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  Pref ace   

 Maintaining the postharvest quality of fresh produce has long been a challenging 
task. In the past, several chemicals were used for postharvest treatment of fresh 
produce. These chemicals have been phased out, however, and replaced due to fac-
tors such as advances in technology a rise in health consciousness among consum-
ers, and new environmental concerns. The safety and effi cacy of postharvest 
treatments depends on the use of novel preservation technologies. The existing food 
laws have brought about several desirable changes in the logistics of postharvest 
handling and the value chain of fruits, vegetables, and other fresh produce. Synthetic 
pre- and post-storage treatment agents/molecules have been replaced by eco- 
friendly products. In the last couple of years, environmental and consumer friendly 
postharvest treatments have gained popularity across the globe. 

 The book “Postharvest Management Approaches for Maintaining Quality of 
Fresh Produce” is comprised of 12 chapters written by eminent experts of the 
developing and developed world. The book presents existing and novel manage-
ment systems that are in use or have the potential to be used to maintain the post-
harvest quality of fresh produce in terms of microbiological safety, nutrition, and 
sensory quality. 

 Gaseous composition plays a vital role in the biochemical and physiological 
responses of fruits and vegetables, which in turn affect the postharvest quality. 
Chapter   1     discusses the importance of the changes in the respiration rate and its 
infl uence on the physiological and biochemical process, as well as its effect on the 
nutritional value and sensorial properties of fruits and vegetables. The endogenous 
signaling molecules play important roles in regulating/enhancing postharvest 
defense responses. These molecules delay the ripening process by inhibiting ethyl-
ene/CO 2  production and microbial infection, and maintain postharvest quality. 
Chapters   2    –  6     focus on the recent advances in exploring the roles of nitric oxide, 
hydrogen sulfi de, salicylic acid, polyamines, and methyl jasmonate in regulating 
fruit senescence and microbial infection. 

 The antimicrobial power of plants and herb extracts has been recognized for 
centuries. In this volume, Chap.   7     includes a discussion of the use of essential oils 
as potential inhibitors of the quorum sensing mechanism, capable of controlling 

http://dx.doi.org/10.1007/978-3-319-23582-0_1
http://dx.doi.org/10.1007/978-3-319-23582-0_2
http://dx.doi.org/10.1007/978-3-319-23582-0_6
http://dx.doi.org/10.1007/978-3-319-23582-0_7


viii

bacterial spoilage and pathogenesis in food-related microorganisms. Endogenous 
plant growth regulators (PGR) are important regulators of many functions in plant 
development and physiology. Chapter   8     describes the major classes of PGR, includ-
ing their nature, physiological functions, and horticultural practices. The chapter 
also covers their role in maintaining postharvest sensorial and nutritional quality 
and ripening or senescence processes. Chapter   9     discusses carbohydrates, focusing 
on their biological activity, in particular their antibacterial and antifungal activity, or 
their prebiotic effectiveness on postharvest quality preservation of fresh perishables. 
Chapter   10     explains the principle operation of each active packaging system and its 
effect on fresh produce quality and safety. 

 As an effective disinfectant, ozone can be employed in cold storage, washing 
systems, or process water sterilization. Chapter   11     discusses the generation, forma-
tion, properties, biocidal action, and phytotoxicity of ozone along with its mecha-
nism of microbial inactivation. A chlorine-based solution has been one of the 
commonly used disinfectants for fresh produce, owing to its very potent oxidizing 
properties and cost-effectiveness. Chapter   12     discusses the characteristics and gen-
eration of ClO 2 , the basis of its antimicrobial action, and its antimicrobial effects 
on the safety and quality of produce. 

 The editors are confi dent that this book will prove a standard reference work for 
the industries and researchers involved in postharvest management of fresh com-
modities. The editors would appreciate receiving new information and comments to 
assist in the future development of the next edition.  

  Bhagalpur, Bihar, India     Mohammed     Wasim     Siddiqui    
 Hermosillo, Sonora, Mexico     Jesus     Fernando     Ayala  -  Zavala    
 Wyndmoor, PA, USA     Cheng-An (Andy)         Hwang     
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          Introduction 

 The use of emergent technologies as modifi ed atmosphere packaging (MAP) keeps 
the nutritional value and prolongs the shelf-life of the postharvest fruits and vegeta-
bles. The main gases produced in MAP under environmental conditions are oxygen 
(O 2 ), carbon dioxide (CO 2 ), and nitrogen (N 2 ). All of them have an important role 
during the MAP conditions applied in food products. Under MAP, the O 2  of the sur-
rounding environment is consumed and CO 2  is released. Therefore, the biochemical 
and physiological responses caused in fruits and vegetables by MAP are reduction 
of the respiration rate, inhibition of the ethylene production, and increase of the 
transpiration process. Such responses are refl ected in positive or negative changes in 
the quality of the food products as sensorial and microbiological properties up to 
certain percentages of O 2  and CO 2 . However, because of differences in the botanical 
source, biochemical responses, physiological conditions of the edible plant food, 
processing and storage conditions, among others, the MAP conditions should vary 
among plant tissues. Basically, the use of MAP is to preserve the quality of the plant 
food product until this is ready to use. Because of that, this chapter discusses the 
importance of the changes in the respiration rate and its infl uence on the physiologi-
cal and biochemical process under different MAP conditions and their effect on the 
nutritional value and sensorial properties of fruits and vegetables.  

    Overview: Modifi ed Atmospheres 

 Mostly, all  fruits and vegetables   after harvest need to be treated in order to keep 
their microbiological, sensorial, nutritional, and organoleptic quality, which start to 
decline as a result of changes in the plant metabolism (Sen et al.  2012 ). In this mat-
ter, technologies as modifi ed atmosphere packaging (MAP) are used as a preserva-
tion technique that (1) bear physical and physiological changes; (2) enhance 
nutritional quality, and (3) extend shelf-life of fruits and vegetables (Sen et al.  2012 ; 
Beckles  2012 ). It has been reported that under MAP, an appropriate gaseous atmo-
sphere around the product packaged is generated, nitrogen (N 2 ), oxygen (O 2 ), and 
carbon dioxide (CO 2 ) being the main produced gases.  Nitrogen      displaces oxygen 
and prevents package collapse and oxidation. On the other hand,  O 2       is responsible 
for several undesirable reactions in foods, including oxidation and rancidity of fats 
and oils, rapid ripening and senescence of fruits and vegetables, color changes, and 
spoilage due to microbial growth. Due to all these negative effects, O 2  is generally 
avoided in the MAP of many products. However, its presence in small quantities is 
necessary for many fruits and vegetables in order to sustain their basic process of 
aerobic respiration. Finally, CO 2   has      a bacteriostatic effect and slows down the 
respiration of many products. However, the optimum level of each gas must be 
determined in order to maximize the positive and minimize the negative effects in 
the fi nal quality of the product (Han  2005 ). Therefore, in MAP technique, the 
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natural respiration process in conjunction with the controlled gas exchange through 
a polymeric package results in an improvement of the nutritional quality and shelf-
life of fruits and vegetables (Rai and Paul  2007 ). 

 Among the used packaging materials in the MAP industry for fruits and vegeta-
bles, most polymeric packs are still elaborated from four basic  polymers  : polyvinyl 
chloride (PVC), polyethylene terephthalate (PET), polypropylene (PP), and poly-
ethylene (PE) (Lee and Rahman  2014 ; Ahvenainen  2003 ; Wani et al.  2014 ). In spite 
of the wide variety of packaging  materials  , the main characteristics taken into 
account for MAP are gas permeability, water vapor transmission rate, mechanical 
properties, transparency, type of package, and sealing reliability (Jouki and Khazaei 
 2014 ). Furthermore, these packs might apply in the two categories in which MAP is 
classifi ed: passive and active modifi cation.  Passive modifi cation   happens when 
product is sealed in a package made with a selected fi lm, and a desired atmosphere 
develops naturally as a consequence of product respiration and diffusion of gases 
through the fi lm. On the other hand,  active modifi cation   is created by replacing 
gases in the package with a desired mixture of gases (Jiang et al.  2010 ). It utilizes 
low O 2  concentration, and high CO 2 , conditions used to control the microbiological 
growth, decrease the respiration rate of the product, preserve its quality, and extend 
its shelf-life (Ye et al.  2012 ). 

 Notwithstanding the MAP benefi ts mentioned above, unwanted physiological 
responses may also appear due to atmospheric modifi cations caused by differences 
among plant species, organ type, and development stage (Eason et al.  2007 ). For 
example, in asparagus, O 2  levels between 1.5 and 2.5 kPa and CO 2  concentrations 
around 10–15 kPa are atmosphere conditions recommended (Li and Zhang  2015 ), 
whilst for lettuce the presence of CO 2  is not recommended (Horev et al.  2012 ). 
Minimal changes in the MAP conditions among products can generate undesirable 
responses such as fermentation, disagreeable fl avors, reduction in aroma biosynthe-
sis, and induction of tissue injury. Instead of that, the target of MAP is to reduce the 
respiration rate, oxidative tissue damage, or discoloration; slow down the chloro-
phyll degradation; and reduce the ethylene production, which decrease the ripening 
and senescence rate, and other ethylene-mediated processes (Beaudry  1999 ). 
Moreover, application of O 2 , CO 2 , and N 2  has shown some technological improve-
ment in the product quality, as fl avor in greenhouse peaches (Xi et al.  2014 ), sensory 
attributes and in vitro antioxidant activity in olives (Dourtoglou et al.  2006 ), fi rm-
ness and  polyphenol oxidase (PPO) activity    in   shiitake mushrooms (Ye et al.  2012 ), 
and antimicrobial activity against  Listeria innocua  in leafy salads (Scifò et al.  2009 ), 
all of them subjected to MAP. 

 Additionally, the use of MAP has been coupled with alternative methods of dis-
infection as  ultraviolet light treatments and coatings applications   in minimally pro-
cessed fruit and vegetables (López-Rubira et al.  2005 ). In this context, the intentional 
mixture of chemical and physical disinfection treatments, and gas packaging meth-
ods, can control the microbial growth in vegetables and fruit, resulting in longer 
shelf-life (Chun and Song  2013 ). For this reason, the responses caused by the MAP 
and its benefi cial effects on the nutritional and sensorial properties of fruits and 
vegetables should be reviewed. 

1 Oxygen, Carbon Dioxide, and Nitrogen



4

    Physiological and Biochemical Responses 

 The use of modifi ed atmosphere (MA) conditions is an emergent technology that 
helps to improve the shelf-life of fruits and vegetables after postharvest (Fonseca 
et al.  2002 ; Costa et al.  2011 ). Under MA, the plant foods consume the oxygen (O 2 , 
respiration rate) of the surrounding environment and release carbon dioxide (CO 2 , 
transpiration rate). The variation of the gases contained in the atmosphere slows 
down the respiration and increases the transpiration,    affecting positively/negatively 
the quality properties of the food products up to certain percentages of O 2  and CO 2  
(Oms-Oliu et al.  2008 ). The gases concentration into the atmosphere varies among 
different botanical sources, physiological status of the raw product, processing, 
storage, and temperature (Fonseca et al.  2002 ; Oms-Oliu et al.  2008 ). Because of 
this, MA conditions are used in order to minimize respiration rate of plant foods 
products and therefore extend its quality and sensorial properties. Hence, it is 
important to discuss how changes in the respiration rate infl uence the physiological 
and biochemical process related with the quality properties of the fruits and vegeta-
bles (Finnegan et al.  2013 ). 

 The  respiration rate   is related with maturation and ripening process of fruits and 
vegetables; this is because higher respiration rates tend to show minor storage life 
than those with lower respiration rate (Bapat et al.  2010 ). The respiration process can 
be  divided   into  glycolysis, tricarboxylic acid (TCA) cycle  , and mitochondrial elec-
tron transport (Fernie et al.  2004 ). The type and maturity stage are internal factors 
that affect respiration rate. Fruits and vegetables have shown differences in their 
respiration rate, even among varieties of the same product (Fonseca et al.  2002 ). The 
nonclimacteric ones present higher respiration rate in the early stage of development, 
which steadily declines during maturation (Mathooko  1996 ; Czarny et al.  2006 ; Paul 
et al.  2012 ). In the case of climacteric vegetable products, they show a peak of respi-
ration and ethylene production (Fonseca et al.  2002 ). The major differences between 
climacteric and nonclimacteric  vegetable   tissues are the presence or absence of eth-
ylene production, related with the regulation of ripening at various levels (Bapat 
et al.  2010 ), development of color and fl avor, and softening in texture (Trinchero 
et al.  1999 ). Ethylene biosynthesis and its effect on fruits and vegetables are infl u-
enced by the gas composition of the atmosphere surroundings. 

 Under MA, CO 2  acts as an  inducer   and as a suppressor of the respiration rate 
depending on its concentration, temperature, and exposure time of the product to MA 
conditions (Mathooko  1996 ). MA with high CO 2  concentrations elicits different 
physiological responses in fruits and vegetables, where the type and magnitude of 
these responses depend on the tissue exposed and its age (Mathooko  1996 ). Among 
such responses are changes in the glycolysis and the TCA cycle (accumulation of 
succinate by inhibition of succinate dehydrogenase), decrease in pH and ATP level 
(Mathooko  1996 ; Gorny and Kader  1996 ; Angós et al.  2008 ; Fonseca et al.  2002 ), as 
well as the reduction of phenylalanine ammonia lyase (PAL) activity and phenolic 
compound synthesis (Angós et al.  2008 ). Absence of O 2  in the air leads to the anaero-
bic respiration producing ethylene, acetaldehyde, and by consequence the plant food 
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deterioration (Han  2005 ; Caleb et al.  2012 ; Fonseca et al.  2002 ; Oms-Oliu et al. 
 2008 ). Therefore, under MA with high  CO 2    concentration, ethylene production is 
inhibited by the repressing of 1-aminocyclopropane-1- carboxylic acid (ACC) synthe-
sis and activities of ACC synthase (ACS) and/or ACC oxidase (ACO), according to 
the Yang cycle, whilst moderate CO 2  concentrations enhance ethylene accumulation 
(Somboonkaew and Terry  2011 ; Ketsa et al.  2013 ). Due to that, the selection of opti-
mum MA conditions is important to understand the action mode of the O 2 /CO 2  ratio 
on fruits and vegetables cell metabolism, nutritional value, and shelf-life (Fig.  1.1 ).

   Research about the study of MA in the physiology of fruits and vegetables was 
reported. For example Ding et al. ( 2002 ) reported that  loquat fruit   ( Eriobotrya 
japonica  L. cv Mogi) stored under MA conditions retained loquat organic acid lev-
els, and total sugars were not affected; in addition, they realized that storage tem-
peratures are important because when  loquat fruit   was stored at 20 °C it showed 
severe decay compared to that stored at 5 °C, which presented higher quality and 
minimal physiological disorders (Fig.  1.2 ). On the other hand, Argenta et al. ( 2002 ) 
reported that the exposure during short-term to high CO 2  concentrations leads to the 
accumulation of succinate, acetaldehyde, methanol, and ethanol causing brown 
heart in “Fuji” apples. The formation of these anaerobic products is due to inhibition 
of pyruvate dehydrogenase, induction of alcohol dehydrogenase and pyruvate decar-
boxylase under to stress of concentrations of O 2 /CO 2  (Argenta et al.  2002 ). Plus to 
the accumulation of succinate, the presence of high CO 2  concentration conditions 
leads to a controlled decay and keeps strawberry fi rmness, but a negative response is 
observed in the internal and fl esh color, attributed to the rise in the pH due to the 
reduction of malic and citric acids in strawberry (Holcroft and Kader  1999 ).

   In addition, it has been reported that high O 2  concentrations help to reduce the 
adverse effects of high  CO 2    concentrations, e.g., regulating decay in lettuce and 
grapefruit. The recommended ratio of these gases is around 80–85 % O 2  in combina-
tion with 15–20 % CO 2 , to improve the sensorial quality and the antimicrobial prop-
erties in a wide range of fresh-cut produce (Angós et al.  2008 ). Angós et al. ( 2008 ) 
used low O 2 /high CO 2  and high O 2 /high-low CO 2  conditions to demonstrate the 
effects of these conditions on the respiration rate and browning in minimally pro-
cessed potatoes. They reported that high O 2 /CO 2  conditions decreased the respiration 
rate in the fresh-cut potatoes stored at 4 °C (14 days) compared to those stored at O 2 /
high-low CO 2  conditions. Moreover, acidity signifi cantly decreases as compared to 
fresh  potatoes   after storage using low O 2 /high CO 2  and high O 2 /high- low CO 2  condi-
tions. Regarding the antibrowning activity, only the same gas combinations showed 
the best results. On the other hand, Deng et al. ( 2005 ) studied the effect of high O 2  
conditions on fi rmness, cell wall constituents, and hydrolases activities of “Kyoho” 
 grapes   ( Vitis vinifera  L. labrusca L.). These authors reported that grapes stored under 
high O 2  (40 % O 2  + 30 % CO 2  or 80 % O 2 ) presented greater fi rmness than those 
stored at normal O 2  conditions (storage in air). Also, there were less water-soluble 
pectins, more Na 2 CO 3 -soluble pectins, and higher hemicelulloses that air stored 
fruits. Further, high O 2  concentrations affected dramatically the polygalacturonase 
and β-galactosidase, moderately cellulose, and very low the  pectinesterase activities   
(Fig.  1.3 ). They concluded that under this condition, fruit’s fi rmness can be improved, 
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and therefore its deterioration can be prolonged more. It is worth mentioning that 
both studies were done under controlled atmospheres.

   Regarding the effect of the low O 2  and high CO 2  conditions on the bioactive com-
pounds such as  polyphenols     , Holcroft and Kader ( 1999 ) reported that pH increment 
affects the color expression of anthocyanin pigments in strawberry under high CO 2 . 
Also the authors suggest that elevated CO 2  atmospheres affect the pH differently 
among fruits with large and acidic vacuole than fruits with higher pH, or leafy tis-
sues which do not accumulate high concentration of organic acids. Studies realized 
in  sweet pomegranate   reported a delayed in the total phenolic acids accumulation 

Low O2/high CO2

High O2

High CO2

Shelf-life

Nutritional value

Physiology changes

Appearance Texture

Biochemical  responses

Ethylene
synthesis

Phenolic 
compounds 

synthesis

  Fig. 1.1    Modifi ed atmospheres and their effect on the shelf-life and  nutritional value   of fruits and 
vegetables       

  Fig. 1.2    Effect of temperature on fruit quality       
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under high CO 2  concentrations and low temperature (Selcuk and Erkan  2014 ). 
According to Selcuk and Erkan ( 2014 ), this response could be due to the retarding 
ripening of the fruit with the MA conditions, which reduced the ethylene  production, 
color change, among others, in addition to the PAL, chalcone synthase or anthocy-
anidin synthase, key enzymes in the phenolic compound biosynthesis, or probably to 
the reduced PPO or peroxidase activities, main enzymes responsible for the poly-
phenol degradation. On the other hand, Li et al. ( 2013 ) reported that high CO 2  atmo-
spheres (2 % O 2  + 30 % CO 2 ) decreased the reactive oxygen species content and lipid 
peroxidation through the improvement in the antioxidant activity of   Pleurotus eryn-
gii    (king oyster mushroom). 

 Fruit browning is the result of phenolic oxidation mediated by the  PPO and PAL   
(promotes the catalytic conversion of  l -phenylalanine into trans-cinnamic acid, 
which is transformed to phenols by different enzymatic reactions) in different botani-
cal sources. However, their molecular mechanism and how it can be affected by MA 
storage are not well understood (Cheng et al.  2015 ). Recent studies made by Cheng 
et al. ( 2015 ) using MA with high CO 2  concentrations applied in “Yali” pear indicated 
that MA leads to changes in fruit browning, PPO activity, phenolic compound accu-
mulation, and PPO and PAL gene expression, depending on the thickness of the pack-
age used. For example an MA packaging with 10 μm of thickness (MAP1) inhibited 
core browning of “Yali” pear through the retarded accumulation of phenolic acids and 
PPO  activity  , whilst MA packaging with 30 μm of thickness (MAP2) showed the 
opposed trend (Fig.  1.4 ). In addition, it was suggested that MAP1 downregulated and 
MAP2 upregulated the expression of PAL1, PAL2, and PbPPO1, genes correlated 
with changes in the fruit browning, phenolic compound content, and PPO activity.

  Fig. 1.3    Effect of high  O 2  levels   in MA on fi rmness quality       
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       Shelf-Life 

  Even though the consumption of raw produces is nowadays popular, some food-
borne pathogens have been  isolated   from commercially grown raw vegetables. Such 
products can become contaminated during harvesting, postharvest treatment, stor-
age, or distribution steps (Mahmoud  2010 ). Thus, the preservation of fresh fruits 
and vegetables is a primary concern for both domestic demand and exportation in 
the food industry (Sawe et al.  2014 ). Although refrigeration is the most common 
preservation method for this type of food, this is not enough to destroy microorgan-
isms, because this method simply retards the microbiological growth during stor-
age. During the handling process of fresh fruits and vegetables before packaging, 
chemical treatment with chlorinated water is commonly adopted, this being the only 
step by which the number of pathogens and spoilage microorganisms can be reduced 
(Brilhante São José and Dantas Vanetti  2012 ). However, chlorate compounds can 
react with organic matter in these products and leading to the formation of trihalo-
methanes and haloacetic acids, both mutagenic and carcinogenic molecules. 
Therefore, among the postharvest technologies currently available for retention of 
overall fruit quality at low temperatures, MAP is a good choice, because mostly the 
gases used in this technology are not dangerous (Choi et al.  2015 ; Han  2005 ). 

↑O2 levels

Thickness of MAP

Browning

10 mm 30 mm

PAL 1
PAL2

PbPPO1

↑Activities:↓Activities:
PAL 1
PAL2

PbPPO1

  Fig. 1.4    Effect of MAP thickness on fruit browning       
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 MAP in combination with a refrigeration method has been widely used to main-
tain the product safety and extend the shelf-life of fruits and vegetables conserved in 
polymeric packages (Abadias et al.  2012 ; Singh et al.  2014 ). CO 2  has been related 
with the inhibition of microbial growth, whereas a delay of quality in fresh fruits and 
vegetables is a consequence of low O 2  concentration (Horev et al.  2012 ). Both CO 2  
and O 2  have long been used to reduce  Salmonella  outbreaks in raw whole and sliced 
tomatoes (Moreira et al.  2012 ; Niemira and Boyd  2013 ). In other study performed by 
Mukhopadhyay et al. ( 2014 ), it was observed that irradiated cherry tomatoes pack-
aged under an active MAP (5.3 % CO 2  + 5.5 % O 2 ) showed a decrease on  Salmonella 
enterica serovar Typhimurium  population compared to the control without treatment. 
On the other hand, MAP has also been used against fungi contamination in fresh-cut 
products (Jouki and Khazaei  2014 ; Rivera et al.  2011 ; Taniwaki et al.  2001 ). In this 
regard, inhibitory activity of cinnamon and clove essential oil mixtures against 
important spoilage microorganism of foods with intermediate moisture content was 
tested. Essential oils were inoculated and sealed under a MA with low O 2  (<0.05–
10 %) and high CO 2  (20 % or 40 %), both balanced with N 2 . The  minimum inhibitory 
volume (MIV) assay   of the essential oil mixtures above 1000 μL resulted in the 
inhibition growth of  C. lipolytica  and  P. membranaefaciens . In addition, at 2000 μL 
growth of  A. fl avus, P. roqueforti ,  M. plumbeus ,  Eurotium  sp.,  D. hansenii , and  Z. 
rouxii  was inhibited. On the other hand, it was observed that the inhibition of  A. fl a-
vus  required the addition of 4000 μL. Then, the authors concluded that high ratios of 
cinnamon oil/clove oil inhibited the growth of  A. fl avus  (Matan et al.  2006 ). 

 Furthermore, MAP application may extend storage life of fruits and vegetables 
by controlling respiration rate, senescence, and ripening (Finnegan et al.  2013 ), and 
by consequence increasing their organoleptic attributes (Díaz-Mula et al.  2011 ). 
Recent studies have shown the increase of chlorophyll retention (color) in broccoli 
(Büchert et al.  2011 ), better texture (softness and fi rmness) in carambola fruit (Ali 
et al.  2004 ), and good fl avor (vitamin C) in green asparagus (Li and Zhang  2015 ), 
all of them treated under MAP storage conditions. Therefore, successful control of 
both respiration and perception by MAP can result in a fruit or vegetable product 
with high organoleptic quality. However, the control of these processes depends on 
the temperature. In this regard, the effect of the temperature on the quality of 
 Amaranthus cruentus  L. and  Solanum retrofl exum  stored at 10 °C for 14 days under 
MAP was evaluated (Mampholo et al.  2015 ). The MAP was maintained at O 2  levels 
of 4.3 % and CO 2  levels of 7.3 % for  A. cruentus  leaves, whilst the MAP rate for 
 S. refl exum  was 5.6 % O 2  levels and 6.7 % CO 2 . On the other hand, the color param-
eters L*, C increased and the h° decreased signifi cantly with the increase in storage 
time. Therefore, changes in h° value with respect to the storage time for both sam-
ples tested were observed. Then, it was mentioned that changes in color properties 
of fresh products is a key factor on the consumers’ acceptance. Due to this, food 
technologist might focus in the MA rates among the different plant tissues. In addi-
tion, the effect on the respiration rate by application of MA on shelf-life of green 
chilies packed at 8 ± 1 °C was studied. Among the results, it was found losses in 
weight, fi rmness, skin color, and ascorbic acid content in green chilies (Chitravathi 
et al.  2015 ). Hence, every fruit and vegetable will present differences in their stor-
age life under MAP rate, as is shown in Table  1.1 . 
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   Table 1.1    Major changes in fresh products under MA  application      

 Natural source 

 MA rate 

 Major changes  Temperature  References  O 2   CO 2  

 Pineapple     

 50 %  50 %  Retarded the 
growth of aerobic 
microorganism 
and yeasts on 
pineapple 
 Production of 
volatile 
metabolites 

 7 °C  Zhang et al. 
( 2013 ) 

 Shiitake 

mushrooms     

 100 %  0 %  Maintained 
nutritional 
compounds, color, 
and integrity 

 10 °C  Li et al. 
( 2014 ) 

 Kohlrabi     

 5 kPa  10–
15 kPa 

 Improving of 
quality and 
retarding leaves’ 
wilting 

 First 14 days 
at 0 °C, and 
then 3 days 
at 10 °C 

 Escalona 
et al. ( 2007 ) 

 Celery     
 6 kPa  7 kPa  Improving of 

sensory quality, 
retaining of green 
color, and 
inhibition of 
microorganism 
growth 

 4 °C  Gómez and 
Artés 
( 2005 ) 

 Fresh-cut papaya     

 5 %  10 %  Sensory and 
quality 
characteristics 
retained. Extended 
the shelf-life 

 5 °C  Waghmare 
and 
Annapure 
( 2013 ) 

 Fresh-cut tomato     
 2 kPa  20 kPa  Juice 

accumulation, 
moisture 
condensation, 
water loss, and 
seed germination 

 5 °C  Gil et al. 
( 2002 ) 

 Strawberries     
 11–
14 % 

 9–12 %  Extended 
shelf-life 

 5 °C  Nielsen and 
Leufvén 
( 2008 ) 

 Mandarin     
 19.8 %  1.2 %  Accumulation of 

acetaldehyde and 
ethanol 

 3 °C  Del-Valle 
et al. ( 2009 ) 

        Nutritional and Technological Value 

   Taking into account that MA is an emergent technology that does not imply the use 
of chemical reagents which  affect      the human health, the knowledge of the appropri-
ate CO 2 /O 2  ratio under MA can help to improve the quality properties and 
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nutritional value of different fruits and vegetables. However, it is important to know 
before apply such technology, the physiological characteristics of the fruit and veg-
etable in which the MA will be used. This is due to the existence of climacteric and 
nonclimacteric botanical sources, factor that affects the biochemical responses of 
the tissue under MA conditions, and by consequence plays a different role in the 
nutritional and technological value of fruits and vegetables treated with this 
technology. 

