poblacions de D. aberiae es van
trobar en tronc i sol, existint moviments de pujada i de baixada a la
copa en funcid6 de la fenologia de la planta i les condicions
climatiques.

La comparativa entre tecniques de mostreig va revelar que les
trampes de cartré corrugat proporcionen una mesura quantitativa de
I'abundancia de D. aberiae en les parcel-les. Per la seua banda, les
trampes apegaloses proveides de femelles de D. aberiae van
aconseguir detectar els principals vols de mascles. D'altra banda, D.
aberiae va causar danys directes al fruit (deformacié i/o reduccié de
mida) en l'alimentar-se de l'ovari de la flor o dels primers estats de
desenvolupament d'aquest. Aquest danys sén possiblement deguts a la
seua interferéncia amb el procés de divisio cel-lular.

Finalment, a Sud-africa, lloc d'origen de la plaga, els majors nivells
poblacionals de D. aberiae es van trobar a l'estiu i la taxa de
parasitisme va ser maxima a la tardor. Entre el complex d'enemics
naturals de D. aberiae trobats van destacar dues espécies, Anagyrus
sp. nov. 1 (Hymenoptera: Encyrtidae) i Allotropa sp. nov.
(Hymenoptera: Platygastridae). Tots dos parasitoides podrien tindre
un paper important en un programa de control biologic contra D.
aberiae a Espanya. Per ara, Anagyrus sp. nov. 1 sembla el millor
candidat per les seues majors taxes de parasitisme a Sud-africa.

Vi
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1.1. Mealybugs

1.1.1 General characteristics

The family Pseudococcidae, commonly known as mealybugs,
constitutes the second largest family, after Diaspididae, within the
group of scale insects (Hemiptera: Coccoidea), with 1987 species
described worldwide in 259 genera (Hardy et al. 2008, Williams et al.
2011, Kaydan et al. 2015, Garcia-Morales et al. 2016a). Mealybugs
are small, with oval to elongated soft bodies. Their common name
refers to the mealy wax secretion, usually white, that covers their
bodies in most of the species (Kosztarab and Kozar 1988, Gullan and
Martin 2009). They are widely distributed, occurring in different
habitats in all zoogeographic areas of the world, and the Palaearctic
Region has the highest number of recorded species (McKenzie 1967,
Ben-Dov 1994, Garcia-Morales et al. 2016a).

Similarly to other scale insects, mealybugs exhibit sexual
dimorphism (Gullan and Kosztarab 1997, Franco et al. 2009, Gullan
and Martin 2009). After hatching from the eggs, females go through
three immature instars before reaching maturity (Fig 1.1.). Due to
neoteny, adult females resemble and keep the morphology of the
immature individuals, being wingless and with well-developed
mouthparts. They continue feeding and growing until mating and may
live for several months before laying the eggs. In contrast, males have
clear morphological differences between immature and adult stages.

Males go through four immature instars; two of them are like the
female ones, but at the end of the second nymphal instar they develop
a waxy cocoon. Inside this cocoon they develop two pupa-like stages,
pre-pupa and pupa (Fig 1.1.), from which a winged adult male, with
distinct head, thorax and abdomen, will emerge (McKenzie 1967, Cox
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1987, Kosztarab and Kozar 1988, Gullan and Kosztarab 1997, Franco
et al. 2000, Franco et al. 2009, Gullan and Martin 2009, Beltra and
Soto 2012, Mani and Shivaraju 2016). Adult males do not feed and
live only a few days, having a limited time to seek out the females for
mating and being easily overlooked in the field (Kosztarab and Kozar
1988, Gullan and Martin 2009).

Most mealybug species reproduce sexually (Gullan and Kosztarab
1997, Mani and Shivaraju 2016). However, some mealybugs, such as
Phenacoccus solani Ferris (Lloyd 1952) or Ferrisia malvastra
(McDaniel) (Ben-Dov 2005), reproduce parthenogenically, with the
absence of males. Gravid females usually lay their eggs (oviparity) in
a waxy covering, the egg sac. Nevertheless, some species such as
Pseusodoccus longispinus (Targioni-Tozzetti) may retain them in their
reproductive tract until hatching (ovoviviparity) (Franco et al. 2000).

Second instar

.
‘ w ‘ Prepupa

First instar o ‘ £
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‘.\ )
Gravid female
with eggs inan 5 ’
egg sac
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female m

Mating

Fig.1.1. Life cycle of a mealybug, adapted from Beltra and Soto (2012).
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Taxonomy and identification of the Pseudococcidae family has
traditionally been based on microscopic analysis of morphological
structures present on the body surface of the adult female (Fig 1.2.),
(Miller and Kosztarab 1979, Williams and Granara de Willink 1992).
On the other hand, some attempts have also been made to classify
adult males and immature stages (Beardsley 1960, Afifi 1968, Gullan
2000, Wakgari and Giliomee 2005). However, morphological
identification involves several difficulties, such as being a time-
consuming process. Besides, certain environmental conditions can
induce morphological intra-specific variations in mealybugs, being
sometimes impossible to differentiate between complexes of cryptic
species (Cox 1983, Charles et al. 2000). Thus, morphological
identification needs to be carried out by taxonomic specialists.

2@ g:.'\,\/
=N &
éE= J*

Fig. 1.2. General appearance, under microscope, of the body surface of an
adult female mealybug.

The aforementioned difficulties have led to an increased interest
in applying molecular techniques to complement mealybug taxonomy,
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being, currently, DNA barcoding and multiplex PCR the most
commonly used molecular techniques for mealybug identification
(Hardy et al. 2008, Saccaggi et al. 2008, Rung et al. 2009, Park et al.
2010, Pieterse et al. 2010, Daane et al. 2011, Malausa et al. 2011,
Park et al. 2011, Correa et al. 2012). Among their advantages are high
accuracy and the feasibility of identifying nymphal and male stages in
addition to females (Beltra and Soto 2012). Thus, during recent
years, several studies applying integrative taxonomy (combination of
morphological and molecular characterization techniques) have been
carried out to characterize mealybug species present in different
regions worldwide, and also some of their natural enemies (Beltra et
al. 2012, Pacheco da Silva et al. 2014, Beltra et al. 2015, Malausa et
al. 2016, Pacheco da Silva et al. 2017).

1.1.2 Host plants

The family Pseudococcidae has adapted to a broad host range,
from herbaceous plants to trees. Unlike other scale insect families,
such as armored scales (Hemiptera: Diaspididae), mealybugs tend to
attack predominantly herbaceous plants rather than woody plants
(Kosztarab and Kozéar 1988, Ben-Dov 1994, Miller 2005). The most
common host family of Pseudococcidae is Poaceae, with 570 species
of mealybugs associated, followed by Asteraceae, with 294 species
and Fabaceae with 266. In a distant position, to complete the ten most
common host families are Rubiaceae, Malvaceae, Myrtaceae,
Rosaceae, Lamiaceae, Moraceae and Euphorbiaceae (Garcia-Morales
et al. 2016a) (Fig. 1.3.). In the Mediterranean Basin, mealybugs of
major economic importance cause problems in woody crops of the
familes Musaceae, Rosaceae, Rutaceae and Vitaceae; in horticultural
crops of the families Solanaceae and Cucurbitaceae and in a wide
range of families with ornamental plants (Beltra and Soto 2011,
Moreno-Salmeron 2011, Tena and Garcia-Mari 2011, Beltra and Soto
2012).
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Some mealybug species are monophagous or oligophagous, this
means quite specific with their hosts, such as Chaetococcus
phragmites (Marchal), known only from reed (Phragmites and Arundo
genera) or Planococcus vovae (Nasonov), which feeds almost
exclusively on the family Cupressaceae (Kosztarab and Kozar 1988,
Garcia-Morales et al. 2016a). However, only a few mealybug species
of narrow host range have commercial repercussions, being
polyphagous the mealybugs considered as major pests worldwide.
These polyphagous mealybugs present a serious threat because of their
tendency to adopt new host plants easily (Franco et al. 2009). Some
examples of major polyphagous mealybugs worldwide are Ferrisia
virgata (Cockerell), Maconellicoccus hirsutus (Green), Planococcus
citri (Risso), P. longispinus, Pseudococcus viburni (Signoret) or
Phenacoccus madeirensis Green. Each one of the aforementioned
species have been cited in about 80 different host botanical families
(Ben-Dov 1994, Garcia-Morales et al. 2016a).
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Fig. 1.3. Main host plant families of mealybugs. Made with information
contained in Garcia-Morales et al. (2016a).
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1.1.3 Damages and economic importance

Most Pseudococcidae are phloem feeders, and the damage they
cause is diverse according to the mealybug species and the host they
attack. These insects may cause significant economic losses in the
crops they infest and harm the aesthetic quality of ornamental plants
(McKenzie 1967, Gullan and Martin 2009). Their feeding behavior,
linked to sap-sucking, reduces plant vigor and the honeydew they
secrete is associated with the growth of black sooty mold fungi that
interferes with photosynthesis and affects fruit quality, especially in
agricultural contexts (Fig. 1.4.) (McKenzie 1967, Douglas 2009,
Franco et al. 2009). High densities or repeated infestations causes
defoliation, fruit drop or even kill the plant (Franco et al. 2000, Franco
et al. 2009). Indirect damage may also result from interations between
mealybugs and other pests, such as Lepidoptera (Douglas 2009).

Fig. 1.4. Damage caused by mealybug's honeydew secretion in citrus fruits.

Several mealybug species can also act as vectors of virus in
different commercial crops, such as banana or grapevine (Sforza et al.
2003, Watson and Kubiriba 2005, Cid et al. 2007, Tsai et al. 2010).
Besides, some species are able to inject toxins that distort plant
tissues, such as Hypogeococcus pungens Granara de Willink
(McFadyen 1979, Carrera-Martinez et al. 2015), M. hirsutus
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(Meyerdirk et al. 2001, Vitullo et al. 2009, Chong et al. 2015) or
Nipaeococcus viridis (Newstead) (Thomas and Leppla 2008, Abdul-
Rassoul 2014).

1.1.4 Population dynamics and distribution on the plant

Population dynamics differ according to mealybug species and
environmental conditions. In Central Europe, native species generally
complete one to three generations per year (Kosztarab and Kozér
1988). However, in the Mediterranean Basin, mealybug species with
agricultural impact usually complete a high number of overlapping
generations (Franco et al. 2000, Martinez-Ferrer et al. 2003, Beltra
and Soto 2012, Beltra et al. 2013a).

Temperature, relative humidity and photoperiod are the
environmental factors that most commonly influence the biology of
mealybugs. Different laboratory assays show that mealybugs require
approximately from 15 days to 3 months to complete a full life cycle
at constant temperatures between 20 and 30 °C (Amarasekare et al.
2008, Chong et al. 2008, Goldasteh et al. 2009, Varikou et al. 2010,
Prasad et al. 2012, Kumar et al. 2013). Thus, in the Mediterranen
Basin high mealybug population densities tend to occur in spring and
early summer, whereas high summer temperatures together with dry
winds may cause greater mortality of immature mealybug stages
(Bartlett and Clancy 1972, Beltra et al. 2013a). On the other hand,
with colder temperatures mealybugs slow down their growth and may
overwinter in the form of different stages (Miller 2005). Other factors,
such as mechanical action of rainfall (Le Rl and Iziquel 1990), host
nitrogen content (Hogendorp et al. 2006) or water-stressed plants
(Calatayud et al. 2002) can also influence mealybug populations.
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Within a host, mealybugs can feed on almost all plant strata,
including leaves, flowers, fruits, stems, trunk and even roots (Mani
and Shivaraju 2016). Due to their cryptic habits, mealybugs tend to
feed in concealed areas (Miller 2005), congregating in small
depressions or protected areas of plants. For example Planococcus
ficus (Signoret) is frequently found under the bark of the vine (Geiger
and Daane 2001) and P. citri under the calyx of citrus fruits
(Martinez-Ferrer et al. 2003). Although all mealybug female stages
are mobile, these insects have sedentary habits (Miller 2005). First
nymphal instars or crawlers show the greatest mobility, being the
main dispersal instar and seeking for suitable feeding sites. If
conditions are favorable, crawlers usually settle in the natal host plant,
close to their mothers, this resulting in a clumped spatial distribution
(Nestel et al. 1995, Gullan and Kosztarab 1997) (Fig. 1.5.).

Fig. 1.5. Aggregated distribution of mealybugs in citrus.

On the other hand, some mealybug species move to different parts
of the host for overwintering, feeding, ovipositing and molting
(McKenzie 1967, Franco 1994, Miller 2005). This seasonal
movements within the host have been reported for several mealybug
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species, specially those associated with woody plants (Franco et al.
2009), such as Ferrisia gilli Gullan in pistachio (Haviland et al. 2012),
P. citri in citrus (Franco 1994, Nestel et al. 1995, Martinez-Ferrer et
al. 2003) or Pseudococcus maritimus (Ehrhorn) in grapevine (Geiger
and Daane 2001). Franco (1994) suggested that immature feeding
stages of mealybugs on citrus tend to settle at the major carbohydrate
sinks of the plant, moving to different plant strata according to the
phenology of the host. This hypothesis may also explain the migratory
movements of other mealybug species. For example, Haviland et al.
(2012) showed that feeding location of F. gilli corresponded with
carbohydrate allocation in pistachio trees.

1.1.5 Mealybugs as invasive pests

Dispersion of mealybugs over longer distances occurs by human
action, mainly with the movement of infested plant material, and wind
action (Grasswitz and James 2008, Vitullo 2009). The introduction of
alien species has increased during recent decades (Roques et al. 20009,
Bellard et al. 2016). Globalization processes and the increase in the
international trade of horticultural and ornamental plants worldwide
have facilitated the introduction and spread of several insect pests
(Meyerson and Mooney 2007, Hulme 2009, MacDonald et al. 2015).
Within this context, the number of alien species is expected to
increase in the near future (Pimentel et al. 2005, Roy et al. 2014). The
impact of invasive alien species represents not only a major risk to
biodiversity but also significant economic impacts, especially in
agricultural ecosystems (Pimentel et al. 2000, Pimentel et al. 2001,
Kenis et al. 2009, Sujay et al. 2010, Paini et al. 2016).

Mealybugs are frequent invasive species. Their small size and
cryptic behavior allow them to pass unnoticed during quarantine
inspections, being easily introduced into new territories. Besides, their
high fecundity favors rapid spread (Miller et al. 2002, Hulme et al.
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2008, Kenis et al. 2009, Pellizzari and Germain 2010, Mansour et al.
2017a). Population outbreaks are frequent when mealybugs are
introduced into new areas without their specific natural enemies
(Moore 1988, Miller et al. 2002, Franco et al. 2009). Several species
have been involved in serious mealybug outbreaks in tropical and
subtropical regions, such as M. hirsutus (Matile-Ferrero et al. 2000,
Culik et al. 2013), Phenacoccus manihoti Matile-Ferrero (Herren and
Neuenschwander 1991), Phenacoccus solenopsis Tinsley (Hodgson et
al. 2008, Wang et al. 2010), Paracoccus marginatus Williams and
Granara de Willink (Matile-Ferrero et al. 2000, Muniappan et al.
2008, Ahmed et al. 2015) or Rastrococcus invadens Williams (Han et
al. 2007).

In Europe, mealybugs represent the third most numerous
family of alien insects, after aphids and armoured scales, and the
second within the scale insects (Hemiptera: Coccoidea) (Fig. 1.6.)
(Roques et al. 2009, Pellizzari and Germain 2010).
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Fig. 1.6. Number of alien and native scale species in Europe. Adapted from
Pellizzari and Germain (2010).
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Within Europe, the Mediterranean Basin, due to its favorable
climatic conditions, is especially susceptible to the establishment of
tropical and subtropical non-native species (Roques et al. 20009,
Walther et al. 2009). Therefore, since the 1990s many mealybug
species have been recorded as new invaders in agricultural crops,
urban environments and greenhouses in the Mediterranean Basin,
being some examples Dysmicoccus brevipes (Cockerell) (Suma et al.
2015), P. marginatus (Mendel et al. 2016), Phenacoccus defectus
Ferris (Mazzeo et al. 2014), Phenacoccus peruvianus Granara de
Willink (Beltra et al. 2010), P. solani (Mazzeo et al. 1999) or
Pseudococcus comstocki (Kuwana) (Pellizzari 2005).

1.1.6 Sampling and monitoring

Sampling and monitoring mealybugs are processes based on
different direct and indirect techniques. Direct sampling involves the
visual examination of plant material, searching and counting live
insects in different plant strata (Grimes and Cone 1985, Geiger and
Daane 2001, Haviland et al. 2012, Wunderlich et al. 2013). There are
different methodologies (Beltra and Soto 2012): enumerative
samplings count the number of mealybugs present per sampled organ,
binomial samplings anotate the presence or absence of mealybugs per
sampled organ and time-counts record for a certain time the number of
mealybugs present in a particular part of the plant.

Alternative indirect monitoring techniques, mainly based on the
use of different trap designs, have also been developed to determine
the mealybug’s seasonal occurrence, being the most common ones
sticky traps, corrugated cardboard bands and sticky tapes (DeBach
1949, Furness 1976, Hill and Burts 1982, Goolsby et al. 2002, Millar
et al. 2002, Walton et al. 2004, Roltsch et al. 2006, Cid et al. 2010,
Beltra and Soto 2012). Sticky traps are generally baited with sex
pheromones to increase the captures, two types of lures being used to

11
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attract the males: live virgin females or synthetic sex pheromones
(Rotundo and Tremblay 1975, Moreno et al. 1984, Meyerdirk et al.
2001, Serrano et al. 2001, Millar et al. 2002, Walton et al. 2004,
Mudavanhu et al. 2011). Corrugated cardboard band traps represent a
nondestructive sampling method to monitor mealybug population
densities (DeBach 1949, Furness 1976, Goolsby et al. 2002). The
bands are wrapped around the trunk or main branches of the trees and
serve as a refuge for gravid females to lay their eggs, or for second
male instars to make their cocoon and develop into adults males
(Beltra and Soto 2012) (Fig. 1.7.). Sticky tapes are also wrapped
around the trunk or branches of the plant and capture the mealybugs
that pass over them (Vitullo 2009, Cid et al. 2010).

Sampling population dynamics is essential to understand the
biology and ecology of arthropods and establish integrated pest
management (IPM) programs (Stern 1973, Binns and Nyrop 1992).
Monitoring protocols improve pest detection, provide information
regarding their seasonal occurrence and determine the expected
damaging periods. This information avoids unnecessary spraying and
forms the basis of any IPM program (Gonzalez 1971, Binns and
Nyrop 1992, De Villiers and Pringle 2007). Sampling and monitoring
mealybugs have been widely developed to improve their control in
many agricultural and ornamental ecosystems (Geiger and Daane
2001, Beltra and Soto 2012, Haviland et al. 2012, Wunderlich et al.
2013, Kumar et al. 2014). Enumerative and binomial samplings have
been used in IPM of many mealybug species affecting different crops
and ornamental plants, such as M. hirsutus, P. citri, P. ficus, P.
peruvianus, P. longispinus or P. maritimus (Furness 1976, Nestel et
al. 1995, Geiger and Daane 2001, Goolsby et al. 2002, Walton and
Pringle 2004, Martinez-Ferrer et al. 2006, Roltsch et al. 2006, Beltra
et al. 2013a). Time counts (1- 5 minutes) have also been carried out
for some mealybugs, such as P. citri and P. maritimus (Geiger and
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Daane 2001, Martinez-Ferrer et al. 2003). These methodologies can
be quite laborious and time-consuming, but they usually allow us to
obtain results with great precision (Grimes and Cone 1985, Geiger and
Daane 2001, Haviland et al. 2012, Beltra et al. 2013a).

Sticky traps have proved useful to monitor the seasonal flight
periods of adult males of different mealybugs. In recent years, the
development of synthetic pheromones for several mealybug species,
of economic importance worldwide, such as P. ficus, P. citri, P.
viburni, M. hirsutus, P. longispinus or P. madeirensis, has allowed its
use in the form of lures for monitoring and sometimes detecting
mealybug population outbreaks, simplifying sampling protocols
(Millar et al. 2002, Vitullo et al. 2007, Martinez-Ferrer et al. 2008,
Zada et al. 2008, Franco et al. 2009, Mudavanhu et al. 2011,
Waterworth et al. 2011). Corrugated cardboard band traps have been
tested with positive results to sample P. viburni (Mudavanhu 2009), P.
longispinus (DeBach 1949, Furness 1976) or M. hirsutus (Goolsby et
al. 2002, Roltsch et al. 2006). Sticky tapes are applicable to many
crops but sometimes are difficult to adhere on the surface of the host.
It has been used to sample mealybugs in vineyards (Cid et al. 2010),
in pears (Hill and Burts 1982) and in ornamental plants (Vitullo 2009).

.

Fig. 1.7. Corrugated cardboard band traps for monitoring mealybugs in
citrus.
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Finally, during recent years, several attempts have been made to
determine mealybugs economic injury levels and to establish
intervention thresholds to improve the management of these pests
(Walton et al. 2004, Martinez-Ferrer et al. 2006, Martinez-Ferrer et al.
2008, Mudavanhu et al. 2011, Beltra et al. 2013a, Haviland et al.
2015).