 According to the ripening process of fruits and vegetables, they can be divided in 
climacteric and nonclimacteric. The climacteric ones are associated with the 
increase of the respiration rate and ethylene production. By contrast, the nonclimac-
terics are characterized by the lack of ethylene-associated respiratory peak (Pech 
et al.  2008 ). It has been reported that ethylene plays an important role in the deterio-
ration of fruits and vegetables, factor that affects their quality properties. Among 
those factors are the loss of the green color in immature fruits and vegetables, soft-
ening of them reducing their shelf-life, and changes in the fl avor (Kader  1985 ). For 
example the ripening process of avocado as a climacteric fruit has been associated 
with the suppression of cellulase and polygalacturonase proteins, and the expres-
sion of the alcohol dehydrogenase, these related with the ripening rate and softening 
of this fruit under low O 2  concentrations (Kanellis et al.  1991 ). Mathooko ( 1996 ) 
described that MA with high CO 2  concentrations produces less effect on the respira-
tion rate in nonclimacteric fruits and vegetables, because low levels of ethylene are 
produced compared to those climacteric ones, where the CO 2  delays or stops the 
ethylene synthesis. 

 A review in cantaloupe melons demonstrated that ethylene plays an important 
role in the regulation of ripening process and ripening rate, depending on the cli-
macteric and nonclimacteric characteristics. However, the inhibition of ethylene 
production demonstrated that ethylene control many aspects of ripening, but not all 
of them. It has been reported that pulp color, sugar content increment, and loss of 
the acidity in nonclimacteric melons were observed, whereas yellowing of the rind, 
softening, aroma formation, and climacteric respirations were totally or partially 
attributed to climacteric melons (Pech et al.  2008 ). In essence, appearance and tex-
ture are two important parameters that determine the acceptability of fruit and veg-
etables. Furthermore, both of them are indicators of tissue deterioration because 
they can be used as a measure of freshness and quality in research and food industry 
(Toivonen and Brummell  2008 ). Therefore, the knowledge of the different 
 biochemical responses of fruits and vegetables under different MA conditions 
depending on its ethylene dependence or ethylene nondependence will lead to elu-
cidation of the cell wall hydrolysis mechanism and the metabolic pathways of dif-
ferent compounds (organic acids, carotenoids, anthocyanins, vitamin C, etc.) 
(Fig.  1.5 ). These kind of studies highlighted the interest in developing emergency 
technologies as MA which increase the nutritional value and sensorial properties 
and improve the technological applications through the regulation of fruit-specifi c 
processes such as ripening, knowing the gene expression under specifi c MA with a 
certain O 2 /CO 2  concentrations.  
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       Conclusions and Future Trends 

•     Biochemical and physiological responses of different plant species, organ type, 
and development stage caused by MAP need to be studied, in order to know how 
these affect the sensorial properties and nutritional quality of fresh produce.  

•   The knowledge of the different biochemical responses of fruits and vegetables 
under different MA conditions depending on its ethylene dependence or ethylene 
nondependence will lead to elucidation of the cell wall degrading mechanism 
and the metabolic pathways of different compounds involved in the quality of 
fresh produce.  

•   Gene expression studies of specifi c fresh produce submitted at certain MAP con-
ditions are needed to regulate fresh produce-specifi c biochemical processes and 
improve specifi c physiological changes and increase the acceptability and/or 
nutritional value of the fi nal product.    

 According with the information presented in this chapter, it is concluded that the use 
of MAP in plant foods preservation implies the knowledge of the physiological and 
biochemical functions, as well as the genetic expression of each vegetable tissue to 
know what levels of O 2 , N 2 , and CO 2  apply without producing negative responses in 
the end quality of the fresh product.      

  Figure 1.5    Regulation of fruit-specifi c processes when ethylene synthesis is controlled under 
specifi c MA conditions       
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    Chapter 2   
 Nitric Oxide       

       Cintia     Mazzucotelli    ,     María     G.     Goñi     ,     Sara     I.     Roura    ,     Gustavo     González- 
Aguilar        , and     J.     Fernando     Ayala-Zavala   

            Introduction 

  Nitric oxide (NO)   is a free radical gas, which acts as a multifunctional signaling 
molecule in plants and animals (Wendehenne et al.  2001 ). Ya’acov and Haramaty 
( 1996 ) reported emission of NO from plants; since then NO has been the subject of 
several studies on agriculture and food technology as an alternative to chemical 
treatments. At the beginning, NO studies in plants were focused on the phytotoxic 
properties of the oxides of nitrogen (NO 2 , N 2 O 3 , NO 2  − , NO 3  − ) and their effect since 
considerable amounts of them are produced naturally (Lamattina et al.  2003 ). Since 
then, subsequent investigations have linked endogenous NO to several physiological 
processes including modulation of endogenous ethylene and vegetative stress, water 
loss, root growth and fruit and fl ower formation, plant immunity, anthocyanin 
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biosynthesis, and chlorophyll production (Ku et al.  2000 ; Ya’acov and Pinchasov 
 2000 ; Del Río et al.  2004 ; García-Mata and Lamattina  2001 ). 

 NO plays an important  role   in many physiological processes in plants, and it can 
produce either benefi cial or harmful effects, depending on the concentration and 
location in plant cells. NO present in the plant tissue could alleviate the harmfulness 
of  reactive oxygen species (ROS)  ,    and reacts with other target molecules, and regulates 
the expression of stress-responsive genes under various stress conditions (Qiao and 
Fan  2008 ). It also plays important role in control various pathophysiological and 
developmental processes in plants (Lamattina et al.  2003 ; Neill et al.  2003 ). 
Additionally, several studies demonstrated NO effects on senescence and ripening in 
several fruits by suppressed respiration rate, ethylene biosynthesis, disease incidence, 
delayed peel color changes, and reduced enzyme activity (Ku et al.  2000 ; Duan et al.  2007 ; 
Manjunatha et al.  2010 ). 

 Postharvest application of NO has been shown to be effective in extending the 
postharvest life of a range of fl owers, fruits, and vegetables when applied as a short- term 
fumigation treatment at low concentrations. This chapter is focused on the effect 
that NO application in fresh fruits and vegetables has in its metabolism and how 
these metabolic responses affect postharvest quality and product safety. However, 
the gaseous nature of NO is a barrier to its commercial usage. The construction of the 
infrastructure necessary to undertake large-scale  fumigation   is substantial and 
requires a measure of technical operational expertise. Effi cient usage is particularly 
problematical when the site of production is geographically isolated and in develop-
ing countries. Therefore, a new alternative has emerged and NO donor technology 
was developed. In that case, solid compounds that store NO chemically but allow it 
to be regenerated under appropriate physical conditions are applied (Hou et al. 
 1999 ). Several examples of NO application are presented, along with a detail of the 
application methodology and the compounds used as NO donors.  

    Biological Factors Involved in the Senescence of Harvested 
Fruits and Vegetables 

 The causes of postharvest losses in quality fresh fruits and  vegetables   are many and 
depend on the type of product, its morphological structure, composition, develop-
mental stages, and general physiology (Kader  2002 ). However,    the main causes of 
deterioration are a result of their continuous metabolic activity after harvest, among 
which respiration, ethylene production, and enzymatic browning are the most 
important, and it is well established that postharvest quality of fresh fruits and 
vegetables cannot be improved further but it can be retained till their consumption 
if the rate of metabolic activities is reduced by applying the appropriate postharvest 
handling technologies (Kader  2002 ). 

 One of the main parameters while determining the  metabolic activity of   fruits 
and vegetables is their respiration rate, which is usually associated with the 
 commodity deterioration (Wu  2010 ). Respiratory rate of produce after harvest is 
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reversely proportional to its storage life, meaning the higher the rate of respiration, 
the shorter the storability (Kader and Saltveit  2003 ).  Respiration rate   of a produce 
is dependent on a wide range of variables, including commodity, maturity state, 
and several environmental factors. Among the external factors affecting respiratory 
rate of fresh fruits and vegetables after harvest, temperature and gas composition 
surrounding the horticultural produce are two very important variables to be taken 
into consideration. 

  Ethylene (C 2 H 2 )      is a gaseous phytohormone produced for all tissues of higher 
plants and by some microorganisms (Cao et al.  2008 ) and it regulates many aspects 
of growth, development, and senescence and is physiologically active in trace 
amounts (<0.1 ppm). Although ethylene action may have benefi cial effects on cer-
tain product attributes, as stimulating ripening of climacteric fruit or promoting 
de-greening of citrus (Saltveit  1999 ), in most harvested horticultural products, eth-
ylene is associated with degradation, fruit ripening, senescence, and abscission of 
plant organ (Saltveit  1999 ; Kader and Saltveit  2003 ). Ethylene accelerates chloro-
phyll degradation causing yellowing of green tissues, and induces abscission of 
leaves and fl owers, softening of fruit, and several physiological disorders (Kader 
and Saltveit  2003 ). Since exposure to ethylene can be detrimental to most fresh 
horticultural commodities, ethylene is of major concern to all produce handlers dur-
ing postharvest storage and handling. 

  Browning   in fresh vegetables, also a detrimental quality, is a result of the oxida-
tion of phenolic compounds (Tomás‐Barberán and Espin  2001 ). Plant cells contain 
phenolic compounds which, in the presence of oxygen, easily oxidize to quinones 
by the action of enzymes, mainly polyphenol oxidase (PPO) and peroxidase (POD). 
Quinones in turn oxidize and polymerize producing brown compounds, which are 
responsible for superfi cial and/or deep tissue browning. Therefore,  browning   in 
plants is a result of cell injury in their tissues due to lost compartmentalization. 
When cellular damage occurs, the disruption of cellular compartments and the loss 
of membrane integrity allow the enzymes (such as PPO) and substrates (such as 
polyphenols) to mix and hence initiate several browning reactions (Duan et al.  2007 ; 
Pristijono et al.  2006 ).  

    Chemical Properties of NO 

  Nitric oxide (NO) is a small, uncharged, scarcely polar molecule; thus it can freely 
diffuse across  membranes   from one compartment to the other. Under normal atmo-
sphere conditions, NO is a free radical lipophilic diatomic gas. Its small Stokes’ 
radius and neutral charge allow rapid membrane diffusion (Lamattina et al.  2003 ). 
From a chemical point of view it is a free radical; however, it can adopt an energeti-
cally more favorable electron structure by gaining or losing an electron, so that NO 
can exist as three interchangeable species: the radical (NO • ), the nitrosonium cation 
(NO + ), and the nitroxyl radical (NO−) (Hasanuzzaman et al.  2010 ; Neill et al.  2003 ; 
Simontacchi et al.  2013 ) (Fig.  2.1 ).
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   NO reacts with oxygen to produce other nitrogen oxides with different stabilities 
and decay rates, its reactivity related to its single electron in its 2p-¼ antibonding 
orbital (Stamler  1994 ; Lamattina et al.  2003 ). The un-paired electron is responsible for 
its elevated reactivity with oxygen (O 2 ), superoxide (O 2  •− ), other N base compounds, 
and transition metals (Fig.  2.2 ). The complex redox chemistry of NO contributes to 
provide a general mechanism for cell redox homeostasis regulation, which can exert a 
protective action against oxidative stress (Stamler  1994 ; Wink et al.  1993 ).

   The Fenton-type reaction between H 2 O 2  and redox-active metals produces the 
hydroxyl radical (OH • ), which is a powerful oxidant (Stamler  1994 ). NO can attenuate 
the Fenton oxidative damage preventing the formation of oxidants by scavenging 
either iron or superoxide and thus limiting hydroxyl radical formation (Wink et al. 
 1993 ). Several studies have also demonstrated that NO can act as a chain- breaking 
antioxidant arresting lipid peroxidative reactions (Rubbo et al.  1994 ). On the other 

  Fig. 2.1    NO forms with  biological activity         

  Fig. 2.2    Chemical reactions  of   endogenous NO and its products       
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hand, NO can also react with superoxide anion (O 2  •− ), thus leading to the formation 
of the strong oxidant peroxinitrite (ONOO − ), which can oxidize thiol residues to 
sulfenic and sulfonic acids producing a cytotoxic effect (Radi et al.  1991 ).   

    Nitric Oxide in Plants 

 Some years ago, NO was considered as a highly toxic compound due to its free radi-
cal nature (Beckman et al.  1990 ). However, the discovery of NO signaling role in 
regulation of  cardiovascular system   has changed the paradigm concerning the cyto-
toxicity (Loscalzo and Welch  1995 ; Balligand et al.  1993 ). Later, the discovery of 
its biological functions has been elucidated (Ya’acov  1996 ). Since then, researching 
the function and metabolism of NO in plants has gained considerable attention in 
recent years. Some examples of its application are presented in Table  2.1 .

   NO has shown to play a crucial role in the regulation of several plant  physiologi-
cal processes  , including growth and development. NO can act as a key signaling 
molecule in different intracellular processes in plants (Crawford and Guo  2005 ; 
Ya’acov  1996 ; Wendehenne et al.  2004 ; Lamattina et al.  2003 ). Moreover, NO is 
emitted from plants under stress situations, as well as under normal growth condi-
tions (Arasimowicz and Floryszak-Wieczorek  2007 ). 

 The physiological function of NO in plants implicates the induction of different 
processes, including the expression of defense-related genes against  abiotic and 
biotic stress   (Durner et al.  1998 ; Wendehenne et al.  2004 ; Klessig et al.  2000 ) and 
apoptosis/programmed cell death (Clarke et al.  2000 ; Beligni et al.  2002 ), matura-
tion and senescence (Badiyan et al.  2004 ; Singh et al.  2009 ), stomatal closure 
(García-Mata and Lamattina  2001 ; Neill et al.  2002 ), seed germination (Beligni and 
Lamattina  2000 ; Kopyra and Gwóźdź  2003 ), root development (Correa-Aragunde 
et al.  2004 ; Pagnussat et al.  2002 ), and so many other examples. However, the 
effects of NO on different types of  cells   have been proved to be either protective or 
toxic, also depending on the concentration and situation (Hasanuzzaman et al. 
 2010 ). As a consequence, more research is needed to assess the specifi c effects of 
NO in different fruits and vegetables in order to be successfully applied. 

 As shown in previous studies, endogenously produced NO gas appears to be a 
natural plant growth regulator in a wide variety of both climacteric and non- 
climacteric fruits, fl owers, vegetables, and legume sprouts (Leshem et al.  2000 ; 
Ya’acov et al.  1998 ; Bredt  1999 ). In biological systems, NO can be generated enzy-
matically or  nonenzymatically   (Wendehenne et al.  2001 ). The most extensively 
described NO-producing enzymes have been nitric oxide synthase (NOS) and 
nitrate reductase (NR) (Hasanuzzaman et al.  2010 ). 

 Published data suggest that drought and salinity induce NO generation which 
activates cellular processes that afford some protection against the oxidative 
stress associated with these conditions (Neill et al.  2008 ). Their study suggested 
an emerging model of stress responses in which ABA has several ameliorative 
functions. These include the rapid induction of stomatal closure to reduce water 
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   Table 2.1      Effects   of NO application in fruits and vegetables   

 NO donor  Treated produce  Postharvest effect  References 

 Endogenous 
NO, induced by 
chilling stress 

 Loquat ( E. japonica  
Lindl. cv. 
Luoyangqing) 

 Alleviated chilling injuries  Xu et al. 
( 2012 ) 

 NO gas  Strawberry 
( Fragaria ananassa  
Duch cv. Pajaro) 

 50 % extension of shelf life (less 
mold growth, delayed softening, 
and color changes) 

 Wills et al. 
( 2000 ) 

 Cucumber ( Cucumis 
sativus  L.) 

 Alleviate chilling injuries system 
(maintained membrane integrity). 
Delayed lipid peroxidation, O 2  •−  
and H 2 O 2  production. Increased 
SOD, CAT, APX, and POD 
activities. Increased DPPH-
radical scavenging activity 

 Yang et al. 
( 2011 ) 

 Chinese Winter 
jujube ( Zizyphus 
jujuba  Mill. Cv. 
Dongzao) 

 Reduced PPO and PAL activities. Delayed 
maturation (maintaining 
low levels of anthocyanins, TF, 
TSS). Reduced AA oxidation 

 Zhu et al. 
( 2009 ) 

 Tomato 
( Lycopersicum 
lycopersicum  L. cv. 
Abunda) 

 Reduced net photosynthesis  Bruggink 
et al. ( 1988 ) 

 Japanese plums 
( Prunus salicina  
Lindell) 

 Reduced respiration rate, ethylene 
production. Delayed ripening by 
2–3 days (no color changes or 
tissue softening). Alleviated 
chilling injuries symptoms 

 Singh et al. 
( 2009 ) 

 Peach ( Prunus 
persica  L. Batsch., 
cv. Feicheng) 

 Reduced LOX and ACC oxidase activities 
and ethylene production 

 Zhu et al. 
( 2006 ) 

 Mango ( Mangifera 
indica  L. cv. 
Kensington Pride) 

 Alleviated chilling injuries. 
Suppressed ethylene production. Delayed 
fruit softening and color development 

 Zaharah 
and Singh 
( 2011 ) 

 Mushrooms ( Russula 
griseocarnosa ) 

 Increased AOX. Increased TF 
and fl avonoids contents. 
Increased PAL and chalcome 
synthase 

 Dong et al.  
( 2012 ) 

 SNP  Litchi ( Litchi 
chinensis  Sonn.) 

 Reduced pericarp browning. 
Increased anthocyanin and 
TP content. Enhanced AOX. 
8 days extension of shelf life 

 Barman 
et al. 
( 2014 ) 

 Bamboo shoots 
( Phyllostachys 
violascens ) 

 Inhibited PPO, POD and 
PAL activities. Maintained 
TP content. Delayed external 
browning and tissue lignifi cation 

 Yang et al. 
( 2010 ) 

 Logan fruit 
( Dimocarpus longan  
Lour. cv. Shixia) 

 In vitro inhibition of PPO and 
POD activities. Lower pulp 
breakdown and pericarp 
browning. Maintained TSS 
and AA content 

 Duan et al. 
( 2007 ) 

(continued)
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Table 2.1 (continued)

 NO donor  Treated produce  Postharvest effect  References 

 Strawberry 
( Fragaria ananassa  
L.) 

 Inhibited ethylene production. 
Reduced respiration rate, ACC 
accumulation, ACC synthase 
activity but it did not affect 
ACC oxidase activity 

 Zhu and 
Zhou 
( 2007 ) 

 Banana ( Musa spp.  
cv. Brazil) 

 Reduced ethylene production, 
inhibited degreening of the 
peel, and delayed softening 
of the pulp 

 Cheng et al. 
( 2009 ) 

 DETA/NO  Mushrooms 
( Agaricus bisporus ) 

 Maintained fi rmness. Delayed 
cap opening and browning. 
Increased TP content and AA retention. 
Reduced H 2 O 2  
accumulation and oxidative 
stress (less free radical 
accumulation). Inhibited PPO 
activity and increased CAT, SOD,
 and APX activities. Extended 
shelf life up to 12 days 

 Jiang et al. 
( 2011 ) 

 Fresh-cut apple 
slices 

 Delayed surface browning. 
Reduced TP total phenols, ion 
leakage, and respiration rate. 
Inhibited PPO activity. It did 
not affect ethylene production 
or lipid peroxide levels 

 Huque et al. 
( 2013 ) 

   SNP  sodium nitroprusside, DETA/NO 2,2′-(hydroxynitrosohydrazino)-bisethanamine (diethylene-
triamine nitric oxide),  ACC  1-aminocyclopropane-1-carboxylic acid,  AOX  antioxidant activity/
capacity,  PPO  polyphenol oxidase,  POD  peroxidase,  LOX  lipoxygenase,  APX  ascorbate peroxidase, 
 CAT  catalase,  TP  total phenolics,  TSS  total soluble solids,  AA  ascorbic acid  

loss due to transpiration and the activation of antioxidant defenses to combat 
oxidative stress. These are two processes that both involve NO as a key signaling 
intermediate. 

    NO and Ethylene in Plant Senescence 

     The hypothesis that endogenously produced NO gas is a natural plant growth 
regulator  was      experimentally tested by Ya’acov et al. ( 1998 ). Experimentation 
encompassed a wide spectrum of both climacteric and non-climacteric varieties of 
fruits, fl owers, vegetables, and legume sprout species. Specifi c NO sensor revealed 
that maturation and senescence go hand in hand with a signifi cant decrease of NO 
emission. 

 Fruit and vegetable senescence is the last stage in their development, consisting in the 
degradation and translocation of molecules to other growing tissues (Noodén et al. 
 1997 ). Degradation of chlorophyll, proteins, antioxidants, and water imbalance are 
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processes involved in the senescence of plants, processes that are highly regulated 
by hormones. As mentioned above, ethylene is largely known as a key hormone that 
accelerates leaf, fl ower, and fruit senescence. In contrast, NO has been observed 
participating in active growth and delaying the development of the senescence 
syndrome in plants (Lamattina et al.  2003 ; Leshem and Wills  1998 ). Young plant 
tissues presented high NO rate emission, but it decreased during maturation show-
ing ethylene formation, an opposite trend (Leshem and Wills  1998 ). This result 
implies that NO and ethylene productions are inversely affected during plant devel-
opment. A specifi c association between these two signaling molecules has been 
established in several previous studies. NO appears to be able to decrease ethylene 
emission through the downregulation of its synthesis (Manjunatha et al.  2010 ; Zhu 
and Zhou  2007 ). Not all the elements of the ethylene synthesis pathway affected by 
NO are clearly established. However, it is consistently observed in several reports 
that the fi nal step in ethylene synthesis catalyzed by 1-aminocyclopropane carbox-
ylic acid oxidase is downregulated by NO. Furthermore, the S-nitrosylation by NO 
inhibits the activity of enzymes involved in ethylene synthesis (Zhu et al.  2008 ; 
Zaharah and Singh  2011 ).      

    NO and Plant Water Loss 

  Stomata are pores formed by two differentiated cells (guard cells) located in the 
epidermis of terrestrial plants. The opening of the stomatal pore is regulated to 
facilitate CO 2  uptake, for CO 2   fi xation   during photosynthesis and to avoid water loss 
due to transpiration (Simontacchi et al.  2013 ). 

 Environmental parameters such as light, CO 2  level, humidity, soil water status, 
and biotic stresses regulate stomatal aperture (Hetherington and Woodward  2003 ). 
In addition, stomatal movements are effected by osmotic fl uxes of water across the 
tonoplast and plasma membrane, such fl uxes being driven by movements of K +  and 
Cl –  ions through specifi c channels that are activated and deactivated in response to 
various stimuli such as  abscisic acid (ABA)   content (Neill et al.  2003 ). Interestingly, 
it was demonstrated that NO is required in ABA signaling both for stomatal closure 
induction and for inhibition of light-induced stomatal opening (Garcia-Mata and 
Lamattina  2007 ; Zhang et al.  2007 ). The fi rst report on NO regulation of stomatal 
movement showed that the NO donor SNP-induced stomatal closure in three differ-
ent plant species  Vicia faba ,  Salpichroa origanifolia ,  and Tradescantia  spp. (García- 
Mata and Lamattina  2001 ). In following studies, it was also demonstrated that NO 
is required for the ABA-regulated signaling pathway leading to stomatal closure 
(Neill et al.  2002 ; García-Mata and Lamattina  2002 ). 

 Stomatal closure, initiated by ABA,  is   effected through a complex symphony of 
intracellular signaling in which NO appears to be a key component. Exogenous NO 
application induces stomatal closure, ABA triggers NO generation, removal of NO by 
scavengers inhibits stomatal closure in response to ABA, and ABA-induced stomatal 
closure is reduced in mutants that are impaired in NO generation (Neill et al.  2008 ).   
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    NO and Antioxidant Properties in Plants 

  Higher plants growing in  natural   environments experience various abiotic 
stresses. H 2 O 2  and NO free radicals are produced and cause oxidative damage 
to plants under various abiotic stress conditions (Uchida et al.  2002 ). Since its 
discovery as an endogenous free radical, NO has been proposed to be either 
cytotoxic or cytoprotective. The presence of an unpaired electron within the 
NO molecule makes it a reactive species and is also the origin of its duality 
(Lamattina et al.  2003 ). NO interacts with reactive oxygen species (ROS) in 
various ways and it might exert an antioxidant effect against various stresses 
(Beligni and Lamattina  1999 ; Soheila et al.  2001 ). NO modulation of superox-
ide radical formation and inhibition of lipid peroxidation also illustrate its 
potential role as a potent antioxidant (Wink et al.  1993 ; Neill et al.  2003 ; Duan 
et al.  2007 ). On the other hand, it has been known for years that NO forms vari-
ous  reactive nitrogen oxide species (RNOS)   in the presence of oxygen which 
can be deleterious to macromolecules, such as lipids, proteins, and DNA (Wink 
et al.  1993 ). Thus, an excess of NO can result in nitrosative stress; therefore a 
favorable balance of ROS/NO is important to maintain a healthy environ-
ment for the plant tissue (Neill et al.  2003 ).   

    NO and Defense-Related Genes in Plants 

  ROS   are believed to perform multiple roles during plant defense responses to 
microbial attack, acting in the initial defense and possibly as cellular signaling 
molecules. In animals, NO is an important redox-active signaling molecule. It is 
known that infection of resistant, but not susceptible, tobacco with tobacco 
mosaic virus resulted in enhanced NO synthase activity (Durner et al.  1998 ). 
Furthermore, administration of NO donors or recombinant mammalian NOS to 
tobacco plants or tobacco suspension cells triggered expression of the defense-
related genes encoding pathogenesis-related 1 protein and phenylalanine ammo-
nia lyase (PAL). These genes were also induced by  cyclic GMP (cGMP)   and 
cyclic ADP-ribose, two molecules that can serve as second messengers for NO 
signaling in mammals. Consistent with  cGMP   acting as a second messenger in 
tobacco (Durner et al.  1998 ), NO treatment induced dramatic and transient 
increases in endogenous cGMP levels. Furthermore, NO-induced activation of 
PAL was blocked by 6-anilino-5,8- quinoline      dione and 1H-(1,2,4)-
oxadiazole[4,3-a]quinoxalin-1-one, two inhibitors of guanylate cyclase. 
Although 6-anilino-5, 8-quinolinedione fully blocked PAL activation, inhibition 
by 1H-(1,2,4)-oxadiazole[4,3-a]quinoxalin-1- one was not entirely complete, 
suggesting the existence of cGMP-independent, as well as cGMP-dependent, 
NO signaling.   

2 Nitric Oxide



26

    Exogenous NO Application in Plants 

    Application Methods for NO 

  Postharvest application of NO or its donor compounds has been shown to be effective 
in extending the postharvest life of fruits and vegetables when applied as a short-term 
 fumigation treatment   at low concentrations (Table  2.2 ). It has been shown that exog-
enous NO delayed ripening (Leshem et al.  2000 ), inhibited ethylene biosynthesis 
(Eum et al.  2009 ; Zhu et al.  2008 ), inhibited cut-surface browning (Pristijono et al. 
 2006 ; Wills et al.  2008 ), and enhanced resistance to post-harvest diseases (Zhu et al. 
 2008 ; Zhu and Zhou  2007 ).

   One of the most widely used methods of application is the fumigation of the 
postharvest horticultural product with NO in a low concentration. A common problem 
during application of NO is that, in air in contact with O 2 , NO rapidly converts to 
NO 2  with half-life of 5–12 s (Wills et al.  2000 ). Thus, the application of exogenous 
NO requires fumigation in an oxygen-depleted atmosphere. This can be achieved 
by initially displacing oxygen with nitrogen or argon (which could be more expen-
sive) in the atmosphere around produce, followed by the inclusion of low concen-
trations of NO into the O 2 -depleted atmosphere for 2–24 h. It appears that optimal 
effective NO concentrations and fumigation duration vary between different com-
modities. Therefore, the need for NO to be applied in an oxygen-free atmosphere 
will require some innovation in the design and operation of the fumigation process 
(Leshem et al.  2000 ). 

 Wills et al. ( 2000 ) studied the extension in postharvest life by applying NO on 
strawberries. NO was then added by injection (4–500 μL NO/L of N 2 , 2 h). NO at 
5–10 μL/L to strawberries for 2 h consistently extended postharvest life by 50 % 
compared to strawberries held in air. In a similar way, Zhu et al. ( 2006 ) studied the 
inhibition of ethylene biosynthesis by NO application in China peach fruit during 
storage. Peaches were placed in 30 L sealed containers and fl ushed with nitrogen 
gas to displace all oxygen. NO was then injected (5, 10, and 15 μL/L, 3 h). Zhu et al. 
( 2009 ) and Yang et al. ( 2011 ) applied the same treatment to study the effects of NO 
fumigation on phenolic metabolism of postharvest Chinese winter jujube and to 
reduced chilling injury in cucumber, respectively. 

 Zaharah and Singh ( 2011 ) studied NO postharvest fumigation to alleviate chill-
ing injury and delaying fruit ripening in mango. Mangos were fumigated with dif-
ferent concentrations of NO (0, 5, 10, 20, and 40 μL/L N 2 ) by injection of the mix 
gases into a sealed container for 2 h. Opposed to the previous cases, the O 2  gas in 
the container was not depleted because the authors consider that NO was suffi -
ciently stable at the low concentrations and short treatment times required for the 
fruit to be treated in normal air.  

 In another study, Wills et al. ( 2008 ) found that browning of fresh-cut lettuce 
was inhibited by short-term exposure to NO when applied by two different 
methods. First, NO was applied by fumigation of the cut lettuce with the desired 
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concentration, for 1–4 h at 20 °C. Second, NO was applied through a NO donor: 
2,20-(hydroxylnitrosohydrazino)-bisethanamine ( DETA/NO).   This compound, a 
diazeniumdiolate, has gained considerable interest among researchers due to its 
high water solubility, chemical stability, and ease of synthesis (Hrabie and Keefer 
 2002 ). Its interest for use on horticultural crops resides in its 50 % NO content and 
its ability to released two equivalents of NO gas per molecule. DETA/NO was 
applied by dipping lettuce plants in solution with the desired concentration, from 
15 s to 60 min at 20 °C (Wills et al.  2008 ). DETA/NO solution and NO gas application 
resulted in longer postharvest life than control plants. Moreover, cut lettuce plants 
dipped in 500 mg/L DETA/NO for 60 s or 5 min had a longer postharvest life than 
lettuce plants fumigated with 500 μL/L of NO gas for 2 h. However, the application 
of 1000 μL/L of NO gas strongly inhibited browning on the cut surface, but it caused 
rapid severe tissue damage and loss of color to the leaf surface (Wills et al.  2008 ). 

   Another donor of NO utilized  in   the  treatment   postharvest of horticultural prod-
ucts is sodium nitroprusside (SNP). Zhu and Zhou ( 2007 ) studied the effect of NO 
on ethylene production in strawberry fruit during storage and assayed the treatment 

   Table 2.2     Application methods used for  exogenous   NO in fruits and vegetables   

 Application 
method  NO donor  Treated produce  Concentration  References 

 Fumigation  NO gas  Strawberry ( Fragaria 
ananassa  Duch 
cv. Pajaro) 

 1–4000 μL/L  Wills et al. 
( 2000 ) 

 Cut lettuce slices 
( Lactuca sativa  L.) 

 5–1000 μL/L  Wills et al. 
( 2008 ) 

 Mango ( Mangifera 
indica  L. cv. 
Kensington Pride) 

 10–40 μL/L  Zaharah and 
Singh 
( 2011 ) 

 Mushrooms ( Russula 
griseocarnosa ) 

 10–30 μL/L  Dong et al. 
( 2012 ) 

 Immersion  SNP  Litchi ( Litchi chinensis  
Sonn.) 

 0.5–2.0 mM  Barman 
et al. ( 2014 ) 

 Strawberry ( Fragaria 
ananassa  L.) 

 1–10 μmol/L  Zhu and 
Zhou ( 2007 ) 

 Logan fruit ( Dimocarpus 
longan  Lour. cv. Shixia) 

 1 mM  Duan et al. 
( 2007 ) 

 DETA/NO  Mushrooms ( Agaricus 
bisporus ) 

 0.5–2.0 mM  Jiang et al. 
( 2011 ) 

 Fresh-cut apple slices 
( Malus domestica  cv. 
Borkh) 

 10 mg/L  Huque et al. 
( 2013 ) 

 Cut lettuce slices 
( Lactuca sativa  L.) 

 10–1000 mg/L  Wills et al. 
( 2008 ) 
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of strawberry samples by dipping in 1.0, 5.0, or 10.0 μmol/L SNP aqueous solutions 
for 2 h at 25 °C. In the same way, Duan et al. ( 2007 ) investigated the effect of NO 
on pericarp browning of harvested longan fruit, and treated the samples with nitro-
prusside (SNP), as a NO donor. Fruits were dipped for 5 min in 1 mM SNP solution 
at 28 °C. After dipping, the fruits were air-dried for 30 min, packed in polyethylene 
bags, and stored. Duan et al. ( 2007 ) also studied the application of NO to reduce 
pericarp browning and to maintain bioactive antioxidants level in litchi fruits. 
Treatments were performed by dipping the fruits in aqueous solutions of SNP 
(0.5 mM, 1.0 mM, or 2.0 mM) containing Tween-20 (2 g/L) as surfactant, at 25 °C 
for 5 min. Afterwards, fruits were air-dried, packed in corrugated fi ber board boxes, 
and stored (30 ± 2 °C temperature and 85 ± 5 % RH) for 8 days.    

    Effect of Exogenous NO on Ripening and Senescence Fruits 
and Vegetables 

 Evidence of the interplay between NO and ethylene in the maturation and senes-
cence of plant tissues suggests an antagonistic effect of both gases during these 
stages of plant development. This  antagonistic effect   has been used for the manipu-
lation of the development of undesirable biochemical modifi cations of edible plants. 
Exogenous NO treatment was successfully used for the extension of postharvest life 
of several horticultural products (Lamattina et al.  2003 ; Simontacchi et al.  2013 ). 

 NO treatment delays the climacteric peak of ethylene production and the progress 
of fruit ripening on several species.  Anti-senescent action of   NO on plant tissues has 
been proposed to take place via the inhibition of ethylene biosynthesis (Leshem and 
Wills  1998 ; Zhu et al.  2006 ). The mechanism of action of NO via ethylene inhibition 
is not completely understood, but many researchers have proposed different mecha-
nisms according to the results of their investigations. Aminocyclopropanecarboxylate 
(ACC)    oxidase is a key enzyme that catalyzes the conversion of  ACC   to ethylene, 
which is a rate-determining step in the ethylene biosynthesis pathway. Eum et al. 
( 2009 ) confi rmed that inhibition of ethylene biosynthesis in NO-fumigated toma-
toes was due to decreased and delayed expression of ACC oxidase genes. However, 
another study on strawberries revealed that NO decreased the activity of ACC syn-
thase, but not ACC oxidase (Zhu and Zhou  2007 ). 

 Tierney et al. ( 2005 ) explained that the binding  of    ACC   to the Fe 2+  in ACC 
oxidase serves to activate the enzyme. ACC oxidase in climacteric peaches can 
also form a stable ternary ACC-ACC oxidase-NO complex with NO and ACC. This 
complex cannot be changed into an iron-oxo species that affects ACC oxidation 
yielding ethylene. Therefore, ethylene cannot be produced in this way. These 
results also elucidate the accumulation of ACC and the decrease in ACC oxidase 
activity in the peach fruit that were treated with 5 and 10 μL/L NO (Zhu et al. 
 2006 ).    Thus, the exogenous application of NO  signifi cantly   delayed maturation and 
senescence in fruits where NO effect was stoichiometrically related to ethylene 
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suppression (Ya’acov et al.  1998 ). For example, treatment with NO extended 
postharvest life of strawberry (Wills et al.  2000 ; Zhu and Zhou  2007 ), pear (Sozzi 
et al.  2003 ), broccoli, green bean, bok choy (Soegiarto and Wills  2004 ), peach 
(Zhu et al.  2006 ), mango (Zaharah and Singh  2011 ), tomato (Eum et al.  2009 ), 
and carnations (Bowyer et al.  2003 ). 

 Associated with ethylene production, there is a rise in the respiratory activity and 
in ROS generation that are involved in the acceleration of deteriorative processes 
during ripening.  Respiration activity   is proportional to the product deterioration, 
since many organic compounds are metabolized (Kader  2002 ). It was also observed 
that NO decreases respiration through the inhibition of cytochrome c oxidase activ-
ity in plant mitochondria (Millar and Day  1996 ). 

 Fruit softening appears to play a signifi cant role in fruit quality, which are sig-
nifi cantly infl uenced by ripeness.  Ethylene      is directly involved in increasing the 
activities of fruit-softening enzymes (pectin esterase, endoglucanase, exo- and 
endo polygalacturonase) (Khan and Singh  2007 ; Manjunatha et al.  2010 ). It is, 
therefore, possible  that    inhibition   of ethylene production through NO treatments 
helps to retard the fruit-softening process (Singh et al.  2009 ). NO treatment reduced 
the degree of disintegration of the cell membranes and electrolyte leakage, which 
resulted in better retention of the cellular components such as pigments, titratable 
acidity, soluble solids, and free antioxidant compounds, particularly the ascorbic 
acid, which fresh fruits are most valued for (Zhang et al.  2007 ; Flores et al.  2008 ). 
Application of exogenous NO on postharvest fruits has been reported to retard 
softening during storage and ripening of peaches with 5 or 10 μL/L NO (Flores 
et al.  2008 ; Zhu et al.  2006 ) and kiwifruit with 1 μmol/L NO (Zhu et al.  2008 ). As 
a gas that has dual characteristics, a higher concentration of NO was detrimental; 
for example 15 μL/L NO applied in peaches and 2 μmol/L NO applied in kiwifruit 
enhanced softening (Singh et al.  2009 ). In peaches, higher NO concentrations 
exhibited toxicity and harmed the fruit, possibly by forming  RNOS   with superox-
ide ions (Zhu et al.  2006 ). The  RNOS   could injure biological systems by oxidation, 
nitrosation, and nitration (Wink and Mitchell  1998 ). In jujube fruits, treatment with 
30 μL/L NO promoted ripening of the harvested fruits, which also exhibited signs 
of NO toxicity (Zhu et al.  2009 ).  

    NO and Browning  Development      in Postharvest Fruits 
and Vegetables 

   An important factor causing loss of quality in many fruits and vegetables is the 
development of browning on cut or damage surfaces (Duan et al.  2007 ). Browning 
reactions are generally assumed to be a direct consequence of PPO and POD activi-
ties on polyphenols, to form quinones which ultimately polymerize to produce the 
brown polymers that are responsible for the changes in color and appearance of 
fresh-cut fruits and vegetables (Li-Qin et al.  2009 ; Pristijono et al.  2006 ). 
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 The initial event in the oxidative browning process is the breakdown of membranes 
within the cells of plant tissues, and browning is associated with the loss of membrane 
integrity, which occurs during tissue deterioration and senescence. Once the compartmen-
talization of the cells begins to fail, PPO and/or POD can act on phenol substrates 
(Degl’innocenti et al.  2005 ). Besides,  phenylalanine ammonia lyase (PAL)   is the fi rst key 
enzyme involved in the biosynthesis of phenols in fruits and it can be induced by various 
stress conditions, but mainly by wounding. Increase in PAL activity was related to tissue 
browning of fresh fruits and vegetables during storage (Tomás‐Barberán and Espin  2001 ; 
Zhu et al.  2009 ). Therefore, delaying or reducing enzymatic browning should be a relevant 
way to extend storage life and maintain postharvest quality of fruits and vegetables. 

 Treatment of these products with NO for the inhibition of browning surface has 
been widely reported. Duan et al. ( 2007 ) studied the inhibition of the pericarp 
browning in longan fruit, and found that treatment with SNP inhibited activities of 
PPO, POD, and PAL during storage. The same behavior was reported for the NO 
treatment in other products, where a signifi cantly browning reduction was observed, 
as in cut surface of lettuces (Wills et al.  2008 ), litchi (Barman et al.  2014 ), jujube 
fruit (Zhu et al.  2009 ), mango (Zaharah and Singh  2011 ), peach slices (Li-Qin et al. 
 2009 ), apple slices (Pristijono et al.  2006 ), among many others. 

 One of the proposed mechanisms for inhibiting PPO activity takes into account 
the structure of the enzyme and possible interactions with the NO molecule. The 
active site of  PPO   includes two copper atoms and exists in three states: “met,” 
“deoxy,” and “oxy.” Of the two copper atoms of the active site in PPO, Cu (A)  is ligan-
ded by three histidines, which are highly stable. In contrast, the structure accounting 
for Cu (B)  binding is less stable, although in general, three histidines are involved as 
Cu (A)  ligands (Radi  1996 ). It was speculated that low concentration of NO could react 
with Cu (B)  of PPO to form copper–nitrosyl complexes (NO-Cu (B) -PPO), which could 
change the normal structure of the active site in PPO and thus, reduce PPO activity 
(Zhu et al.  2009 ). Low PPO activity inhibited the oxidation of phenols and inhibited 
the degradation of anthocyanins to brown products. However, indirect effects of NO 
involving the formation of RNOS may become signifi cant at high concentrations 
(Wink and Mitchell  1998 ) and should be considered. A similar mechanism is pro-
posed for PAL enzyme inhibition by NO. PAL is an oligomeric enzyme, consisting 
of four identical subunits with an electrophilic center of  dehydroalanyl radical in its 
active site (Schuster and Retey  1995 ). The active site might reacts with NO, leading 
to inhibition of PAL activity (Wink and Mitchell  1998 ).    

    NO and Other Benefi cial Aspects in Postharvest of Fruits 
and Vegetables 

  Another effect observed for the NO treatment of postharvest  fresh   produce, is 
improvement in chilling tolerance and reduced incidence of chilling injury in sev-
eral fruits. Yang et al. ( 2011 ) studied the application of NO in cucumber  fruit   and 
found that NO signifi cantly reduced its chilling injury symptoms and increased the 
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activities of antioxidant enzymes as catalase, peroxidase, ascorbate peroxidase, and 
superoxide dismutase, under chilling stress. It has been reported that the improve-
ment of chilling tolerance in harvested horticultural crops is related to enhancement 
in activities of antioxidant enzymes (Yang et al.  2011 ). In similar studies, it was 
reported that NO application was able to alleviate chilling injury symptoms in 
plums (Singh et al.  2009 ), peach (Li-Qin et al.  2009 ), and mango (Zaharah and 
Singh  2011 ). 

 Barman et al. ( 2014 ) reported that SNP treatment signifi cantly reduced loss of 
moisture from the litchi fruit when compared to control, and propose that its effect 
might be due to NO released from SNP, which maintained cell integrity and perme-
ability of tissues, therefore reducing moisture transference rate from the fruits and 
vegetables (Ku et al.  2000 ; Barman et al.  2014 ). In addition, exogenous application 
of NO donors can reduce stomatal apertures and thereby reduce transpiration in 
several species (García-Mata and Lamattina  2001 ; Neill et al.  2003 ). 

 NO, as a bioactive molecule, was found to function as pro-oxidant as well as 
antioxidant. Kopyra and Gwóźdź ( 2003 ) found that SNP, a NO donor, stimulates 
seed germination and root growth of lupin ( Lupinus luteus L.  cv. Ventus). Seed ger-
mination was promoted when SNP was applied (0.1 and 800 μM SNP). The promot-
ing effect of NO on seed germination persisted even in the presence of heavy metals 
(Pb, Cd) and sodium chloride, which can also be perceived as an added advantage. 
Pretreatment of lupin seedlings for 24 h with 10 μM SNP also presented a signifi -
cant reduction of the detrimental effect of abiotic stress on root growth and mor-
phology. The inhibitory effect of heavy metals on root growth was accompanied by 
increased activity of SOD, which in roots pre-treated with SNP was signifi cantly 
higher. Some changes in the activity of other antioxidant enzymes, such as POX, 
and catalase were also detected as a consequence of NO. Similar results were found 
for Uchida et al. ( 2002 ) for rice seedling under saline and heat stress. 

 As it is well known, the production of ROS in plants increases under stress conditions 
and causes oxidative damage. Shi et al. ( 2007 ) studied the effects of exogenous SNP on 
both, the ROS metabolism in mitochondria and functions of plasma membrane (PM) 
and tonoplast in cucumber seedlings under saline stress (100 mM NaCl). Saline stress 
induced signifi cant accumulation of H 2 O 2  and led to serious lipid peroxidation in 
cucumber mitochondria. Exogenous application of SNP (50 μM) stimulated ROS-
scavenging enzymes and reduced accumulation of H 2 O 2  in mitochondria of cucumber 
roots.    

    Conclusions and Future Trends 

 Several studies have shown the effect NO on plant metabolism and its application 
has proved to be useful to maintain postharvest quality in fruits and vegetables, 
extend storage life, and reduce the incidence of stress-related injuries. However, 
more research is needed to completely elucidate the metabolic pathways associated 
to its biological activity in plants (Neill et al.  2008 ). Stronger knowledge of the NO 
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metabolism may be a key advantage to broaden its agronomical application, to new 
produce or in different environmental conditions that have yet to be tested, like 
salinity or drought stress. Even though NO is a short-lived molecule that reacts with 
oxygen, it is an extremely active one and the mechanisms by which either NO or its 
donors are participating in NO signaling are also important, and needs further study. 
Another unanswered question is the mechanism by which NO is perceived in cells 
(Neill et al.  2008 ). 

 There is also a remaining need to develop improved and more effi cient methods 
to apply NO when in O 2 -rich atmospheres, since oxidation of NO could post a com-
plication. The need to deplete O 2  from the surrounding atmosphere of the produce 
during fumigation makes diffi cult to implement NO fumigation in some cases, like 
preharvest application in situ, or for longer periods of time when the absence of O 2  
may result in undesired changes in the metabolism of the fruits and vegetables that 
are treated. 

 As in all biological systems (like live fresh fruits and vegetables are), generalization of 
the effects of NO found in a specifi c set of conditions for a produce to a different one, or 
to a different set of conditions, is few and not very accurate. Therefore new studies are 
needed to apply NO to different commodities or in changing growing or storage condi-
tions than those presented in the existing literature. However, as previously mentioned, 
knowledge obtained so far is promising in the advantage of NO application in agriculture 
and food technology to preserve postharvest quality of fresh fruits and vegetables. 

 In the present chapter, NO has been presented as a promising pre and postharvest 
agriculture agent to reduce losses and maintain quality during postharvest storage 
and handling. All this evidence shows that NO might affect different metabolic 
traits leading to the improvement of extension and quality of plant products for 
human consumption. The results reported in the presented studies suggest that 
exogenous application of NO could delay the fruit ripening process and senescence, 
reduced losses due to stress-related injuries, water loss, browning, among others. 

 The utilization of NO in fruits and vegetables production has potential commercial 
value. However, considerable work is still required to demonstrate a cost-effective 
benefi t to specifi c produce and more research is needed to widening its application in 
the fresh produce industry.   
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    Chapter 3   
 Hydrogen Sulfi de       

       A.  E.     Quirós-Sauceda     ,     G.  R.     Velderrain-Rodríguez     ,     M.     Ovando-Martínez     , 
    M.  G.     Goñi     ,     G.  A.     González-Aguilar     , and     J.  F.     Ayala-Zavala    

          Hydrogen Sulfi de General Description 

 Hydrogen sulfi de (H 2 S) is a colorless, fl ammable, extremely hazardous gas with a 
strong odor of “   rotten egg” that can be smelt at levels of 0.02 μl L −1  and higher 
(Fig.  3.1 ) (Lloyd  2006 ; Beauchamp et al.  1984 ). H 2 S toxicity has been substantiated 
for almost 300 years due to its implication in several mass extinctions, including one 
at the end of the Permian period that wiped out more than three-quarters of all spe-
cies on Earth (Kump et al.  2005 ; Erwin  1993 ). However, more recently, H 2 S has been 
added to nitric oxide (NO) and carbon monoxide (CO) as a newly categorized group 
of biologically active gases termed gasotransmitters and gasomediators, due to its 
capacity to control a range of physiological responses in animals (Wang  2003 ; 
Mancardi et al.  2009 ). Many studies have revealed that H 2 S in low concentrations 
can act as a signaling molecule in animals, and participate in various biological pro-
cesses, such as smooth muscle, relaxation, brain development, blood pressure, and 
infl ammation (Chen et al.  2011 ). Therefore, it is reasonable to suspect that this gas 
molecule has a similar role in plants and can affect a range of their physiological 
responses and could be used to control postharvest plant function (Zhang et al.  2010 ).
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   H 2 S is synthesized in mammalian tissues via endogenous enzymes and  by   non-
enzymatic pathways (e.g., reduction of thiols and thiol-containing molecules) (Li 
et al.  2011 ). Moreover, there is evidence that H 2 S in plants is released from cysteine 
via reversible  O -acetylserine (thiol)lyase (OAS-TL) reaction, catalyzed by several 
 L - and  D -cysteine-specifi c desulfhydrase candidates.  L -Cystathionine specifi cally 
metabolized  L -cysteine to produce H 2 S, pyruvate, and ammonium, while 
 D- CYSTATHIONINE  only decomposes  D -cysteine and produces H 2 S (Fig.  3.2 ) (Wirtz 
et al.  2004 ; Chen et al.  2011 ). Although the biochemical properties of the H 2 S make 
it diffi cult to study, this gas can be measured in biological systems using a method 
based on the formation of methylene blue from sulfi de and  N , N -dimethyl-p- 
phenylenediamine in the presence of Fe 3+  and its spectrophotometric detection at 
675 nm (Hancock et al.  2012 ). Also, other methods include the use of gas chroma-
tography which assess the release of H 2 S and the use of fl uorescent probes for the 
gas ( Liu et al. 2011a ; Sasakura et al.  2011 ). Such and other similar assays can be 
applied to detect H 2 S in plants and their environments.

  Fig. 3.1    Hydrogen sulfi de 
chemical structure       

  Fig. 3.2    Hydrogen sulfi de metabolism in plants       
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       Hydrogen Sulfi de in Plants 

 H 2 S is often thought to be a phytotoxin, being harmful to  the   growth and develop-
ment of plants. However, there is accumulating evidence that H 2 S also could act as 
a gaseous regulator in plants. For example, 35 years ago it was found to inhibit 
oxygen release from young seedling of six rice cultivars. Likewise, in some culti-
vars of rice, nutrient uptake was also reduced, while in others it was increased. 
Phosphorous uptake was also inhibited in this plant species (Joshi et al.  1975 ). Also, 
 a   constant fumigation of H 2 S (3000 parts per billion) caused lesions on leaves, defo-
liation, and reduced growth of  Medicago , grapes, lettuce, sugars beets, and pine. 
Interestingly, lower levels of fumigation (100 part per billion) caused a signifi cant 
increase in the growth of  Medicago , lettuce, and sugar beet (Thompson and Kats 
 1978 ). More recently, a study showed that the H 2 S donor NaSH would alleviate the 
osmotic-induced decrease in chlorophyll concentration in sweet potato. Furthermore, 
spraying NaSH increased the activity of the antioxidant enzymes superoxide dis-
mutase, catalase, and ascorbate peroxidase while decreasing the concentration of 
reactive oxygen species (ROS) such as hydrogen peroxide and lipoxygenase (Zhang 
et al.  2009 ). These results clearly suggested that H 2 S can have intracellular effects 
which impinge on cell signaling events in the plant cells. 

 For H 2 S to have an effect on plants cells, it has to be present and in a high enough 
concentration. There are two main sources of H 2 S to which a plant cell may wish to 
respond: from  the   environment or from within (Fig.  3.3 ). The aerial parts and roots 
of plants may be often exposed to atmospheric H 2 S because it is commonly emitted 

  Fig. 3.3    Hydrogen sulfi de sources       
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from many natural and man-made sources. Natural sources of H 2 S include the dis-
charge from volcanoes, coastal marine sediments, or anoxic soils such as found in 
marshland (Aiuppa et al.  2005 ; Hansen et al.  1978 ; Morse et al.  1987 ). Man-made 
sources of this gas are also common, and include waste treatment installations, agri-
cultural industries, and geothermal power plants. It has also been found to be at 
surprisingly high concentrations in some urban environments with car catalytic con-
verters, being suggested as a potential source (Zhang et al.  2008 ; Aneja et al.  2008 ; 
Bacci et al.  2000 ). However, the fact that plants respond to such exogenous 
sources  of   H 2 S does not necessarily indicate that it has a signaling role. Often, the 
responses of the plants are associated to toxic levels of these compounds. After all, 
it is because of its phytotoxic effects at high levels that H 2 S has become well known.

   Some authors reported that to truly be  a   cell signaling molecule, H 2 S must be 
generated by plant cells. Many species of plant have been found to generate H 2 S 
using a light-dependent activity and includes cucumber, squash, pumpkin, soybean, 
and cotton, among other plants (Wilson et al.  1978 ). Intracellular sources of H 2 S 
would include the production by enzymatic mechanisms. As mentioned before, it 
appears that the enzymes responsible for H 2 S in plants are desulfhydrases. A plastid 
located cysteine desulfhydrase has been reported in  Arabidopsis , while others report 
the presence of a similar enzyme in the mitochondria (Léon et al.  2002 ; 
Riemenschneider et al.  2005 ). However, activities of such enzymes are not static 
and have been shown to change after some circumstances, for example, pathogen 
challenge (Bloem et al.  2004 ). This would be expected if the enzymes are to per-
form a role in the creation of a molecule which is to act as a signal. Other enzymes 
have also been proposed as being able to generate H 2 S too, and includes  D -cysteine 
desulfhydrase that produces pyruvate, ammonia, and H 2 S, and an enzyme involved 
in cyanide metabolism, β-cyanoalanine synthase, which converts cysteine and cya-
nide to  β -cyanoalanine and H 2 S (Papenbrock et al.  2007 ; García et al.  2010 ). 

 Bacteria have been shown to generate H 2 S too.    Microorganisms that are invading 
plants, such as pathogenic bacteria, may be able to release H 2 S, which will then 
affect the activities of the plant. Recently, Bloem et al. ( 2012 ) reported that H 2 S 
emissions were assessed in oilseed rape ( Brassica napus  L.) and after fungal infec-
tion with  Sclerotinia sclerotiorum . It was found that infection caused a signifi cant 
rise in H 2 S release, but they also reported that under different conditions, depending 
on the air concentration and the sulfur demand of the plant that H 2 S was sometimes 
taken up and not released. This may suggest that H 2 S is important for sulfur metabo-
lism rather than acting solely as a signal.  

    Hydrogen Sulfi de as Regulator of Plant 
Physiological Processes 

  Plant   physiology is concerned with the fundamental processes of plants, its  survival, 
metabolic activities, water relations, mineral nutrition, development, movement, 
irritability, organization, growth, and transport processes (Nilsen and Orcutt  1996 ). 
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Likewise, a lot of physiological processes of plants are regulated by interactions 
among different plant growth molecules due to plant cells are able to sense and 
respond to a wide range of external and internal signals. Plant regulators are consid-
ered organic compounds, other than nutrients, which in small amounts promote, 
inhibit, or otherwise affect the physiological processes of plants (Moore  1979 ). 

 Although at present there is no direct evidence that H 2 S acts as an endogenous 
regulator or signal molecule in plants, the induction of  L -cysteine desulfhydrase 
upon pathogen attack, emission of H 2 S from plants exposed to SO 2  injury, abiotic 
stress tolerance in plants supplied with endogenous H 2 S donor, and its involvement 
in guard cell signaling and root organogenesis, all suggest that this is indeed the 
case (Hällgren and Fredriksson  1982 ; Bloem et al.  2004 ; García‐Mata and Lamattina 
 2010 ). Moreover, it is now known that H 2 S causes inhibition of photosynthesis at 
high concentrations and that it can decrease the time to germination, but also 
increases the resilience to drought and heavy metal toxicity (Lisjak et al.  2011 ; 
Chen et al.  2011 ; Oren et al.  1979 ; Dooley et al.  2013 ). Recent emerging evidence 
has also suggested a possible signaling role for stomatal apertures, and in promoting 
chloroplast biogenesis (Hancock et al.  2012 ; García-Mata and Lamattina  2010 ; 
Chen et al.  2011 ). In this sense, several  research   groups are now focusing on H 2 S 
and its role as a signal in plants (Table  3.1 ).