1.1.7 Management

On the other hand, the Directive 2009/128/EC of the European
Parliament and of the Council specifies a range of actions to achieve a
sustainable use of pesticides in the European Union (EU) by reducing
the risks of pesticide use on human health and the environment. This
Directive promotes the minimization of heavy pesticides by using
available alternative techniques (European Parliament and Council
2009). Thus, in recent years there has been an evolution towards more
sustaible pest management systems in Europe and in Spain. In this
way, there is an increasing interest in implementing IPM programs
and, within this context, the evaluation and application of pesticides
respectful and compatible with natural enemies, as well as the timing
of those applications, are crucial (Mgocheki and Addison 2009b,
Mansour et al. 2011, Mgocheki and Addison 2015). Besides,
alternative strategies to chemical control such as cultural methods, sex
pheromones and especially biological control, open new horizons for
mealybug management.

Cultural methods may interfere with the phytosanitary status of
agricultural and ornamental plants (Beltra and Soto 2012). Factors,
such as excessive nitrogen fertilization (Hogendorp et al. 2006) or
water-stressed plants (Calatayud et al. 2002) can facilitate the
proliferation of high mealybug populations. Thus, crop management is
very important to avoid future problems. mealybug sex pheromones
represent a promising and ecologically friendly way to reduce
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mealybug population levels (Mansour et al. 2017b). However, in
contrast to the increasing use of sex pheromones in controlling moth
and beetle pests, sex pheromones are still in development for
mealybugs (Franco et al. 2009, Beltra and Soto 2012). In any case,
pheromone-based control tactics, such as mass trapping or mating
disruption, should be regarded as promising methods for mealybug
management. In recent years, mating disruption has been tested with
good results to control P. ficus in vineyards of California (USA),
Israel, Sardinia (Italy) or Tunisia (Daane et al. 2006, Walton et al.
2006, Langone 2013, Cocco et al. 2014, Sharon et al. 2016, Mansour
et al. 2017b) and should be considered as a control measure within
the IPM programs in vineyards and as a future control measure to be
tested against mealybugs affecting other crops. On the other hand,
some mass trapping tactics have also been applied to mealybugs, but
results were not very as this control tactic is still in development
(Franco et al. 2004b, Suckling et al. 2015).

Biological control

Biological control of mealybugs has been widely studied due to
the high number of invasive species introduced in crops of economic
importance (McKenzie 1967). Mealybugs have many natural enemies,
including parasitoids, predators and entomopathogenic fungi (Moore
1988, Franco et al. 2009).

Among parasitoids, encyrtids (Hymenoptera: Encyrtidae) are the
largest and diverse group of natural enemies to control mealybugs
(Noyes and Hayat 1994). Within this group of parasitoids, species
belonging to the genera Acerophagus Smith, Anagyrus Howard,
Coccidoxenoides Girault, Gyranusoidea Compere, Leptomastidea
Mercet or Leptomastix Forster are used worldwide in biological
control (Moore 1988, Franco et al. 2000) (Fig. 1.8.). They usually
establish host-specific relationships with mealybugs and have a major
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influence on their population dynamics (Charles 2011). Encyrtid
parasitoids are primary endoparasitoids and their eggs develop inside
the body of their host, giving place to a yellowish or brown cylindrical
mummy from which will emerge one or more adult parasitoids
(Franco et al. 2009, Beltra and Soto 2012). Several important
mealybug outbreaks have been solved by classical biological control,
this is introducing encyrtid parasitoids from the native area of the
mealybug. For example, Anagyrus lopezi (De Santis) has been
introduced to control P. manihoti (Neuenschwander 2001, Parsa et al.
2012), Anagyrus kamali Moursi for M. hirsutus (Roltsch et al. 2006),
Acerophagus papayae Noyes and Schauff and Anagyrus loecki Noyes
for P. marginatus (Muniappan et al. 2006) or Anagyrus mangicola
Noyes and Gyranusoidea tebygi Noyes to control R. invadens
(Neuenschwander et al. 1994, Bokonon-Ganta et al. 2002). Encyrtid
parasitoids are also used in augmentative biological control of
mealybugs. In Spain this is a relatively common practice, and
parasitoids are mass-released to control P. citri in citrus orchards and
ornamental plants, P. ficus in vineyards or P. solani under greenhouse
conditions (Lucas 2002, Villalba et al. 2006, Campos-Rivela 2008,
Beltra and Soto 2012).

Fig. 1.8. Adult female of Anagyrus sp.parasitizing a mealybug.
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Regarding predators, most of them are generalist. This means that
they show polyphagy, being able to subsist without pests and not
showing a density-dependent response to their preys. In this way,
when mealybug densities are still low, but start to increase, predators
are already present in a crop and may play an essential immediate
role, unlike specific natural enemies that take a longer time to arrive
(Symondson et al. 2002). Therefore, they must be taken especially
into account in conservation biological control practices (Beltra and
Soto 2012). Ladybird beetles (Coleoptera: Coccinellidae) stand out as
the most important predators of mealybugs. Other primary groups are
lacewings (Neuroptera) of the families Chrysopidae, Coniopterygidae
and Hemerobiidae and flies (Diptera) of the families Cecidomyiidae
and Chamaemyiidae (Franco et al. 2000, Franco et al. 2009).

Some coccinellids show specificity for mealybugs and are
commonly used in classical and inundative biological control (Iperti
1999, Franco et al. 2004a, van Lenteren 2006). Among them,
Cryptolaemus montrouzieri Mulsant (Fig. 1.9.), of Australian origin,
has been introduced many times in a large number of countries,
including Spain, with the aim of controlling different mealybug
species (Moore 1988, Jacas et al. 2006). However, results are not
always good, mainly due to overuse of non-selective insecticides and
climate conditions (Franco et al. 2004a). This coccinellid is also mass
reared by several biological control companies and is widely used in
augmentative biological control (Franco et al. 2009). In the
Mediterranean Basin, augmentative releases of the predator C.
montrouzieri and the parasitoid Leptomastix dactylopii Howard
(Hymenoptera: Encyrtidae) are commonly used to control P. citri and
have been reported to be effective in many countries (Franco et al.
2004a, Beltra and Soto 2012).

The efficacy of the mealybug’s natural enemies can be limited by
different factors, such as chemical applications, climate conditions, the
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lack of food sources, the absence of alternative hosts or the presence
of ants. For these reasons, conservation biological control involves the
manipulation of the environment to enhance the survival, fecundity,
longevity and behavior of the existing natural enemies (Moore 1988,
Landis et al. 2000, Davies et al. 2004, Franco et al. 2004a).

Fig. 1.9. C. montrouzieri adult (left) and larvae (right) feeding on P. citri.

Reducing pesticide applications is one of the actions that can play
a vital role in increasing the efficacy of natural enemies. Thus,
pesticides should only be used when strictly necessary and only
selective compounds should be applied (Landis et al. 2000, Mansour
et al. 2011). Besides, several experiments show that the longevity and
fecundity of predators and adult parasitoids can be increased when
they feed on sugars, such as nectar, pollen or insect honeydew (Landis
et al. 2000, Sagarra et al. 2000, Gonzalez-Hernandez et al. 2005, Gurr
et al. 2005, Heimpel and Jervis 2005, Chong and Oetting 2006,
Sandanayaka et al. 2009, Beltra et al. 2013b). Finally, the mutualism
between ants and mealybugs also has an important and complex role
in biological control. Ants feed on mealybug honeydew and provide
them protection against predators and parasitoids (McKenzie 1967,
Franco et al. 2004a, Beltra and Soto 2012). Several studies have
shown that the control of ants, their exclusion by physical barriers or
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the provisioning of artificial sugars increase the action of natural
enemies, improving biological control and helping to reduce mealybug
densities (Nechols and Seibert 1985, Phillips and Sherk 1991, Campos
et al. 2006, Mgocheki and Addison 2009a, Mgocheki and Addison
2010, Beltra et al. 2017).

1.2. Mealybugs in citrus and their management

1.2.1 Citrus mealybugs

Seventy mealybug species are known to develop on Citrus
worldwide, but only a few are regarded as significant pests (Ben-Dov
1994, Garcia-Morales et al. 2016a). The Mediterranean Basin is one
of the largest areas of citrus production and one of the leading
exporting regions in the world (Lacirignola and D'Onghia 2009).
Within this context, mealybug citrus pests affect fruit production and
quality, influencing the economy of the citrus-growing countries in
this region, especially when mealybug population outbreaks take place
(Franco et al. 2004a).

In the Mediterranean Basin, six alien mealybug species have
traditionally been reported as citrus pests, with different origins and
histories of invasion (Bar-Zakay et al. 1987, Blumberg et al. 1999,
Franco et al. 2000, Franco et al. 2004a): the citrus mealybug P. citri,
the citriculus mealybug Pseudococcus cryptus Hempel, the longtailed
mealybug P. longispinus, the citrophilus mealybug Pseudococcus
calceolariae (Maskell), the obscure mealybug P. viburni and the
spherical mealybug N. viridis. Recently, the mealybug Delottococcus
aberiae (De Lotto) has also been added to the list of invasive
mealybug species in the Mediterranean Basin citrus production area
(Beltra et al. 2013c). All the aforementioned species are highly
polyphagous (Ben-Dov 1994, Garcia-Morales et al. 2016a) and only
the citrus mealybug, P. citri (Fig. 1.10.), is regarded as a major pest,
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having a very wide distribution as a result of international trade
(Franco et al. 2004a, Garcia-Mari 2012).

P. citri is a cosmopolitan and polyphagous mealybug that has been
found in 115 countries worldwide, attacking plants of 82 different
botanical families (Garcia-Morales et al. 2016a). It occurs in the
tropical and subtropical zones worldwide, in large densities on
perennial crops, among which are citrus, and ornamentals (Ben-Dov
1994, Franco et al. 2004a). Owing to its wide distribution, its origin
remains unclear. It has been suggested that this species might be
native to South America (Compere 1939a) or Eastern Asia (Bartlett
1978). However, the most recent hypothesis, involving its parasitoid
L. dactylopii, suggests that has Afrotropical origin (Franco et al.
2004a, Franco et al. 2008, Bugila et al. 2014). According to Pellizzari
and Germain (2010), P. citri arrived and established itselt in Europe
during the nineteenth century and in Spain this species has been
found, at least, since 1928, when Gdémez-Clemente (1928) reported
the introduction of the C. montrouzieri to control this mealybug.

Fig. 1.10. Adult female of P. citri.

The rest of species are considered minor pests in the
Mediterranean Basin due to low population levels or because they are
restricted to small geographic areas (Franco et al. 2004a, Garcia-Mari
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2012). P. calceolariae, P. longispinus and P. viburni usually appear
isolated and at low population levels in citrus orchards (Franco et al.
2000, Garcia-Mari 2012). N. viridis and P. cryptus are only relevant in
Israel (Bar-Zakay et al. 1987, Blumberg et al. 1999) and D. aberiae is
only present in Spain by now (Garcia-Mari 2012, Beltra et al. 2013c)

1.2.2 Management of citrus mealybugs

Mealybugs are regarded as occasional or minor pests of citrus,
generally appearing at low density levels (Franco et al. 2004a, Garcia-
Mari 2012). However, some species can reach key pest status under
certain conditions, especially when introduced into new areas without
its main natural enemies. Therefore, numerous mealybug outbreaks in
citrus orchards have been reported from several areas worldwide,
particularly for the species P. citri (Clausen 1915, Bodenheimer 1951,
Bar-Zakay et al. 1987, Hattingh et al. 1998, Blumberg et al. 1999,
Franco et al. 2000, Beltra et al. 2013c, Mansour et al. 2017a). When a
citrus mealybug becomes a key pest, management strategies must be
implemented to change its status to that of a minor or occasional pest.
This may be achieved by reducing its populations below the economic
injury level or by reducing the susceptibility of the plant host to
mealybug injury. Different tactics, such as biological control, orchard
management, direct chemical control or ant control, may be applied,
depending on the mealybug pest situation and the occurrence of other
key pests in the orchards (Franco et al. 2004a).

Classical biological control and augmentative releases have been
widely developed against alien mealybug pests affecting citrus in the
Mediterranean Basin, especially to control P. citri (Llorens 1994,
Katsoyannos 1996, Blumberg et al. 1999, Franco et al. 2000, Villalba
et al. 2006, Rahmouni and Chermiti 2013). However, the poor
adaptation of several natural enemies to Mediterranean climatic
conditions, means chemical control is still being widely used to
control mealybug outbreaks (Sharaf and Meyerdirk 1987, Mendel et
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al. 1999, Franco et al. 2000, Franco et al. 2004a). Other factors, such
as characteristics of the citrus variety, mealybug’s crytic behavior,
interaction with ants, production system in the orchard or
encapsulation, may also impact mealybug population outbreaks and
the efficacy of mealybug’s natural enemies (Berlinger and Gol'Berg
1978, Blumberg et al. 1995, Mendel et al. 1999, Campos and
Martinez-Ferrer 2003, Campos et al. 2006, Hogendorp et al. 2006,
Villalba et al. 2006, Suma et al. 2012).

The identification and synthesis of the sex pheromone of P. citri
(Zada et al. 2004, Kukovinets et al. 2006), P. calceolariae (El-Sayed
et al. 2010), P. cryptus (Nakahata et al. 2003), P. longispinus (Millar
et al. 2009), or P. viburni (Millar and Midland 2007), has allowed for
new opportunities to monitor and control mealybugs in citrus
orchards. Thus, mass trapping, mating disruption or lure and Kill
should be considered for possible use in citrus IPM programs as
alternative methods to chemical treatments (Franco et al. 2009). In
citrus orchards of lIsrael and Portugal, a wo-year study for mass
trapping P. citri males was carried out and results indicated that a
significant reduction in male numbers can be achieved, but the
reduction obtained with the experimental design was not enough to
reduce fruit infestation significantly (Franco et al. 2004b). Besides,
the complex structure of mealybug’s pheromones limits large scale
synthesis required for mating disruption (Franco et al. 2009).
Therefore, the application of pheromones is still restricted to
monitoring the evolution of citrus mealybugs in the orchards, in the
case of those species whose sex pheromone is commercially available,
being P. citri the most widely studied for now (Hwang and Chu 1987,
Hefetz and Tauber 1990, Franco et al. 2001, Martinez-Ferrer et al.
2003, Zada et al. 2004, Levi-Zada et al. 2014).

Finally, enhancement of biological control through the
management of ant populations is another promising tactic to control
the density of mealybug pests in citrus orchards and has been tested
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with good results during recent decades (Franco et al. 2004a, Villalba
et al. 2006, Marras et al. 2008).

1.3. Delottococcus aberiae (De Lotto)

1.3.1 Genus Delottococcus

The genus Delottococcus was described by Cox and Ben-Dov
(1986) for a range of African species that had been previously placed
in several genera, including Pseudococcus (Brain 1915), Planococcus
(Ezzat and McConnell 1956), Allococccus (De Lotto 1961) and
Paracoccus (Williams 1958) (Miller and Giliomee 2011). This genus
is mainly characterized as having an anal bar, presence of oral-rim
tubular ducts, presence of abdominal cerarii with no more than two
conical setae and no auxiliary setae, presence of translucent pores on
hind tibia and absence on hind coxa and no circulus (Cox and Ben-
Dov 1986, Miller and Giliomee 2011), it being included in the
subfamily Pseudococcinae by Hardy et al. (2008). Unfortunately, none
of these characters is consistently present in all specimens of each
species. Therefore, due to morphological variation in species, it is a
difficult group of mealybugs to identify and some specimens have in
fact been misidentified. For example, Delottococcus elisabethae
(Brain) was recorded from citrus and this appears to be a
misidentification of D. aberiae (Miller and Giliomee 2011).

Miller and Giliomee (2011) reviewed the genus Delottococcus
Cox & Ben-Dov and, currently, it includes nine mealybug species
native to southern areas of the Afrotropical region: D. aberiae,
Delottococcus confusus (De Lotto), D. elisabethae, Delottococcus
euphorbiae (Ezzat & McConnell), Delottococcus millari Miller &
Giliomee, Delottococcus phylicus (De Lotto), Delottococcus proteae
(Hall), Delottococcus quaesitus (Brain) and Delottococcus trichiliae
(Brain) (Miller and Giliomee 2011, Garcia-Morales et al. 2016a).
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Some Delottococcus species have been cited as invasive mealybugs
and their economic impact can be substantial. These are the cases of
D. aberiae, reported in Spain (Beltra et al. 2013c), D. confusus
detected in California and Hawaii (Watson 2007, Stocks 2014) or D.
euphorbiae present in France and Italy (Matile-Ferrero 1983, Longo et
al. 1995b, Foldi 2000, Pellizzari and Germain 2010).

1.3.2 The mealybug D. aberiae

Delottococcus aberiae (De Lotto) (Hemiptera: Pseudococcidae)
(Fig. 1.11.) is a mealybug native to sub-Saharan Africa (Miller and
Giliomee 2011). It has been found in plants of 25 different botanical
families (Garcia-Morales et al. 2016a) and it feeds on different
tropical and subtropical crops, such as citrus, coffee, guava, pear,
persimmon or olive (De Lotto 1961, Miller and Giliomee 2011, Beltra
et al. 2013c, Pérez-Hedo et al. 2018). D. aberiae is a common species
in the country of South Africa (Miller and Giliomee 2011), where itis
mainly found on wild olive trees and on the roots of the flowering
shrub Chrysanthemoides monilifera (L.) T. Norl. However, it can also
be found, irregularly distributed, in citrus orchards of the north of the
country. There, it is considered a secondary pest that can go unnoticed
for years (Hattingh et al. 1998, Miller and Giliomee 2011), but several
mealybug outbreaks have been reported in recent years by the Citrus
Research International (Moore and Hattingh 2012, Beltra et al. 2015).

In 2009, D. aberiae was detected as an invasive species in eastern
Spain (Les Valls, Valencia) (Fig. 1.12.), causing serious damage in
citrus orchards and being this the first report of the mealybug as a
significant citrus pest worldwide (Beltra et al. 2012, Garcia-Mari
2012, Beltra et al. 2013c). Identification was confirmed by molecular
and taxonomic techniques, and recent studies have shown that Spanish
invasive populations are native from Limpopo, in northern South
Africa (Beltra et al. 2015). Since its arrival, the mealybug has
continued spreading, slowly but steadily, towards adjoining areas and
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has become a significant pest in eastern Spain (Soto et al. 2016b).
Like other mealybug species, D. aberiae reduces plant vigor and
excretes honeydew, promoting the growth of sooty mold fungi,
interfering with plant photosynthesis and giving shelter to secondary
pests, such as pyralid moths (Franco et al. 2000). However, feeding
behavior of D. aberiae causes severe direct damage to young citrus
fruits, distorting their shape and size (Fig. 1.13.), depreciating their
commercial value and leading to significant crop losses (Beltra et al.
2013c, Tena et al. 2014).

The complex of natural enemies of D. aberiae is practically
unknown, and since its introduction in Spain the absence of effective
biological control to manage population outbreaks has been reported
(Tena et al. 2014, Soto et al. 2016a, Tena et al. 2017a). The existing
parasitoids in Spain fail to control this pest (Tena et al. 2017a, Tena et
al. 2017b) and the predators, mainly C. montrouzieri, appear late
when the damage to the fruit has already been done (Soto et al.
2016a).Therefore, due to the necessity of the growers to control this
pest, the management of D. aberiae relies on the use of insecticides
(Tena et al. 2014, Pérez-Rodriguez et al. 2017).

Fig. 1.11. D. aberiae adult female (left) and D. aberiae adult male (right).
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Fig. 1.13. Distortions in fruit shape and size orlglnated by D. aberiae in
different orange and mandarine cultivars.
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Chapter 2. Justification and objectives

Mealybugs are important crop pests because they are easily
introduced into new areas due to their small size and cryptic behavior,
especially through international plant trade. As such, they represent
one of the insect groups with more alien species in Europe. Among the
recently introduced invasive species, Delottococcus aberiae (De
Lotto) (Hemiptera: Pseudococcidae) is the latest mealybug found in
citrus in Spain.

In 2009, D. aberiae was detected after causing significant direct
damage to citrus fruits in the region of “Les Valls” (Valencia, eastern
Spain), within the Mediterranean Basin, and thus poses a threat to
citrus production in the area. Currently, D. aberiae is considered a
citrus pest only in Spain and its native (Limpopo, northern South
Africa) and given its recent designation as an invasive species, little is
known about the biology, behavior and natural enemies of the insect
in this crop.

Since its arrival to Spain, D. aberiae has been managed using
insecticides. However, the latest European Directive on sustainable
use of pesticides (2009/128/EC) stipulates the reduction in chemical
applications which interfere with natural enemies and pollinators.
Thus, a better understanding of the biology and behavior of D.
aberiae, as well of its natural enemies, is needed to develop alternative
management strategies. Therefore, in order to design accurate
sampling protocols, facilitate an early detection of the pest and
promote the biological control of D. aberiae, the following objectives
were established for this doctoral thesis:

i. To study the behaviour of D. aberiae in citrus orchards
throughout the year:
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a. To identify the seasonal trend (density and estructure)
of D. aberiae by different sampling methods,
comparing them.

b. To analyze the seasonal distribution of D. aberiae in
citrus trees.