      Mediator of Stomatal Movements 

 Stomata are by far the  most   infl uential components in gas exchange and their move-
ments control transpiration. Consequently, stomata are important regulators of plant 
growth and development ( Liu et al. 2011b ). Although previous studies have shown 
stomata respond to a variety of environmental stresses, such as drought, cold, high 
CO 2  concentration, and phytohormone, little is known about the signal transduction 
mechanisms that function in guard cells. The effects of H 2 S as a newly identifi ed 
signal molecule on regulation of stomatal aperture have been recently emerging. 

   Table 3.1    Effects of hydrogen sulfi de in plant physiological processes   

 Positive effects  Negative effects 

 • Increase antioxidant activity of enzymes 
 • Abiotic stress tolerance 
 • Root organogenesis 
 • Resistance to drought and heavy metal 

toxicity 
 • Stomatal aperture 
 • Promote chloroplast biogenesis 
 • Alleviates oxidative damage against 

osmotic stress 
 • Promote seed germination 

 • Leaves’ lesions, defoliation, and reduced 
growth 

 • Decrease chlorophyll concentration 
 • Inhibition of photosynthesis 
 • Decrease germination time 
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 Liu et al. ( 2011b ) reported that H 2 S and NO are involved in the signal transduc-
tion pathway of ethylene-induced stomatal closure, and that in  Arabidopsis , H 2 S 
may represent a novel downstream indicator of NO during ethylene-induced stoma-
tal movement. Other studies have taken advantage of the use of H 2 S donors. The 
most used donor is the compound sodium hydrosulfi de (NaSH) which will dissoci-
ate rapidly to generate a very short burst of H 2 S. However, H 2 S can be relatively 
high if high concentrations of NaSH are used. Lisjak et al. ( 2011 ) showed a H2S- 
mediated stomatal opening in  Arabidopsis . This was seen in plants treated with both 
NaSH, giving a relatively short burst of H 2 S, or with GYY4137 (a forerunner) giv-
ing a longer more prolonged exposure to H 2 S. With leaves which had not been pre- 
opened in the light, the effects of both NaSH and GYY4137 were larger. This work 
was repeated in  Capsicum annuum  and similar opening was induced by the treat-
ment with both H 2 S donors. Other work has shown that stomatal conductance was 
increased by carbonyl sulfi de (COS) and it was suggested that H 2 S mediates this 
effect which produced from COS hydrolysis. However, clearly further work is 
required (Stimler et al.  2010 ). 

 On  the   other hand, García-Mata and Lamattina ( 2010 ) reported a different effect 
of H 2 S on stomatal movements. They found that exogenous H 2 S induces stomatal 
closure and this effect is impaired by (1) the ATP-binding cassette (ABC) trans-
porter inhibitor glibenclamide; (2) scavenging H 2 S or inhibition of the enzyme 
responsible for endogenous H 2 S synthesis partially blocks ABA-dependent stoma-
tal closure; and (3) H 2 S treatment increases relative water content and protects 
plants against drought stress. In conclusion, their results indicate that H 2 S induces 
stomatal closure and participates in ABA-dependent signaling, possibly through the 
regulation of ABC transporters  in   guard cells. Jin et al. ( 2011 ) showed similar 
results, where exogenous H 2 S released by its donors induced stomatal closure in 
 Arabidopsis . Also, Hou et al. ( 2013 ) suggest that the enzyme  D -/ L -cysteine desulf-
hydrase that generated H 2 S is involved in the regulation of ethylene-induced stoma-
tal closure in  Arabidopsis .  

    Regulation of Senescence 

 Plant  senescence   is considered as a highly regulated physiological process that 
leads to plant death (Thomas et al.  2003 ). Accumulating evidence shows that H 2 S 
plays various physiological roles in plants, such as senescence of cut fl owers. Zhang 
et al. ( 2011 ) reported that H 2 S was found to delay fl ower opening and senescence in 
various cut fl owers and branches. Cut explants of these plants were cultured in solu-
tion containing different concentrations of the H 2 S donor, NaHS. H 2 S donor treat-
ment prolonged the vase time of cut fl owers and prevented senescence in a 
dose-dependent manner. Also, they measured the levels of malondialdehyde (MDA) 
as an indicator of oxidative damage to cells and showed that it was inversely related 
to endogenous H 2 S concentration in explants. Flowers that had senesced showed 
higher levels of MDA and lower amounts of H 2 S. Furthermore, NaHS treatment 
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increased the activities of catalase, superoxide dismutase, ascorbate peroxidase, and 
guaiacol peroxidase, and sustained much lower levels of H 2 O 2  and O 2  −  in cut fl ow-
ers. In conclusion, the study implies that H 2 S is involved in improving longevity of 
cut fl owers and functions in activity of antioxidant enzymes in plants. 

 Moreover, H 2 S participation in the regulation of ripening and senescence in post-
harvest fruits remains unknown. A study investigated the effect of H 2 S on posthar-
vest shelf life and antioxidant metabolism in strawberry fruits. Fumigation with H 2 S 
gas released from the H 2 S donor NaHS prolonged postharvest shelf life of  strawberry 
fruits in a dose-dependent manner. Strawberry fruits fumigated with various con-
centrations of H 2 S sustained signifi cantly lower rot index and higher fruit fi rmness, 
and kept lower respiration intensity and polygalacturonase activities than controls. 
Further investigation showed that H 2 S treatment maintained higher activities of 
catalase, guaiacol peroxidase, ascorbate peroxidase, and glutathione reductase and 
lower activities of lipoxygenase relative to untreated controls.  H 2 S   also reduced 
malondialdehyde, hydrogen peroxidase, and superoxide anion to levels below con-
trol fruits during storage. Moreover, H 2 S treatment maintained higher contents of 
reducing sugars, soluble proteins, free amino acid, and endogenous H 2 S in fruits. 
These data indicated that H 2 S plays an antioxidative role in prolonging postharvest 
shelf life and senescence of strawberry fruits (Hu et al.  2012 ).  

    Photosynthetic Response 

 It is well known that  the   increase in photosynthesis can be achieved by enhancing 
the activity  of   ribulose-1, 5-bisphosphate carboxylase (RuBISCO) (Krantev et al. 
 2008 ). Changes in RuBISCO synthesis have been primarily explained by changes in 
transcript abundance of its genes in response to various external and/or internal 
signals (Nishimura et al.  2008 ; Suzuki et al.  2010 ). In addition, the oxidation of 
glycolate to glyoxylate in higher plants is catalyzed by glycolate oxidase, which is 
located in the peroxisomes and performs an essential role in the oxidative photores-
piration cycle accompanying photosynthetic CO 2  assimilation (Zelitch et al.  2009 ). 
Meanwhile, photorespiration also involves a cooperative interaction among 
enzymes localized in chloroplasts, mitochondria, and peroxisomes, and is per-
formed by the glycolate pathway (Yamaguchi and Nishimura  2000 ). A previous 
study showed the effect of H 2 S as a biologically active gas on photosynthesis, it was 
reported that excess sulfi de (1 mM) resulted in inhibition of photosystem II (PSII) 
in cyanobacteria and tobacco chloroplasts (Oren et al.  1979 ) and that a high sulfi de 
concentration (2 mM) depressed the growth and photosynthesis in a mangrove plant 
(Lin and Sternberg  1992 ). However, it is not clear whether a low concentration of 
H 2 S is involved in regulation of photosynthesis in plants. 

 Chen et al. ( 2011 ) used  a   NaHS as a donor of H 2 S to understand further the roles 
of this gas in physiological processes of photosynthesis and grana lamella formation 
in  S. oleracea . The results indicated that photosynthesis, RuBISCO, OAS-TL, and 
 L -cysteine desulfhydrase activities and other photosynthetic characteristics were 
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altered by exogenous application of a low concentration of NaHS. The number of 
grana lamellae stacking into functional chloroplasts was also increased markedly. 
Furthermore, it was demonstrated that seedlings treated with 100 μM NaHS 
increased the expression of RuBISCO genes but signifi cantly decreased the gene 
expression of glycolate oxidase and cytochrome oxidase. They concluded that H 2 S 
acts as a signaling molecule that participates in enhancing photosynthesis and chlo-
roplast development during  S. oleracea  growth. 

 On the other hand, highly  reducing   sediments are prevalent in sea grass environ-
ments. Under anoxic conditions, H 2 S can accumulate as an end product of anaerobic 
respiration at levels which may be toxic to halophytes. The photosynthetic response 
of  Zostera marina  L. (eelgrass) to manipulations in sediment sulfi de concentration 
and light regimes was examined by Goodman et al. ( 1995 ). Sediment sulfi de levels 
were enriched using Na 2 S and lowered using FeSO 4 . Photosynthesis vs. irradiance 
relationships were determined experimentally at ten light levels throughout the 21 
day experiment. Photoadaptation was detected in response to the previous 4-day 
light history of the plants, as maximum photosynthesis decreased in response to 
lower daily light levels. Negative impacts of sulfi de on eelgrass in this study were 
observed, increases in the light intensity at which gross photosynthesis equals res-
piration, and decreases in the initial slope of the photosynthesis-irradiance curve. 
The effects of eutrophication through reduced light and increased sediment sulfi de 
were additive. Elevated sediment sulfi de levels may contribute to sea grass loss in 
stressed areas as the potential for utilization of available light is reduced.   

    Pre- and Postharvest Applications of Hydrogen Sulfi de 

 Due to the abovementioned roles that H 2 S plays in various physiological roles in 
plants, new studies are trying to apply this chemical as a  novel   pre- and postharvest 
technology applied in fresh produce to control their physiological processes. Its 
application in fresh produce could be through H 2 S donors, such as NaHS, or satu-
rated solutions obtained by passing H 2 S gas into carbon dioxide-free water (Zhu 
et al.  2014 ; Li et al.  2012 ). However, both H 2 S application methods obtain similar 
results as it is reported by several studies. For example, Hu et al. ( 2014a ) stated that 
when H 2 S is applied to mulberry fruits using an aqueous solution of NaHS, it could 
result in a decrease in the ripening rate as well as a lowering in the respiration inten-
sity and anthocyanin content. Likewise, Zhu et al. ( 2014 ) applied H 2 S  in   kiwifruits 
by dipping them in gas-saturated water solutions. They found that some antioxidant- 
related enzymes, such as CAT, SOD, APX, and POD signifi cantly increased after 
H 2 S treatment, delaying its senescence. 

 This small gas, along with others such as carbon monoxide (CO) and nitric oxide 
(NO), has been target of novel research projects with the purpose of developing new 
postharvest technologies (Abdollahi et al.  2013 ; Li et al.  2014 ; Fu et al.  2014 ). 
Some of the oldest pesticides, such as calcium polysulfi de, can release H 2 S, espe-
cially when the pesticide solution is acidifi ed (Smilanick and Sorenson  2001 ). The 
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knowledge provided by the elucidation of role of H 2 S in the above mentioned physi-
ological responses “stomatal movements” and “photosynthetic responses,” is essen-
tial to the novel technologies applied to alleviate abiotic types of stress and provide 
tolerance in plants (Shi et al.  2013 ). For example, Zhang et al. ( 2009 ) found that the 
application of NaHS as H 2 S donor can alleviate osmotic stress and prevent chloro-
phyll losses in seedling leaves of sweet potato ( Ipomoea batatas ). However, and 
excessive air exposure to H 2 S (3000 parts per billion) could result in leaves lesions, 
defoliation, and reduced growth of plants (Li et al.  2013 ). Moreover, at  proper  con-
centrations, H 2 S could act as a powerful preharvest technology alleviating even root 
tip death in pea seedlings induced by fl ooding of soils (Cheng et al.  2013 ). 

 On the other hand, H 2 S can also  be   successfully applied as postharvest technol-
ogy to preserve fresh produce. In this context, a recent study suggested that the 
application of aqueous solutions of NaHS (0.5–2.5 mM) releases about 0.05–0.5 
ppm of H 2 S gas in a sealed container, which was enough to prolong the storage of 
pears at 20 °C (Hu et al.  2014b ). Moreover, Zhu et al. ( 2014 ) found that treatments 
with 45 and 90 H 2 S, applied as a saturated aqueous solution, could delay maturation 
and senescence of kiwifruits and maintain higher quality attributes. These results 
suggest that H 2 S could be applied as pre- and postharvest technology to plants and 
their fruits, either if they are climacteric or non-climacteric fruits.  

    Shelf Life Prolongation of Food Products 

 The shelf life of fresh produce is one of the  most   important objectives of food indus-
try and many research groups around the world. In that sense, the application of 
natural compounds as technology to preserve foods has been suggested by several 
authors (González-Aguilar et al.  2010 ; Mastromatteo et al.  2010 ; Juneja et al.  2012 ). 
Applications of H 2 S to fresh produce reduce the damage of ROS by upregulating 
antioxidant enzymes (Zhu et al.  2014 ). According to Hu et al. ( 2012 ), strawberry 
fruits fumigated with H 2 S maintained higher contents of reducing sugars, soluble 
proteins, free amino acids, and endogenous H 2 S due to the antioxidative role in the 
postharvest life of this fruits. The same protective effect was observed by Hu et al. 
( 2014a ) in a study where they applied NaSH as H 2 S donor to mulberry fruits result-
ing in an enhancement of antioxidant enzyme activity. Likewise, Fu et al. ( 2014 ) 
suggested that besides the enhancement in the antioxidant enzyme activity in fruits 
after treatment, H 2 S acts also as an antifungal agent inhibiting the growth of 
 Saccharomyces cerevisiae ,  Rhizopus oryzae ,  Candida albicans , and several food- 
borne bacteria. 

 Hu et al. ( 2014b ) reported  similar   inhibition of pathogens  Aspergillus niger  and 
 Penicillium expansum  in pear fruits after fumigation with H 2 S. These antimicrobial 
and antifungal properties are similar to those reported to NO, which has shown 
growth inhibition of  Aspergillus niger ,  Monilinia fructicola ,  Penicillium italicum , 
and  Rhizopus nigricans  (Manjunatha et al.  2010 ). As both gases have similar chemi-
cal properties, both enhance antioxidant enzyme activity, inhibit pathogens, and 
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also protect fresh produce against chilling injury (Luo et al.  2015 ; Zaharah and 
Singh  2011 ) as well as remarkable benefi ts to the enhancement of fresh produce 
when applied, both could be applied in combination to achieve a cooperative effect 
in the shelf life extension of food products. For example, Chang et al. ( 2014 ) 
observed that there was a greater effect prolonging the postharvest shelf life of 
strawberry fruit combining H 2 S and NO than that effect observed when used sepa-
rately (Fig.  3.4 ).

       Conclusions and Future Trends 

 So far, the role of H 2 S molecules has been underestimated because this was consid-
ered an undesirable phytotoxin which causes deleterious effects on plant growth. 
However, it has been demonstrated through diverse research projects that, in proper 
amounts, H 2 S could perform signaling functions that drive or enhance physiological 
responses in plant tissues. These recent breakthroughs over the truly effects of H 2 S 
are leading to the development of novel technologies to preserve or enhance diverse 
quality attributes in plant tissues, or as well directly over fresh produce prolonging 
its postharvest shelf life storage. Likewise, besides the prevention of spoilage 
microorganism growth, the effect of H 2 S as a signaling molecule triggers a series of 
events that induce and enhance the activity of antioxidant enzymes which may 
result in an added value to the plant tissue of food product treated.

•    The studies about the synergistic effects of H 2 S with other gases or signaling 
molecules are scarce and should be addressed in order to properly understand 
how H 2 S could interact with other natural molecules and its biological effect.  

  Fig. 3.4    Benefi ts of hydrogen sulfi de application to postharvest shelf life of fruits       
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•   There’s a lack of studies that evaluate the effect over fi rmness and color and 
bioactive compound content changes after H 2 S treatments.  

•   Further studies should be addressing the use of H 2 S molecules in emergent tech-
nologies such as MAP or active packaging to prolong shelf life of either climac-
teric or non-climacteric fruits and vegetables.      
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    Chapter 4   
 Salicylic Acid       

       Kalyan     Barman     ,     Swati     Sharma    ,     Pushpa     Kumari    , 
and     Mohammed     Wasim     Siddiqui   

            Introduction 

 Fresh fruits and vegetables are highly perishable after harvest which causes a signifi cant 
loss of the harvested produce. Synthetic chemicals and fungicides are repeatedly used 
for several years to minimize the decay and postharvest loss of fruits and vegetables. 
However, indiscriminate and continuous application of chemicals over the produce and 
its harmful effects on human health and environment lead the scientists to search safe 
compounds that might be helpful in preserving the quality of harvested produce. 
Moreover, repeated application of  synthetic fungicides   may develop pathogen resis-
tance against the synthetic fungicides. 

 Salicylic acid (SA) or monohydroxy benzoic acid belongs to a group of phenolic 
compounds which is present ubiquitously throughout the plant kingdom. It is an 
endogenous signal molecule, involved in regulating a variety of physiological pro-
cesses in plants. SA plays an important role in regulating several  plant developmen-
tal process  es like thermogenesis, photosynthesis, respiration, transpiration, stomatal 
closure, seed germination, cell growth, sex polarization, ion uptake and transport, 
disease resistance, senescence-associated gene expression, and crop yield (Klessig 
and Malamy  1994 ; Clarke et al.  2004 ; Morris et al.  2000 ; Rajou et al.  2006 ; Harper 
and Balke  1981 ; Khan et al.  2003 ). SA is a major component of signal transduction 
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pathway which plays a pivotal role in inducing multiple mode of resistance to plants 
(Asghari and Aghdam  2010 ). SA has also been reported to involve in activating 
local and systemic disease resistance in response to pathogen attack (Enyedl et al. 
 1992 ; Alverez  2000 ). Moreover, it also modulates the response of plant to various 
abiotic stresses like drought, salinity, heat shock, chilling stress, and UV light (Ding 
and Wang  2003 ; Ding et al.  2001 ). During recent years, SA has received particular 
attention in extending shelf life and preserving postharvest quality of fresh horticul-
tural produce due to its anti-ripening, anti-senescence properties and enhancing 
resistance to different biotic and abiotic stresses (Table  4.1 ).  

    Brief History of Salicylic Acid 

  During  fourth   century B.C., women were encouraged to chew leaves of willow plant 
to relieve pain during childbirth (Raskin  1992 ). Despite wide popularity of willow 
leaves and bark as a folk remedy of pain, its medicinal properties were not studied 
until mid-1700 by Reverend Edward Stone in Oxfordshire, England. In the year 
1828, Johann A. Buchner, a German scientist, extracted and purifi ed a small quan-
tity of a yellowish substance, and he called it salicin. Later in 1838 an Italian chem-
ist, Raffaele Piria, split salicin into a sugar and an aromatic compound which could 
be converted to acid and named acide salicylice or salicylic acid (Vlot et al.  2009 ). 
In the year 1859, fi rst chemical synthesis of SA was carried out by Hermann Kolbe 
and his coworkers which led large-scale production of SA for medicinal use. 
However, its unpleasant taste and long-term side effects restricted its wide use. 
Later, an employee of Bayer pharmaceutical company, Felix Hoffmann, identifi ed 
that acetylation of SA yielded a compound which is better tolerated without affect-
ing its desirable qualities. In the year 1899, this acetyl salicylic acid was given the 
trade name of aspirin for its marketing as a pain-killer medicine.   

    Salicylic Acid  Biosynthesis and Metabolism   

  In plants, biosynthesis of SA takes place via two distinct pathways that involve the 
primary metabolite chorismate (Garcion and Métraux  2006 ). In one pathway, 
L-phenylalanine derived from chorismate is converted into SA either via benzoate 
intermediates or from coumaric acid intermediates through a series of enzymatic 
reactions. In another pathway, chorismate is converted to isochorismate by the 
enzyme isochorismate synthase (ICS) which later converted to SA by the enzyme 
isochrismate pyruvate lyase (IPL) (Strawn et al.  2007 ; Verberne et al.  2000 ; 
Wildermuth et al.  2001 ) (Fig.  4.1 ). It has been reported that SA produced from cho-
rismate in chloroplasts is responsible for inducing local and systemic acquired resis-
tance in plants (Wildermuth et al.  2001 ). In the fi rst pathway, L-phenylalanine is 
fi rst converted to cinnamic acid by the enzyme phynylalanine ammonia lyase (PAL). 
Two routes for the conversion of cinnamic acid to SA exist which differ in 
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hydroxylation of aromatic ring. In one route, side chain of cinnamic acid is oxidized 
to form benzoic acid, which later undergoes hydroxylation in  ortho  position to form 
SA. Such biosynthetic pathway of SA has been reported in tobacco (Yalpani et al. 
 1993 ) and rice (Silverman et al.  1995 ). In another pathway, cinnamic acid fi rst 
hydroxylated into  ortho -coumaric acid followed by oxidation of the side chain takes 
place to form SA (Sticher et al.  1997 ). In this, enzyme trans-cinnamate-4- hydroxylate 
catalyzes conversion into SA which was identifi ed in pea seedling (Russell and 
Conn  1967 ),  Quercus pedunculata  (Alibert and Ranjeva  1971 ,  1972 ), and  Melilotus 
alba  (Gestetner and Conn  1974 ). According to earlier studies on tobacco, synthesis 
of SA was reported to occur from free benzoic acid however; later results revealed 
that benzoyl glucose, a conjugated form of benzoic acid, is the precursor of SA 
(Yalpani et al.  1993 ; Chong et al.  2001 ).

    Salicylic acid forms conjugates with different molecules either by glycosylation 
or by esterifi cation (Popova et al.  1997 ). A major portion of SA produced in plants is 
converted into SA  O -β-glucoside (SAG) by the enzyme SA-glucosyltransferase 
(SAGT) which has been found in suspension cultures of  Mallotus japonicus  (Tanaka 
et al.  1990 ) and roots of  Avena sativa  seedlings (Balke and Schulz  1987 ; Yalpani 
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  Fig. 4.1    Biosynthesis pathway and metabolism of salicylic acid. Abbreviations:  PAL  phenylala-
nine ammonia lyase,  ICS  isochorismate synthase,  IPL  isochorismate pyruvate lyase,  BA2H  ben-
zoic acid-2-hydroxylase,  SA  salicylic acid,  SAGT  SA glucosyltransferase,  aa  amino acid,  SAMT  
SA methyltransferase,  SABP   2   SA-binding protein 2,  MES  methyl esterase,  SGE  salicyloyl glucose 
ester,  SAG  SA  O -β-glucoside,  MeSA  methyl salicylate,  MeSAG  methyl salicylate  O -β-glucoside 
(source: Vlot et al.  2009 )       
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et al.  1992 ). In Arabidopsis, two SAGT enzymes have been found: one converts SA 
into SAG while the other forms less abundant SA derivative, salicyloyl glucose ester 
(SGE) (Dean and Delaney  2008 ). Synthesis of SA takes place in the chloroplast 
whereas in tobacco SAGT is present in cytosol (Dean et al.  2005 ; Garcion et al.  2008 ; 
Strawn et al.  2007 ). SAG is transported into vacuole from cytosol, where it remains 
as inactive storage that later converted to SA  (Dean and Mills  2004 ; Dean et al.  2005 ).  

    Role of Salicylic Acid in Postharvest Management 
of Horticultural Crops 

    Effect on Ethylene Biosynthesis 

 Ethylene plays an important role  in   the postharvest physiology of horticultural 
crops by inducing fruit ripening and senescence. During fruit ripening, a series of 
biochemical and physiological changes (Table  4.2 ) take place that initiate the pro-
cesses of senescence. Ethylene is produced from L-methionine that includes the 
intermediates SAM (S-adenosyl methionine) and ACC (1-aminocyclopropane-
1-carboxylic acid) (Fig.  4.2 ). The two enzymes responsible for the conversion of 
SAM to ACC and ACC to ethylene are ACC synthase and ACC oxidase, respec-
tively. SA decreases the ethylene biosynthesis by reducing the activity of ACC 
synthase and/or ACC oxidase enzymes. Exogenous application of SA and its deriv-
ative acetyl salicylic acid (ASA) signifi cantly decreases ethylene production in 
cultured pear cell, apple and pear fruit tissue, mung bean hypocotyl, cell suspen-
sion culture of carrot, and several fruit crops (Babalar et al.  2007 ; Romani et al. 
 1989 ; Leslie and Romani  1988 ). In banana, exogenous application of SA delayed 
ripening of fruit probably through reducing ethylene production (Srivastava and 
Dwivedi  2000 ). Similarly in kiwifruit, postharvest application of acetyl salicylic 
acid (1.0 mmol/L) decreased the endogenous production of ethylene during early 
stages of fruit ripening (Zhang et al.  2003 ). In strawberry fruit, preharvest applica-
tion of SA (2 mmol/L) at three stages of vegetative growth, fruit development 

  Table 4.2    Changes 
associated with fruit ripening 
(source: Wills et al.  2007 )  

 Changes in color 
 Changes in respiration rate 
 Changes in ethylene production rate 
 Softening of fruit due to changes in 
composition of pectic substances 
 Changes in carbohydrate composition 
 Changes in organic acid 
 Changes in protein 
 Production of fl avor volatiles 
 Development of wax on peel 
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stage, and after harvest was found effective in reducing ethylene production. 
However, single application of SA at postharvest stage was found more effective 
than its application at vegetative growth and fruit development stage (Babalar et al. 
 2007 ). Application of SA in other fruits like mango, plum, and sugar apple was 
also reported highly effective in reducing biosynthesis of ethylene (Barman and 
Asrey  2014 ; Luo et al.  2011 ; Mo et al.  2008 ).

        Effect on Fruit Firmness 

 With the onset of ripening,    fi rmness of fruit decreases progressively. During this 
period, activities of cell wall and membrane-degrading enzymes like pectin methyl 
esterase (PME), polygalacturonase (PG), and lipoxygenase (LOX) increase which 
causes faster decrease in fruit fi rmness. Application of SA has been reported to 
reduce ethylene production, thereby reducing the activities of above cell wall and 
membrane-degrading enzymes (Srivastava and Dwivedi  2000 ; Zhang et al.  2003 ). 
A positive correlation between LOX activity and ethylene biosynthesis in fruit 
tissue has been reported by Marcelle ( 1991 ). Postharvest treatment of sweet cherry 
(‘Cristalina’ and ‘Prime Giant’) with salicylic acid (SA) or acetyl salicylic acid 
(ASA) at 1 mM concentration delayed loss of fruit fi rmness during storage under 
cold temperature for 20 days (Valero et al.  2011 ). In banana, 1000 μM SA applica-
tion delayed fruit softening by reducing activities of fruit-softening enzymes, 
namely cellulase, polygalacturonase (PG), and xylanase (Srivastava and Dwivedi 
 2000 ). In another study, immersion treatment of banana fruit in 0.8 mmol L −1  SA 
solution for 4 h was found to be effective in maintaining higher fi rmness (Hui-
gang et al.  2009 ). Barman and Asrey ( 2014 ) reported that mango fruits, when 
treated with SA and stored at 8 °C, maintained signifi cantly higher fi rmness than 
control. The authors mentioned that higher fruit fi rmness in SA-treated fruit was 

  Fig. 4.2    Biosynthesis 
pathway of ethylene       
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attributed to lower activities of PME and PG enzymes than control. Combined 
application of SA with calcium chloride was also found to be effective in increas-
ing fi rmness of kiwifruit during cold storage at 1 °C up to 60 days (Kazemi et al. 
 2011 ). Zhang et al. ( 2003 ) also reported a positive correlation between fruit fi rm-
ness and endogenous free SA content in kiwifruit. In strawberry, application of SA 
(2 mM) in nutrient solution maintained higher fi rmness of fruit than control 
(Shafi ee et al.  2010 ).  

    Effect on Alleviating Chilling Injury 

  Low-temperature storage is an effective and commercial means for extending shelf 
life of horticultural produce. However, fruits and vegetables of tropical and subtropical 
origin are prone to  chilling injury   (CI) while stored at low but nonfreezing tempera-
tures below the critical point. CI causes skin pitting, discoloration of peel and fl esh, 
shriveling and sunken lesions on the peel, uneven ripening, poor color, reduced 
aroma, the development of off-fl avors, and increased susceptibility to fungal or 
bacterial decay (Nair et al.  2003 ; Nair and Singh  2009 ). As a result, market value 
of the fruit is affected negatively and reduces its shelf life. This CI consists of pri-
mary (reversible) and secondary (irreversible) events. In primary event, when 
susceptible produce are exposed to chilling temperatures, it causes phase change of 
membrane lipids from liquid to gel state, production of reactive oxygen species 
(ROS), and dissociation of enzymes and other proteins into their structural subunits 
(Lyons  1973 ; Wills et al.  2007 ). These ROS cause oxidative burst and damage 
sub cellular components including membranes. Later, primary events dispose the 
susceptible tissues to develop secondary events, a cascade of deteriorative reac-
tions, causing electrolyte leakage, impaired metabolic process, cell autolysis, and 
cell death (Parkin et al.  1989 ; Sevillano et al.  2009 ). Treatment of fruit and vegeta-
bles with SA has been reported highly effective in alleviating chilling injury during 
postharvest storage at low temperature. Application of SA induced expression of 
ROS avoidance genes and ROS scavenging genes like SOD, CAT, and APX. As a 
result, it increased antioxidant capacity of cells which subsequently reduced chill-
ing injury (Asghari and Aghdam  2010 ) (Fig.  4.3 ). Moreover, it also induces synthe-
sis and accumulation of heat-shock proteins (HSPs) which confers protection of 
horticultural produce against CI (Tian et al.  2007 ). Wang et al. ( 2006 ) reported that 
SA (1.0 mM) pretreatment of peach fruit alleviated CI during storage at 0 °C for 28 
days. They mentioned that stress tolerance of SA-treated fruit was attributed to 
enhanced antioxidant systems and accumulation of HSPs (HSP101 and HSP73) in 
the cells. SA treatment enhanced activities of reduced-to-oxidized ascorbate ratio 
(AsA/DHAsA), reduced-to-oxidized glutathione ratio (GSH/GSSG), ascorbate 
peroxidase, and glutathione reductase in the fruit compared to control. In pome-
granate, immersion treatment of fruit with 2.0 mM SA reduced CI and electrolyte 
leakage of fruit during low-temperature storage (Sayyari et al.  2009 ). Similar dose 
of SA was also found effective in mango (Barman and Asrey  2014 ). In tomato and 
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cucumber, SA treatment reduced chilling-induced membrane lipid peroxidation 
and accumulation of malondialdehyde (MDA) during storage at 1 °C (Aghdam 
et al.  2012 ; Cao et al.  2009 ). In case of plum, SA treatment reduced CI by increasing 
accumulation of polyamines and reducing electrolyte leakage and MDA 
accumulation  (Luo et al.  2011 ).

        Effect on Reducing Disease Incidence 

  Plants continuously remain exposed to  a   variety of pathogenic attack in the environ-
ment. However, they have several inherent mechanisms to defend themselves from 
these pathogenic microorganisms. One such mechanism involves accumulation of 
large quantities of SA in response to pathogenic attack (Hayat et al.  2010 ). Malamy 
et al. ( 1990 ) reported that large amount of SA was accumulated in the leaves of 
tobacco mosaic virus (TMV)-resistant tobacco cultivar Xanthi when it was inocu-
lated with TMV. Similar increase in endogenous SA was noted in cucumber plant 
upon infection with  Colletotrichum lagenarium ,  Pseudomonas syringae , or tobacco 
necrosis virus (Metraux et al.  1990 ; Rasmussen et al.  1991 ; Smith et al.  1991 ). 
Similar to these fi ndings, exogenous application of SA or its synthetic analogue 

  Fig. 4.3    Induction of chilling tolerance by SA (source: Asghari and Aghdam  2010 )       
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acetyl salicylic acid (ASA) provides tolerance or reduces disease incidence in fruits 
and vegetables against various pathogens during postharvest storage (Malamy and 
Klessig  1992 ). When plants are attacked by the pathogen, it activates some defence 
mechanisms viz. local acquired resistance (LAR) and systemic acquired resistance 
(SAR) against the pathogens (Vlot et al.  2009 ). Initially, defence responses are acti-
vated at the infection site (LAR), which subsequently triggered systemic defence 
response to protect undamaged plant parts from invasion by the pathogen. This 
systemic acquired resistance (SAR) activates specifi c set of  PR  genes which encode 
for proteins with antimicrobial activity (Durrant and Dong  2004 ; Van Loon et al. 
 2006 ). Meena et al. ( 2001 ) reported that SA induced expression of a range of 
defence genes like chitinase, β-1,3-glucanase, and peroxidase. It also increases level 
of SA in plants which decreases expression of ascorbate peroxidase (APX) and 
catalase (CAT) genes that lead to increase in H 2 O 2 , which acts as secondary mes-
senger for activation of LAR and SAR (Fig.  4.4 ) (Klessig and Malamy  1994 ; Tian 
et al.  2007 ). Transgenic plants and mutants in which SA signaling is impaired are 
not capable of developing SAR and do not show activation of  PR  genes upon infec-
tion by pathogens (Durrant and Dong  2004 ; Pieterse et al.  2009 ).

   In mango, Zeng et al. ( 2006 ) reported that treatment of fruit with SA increased 
the activity of β-1,3-glucanase and production of H 2 O 2  and superoxide radicals than 
control after 8 days of storage. In another study, postharvest application of SA 

  Fig. 4.4    Effect of SA on inducing disease resistance (source: Asghari and Aghdam  2010 )       
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(2.0 mM) in mango was found highly effective in reducing disease incidence during 
low-temperature storage at 8 °C for up to 30 days (Barman and Asrey  2014 ). 
Immersion treatment of banana fruit in 0.8 mmol L −1  SA solution for 4 h reduced 
disease incidence (Hui-gang et al.  2009 ). Chan et al. ( 2008 ) reported that SA-induced 
disease resistance against  Penicillium expansum  in sweet cherry fruit depends upon 
maturity stage, the less mature fruit being more resistant to diseases. SA was found 
to induce disease resistance by activating antioxidant proteins like POD, CAT, and 
SOD. Similar response was found when sugar apple fruits were treated with SA 
(Mo et al.  2008 ). Cao et al. ( 2006 ) reported that young pear fruits, when sprayed 
with SA, increased activities of defensive enzymes like chitinase, POD, and PAL. In 
another study, treatment of SA (2.0 mM) induced disease resistance by stimulating 
activities of PPO, PAL, and β-1,3-glucanase in sweet cherry fruit (Qin et al.  2003 ; 
Chan and Tian  2006 ). In fresh-cut Chinese water chestnut, treatment with 2.0 and 
4.0 mM SA completely checked disease development up to 12 days of storage (Peng 
and Jiang  2006 ). In tomato, treatment of fruit with 0.4 mM SA signifi cantly reduced 
decay percentage than control (Pila et al.  2010 ). Preharvest treatment of strawberry 
plants at vegetative stage and fruit development stage followed by postharvest treat-
ment of fruits with 1 and 2 mmol L −1  was found highly effective in reducing fungal 
decay of fruit, in a concentration-dependant manner (Babalar et al.  2007 ). 

 SA has also been reported to enhance biocontrol effi cacy of antagonistic yeast. 
Combined application of 10 μg ml −1  SA with  Cryptococcus laurentii  improved the 
biocontrol effi cacy of yeast against blue mould rot caused by  Penicillium expansum  
on apple in a concentration-dependant manner (Yu and Zheng  2006 ). However, SA 
was less effective at higher or lower concentrations. Similarly in sweet cherry, 
0.5 mM SA reduced the disease incidence of blue mould ( Penicillium expansum ) 
and alternaria rot ( Alternaria alternata ) by enhancing effi cacy of antagonistic yeast 
 R. glutinis   (Qin et al.  2003 ).  

    Effect on Antioxidant Enzymes 

  Stress in plants induces  generation   of reactive oxygen species (ROS) such as super-
oxide radicals (O 2  •− ), hydroxyl radical (OH •− ), hydroperoxyl radical (HO 2  • ), hydro-
gen peroxide (H 2 O 2 ), and singlet oxygen (O 2  • ) which creates oxidative stress in 
plants (Elstner  1982 ; Halliwell and Gutteridge  1988 ; Asada  1994 ; Gille and Singler 
 1995 ; Monk et al.  1989 ; Prasad et al.  1999 ; Panda et al.  2003a ,  b ). These ROS cause 
damage to the biological macromolecules such as lipids, proteins, and nucleic acids, 
thus altering the redox homeostasis (Smirnoff  1993 ; Gille and Singler  1995 ). To 
cope up with this oxidative stress, plant has two types of defence system; one 
includes ROS avoidance genes like alternative oxidase (AOX) while the other 
includes ROS scavenging genes like superoxide dismutase (SOD), catalase (CAT), 
ascorbate/glutathione cycle, glutathione peroxidase system, and thioredoxin system 
(Fig.  4.5 ) (Buchanan et al.  2000 ). Application of SA has been reported to increase 
the antioxidant capacity by inducing expression of AOX. In watermelon, exogenous 
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application of SA (1.0 mmol L −1 ) induced the activity of antioxidant enzymes like 
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), guaia-
col peroxidase (G-POD), and glutathione reductase (GR); however, higher concen-
tration of SA inversely depressed the oxidative enzymes activities (Jing-Hua et al. 
 2008 ). In strawberry, SA enhanced antioxidant capacity of fruit in a concentration- 
dependent manner from 0 to 2 mmol L −1 , the highest concentration being the most 
effective treatment. Consequent application of SA at three different stages, viz. veg-
etative growth stage, fruit development stage, and postharvest stage, also proved 
effective in enhancing total antioxidant capacity of fruit (Asghari and Babalar 
 2009 ). In sweet cherry, postharvest treatment of fruit with SA highly inhibited CAT 
activity; however, it stimulated the activities of SOD and POD. This treatment also 
changed the expression of POD isozymes, indicating that SA directly or indirectly 
activates antioxidant enzymes (Tian et al.  2007 ). In another study, application of 
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salicylic acid (SA) or acetyl salicylic acid (ASA) at 1 mM increased total phenolics, 
anthocyanins, and antioxidant activity of sweet cherry (cv. Cristalina and Prime 
Giant) during their postharvest storage at cold temperature (Valero et al.  2011 ). In 
banana, application of 1000 μM SA reduced activities of CAT and POD in a 
concentration- dependant manner (Srivastava and Dwivedi  2000 ); however, Hui- 
gang et al. ( 2009 ) reported that dipping of banana fruit in 0.8 mmol L −1  SA solution 
for 4 h increased the activities of SOD, CAT, and POD enzymes. In sugar apple 
fruit, SA increased the activities of antioxidant enzymes SOD, POD, CAT, and APX 
during their storage (Mo et al.  2008 ). In vegetables like asparagus and carrot, appli-
cation of SA increased antioxidant activity during postharvest storage (Wei et al. 
 2011 ; Eraslan et al.  2007 ). In cucumber, treatment of fruit with SA (0.5 mM) 
increased activities of SOD, CAT, POD, APX, and PAL during storage under chill-
ing stress condition  (Cao et al.  2009 ).

       Reduce Browning 

  Enzymatic browning   of fruits and vegetables drastically reduces its nutritional value 
and consumer appeal. Browning mainly takes place due to oxidation of phenolic 
compounds by the enzyme polyphenol oxidase (PPO). In plant cells, phenolic com-
pounds are located in the vacuoles, whereas PPO is located in the plastids (Vaughn 
and Duke  1984 ). PPO fi rst catalyzes the hydroxylation of monophenols to colorless 
diphenols, which later converted to brown-colored quinone polymers (Murata et al. 
 1995 ). This reaction takes place in the presence of oxygen. Application of SA has 
been reported to reduce browning incidence in several fruit crops. Dipping of fresh-
cut Chinese water chestnut in solution of SA (4.0 mM) highly inhibited browning of 
fruit by reducing the activities of PPO, POD, and PAL during storage (Peng and 
Jiang  2006 ). The bright red color of litchi fruit pericarp rapidly turns brown after 
harvest within a couple of days, which is a major postharvest problem in litchi. 
Postharvest application of 0.5 % SA by immersion method has been reported highly 
effective in reducing pericarp browning of litchi (Kumar et al.  2013 ). They have 
mentioned that reduced browning of fruit was due to lower PPO activity, weight 
loss, and electrolyte leakage in treated fruits compared to control fruit. Similarly in 
pineapple, preharvest SA spray and/or postharvest SA immersion treatment signifi -
cantly reduced internal browning incidence and intensity by reducing PPO and PAL 
activity, during storage at 10 °C (Lu et al.  2011 ).  

    Effect on Sugars and Total Soluble Solids 

 With the onset of fruit ripening, soluble  sugar   content in the fruit increases by the 
enzyme sucrose phosphate synthase (SPS) (Hubbard et al.  1991 ). This enzyme is 
activated by ethylene that is produced in large quantities with the onset of ripening 
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in climacteric fruit (Langenkamper et al.  1998 ). In tomato, SA treatment reduced 
total soluble solids, total sugars, and reducing and nonreducing sugars, than control. 
They postulated that SA delays the degradation of starch and other polysaccharides 
into water soluble sugars. It also slowed down the respiration and metabolic activi-
ties, and hence retarded changes of carbohydrates to sugars (Pila et al.  2010 ). 
Kiwifruits treated with MeSA 32 ml L −1  contained lower TSS than control during 
postharvest storage at low temperature (Aghdam et al.  2009 ). MeSA reduced ethyl-
ene production rate, thereby reducing activity of SPS enzyme and sucrose synthesis. 
Application of 1000 μM SA reduced activities of invertase and delayed increase in 
reducing sugars and decrease in nonreducing sugars in banana (Srivastava and 
Dwivedi  2000 ). Similarly, in another study, immersion treatment of banana fruit in 
0.8 mmol L −1  SA solution for 4 h delayed conversion of starch to soluble sugars 
(Hui-gang et al.  2009 ). Furthermore, a large amount of polysaccharides are also 
present in the cell wall like pectins and cellulose which are broken down due to the 
activity of cell wall-degrading enzymes. SA was found highly effective in reducing 
activities of cell wall-degrading enzymes, thereby preventing signifi cant increase in 
TSS content (Asghari and Aghdam  2010 ).  

    Effect on  Respiration Rate   

 SA has been found to be effective in reducing respiration rate of fruit and vegeta-
bles. It has been reported that SA induces cyanide resistance respiration in plant 
cells by affecting antioxidant enzyme activity (Raskin et al.  1989 ). The reduction of 
respiration rate by SA is also due to reduced ethylene production and senescence of 
produce after its application. The rate of respiration is related to ethylene production 
and senescence; thus any factor increases the ethylene production also promotes 
increase in respiration rate (Asghari and Aghdam  2010 ). Thus, lower respiration 
rate after SA treatment of fruits and vegetables is mainly due to its negative effects 
on ACC synthase, ACC oxidase, PG, PME, and other antioxidant enzymes that 
decrease ethylene production and action. Moreover, increase in antioxidant activity 
of horticultural produce also suppresses the rate of respiration by reducing oxidative 
stress such as chilling injury. In sugar apple, SA reduced respiration rate by increas-
ing antioxidant enzymes (SOD, POD, CAT, APX) and reducing ethylene production 
rate and superoxide radicals (Mo et al.  2008 ). Treatment of pomegranate fruit with 
ASA and plum with SA reduced respiration rate of fruit by alleviating chilling injury 
during storage at low temperature (Sayyari et al.  2011 ; Luo et al.  2011 ). Srivastava 
and Dwivedi ( 2000 ) reported that SA treatment of banana fruit reduced the rate of 
respiration and delayed the onset of respiratory climacteric than control fruits in a 
concentration- dependant manner.  

4 Salicylic Acid



64

    Conclusion 

 Salicylic acid (SA), a safe phenolic compound, exhibits tremendous potential in reduc-
ing postharvest loss of fresh fruits and vegetables. Exogenous application of SA delays 
fruit ripening and senescence by reducing rate of respiration, ethylene production, and 
maintaining higher fi rmness. It also plays an important role in minimizing disease 
incidence of horticultural produce by inducing local and systemic acquired resistance 
systems against pathogens. Treatment with SA also modulates activities of antioxidant 
enzymes, thereby reducing oxidative stress and inducing crop tolerance to chilling 
injury. Therefore, SA can be effectively used in postharvest management of fresh hor-
ticultural produce as an alternative to harmful synthetic chemicals to enhance shelf life 
and ensure food safety.      
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    Chapter 5   
 Polyamines       

       Praveen     Kumar     Mishra    ,     Mohammed     Wasim     Siddiqui     , and     Sanjay     Sahay   

          Introduction 

 Polyamines (PAs), the new group of plant growth regulators, are positively charged 
nitrogenous compounds derived from amino acids and bound to negatively charged 
cellular components, such as proteins, DNA, and membrane phospholipids. PAs are 
polycations with low molecular weight and are found in all living organisms (Raeisi 
et al.  2013 ). A number of PAs are present in the plants but only three PAs—viz., 
putrescine (a diamine), spermidine (a triamine), and spermine (a tetra-amine)—are 
commercially used in postharvest management of horticultural crops. Putrescine 
(PUT), spermidine (SPD), and spermine (SPM) are the collective forms of PA. Some 
other secondary conjugated products are also found in PA (Malmberg et al.  1998 ). 
PAs are basic amino acids like arginine, ornithine, and lysine, forming a basic car-
bon skeleton, whereas methionine contributes a propylamino group to PUT to form 
SPD and to SPD to form SPM (Bangi  1986 ). The commercially useful PAs can be 
found in every plant part, ranging from approximately micromolar to millimolar, 
together with the enzyme amendable for their metabolism. The amount of PAs and 
enzymes greatly depend on environmental surroundings, especially during stress 
(Galston and Sawhney  1990a ,  b ; Asrey et al.  2008 ). 

 PAs are involved in several biological and physiological processes, such as growth 
and development of plants, including fl owering, fruit ripening, handling abiotic/
biotic stresses, and senescence (Malik and Singh  2004 ; Adam and Murthy  2013 ). 

        P.  K.   Mishra    •    S.   Sahay    
  Department of Horticulture (Fruit and Fruit Technology) ,  Bihar Agricultural University , 
  Sabour, Bhagalpur ,  Bihar   813 210 ,  India     

    M.  W.   Siddiqui      (*) 
  Department of Food Science and Postharvest Technology ,  Bihar Agricultural University , 
  Sabour, Bhagalpur ,  Bihar   813 210 ,  India   
 e-mail: wasim_serene@yahoo.com  

mailto:wasim_serene@yahoo.com


70

Polyamines may act as free-radical scavengers and membrane stabilizers (Wang 
 2010 ). The use of exogenous PAs (SPM, SPD, and PUT) increases postharvest life, 
maintains quality, sustains fruit fi rmness, reduces ethylene synthesis, guards against 
water loss, delays changes of color, soluble solids and titratable acidity, and protects 
fruit against chilling and mechanical injury (Malik et al.  2006 ). This chapter 
 summarizes the available literature on the use and roles of PAs in postharvest 
 management of fruit (Table  5.1 ).

       Occurrence of Polyamines 

 The naturally occurring  PAs   (PUT, SPD, and SPM) are collective compounds origi-
nating in numerous plant bacteria, viruses, and animal tissues (Beer and Kosuge 
 1970 ). They are present in plant systems, either free or in conjugate form and bound 
with phenolic acids as well as other compounds, such as proteins and nucleic acids. 
PAs appear in young tissues and function in cellular multiplication, differentiation 
during organogenesis, fl owering, pollination, and early fruit development (Costa 
et al.  1984 ). They also stimulate  DNA   replication, transcription, and translation and 
are involved in an extensive range of biological processes under several types of 
biotic and abiotic stresses (Tiburcio et al.  1993 ; Galston et al.  1997 ; Bais and 
Ravishankar  2002 ).  

    Sources of Industrial Separation of PAs 

 Polyamines can  be   separated industrially from both plant and microbial sources. In 
the case of plant sources, PAs can be extracted from leaves and stems of corn 
( Zea mays  L.), cucumber ( Cucumis sativus  L.), oat ( Avena sativa  L.), and radish 
( Raphanus sativus  L.), while  Saccharomyces cerevisiae  and  Candida utilis  are the 
important microbial sources of PAs (Asrey et al.  2008 ).  

    Biosynthesis of Polyamines 

 The majority of higher plants synthesize PAs in two different pathways (Fig.  5.1 ). 
The fi rst step  of   synthesis starts from the basic amino acid arginine. Putrescine is 
synthesized purely by two dissimilar pathways, both of them starting from 
arginine.

   In the fi rst pathway, arginine in the presence of the enzyme arginase is converted 
into ornithine, and putrescine is synthesized by the decarboxylation  of   ornithine 
through the enzyme ornithine decarboxylase (ODC). In the second pathway, argi-
nine is transformed into agmatine by the enzyme arginine decarboxylase (ADC); 
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agmatine is converted in to  N -carbamoyl putrescine via agmatine iminohydrolase, 
which is fi nally converted into putrescine via  N -carbamoylputrescine amidohydro-
lase (Alcázar et al.  2006 ). 

 Most plants are also richer in arginine than in ornithine, implying that arginine is 
synthesized. Plants contain both the ADC and the ODC pathways for putrescine 
biosynthesis. ADC is mostly found linked among the thylakoid membranes of chlo-
roplasts and the nucleus (Bortolotti et al.  2004 ), while ODC is confi ned to a small 
area in the cytosol (Borrell et al.  1995 ). The biosynthesis of spermidine, spermine, 
and other polyamines is derived from putrescine (Table  5.2 ).

   Spermidine  is   synthesized by  spermidine synthase (SPDS  ), along with an amino-
propyl group from decarboxylated  S -adenosylmethionine (dcSAM), which is pro-
duced from  S -adenosylmethionine (SAM) in a reaction that is catalyzed by the 
enzyme   S -adenosylmethionine decarboxylase (SAMDC  ). Spermine is synthesized 
from the addition of another aminopropyl group to spermidine by  spermine syn-
thase (SPMS)   (Slocum  1991 ). 

 SAMDC  greatly   affects the biosynthesis of PA and the ripening hormone ethyl-
ene because SAM is a precursor for both (Kumar et al.  1996 ). Putrescine also assists 
in the synthesis of other PAs, and in some plant groups putrescine can be used to 
provoke the synthesis of alkaloids with the help of putrescine  N -methyltransferase 
or catalyzed by diamine oxidase (DAO). The polyamine oxidases (PAOs) are found 
in plants and produce H 2 O 2 . PA oxidases oxidize the secondary amine groups of 
spermidine and spermine (Medda et al.  1995 ), while both the enzymes diamine 
oxidase and polyamine oxidase are closely linked with the cell wall (Slocum  1991 ).  

Arginine

Agmatine

N-carbamoyl putrescineOrnithine

N-(3-aminopropyl)-4-
aminobutanal

SAM dcSAM

4-aminobutanal

Diaminopropane

SpermineThermospermine

Spermidine

Putrescine

anginine decarboxylase

agmatine Iminohydrolase

N-carbamoylputresclne hydrolase

diamine oxidase

polyamine oxidase

polyamine oxidase

spermidine synthase

spermine synthasethermospermine
synthase

S-adenosylmethione decarboxylase

omithine decarboxylase

arginase

  Fig. 5.1    PA  biosynthesis   and breakdown pathway in plants (Hunter and Burritt  2012 )       
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    Types of Polyamines 

 A number of polyamines  are   found in plants. In addition to the most common PAs, 
such PUT, SPD, and SPM, several other PAs have been reported in plant systems, 
including cadaverine; homospermidine; caldopentamine; canavalmine; aminobutyl 
canavalmine; aminopropyl canavalmine; 1,3-diaminopropane; norspermidine (cal-
dine); and norspermine (thermine) (Edreva  1996 ). 

 On the basis of solubility, PAs are available in free and bound forms in the plant. 
Free forms of PAs are soluble in trichloric acid and perchloric acid, while bound 
forms are insoluble in these acids. In the free form, PAs are bound electrostatically 
to negatively charged molecules and conjugated to tiny  molecules   and proteins 
(Martin-Tanguy  1997 ). PAs are most commonly linked to cinnamic acids, and the 
resulting conjugates are called  hydroxycinnamic acid amides (HCAAs)  . PAs like 
PUT, SPD, and SPM are water soluble, whereas neutral HCAAs containing aro-
matic amines such as tyramine, octopamine, and tryptamine are insoluble in water 
(Facchini et al.  2002 ).  

    Time and Method of Application 

 Several preservation technologies have been suggested to enhance the postharvest 
life of fresh horticultural produce. In some cases, producers rely on a substitute 
procedure as well  as   disinfectants with low-residue thresholds, substantial methods, 
controlled atmosphere, and biological controls (Eshel et al.  2009 ). The exogenous 
application polyamines hampers ethylene evolution and delays fruit ripening, offer-
ing enhanced storage life (Perez-Vicente et al.  2002 ; Torrigiani et al.  2004 ). PAs 
work as antisenescents by inhibiting the synthesis of the enzymes necessary for 

   Table 5.2    Summary of the detrimental effects of PAs related to quality   

 Crop  Type of PA  Dose(s) used  Effect(s) on quality  References 

 Plum  PUT  1 mM  Reduced ethylene 
synthesis, maintained fruit 
fi rmness, increased shelf 
life 

 Perez-Vicente et al. 
( 2001 ,  2002 ), Serrano 
et al. ( 2003 ), Khan et al. 
( 2007 ) 

 Kiwi  PUT  1 mM  Enhanced fruit fi rmness 
and shelf life, reduced 
respiration rate, inhibited 
ethylene production 

 Petkou et al. ( 2003 ) 

 Peach  PUT+ 
ultrasound 

 1 mM + 
32 kHz 

 Maintained TSS, prevented 
skin browning 

 Bal ( 2013 ) 

 Apple  PUT  5 × 10 −5  M  Higher TSS  Costa and Bagni ( 1983 ) 
 Litchi  PUT, SPM, 

and SPD 
 1 mM  Enhanced shelf life, 

prevented skin browning 
and ethylene production 

 Jiang and Chen ( 1995 ) 
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ethylene production (Ke and Romani  1988 ). Several studies have noted that exter-
nally applied PAs infl uence fruit quality in terms of fruit fi rmness, weight loss, 
ethylene evolution, total soluble solids (TSSs), and titratable acids (Kumar et al. 
 1996 ; Khosroshahi et al.  2008 ).  

    Effect of PAs on Fruit Quality 

 Quality can be defi ned as produce with high  nutritive   value and good visual appear-
ance and that fulfi lls the organoleptic criteria (Siddiqui  2015 ; Barman et al.  2015 ). 
Quality products attract the consumer and safeguard nutrients. Advanced storage 
technologies, like MA storage (Yahia  1998 ), low temperature storage (Ketsa et al. 
 1999 ), and CA storage (Bender et al.  2000 ), has been studied as ways to lengthen 
the shelf life of fruit but their effects are unpredictable. The exogenous application 
of PAs has been reported to slow down the ripening process and signifi cantly extend 
the shelf life of fruit with better quality. Martinez-Romero et al. ( 2002 ) studied the 
effects of PUT application (1 mM) on apricots ( Prunus armeniaca  L. cv Mauricio), 
which were then mechanically damaged by a 25-N force and then stored at 10°C for 
6 days. The researchers found the PUT-treated fruits, whether damaged or undam-
aged, signifi cantly maintained quality throughout the storage period, displaying 
higher fi rmness, delayed color changes, and reduced weight loss as well as decreased 
ethylene production, respiration rate, and bruising (from the mechanical damage).  