To determine the period of susceptibility of the citrus fruits to
direct damage caused by D. aberiae and to characterize the
damage.

To study the feasibility of developing a classical biological
control program to manage D. aberiae in Spain:

a. To study the behaviour of D. aberiae in citrus orchards
in its native area (South Africa).

b. To characterize the complex of natural enemies of D.
aberiae in its native area.
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Chapter 3. Density and phenology of the invasive
mealybug Delottococcus aberiae on  citrus:
implications for integrated pest management

Martinez-Blay, V., Pérez-Rodriguez, J., Tena, A. & Soto, A. 2017. J
Pest Sci 91: 625-637. Adapted author’s Post-print version.

Abstract

Delottococcus aberiae De Lotto (Hemiptera: Pseudococcidae) is
a new invasive citrus pest in Spain. It causes severe fruit
distortions and, as a new invasive mealybug, there is a lack of
information about its biology. This research aims to examine the
seasonal trend of D. aberiae in citrus, using several sampling
methods, as a first step to develop an integrated pest
management program. Ten citrus orchards from eastern Spain
were periodically sampled during three years using absolute
(plant material) and relative (corrugated cardboard band traps
and sticky traps) sampling methods. The three sampling
methods showed that D .aberiae completes multiple generations
per year, two of them being clearly defined and resulting in high
populations. D. aberiae peaked between May and June,
damaging the developing fruit. Corrugated cardboard band traps
were able to detect pre-pupa and pupa male instars and gravid
females, providing a quantitative measurement of D. aberiae
density at its first population peak. The use of corrugated
cardboard band traps is recommended to monitor population
levels and sticky traps to determine male flight periods,
representing simple sampling techniques to monitor D. aberiae.
These results will improve the sampling protocols and allow for
the development of an integrated pest management program.

Keywords: corrugated and sticky traps, life cycle, sampling
protocols, D. aberiae, citrus.
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3.1. Introduction

The globalisation process and the increase in the
international trade of ornamental and crop plants has led to an
exponential rise in the introduction and establishment of alien
and invasive insects in Europe (Roques et al. 2009, Pellizzari
and Germain 2010, Pellizzari and Porcelli 2014). Mealybugs
(Hemiptera: Pseudococcidae) are the second most diverse family
of scale insects (Coccoidea), comprising around 2,000 species
distributed worldwide and including many agricultural and
ornamental pests which can cause substantial damage (Ben-Dov
1994, Hardy et al. 2008, Garcia-Morales et al. 2016a). Due to
their small size and cryptic behavior, many mealybug species
live in hidden habitats and are often unnoticed during quarantine
inspections. Therefore, they are easily introduced into new areas
through international plant trade. Once in a new territory their
high fecundity favours rapid invasion, constituting an ecological
and economic threat to many agricultural and ornamental
ecosystems (Pimentel et al. 2001, Miller et al. 2002, Hulme et
al. 2008, Kenis et al. 2009, Pellizzari and Germain 2010,
Mansour et al. 2017a).

In Europe, mealybugs represent the third most numerous
family of alien insects; since the 1990s, several species have
been recorded as new invaders in the Mediterranean Basin,
some examples are D. brevipes (Suma et al. 2015), P.
marginatus (Mendel et al. 2016), P. defectus (Mazzeo et al.
2014), P. solani (Mazzeo et al. 1999), P. comstocki (Pellizzari
2005) or P. peruvianus (Beltra et al. 2010). Most of these
mealybugs have established in anthropogenic habitats, such as
cultivated agricultural lands, urban environments, nurseries or
greenhouses (Roques et al. 2009, Pellizzari and Germain 2010).
The Mediterranean Basin is one of the largest areas of citrus
production and one of the leading exporting regions in the world
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(Lacirignola and D'Onghia 2009). In this area, six alien
mealybug species have been reported as citrus pests, with
different origins and histories of invasion (Blumberg et al. 1999,
Franco et al. 2000): Planococcus citri (Risso), Pseudococcus
cryptus  (Hempel), Pseudococcus longispinus (Targioni-
Tozzetti), Pseudococcus calceolariae (Fernald), Pseudococcus
viburni (Signoret) and Nipaecoccus viridis (Newstead). Among
them, P. citri, is the most damaging species with a wide
distribution due to international plant trade (Franco et al.
2004a).

Delottococcus  aberiae  (De  Lotto)  (Hemiptera:
Pseudococcidae) is a mealybug of Southern African origin. It
has been reported as a species that feeds on different tropical
and subtropical crops, such as citrus, coffee, guava, pear or olive
(De Lotto 1961, Miller and Giliomee 2011). In South African
citrus orchards it is considered a secondary pest that can go
unnoticed for years (Hattingh et al. 1998, Miller and Giliomee
2011). In 2009, nevertheless, D. aberiae was detected as an
invasive species in eastern Spain, with serious damages in citrus
(Garcia-Mari 2012, Beltra et al. 2013c), being identification
confirmed by molecular and taxonomic techniques (Beltra et al.
2012, Beltra et al. 2015). Like other mealybug species, reduces
plant vigour and excretes honeydew that promotes the growth of
sooty mold fungi and interferes with plant photosynthesis
(Franco et al. 2000). However, when D. aberiae develops on
young citrus fruits causes severe distortions and fruit size
reduction, leading to significant crop losses and representing a
threat to Mediterranean citrus production (Beltra et al. 2013c,
Soto et al. 2016b). Since its establishment in Spain, different
assays have revealed the absence of effective natural enemies to
control D. aberiae outbreaks (Beltra et al. 2013c, Soto et al.
2016a, Tena et al. 2017a). Therefore, the management of the
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pest relies on the use of broad-spectrum insecticides, such as
chlorpyrifos (Tena et al. 2014), which interferes with the
biological control of other citrus pests (Franco et al. 2009, Tena
and Garcia-Mari 2011).

Monitoring protocols improve pest detection, provide
information regarding their seasonal occurrence and determine
the expected susceptible periods. This information avoids
unnecessary spraying and forms the basis of any integrated pest
management (IPM) program (Gonzalez 1971, De Villiers and
Pringle 2007). Sampling and monitoring mealybugs are
processes based on different techniques which have improved
their control in agricultural and ornamental ecosystems (Geiger
and Daane 2001, Walton et al. 2004, Martinez-Ferrer et al.
2006, Mudavanhu et al. 2011, Waterworth et al. 2011).
However, for most mealybug species, sampling consist of
laborious and time consuming visual examination of plant
material, searching for live insects and counting all life stages
(Grimes and Cone 1985, Geiger and Daane 2001, Walton et al.
2004, Waterworth et al. 2011). Alternative monitoring
techniques, mainly based on the use of different trap designs,
have been developed to determine the mealybug’s seasonal
occurrence, being the most common ones corrugated cardboard
bands and sticky traps (Goolsby et al. 2002, Millar et al. 2002,
Walton et al. 2004, Roltsch et al. 2006, Beltra and Soto 2012).

Corrugated cardboard band traps represent a non-destructive
sampling method to monitor mealybug population densities
(DeBach 1949, Furness 1976, Goolsby et al. 2002). The bands
are wrapped around the trunk or main branches of the trees and
serve as a refuge for gravid females to lay their eggs, or for
second male instars to make their cocoon and develop into
adults males (Beltra and Soto 2012). This first method has been
tested with positive results to sample P. viburni (Mudavanhu
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2009), P. longispinus (DeBach 1949, Furness 1976) or
Maconellicoccus hirsutus (Green) (Goolsby et al. 2002, Roltsch
et al. 2006). Sticky traps are used to monitor some flying pests,
including the winged adult males of different mealybugs
(Samways 1988, Grout and Richards 1991, Sun et al. 2002).
These traps are generally baited with sex pheromones to
increase male captures and monitor their seasonal flight periods
(Moreno et al. 1984, Millar et al. 2002, Walton et al. 2004,
Mudavanhu et al. 2011). This second method has proven useful
when monitoring species such as P. calceolariae, P. citri, P.
comstocki or M. hirsutus (Moreno et al. 1972, Rotundo and
Tremblay 1975, Moreno et al. 1984, Serrano et al. 2001), and
two types of lures may be used to attract the males: live virgin
females or synthetic sex pheromones (Meyerdirk et al. 2001).

D. aberiae is up to now a significant citrus pest only in
Spain. Due to its recent designation as an invasive species, little
is known about the biology and behavior of the insect in this
crop. The main objectives of this work are: (i) to determine the
seasonal trend of D. aberiae throughout the year, by absolute
sampling methods (visual examination of plant material) and (i)
to compare the obtained results with relative sampling
procedures (corrugated cardboard band traps and sticky traps) in
order to identify simpler monitoring methods to establish D.
aberiae density. These results will be used to improve its control
within the existing IPM programs for citrus in Spain.

3.2. Material and methods

3.2.1 Survey sites

Ten commercial citrus orchards, which presented visual
evidence of more than 50% of damaged fruits during previous
seasons (400 fruits were sampled randomly in each orchard),
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were sampled in different areas of eastern Spain from March
2014 to November 2016. Orchards sampled were carefully
selected to avoid mixture with other mealybug species and to
ensure that they contained almost exclusively D. aberiae
populations. They ranged from 0.16 to 2 ha, five of them
included sweet orange trees (Citrus sinensis (L.) Osbeck; ‘Lane
late’, ‘Navelina’ and ‘Sanguinelli’ varieties) and the other five
clementine mandarin trees (Citrus reticulata Blanco; ‘Oroval’
and Clemenules varieties).

3.2.2 Absolute sampling protocol. Plant material

In each of the ten orchards, eight to ten trees were marked
and sampled regularly between 2014 and 2016. In 2014 and
2015, samplings were done weekly, during the periods of most
rapid mealybug development (March-August), and twice a
month or monthly during the rest of the year, depending on
population levels; in 2016 samplings were carried out at
monthly intervals. No insecticide sprays were applied to the
trees during the sampling period. For each sampling date, and at
each sampling site, four 20-cm long twigs per marked tree, each
one from a different cardinal orientation, were collected
randomly from the middle and outer part of the canopy. A
minimum of five orchards, fifty trees and two hundred twigs
were always sampled simultaneously at each sampling date.
Each twig included its leaves, flowers and fruits when these
organs were available. Samples were bagged and transported to
the laboratory inside a portable cooler. All the material was
processed within the next 24 h. Each mealybug present on each
twig, on four leaves per twig and on one to eight flowers or
fruits (depending on their availability during the year) was
counted under a stereomicroscope (Nikon SMZ645). Leaves,
flowers and fruits to be examined from each twig were
randomly selected. The sex and instar of each mealybug were
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also recorded. To separate between developmental stages, a
laboratory colony of D. aberiae was established at Universitat
Politecnica de Valéncia (UPV) in 2013, using specimens
collected from a clementine orchard located in Quart de les
Valls (Valencia, Spain). Previous to starting field samplings, a
laboratory assay was done. In this assay, direct observations
were carried out, every 24h, in search of successful development
from one instar to the following one, being the passage
recognized by the presence of exuviae. Afterwards, 20
mealybugs of each instar, obtained from the laboratory colony
and successfully molted, were measured (Martinez-Blay et al.,
in prep.). The following body length ranges were obtained and
used to separate instars: first nymphal instar (0.40-0.69 mm),
second nymphal instar (0.70-0.98 mm), third nymphal instar
(0.99-1.40 mm) and females (>1.41 mm), in the latter case
separating young from gravid females. Thus, for routine
samplings, mealybugs were separated by measuring them with a
stereomicroscope fitted with an ocular micrometer. Males and
females of the first and second nymphal instars were pooled
together as sex cannot be distinguished until the end of the
second instar (Gullan and Martin 2009, Beltra et al. 2013a).

3.2.3 Relative sampling methods. Traps

In the present study two types of traps were used to capture
mealybugs: corrugated cardboard band traps and adapted sticky
traps. Both types of traps were placed in five of the ten sites
surveyed. Traps were sampled with the same periodicity as plant
material. In 2014 and 2015, samplings were done weekly,
fortnightly or monthly, depending on population levels. In 2016
samplings were carried out at monthly intervals. No insecticides
were applied to the trees during the sampling period.
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Corrugated cardboard band traps were placed in five
marked trees (in each of the sampled orchards). Four corrugated
cardboard bands, of approximately 20 cm wide each, were
placed per tree: one around the trunk and three around the main
branches. Traps were opened in the field at each sampling date,
and the mealybugs were counted and separated into the
following categories: nymphs (first, second and third instars),
young females, gravid females and immature males (pre-pupa
and pupa). After counting, each cardboard band was cleaned,
with the help of a small brush, to remove all the present
mealybugs and wrapped around the trunk and branches again.

In addition, two sticky traps were placed on two trees in
each orchard (different from the ones used for corrugated
cardboard band traps) at approximately 1.5 m above the ground
in the southern external part of the canopy. Live virgin females
were used as a bait to conform a special sticky trap, adapted
from the ones previously used in similar studies (Moreno et al.
1972, Meyerdirk and Newell 1979, Meyerdirk et al. 1981,
Grimes and Cone 1985, Meyerdirk et al. 2001, Serrano et al.
2001). Therefore, from this point on, these will be referred to as
sticky sex pheromone traps. Each trap consisted of a 0.5L plastic
bottle containing one or two lemons and ten new virgin females.
Each bottle had a modified lid, consisting of a fine mesh cloth,
to allow ventilation and dispersion of the female sex pheromone
to attract adult males. Females were obtained from the
laboratory established colony. A yellow sticky card, 20 x 12.5
cm (ECONEX S.L.) was attached to each bottle with two plastic
clothes pins. At each sampling date, virgin females were
replaced with new ones and all yellow sticky cards were
changed and transported to the laboratory, where the male
mealybugs were counted under a dissecting microscope (Nikon
SMZ645). To confirm that males counted were D. aberiae, at
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least ten males (fewer if 10 were not present) were removed
from each trap and mounted following the procedure describe by
Beardsley (1960). A drop of lemon extract was used to remove
the males from the sticky surface of the traps. Afterwards, they
were compared, based on the morphology of their genitalia
(Beardsley 1960, Afifi 1968, Tremblay et al. 1977), with other
mealybug species present in citrus in eastern Spain (P. citri, P.
longispinus and P. viburni) and with D. aberiae males obtained
from our established laboratory colony. It was possible to
separate D. aberiae from the rest of species taken into account
the anal pair of filaments and the form of the genital capsule and
the genital style (Martinez-Blay et al., in prep.).

3.2.4 Data analysis

Data from the seasonal monitoring of D. aberiae, by both
absolute and relative sampling methods, are presented
graphically to show the seasonal abundance trends of the pest.
The number of mealybug generations per year was determined
by plotting the percentage of each developmental stage per
sample unit over time. To compare differences in population
abundance between the years 2014 and 2015, the mean number
of mealybugs capture from March to December, per sample unit
was calculated. Data were tested for normal distribution using
the Shapiro-Wilk test and for homogeneity of variances using
Levene’s test. As data were normally distributed but with
unequal variances, an unequal variance t-test (Welch’s t-test)
was performed to compare means between the two years. An
analysis of covariance test (ANCOVA) was made to check the
potential effect of the year and the average number of
mealybugs captured on traps at the first peak (corrugated
cardboard band traps or sticky sex pheromone traps) on the
average number of mealybugs per orchard and sample unit at the
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first D. aberiae population peak. Depending on the influence of
the factor year, the relationship between the average number of
mealybugs per sample unit and the average number of
mealybugs per trap at the first peak was plotted and compared,
using regression analysis, pooling all data together or separating
data by year (Fig. 3.4.). Data collected during 2016 were
excluded from all the analysis because samplings were
performed much less frequently than in 2014 and 2015. All
statistical analyses were conducted using Statgraphics Centurion
XVLII (Statpoint Technologies Inc, Warrenton, USA).

3.3. Results

3.3.1 Seasonal trend by absolute sampling methods

The development of D. aberiae showed a similar trend over
the three-year periods of study. Mealybugs completed multiple
generations during the year, as illustrated by first nymph instars
or crawler peaks (Fig. 3.1.). Two of these generations were
clearly defined every year. The first one was recorded in spring,
coinciding with a peak of crawlers between mid-May and early
June, with a percentage of crawlers, of the total population, of
89.40 + 4.04 %, 87.09 + 4.88 % and 59.46 + 4.16 % in 2014,
2015 and 2016 respectively. The second one was recorded in
summer, between mid-July and mid-August, with percentages of
74.75 = 3.69 %, 73.54 + 9.91 % and 66.49 + 9.86 % each
consecutive studied year. These two main generations were
those which resulted in a high population density of the pest.
The rest of the crawler peaks were not so well defined, probably
due to overlapping generations and the low population density
after August (Fig. 3.2.).
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Fig. 3.1. Seasonal relative abundance of D. aberiae developmental
stages in ten citrus orchards in eastern Spain. Percentage of each
developmental stage per sample unit and date is represented for the
years 2014, 2015 and 2016 (N1 = first nymphal instars, N2 = second
nymphal instars, N3 = third nymphal instars, H1 = young females, H2
= gravid females).
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Fig. 3.2. Seasonal trend of D. aberiae populations in ten citrus
orchards in eastern Spain. Mean number of mealybugs + SE collected
per sample unit (total number and first instars). Above each graph the
length of the flowering period (F), petal fall period (PF) and fruit
developing period (FD) is presented.
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The density of D. aberiae populations started to increase
rapidly in April and May, leading to a first population peak in
spring, at the end of May-beginning of June, and a second one in
summer, between July and August. Both peaks occurred at the
crawler emergence periods (Fig. 3.2.). The spring peak
population density reached an average (mean + standard error,
SE) of 6.92 £+ 0.30, 1.21 £+ 0.07 and 0.69+ 0.05 mealybugs per
sample unit in 2014, 2015 and 2016. In summer, D. aberiae
population density recorded a mean value, respectively for each
year, of 455 + 0.29, 2.85 + 0.23 and 1.77+ 0.13 mealybugs.
Afterwards, the population decreased and was almost
undetectable in autumn and winter (Fig. 3.2.). Populations were
more abundant in the year 2014 (mean + SE: 1.86 *+ 0.08
mealybugs per sample unit) than in 2015 (0.56 £ 0.03) (t =
16.04, df = 444, P < 0.001).

3.3.2 Seasonal trend by relative sampling methods

Corrugated cardboard band traps caught mainly gravid
females and immature, pre-pupa and pupa, male instars (nymphs
and young females were trapped at very low levels and are not
represented on Fig. 3.3.), whereas sticky sex pheromone traps
attracted adult males. Corrugated cardboard band traps captured
immature male stages over the three-year study, captures being
much more abundant in the year 2014. Two peaks for these male
instars could be observed each year. The first one was recorded
at the end of March-beginning of April, with 40.55 £+ 2.51, 12.01
+ 1.42 and 8.79 £ 0.73 males per trap (mean = SE) in 2014,
2015 and 2016 respectively. The second maximum was reached
at the end of May-beginning of June, with an average of 69.58 +
5.65, 6.15 + 1.21 and 9.10 + 0.91 males per year. Gravid
females were very abundant in corrugated cardboard band traps
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during certain periods of the year, especially in 2014. Two peaks
of females with egg sacs were detected each year. The first one
was reached at the end of April-beginning of May, with 67.84
3.84, 22.40 + 2.11 and 10.31 + 0.97 females per trap (mean *
SE) in 2014, 2015 and 2016. The second one was recorded at
the end of June, with an average of 107.64 £ 8.53, 9.42 £+ 0.95
and 25.02 + 1.79 females each consecutive studied year. During
the rest of the year, female populations in corrugated cardboard
band traps remained at undetectable levels.

D. aberiae was the only mealybug species collected and
identified in the sticky sex pheromone traps. Two main peaks of
captures were recorded both years of the study, corresponding
with two distinct flights. The first one occurred at the end of
March-beginning of April, with an average (mean = SE) of
66.40 £ 7.9, 48.14 + 14.41 and 9.33 £ 2.40 males in 2014, 2015
and 2016 respectively. The second one was between the end
May and the beginning of June, with 41.20 £ 5.75, 17.57 £ 5.49
and 42.33 + 9.10 males per trap in 2014, 2015 and 2016. The
number of males out of those periods decreased considerably;
sticky sex pheromone traps were only able to detect small
increases in mealybugs between July and December, and at the
beginning of the year, but captures were always below the
average of 5 males per trap (Fig. 3.3.). Males and females were
captured successively over time in the traps (Fig. 3.3.): firstly,
males in the stages of pre-pupa and pupa were detected in
corrugated cardboard band traps; secondly, adult males were
found in sticky sex pheromone traps and finally gravid females
were captured in corrugated cardboard band traps.

ANCOVA tests showed a significant relationship between
the average number of mealybugs per sample unit, at the first D.
aberiae population peak (end of May), and the average number
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of D. aberiae males caught in sticky sex pheromone traps for
each orchard (F = 9.94; df =1, 9; P = 0.02) and the average
number of gravid females (F = 39.99; df = 1, 9; P < 0.001) and
immature male instars (F = 12.81; df = 1, 9; P = 0.01) captured
in corrugated cardboard band traps. This relationship differed
significantly between years for male captures in sticky sex
pheromone traps (F = 52.35; df = 1, 9; P < 0.001) but not for
gravid females (F = 1.13; df = 1, 9; P = 0.32) or immature male
instars in corrugated cardboard band traps (F = 52.35; df = 1, 9;
P = 0.08). Thus, the total average number of D. aberiae per
plant sample unit and orchard at the first D. aberiae population
peak was regressed, considering data from both years together,
in comparison with the average number of gravid females (y =
0.18x — 2.49; df = 1,9; F = 273.72; P < 0.001; r* = 0.97) and
immature male instars (y = 0.25x — 1.45; F = 62.69; df = 1,9; P
< 0.001; r* = 0.89) per corrugated cardboard band trap and
orchard, showing a significant and positive correlation
(Fig. 3.4.).

Besides, the total average number of D. aberiae per plant
sample unit and orchard at the first D. aberiae population peak
was regressed in comparison with the average number of adult
males per sticky sex pheromone trap and orchard, but for each
year independently (Fig. 3.4.) (2014: y = 0.12x + 1.99; F =
43.53; df =1,4; P = 0.08; r> = 0.94 / 2015: y = 0.02x + 0.63; F =
56.88; df = 1,4; P = 0.01; r* = 0.95).
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Fig. 3.3. Seasonal trend of D. aberiae, captured with two types of
traps, during the years 2014, 2015 and 2016 in five citrus orchards in
eastern Spain. Presented as mean number of mealybugs + SE captured
in corrugated cardboard band traps (gravid females and immature
male instars) and in sticky sex pheromone traps (adult males). Note
that y-axis scales are different for 2014 and 2015-2016.
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plant sample unit and the mean number of individuals collected in
different traps at the first population peak. a) Average number of D.
aberiae per plant sample unit correlated with average number of
gravid females (y = 0.18x — 2.49; df =1,9; F = 273.72; P < 0.001; r? =
0.97) and immature males (y = 0.25x — 1.45; F = 62.69; df = 1,9; P <
0.001; r* = 0.89) per corrugated cardboard band trap. b) Average
number of D. aberiae per plant sample unit correlated with the
average number of adult males per sticky sex pheromone trap and year
(2014: y = 0.12x + 1.99; F = 43.53; df = 1,4; P = 0.01; r* = 0.94 /
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2015: y = 0.02x + 0.63; F = 56.88; df = 1,4; P = 0.01; r* = 0.95).

45



Chapter 3. Density and phenology of D. aberiae on citrus

3.4. Discussion

The main purpose of the current study was to determine the
seasonal trend of the new invasive pest D. aberiae, on citrus, as
a basis to design sampling protocols and improve its control.
Our results reveal that D. aberiae density increased in spring,
reaching its first significant maximum during May and June,
coinciding with fruit development. High population levels
developed on fruits until the end of August, when populations
decreased and remained at very low levels for the rest of the
year. These results are the first quantitative description of D.
aberiae biology on any crop. The rapid decrease at the end of
the summer, and significant differences in mealybug abundance
between years, might be a consequence of different biotic and
abiotic factors, such as climate, the action of natural enemies or
the quality of the feeding substrate. The high temperatures and
low humidity that frequently occur during summer, in countries
with Mediterranean climate, may cause high mortality in
mealybugs, especially of first instars (Browning 1959, Bartlett
and Clancy 1972, Furness 1976). The population levels of D.
aberiae were lower in 2015 than in 2014. In 2015, unusually
low temperatures and heavy rains occurred at the end of March,
followed by a period of very high temperatures with low
humidity levels in April (Benavites data, IVIA SIAR’s Weather
Net, http://riegos.ivia.es/datos-meteorologicos). The combination
of these two consecutive climatic factors might have negatively
affected D. aberiae in May, as populations did not increase as
much as in May of 2014. Moreover, this decrease occurred in all
the sampled orchards. The effect of the natural enemies cannot
explain this reduction as native and naturalized parasitoid
species do not develop on D. aberiae (Tena et al. 2017a). The
predator Cryptolaemus montrouzieri Mulsant (Coleoptera:
Coccinellidae) attacks D. aberiae, but always after May (Pérez-
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Rodriguez et al. in prep.). This predator is abundant in June and
peaks at the beginning of August, contributing to the decline of
mealybug populations at the end of summer and fall. Besides, in
the year 2016, sampling was carried out only in five orchards,
which already had low levels; this factor might also have
contributed to the fact that population levels were even lower
than in 2015.

However, the most limiting factor of mealybug populations
feeding in citrus trees, during the second half of summer, seems
to be the quality of the feeding substrate. As eurymeric species,
mealybugs are able to feed on different organs of the host plant
(Kozar 1989), but not all the organs constitute a food source of
equal quality. Therefore, it is expected that the development and
fecundity of the mealybugs vary according to the organ in which
they are located (Franco et al. 2000). One of the factors
affecting mealybug’s distribution, in the different plant parts, is
the phenology of the host. Franco (1994) suggested that
immature feeding stages of mealybugs on citrus tend to settle at
the major carbohydrate sinks of the host plant in each
phenological period and Haviland et al. (2012) showed that
feeding location of Ferrisia gilli Gullan corresponded with
carbohydrate allocation in pistachio trees. Most mealybug
species are phloem feeders (McKenzie 1967) and their
populations follow the movement of plant nutrients. The
developing fruit in citrus is a strong sink of carbohydrates,
giving better conditions, in terms of food quality, for the
development of mealybugs (e.g. higher fecundity) (Franco
1994). Thus, during the period of fruit set and development in
citrus, mealybugs tend to aggregate and concentrate on fruits
and D. aberiae is not an exception. However, in August the
physiology of the citrus tree changes and fruits lose their
intensive flow of nutrients (Franco 1994, Agusti 2003). This
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supposes a decrease in the food quality of fruits and, therefore,
in female’s fecundity, these factors influencing the reduction of
population levels.

In this study, absolute sampling methods showed that D.
aberiae completed several generations per year, remaining
active even during winter. Regarding the number of generations,
two were clearly defined each year due to a concentrated and
homogeneous crawler emergence (Fig. 3.1.): the first one took
place in spring and the second in summer, those two generations
being the only ones capable of causing fruit distortion and size
reduction during fruit development (Martinez-Blay et al. 2018a).
The other peaks of crawlers were heterogeneous and varied
between years. These generations did not increase D. aberiae
density and tended to overlap between them (Fig. 3.2.). These
overlapping generations resulted in the mix of developmental
stages present at the end of the year. Apparently, at least three
more generations may occur depending on the year and the
environmental conditions: one between January and February,
another one between August and October and one more between
October and December. Of these, the generation between
August and October is the most remarkable, being frequently
observed and better defined than the others (Fig. 3.1.).
Afterwards, populations remain at very low levels. Similar
studies carried out in the Mediterranean Basin with other
mealybug species of agronomic and ornamental importance,
such as P. madeirensis (Longo et al. 1995a), P. peruvianus
(Beltra et al. 2013a), P. citri (Santorini 1977, Martinez-Ferrer et
al. 2003) or P. viburni (Panis 1986), showed a similar pattern
with several, usually overlapping, generations throughout the
year. The overlap of development stages has relevant
implications for mealybug management. Host stage can
influence the efficiency of natural enemies, especially
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parasitoids, and must be taken into account when designing
future biological control strategies (Islam and Copland 1997,
Jervis et al. 2005, Beltra et al. 2013a). If chemical control is
required, to manage population outbreaks, we suggest
monitoring just after petal fall, before fruits are damaged
(Martinez-Blay et al. 2018a), when most of the individuals are
in the first instar.

Monitoring D. aberiae populations by absolute sampling
methods is a laborious and time-consuming process because it is
necessary to count live insects present on plant material. In the
present work, results based on plant material were compared
with those obtained by simpler monitoring methods such as
corrugated cardboard band traps and sticky traps. The two most
harmful generations of D. aberiae were also detected by these
relative sampling methods (Fig. 3.3.). Corrugated cardboard
band traps were able to detect immature male instars and gravid
females because these instars tend to use the bands as a shelter
to develop into male adults or to lay their eggs, respectively.
Moreover, these relative levels of D. aberiae were highly
correlated with mealybug levels in the canopy at the first
population peak (Fig. 4). Interestingly, this peak is also
correlated with fruit damage at harvest (Pérez-Rodriguez et al.
2017). Therefore, corrugated cardboard band traps represent a
suitable and simple sampling method to detect and quantify D.
aberiae during this damaging period. This technique has been
used in several biological control programs to monitor
population densities of mealybugs and also to evaluate the
impact of their natural enemies, mainly predators (DeBach
1949, Browning 1959, Furness 1976, Goolsby et al. 2002).

Our results indicate that D. aberiae virgin females use a sex
pheromone to attract males, as a large number of them were
captured. Sticky traps, baited with virgin females, provided
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evidence of two important flights, confirming the two main
generations of D. aberiae, one between March and May and
another between June and July (Fig. 3.3.), matching
subsequently periods of adult females producing egg sacs. The
double peak of male captures in 2015 (March-April) has been
considered to be part of the same flight and may be a
consequence of the unusually low temperatures and heavy rains
that occurred at the end of March and beginning of April.
Mechanical action of rain drops and lower than expected
temperatures, may have killed part of the population (especially
young instars) and delayed the development of new males. Like
corrugated cardboard band traps, sticky sex pheromone traps
provided a quantitative measurement of D. aberiae density at its
first population peak. However, and contrary to the former, there
were significant differences between the sampled years, likely
due to the effect of adverse conditions on male flights.
Therefore, we would recommend the use of corrugated
cardboard band traps to monitor population levels and sticky sex
pheromone traps to determine flight periods. In fact, sticky sex
pheromone traps are commonly used to monitor flight
population peak periods (Suckling 2000, Way and van Emden
2000). Field trapping of males using sticky sex pheromone traps,
with virgin females, has been carried out previously with good
results for other mealybug species, including M. hirsutus
(Serrano et al. 2001), P. citri (Rotundo and Tremblay 1975,
Moreno et al. 1984), P. calceolariae (Rotundo and Tremblay
1975), P. comstocki (Moreno et al. 1972, Meyerdirk and Newell
1979, Meyerdirk et al. 1981) and Pseudococcus maritimus
(Ehrhorn) (Grimes and Cone 1985). More recently, synthetic
pheromones have been developed and tested for many
mealybugs species such as M. hirsutus (Hall et al. 2008), P. citri
(Martinez-Ferrer et al. 2003, Waterworth et al. 2011), P. ficus
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(Millar et al. 2002, Walton et al. 2004), P. longispinus
(Waterworth et al. 2011), P. viburni (Mudavanhu et al. 2011) or
P. maritimus (Bahder et al. 2013). Identification of the female
sex pheromone would allow for the use of pheromone traps to
monitor D. aberiae in IPM Schemes.

We have shown that D. aberiae completes multiple
generations per year, two of them being clearly defined and
resulting in high populations. Moreover, D. aberiae peaks
between May and June and causes damage to developing fruit.
Corrugated cardboard band traps and sticky pheromone traps are
able to identify peak periods of D. aberiae populations;
corrugated traps provide a quantitative measurement of D.
aberiae density and are recommended to monitor population
levels while sticky traps can be used to determine male flight
periods. Both systems represent simple monitoring techniques to
detect mealybug population outbreaks. These results are the first
description of D. aberiae seasonal trend in citrus and may serve
to improve the sampling protocols and develop an IPM program.
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Abstract

Delottococcus  aberiae (De Lotto) (Hemiptera:
Pseudococcidae) is the latest invasive mealybug introduced in
citrus in Spain. Its feeding behavior causes severe direct damage
to citrus fruits, distorting their shape and/or causing reductions
in size. There is no information available regarding its
distribution within the citrus trees. The main objective of this
study was to describe the seasonal distribution of D. aberiae
within citrus trees and migration patterns. Ten citrus orchards
from eastern Spain were periodically sampled during three
years. In each orchard, the mealybug was sampled in different
infested strata (canopy, trunk and soil) and canopy organs
(flower, fruit, leaf and twig). Results showed that, within the
sampled strata, D. aberiae was mostly in the canopy. Within the
canopy, the feeding organ of D. aberiae changed throughout the
year. D. aberiae overwintered in the twigs and moved to the
flowers and fruits in spring. Once there, its populations started
to increase exponentially until August. From February to
September between 30 and 5% of the mealybugs migrated to the
trunk and soil. These mealybugs were found moving upwards
and downwards depending on the phenology of the plant and the
climatic conditions. These results will facilitate an early
detection of the pest in the areas where it is spreading and
improve sampling protocols and pesticide applications.

Keywords: applied entomology, IPM, mealybug, migration
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4.1. Introduction

Mealybugs (Hemiptera: Pseudococcidae) are considered one
of the major agricultural pests worldwide, causing serious
problems when introduced into new areas without their natural
enemies (Miller et al. 2002, Garcia-Morales et al. 2016b). These
insects are small and live in hidden habitats, representing one of
the families with many exotic species in Europe because they
are frequently unnoticed during international plant trade
(Roques et al. 2009, Pellizzari and Germain 2010). Within this
context, Delottococcus aberiae (De Lotto) (Hemiptera:
Pseudococcidae) is the latest invasive mealybug introduced in
citrus in Spain. In 2009, this species was detected causing
significant damage in citrus orchards in the region of “Les
Valls” (Valencia, eastern Spain), within the Mediterranean
Basin citrus production area (Beltra et al. 2012, Garcia-Mari
2012, Beltra et al. 2013c, Beltra et al. 2015). Identification was
confirmed by molecular and taxonomic techniques (Beltra et al.
2012, Beltra et al. 2015) and, after an unsuccessful eradication
program, D. aberiae became established in the region. Since
then, the mealybug has continued spreading, slowly but steadily,
towards adjoining areas, becoming a significant pest in eastern
Spain (Pérez-Rodriguez et al. 2017, Tena et al. 2017a, Martinez-
Blay et al. 2018b).

D. aberiae is native to sub-Saharan Africa, being a common
species in South Africa (Miller and Giliomee 2011). Recently, it
has been confirmed that the invasive populations, present in
Spain, are native to Limpopo province, in Northern South Africa
(Beltra et al. 2015). Like other mealybug species in
Mediterranean conditions, D. aberiae completes several
generations throughout the year, being two of them very clearly
defined and resulting in high population levels between May and
July (Pérez-Rodriguez et al. 2017, Martinez-Blay et al. 2018b).
During this period, nymphs and adults settle and feed on
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fruitlets. However, unlike other mealybugs, this feeding
behavior causes severe direct damage to citrus fruits, distorting
its shape (mainly protuberances around fruit calyx) and/or
causing size reduction, which depreciates its commercial value
(Pérez-Rodriguez et al. 2017, Martinez-Blay et al. 2018a,
Martinez-Blay et al. 2018b). Direct damage has been observed
in all citrus cultivated in eastern Spain (sweet oranges,
mandarins and hybrids) (Pérez-Rodriguez et al. 2017, Martinez-
Blay et al. 2018b). Recently, the duration of the damaging
period has been established, including from flowering stage
(March-April in eastern Spain conditions) to fruits with a
diameter of 25-30 mm (around July in eastern Spain conditions)
(Pérez-Rodriguez et al. 2017, Martinez-Blay et al. 2018b). It has
also been shown that distortions appear during this period
because D. aberiae interferes with the fruit cell division process
(Martinez-Blay et al. 2018a). Afterwards, at the end of summer,
populations decrease and remain at low levels, but active, for the
rest of the year (Martinez-Blay et al. 2018b).

The complex of natural enemies of D. aberiae on its native
area was practically unknown, and since its introduction in
Spain no effective biological control has been found: the
existing parasitoids in Spain fail to control this pest (Tena et al.
2017a) and the predators, mainly Cryptolaemus montrouzieri
Mulsant, appear late when the damage to the fruit has already
been done (Pérez-Rodriguez et al. 2017). Thus, the management
of D. aberiae currently depends on the use of broad-spectrum
insecticides (Pérez-Rodriguez et al. 2017). However, these
applications interfere with the existing biological control of
other citrus pests in the Mediterranean Basin (Franco et al.
2009, Tena and Garcia-Mari 2011), being essential the need to
monitor the seasonal trend of the pest and avoid unnecessary
spraying. Within this context, recent studies have shown that D.
aberiae presents a clumped distribution in the organs it attacks
and that fruit damage at harvest is strongly correlated with fruit
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occupation in spring (Pérez-Rodriguez et al. 2017). Based on
these results the Economic Injury Level (EIL) and the Economic
Environmental Injury Level (EEIL) for D. aberiae have been
calculated as 7.1 and 12.1% of occupied fruits in spring,
respectively, being recommended to sample 275 fruits (binomial
sampling) or 140 fruits (enumerative sampling) between petal
fall and July (Pérez-Rodriguez et al. 2017).

Pest monitoring is a fundamental component of any
integrated pest management program (IPM). The ability to
predict future pest damage, based on early field counts, is
valuable and necessary for good control decisions (Kogan
1998), especially in the case of cryptic species that can easily
pass unnoticed. Previous research has shown that mealybugs
migrate within the plant throughout the season (Geiger and
Daane 2001, Haviland et al. 2012, Beltra et al. 2013a,
Wunderlich et al. 2013, Kumar et al. 2014). Thus, it is necessary
to change sampling strategies throughout the year to detect and
quantify the density levels of the pest in the infested stratum
(canopy, trunk and soil) and organ (flower, fruit, leaf and twig)
of the plant. This information has improved the control of many
mealybug species affecting agricultural and ornamental
ecosystems worldwide (Geiger and Daane 2001, Martinez-
Ferrer et al. 2006, Mudavanhu et al. 2011, Haviland et al. 2012,
Kumar et al. 2014). To date, there is no information available
regarding D. aberiae distribution patterns within the citrus trees.
This makes it difficult to detect early infestations of this
mealybug, especially in the absence of typical damage
symptoms. Thus, the main objective of this work was to
describe the seasonal distribution of D. aberiae within citrus
trees and migration patterns. This information will help to
design better sampling protocols, facilitating an early detection
of the pest and improving pesticide applications within the
existing IPM programs for citrus in Spain.
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4.2. Material and Methods

4.2.1 Sampling sites and general sampling protocol

Ten citrus orchards infested with D. aberiae and located in
eastern Spain (region of Les Valls, Valencia) were sampled
from March 2014 to December 2016. Five orchards included
sweet orange trees (Citrus sinensis (L.) Osbeck: Lane late,
Navelina and Sanguinelli varieties) and the other five
clementine mandarin trees (Citrus reticulata Blanco: Oroval and
Clemenules varieties). Within each orchard, eight to ten trees
were marked and sampled regularly. These trees were not
sprayed with pesticides during the whole sampling period. In
2014 and 2015, samplings were done weekly, during the periods
of most rapid mealybug development (March-August), and
bimonthly or monthly during the rest of the year. In 2016, to
confirm previous results, samplings were done in five orchards
at monthly intervals.

The following sections detail the different methodologies
used to sample the seasonal distribution of D. aberiae,
throughout the year, in the infested stratum (canopy, trunk and
soil) and organ of the canopy (flower, fruit, leaf and twig).
Canopy and trunk samplings were done in the ten studied
orchards, whereas soil samplings were carried out in four of
them.

4.2.2 Canopy sampling protocol

At each sampling date, four 20-cm long twigs (each one from
a cardinal orientation), with its leaves and flowers or fruits, were
collected randomly from the canopy of each marked tree per
orchard. Samples were bagged individually and transported to
the laboratory, being examined under a stereomicroscope
(Nikon SMZ645) within the next 24h. Mealybugs present on
each twig, on four leaves per twig and on one to eight flowers or
fruits (depending on their availability during the year) were

56



Chapter 4. Distribution of D. aberiae in citrus

counted. Leaves, flowers and fruits were randomly selected
within the twigs. All developmental stages counted were pooled
together, as data regarding the phenology of D. aberiae in the
canopy of the tree has recently been published in a companion
manuscript (Martinez-Blay et al. 2018b).

4.2.3 Trunk sampling protocol

Trunk samplings consisted of visual counts, during 2
minutes, of all the mealybugs present on the trunk and main
branches of the trees (until 60 cm in height). Each mealybug
counted was classified in one of the following categories:
nymphs (first, second and third instars together), adult females,
gravid females and immature males (pre-pupa and pupa).

To determine the direction of migration, the directionality of
the movement was also recorded in 2015. That is if the mobile
instars (nymphs and adult females) were ascending or
descending the trunk. Immobile mealybugs were not considered
for this analysis.