 The preharvest and postharvest PUT application inhibited fruit color  develop-
ment   in mangoes. For the preharvest application, PUT (1 mM) was sprayed on 
mango trees 7 days before harvest; for the postharvest application, fruit was dipped 
in PUT for 6 min. The PUT application enhanced fruit fi rmness and reduced the 
sugar content compared to untreated fruit. A preharvest application of 1 mM was 
effective in delaying fruit ripening at room temperature, whereas a 2-mM applica-
tion enhanced the storage life of ‘Kensington Pride’ mangoes (Malik et al.  2003 ). 
Bhagwan et al. ( 2000 ) and Malik et al. ( 2003 ) also stated that the postharvest PUT 
application conserved sugar in tomatoes ( Lycopersicon esculentum  Mill.) and man-
goes ( Mangifera indica  L.) during storage and maintained overall quality when 
compared with untreated fruit. Serrano et al. ( 2003 ) studied the effect of PUT on 
four plum cultivars (‘Golden Japan’, ‘Black Diamond’, ‘Black Star’, and ‘Santa 
Rosa’) for improving shelf life. They reported that a 1-mM application of PUT 
maintained superior fruit quality during storage,  including   higher fruit and fl esh 
fi rmness, lower soluble solids concentration and titratable acidity, and delayed color 
changes. In addition, higher concentrations of free-form PUT and SPD were also 
observed in PUT-treated plums, which signifi cantly altered the storage life. The 
exogenous application of PAs on mangoes at the fi nal fruit set stage retarded fruit 
skin color development, reduced sugars and TSSs, increased acidity with SPM 
(16.7%) and with PUT (11%) treatment, improved total carotenoids in the pulp 
(49%), and signifi cantly reduced ascorbic acid with SPD (24 %) and PUT (20%) 
treatments (Malik and Singh  2006 ). Malik et al. ( 2006 ) assessed the effect of PAs on 
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mangoes and observed lower concentrations of SPM (0.5 mM) and higher concen-
trations of PUT and SPD (1 mM) were more effective in reducing physiological 
weight loss in mango cv. ‘ Kensington Pride  ’ during storage. Whereas PUT (1 mM) 
was more effective in retarding the development of fruit color. The treated fruit 
showed a lower visual mean fruit color score (2.45) on the fi rst day after storage. 
The average value of TSS was considerably enhanced with PUT treatment but 
decreased with SPM-treated fruits. 

 Prestorage application of polyamines by immersion improves shelf life of pome-
granates. Mirdehghan et al. ( 2007 ) observed that PUT and SPD (1 mM) signifi -
cantly reduced fi rmness during storage, while untreated fruit exhibited softening 
and delayed ripening. Peel color for pomegranates is the most essential quality, 
directly controlling consumer attraction as well as aril development. Barman et al. 
( 2011 ) studied the effects of PUT and carnauba wax pretreatments  on   pomegranate 
cold storage. The maximum hue angle (0.347) reading was observed with PUT (2 
mM) and carnauba wax (1:10). Fruit with a minimum hue angle were deep tan red 
and dull, but those with the maximum hue angle were red and shiny. Increased sol-
uble solids and decreased titratable acidity and total sugars were seen in untreated 
fruit at the end of storage time, but fruit treated with PUT and carnauba wax showed 
increased levels of total sugars and titratable acidity and decreased amounts of sol-
uble solids content. Raeisi et al. ( 2013 ) worked on the improvement of qualitative 
and quantitative attributes of oranges with postharvest PAs application during stor-
age and observed that SPD (1.5 mM) signifi cantly reduced chilling injury and main-
tained TSS, titratable acidity, the fl avor index (TSS/acid ratio), and weight.  

    Effect of PA on Respiration Rate 

 Respiration is  a   continuous process in living systems. Most of the horticultural 
products are living entities even after harvest because they continue physiological 
processes until senescence. Most postharvest losses are caused by respiration, 
 transpiration, and other metabolic activities that convert polysaccharides, or starch, 
into energy in the presence of oxygen (Siddiqui  2015 ). Development of a fungal 
infection, ethylene production, and fruit senescence increase the respiration rate. 
A reduced respiration rate can slow down the softening and increase the fi rmness of 
a fruit as well as improve the quality of the stored products. 

 Putrescine (1 mM)    has been reported to reduce the respiration rate in apricots 
(Perez-Vicente et al.  2002 ; Martinez-Romero et al.  2002 ), pears (Zhao et al.  2007 ), 
plums (Chen and Zhu  2011 ), and kiwi fruits (Petkou et al.  2003 ) during storage. 
Mangoes treated with various levels of PUT or SPD (0.01, 0.5, or 1 mM) showed a 
reduced respiration rate and fruit softening (Malik and Singh  2005 ). PUT and SPD 
(1 mM) are also reported to slow down the respiration rate in pomegranates when 
applied via pressure infi ltration or immersion (Mirdehghan et al.  2007 ). Khan et al. 
( 2008 ) reported that putrescine-treated ‘Angelino’ plums stored at low temperature 
showed delayed respiration rate and improved quality. A PUT plus ultrasound treat-
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ment could also delay the ripening process by inhibiting respiration rate in peaches 
(Bal  2013 ). Barman et al. ( 2011 ) reported that a combined PUT and carnauba wax 
pretreatment signifi cantly reduces respiration rate (15.97 mL CO 2 /kg/h) in pome-
granates during cold storage for 60 days.  

    Effect of PA on Ethylene (C 2 H 4 ) Synthesis 

 Ethylene is a gaseous plant hormone that dramatically infl uences the ripening pro-
cess of fruit  to   obtain good external appearance and excellent aroma and fl avor. The 
high ethylene concentration greatly affects the postharvest life of the fruit and ulti-
mately leads to senescence. The biosynthesis of PA and ethylene is connected to a 
common precursor, SAM, but both the molecules have antagonistic effects during 
fruit ripening and senescence (Pandey et al.  2000 ). Ethylene production is con-
nected with the biosynthesis of aminocyclopropane-1-carboxylic acid (ACC) and is 
enhanced in response to mechanical wounding and pathogen contamination. Fruit is 
divided into two groups on the basis of a climacteric peak and ethylene synthesis 
throughout ripening (Lelievre et al.  1997 ; Siddiqui and Dhua  2010 ). Ethylene bio-
synthesis can be inhibited by aminooxyacetic acid (AOA), aminoethoxyvinylgly-
cine (AVG), and free- radical   scavengers when sprayed at the mature preharvest 
stage. It extends ripening time but does not completely check fruit ripening (Hobson 
et al.  1984 ). Several researchers (Valero et al.  2002 ; Perez-Vicente et al.  2002 ; 
Torrigiani et al.  2004 ; Khosroshahi et al.  2008 ; Davarynejad et al.  2013 ) have 
reported that PAs act as anti-ethylene agents. The preharvest application of putres-
cine (1 mM) to mango cv. ‘Kensington Pride’ has been reported to be more effective 
due to low ethylene synthesis and delayed fruit ripening at ambient storage (Malik 
 2003 ; Malik et al.  2005 ); however, total free PA was increased in both skin and pulp 
tissues at the time of ripening through climacteric peak. The skin a has 55.8% higher 
concentration of PA than does the pulp (Malik and Singh  2004 ). 

 In relation to other PAs, SPM (1 mM) has been reported to be the most effective 
in reducing ethylene production (1.18 nmol/kg/h) in mango cv. ‘ Kensington Pride  ’ 
(Malik et al.  2006 ).  This   means that among the commercially available PAs, only 
SPM is the best for mango shelf life enhancement. The optimum balance between 
polyamines and ethylene can inhibit fruit ripening by checking ethylene synthesis 
(Lee et al.  1997 ; Franco-Mora et al.  2005 ). The PUT (1 mM) treatment under low- 
pressure infi ltration reduces ethylene biosynthesis in apricots (Martinez-Romero 
et al.  2002 ). PUT (2 mM) signifi cantly lowers ethylene production in strawberry cv. 
‘Selva’ throughout the storage period (Khosroshahi et al.  2007 ). Khan et al. ( 2007 ) 
reported that the various concentrations of PUT (1 and 2 mM) signifi cantly reduce 
ethylene synthesis the ‘Angelino’ plums. The reduction of ethylene synthesis under 
PUT treatment shows a logical  biosynthesis   system between ethylene and poly-
amine (Pennazio and Roggero  1990 ). 

 The exogenous application of PUT (1 mM) also inhibits ethylene production in 
kiwi cv. ‘Hayward’. In case of tomatoes, mutant plants produce high levels of PAs 
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and lower levels of ethylene, whereas rising level of PUT at the time of ripening 
also reduces ethylene production in tomato cv. ‘Liberty’ and enhances shelf life 
(Dibble et al.  1988 ; Saftner and Baldi  1990 ; Li et al.  1992 ). The combined pretreat-
ment of PUT and carnauba wax on pomegranates retards the ethylene production 
during cold storage. No ethylene production was seen in pomegranates up to 30 
days of storage for fruit treated with PUT or with PUT plus carnauba wax. Untreated 
fruit and that treated with only carnauba wax showed  ethylene evolution from 30 
days onward Barman et al. ( 2011 ). They also reported no ethylene production was 
seen in pomegranates up to 30 days of storage  for   fruit treated with PUT or with 
PUT plus carnauba wax. Untreated fruit and that treated with only carnauba wax 
showed ethylene evolution from 30 days onward.  

    Effect of PA on Weight Loss 

 Weight loss of fruits  and   vegetables is one of the essential aspects that determine 
produce quality. It occurs as a result of moisture loss during storage and leaves fruits 
shriveled and dry due to high temperature and prolong storage time (Nunes  2008 ). 
PA signifi cantly reduces the weight loss of harvested fruit and vegetables during 
handling and storage. It may be due to several factors such  as   inhibition of respira-
tion rate, ethylene production, and maintaining the PA levels. Martinez-Romero 
et al. ( 2002 ) assessed the effects of PUT (1 mM) on mechanically damaged apricots 
during storage at 10°C for 6 days. PUT signifi cantly reduced weight loss with 
decreased ethylene emission, respiration rate, and bruising zones in both damaged 
and undamaged fruit. Weight loss of peaches was increased with the extending stor-
age period, and the maximum weight loss was observed in ultrasound-treated fruits 
(8.7%), followed by PUT (8.2%). 

 Jawandha et al. ( 2012 ) assessed the effect of putrescine (0.0, 1.0, 2.0, and 3.0 
mmol/L) on storage life and quality of mango cv. ‘Langra’. They found fruit treated 
with PUT (2.0 mmol/L) gained the best quality in terms of low physiological loss in 
weight and spoilage percentage, whereas the maximum physiological loss in weight 
was recorded in untreated mangoes.    The prestorage dip treatment with PA reduced 
weight loss during storage of mango cv. ‘Kensington Pride’ (Malik and Singh 
 2005 ). Malik et al. ( 2006 ) stated that the lower concentrations of SPM (0.5 mM) and 
higher concentrations of PUT and SPD (1 mM) were more effective in reducing 
physiological weight loss against untreated mango cv. ‘Kensington Pride’ during 
storage. 

 Prestorage application  of   polyamines signifi cantly reduced weight loss by 
13–15% in pomegranates and established the most effective treatment, whereas 
untreated fruit had a maximum weight loss of ~17% of their initial weight. In addi-
tion, among PA treatments no signifi cant differences were obtained in weight loss 
after 15, 30, and 45 days of storage (Mirdehghan et al.  2007 ). PUT-treated lemons 
exhibited lower weight loss than untreated fruit during storage (Valero et al.  1998 ). 
Davarynejad et al.  2013  worked on the effect of altered concentration of postharvest 
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putrescine (1, 2, 3, and 4 mM) on quality attributes of two apricot cultivars 
(‘Lasgerdi’ and ‘Shahrodi’)    during storage. The maximum weight loss was found 
in the control group during storage, followed by a 1-mM PUT treatment group; the 
minimum was found in the 4-mM PUT group. The qualities of apricots were main-
tained by the PUT treatment due to its effect on holding up the ripening processes, 
consolidating cell disposition, and delaying the removal of epicuticular waxes, 
which play a vital role in water exchange through the skin, and and subsquently 
PUT reduced the water loss would occur. Khosroshahi et al. ( 2007 ) observed the 
effects of various concentrations of PUT (0.3, 0.5, 1, and 2 mM) on the postharvest 
life of strawberry cv. ‘Selva’ at 5°C. No signifi cant weight loss was observed in 
treated fruits compared to controls and dry treatment at all determination times. 
The combination of PUT (2 mM) with carnauba wax (1:10) has  been   reported to 
signifi cantly lower the weight loss (~10%) in pomegranates, whereas untreated 
fruit had the highest weight loss (~17%) during the 60-day storage period (Barman 
et al.  2011 ). The combined effect of PUT and carnauba wax was more effi cient over 
PUT separately.  

    Effect of PA on Fruit Firmness 

 Firmness is one of  the   quality attributes of fruit that signifi cantly infl uences the mar-
keting and storage of produce. Firmness of the fruit is due to presence of pectic sub-
stances in the cell wall. During the ripening process some enzymatic changes occur, 
resulting in fruit softening. Among all the degrading enzymes, only polygalactu-
ronase (PG) has a major role in fruit softening; other enzymes like  pectin   methyl 
esterase (PME), pectin esterase, and cellulase are also linked with fruit softening 
(Mithcham and Gross  1991 ). The cell wall–softening enzymes were found in some 
fruits like apples, pears, and avocados, and PG is the principle enzyme responsible 
for hydrolytic cleavage (Fischer and Bennett  1991 ) and pectin degradation during 
ripening (Sitrit and Bennett  1998 ).  PAs reduce the softening of fruits by inhibiting 
cell wall–degrading enzymes, such as pectinesterase, pectin methylesterase, and 
polygalacturonase (Valero et al.  2002 ). Postharvest application of PA in fruit has 
been reported to maintain fi rmness. PA is directly responsible for declining ethylene 
synthesis and maintaining fruit fi rmness (Perez- Vicente et al.  2002 ; Torrigiani et al. 
 2004 ). Fruit fi rmness improvement via PA application has also been reported in 
different fruit and vegetable crops, such as apples (Wang et al.  1993 ), strawberries 
(Ponappa et al.  1993 ; Khosroshahi et al.  2007 ), tomatoes (Law et al.  1991 ), peaches 
(Bregoli et al.  2002 ), plums (Serrano et al.  2003 ), pomegranates (Mirdehghan et al. 
 2007 ), citrus (Walheim  2007 ), and apricot cultivars (Martinez-Romero et al.  2002 ; 
Khosroshahi and Ashari  2008 ). 

 The  exogenous   PA application in apples (‘Golden Delicious’ and ‘McIntosh’) 
maintained fi rmness. Apples were treated with the low-pressure infi ltration (82.7 
kPa) method for 4 min with putrescine (1 mM, 10 mM), spermidine (0.25 mM, 1 
mM), and spermine (0.25 mM, 1 mM). After 27 weeks of storage the PA-treated 
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fruit had more fi rmness than the untreated ones, whereas a minimum amount of 
spermidine was found to be more responsive in maintaining fi rmness compared to a 
maximum amount of putrescine (Kramer et al.  1991 ). The putrescine (1 mM) treat-
ment of ‘Hayward’ kiwi fruit resulted in higher fl esh fi rmness. 

 The exogenous PUT (2 mM) application enhanced the storage life of ‘Kensington 
Pride’ mangoes  by   maintaining high fruit fi rmness (Malik and Singh 2003). The 
prestorage dipping treatments of mango cv. ‘Kensington Pride’ with PA reduces 
fruit softness during storage, without a signifi cant decline in ethylene synthesis 
(Malik and Singh  2005 ). Lower concentrations of SPM (0.01 mM) and higher con-
centrations of SPD (0.5 mM) and PUT (1 mM) have been reported to be the most 
effective in reducing softness of mango ( Mangifera indica  L. cv. ‘Kensington 
Pride’). Bal ( 2013 ) reported that the PUT and PUT plus ultrasound treatment 
reduced fruit softening during storage. The highest fi rmness value was recorded in 
PUT plus ultrasound–treated fruit (4.7 kg) and then in PUT-treated fruit (4.2 kg) at 
the fi nish of storage.  

    Effect of PA on Total Soluble Solids 

 Total soluble solids,    principal constituents of all fruit, greatly infl uence their accept-
ability among consumers. They increase with the maturity and help signal the actual 
harvesting stage in most horticultural crops. During the storage period, TSS content 
is continuously increased due to hydrolysis of polysaccharides. 

 The lower concentrations of SPM (0.01 mM), and higher concentrations of 
SPD (0.5 mM) and PUT (1 mM) signifi cantly reduce the TSSs of mangoes (Malik 
et al.  2006 ). PAs play  a   key role regarding maintaining the total soluble solids, 
checking the conversion of starch and various other associated processes during 
storage. Other researchers reported that PUT-treated fruit exhibits lower TSS con-
tent than control groups in low temperature storage (Perez-Vicente et al.  2002 ; 
Serrano et al.  2003 ; Khosroshahi and Ashari  2008 ; Khan et al.  2008 ; Bal  2012 ). 
Bal ( 2013 ) reported that mangoes treated with PUT (1 mM) show lower conver-
sion of TSSs  into   soluble content and maintain TSS levels throughout storage. 
Minimum changes in TSS content were observed by Davarynejad et al. ( 2013 ) in 
putrescine-treated (4 mM) apricots. Mangoes treated with putrescine (2.0 mM) 
retained the best quality in terms of a good blend of total soluble solids during 
storage (Jawandha et al.  2012 ).  

    Effect of PA on Ascorbic Acid 

 Ascorbic acid is  an   essential nutrient that is extremely responsive to degradation due 
to its easier oxidation compared to other nutrients during storage. The reduction in 
ascorbic acid concentration at the time of storage could be due to the conversion of 
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dehydroascorbic acid to diketogulonic acid by oxidation (Ishaq et al.  2009 ). PA 
application may be attributed to delayed ascorbate oxidase activity. Davarynejad 
et al. ( 2013 ) studied on the effect postharvest putrescine application (1, 2, 3, and 4 
mM) on the quality attributes of apricot cv. ‘Lasgerdi’ and ‘Shahrodi’ stored at 4°C 
and 95% relative humidity (RH) for 20 days. The ascorbic acid content decreased 
considerably during storage in both cultivars, however,    the treated fruit showed a 
signifi cant difference in ascorbic acid concentration. The maximum concentration 
of ascorbic acid was found in PUT (4 mM) treatment and the lowest in control fruit 
throughout the storage.  

    Effect of PA on Total Phenolics 

 Total phenolics are the vital bioactive compounds in terms of quality attributes. 
They are  highly   benefi cial to humans by providing resistance against several dis-
eases and strengthening the immune system (Siddiqui et al.  2013 ,  2014 ,  2015 ). 
Phenolics are the secondary metabolites produced by plants; primary products 
include carbohydrate and protein. The total phenolics have been reported to decrease 
quickly during storage, possibly owning to the breakdown of cell structure as part 
of senescence (Ghasemnezhad et al.  2010 ). PAs play crucial roles in maintaining the 
total phenolic content and delaying the senescence process. Davarynejad et al. 
( 2013 ) studied on the effect of various levels of postharvest putrescine on quality 
attributes of apricots during storage at 4°C. Total phenolic content was reduced 
signifi cantly throughout storage in both apricot cultivars (‘Lasgerdi’ and ‘Shahrodi’). 
The maximum level of total phenolics was obtained in 4-mM PUT treatment fol-
lowed by 3-mM PUT and 2-nM PUT treatments. At the start of the  storage   period 
the total phenolics levels were maximum. They were at a minimum at the end of 
storage, irrespective of the treatments; however, maximum retention of total pheno-
lics was observed in PUT-treated fruits.  

    Effect of PA on Antioxidant Activity 

 Secondary  metabolites   like fl avonoids and phenolic acids and ascorbic acid have 
antioxidant capacity, and they are largely produced in horticultural crops. 
Antioxidant activity is an essential nutritional and biological property of the fruit 
and plays vital roles during stress (biotic and abiotic) conditions to protect and 
maintain fruit quality during storage. Fruits and vegetables are rich in antioxidant 
capacity and infl uence the consumer’s health very effectively by providing resistant 
against various diseases. Therefore, it is necessary to maintain antioxidant activity 
of the fruit throughout storage period without hampering fruit quality. 

 When  antioxidant   activity is reduced, the total phenolics and ascorbic acid con-
tents are also reduced, which indicates that the antioxidant activity is closely 
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related to total phenolic and ascorbic acid content (Diaz-Mula et al.  2009 ; 
Ghasemnezhad et al.  2010 ). PAs have been reported to maintain signifi cantly the 
antioxidant capacity during storage. Davarynejad et al. ( 2013 ) reported that the 
application of PUT maintained the antioxidant activity in Iranian apricot ( Prunus 
armeniaca  L.) cultivars (‘Lasgerdi’ and ‘Shahrodi’). They found that the fruit 
treated with 4-mM putrescine had the highest antioxidant activity, whereas 
untreated fruit had the lowest antioxidant activity during storage at 4°C. The 
treated fruit showed a positive correlation between PUT concentrations and anti-
oxidant activity of the fruit due to a higher retention of total phenolics and ascorbic 
acid during storage.  

    Effect of PA on Enzymatic Activity 

 Enzymatic  activities   in harvested fruit are changed more drastically due to the sev-
eral biochemical and metabolic processes. It is more prominent in physiologically 
active fruits due to some stored food materials. PAs and their biosynthetic enzymes 
are widely used in several metabolic processes in plants as well as in animals during 
biotic and abiotic stresses (Kaur et al.  2013 ). Among all common PAs, spermidine 
is more effective for lengthening the storage period and reducing damage of fruit 
(Esna-Ashari and Zokaee-Khosroshahi  2008 ).    PAs, being cationic in nature, can 
easily mix with anionic compounds like nucleic acids, proteins, phospholipids, and 
pectic polysaccharides. PAs also conjugate the various types of enzymes that con-
trol PA activity as well as decrease pectinesterase activity in the fl esh of grapefruit 
(Leiting and Wicker  1997 ; Benavides et al.  2000 ; Tiburcio et al.  1993 ). The level of 
PA in plant cells is controlled by its own biosynthesis, translocation, decomposition, 
and conjugation with several compounds. Moreover, the exogenous application of 
PAs can delay senescence,  decreasing   ADC activity as well as that of other essential 
enzymes responsible for ethylene biosynthesis (Khosroshahi et al.  2007 ; Roberts 
et al.  1986 ; Ke and Romani  1988 ).  

 PAs are produced  from   ornithine, arginine, SAM, and other enzymes involved in 
amino acid decarboxylation (Malmberg et al.  1998 ). PAs maintain membrane stabil-
ity by acting as free-radical scavengers throughout the storage period (Bors et al. 
 1989 ) and can be produced by lipoxygenase (LOX) and phospholipase- D  (PL- D ) 
(Lester  2000 ). The relation between pectin and PAs hamper cell wall–degrading 
enzymes, such as pectinesterase, pectin methyl esterase, and polygalacturonase and 
maintain fruit fi rmness by stabilizing cell walls throughout the storage period 
(Kramer et al.  1991 ; Valero et al.  2002 ). PA greatly infl uences the activity of fruit- 
softening enzymes in mango cv. ‘Kingston Pride’ (Malik et al.  2005 ). 

 The association  between   gene expression and enzymatic activities has been 
reported to be defi cient, which might be corrected by translational or posttranscrip-
tional regulation or both as confi rmed for ADC (Chang et al.  2000 ), ODC (Kwak 
and Lee  2001 ) and SAMDC (Hanfrey et al.  2002 ). However, at the time of storage, 
the PA levels decrease until 6 days after harvest (DAH) followed by a rise at 8 DAH 
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for peaches. In this condition, ethylene production increased over time, peaked at 6 
DAH, and subsequently remained far above the baseline. A sharp loss of fruit fi rm-
ness at 1 DAH might be due to the prompt ethylene production that can infl uence 
the cell wall–modulating enzymes (Bonghi et al.  1998 ). 

 PAs have also been reported to be responsible for stress tolerance at low tem-
peratures in most fruit crops. In case of orange cv. ‘Valencia’ treated with putrescine 
(5 mM) a signifi cantly low level of lipid peroxidation and peroxide hydrogen in peel 
and pulp has been observed under chilling stress. The low temperature interrupts the 
balance of active oxygen species metabolism such as hydrogen peroxide accumula-
tion and demolition of scavenging enzymes such as peroxidise. The activities of 
antioxidant enzymes and chilling tolerance signifi cantly infl uence the storage life of 
the harvested horticultural crops (Mohammadrezakhani and Pakkish  2014 ). PA 
inhibits the transcription,    synthesis, and activity of ACC synthase in tomatoes, and 
reduces ACC and ACC-oxidase activity (Li et al.  1992 ). PA signifi cantly inhibits the 
ethylene biosynthesis in avocados (Winer and Apelbaum  1986 ) and pears (Toumadje 
and Richardson  1988 ) by restricting ACC-synthase activity.  

    Effect of PA on Gene Expression 

 PAs have been found  to   manipulate the gene expression with active participation of 
several biosynthetic enzymes such as ADC, ODC, SAMDC, SPDS, and SPMS. In 
early studies, the SAMDC gene of yeast was transferred into tomato plants, which 
enhanced putrescine levels in transgenic tomatoes at the time ripening, thereby 
increasing the shelf life of the fruit (Mehta et al.  2002 ). Liu et al. ( 2006 ) demon-
strated the role of PA in preharvest and postharvest fruit development to quantify the 
gene coding expression in peach cv. ‘Akatsuki’. In the beginning of the work, 
researchers used reverse transcription polymerase chain reactions (RT-PCRs) with 
degenerate primers to intensify cDNA produced from the RNA of peach fl ower buds 
to get one-sided fragments of the genes encoding PA biosynthetic enzymes like 
ADC, ODC, SAMDC, SPDS, and SPMS. Each and every PCR produced was cloned 
and sequenced. The clones were named  pPpADC  (partial  Prunus persica  ADC), 
 pPpODC ,  pPpSAMDC ,  pPpSPDS,  and  pPpSPMS  under Accession Nos.AB194102, 
AB-194103, AB194104, AB194105, and AB194106, respectively. Among all the 
biosynthetic genes,  pPpODC  expression was near to baseline in postharvest fruit 
and the same as in preharvest fruit. Whereas the expression prototypes of  pPpADC , 
 pPpSAMDC ,  pPpSPDS,  and  pPpSPMS  were decreased 48 DAF at  pit   hardening in 
peaches among all genes. The uppermost expression was found at 2 DAH, and the 
expression subsequently decreased ( pPpADC ,  pPpSAMDC,  and  pPpSPMS ) or 
stayed comparatively constant ( pPpSPDS ) at the end of the experiment. The reduced 
gene expression was unremarkable because PA concentrations decreased, and enzy-
matic activities were not perceived during storage. On the other hand, apart from 
ODC, expression of other genes was comparatively constant, especially for those of 
SAMDC, SPDS, and SPMS. This expression of genes might be a characteristic 
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feature of a stress response rather than a senescence response at the time of peach 
storage. The sequential trends in enzymatic activities did not accurately correspond 
with changes in gene expression patterns. Likewise, Ziosi et al. ( 2003 ) established 
that gene expression patterns of peaches were not simultaneous with enzymatic 
activities but  were   corrected by free polyamine concentrations. The association 
between gene expression and enzymatic activity was defi cient, and it might be cor-
rected by translational or posttranscriptional regulation or both, which was con-
fi rmed for ADC (Chang et al.  2000 ), ODC (Kwak and Lee  2001 ), and SAMDC 
(Hanfrey et al.  2002 ).  