4.2.4 Soil sampling protocol

At each sampling date, four orchards and four trees per
orchard were sampled from March 2014 to December 2015.
From each tree, soil samples were collected at three distances
horizontally from the base of the trunk (0-15 cm, 15-30 cm and
30-45 cm) and at each distance one per cardinal direction
(North, South, East and West). This is 12 samples per tree and
48 samples per orchard. Each sample was collected from the soil
surface and consisted of a circular area with a diameter of 10 cm
and 2 cm depth that was bagged and transported to the
laboratory. Once there, each sample was placed in a Berlese
funnel for 48 hours. Mobile mealybug instars present in the soil
moved away from the heat source, down the funnels, and fell
into containers with 70% ethanol where they were preserved.
Afterwards each container was checked, under a dissecting
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microscope (Nikon SMZ645), for the presence of D. aberiae.
Each mobile mealybug found was counted and classified into
one of the following categories: first nymphal instar, second
nymphal instar, third nymphal instar, adult females and adult
males. Data from the three distances was used to determine the
location of D. aberiae in the soil. Data from soil samples
collected within a distance of 0 to 15 cm, horizontally from the
base of the trunk, was used to analyze the seasonal trend of D.
aberiae in the soil.

4.2.5. Data analysis

Sampling data of the different strata and organ were averaged
per tree and afterwards per orchard, being the latter the sampling
unit used for the graphics and statistical analysis. Results from
the samplings carried out in 2014 and 2015 are presented in all
the figures. Data from the year 2016 are presented for the
figures 4.1. and 4.2. (general strata distribution and distribution
on tree canopy).

The percentage of mealybugs is represented per unit area
(cm?) to be able to compare the abundance of D. aberiae in each
sampled organ (flower, fruit, leaf and twig) or stratum (canopy,
trunk and soil) (Fig. 4.1 and Fig. 4.2). The surface of the trunk
and three main branches was calculated as the side area of
cylinders, 2zRH, being R an average radius of the trunk and
branches and H the sampled height of the trunk and branches
(60 cm in total). As mealybugs were found only a few
centimeters in depth, the surface of the soil was estimated as the
area of a circle, TR? considering R as the radius of each soil
sample (5 cm), multiplied by two to consider both sides of the
sample. For the twig, the surface was calculated as the side area
of a cylinder, 2nRH, being R an average radius of four twigs per
sample and H the length of the sampled twigs (20 cm). Leaf
surface was estimated as the area of an ellipse, #4B, multiplied
by two to consider both sides of the leaves, being A an average
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of half of the leaf length and B an average of half of the leaf
width. Fruit surface was estimated as the area of a sphere, 4nR?,
being R the average radius of the fruit. In flowers, as mealybugs
were only found in the ovary, the surface taken was the area of a
sphere, 4nR% being R an average radius of the ovary.
Afterwards, the surface of each organ or stratum was multiplied
by the total number of sampled organs or strata. Finally, the
number of mealybugs per unit area (cm?) (Fig. 4.1 and Fig. 4.2)
was calculated as the total number of mealybugs divided by the
total surface in which those insects were counted.

The mean percentage of mealybugs per unit area (cm?) and
orchard in the soil between March and July [period in which D.
aberiae causes damage to fruits and chemical treatments must
be applied (Pérez-Rodriguez et al. 2017, Martinez-Blay et al.
2018a)] was compared using analysis of variance (ANOVA).
Month was the explanatory variable and two ANOVASs were
carried out, separately for 2014 and 2015, being means
compared using Tukey tests (Fig. 4.1.). Data were tested for
homogeneity of variances using Levene’s test. If required,
percentage data were subjected to an angular transformation
before analysis to satisfy model assumptions regarding
homogeneity of variances and to approximate a normal
distribution (Kasuya 2004).

The directionality of the movement of the mobile instars
present on the trunk was analyzed separately for nymphs and
adult females (Fig. 4.4). The number of nymphs and adult
females were first averaged per tree and afterwards per orchard,
using the mean per orchard for the statistical analysis. Within
each month of the year 2015, t-tests were used to determine
whether the mean number of nymphs and adult females
ascending or descending the trunk differed significantly from
each other. Data were tested for homogeneity of variances using
Levene’s test. If required, data were log transformed, before the

59



Chapter 4. Distribution of D. aberiae in citrus

analysis, to satisfy homogeneity of variances and to approximate
a normal distribution.

Data collected during 2016 were excluded from all the
analysis because samplings were performed much less
frequently than in 2014 and 2015. All statistical analyses were
conducted with the software Statgraphics Centurion XVLII
(Statpoint Technologies Inc, Warrenton, USA).

4.3. Results

4.3.1 Strata distribution

Population density of D. aberiae, per unit area (cm?), started
to increase in March and the maximum was reached in May for
the three years of study (Fig. 4.1.). Afterwards, population
density began to drop, and from September to February
mealybugs remained at low levels. Within the sampled strata, D.
aberiae was present mostly in the tree canopy (Fig. 4.1.). For
each month, more than 70% of the total number of mealybugs
found per unit area (cm?) was located on the canopy during the
three years of study. However, from February to September,
some of the mealybugs were also detected in the soil and trunk
(Fig. 4.1.). During this period, the percentage of D. aberiae in
soil was always lower than 30% and remained below 5% in the
case of the trunk.

From March to July, period in which D. aberiae causes
damage to fruits, the percentage of D. aberiae in the soil
differed significantly between months for 2014 and 2015
(ANOVA 2014: F =7.05, df = 4, 15, P = 0.002; ANOVA 2015:
F =2.08, df = 4, 15, P < 0.001). Means compared using Tukey
tests showed that the percentages of D. aberiae in the soil were
significantly higher in March and April followed by June and
July in 2014 and 2015. The lowest percentage was registered in
May also in both years (Fig. 4.1.).
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4.3.2 Distribution on tree canopy

Within the canopy, the feeding organ of D. aberiae changed
seasonally, as it is shown by the differences in the percentage of
mealybugs found per organ throughout the year (Fig. 4.2.). From
November to March (winter), the highest percentage of
mealybugs was always on twigs, with more than 60% of the
mealybugs distributed on this organ, mainly protected in the
insertion of the twigs with the leaves. In March and April,
during the flowering period, a small percentage of mealybugs
were present in flowers. Fruit set (April-May) and fruit
development marked a change in D. aberiae feeding location
preference (Fig. 4.2.). Thus, from May to August, more than
70% of the mealybugs settled and fed on the fruit, mainly
underneath the calyces, coinciding with the period of highest
mealybug density in the orchards.

4.3.3 Migration through the trunk

Mobile and immobile instars on trunk

Both, mobile (nymphs and adult females) and immobile
instars (immature males and ovipositing females) were present
on the trunk from March to August, coinciding with the period
of high mealybug density in the canopy of the tree. Mobile and
immobile instars peaked together and twice during this period
(Fig. 4.3.). The first peak occurred between March and April,
and the second from mid-May to July.

Directionality of mobile instars

Adult females migrated mostly from the tree canopy to the
soil in two periods, March-April and June-July, as the number of
adult females descending was significantly higher than
ascending (March: t = -3.95, df = 18, P = 0.001; April: t =-2.54,
df =18, P = 0.02; June: t = -3.26, df = 18, P = 0.004; July: t =
-2.86, df = 18, P = 0.01) (Fig 4.4a.). The rest of the year the
number of adult females ascending and descending was similar
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(January: t = -0.90, df = 18, P = 0.38; February: t = -0.41, df =
18, P = 0.07; May: t = -0.60, df = 18, P = 0.56; August: t =
-0.90, df = 18, P = 0.38; September: t = -0.45, df = 18, P = 0.66;
in October, November and December the number of adult
females was null).

Nymphs migrated mostly from the tree canopy to the soil in
two periods, March and May-June, as the number of nymphs
descending was significantly higher than ascending (March: t =
-2.40, df =18, P = 0.02; May: t = -2.47, df = 18, P = 0.02; June:
t=-2.52, df = 18, P = 0.02) (Fig 4.4b.). The rest of the year the
number of nymphs ascending and descending was similar
(February: t =-0.74, df = 18, P = 0.47; July: t =-0.34, df = 18, P
= 0.74; August: t = -0.26, df = 18, P = 0.80; September: t =
-1.00, df = 18, P = 0.33; November: t = 0.00, df = 18, P = 1.00;
in January, October and December the number of nymphs was
null), except in April when the number of nymphs ascending
was significantly higher than descending (t = 2.81, df = 18, P =
0.01).

4.3.4 Distribution and seasonal trend on soil

97% of the total number (4567 mealybugs) of D. aberiae
collected from soil samples were captured within a distance of 0
to 15 cm horizontally from the base of the trunk, 3% from 16 to
30 cm and 0% in samples separated more than 30 cm from the
base of the trunk.

Within a distance of 0 to 15 cm horizontally from the base of
the trunk, D. aberiae was present from March until August in
the samples obtained with Berlese funnels (Fig 4.5.). Second
instar nymphs and adult females peaked in March and June; first
instar nymphs in April-May (with a maximum in April) and July
and adult males in April and June.
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Fig. 4.1. Strata distribution of D. aberiae in ten citrus orchards in
eastern Spain. Percentage of mealybugs per strata (canopy, trunk and
soil) (primary Y axis) compared to the number of mealybugs per unit
area (cm?) (secondary Y axis) is represented per month for the years
2014, 2015 and 2016. Different letters, on the left of soil percentages,
indicate that those proportions differed significantly between them
(ANOVA 2014: F = 7.05, df = 4, 15, P = 0.002; ANOVA 2015: F =
2.08, df = 4, 15, P = 0.01), means compared by Tukey tests (P<0.05).
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Fig. 4.3. Seasonal trend of mobile (nymphs and adult females) and
immobile instars (immature males and ovipositing females) of D.
aberiae on trunk in ten citrus orchards in eastern Spain in 2014 and
2015. Mean number of mealybugs counted visually in the orchards,
during 2 minutes, is represented. Vertical bars represent the positive
standard error (+SE). Note that y-axis scales are different for each
year.
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Fig. 4.4. Directionality of the mobile instars in the trunks during the 2-
minutes visual samplings. The monthly mean number of mealybugs (+
SE), ascending or descending, is represented for the year 2015,
separating between (a) adult females and (b) nymphs. Within each
month, different letters, on the left of each bar, indicate that the mean
number of mealybugs ascending or descending differed significantly
between them (t-tests).
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Fig. 4.5. Seasonal trend of D. aberiae in soil in ten citrus orchards in
eastern Spain in 2014 and 2015. Mean number of mobile instars
(nymphs, adult females and adult males) captured by Berlese funnels
is represented. Vertical bars represent the positive standard error
(+SE). Note that y-axis scales are different for 2014 and 2015.

4.4. Discussion

4.4.1 Strata distribution

Within the sampled strata (canopy, trunk, soil), D. aberiae
was mostly found in the tree canopy. However, from February
to September some mealybugs are also present and active in the
trunk and soil. This result should be taken into account for the
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management of the pest. Insecticide applications are currently
recommended only if 12% or more of the fruit is infested by D.
aberiae after petal fall (Pérez-Rodriguez et al. 2017). Since
some mealybugs were present on the trunk and soil during that
period, insecticides recommended against mealybugs in citrus in
Spain should soak the trunk and the soil up to 20 cm from its
base.

4.4.2 Distribution on tree canopy

Distribution patterns in scale insects are the result of its
intrinsic ~ and  physiological  behavior,  morphological
characteristics of the host-plant tissue and the activity of
predators and parasitoids (Nestel et al. 1995). As most mealybug
species are phloem feeders, they vary their feeding and settling
locations throughout the year, searching the movement of
nutrients in their hosts to find the best nutritional conditions for
them (McKenzie 1967, Boavida et al. 1992, Geiger and Daane
2001, Cid et al. 2010, Haviland et al. 2012, Wunderlich et al.
2013, Kumar et al. 2014). This behavior results in the migration
of mealybugs to different strata of their hosts, adapting to plant
phenology (Browning 1959, Furness 1976, Franco 1994, Geiger
and Daane 2001, Grasswitz and James 2008, Cid et al. 2010,
Haviland et al. 2012, Wunderlich et al. 2013). Besides looking
for food, mealybugs might also migrate to find protection
against extreme weather conditions and natural enemies
(Gutierrez et al. 2008, Daane et al. 2012, Mani and Shivaraju
2016).

The present study showed that the preferred feeding organ of
D. aberiae changed seasonally. From November to February
(winter), D. aberiae remained mainly in the twigs, where
mealybugs were usually found in the insertion of the leaves.
According to a companion manuscript, these individuals are
mostly nymphs of second and third instar during winter
(Martinez-Blay et al. 2018b). Afterwards, during the flush and
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blossom period (from March to April in eastern Spain), D.
aberiae moved from the twigs to the new shoots and flowers in
blooming , where they reached the adult stage (Martinez-Blay et
al. 2018b). In March and April, during flowering period, a small
percentage of D. aberiae was present in flowers. This
percentage was much lower than the percentage of mealybugs
that infested fruit later on. Fruit set (April-May in eastern Spain
conditions) and fruit development marked a significant change
in D. aberiae feeding location preference. During this period,
crawlers from the first generation of the pest emerged
(Martinez-Blay et al. 2018b) and tended to migrate and settle in
the new citrus fruitlets in development, mainly in the calyx area.
Thus, from May to August most of the mealybugs developed on
fruits, this coinciding with the period of highest D. aberiae
density in the orchards. The developing citrus fruit is the
preferred feeding location of mealybugs affecting this crop
because it provides very good nutritional conditions for their
development (Franco 1994). These results show that D. aberie
tended to search for and settle at the major carbohydrate sinks of
the citrus tree. During the three years of this study, the
movement of mealybugs from overwintering sites to the shoots
and flowers coincided with spring flush and blossom period,
when carbohydrates are shift acropetally from the roots to the
buds; afterwards, D. aberiae aggregated on the developing fruit,
a strong sink of carbohydrates (Agusti 2003, Iglesias et al.
2007). The behavior of nymph’s migration following the plant
nutrients has also been reported for other mealybug species,
such as Ferrisia gilli Gullan in pistachio trees (Haviland et al.
2012), P. citri in citrus (Franco 1994, Martinez-Ferrer et al.
2003) or Pseudococcus maritimus (Ehrhorn) in vineyards
(Geiger and Daane 2001). D. aberiae was not an exception and
herein we have described these movements within citrus trees.

69



Chapter 4. Distribution of D. aberiae in citrus

4.4.3 Migration to the trunk and soil

Mealybugs are a group of insects that usually migrate to
complete their life cycle in protected locations against bad
weather conditions and natural enemies (Gutierrez et al. 2008,
Daane et al. 2012, Mani and Shivaraju 2016). Herein, mobile
and immobile instars of D. aberiae were present and active on
the trunk and soil from February to September and during this
period the mealybug peaked twice on both strata, simultaneously
with the two main peaks in the canopy. Some studies mention
that mealybugs might migrate and overwinter in the soil
(Bodenheimer 1951, Rotundo et al. 1979, Franco et al. 2000).
Our results, however, show that D. aberiae did not stay
protected in this stratum in the coldest months.

Besides, adult females migrated mostly from the tree canopy
to the trunk and soil in two periods, March-April and June-July.
The peaks of first instars observed in this stratum after the
presence of adult females indicate that crawlers emerged from
eggs laid by ovipositing females. Results are in agreement with
the migration of females to the trunk and soil for ovipositing in
protected places previously reported for other citrus mealybug
species, such as P. citri (Franco 1994, Franco et al. 2000,
Martinez-Ferrer et al. 2003, Garcia-Mari 2012).

On the other hand, nymphs migrated mostly from the tree
canopy to the trunk and soil in two periods, March and May-
June. The migration of nymphs downwards the trunk is not
commonly reported in mealybugs but some previous studies
have mentioned this descending movement in other mealybug
species, reporting that it could be an adaptive strategy to
facilitate the mating process between males and females
(Browning 1959, Franco 1994, Franco et al. 2000). It seems to
be also the strategy followed by D. aberiae as adult males were
captured after the migration to the soil of second instars at the
end of February-beginning of March. On the other hand, nymph
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migration from the soil to the canopy was only observed in
April. This month coincides with fruit set period. Thus, this
ascending movement is probably a migration to the new fruitlets
of the crawlers emerged in soil in the same way that has been
aforementioned within the tree canopy. It is also remarkable that
nymphs from the second generation did not ascend back to the
canopy in summer. The high temperatures and low humidity of
Mediterranean countries may cause high mortality in young
mealybugs (Browning 1959, Bartlett and Clancy 1972, Furness
1976, Beltra et al. 2013a). Therefore, soil could be a drain of D.
aberiae in summer.

Finally, the fact that most mealybugs were found horizontally
close to the base of the trunk, suggests that D. aberiae moves to
the soil intentionally depending on the phenology of the plant
and the climatic conditions (Browning 1959, Bartlett and Clancy
1972, Furness 1976, Franco et al. 2000, Martinez-Ferrer et al.
2003, Beltra et al. 2013a); and not because insects fall by chance
from the tree canopy.

4.4.4 General conclusion

Our results show that D. aberiae change its distribution
patterns due to physiological and behavioral requirements.
Chemical control programs against D. aberiae are likely to
continue until more sustainable approaches, particularly
biological control, can be implemented against this mealybug.
Until then, these results will improve insecticide applications,
which should take into consideration the migration and presence
of D. aberiae in the soil in spring but not in summer, when
crawlers likely die because of warmer and drier conditions.
Moreover, our results will facilitate an early detection of the pest
in those areas where D. aberiae is spreading in Spain, as
technicians will be able to search in the correct plant strata and
organ depending on the season.
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Chapter 5. Characterization and damage period to fruits
caused by the invasive pest Delottococcus aberiae De
Lotto (Hemiptera: Pseudococcidae)

Martinez-Blay, V., Benito, M. & Soto, A. 2017. IOBC/WPRS Bulletin.
Accepted, currently in press. Adapted author’s Post-print version.

Abstract

Delottococcus aberiae De Lotto (Hemiptera: Pseudococcidae) is a
mealybug of Southern African origin. In 2009, this species was
detected in eastern Spain causing severe fruit distortions in citrus
orchards. As a recent invasive mealybug, there is not enough
information about its behavior on this crop. This research aims to
study the period in which citrus fruits may be damaged by D. aberiae,
as well as the characterization of these damages. To achieve these
goals a trial was carried out on two different citrus trees varieties:
‘Clemenules’ (Citrus reticulata Blanco) and the hybrid ‘Ortanique’
(Citrus reticulata x Citrus sinensis). In this experiment, handmade
mesh cloth sleeves were used to individually isolate flowers or fruits
in different developmental stages. Afterwards, each flower or fruit was
infested with four D. aberiae females and they were removed after
seven days. In order to avoid any contact with D. aberiae, outside the
chosen infestation period, the sleeves were maintained until fruit
harvest. Afterwards, before harvesting, any kind of fruit damage was
categorized taking into account its shape and size. Twenty replicates
were done per each category tested. Results showed that the highest
percentage of damages is recorded when D. aberiae attacks the initial
stages of fruit development; however mature fruits obtained from
infested flowers also appeared with distortions. No damage was
observed when D. aberiae was in contact with fruits exceeding 3 cm
in diameter. Percentages of damaged fruits, categorized by its shape
and size, are also presented. These results will be very useful to set
appropriate spraying treatments within the existing integrated pest
management programs (IPM) for citrus in Spain.

Keywords: citrus, fruit distortions, mealybug, pest management.
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5.1. Introduction

Mealybugs (Hemiptera: Pseudococcidae) represent a group of
insects that cause significant losses in the plants they infest, especially
when invading new regions as a result of accidental introductions
(Miller et al. 2002, Hardy et al. 2008, Pellizzari and Germain 2010).
In the Mediterranean Basin, they cause serious direct and indirect
damages to many agricultural crops and to a wide range of ornamental
plant families (Franco et al. 2009, Beltra and Soto 2011, Mazzeo et al.
2014, Mansour et al. 2017a). Their feeding reduces plant vigor and the
honeydew they secrete promotes the growth of black sooty mold
fungi, which interferes with plant photosynthesis, gives shelter to
other secondary pests, such as pyralid moths, and affects fruit quality.
High population densities may also cause leaf fall, fruit loss or even
the death of the plant (Franco et al. 2009, Gullan and Martin 2009).
Some mealybugs can also transmit virus to commercial crops, causing
serious damage (Watson and Kubiriba 2005, Cid et al. 2007, Tsai et
al. 2010); others are able to inject toxins that distort plant tissues, such
as H. pungens (Carrera-Martinez et al. 2015), M. hirsutus (Meyerdirk
et al. 2001, Vitullo et al. 2009, Chong et al. 2015) or N. viridis
(Thomas and Leppla 2008, Abdul-Rassoul 2014).

Delottococcus aberiae De Lotto (Hemiptera: Pseudococcidae)
was first detected in citrus orchards of eastern Spain in 2009 (Beltra et
al. 2013c). Recently, it has been confirmed that Spanish invasive
populations are native from Northern South Africa (Limpopo
province) (Beltra et al. 2015). There, however, this mealybug is not
considered a significant pest and may remain unnoticeable for years
(Hattingh et al. 1998, Miller and Giliomee 2011), being D. aberiae, up
to now, a significant problem only in Spain. Unlike other citrus
mealybug species present in Spain, when D. aberiae develops on
citrus fruits causes severe direct damages to them, distorting its shape
and size. These damages depreciate most of the affected fruits and
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render them unmarketable, leading to significant crop losses (Beltra et
al. 2013c, Soto et al. 2016b). Damage have been observed in all citrus
varieties cultivated in eastern Spain (sweet oranges, mandarins,
hybrids and lemons), without observing a clear predilection for any
particular group (Tena et al. 2014).

Currently, due to the absence of effective natural enemies in
Spain and the necessity of growers to control this new pest, the
management of the mealybug depends on the use of chemical
treatments, mainly the broad-spectrum insecticide chlorpyrifos (Tena
et al. 2014, Tena et al. 2017a). However, these applications are
problematic and disrupt the existing biological control of other citrus
pests (Franco et al. 2009). Besides, distortions in citrus fruits may be
observed from flowering period until fruit harvest; however the exact
moment in which these damages were caused and the duration of the
damaging period are still unknown, being these factors very important
to avoid unnecessary chemical spraying. Thus, this research aims to
study the period in which citrus fruits are sensitive to D. aberiae
attacks, as well as the characterization of these damages. Results will
be very useful to set the appropriate moment for spraying treatments,
trying to make it compatible with the existing integrated pest
management programs (IPM) for other citrus pests in Spain.

5.2. Material and methods

5.2.1 Experiment sites and mealybug rearing

An experiment was carried out on two different citrus trees
varieties: ‘Clemenules’ (C. reticulata) and the hybrid ‘Ortanique’
(Citrus sinensis L.Osh. x C. reticulata Bl.). Forty ‘Clemenules’ trees
and twenty ‘Ortanique’ trees were used for the experiment.
‘Clemenules’ trees had between five and ten years old and were under
greenhouse conditions, whereas the ‘Ortanique’ ones were part of a
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commercial orchard and ranged between fifteen and twenty years old.
All the trees were drop irrigated and free from D. aberiae and other
mealybug species. No insecticide sprays were applied to any of them
during the whole experiment.

D. aberiae specimens required for the experiment were obtained
from a laboratory colony established, on organic pumpkins (Cucurbita
maxima ‘Castellana’), since the year 2013. This colony was mantained
in darkness in a climatic chamber (25 * 1°C, 65 = 5% RH) at
Universitat Politecnica de Valéncia (UPV).

5.2.2 Experiment design and sampling protocol

The experiment consisted of the artificial infestation of citrus
flowers and fruits, of different sizes, with D. aberiae females obtained
from the laboratory colony established at UPV. Ten organ categories
were established for the experiment, flower and the following nine
fruit classes (equatorial diameter measured with a caliper graduated in
millimeters): 0-5 mm, 6-10 mm, 11-15 mm, 16-20 mm, 21-25 mm,
26-30 mm, 31-35 mm, 35-40 mm and 40-45 mm. The final number of
repetitions done, per each one of the aforementioned categories was
twenty, being each repetition one flower or one fruit with the shoot
were it was included. To reduce the effect of the abscission period,
single flowers or fruits in leafy inflorescences (in terminal position or
distributed along the shoot) were intentionally selected because they
are commonly associated with higher fruit set (Agusti 2003, Iglesias et
al. 2007). Afterwards, each selected flower or fruit was infested with
four D. aberiae females, with the aid of a small brush, being the
insects removed after seven days to ensure that infested organs
continued in the same diametral class initially established. To avoid
any contact with D. aberiae, or other pests, outside the chosen
infestation period, each experimental unit was isolated with a specially
designed structure for this purpose. Each structure consisted of a fine
handmade mesh cloth bag, similar to a sleeve, of 60 cm long and 20
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cm wide, with a 30 cm long zip closure and one opened end. Each bag
was rolled around the branch, containing the selected shoot, and
sealed by the opened end using wire and adhesive tape. Bags were
maintained until fruit harvest to avoid any undesirable colonization.
The zip allowed to make periodical observations, being each bag
opened weekly to check the evolution of the growing fruit and the
absence of external contamination. If the four females were not
recovered after the seven days, inside the isolated area, these
repetitions were removed from the experiment.

At the end of the growing season and before harvesting
(September for ‘Clemenules’ and January for ‘Ortanique’), any kind
of fruit distortion was categorized taking into account its shape and
size. The following damage categories were established: 0 = fruit
without any deformation, 1 = one slight protuberance around fruit
calyx and normal size, 2 = several protuberances around fruit calyx or
fruit completely distorted with normal size, 3 = dwarf fruit (25 mm or
less of diameter with any kind of distortion). Vegetative status and
phenological evolution of the studied trees, was also recorded during
the assay, using the aid of a plastic hoop (0.56 m in diameter and 0.25
m? of surface) (Soler and Garcia-Mari 2016). Weekly, this plastic
hoop was placed in the canopy of each tree (40 ‘Clemenules’ and 20
‘Ortanique’) to count the number of flowers and/or fruits (also
indicating its mean diameter) present inside the area, being later these
data multiplied by a factor equivalent to the total surface of the tree
canopy (variable depending on the size of the tree).

5.2.3 Data analysis

Percentages of distorted fruits are presented graphically. To check
the effect of the organ category initially infested, on the total
percentage of final matured fruits with distortions, these proportions
were compared by pairs, and separately for each one of the two
varieties tested, using a chi-square test (xz). Statistical analyses were
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performed using IBM SPSS version 22.0 for Windows (SPSS Inc.,
Chicago, Illinois, USA).

5.3. Results and discussion

5.3.1 Damage period and characterization of damages

Figure 5.1. shows that the highest percentage of damages in the
variety ‘Ortanique’ is recorded when D. aberiae attacks the initial
stages of fruit development. However, a high percentage of mature
fruits developed from infested flowers also appears with distortions.
75%, 90%, 80% and 85% of the final matured ‘Ortanique’ fruits,
grown from D. aberiae infested flowers or fruits of 1-5 mm, 6-10 mm
and 11-15 mm of diameter respectively, showed distortions. None of
the aforementioned percentages differed significantly between them:
flower and fruit of 1-5 mm (x*= 1.558, df = 1, P = 0.212), flower and
fruit of 6-10 mm (X2 =0.143, df = 1, P = 0.705), flower and fruit of 11-
15 mm (x> = 0.476, df = 1, P = 0.490), fruit of 1-5 mm and fruit of 6-
10 mm (x*= 0.784, df = 1, P = 0.376), fruit of 1-5 mm and fruit of 11-
15 mm (y* = 3.584, df = 1, P = 0.062), fruit of 6-10 mm and fruit of
11-15 mm (* = 1.129, df = 1, P = 0.288). However, when the
mealybug changed from feeding on fruits of 11-15 mm to 16-20 mm
in diameter the percentage of fruits with distortions decreased
significantly (y* = 12.907, df = 1, P < 0.001), not being observed any
kind of damage when D. aberiae attacked fruits exceeding 25 mm in
diameter in the variety ‘Ortanique’. This work shows that distorted
fruits are only obtained when D. aberiae feeds on the ovary of the
flower or on very small tender fruits. Growth and development of
citrus fruits follows a sigmoid growth curve, divided into three stages.
Phase | is characterized by cell division and slow growth (from
anthesis until the end of the phisiological June fruit drop). In the phase
I1, the fruit experiences a huge increase in size due to cell enlargement
and phase Il corresponds with the maturation period (Agusti 2003,
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Iglesias et al. 2007). Results confirm that when D. aberiae pierces the
fruit with its stylet, during phase I, is able to interfere with cell
division process, distorting the affected area while the rest of the fruit
continues growing normally. Afterwards, when D. aberiae feeds on
fruits exceeding 15-20 mm, the percentage of distortions decreases
considerably, coinciding this fruit size with the end of phase | and a
high decline in cell division. Thus, when cell division stage finishes,
the fruit stops being susceptible to D. aberiae direct damages, this
being very important for the management of the pest.

Percentage and characterization of D. aberiae damages

Percentage of distorted fruits (%)
th
<

‘Ortanique’ ‘Clemenules”
Infested organ (flower, fruit in mm) and variety

Figure 5.1. Final percentage of distorted mature fruits, by D. aberiae,
obtained for each of the organ categories and varieties tested. Each
percentage is divided in the established categories of fruit damage: 1 = one
slight protuberance around fruit calyx and normal size, 2 = several
protuberances around fruit calyx or fruit completely distorted with normal
size, 3 = dwarf fruit (25 mm or less of diameter with any kind of distortion).
Different letters above the columns denote statistically significant
differences between the total percentage of distorted fruits for each of the
organ categories initially infested at P<0.05 (y2 test) and separately for each
one of the two varieties tested.
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The same conclusions have been obtained in the variety
‘Clemenules’. 70%, 85%, 90% and 75% of the final matured fruits,
grown from D. aberiae infested flowers or fruits of 1-5 mm, 6-10 mm
and 11-15 mm of diameter respectively, show damages and none of
these percentages differ significantly: flower and fruit of 1-5 mm (*=
1.290, df = 1, P = 0.256), flower and fruit of 6-10 mm (%= 2.500, df
=1, P = 0.114), flower and fruit of 11-15 mm (;*= 0.125, df =1, P =
0.723), fruit of 1-5 mm and fruit of 6-10 mm (°= 0.229, df =1, P =
0.633), fruit of 1-5 mm and fruit of 11-15 mm (4°= 0.625, df = 1, P =
0.429), fruit of 6-10 mm and fruit of 11-15 mm (,°= 1.558, df = 1, P =
0.212). When the mealybug changes from feeding on fruits of 11-15
mm to 16-20 mm in diameter the percentage of fruits with distortions
decreases significantly (,°> = 10.000, df = 1, P = 0.002), not being
observed any kind of damage when D. aberiae attacks fruits 30 mm in
the variety ‘Clemenules’.

Figure 5.1. also shows that the percentage of distorted fruits, for
each of the organs initially infested, does not differ between citrus
varieties. Previous works said that fruit damage may be observed in all
citrus cultivated in eastern Spain, without observing a predilection for
any particular group (Tena et al. 2014). These results coincide with
that observations; however, further research, considering more citrus
varieties, is needed to generalize this fact.

Regarding the characterization of damages, the three categories of
fruit distortions appear in similar percentages for both varieties tested
and do not seem to follow a clear tendency in relation with fruit size.
Fruits in the category 1 frequently comply with international export
standards to be supplied fresh to the consumer and ranged from 5% to
40% in the variety ‘Clemenules’ and from 5% to 35% in ‘Ortanique’.
Fruits in the category 2 lose a significant part of their commercial
value, being normally destined to industrial processing (OECD 2010)
and varied from 10% to 40% in ‘Clemenules’ and from 25% to 50%
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in ‘Ortanique’. The percentage of distorted fruits in the category 3
ranged from 5% to 20% in the variety ‘Clemenules’ and from 10% to
15% in the variety ‘Ortanique’. These fruits lose completely their
commercial value, being excluded from fresh consumption and, due to
their size, also from industrial processing (OECD 2010), thus they
frequently are not even harvest from the trees. These different types of
damage caused by D. aberiae that appear without a clear tendency,
within the susceptible fruit sizes, could be due to the feeding
mechanism used and the number of cells attacked by the mealybug.
Further reseach, regarding the phisiology of the fruit, is needed to
clarify this aspect.

Other citrus pests may also attack and distort developing tissues
causing direct damages, for example the citrus bud mite Aceria
sheldoni (Ewing) (Acari: Eriophidae) (Boyce and Korsmeier 1941,
Phillips and Walker 1997, Vacante and Bonsignore 2016), the
mealybug N. viridis (Nechols 2003, Thomas and Leppla 2008), the
bayberry whitefly Parabemisia myricae (Kuwana) (Walker 1985) or
the kelly’s citrus thrips Pezothrips kellyanus (Bagnall) (Webster et al.
2006). Frequently, these distortions are related with toxic compounds
present in the insect’s saliva, being this the case of the mealybug N.
viridis that has been cited feeding on immature citrus fruits and
causing extensive protuberances around the stem end (Hattingh et al.
1998, Thomas and Leppla 2008). Different works mention that during
its piercing and sucking feeding procces, nymphs and adult females of
N. viridis inject toxic saliva into its host tissues, being able to injure
buds, flowers, fruits, leaves, twigs, shoots and stems (Nechols 2003,
Thomas and Leppla 2008, Abdul-Rassoul 2014). Contrarily to N.
viridis, D. aberiae causes distortions in fruits but not to the rest of
plant organs it feeds on. On the other hand, D. aberiae has been also
cited feeding on other agricultural crops without causing any kind of
fruit distortions, being this the case of the persimmon (Urbaneja et al.
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2017). Two reasons may explain this fact: D. aberiae populations
appear in a later period, not coinciding with developing tissues, or D.
aberiae may have any kind of toxic substance on its saliva which
affects citrus but not persimmon. The second reason can not be
confirmed and further research is needed to determine if D. aberiae
injects or not toxic substances on its hosts. But, by now, this work has
shown that citrus fruit distortions appear if D. aberiae populations
coincide with fruit cell division stage, interfering with the growth of
the attacked cells.

5.3.2 Relation between damage period and D. aberiae population
density

According to the results, D. aberiae can cause fruit distortions
and size reduction in citrus orchards from flowering period until fruits
sized between 25 and 30 mm for the varieties tested. Figure 5.2.
shows that this period ranges from March to the beginning-mid July. It
can also be observed that D. aberiae density increases considerably in
May and June, being fruit damage observed mainly during this period.
These results are very important for the mealybug management,
because chemical spraying is forbidden during the flowering period.
Thus, monitoring proceses should start after petal fall and, if
populations reach the recently established Economic Environmental
Injury Level (EEIL), recommended insecticides against mealybugs in
Spain will be used (Pérez-Rodriguez et al. 2017).
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Relation between citrus phenology and density of D. aberiae populations
100 - - 10 E
%0 | ereee Clemenules flowers == Ortanique flowers P
Clemenules fruits Ortanique fruits -+
80 =~ D. aberige L g E
g =
£ 70 - -7 =
5 £
g 60 L6 =
z =
-’g 50 A -5 =
S 40 - - E
£ 30 -3 B
=
20 | F2 &
E
10 4 1 =
g
0 0 =

Month

Figure 5.2. Relation between citrus phenology of the two studied varieties
(‘Clemenules’ and ‘Ortanique’) and D. aberiae density between March and
September [own data adapted from the publication of Martinez-Blay et al.
(2018b)]. Primary Y -axis shows the percentage of flowers (+ standard error,
SE) per tree during the flowering period. Secondary Y-axis represents two
parameters: the evolution of citrus fruit diameter + SE (in cm) for each
variety and the mean number of mealybugs (+ SE) in citrus orchards of
eastern Spain.
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Guerrieri, E., Puig, J., Soto, A. Submitted to Biol Control. Adapted author’s
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Abstract

Delottococcus aberiae De Lotto (Hemiptera: Pseudococcidae) is a
mealybug species native to Southern Africa. It is an invasive citrus
pest in Spain since 2009. Classical biological control is one of the
most effective methodologies to control new pests in the invaded area,
where no effective biocontrol agents are usually present. The
introduction of natural enemies of D. aberiae from its native area
represents a sustainable alternative to manage this pest. To develop a
classical biological control program, to manage D. aberiae in Spain,
this research aimed to characterize the behavior and complex of
natural enemies of this mealybug in citrus orchards in its native area
(South Africa). A total of 32 sites were surveyed from January 2017 to
December 2017. Mealybugs present per sample were counted and
examined for parasitism signs. Parasitized mealybugs were isolated
and checked for parasitoid emergence. ldentification of recovered
specimens was done by morphological characterization. When
necessary, molecular characterization was also carried out. Results
showed that D. aberiae population density peaked in summer with all
developmental stages overlapping. The highest parasitism rates
occurred in autumn. A high biodiversity of species was found. The
most abundant natural enemies of D. aberiae in its native area were
the primary parasitoids Anagyrus sp. nov. 1 (Hymenoptera:
Encyrtidae) and Allotropa sp. nov. (Hymenoptera: Platygastridae).

Keywords: Allotropa sp. nov., Anagyrus sp. nov. 1, behavior,
parasitism, mealybug, South Africa
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6.1. Introduction

The increase in international trade throughout recent decades has
risen the number of exotic species entering Europe (Roques et al.
2009, Bellard et al. 2016). Mealybugs (Hemiptera: Pseudococcidae)
are typical invasive pests, due to their small size and cryptic behavior,
and have entered Europe at a high rate (Miller et al. 2002, Pellizzari
and Germain 2010). Some examples are Dysmicoccus brevipes
(Cockerell) (Suma et al. 2015), Paracoccus marginatus Williams &
Granara de Willink (Mendel et al. 2016), Phenacoccus defectus Ferris
(Mazzeo et al. 2014), Phenacoccus solani Ferris (Mazzeo et al. 1999),
Pseudococcus comstocki (Kuwana) (Pellizzari 2005) or Phenacoccus
peruvianus Granara de Willink (Beltra et al. 2010, Beltra et al.
2013a). Within this context, Delottococcus aberiae (De Lotto)
(Hemiptera: Pseudococcidae) was first detected in eastern Spain in
2009 and currently it is known that Spanish populations are native to
Limpopo province, in Northern South Africa (Beltra et al. 2012,
Garcia-Mari 2012, Beltra et al. 2013c, Beltra et al. 2015). D. aberiae
completes several generations throughout the year, being two of them
clearly defined and resulting in high population levels between May
and July (Martinez-Blay et al. 2018b). Nymphs and adults settle and
feed on fruitlets (Martinez-Blay et al. 2018b) and their feeding
behavior causes severe direct damage to citrus fruits, distorting its
shape and/or causing size reduction, depending on the cultivar, which
depreciates its commercial value (Pérez-Rodriguez et al. 2017).
Recently, the duration of the damaging period has been established,
including from flowering stage (March-April in eastern Spain
conditions) to fruits with a diameter of 25-30 mm (around July in
eastern Spain conditions) (Martinez-Blay et al. 2018a).

At present, chemical control, based on the use of available
insecticides against mealybugs, is the main strategy used to control D.
aberiae in Spain. However, the economic and environmental impacts
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of chemical control and its potential interference with the biological
control of other citrus pests (Franco et al. 2009) make it necessary to
look for alternative management strategies. Classical biological
control is one of the most effective methodologies to control new
pests in the invaded area, where no effective biocontrol agents are
usually present. This management strategy has been previously
implemented against other invasive insects in Spanish citrus orchards
and, in combination with other management techniques, usually leads
to a balance in the populations of the pest in the invaded area (Soto et
al. 1999, Garcia-Mari et al. 2004, Vercher et al. 2005, Garcia-Mari
2012, Sorribas et al. 2012).

The invasive condition of the family Pseudococcidae and the
problems to control them by chemical methods have made this group
of insects a target of biological control strategies (Moore 1988, Franco
et al. 2009, Venkatesan et al. 2016). Population outbreaks are frequent
when mealybugs are introduced into new areas without their specific
natural enemies. Therefore, classical biological control programs,
based on the introduction and release of exotic natural enemies from
the native area of the pest, have been widely used for their
management (Moore 1988, Miller et al. 2002, Franco et al. 2009).
Classical biological control has been implemented with positive
results for several mealybug species, such as Maconellicoccus hirsutus
(Green) (Kairo et al. 2000, Roltsch et al. 2006), Paracoccus
marginatus Williams and Granara de Willink (Muniappan et al. 2006,
Amarasekare et al. 2009), Phenacoccus manihoti Matile-Ferrero
(Neuenschwander 2001) or Rastrococcus invadens Williams
(Neuenschwander et al. 1994, Agricola et al. 2009). Most of the
successful classical biological control programs against mealybugs
involve the use of insect parasitoids (Moore 1988, Charles 2011).
Among them, encyrtid parasitoids (Hymenoptera: Encyrtidae) are the
most important and diverse group of natural enemies to control
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mealybugs (Noyes and Hayat 1994, Charles 2011), but species from
the families Aphelinidae and Platygastridae also prove successful on
several occasions (Moore 1988). Encyrtids usually establish host-
specific relationships with mealybugs and have a major influence on
their population dynamics (Charles and Allan 2002, Charles 2011,
Beltra et al. 2013b, Bugila et al. 2015).

Biological control of D. aberiae had never been investigated until
this species was introduced into Spain. Recent studies (Tena et al.
2017a, Tena et al. 2017b) showed that native and naturalized
parasitoids present in the Mediterranean Basin fail to control the
mealybug. Thus, the best option is to search for effective parasitoids in
the native area of the pest, South Africa. In this country, since the
early 1990s, there has been an increasing emphasis on citrus integrated
pest management (IPM), based on the conservation of natural enemies
and bio-rational control strategies. However, it should be considered
that in recent years the control of some pests and diseases is
increasingly dependent again on the use of harmful chemical products
to maintain quarantine pests at low enough levels to satisfy the
increasing export market restrictions, which disrupts the IPM of many
other important key pests (Grout 2015).