    Effect of PA on Chilling Injury 

 Chilling injury (CI) is one of the abiotic stresses that occur due to extreme low 
temperature.    Particularly, tropical and subtropical fruits are more susceptible to 
low temperatures during storage than are temperate fruits. This is the major draw-
back of postharvest handling of the fruits like mangoes, bananas, and guavas, as a 
comparatively high temperature (11–13°C) is essential during storage (Kader and 
Arpaia  2002 ). PA biosynthesis has been accounted signifi cantly to modify chilling 
injury as well as other stresses (Malik et al.  2003 ). CI is a serious problem during 
storage of subtropical fruits at low temperatures such as 2–5°C (Ritenour et al. 
 2004 ). Low temperature interrupts  the   balance of active oxygen species metabo-
lism, for instance hydrogen peroxide, and is key to their accumulation and the 
demolition of scavenging enzymes such as peroxidases. On the other hand, the 
accumulation of hydrogen peroxide also provokes lipid peroxidation and disturbs 
the membrane structure. The damaging of tissues and the mixing of enzymes and 
substrates greatly affect the fruit fl avor and texture and reduce shelf life and eco-
nomic value due to increasing membrane permeability, lipid peroxidation, and 
hydrogen peroxide content (Lee et al.  2001 ). The activities of antioxidant enzymes 
and the improvement of chilling tolerance are directly associated with each other 
and infl uence the storage life fresh perishables effectively. Oranges are sensitive 
to chilling injury however, a range of 2–7°C is safe for storage (Marcilla et al. 
 2006 ). The chilling injury symptoms come earlier on the peel than in the pulp  in 
  case of oranges due to damage to surface cells and injury stresses to the under-
lying tissues (Hung et al.  2007 ). Application of PAs (spermine, spermidine, and 
putrescine) at various levels (0, 0.5, 1, and 1.5 mM) signifi cantly reduces chilling 
injury in sweet lemons during storage at 3 and 10°C. The PA-treated fruit exhibits 
no CI symptoms at 3°C, while untreated fruit suffer from chilling, which becomes 
visible with brown-spotted skin necrosis after 2 weeks (Amin and Rahemi  2007 ). 
CI increases the cell membrane damage of the organelles, and the production of 
hydrogen peroxide enhances lipid peroxidation, ultimately causing solute leaking. 
A substantial rise in CI might be due to an increase of malondialdehyde (MDA) and 
hydrogen peroxide content.    PAs can prevent CI by maintaining membrane struc-
ture and reducing the gathering of reactive oxygen species (ROS). ROS consist of 
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superoxide radicals (O − ), hydroxyl radicals (OH − ), and hydrogen peroxide (H 2 O 2 ), 
which are formed as byproducts through membrane-related electron transport 
activity and by numerous metabolic pathways (Shah et al.  2001 ). ROS in the mem-
brane are mainly infl uenced by lipid bioconstituents; ROS affect the integrity of 
membrane structure and promote cell death by the main lipid biomolecules, poly-
unsaturated fatty acids (PUFAs) (Esterbauer et al.  1991 ). ROS also alters the redox 
potential of adjoining cells, where it provokes an antioxidative reaction by acting 
as a signal of oxidative stress (Sairam and Srivastava  2000 ). Several substances like 
mannitol, sodium formate, and sodium benzoate, which are synthesized in various 
plant parts, protect plant cells from these free radicals (Shen et al.  1997 ). PUT (5 
mM) treatment has been reported to reduce chilling injury and improve the chilling 
resistance of orange cv. ‘Valencia’ (Mohammadrezakhani and Pakkish  2014 ). The 
polyamines at low temperatures affect antioxidant activities and reduce chilling 
injury in fruits such as apples and may be associated with resistance to chilling 
stress (Yoshikawa et al.  2007 ). 

 Mirdehghan et al. ( 2007 )  observed   the effect prestorage application of poly-
amines by pressure infi ltration, which improves shelf life of pomegranates and 
abates CI browning. They observed untreated fruit to attain the maximum skin 
browning (~55% of browned peel surface), whereas the application of PUT and 
SPD (1 mM) signifi cantly reduced the skin browning (~30%) at the end of storage. 
The increase in skin browning is accompanied by enhanced electrolyte leakage. The 
researchers also reported that the color of the skin was decreased in untreated pome-
granates whereas PA-treated fruit stayed signifi cantly unchanged during storage. 
Seyf et al. ( 2008 ) worked on the application of polyamines and benzyladenine on 
nutritional value during storage of pomegranates and  found   that spermine and sper-
midine induce cold acclimation, maintaining the membrane fl uidity at low tempera-
tures and enhancing the endogenous levels of polyamines; this ultimately results in 
decreased electrolyte leakage and skin browning in treated fruit. 

 Barman et al. ( 2011 ) studied the effect of PUT and carnauba wax pretreatments. 
PUT (2 mM) separately or PUT (2 mM) plus carnauba wax (1:10) appreciably 
reduces CI and  skin   browning in pomegranates during cold storage, whereas 
untreated and carnauba wax–treated fruits possess maximum CI. The PUT plus car-
nauba wax–treated fruits had a 65% reduced incidence of chilling injury in relation 
to control fruit. Raeisi et al. ( 2013 ) reported that increased levels of spermidine 
signifi cantly reduce chilling injury. They found that spermidine (1.5 mM) was the 
most effective treatment for reducing chilling injury on ‘Valencia’ orange var. 
‘Olinda’ during low temperature storage.  

    Effect of PA on Mechanical Damage 

 Mechanical damage or abrasion is an important aspect that signifi cantly affects all 
horticultural  crops   because of their smooth surfaces. It is caused by pressure 
between fruits and machinery at the time of harvesting, packaging, and handling 

P.K. Mishra et al.



85

and in several other ways, such as loading and unloading compression, collision, 
and shaking in normal packing during transportation (Ahmad and Siddiqui  2015 ). 
Fruit bruising is directly associated with intensity of the collision force (Garcia 
et al.  1995 ), and mechanically damaged fruit shows noticeable deterioration of 
mesocarp and endocarp during storage. Some other factors like tissue anatomy, cell- 
to- cell union, cell turgor pressure, and cell wall  force   also contribute to the bruising 
response (Hayes et al.  1994 ; Martinez-Romero et al.  2002 ). Mechanical damage 
varies among fruit, depending on the cultivar’s bruising susceptibility; the methods 
of harvesting, packaging, and shipping; and the storage circumstances. Due to these 
factors, the most important physiological responses that occur in damaged fruits are 
juice leakage, fl esh browning, and weight loss resulting in reduced consumer 
acceptability (Asrey et al.  2008 ). 

 PAs signifi cantly reduce the intensity of mechanical damage by making fruits 
fi rmer, allowing  storage   for relatively longer periods. The exogenous application of 
PA enhances fruit fi rmness with less fruit deformation throughout storage due to 
elevated endogenous levels of PAs and ultimately increased shelf life of apples 
(Kramer et al.  1991 ), peaches, and lemons (Valero et al.  1998 ). Maturity of the fruit 
can also alter the mechanical damage because both immature and more mature fruit 
have reduced storage life, reduced fl avor, and a negative effect on consumers. The 
more mature fruits have signifi cantly reduced shelf life and are more susceptible to 
mechanical damage (Miller  1992 ), whereas the susceptibility to mechanical damage 
can be minimised mature unripe fruits (Vergano et al.  1995 ). Martinez-Romero 
et al. ( 2001 ) reported that apricots treated with PUT (1 mM) via pressure infi ltration 
show better fi rmness retention. In the study, the treatment was given after 24 h, and 
the fruit was mechanically damaged with a 25-N force in three equatorial fruit zones 
and stored at 10°C and 90% RH for 6 days. The PUT-treated fruit had less suscep-
tibility to mechanical damage; moreover, the bruising volume, area, and fruit  defor-
mati  on percentage were lower in putrescine-treated fruit. This is due solely to the 
elevated fi rmness by the subordinate tissue disruption, cellular juice leakage, and 
browning, which could be a result of the enzymatic oxidation of phenolic substrates 
by polyphenoloxidase, which produces quinines in the presence of oxygen. 

 The exogenous application of PUT (1 mM) on mechanically damaged plums sig-
nifi cantly lowers the  fruit   fl esh deformation. an accumulation of both putrescine and 
spermidine (cell-wall conjugated) in treated plums was noted in the initial 2 weeks 
of storage; these elevated levels of bound PAs could be connected to the higher fruit 
fi rmness. Damaged control plums had signifi cantly improved levels of free spermi-
dine during the fi rst 7 days of storage. The occurence of free spermidine might be 
considered a physiological marker category of stress (Perez-Vicente et al.  2001 ). 

 Perez-Vicente et al. ( 2002 ) assessed the effect of exogenous PUT (1 mM) 
 application during the postharvest storage of mechanically damaged (50-N force) 
plum cv. ‘Black Star’ at 10°C to fi nd out the force:deformation ratio and fruit fl esh 
deformation. PUT has been reported to be directly involved in the reduction of 
mechanical damage as well as in the increase in fi rmness of fruit fl esh. The exoge-
nous application of PA has also been reported to reduce mechanical damage for both 
climacteric and nonclimacteric fruit, and it has potential at commercial level to 
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 control the qualitative attributes of harvested fruit, with increased shelf life (Valero 
et al.  2002 ).  Lower levels of ABA have been reported in both damaged and non-
damaged putrescine-treated apricots as compared to control apricots. It might be 
due to the antisenescent properties of PAs in a variety of organ and plant tissues 
(Galston and Sawhney  1987 ). On the other hand, mechanically damaged fruit pro-
duces more ethylene due to bruising injury. The postharvest application of PAs 
inhibits ethylene production in various fruit crops (Martinez-Romero et al.  2004 ).  

    Effect of PA as Antibrowning Agent 

 Skin browning is a major problem in most of harvested fruits and vegetables and 
greatly affects the  storage   life and market value of the produce. Consumers require 
fresh fruits and vegetables that are free from surface blemishes. The exogenous 
application of 1 mM PUT, SPM, and SPD reduces alterations connected with senes-
cence, such as ethylene production, browning, peroxide level, and cell leakage in 
litchis stored at 5°C due to an increased intensity of PA (Jiang and Chen  1995 ). 

 Mechanically damaged fruits are highly susceptible to browning because of sev-
eral enzymatic reactions  and   increased fruit metabolism. PAs play a signifi cant role 
in the reduction of browning during storage of produce. The main physiological 
effects that occur in damaged fruit are an increase in fruit metabolism, leakage of 
juice, fl esh browning, and weight loss (Miller  1992 ). The exogenous application of 
PUT (1 mM) develops resistant in plums to mechanical damage during handling 
and packaging and prevents them from browning at low temperature (Perez-Vicente 
et al.  2002 ). Mirdehghan and Rahemi  2002  observed that the exogenous application 
of PAs on the storage life of pomegranates prevented skin browning of the fruit 
along with a reduced transpiration rate.    Prestorage application of putrescine or sper-
midine either by pressure or by immersion led to signifi cant reduction in the skin 
browning of pomegranates compared to controls (Mirdehghan et al.  2007 ). Bal 
( 2013 ) reported that the browning symptoms fi rst appear in nontreated peaches, 
whereas the fruits treated with PUT (1 mM) alone and in combination with ultra-
sound (32 kHz at 60 W/L for 10 min in 4 L distilled water) show very fewer symp-
toms of leatheriness and browning after 3 weeks of storage. A signifi cant reduction 
in browning has also been reported in oranges treated with PUT (5 mM) and methyl 
jasmonate (MJ) (10 μM) compared to controls up to 4 months of storage 
Mohammadrezakhani and Pakkish ( 2014 ).  

    Effect of PA on Shelf Life 

 PA  signifi cantly   increases the postharvest shelf life by affecting several physiologi-
cal processes during storage and maintaining and improving the quality of fresh 
fruits and vegetables, such as apples (Kramer et al.  1991 ), strawberries (Ponappa 
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et al.  1993 ), plums (Ren et al.  1995 ), peaches (Martinez-Romero et al.  2000 ), and 
mangoes (Malik and Singh 2003,  2005 ). The application of PUT, SPM, and SPD 
(1 mM) enhances the shelf life of litchis by delaying ethylene production, browning, 
and  cell   leakage, and reducing peroxide levels (Jiang and Chen  1995 ). 

 Similarly, Martinez-Romero et al. ( 2002 ) reported that postharvest PUT (1 mM) 
improves the shelf life of nondamaged and intentionally damaged apricots by delay-
ing ethylene emission and respiration rate and decreasing bruising zones caused by 
the mechanical damage.    The exogenous application of PUT (2 mM) enhances the 
shelf life of mango cv. ‘Kensington Pride’ (Malik and Singh 2003). The exogenous 
application of PA has been reported for climacteric and nonclimacteric fruits, reduc-
ing mechanical damage and chilling injury, delaying color changes, and enhancing 
shelf life (Serrano et al.  1996 ; Perez-Vicente et al.  2002 ). 

 The exogenous application of PUT (1 mM) on ‘Hayward’ kiwi fruit was found 
to increase shelf life,    decrease ethylene production, slow down respiration rate, and 
elevate fl esh fi rmness. The exogenous application of PAs lengthened the shelf life 
as well as the quality attributes in pomegranates (Mirdehghan et al.  2007 ), and the 
relationship between ethylene and PAs was found to have a suppressive effect on 
fruit ripening and senescence (Katoh et al.  1987 ). Malik et al.  2006  also reported the 
exogenous application of polyamines improved the shelf life of mangoes without 
having deleterious effects on fruit quality. 

  Consequently   PA treatment has a great potential to check commercial qualita-
tive attributes with improved shelf life of harvested perishable products. PAs and 
ethylene have antagonistic effects on fruit ripening and senescence. Therefore, 
equilibrium between them is necessary to improve storage life and delay the rip-
ening process of fruit. Generally, the PA concentration is reduced at the time of 
tissue senescence with hastened ethylene production (Valero et al.  2002 ; 
Rommero et al.  2007 ) .  The exogenous application of polyamine prolongs shelf 
life and delays senescence of ‘Stark Red Gold’ nectarines by hampering the eth-
ylene production (Torrigiani et al.  2004 ). PA directly effects  ethylene   production 
because of the  common precursor SAM, and it reduces C 2 H 4  production by post-
transcriptional alteration, which inhibits the enzymes of ethylene biosynthesis 
(Pandey et al.  2000 ).  

    Effect of PA on Postharvest Diseases 

 Strawberry (cv. ‘Selva’) treated with PUT (0.3, 0.5, 1, and 2 mM) for 5 min showed 
fewer  fungal   infection symptoms than untreated fruit and the fruit maintained a very 
good appearance when stored at 5°C (Khosroshahi et al.  2007 ). PA metabolism 
signifi cantly distorts and counters the  biotic stress   in plants interacting with fungal 
pathogens. PA conjugated phenolic compounds, and hydroxycinnamic acid amides 
build up in cells due to the interaction between plants and a variety of pathogens 
(Walters  2003 ). All these results indicate that exogenous application of PUT may 
have an antipathogenic effect in strawberries.  Botrytis  (gray mold) is the most 
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important fungus that has been noticed in strawberries and is known to reduce stor-
age life. Other fungi that are capable of infecting strawberries include  Rhizopus , 
 Penicillium,  and  Alternaria . 

 The  distinctive   symptom of husk scald in pomegranates appears as an intense 
brown-black discoloration starting from the blossom end (De Filippi et al.  2006 ), 
which increases and restricts on the skin. The dipping of pomegranates in PA 
 mitigates typical symptoms of chilling injury and reduces the severity of husk scald 
(Mirdehghan et al.  2007 ).  

    Effect of PA on Quality and Other Treatments 

 PAs are used  as   shelf life enhancers of horticultural crops and are applied either 
endogenously or exogenously. They help maintain the freshness of the produce for 
a longer time. Individual PA treatment has a positive response in maintaining pro-
duce quality during storage, but conjugation of PA with other treatments shows 
better effects (Faust and Wang  1993 ). 

 ‘Tommy Atkins’ mangoes treated with UV-C for 20 min had a lower amount of 
PA compared to fruit treated for 10 min.    This could be connected to decay and soft-
ening (Gonzalez-Aguilar et al.  2001 ). Gonzalez-Aguilar et al. ( 2004 ) also reported 
that UV-C exposures for 3–5 min increases putrescine levels and results in higher 
accumulation  of   spermidine and spermine in peaches. These peak levels of PAs are 
due only to the response to the UV-C irradiation, and it could be benefi cial for esca-
lating the resistance of fruit tissue to deterioration and preventing chilling injury. 

 Several other treatments like high temperature stress were found to increase 
putrescine levels and improve physiological disorders in citrus (McDonald  1989 ). 
   Hot water dips increased putrescine absorption and reduced decay and CI symp-
toms in citrus (Gonzalez-Aguilar et al.  1997 ). UV-C treatment through most selected 
doses commonly formed higher levels of free and conjugated polyamines, 
 particularly putrescine, in comparison to fruit without treatments. The exogenous 
application of PUT or SPD either by pressure infi ltration or immersion on pome-
granates at chilling temperatures infl uences the fruit quality during storage. The 
effectiveness of PAs for CI was increased by pressure infi ltration or immersion on 
pomegranates (Mirdehghan et al.  2007 ). 

 Ultrasound is the most recent nonthermal method for increasing shelf life of 
fresh fruit during storage. It is safe, nontoxic, and eco-friendly (Aday et al.  2012 ). 
Ultrasound treatment  in   liquid is used to eradicate bacteria, inactivate viruses, and 
various other microbials that harm the cell wall, thus extending the fruit and vegeta-
ble storage period (Ji et al.  2012 ). It has several benefi cial effects in the processing 
industries, for example cleaning surfaces, drying and fi ltration, microorganism and 
enzyme inactivation, enzyme extraction, protein and antioxidant compounds, cell 
disruption, and heat transfer acceleration (Knorr et al.  2004 ). Ultrasound treatments 
on postharvest life of horticultural crops have been reported to lengthen the shelf 
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life and to sustain quality in strawberries (Cao et al.  2010 ) and litchis (Chen et al. 
 2012 ). The joint effect of PUT and ultrasound treatment controls chilling injury and 
decaying. It can also delay the ripening process by inhibiting respiration rate in 
peaches and can easily be used as an alternative of painstaking postharvest treat-
ments to get better peach quality and storability (Bal  2013 ). 

 Application of polyamines along with benzyladenine maintains the nutritional 
value and increases the shelf life of pomegranates during storage, inducing cold 
acclimation and maintaining membrane fl uidity (Seyf et al.  2008 ). PUT (2 mM) 
individually or jointly with carnauba wax (1:10) signifi cantly retards ethylene pro-
duction and respiration rate; reduces weight loss, chilling injury, and skin browning; 
improves fruit fi rmness; and maintains fruit quality of pomegranates during storage 
(Barman et al.  2011 ). Postharvest application of PUT (5 mM) in combination  with 
  methyl jasmonate (10 μmol) reduces catabolic enzymatic activities and alleviates 
chilling injury in orange cv. ‘Valencia’ (Mohammadrezakhani and Pakkish  2014 ) 
during storage.  

    Conclusion and Future Direction 

 Polyamines are  a   group of plant growth regulators with low molecular polycationic 
nitrogenous compounds that are present everywhere in living systems. It is a col-
lective form of putrescine, spermidine, spermine, cadaverine, homospermidine, 
caldopentamine, canavalmine, norspermidine, and norspermine. The well-known 
polyamines like PUT, SPD, and SPM are present naturally in fruit and respond to 
numerous postharvest processes. The higher endogenous levels of free PAs—
mainly PUT, SPD, and SPM—at the beginning of fruit development might help in 
 cell   division. Moreover, higher level of PAs during ripening helps to increase the 
storage life of fruits. Overall, exogenously PA-treated fruits, vegetables, and some 
fl owers show prolonged shelf life with improved quality. PAs have been reported to 
make a signifi cant contribution in delaying ethylene production and respiration 
rate, reducing physiological weight loss, retarding color changes, inducing mechan-
ical resistance, and maintaining fruit fi rmness and antioxidant capacity as well as 
 enhancing   fruit quality for distant marketing with longer duration. The activated 
oxygen free radicals cause oxidative damage to all membranes and hasten senes-
cence but PAs act as free-radical scavengers and membrane stabilizers. 

 Thus postharvest treatment of fruits with PAs (PUT, SPD, and SPM) is effective 
for delaying the ripening processes and therefore could be used commercially to 
extend the life of fruit with acceptable fruit quality for local and distant markets. 
Some contradictory reports urge further research for better understanding the mech-
anism and postharvest application of PAs among all the horticultural crops at the 
time of ripening and storage to know the  exact   effect of PAs on biosynthesis of 
aroma, volatile compounds, and sensory attributes of climacteric and nonclimac-
teric fruit at the molecular level.   

5 Polyamines



90

     References 

    Adam, S., & Murthy, S. D. S. (2013). Role of polyamines and their effect on photosynthesis in 
plants.  Research Journal of Pharmaceutical, Biological and Chemical Sciences, 4 (3), 
596–605.  

    Aday, M. S., Temizkan, R., Buyukcan, M. B., & Caner, C. (2012). An innovative technique for 
extending shelf life of strawberry: Ultrasound.  LWT-Food Science Technology, 52 , 93–101.  

    Ahmad, M. S., & Siddiqui, M. W. (2015).  Postharvest quality assurance of fruits: Practical 
approaches for developing countries . New York: Springer.  

    Alcázar, R., Marco, F., Cuevas, J. C., Patron, M., Ferrando, A., Carrasco, P., et al. (2006). 
Involvement of polyamines in plant response to abiotic stress.  Biotechnology Letters, 28 , 
1867–1876.  

   Amin, H., & Rahemi, M. (2007). Investigation of effect of polyamines on chilling control in 
lemon.  5th Congress of Iranian for Horticultural Science . Shiraz.  

      Asrey, R., Sasikala, C., Barman, K., & Koley, T. K. (2008). Advances in post harvest treatments of 
fruits—A review.  Annals of Horticulture, 1 (1), 1–10.  

    Bais, H. P., & Ravishankar, G. A. (2002). Role of polyamines in the ontogeny of plants and their 
biotechnological applications.  Plant Cell, Tissue and Organ Culture, 69 , 1–34.  

    Bal, E. (2012). Effect of postharvest putrescine and salicylic acid treatments on cold storage dura-
tion and quality of sweet cherries.  Suleyman Demirel University Journal of the Faculty of 
Agriculture, 7 , 23–31.  

         Bal, E. (2013). Effects of exogenous polyamine and ultrasound treatment to improve peach stor-
ability.  Chilean Journal of Agricultural Research, 73 (4), 435–440.  

    Bangi, N. (1986). The function of metabolism of polyamines in plant.  Acta Horticulturae, 179 , 
95–103.  

    Barman, K., Ahmad, M.S., Siddiqui, M.W. (2015). Factors Affecting the Quality of Fruits and 
Vegetables: Recent Understandings. In: Postharvest Biology and Technology of Horticultural 
Crops: Principles and Practices for Quality Maintenance (Ed. M.W. Siddiqui). Apple Academic 
Press, Inc., New Jersey, USA. pp. 1–50.  

         Barman, K., Asrey, R., & Pal, R. K. (2011). Putrescine and carnauba wax pretreatments alleviate 
chilling injury, enhance shelf life and preserve pomegranate quality during cold storage. 
 Scientia Horticulturae, 130 , 795–800.  

    Beer, S. V., & Kosuge, G. (1970). Spermidine and spermine—Polyamine components of turnip 
yellow mosaic virus.  Virology, 40 , 930–938.  

    Benavides, M. P., Gallego, S. M., Comba, M. E., & Tomaro, M. L. (2000). Relationship between 
polyamines and paraquat toxicity in sunfl ower leaf discs.  Plant Growth Regulation, 31 (3), 
215–224.  

    Bender, R. J., Brecht, J. K., Sargent, S. A., Huber, D. J., Subhadrabandhu, S., & Pichakum, A. 
(2000). Low temperature controlled atmosphere storage for tree-ripe mangoes (Mangifera 
indica L.).  Acta Horticulturae, 509 , 447–458.  

    Bhagwan, A., Reddy, Y. N., & Rao, P. V. (2000). Postharvest application of polyamines to improve 
the shelf-life of tomato fruit.  Indian Journal of Horticulture, 57 , 133–138.  

    Bonghi, C., Ferrarese, L., Ruperti, B., Tonutti, P., & Ramina, A. (1998). Endo-β-1, 4-glucanases 
are involved in peach fruit growth and ripening, and regulated by ethylene.  Physiologia 
Plantarum, 102 , 346–352.  

    Borrell, A., Culianezmacia, F. A., Altabella, T., Besford, R. T., Flores, D., & Tiburcio, A. F. (1995). 
Arginine decarboxylase is localized in chloroplasts.  Plant Physiology, 109 , 771–776.  

    Bors, N., Langebartels, C., Michel, H., & Sanderman, H. J. (1989). Polyamines as radical scaven-
gers and potents against ozone damage.  Phytochemistry, 28 , 1589–1595.  

    Bortolotti, C., Cordeiro, A., Alcazar, R., Borrell, A., Culianez-Macia, F. A., Tiburcio, A. F., et al. 
(2004). Localization of arginine decarboxylase in tobacco plants.  Physiologia Plantarum, 120 , 
84–92.  

P.K. Mishra et al.



91

    Bregoli, A. M., Scaramagli, S., Costa, G., Sabatini, E., Ziosi, V., Biondi, S., et al. (2002). Peach 
( Prunus persica  L.) fruit ripening: Aminoethoxyvinylglycine (AVG) and exogenous poly-
amines affect ethylene emission and fl esh fi rmness.  Physiologia Plantarum, 114 , 472–481.  

    Cao, S., Hu, Z., & Pang, B. (2010). Optimization of postharvest ultrasonic treatment of strawberry 
fruit.  Postharvest Biology and Technology, 55 , 150–153.  

     Chang, K. S., Lee, S. H., Hwang, S. B., & Park, K. Y. (2000). Characterization and translational 
regulation of the arginine decarboxylase gene in carnation ( Dianthus caryophyllus  L.).  The 
Plant Journal, 24 , 45–56.  

    Chen, Y., Jiang, Y., Yang, S., Yang, E., Yang, B., & Prasad, K. N. (2012). Effects of ultrasonic 
treatment on pericarp browning of postharvest litchi fruit.  Journal of Food Biochemistry, 36 , 
613–620.  

    Chen, Z., & Zhu, C. (2011). Combined effects of aqueous chlorine dioxide and ultrasonic treat-
ments on postharvest storage quality of plum fruit ( Prunus salicina  L.).  Postharvest Biology 
and Technology, 61 , 117–123.  

    Costa, G., & Bagni, N. (1983). Effect of polyamines on fruit set of apple.  HortScience, 18 , 59–61.  
    Costa, G., Baraldi, R., & Bagbi, N. (1984). Infl uence of putrescine on fruit-set of apple.  Acta 

Horticulturae, 149 , 189–195.  
          Davarynejad, G., Zarei, M., Ardakani, E., & Nasrabadi, M. E. (2013). Infl uence of putrescine 

application on storability, postharvest quality and antioxidant activity of two Iranian apricot 
( Prunus armeniaca  L.) cultivars.  Notulae Scientia Biologicae, 5 (2), 212–219.  

    De Filippi, B. G., Whitaker, B. D., Hess-Pierce, B. M., & Kader, A. A. (2006). Development and 
control of scald on wonderful pomegranates during long-term storage.  Postharvest Biology and 
Technology, 41 , 234–243.  

    Diaz-Mula, H. M., Zapata, P. J., Guillen, F., Martínez-Romero, D., Cas-tillo, S., Serrano, M., et al. 
(2009). Changes in hydrophilic and lipophilic antioxidant activity and related bioactive com-
pounds during postharvest storage of yellow and purple plum cultivars.  Postharvest Biology 
and Technology, 51 , 354–363.  

    Dibble, A. R. G., Davies, P. J., & Mutschler, M. A. (1988). Polyamine content of long-keeping 
Alcobaca tomato fruit.  Plant Physiology, 86 , 338–340.  

    Edreva, A. (1996). Polyamines in plants: Review.  Bulgarian Journal of Plant Physiology, 22 (1–2), 
73–101.  

    Eshel, D., Regev, R., Orenstein, J., Droby, S., & Gan-Mor, S. (2009). Combining physical, chemi-
cal and biological methods for synergistic control of postharvest diseases: A case study of 
Black Root Rot of carrot.  Postharvest Biology and Technology, 54 , 48–52.  

    Esna-Ashari, M., & Zokaee-Khosroshahi, M. (2008).  Polyamines and horticultural science  
(p. 293). Hamedan: Publication of Bu-ali Sina University.  

    Esterbauer, H., Schaur, J. R., & Zollner, H. (1991). Chemistry and biochemistry of 4- hydroxynonenal, 
malondialdehyde and related aldehydes.  Free Radical Biology and Medicine, 11 , 81–128.  

    Facchini, P. J., Hagel, J., & Zulak, K. G. (2002). Hydroxycinnamic acid amide metabolism: 
Physiology and biochemistry.  Canadian Journal of Botany, 80 , 577–589.  

    Faust, M., & Wang, S. Y. (1993). Polyamines in horticultural important plants.  Horticultural 
Review, 14 , 333–356.  

    Fischer, R. L., & Bennett, A. B. (1991). Role of cell wall hydrolysis in fruit ripening.  Plant 
Molecular Biology, 42 , 675–703.  