Within the aforementioned context, the implementation of a
classical biological control, by the introduction of a natural enemy
known to be effective against D. aberiae in its native area, seems to be
the most promising strategy to control this pest. The survey made by
Beltra et al. (2015) showed that Spanish D. aberiae populations came
from citrus orchards in Limpopo province (northern South Africa)
and, there, they found an undescribed species of the genus Anagyrus
(Hymenoptera: Encyrtidae). Thus, this geographic area should be
considered as the first choice for collecting parasitoids to be
introduced in Spain against D. aberiae. Herein, with the aim of
developing a classical biological control program for the management
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of D. aberiae in Spain, the following objectives were established: (1)
to describe the behavior of D. aberiae in citrus orchards in its native
area (Limpopo, northern South Africa) and (2) to characterize the
complex of natural enemies of D. aberiae in citrus orchards in its
original area, in particular parasitoids, as well as to determine their
seasonal abundance in the field and their potential as candidate species
for classical biological control.

6.2. Materials and Methods

6.2.1 Survey sites and sampling protocol

A total of 32 sites were surveyed in the province of Limpopo
(northern South Africa) from January 2017 to December 2017. All
surveyed sites comprised private citrus orchards, 22 of them included
grapefruit trees (Citrus x paradisi Macfad) and the other 10 sweet
orange trees (Citrus sinensis (L). Osbeck) (Table 6.1.). Sampled sites
belonged to the municipality of Greater Tzaneen and were located in
the surroundings of the town of Letsitele. All of them were selected
for presenting D. aberiae during previous seasons. The orchards
ranged from 2.2 to 15.30 ha and were drip-irrigated.

For each sampling date and at each sampling site, twenty trees per
orchard were monitored and four 20-cm long twigs, each one from a
different cardinal orientation, were collected randomly from each tree.
Each twig included its leaves and flowers and/or fruits (depending on
their availability during the year). Samples were bagged and
transported to the laboratory inside a portable cooler. All the material
was processed within the next 24 h according to the procedures
described below.
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Table 6.1. Surveyed sites: location, citrus varieties and sampling date.

Site  Citrus species  Citrus variety UTM coordinates (grid: 36K) Sampling date
1  Citrus x paradisi Star Ruby 238949 mE 7358974 mS January to December
2 Citrus x paradisi Star Ruby 234518 mE 7357213 m S January to December
3 Citrus x paradisi Star Ruby 238178 mE 7360059 m S February
4 Citrus sinensis ~ Valencia Late 238630 mE  7361595m S August
5  Citrus x paradisi Star Ruby 240312mE 7361398 mS January to December
6  Citrus x paradisi Star Ruby 241311 mE  7362395mS  January, March, April
7  Citrus x paradisi Star Ruby 240534 mE 7361103 mS January to December
8  Citrus x paradisi Star Ruby 238139 mE 7362368 mS  January to December
9  Citrus x paradisi Star Ruby 242214 mE 7361897 mS January to May
10  Citrus x paradisi Star Ruby 242367 mE  7359775m S January to May
11  Citrus x paradisi Star Ruby 241711 mE 7364021 mS January to August
12 Citrus sinensis ~ Valencia Late 233568 mE  7355845m S January to May
13 Citrus sinensis ~ Valencia Late  237872mE 7344548 m S September
14 Citrus sinensis ~ Valencia Late ~ 238572mE 7359160 m S June
15 Citrus sinensis ~ Valencia Late 239086 mE 7358943 m S June
16 Citrus sinensis ~ Valencia Late ~ 239175mE 7358977 m S June and December
17 Citrus sinensis ~ Valencia Late 238817 mE 7359040 m S December
18 Citrus sinensis ~ Valencia Late 238151 mE 7361496 m S June
19 Citrus sinensis ~ Valencia Late 238160 mE 7362361 m S December
20 Citrus sinensis ~ Valencia Late  238643mE 7361610 m S October, November
21  Citrus x paradisi Star Ruby 234492 mE 7357199 m S July
22 Citrus x paradisi Star Ruby 234869 mE 7356925 m S August
23 Citrus x paradisi Star Ruby 229849 mE 7358728 m S July
24 Citrus x paradisi Star Ruby 230194mE  7358465m S July
25  Citrus x paradisi Star Ruby 229703mE 7359017 m S July to November
26  Citrus x paradisi Star Ruby 236206 mE 7359351 m S October, November
27  Citrus x paradisi Star Ruby 240347 mE 7361433 mS  September, November
28  Citrus x paradisi Star Ruby 234708 mE  7357377mS July to November
29  Citrus x paradisi Star Ruby 234653 mE  7357695m S December
30 Citrus x paradisi Star Ruby 234996 mE 7356968 m S October
31  Citrus x paradisi Star Ruby 230040mE 7359124 m S September
32 Citrus x paradisi Star Ruby 240536 mE  7361102m S September
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6.2.2 Mealybug seasonal phenology

Among the 32 sites, 6 citrus orchards, under permission of their
owners, were sampled monthly to study mealybug phenology.
Mealybugs present on each twig, on four leaves per twig and on one to
eight flowers or fruits (depending on their availability during the year)
were counted under a stereomicroscope (Nikon SMZ645) and
classified into one of the following developmental stages: first
nymphal instar (N1), second nymphal instar (N2), third nymphal
instar (N3), immature males (pre-pupa and pupa) (M1), adult males
(M2), adult females (H1) or gravid females (H2). Leaves, flowers and
fruits to be examined from each twig were randomly selected.

6.2.3 Complex of natural enemies

Collecting parasitoids

Samplings were done with a methodology similar to the previously
explained in the former section. The complex of natural enemies and
their abundance was determined by collecting parasitized mealybugs
from twigs, leafs, flowers and/or fruits from 32 citrus orchards. Each
month of the study, 10 citrus orchards, randomly selected among the
total surveyed, were sampled. All the collected mealybugs were
morphologically checked for parasitism and the developmental stage
of each D. aberiae parasitized was recorded. A mealybug was
considered to be parasitized when it was mummified or when it
showed the first signs of mummification (body deformation and
cuticle sclerotization) (Beltra et al. 2013d). When a mummy was
found, it was separated with a fine camel hair brush and placed into a
3.0 x 0.8-cm glass vial (1 mummy/per vial). The vials were covered
with a cotton plug and stored in the laboratory at room temperature
(25 £ 5°C) and the natural outdoor photoperiod. Vials were checked
daily for parasitoid emergence. Upon emergence, absolut ethanol was
added into each tube to kill adult parasitoids and vials were stored
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until identification of parasitoids. The number and sex of each
parasitoid species emerged per mummy were recorded. Parasitism
rates were estimated as the proportion of mummified mealybugs to the
total number of mealybugs susceptible to parasitism (alive and
mummified mealybugs of second instar, third instar and adult
females). Parasitism rates per month were obtained.

Morphological and molecular characterization of parasitoids

For morphological characterization of parasitoids, card mounted
and slide mounted specimens were prepared. For card mounting,
parasitoids were killed in absolute ethanol and then placed in a 1:1
ethanol: xylene solution for 24 h, transferred to amyl acetate for 24 h
and mounted on cards with water-soluble glue. For slide mounting
(Noyes 1982), starting from a card prepared specimen, wings were
dissected and directly mounted in Canada balm on the slide. The
remaining of the specimen was processed in 10% KOH for 5 min at
100°C, transferred to acetic acid for 5 minutes, afterwards to
increasing ethanol series (from 70% to absolute) and finally to clove
oil. Dissected part (head, antennae, thorax, gaster, hypopygium and
ovipositor) were mounted on the slide in Canada balm. The slide was
put on hot plate at 100° for 2 hours and then Canada balm and cover
slips added onto dissected parts. The card and slide-mounted
specimens were compared with literature descriptions and
authoritatively identified specimens deposited in the Natural History
Museum of London (UK). Parasitoids species, belonging to the
families Pteromalidae and Platygastridae, were sent to the British
National History Museum for identification.

Additionally, when the number of recovered specimens allowed for
it, molecular characterization was carried out to clarify the identity of
the complex of Anagyrus species. DNA was extracted with non-
destructive technique from females and males using ZR Tissue &
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Insect DNA MicroPrep Kit (Zimoresearch) according to the
manufacturer instructions. Amplifications of 5’ region of Cytochrome
Oxidase Complex | (COI) mitochondrial gene was obtained using the
primers: TL2-N-3014 TCCAATGCACTAATCTGCCATATTA and
C1-J-2183 CAACATTTATTTTGATTTTTTGG. Amplifications were
carried out in 50,0 pl volume containing 50 ng template DNA, 1X
DreamTaq Buffer, 0.2 uM dNTPs, 1.5 U DreamTaq DNA polymerase
(Thermo Scientific) and 6.0 uM each primer; PCR was performed for
45 cycles using 45.0°C for 45 seconds as primers annealing conditions
and 2.0 minutes as DNA polymerase elongation time. All
amplifications were achieved using 2720 ThermoCycler (Applied
Byosystem). PCR products were checked on 1.5% agarose gel stained
with SYBR Safe (Invitrogen) and sequenced at CIBIACI (University
of Florence - Italy.) and at Macrogen® (Seoul - Korea). Resulting
sequences were aligned and compared with Gene Bank ones relative
to the genus Anagyrus and particularly with those of close related
species.

6.2.4 Statistical analysis

Statistical comparison to determine whether the mean percentage of
total parasitism (all instars considered together) differed among
different months of the year was performed using analysis of variance
(ANOVA). Means were compared using Fisher’s Least Significant
Difference (LSD) tests. Data are presented as mean * standard error
(SE). Data were tested for homogeneity of variances using Levene’s
test. If required, data were subjected to an angular transformation,
arcsine of the square root of the proportion, before analysis to satisfy
model assumptions regarding homogeneity of variances and
approximate a normal distribution (Kasuya 2004). To determine the
preferred parasitized instar, a statistical comparison using analysis of
variance (ANOVA) was performed separately for each one of the two
most abundant parasitoids recovered in this study, Anagyrus sp. nov. 1
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and Allotropa sp. nov. Means were compared using Fisher’s Least
Significant Difference (LSD) tests. Data were tested for homogeneity
of variances using Levene’s test. If required, data were log (x+1)
transformed before analysis to satisfy model assumptions regarding
homogeneity of variances (McDonald 2014).

Data were averaged per orchard, being this the sampling unit used
for all the statistical analysis. The significance level was set at o =
0.05. All the statistical analyses were conducted with the software
Statgraphics  Centurion XVLII  (Statpoint Technologies Inc,
Warrenton, USA).

6.3. Results

6.3.1 D. aberiae seasonal phenology

D. aberiae population density started to increase in November
(spring in South Africa) and reached a maximum in January and
February (summer in South Africa). Afterwards in March (end of
summer in South Africa) populations started to decreased and
remained at practically undetectable levels in autumn and winter. All
developmental stages tended to overlap between them (Fig. 6.1.).
Besides, the seasonal trend and mealybug density throughout the year
was very similar among instars (Fig. 6.2.).

6.3.2. Complex of natural enemies and seasonal trend

Parasitoids

Total parasitism rates (all susceptible instars considered together)
in the field differed throughout the year (Fig. 6.1.) (F = 4.80, df = 11,
108, P < 0.001). The maximum percentage of total parasitism was
reached in June, with a mean percentage + standard error (SE) of
26.90 + 0.69%, and was significantly higher than in any other month
of the year. This percentage was followed by May (15.85 + 0.49%),
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April (14.05 £ 0.47%), March (10.44 £ 0.41%), February (9.39
0.39%), July (6.25 % 0.34%) and January (5.56 £ 0.31%) and none of
these values differed among them. Parasitism rates from August to
December were similar and practically null (Fig. 6.1.).

Parasitism rates per instar (Fig. 6.2.) showed that the maximum
percentage of parasitism was reached in June for second instars (70.09
+ 0.71%) and gravid females (24.49 = 0.66%), in April for third
instars (45.45 £ 0.67%) and in February for adult females (12.97 +
0.45%). Parasitism rates in adult and gravid females were more
homogeneous throughout the year and always below 30%.

E=SN1 N2 N3 ==H1 mmH2 ——Parasitism

14 Summer Autumn Winter Spring [ 50

Mealybugs per sample
Perentage of parasitism (%)

M-17 A-17 M-17 J17 J-17 A-17 S-17 0O-17 N-17 D-17
Month

Fig. 6.1. Seasonal phenology of D. aberiae (N1 = first nymphal instar, N2 =
second nymphal instars, N3 = third nymphal instars, H1 = young females,
H2 = gravid females) and total monthly percentage of parasitism (all
susceptible instars considered). Results are based on samples taken in citrus
orchards in northern South Africa throughout 2017. Vertical bars represent
the standard error (SE).
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Fig. 6.2. Seasonal trend and parasitism rates for each one of the D. aberiae
instars susceptible to parasitism (N2 = second nymphal instars, N3 = third
nymphal instars, H1 = young females, H2 = gravid females). Results are
based on samples taken in citrus orchards in northern South Africa
throughout 2017. Vertical bars represent the standard error (SE).

From January to December 2017, 1,568 parasitized mealybugs
(mummies) were found. Among the parasitized specimens, a total of
152 parasitoids were recovered and the number of adults emerged per
mummy was one in all the cases. A high biodiversity of species was
found in the sampled area: 126 of the recovered specimens were
identified as primary parasitoids (82.89%), belonging to seven
different species, and 23 were hyperparasitoids (15.13%) of two
different species (Table 6.2.). Among the primary parasitoids
identified, five belonged to the family Encyrtidae (Anagyrus sp. nov.
1, Anagyrus sp. nov. 2, Anagyrus aurantifrons Compere, Anagyrus sp.
3 and Leptomastix dactylopii Howard), one to Platygastridae
(Allotropa sp. nov.) and one to Aphelinidae (Thysanus sp.). Two
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species of hyperparasitoids were detected; one belonged to the family
Pteromalidae (Pachyneuron sp.) and the other to Encyrtidae
(Procheiloneurus aegyptiacus Mercet).

Table 6.2 Abundance of D. aberiae parasitoids recovered from samples
taken from citrus orchards in northern Limpopo throughout 2017.

Number of parasitoids

Family Species Biology recovered from D. aberiae (n)
Females Males Total
Encyrtidae Anagyrus sp. nov. 1 Primary parasitoid 32 40 72
Encyrtidae Anagyrus sp. nov. 2 Primary parasitoid 8 0 8
Encyrtidae Anagyrus aurantifrons Primary parasitoid 2 0
Encyrtidae Anagyrus sp. 3 Primary parasitoid 1 0
Platygastridae Allotropa sp. nov. Primary parasitoid 19 21 40
Encyrtidae Leptomastix dactylopii Primary parasitoid 1 1
Aphelinidae Thysanus sp. Primary parasitoid 1 0
Pteromalidae Pachyneuron sp. Secondary parasitoid 9 7 16
Encyrtidae ~ Procheiloneurus aegyptiacus  Secondary parasitoid 7 0 7
Other Unknown Unknown 2 1 3
152

Among the complex of Anagyrus species (Hymenoptera:
Encyrtidae), Anagyrus sp. nov. 1 represented 57.14% of the total of
the parasitoids recovered and the set formed by the rest of Anagyrus
accounted for 8.7%. Anagyrus sp. nov. 1 was the most abundant
species recovered in the months of January, February and March (Fig.
6.3.). Besides, the number of Anagyrus sp. nov. 1 recovered from
mummies of adult and gravid females was similar but significantly
higher than the number of parasitoids recovered from second and third
instars (F = 3.04, df = 3, 36, P = 0.03).

Apart from this complex, the species Allotropa sp. nov.
(Hymenoptera: Platygastridae) accounted for 31.75% of the
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parasitoids recovered (Table 6.2). Allotropa sp. nov. was the most
numerous species in April, May, June and December (Fig. 6.3.). This
species emerged similarly from mummies of second and third instars,
being this values higher than the parasitoids recovered from mummies
of adult and gravid females (F = 3.88, df = 3, 36, P = 0.02). The other
primary parasitoids found, L. dactylopii and Thysanus sp., represented
1.59% and 0.79% of the total emerged species respectively.

The hyperparasitoid Pachyneuron sp. was the most abundant one
(69.57%), followed by P. aegyptiacus (30.43%) (Table 6.2.).
Hyperparasitoids were detected from January to May and the highest
percentage of hyperparasitism was reached in February, representing
almost a 30% of the total number of parasitoids recovered that month
(Fig. 6.3.). In April, May and June the hyperparasitism rates were
similar and January was the month with the lowest percentage of
hyperparsitism (Fig. 6.3.).
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Fig. 6.3. D. aberiae parasitoid complex composition and number of
parasitoids recovered. Results are based on samples taken from citrus
orchards in northern South Africa throughout 2017. Value above each bar
represents the total number of mealybugs parasitized (recovered parasitoids
+ not recovered parasitoids).
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6.4. Discussion

6.4.1 D. aberiae seasonal phenology

Results reveal that D. aberiae population density starts to increase
in spring, reaching a maximum in summer. Afterwards, populations
decrease and remain at very low levels in autumn and winter (Fig.
6.1.). A similar trend may be observed in eastern Spain. However,
there, D. aberiae density in spring is much higher than in northern
South Africa (Martinez-Blay et al. 2018b). Different abiotic and biotic
factors may affect the abundance of mealybugs in the field in spring,
such as climate, the quality of the feeding substrate, the application of
chemical treatments or the action of natural enemies or (Bartlett and
Clancy 1972, Furness 1976, Franco 1994, Goolsby et al. 2002,
Haviland et al. 2012, Beltra et al. 2013a, Wunderlich et al. 2013).

The average temperature in spring (September to December in
South Africa and March to June in Spain), from 2013 to 2017, was
warmer in northern South Africa (22.03 °C) (Tzaneen data, TuTiempo
Weather Net) (TuTiempo Network 2018), than in the studied area by
Martinez-Blay et al. (2018b) in eastern Spain (17.91 °C) (Benavites
data, SIAR’s Weather Net) (IVIA 2011), suggesting that weather
conditions are not limiting the development of the mealybug during
this period. On the other hand, flowering and fruit set (September-
October in South Africa) occur during this period. Thus, the quality of
the feeding substrate does not seem to be a limiting factor because the
new growing tissues, especially fruit in development, give very good
food quality conditions for the development of mealybugs (Franco
1994, Geiger and Daane 2001, Franco et al. 2004a, Haviland et al.
2012). The action of parasitism in autumn that leads to lower winter
population levels of the pest in South Africa than in Spain may result
in a slowly population increase in spring. Finally, in recent years in
South Africa the control of several pests and diseases is increasingly
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dependent on the use of harmful chemical products to maintain
quarantine pests at low enough levels to satisfy the increasing export
market restrictions. Moreover, the application of chemical treatments
is especially high during flowering and fruit set (September-October
in South Africa) (Moore and Hattingh 2012, Grout 2015). Therefore,
heavy chemical treatments in citrus in South Africa seem to be not
only limiting D. aberiae population levels in spring but also would not
allow for the development of natural enemies. Therefore, lower
population levels in spring in northern South Africa are probably due
to a combination of the action of natural enemies in autumn and the
effect of heavy chemical treatments during flowering and fruit set
period.

Besides, several overlapping generations of D. aberiae may be
observed in northern South Africa (Fig. 6.1.), without distinctly peaks.
In contrast, two generations are clearly defined in Spain (Martinez-
Blay et al. 2018b). The first important generation observed in summer
in South Africa probably coincides with the second peak observed in
Spain, as well in summer (Martinez-Blay et al. 2018b). However, the
summer generation in South Africa overlaps with the following ones
and there is a mix of all developmental stages (Fig. 6.1.), while in
Spain first instars predominate (Martinez-Blay et al., 2017). Similar
studies carried out with other mealybug pests affecting agronomic and
ornamental plants, such as Paracoccus burnerae (Brain), Phenacoccus
madeirensis Green, P. peruvianus, Planococcus citri (Risso) or
Pseudococcus viburni (Signoret), have shown a similar pattern with
several, usually overlapping, generations throughout the year and high
population densities in spring and summer (Panis 1986, Longo et al.
19953, Martinez-Ferrer et al. 2003, Johnson and Giliomee 2012,
Beltra et al. 2013a).
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6.4.2 Complex of natural enemies

Parasitoids identified varied in abundance seasonally (Fig. 6.3.),
being total parasitism rates always below 30% (Fig. 6.1). These values
are low in comparison to other similar studies (Roltsch et al. 2006,
Reddy et al. 2009, Beltra et al. 2013d). However, parasitism rates
found in this study, in the native area D. aberiae, are much higher than
those existing in Spain where some parasitoid species are able to
parasitize D. aberiae under controlled conditions but suffer high
encapsulation rates in the field. Subsequently, to date, there is a lack
of effective parasitoids against D. aberiae in eastern Spain (Tena et al.
2017a, Tena et al. 2017b). Besides, this parasitism rates in South
Africa were reached even under a high number of heavy chemical
treatments in the area (Grout 2015), being expected to increase under
controlled conditions and better field conditions. Variations in
parasitoids abundance and parasitism rates may result from different
factors, such as climate, different response to insecticides, the
availability of suitable hosts or the particular behavioral characteristics
of each species (Sun et al. 2004).

The present study carried out an extensive survey of natural
enemies of D. aberiae in the native area of this pest (Limpopo,
northern South Africa). Results showed a high biodiversity in the
region, with a total of 9 different species of primary parasitois and
hyperparasitoids (Table 6.2.). As not any other similar studies had
been previously done in the area it was expected to find a significant
number of different species. Besides, South Africa is a country with a
high arthropod biodiversity and high host plant specificity (Proches
and Cowling 2006, 2007), being usual to find many undescribed
species in this kind of studies. Among all the identified species, the
complex of Anagyrus spp. and the species Allotropa sp. nov. should
be considered of special interest due to their abundance.

100



Chapter 6. Application of classical biological control

The complex of Anagyrus spp. is formed by four different species,
based on morphological and, when possible, molecular data. Anagyrus
sp. nov. 1, Anagyrus sp. nov. 2 and Anagyrus sp. 3 are undescribed
species. At the moment, the former two are in process of description
as a new species by experts, whereas the latter is not being
characterized by now due to the fact that only one specimen has been
recovered (Table 6.2.). Among them, Anagyrus sp. nov. 1 has been
found as the most abundant species parasitizing D. aberiae. Herein,
we carried out a survey throughout an entire year in the native area of
the Spanish invasive populations of D. aberiae. Encyrtid parasitoids
(Hymenoptera: Encyrtidae) are considered one of the most important
and diverse group of natural enemies to control mealybugs (Noyes and
Hayat 1994, Prinsloo 1998). They usually establish host-specific
interactions with mealybugs and their coevolution plays an important
role on their ability to overcome defensive strategies of their hosts
(Charles and Allan 2002, Charles 2011, Bugila et al. 2015). Within
this family, parasitoids of the Anagyrini tribe, which contains the
genus Anagyrus, have been widely studied and used as primary
parasitoids for biological control of mealybugs, such as Planococcus
citri (Risso) or Planococcus ficus Signoret (Noyes and Hayat 1994,
Franco et al. 2004a, Bugila et al. 2015). Due to this fact of
coevolution there is a high biodiversity of the genus Anagyrus with
species adapted to certain hosts and geographic areas. Besides, there is
a lack of identification keys of this genus for most regions of the
world and the existing ones do not solve the problems to interpret
great taxonomic variability in some structural characters, such as
coloration (Timberlake 1924, Compere 1939b, Prinsloo 1998). Within
this context, it is not surprising that the four species of Anagyrus are
different among them and even from the Anagyrus sp. previously
recorded by Beltra et al. (2015).
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The second most abundant parasitoid was Allotropa sp. nov. This
species has been confirmed as a new undescribed species of this genus
and is in process of description by Peter Buhl, who has previously
described a number of Allotropa species. The genus Allotropa Forster
is in the family Platygastridae and some parasitoids of this genus are
known to be primary endoparasitoids of various mealybug species
(Masner and Huggert 1989, Vlug 1995). Several Allotropa species
have been used in biological control programs against mealybugs in
different parts of the world. Allotropa burrelli Muesebeck is known to
be a specialist parasitoid of Pseusococcus comstocki Kuwana and has
been selected as a good candidate for classical biological control of P.
comstocki in France (Clancy 1944, Malausa et al. 2016, Quaglietti et
al. 2017a). Allotropa citri Muesebeck can parasitize all developmental
stages of Pseudococcus cryptus Hempel (Arai and Mishiro 2004).
Buhl (2005) recorded Allotropa musae Buhl from Dysmicoccus grasii
(Lonardi) in banana (Musa sp.) in the Canary Islands. Allotropa
oracellae Masner is host-specific on Oracella acuta (Lobdell), a
mealybug affecting different pine species, and controls this pest in the
United States (Clarke et al. 1990, Masner et al. 2004, Sun et al. 2004).
Besides, this species have been introduced as a part of a classical
biological control against O. acuta in China (Clarke et al. 2010).
Allotropa phenacocca Chen, Liu & Xu has been reported parasitizing
Phenacoccus solenopsis Tinsley on Hibiscus rosa-sinensis L. in Japan
(Chen et al. 2011). Allotropa suasaardi Sarkar & Polaszek is a
parasitoid of Phenacoccus manihoti Matile-Ferrero on cassava in
Thailand (Sarkar et al. 2014, Sarkar et al. 2015) and Allotropa sp. near
mecrida (Walker) is a parasitoid of M. hirsutus that was introduced
into California against this pest (Roltsch et al. 2006, Roltsch et al.
2007, Reddy et al. 2009). Regarding behavioral characteristics,
several Allotropa species, for example, exhibit gregarious parasitism
(Clancy 1944, Lohr et al. 1991, Sun et al. 2004, Quaglietti et al.
2017a, Quaglietti et al. 2017b). This is not the case as herein only one
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parasitoid was recovered from each mummy. This could be a
characteristic of the Allotropa sp. nov. found in this study or could be
due to the fact of mostly parasitizing D. aberiae second and third
instars. Indeed, the species A. oracellae shows mainly gregarious
parasitism when parasitizing females but presents solitary behavior
when recovered from second and third instars (Sun et al. 2004).

Regarding hyperparasitoids, Pachyneuron sp. has been the species
most recovered. It has been identified by Dr. Polaszek as very
resembling to Pachyneuron muscarum (L.). However, this species has
not been recorded before in sub-Saharan Africa and we are waiting for
further confirmation by a specialist in this genus. This genus has been
commonly report as hyperparasitoids in other studies of natural
enemies of mealybugs (Beltra et al. 2013d, Beltra et al. 2015)

Finally, interspecific competition may occur among parasitoids
which share the same host (Bogran et al. 2002, Beltra et al. 2013d). In
this study, both parasitoid species behaved differently as Allotropa sp.
nov. parasitizes mostly small instars and Anagyrus sp. nov. 1 prefers
the bigger ones. Further research is needed to confirm if these two
species are able to co-exist or if they might compete between them.

As a conclusion, data on the complex of natural enemies of D.
aberiae is scarce. Our results represent an important contribution for
biological control of this mealybug. Both parasitoids Anagyrus sp.
nov. 1 and Allotropa sp. nov. may have a significant role in a classical
biological control program against D. aberiae in Spain. Anagyrus sp.
nov. 1 is the most promising candidate species, for now, because it has
shown higher parasitism rates. Further information is needed and our
current studies are focused on laboratory assays to assess the host
specificity of the aforementioned species. At the same time experts are
working on the detailed taxonomical description of the species.
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During recent decades, the increase in the number of problems
associated with certain mealybugs, and the introduction of several new
invasive species, has led to a growing interest in this group of insects
in Spain (Beltra and Soto 2012). Within this context, D. aberiae, a
mealybug of Southern African origin, arrived to citrus orchards in
eastern Spain in 2009 (Garcia-Mari 2012, Beltra et al. 2013c),
probably through international trade of citrus plants or fruits, which is
the main pathway of dispersion of scale insects in Europe (Pellizzari
and Germain 2010). This was the first report of D. aberiae causing
significant damage in citrus out of its native area.

When an invasive species arrives for the first time to a new
region, it is necessary to carry out basic studies about the biology,
behavior and control possibilities for the new pest. Usually, there are
no effective natural enemies against new invasive pests in the invaded
area. However, the latest European Directive on sustainable use of
pesticides (2009/128/EC) stipulates the reduction in chemical
applications which interfere with natural enemies and pollinators
(European Parliament and Council 2009), compelling us to develop
additional management strategies. Among them, classical biological
control programs, based on the search for effective natural enemies in
the original area of the pest, are one of the most effective management
approaches used against other invasive insects in Spanish citrus
orchards (Soto et al. 1999, Garcia-Mari et al. 2004, Vercher et al.
2005, Jacas and Urbaneja 2010, Garcia-Mari 2012). Herein we discuss
the results of these basic studies focussing on D. aberiae.

Biology and seasonal trend

The behavior of D. aberiae in citrus is described first in this
doctoral thesis. Results showed that D. aberiae density increases in
spring and reached a maximum between May and June. At the end of
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August, populations decreased and remain at very low levels for the
rest of the year. A similar trend was observed in northern South
Africa. However, D. aberiae density in South Africa’s spring was
lower than in eastern Spain, afterwards it increased considerably in
summer and remained at very low levels in autumn and winter. The
lower population levels in spring in northern South Africa are
probably due to a combination of two factors. The first one would be
the action of parasitism in autum that leads to lower winter population
levels of the pest in South Africa than in Spain and may result in a
slowly population increase in spring. The second one would be the
application of heavy chemical treatments during flowering and fruit
set period in the area (Grout 2015). The rapid decrease at the end of
the summer observed in both countries, Spain and South Africa, may
be a consequence of the combination of different biotic and abiotic
factors, such as climate, the action of natural enemies or the quality of
the feeding substrate (Bartlett and Clancy 1972, Furness 1976, Franco
1994, Soto et al. 2016a). Besides, D. aberiae completed several
generations in eastern Spain. Two of those generations were clearly
defined and resulted in high population levels. In agreement with these
results, several overlapping generations may also be observed in
northern South Africa, none but is clearly defined. Similar studies
carried out with other mealybug pests affecting agronomic and
ornamental plants, such as Paracoccus burnerae, Phenacoccus
madeirensis, Phenacoccus peruvianus, Planococcus citri or
Pseudococcus viburni, show a similar pattern with several, usually
overlapping, generations throughout the year and high population
densities in spring and summer (Panis 1986, Longo et al. 19953,
Martinez-Ferrer et al. 2003, Johnson and Giliomee 2012, Beltra et al.
2013a).
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Seasonal distribution

Herein we also studied the seasonal distribution of D. aberiae in
citrus. Our results showed that this mealybug is mostly found in the
tree canopy. Besides, within the canopy, the feeding organ of D.
aberiae changed seasonally, with a preference for the developing fruit.
Many mealybug species are phloem feeders and follow the movement
of plant nutrients (McKenzie 1967), tending to migrate to the different
strata of their hosts (Browning 1959, Furness 1976, Franco 1994,
Geiger and Daane 2001, Grasswitz and James 2008, Cid et al. 2010,
Haviland et al. 2012, Wunderlich et al. 2013). The developing citrus
fruit is a strong carbohydrate sink (Agusti 2003, Iglesias et al. 2007),
being the preferred feeding organ of many mealybug species because
it provides very good food quality conditions for their development
(Franco 1994, Haviland et al. 2012). Here we demonstrate that D.
aberiae is no exception.

Apart from searching for food, mealybugs might migrate between
organs to find protection against bad weather conditions and natural
enemies (Gutierrez et al. 2008, Daane et al. 2012, Mani and Shivaraju
2016). From February to September D. aberiae was also present and
active in the trunk and soil. Some studies mention that mealybugs
might migrate and overwinter in the soil (Bodenheimer 1951, Rotundo
et al. 1979, Franco et al. 2000). Our results show that D. aberiae is
present and active in soil in spring and summer, not spending the cold
months protected in this stratum. Furthermore, most mealybugs in the
soil were found within a distance of 0 to 15 cm, horizontally from the
base of the trunk, showing that D. aberiae is in this stratum because
nymphs and adult females move upwards and downwards the trunk
intentionally depending on the phenology of the plant and the climatic
conditions (Browning 1959, Bartlett and Clancy 1972, Furness 1976,
Franco et al. 2000, Martinez-Ferrer et al. 2003, Beltra et al. 2013a).
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Sampling techniques

Direct sampling of mealybugs involves the visual examination of
plant material by searching and counting live insects in different plant
strata. This methodology is quite laborious and time-consuming
(Grimes and Cone 1985, Geiger and Daane 2001, Haviland et al.
2012, Beltra et al. 2013a, Wunderlich et al. 2013, Shah et al. 2015).
Thus, in recent years there is an increasing interest in developing
alternative indirect sampling techniques, based mainly on the use of
different trap designs (Goolsby et al. 2002, Millar et al. 2002, Walton
et al. 2004, Roltsch et al. 2006, Cid et al. 2010, Waterworth et al.
2011, Bahder et al. 2013).

In this thesis, direct and indirect sampling techniques were
studied and compared to determine the seasonal trend of D. aberiae.
Our results showed that corrugated cardboard band traps and sticky
traps may be considered as promising and feasible simple techniques
to monitor D. aberiae. Corrugated traps were able to detect immature
male instars and gravid females, provided a quantitative measurement
of D. aberiae density and can be recommended to monitor population
levels. Sticky traps baited with virgin females seemed to be effective
to determine male flight periods. Therefore, identification and
synthesis of the female sex pheromone seems to be a good strategy not
only to monitor D. aberiae but also as a possible control approach to
be tested. For now, our results are useful to improve the management
of D. aberiae, as previously seen in other mealybug pests (Geiger and
Daane 2001, Walton et al. 2004, Martinez-Ferrer et al. 2006,
Mudavanhu et al. 2011, Waterworth et al. 2011, Bahder et al. 2013,
Beltra et al. 2013a, Flores et al. 2015).

Characterization and damage period to fruit

Regarding the characterization of damage, D. aberiae can cause
different types of direct fruit distortions, mainly protuberances around
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fruit calyx or size reduction. A large percentage of the distorted fruit
loses its commercial value completely. Frequently, these distortions
are related with toxic compounds present in the insect’s saliva, being
this the case of the mealybug N. viridis (Hattingh et al. 1998, Nechols
2003, Thomas and Leppla 2008, Abdul-Rassoul 2014). However, we
cannot confirm if D. aberiae injects a toxic substance on its host, and
further research is needed to determine this possibility.

For now, this research has shown that citrus fruit distortions
appeared only when D. aberiae feeds on the ovary of the flower or on
small tender fruits. For fruit exceeding 15-20 mm in diameter, the
percentage of damaged fruit decreased considerably and no distortions
were observed if the mealybug attacked fruit surpassing 25 or 30 mm
in diameter (varieties ‘Ortanique’ and ‘Clemenules’, respectively).
Growth and development of a citrus fruit follows a sigmoid curve,
divided into three stages: phase | is characterized by cell division and
slow growth, phase Il by a huge increase in fruit size, due to cell
enlargement, and phase Ill corresponds with the maturation period
(Agusti 2003, Iglesias et al. 2007). Our results indicate that damage
from D. aberiae is caused during phase I. Therefore, D. aberiae is
able to interfere with the cell division process, distorting the affected
area while the rest of the fruit continues growing normally. This
finding is quite relevant to improve the moment of chemical
applications and avoid unnecessary spraying until more sustainable
management methods can be implemented.

Biological control

To date, no effective natural enemies against D. aberiae have
been found in eastern Spain. Recent studies (Tena et al. 2017a, Tena
et al. 2017b) have shown that native and naturalized parasitoids
present in the Mediterranean Basin fail to control this mealybug.
Besides, the existing predators, mainly C. montrouzieri, appear too
late, that is to say when the damage to the fruit has already been done
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(Soto et al. 2016a). Thus, the implementation of a classical biological
control program involving the introduction of a natural enemy known
to be effective against D. aberiae in its native area (northern South
Africa) is the only sustainable option to control this mealybug.

Herein we described several primary parasitoids as natural
enemies of D. aberiae on its native area (Limpopo, northern South
Africa). Among these, Anagyrus sp. nov. 1 (Hymenoptera:
Encyrtidae) was found as the most abundant species parasitizing D.
aberiae in the citrus orchards. Besides, the specific interactions
established between encyrtid parasitoids and mealybugs (Charles and
Allan 2002, Charles 2011, Beltra et al. 2013b, Bugila et al. 2015) lead
us to consider this species as a good biological control agent to be
introduced into Spain. On the other hand, the second most abundant
parasitoid found was Allotropa sp. nov. Several Allotropa species
have also been used in biological control programs against mealybugs
in different parts of the world (Arai and Mishiro 2004, Masner et al.
2004, Sun et al. 2004, Roltsch et al. 2006, Roltsch et al. 2007, Reddy
et al. 2009, Clarke et al. 2010, Malausa et al. 2016, Quaglietti et al.
2017a). Thus, both parasitoids, Anagyrus sp. nov. 1 and Allotropa sp.
nov., may have a significant role in a classical biological control
program against D. aberiae in Spain. For now, Anagyrus sp. nov. 1
should be considered as the most promising candidate species, as it
shows higher parasitism rates in Limpopo citrus orchards (native area
of the pest).

Finally, the overlap of D. aberiae developmental stages found in
this research has relevant implications for D. aberiae management.
Host stage can influence the efficacy of natural enemies, especially
parasitoids, and should be taken into account when designing
biological control strategies for D. aberiae in Spain (Islam and
Copland 1997, Jervis et al. 2005, Beltra et al. 2013a).
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Overall discussion

Currently, as a newly invasive and practically unknown pest, the
management of D. aberiae depends on the use of the available
insecticides against mealybugs in Spain. Given the newest European
Directive on the sustainable use of pesticides (2009/128/EC), the
development of alternative sustainable management strategies for D.
aberiae is needed. Herein we provide the first description in citrus of
the biology, seasonal trend and distribution of D. aberiae. We also
develop sampling techniques for this mealybug and provide
information on the damage period to fruit. A better understanding of
these factors is crucial to develop alternative management strategies,
especially those based on biological control.

The biological, behavioral and control aspects analyzed in this
thesis will allow for the establishment of an IPM program against D.
aberiae in Spain, based on an early detection of the pest and the
minimization of chemical applications. These factors will serve as the
base for the application of a classical biological control program
against D. aberiae. This information will be beneficial not only to
improve the management of this mealybug in citrus in eastern Spain
but also for other citrus production areas where the pest could be
found in the future.
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Density and phenology of the invasive mealybug Delottococcus
aberiae on citrus: implications for integrated pest management

D. aberiae density was high in spring and summer, peaked
between May and June and remained at very low levels in
autumn and winter.

Different sampling methods showed that D. aberiae completes
multiple generations each year, two of them being clearly
defined and resulting in high population levels.

Corrugated cardboard band traps provide a quantitative
measurement of D. aberiae density and are recommended to
monitor population levels.

Sticky pheromone traps can be used to determine male flight
periods.

These results are the first description of D. aberiae seasonal
trends in citrus.

Seasonal movement and distribution of the invasive mealybug
Delottococcus aberiae (Hemiptera: Pseudococcidae) in citrus:
implications for its integrated management

Within the sampled strata (canopy, trunk, soil), D. aberiae was
present mostly in the tree canopy.

Within the tree canopy, the preferred feeding organ of D.
aberiae changed throughout the year, showing a significant
preference for the developing fruit.

From February to September some mealybugs were found in
the trunk and soil, moving upwards and downwards depending
on the phenology of the plant and the climatic conditions.
Mealybugs in soil were located within a distance of 0 to 15 cm
horizontally from the base of the trunk.
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v.  D. aberiae does not overwinter in the soil but rather it is found
dispersed on different organs of the tree canopy, mainly on
twigs.

vi.  Results may be used to facilitate an early detection of the pest
and to adapt management strategies throughout the year.

Characterization and damage period to fruits caused by the
invasive pest Delottococcus aberiae De Lotto (Hemiptera:
Pseudococcidae)

i. D. aberiae causes different types of direct fruit damage,
mainly protuberances around fruit calyx or size reduction. A
large percentage of the distorted fruit loses its commercial
value completely.

ii.  D. aberiae can distort citrus fruit shape and/or size only when
it feeds on the ovary of the flower or on small tender fruits.

ili.  When the cell division stage finishes, within citrus fruit
development, the fruit practically stops being susceptible to D.
aberiae direct damage.

iv. ~ No damage is observed when D. aberiae attacks fruits
exceeding 25 mm in diameter for the variety ‘Ortanique’ and
30 mm for ‘Clemenules’.

v.  Knowledge of these results may help to determine the most
appropiated moment for chemical applications until more
sustainable management methods can be implemented.

Application of classical biological control to manage the new
invasive citrus mealybug Delottococcus aberiae (Hemiptera:
Pseudococcidae)

i.  D. aberiae populations in its native area, South Africa, peaked
in February (summer season there).
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The maximum percentage of parasitism was reached in June
(autumn season in South Africa).

A complex of parasitoids, with a high biodiversity of species,
was found parasitizing D. aberiae in Limpopo (northern South
Africa). Among the primary parasitoids identified, five
belonged to the family Encyrtidae (Anagyrus sp. nov. 1,
Anagyrus sp. nov. 2, Anagyrus aurantifrons Compere,
Anagyrus sp. 3 and Leptomastix dactylopii Howard), one to
Platygastridae (Allotropa sp. nov.) and one to Aphelinidae
(Thysanus sp.). Two hyperparasitoids were detected; one
belonged to the family Pteromalidae (Pachyneuron sp.) and the
other to Encyrtidae (Procheiloneurus aegyptiacus Mercet).
Anagyrus sp. nov. 1 (Hymenoptera: Encyrtidae) was the most
abundant primary parasitoid of D. aberiae, followed by
Allotropa sp. nov. (Hymenoptera: Platygastridae).

Both parasitoids, Anagyrus sp. nov. 1 and Allotropa sp. nov.,
may have a significant role in a classical biological control
program against D. aberiae in Spain. For now, Anagyrus sp.
nov. 1 is the most promising candidate as it showed higher
parasitism rates.
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