    Franco-Mora, O., Tanabe, K., Itai, A., Tamura, F., & Itamura, H. (2005). Relationship between 
endogenous free polyamine content and ethylene evolution during fruit growth and ripening of 
Japanese pear ( Pyrus pyrifolia  Nakai).  Journal of the Japanese Society for Horticultural 
Science, 74 , 221–227.  

    Galston, A. W., & Sawhney, R. K. (1987). Polyamines and senescence in plants. In W. W. Thomson, 
E. A. Nothnagel, & R. C. Huffaker (Eds.),  Plant senescence: Its biochemistry and physiology  
(pp. 167–181). Rockville, MD: American Society of Plant Physiologists.  

    Galston, A. W., & Sawhney, R. K. (1990a). Polyamines in plant physiology.  Plant Physiology, 94 , 
606–610.  

5 Polyamines



92

    Galston, A. W., & Sawhney, R. K. (1990b). Polyamine and plant physiology.  Plant Physiology, 94 , 
406–410.  

    Galston, A. W., Sawhney, R. K., Altabella, T., & Tiburcio, A. F. (1997). Plant polyamines in repro-
ductive activity and response to abiotic stress.  Botanica Acta, 110 , 197–207.  

    Garcia, J. L., Rufz-Altisent, M., & Barreiro, P. (1995). Factors infl uencing mechanical properties 
and bruise susceptibility of apples and pears.  Journal of Agricultural Engineering and 
Research, 61 , 11–18.  

      Ghasemnezhad, M., Shiri, M. A., & Sanavi, M. (2010). Effect of chitosan coatings on some quality 
indices of apricot (Prunus armeniaca L.) during cold storage.  Caspian Journal of Environmental 
Sciences, 8 (1), 2533.  

    Gonzalez-Aguilar, G. A., Wang, C. Y., Buta, J. G., & Krizek, D. T. (2001). Use of UV-C irradiation 
to prevent decay and maintain postharvest quality of ripe ‘Tommy Atkins’ mangoes. 
 International Journal of Food Science and Technology, 36 , 767–773.  

    Gonzalez-Aguilar, G., Wang, C. Y., & Buta, G. J. (2004). UV-C irradiation reduces breakdown and 
chilling injury of peaches during cold storage.  Journal of the Science of Food and Agriculture, 
84 , 415–422.  

    Gonzalez-Aguilar, G. A., Zacaras, L., Mulas, M., & Lafu-ente, M. T. (1997). Temperature and 
duration of water dips infl uence chilling injury, decay and polyamine content in ‘Fortune’ 
mandarins.  Postharvest Biology and Technology, 12 , 61–69.  

     Hanfrey, C., Franceschetti, M., Mayer, M. J., Illingworth, C., & Michael, A. J. (2002). Abrogation 
of upstream open reading frame-mediated translational control of a plant  S -adenosylmethionine 
decarboxylase results in polyamine disruption and growth perturbations.  The Journal of 
Biological Chemistry, 277 , 44131–44139.  

    Hayes, J. A., Blaikie, F. H., Downs, C. G., & Sealey, D. F. (1994). Textural and physiological 
changes during ripening.  Scientia Horticulturae, 58 , 1–15.  

    Hobson, G. E., Nichol, S. R., Davies, J. N., & Atkey, P. T. (1984). The inhibition of tomato fruit 
ripening by silver.  Journal of Plant Physiology, 116 , 21–29.  

    Hung, S. H., Wang, C. C., Ivanov, S. V., Alexieva, V., & Yu, C. W. (2007). Repetition of hydrogen 
peroxide treatment induces a chilling tolerance comparable to cold acclimation in mung bean. 
 Journal of the American Society for Horticultural Science, 132 (6), 770–776.  

    Hunter, D. C., & Burritt, D. J. (2012). Polyamines of plant origin - An important dietary consider-
ation for human health. In: Venketeshwer R, editor. Phytochemicals as nutraceuticals - Global 
approaches to their role in nutrition and health. Rijeka, Croatia: InTech. pp. 225–244.  

    Ishaq, S., Rathore, H. A., Majeed, S., Awan, S., & Zulfi qar-Ali-Shah, S. (2009). The studies on the 
physico-chemical and organoleptic characteristics of apricot (Prunus armeniaca L.) produced 
in Rawalakot, Azad Jammu and Kashmir during storage.  Pakistan Journal of Nutrition, 8 (6), 
856–860.  

      Jawandha, S. K., Gill, M. S., Singh, N. P., Gill, P. P. S., & Singh, N. (2012). Effect of post-harvest 
treatments of putrescine on storage of Mango cv. Langra.  African Journal of Agricultural 
Research, 7 (48), 6432–6436.  

    Ji, L., Pang, J., Li, S., Xiong, B., & Cai, L. G. (2012). Application of new physical storage technol-
ogy in fruit and vegetable industry.  African Journal of Biotechnology, 11 , 6718–6722.  

      Jiang, Y. M., & Chen, F. (1995). A study on polyamine change and browning of fruit during cold 
storage of litchi (Litchi chinensis Sonn).  Postharvest Biology and Technology, 5 , 245–250.  

    Kader, A. A., & Arpaia, M. L. (2002). Postharvest handling systems: Subtropical fruit. In A. Kader 
(Ed.),  Postharvest technology of horticultural crops  (pp. 233–240). Oakland, CA: Regents of 
the University of California, DNAR.  

    Katoh, Y., Hasegawa, T., Suzuki, T., & Fujji, T. (1987). Effect of 1-aminocyclopropane 1- carboxylic 
acid production on the changes in the polyamine levels in Hiproly barley callus after auxin 
withdrawal.  Agricultural and Biological Chemistry, 51 , 2457–2463.  

    Kaur, B., Jawandha, S. K., Singh, H., & Thakur, A. (2013). Effect of putrescine and calcium on 
colour changes of stored peach fruits.  International Journal of Agriculture, Environment & 
Biotechnology, 6 (2), 301–304.  

P.K. Mishra et al.



93

     Ke, D., & Romani, R. J. (1988). Effects of spermidine on ethylene production and the senescence 
of suspension-cultured pear fruit cells.  Plant Physiology and Biochemistry, 26 , 109–116.  

    Ketsa, S., Chidtragool, S., Klein, J. D., & Lurie, S. (1999). Firmness, pectin components and cell 
wall hydrolases of mango fruit following low-temperature stress.  The Journal of Horticultural 
Science and Biotechnology, 74 , 685–689.  

     Khan, A. S., Singh, Z., Abbasi, N. A., & Swinny, E. E. (2008). Pre or post-harvest applications of 
putrescine and low temperature storage affect fruit ripening and quality of ‘Angelino’ plum. 
 Journal of the Science of Food and Agriculture, 88 , 1686–1695.  

     Khan, A. S., Singh, Z., & Abbasi, N. A. (2007). Pre-storage putrescine application suppresses 
ethylene biosynthesis and retards fruit softening during low temperature storage in ‘Angelino’ 
plum.  Postharvest Biology and Technology, 46 , 36–46.  

     Khosroshahi, M. R. Z., & Ashari, E. M. (2008). Effect of putrescine application on post-harvest 
life and physiology of strawberry, apricot, peach and sweet cherry fruits.  Journal of Science 
and Technology of Agriculture and Natural Resources, 45 , 219–230.  

     Khosroshahi, M. R. Z., Ashari, E. M., & Fattahi, M. (2008). Effect of exogenous putrescine on 
postharvest of sweet cherry fruit, cultivar ‘Surati-e Hamedan’.  Journal of Applied Horticulture, 
10 , 154–157.  

         Khosroshahi, M. R. Z., Esna-Ashari, M., & Ershadi, A. (2007). Effect of exogenous putrescine on 
post-harvest life of strawberry (Fragaria ananassa Duch.) fruit, cultivar Selva.  Scientia 
Horticulturae, 114 , 27–32.  

    Knorr, D., Zenker, M., Heinz, V., & Lee, D. (2004). Applications and potential of ultrasonics in 
food processing.  Trends in Food Science and Technology, 15 , 261–266.  

       Kramer, G. F., Wang, C. Y., & Conway, W. S. (1991). Inhibition of softening by polyamine appli-
cation in ‘Golden Delicious’ and ‘Mcintosh’ apples.  Journal of the American Society for 
Horicultural Science, 116 (5), 813–817.  

     Kumar, A., Taylor, M. A., Arif, S. A., & Davies, H. V. (1996). Potato plants expressing antisense 
and sense SAMDC transgenes show altered levels of polyamines and ethylene: Antisense 
plants display abnormal phenotypes.  The Plant Journal, 9 , 147–158.  

     Kwak, S. H., & Lee, S. H. (2001). The regulation of ornithine decarboxylase gene expression by 
sucrose and small upstream open reading frame in tomato ( Lycopersicon esculentum  Mill). 
 Plant and Cell Physiology, 42 , 314–323.  

    Law, D. M., Davies, P. J., & Mutschler, M. A. (1991). Polyamine-induced prolongation of storage 
in tomato fruits.  Plant Growth Regulation, 10 , 283–290.  

    Lee, D. H., Kim, Y. S., & Lee, C. B. (2001). The inductive response of the antioxidant enzymes by 
salt stress in the rice ( Oryza sativa  L.).  Journal of Plant Physiology, 158 , 737–745.  

    Lee, M. M., Lee, S. H., & Park, K. Y. (1997). Effects of spermine on ethylene biosynthesis in cut 
carnation ( Dianthus caryophyllus  L.) during senescence.  Journal of Plant Physiology, 151 , 
68–73.  

    Leiting, V. A., & Wicker, L. (1997). Inorganic cations and polyamines moderate pectinesterase 
activity.  Journal of Food Science, 62 (2), 253–255.  

    Lelievre, J. M., Latche, A., Jones, B., Bouzayen, M., & Pech, J. C. (1997). Ethylene and fruit ripen-
ing.  Physiologia Plantarum, 101 , 727–739.  

    Lester, G. E. (2000). Polyamines and their cellular anti-senescence properties in honey dew musk-
melon fruit.  Plant Science, 160 , 105–112.  

     Li, N., Parsons, B. L., Liu, D., & Mattoo, A. K. (1992). Accumulation of wound inducible ACC 
synthase transcript in tomato fruits is inhibited by salicylic acid and polyamines.  Plant 
Molecular Biology, 48 , 477–487.  

    Liu, J., Nada, K., Pang, X., Honda, C., Kitashiba, H., & Moriguchi, T. (2006). Role of polyamines 
in peach fruit development and storage.  Tree Physiology, 26 , 791–798.  

  Maharaj, R. (1995).  The effect of ultraviolet radiation (UV-C) on the postharvest storage behav-
iour of tomato (Lycopersicon esculentum Mill, cv. Capello) . PhD dissertation. University 
Laval, Quebec, Canada.  

5 Polyamines



94

    Malik, A. U. (2003).  Fruitlet abscission and fruit ripening of mango in relation to polyamines . 
PhD thesis, Curtin University of Technology, Perth Western Australia.  

     Malik, A. U., & Singh, Z. (2004). Endogenous free polyamines of mangos in relation to develop-
ment and ripening.  Journal of the American Society for Horticultural Science, 129 (3), 
280–286.  

       Malik, A. U., & Singh, Z. (2005). Pre-storage application of polyamines improves shelf-life and 
fruit quality of mango.  Journal of Horticultural Science and Biotechnology, 80 , 363–369.  

    Malik, A. U., & Singh, Z. (2006). Improved fruit retention, yield and fruit quality in mango with 
exogenous application of polyamines.  Scientia Horticulturae, 110 , 167–174.  

      Malik, A. U., Singh, Z., & Dhaliwal, S. S. (2003). Exogenous application of putrescine affects 
mango fruit quality and shelf life.  Acta Horticulturae, 628 , 121–127.  

      Malik, A. U., Singh, Z., & Khan, A. S. (2005). Role of polyamines in fruit development, ripening, 
chilling injury, storage and quality of mango and other fruits: A review. In A. U. Malik et al. 
(Eds.),  Proceedings: International Conference on Mango and Date Palm: Culture and Export  
(pp. 181–187). Faisalabad: University of Agriculture.  

          Malik, A. U., Tan, S. C., & Singh, Z. (2006). Exogenous application of polyamines improves shelf 
life and fruit quality of mango.  Acta Horticulturae, 699 , 291–296.  

     Malmberg, R. L., Watson, M. B., Galloway, G. L., Yu, W., & Yu, W. (1998). Molecular genetics 
analyses of plant polyamines.  Critical Reviews in Plant Sciences, 17 , 199–224.  

    Marcilla, A., Zarzo, M., & Rio, M. A. (2006). Effect of storage temperature on the fl avour of citrus 
fruit.  Spanish Journal of Agricultural Research, 4 (4), 336–344.  

           Martinez-Romero, D., Serrano, M., Carbonell, A., Burgos, L., Riquelme, F., & Valero, D. (2002). 
Effects of postharvest putrescine treatment on extending shelf life and reducing mechanical 
damage in apricot.  Journal of Food Science, 67 (5), 1706–1712.  

    Martinez-Romero, D., Serrano, M., Carbonell, A., Castillo, S., Riquelme, F., & Valero, D. (2004). 
Mechanical damage during fruit post-harvest handling: Technical and physiological implica-
tions. In R. Dris & S. M. Jain (Eds.),  Production practises and quality assessment of food crops  
(Quality handling and evaluation, Vol. 3, pp. 233–252). Dordrecht: Kluwer Academic Publishers.  

    Martinez-Romero, D., Valero, D., Riquelme, F., Zuzunaga, F., Serrano, F., Burlo, F., & Carbonell, 
A. (2001). Infi ltration of putrescine into apricots helps handling and storage.  Acta Horticulturae , 
189–192.  

    Martinez-Romero, D., Valero, D., Serrano, M., Burlo, F., Carbonell, A., Burgos, L., et al. (2000). 
Exogenous polyamines and gibberellic acid effects on peach (Prunus persica L) storability 
improvement.  Journal of Food Science, 65 , 288–294.  

    Martin-Tanguy, J. (1997). Conjugated polyamines and reproductive development: Biochemical, 
molecular and physiological approaches.  Physiologia Plantarum, 100 , 675–688.  

    McDonald, R. E. (1989). Temperature conditioning affects polyamines of lemon fruits stored at 
chilling temperatures.  HortScience, 24 , 475–477.  

    Medda, R., Padiglia, A., & Floris, G. (1995). Plant copper-amine oxidases.  Phytochemistry, 39 , 
1–9.  

    Mehta, R. A., Cassol, T., Li, N., Ali, N., Handa, A. K., & Mattoo, A. K. (2002). Engineered poly-
amine accumulation in tomato enhances phytonutrient content, juice quality and vine life. 
 Nature Biotechnology, 20 , 613–618.  

     Miller, A. R. (1992). Physiology, biochemistry and detection of bruising (mechanical stress) in 
fruits and vegetables.  Postharvest News and Information, 3 , 53–58.  

     Mirdehghan, S. H., & Rahemi, M. (2002). Reduction of chilling injury in the pomegranate ( Punica 
granatum ) fruit by intermittent warming.  Iranian Journal of Agricultural Science, 33 (1), 75–80.  

             Mirdehghan, S. H., Rahemi, M., Castillo, S., Martinez, R. D., Serrano, M., & Valero, D. (2007). 
Pre-storage application of polyamines by pressure or immersion improves shelf life of pome-
granate stored at chilling temperature by increasing endogenous polyamine levels.  Postharvest 
Biology and Technology, 44 , 26–33.  

    Mithcham, E. J., & Gross, K. C. (1991). Ripening and cell wall synthesis in normal and mutant 
tomato fruit.  Phytochemistry, 30 , 1777–1780.  

        Mohammadrezakhani, S., & Pakkish, Z. (2014). Chilling injury induces lipid peroxidation and 
alters the hydrogen peroxide content in peel and pulp of “Valencia” orange fruit under low 
temperature storage conditions.  Acta Advances in Agricultural Sciences, 2 (5), 10–26.  

P.K. Mishra et al.



95

   Nunes, M. C. N. (2008). Color atlas of postharvest quality of fruits and vegetables. In M. C. 
N. Nunes (Ed.), (463 p.). Wiley-Blackwell Publishing, Ames, IA, USA  

     Pandey, S., Ranade, S. A., Nagar, P. K., & Kumar, N. (2000). Role of polyamines and ethylene as 
modulators of plant senescence.  Journal of Biosciences, 25 (3), 291–299.  

    Pennazio, S., & Roggero, P. (1990). Exogenous polyamines stimulate ethylene synthesis by soy-
bean leaf tissue.  Annals of Botany, 65 , 45–50.  

     Perez-Vicente, A., Martínez-Romero, D., Carbonell, A., Burlo, F., Serrano, M., Valero, D., et al. 
(2001). Role of exogenous putrescine on the metabolism of conjugated polyamines in mechan-
ically damaged plum during storage.  Acta Horticulturae, 553 , 193–194.  

             Perez-Vicente, A., Martínez-Romero, D., Carbonell, A., Serrano, M., Riquelme, F., & Guillen, F. 
(2002). Role of polyamines in extending shelf life and the reduction of mechanical damage 
during plum ( Prunus salicina  Lindl.) storage.  Postharvest Biology and Technology, 25 , 25–32.  

     Petkou, I., Pritsa, T., & Sfakiotakis, E. (2003). Effect of dipping and pressure infi ltration of putres-
cine on the propylene induced autocatalytic ethylene production and ripening of ‘Hayward’ 
kiwi fruit.  Acta Horticulturae, 610 , 261–266.  

     Ponappa, T., Scheerens, J. C., & Miller, A. R. (1993). Vacuum infi ltration of polyamines increases 
fi rmness of strawberry slices under various storage conditions.  Journal of Food Science, 58 (2), 
361–364.  

       Raeisi, M., Samani, R. B., & Honarvar, M. (2013). Application of exogenous spermidine treatment 
for reducing of chilling on fruit quality and quantity of Valencia orange var. olinda.  International 
Journal of Farming and Allied Sciences, 2 (S), 1292–1297.  

    Ren, X., Ma, F., Wang, F., Ren, X. L., Ma, F. W., & Wang, F. (1995). Effect of spermidine on eth-
ylene and respiration of plum.  Plant Physiology Communications, 31 , 186–188.  

   Ritenour, M. A., Dou, H., & McCollum, G. T. (2003). Chilling injury of grapefruit and its control. 
Horticultural Science Department, Florida Cooperative Extension Service, Institute of Food and 
Agricultural Sciences, University of Florida.   https://edis.ifas.ufl .edu/pdffi les/HS/HS19100.pdf    .  

    Roberts, D. R., Dumbroff, E. B., & Thompson, J. E. (1986). Exogenous polyamines alter mem-
brane fl uidity in bean leaves—A basis for potential misinterpretation of their physiological 
role.  Planta, 167 , 395–401.  

    Rommero, D. M., Bailen, G., Serrano, M., Guillen, F., Valverdi, J. M., Zapata, P., et al. (2007). 
Tools to maintain postharvest fruit and vegetable quality through the inhibition of ethylene 
action: A review.  Critical Reviews in Food Science and Nutrition, 47 , 543–560.  

    Saftner, R. A., & Baldi, B. G. (1990). Polyamine levels and tomato fruit development: Possible 
interaction with ethylene.  Plant Physiology, 92 , 547–550.  

    Sairam, R. K., & Srivastava, G. C. (2000). Induction of oxidative stress and antioxidant activity by 
hydrogen peroxide treatment in tolerant and susceptible wheat genotypes.  Biologia Plantarum, 
43 , 381–386.  

    Serrano, M., Martinez-Madrid, M. C., Martinez, G., Riquelme, F., Pretel, M. T., & Romojaro, F. 
(1996). Review: Role of polyamines in chilling injury of fruit and vegetables.  Food Science 
and Technology International, 2 , 195–199.  

       Serrano, M., Martinez-Romero, D., Guillen, F., & Valero, D. (2003). Effects of exogenous putres-
cine on improving shelf life of four plum cultivar.  Postharvest Biology and Technology, 30 , 
259–271.  

    Seyf, S. N., Abotalebi, A., & Zakerin, A. (2008). Investigation of effect of polyamine and ben-
zyladenine on maintenance of nutritional properties of pomegranate (Punica granatum L.) dur-
ing storage period.  18th National Congress on Food Technology , Mashhad.  

    Shah, K., Kumar, R. G., Verma, S., & Dubey, R. S. (2001). Effect of cadmium on lipid peroxida-
tion, superoxide anion generation and activities of antioxidant enzymes in growing rice seed-
lings.  Plant Science, 161 , 1135–1144.  

    Shen, B., Jenson, R. G., & Bohnert, H. J. (1997). Mannitol protects against oxidation by hydroxyl 
radicals.  Plant Physiology, 115 , 527–532.  

     Siddiqui, M. W. (2015).  Postharvest biology and technology of horticultural crops: Principles and 
practices for quality maintenance  (p. 572). Boca Raton, FL, USA: CRC Press.  

5 Polyamines

https://edis.ifas.ufl.edu/pdffiles/HS/HS19100.pdf


96

    Siddiqui, M. W., Ayala-Zavala, J. F., & Dhua, R. S. (2015). Genotypic variation in tomatoes affect-
ing processing and antioxidant attributes.  Critical Reviews in Food Science and Nutrition, 
55 (13), 1819–1835. doi:  10.1080/10408398.2012.710278    .  

    Siddiqui, M. W., Chakraborty, I., Mishra, P., & Hazra, P. (2014). Bioactive attributes of tomatoes 
possessing dg, ogc, and rin genes.  Food & Function, 5 , 936–943. doi:  10.1039/c3fo60520e    .  

    Siddiqui, M. W., & Dhua, R. S. (2010). Eating artifi cially ripened fruits is harmful.  Current 
Science, 99 (12), 1664–1668.  

    Siddiqui, M. W., Momin, C. M., Acharya, P., Kabir, J., Debnath, M. K., & Dhua, R. S. (2013). 
Dynamics of changes in bioactive molecules and antioxidant potential of Capsicum chinense 
Jacq. cv. Habanero at nine maturity stages.  Acta Physiologiae Plantarum, 35 (4), 1141–1148. 
doi:  10.1007/s11738-012-1152-2    .  

    Sitrit, Y., & Bennett, A. B. (1998). Regulation of tomato fruit polygalacturonase mRNA accumula-
tion by ethylene: A re-examination.  Plant Physiology, 116 , 1145–1150.  

     Slocum, R. D. (1991). Polyamine biosynthesis in plants. In H. E. Flores & R. D. Slocum (Eds.), 
 Biochemistry and Physiology of Polyamines in Plants  (pp. 23–40). Boca Raton: CRC Press.  

   Smith, T. A. (1985). Polyamines.  Annual Review of Plant Physiology, 36 , 117–143.  
     Tiburcio, A. F., Campos, J. L., Figueras, X., & Besford, R. T. (1993). Recent advances in the 

understanding of polyamine functions during plant development.  Plant Growth Regulation, 12 , 
331–340.  

       Torrigiani, P., Bregoli, A. M., Ziosi, V., Scaramagli, S., Ciriaci, T., & Rasori, A. (2004). Pre- 
harvest polyamine and aminoethoxyvinylglycine (AVG) applications modulate fruit ripening 
in Stark Red Gold nectarines ( Prunus persica  L. Batsch).  Postharvest Biology and Technology, 
33 , 293–308.  

    Toumadje, A., & Richardson, D. G. (1988). Endogenouse polyamine concentrations during devel-
opment, storage and ripening of pear fruits.  Phytochemistry, 27 , 335–338.  

     Valero, D., Martinez, D., Riquelme, F., & Serrano, M. (1998). Polyamine response to external 
mechanical brushing in two mandarin cultivars.  HortScience, 33 (7), 120–1223.  

        Valero, D., Martinez-Romero, D., & Serrano, M. (2002). The role of polyamines in the improve-
ment of the shelf life of fruit.  Trends in Food Science & Technology, 13 (6–7), 228–234.  

    Vergano, P. J., Testin, R. F., Newall, J. R. W. C., & Trezza, T. (1995). Damage loss cost for peach 
impact bruising.  Journal of Food Quality, 18 , 265–278.  

   Walheim, L. (2007).  Citrus: Complete guide to selecting & growing more than 100 varieties for 
California, Arizona Texas, the Gulf Coast and Florida  (p. 160). Translator: Daneshgar, K. pub-
lication of Marze Danesh.  

    Walters, D. R. (2003). Polyamines and plant disease.  Phytochemistry, 64 , 97–107.  
   Wang, C. Y. (2010). Alleviation of chilling injury in tropical and subtropical fruits. In M. Souza & 

R. Drew (Eds.),  IIIrd IS on Trop. and Subtrop. Fruits. Acta Hort  (p. 864).  
    Wang, C. Y., Conway, W. S., Abbott, J. A., Kramer, G. F., & Sams, C. E. (1993). Postharvest infi l-

tration of polyamines and calcium infl uences ethylene production and texture changes in 
‘Golden Delicious’ apples.  Journal of the American Society for Horticultural Science, 118 , 
801–806.  

    Winer, L., & Apelbaum, A. (1986). Involvement of polyamines in the development and ripening of 
avocado fruits.  Journal of Plant Physiology, 126 , 223–233.  

    Yahia, E. M. (1998). Modifi ed and controlled atmospheres for tropical fruits.  Horticultural 
Reviews, 22 , 123–183.  

    Yoshikawa, H., Honda, C., & Konda, S. (2007). Effect of low-temperature stress on abscisic acid, 
jasmonates, and polyamine in apples.  Plant Growth Regulation, 52 , 199–206.  

    Zhao, Y., Feng, Z., & Li, X. (2007). Effect of ultrasonic and MA packaging method on quality and 
some physiological changes of fragrant pear.  Journal of Xinjiang Agricultural University, 30 , 
61–63.  

    Ziosi, V., Scaramagli, S., Bregoli, A. M., Biondi, S., & Torrigiani, P. (2003). Peach ( Prunus persica  
L.) fruit growth and ripening: Transcript levels and activity of polyamine biosynthetic enzymes 
in the mesocarp.  Journal of Plant Physiology, 160 , 1109–1115.    

P.K. Mishra et al.

http://dx.doi.org/10.1080/10408398.2012.710278
http://dx.doi.org/10.1039/c3fo60520e
http://dx.doi.org/10.1007/s11738-012-1152-2


97© Springer International Publishing Switzerland 2016 
M.W. Siddiqui et al. (eds.), Postharvest Management Approaches for 
Maintaining Quality of Fresh Produce, DOI 10.1007/978-3-319-23582-0_6

    Chapter 6   
 Methyl Jasmonate       

       Shiping     Tian      and     Zhanquan     Zhang   

         Methyl jasmonate (MeJA) (Fig.  6.1 ), the derivative of Jasmonic acid (JA), has been 
found to occur naturally in a wide range of higher plants. The  biosynthesis   of MeJA 
starts with linolenic acid and proceeds through a number of stages involving lipoxi-
dation, cyclization, and β-oxidation (Creelman and Mullet  1997 ). MeJA has been 
considered as an elicitor or signaling agent involved in many physiological and 
biochemical processes and widely used in the fi eld of postharvest preservation of 
fruits and vegetables (Aghdam and Bodbodak  2013 ). According to the recent 
reports, the positive effects of MeJA include the following: (1) inducing the resis-
tance of fruits against fungal pathogens; (2) inducing the resistance of fruits to low 
temperature stress; (3) keeping the quality of harvested fruits; (4) improving the 
biocontrol effi ciency of antagonistic yeasts; (5) holding direct antimicrobial activity 
against some fungal pathogens.
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      MeJA Induces the Resistance of Fruits Against Fungal 
Pathogens 

 Horticultural crops often encounter various pathogens in postharvest storage peri-
ods.  Postharvest diseases   are usually controlled by the application of synthetic fun-
gicides. However, due to problems related to the toxicity of fungicide, development 
of fungicide resistance by pathogens, and potential harmful effects on the environ-
ment and human health, alternatives to synthetic chemicals have been proposed. 
Defense responses to the attack of pathogens enable the horticultural crops to sur-
vive. Resistance responses refer to traits that inhibit or limit attack, while tolerance 
mechanisms reduce or offset consequences for disease damage. Induction of dis-
ease resistance in  horticultural crops   is a vital strategy to reduce damage of diseases, 
because it uses the defense mechanisms of the plant itself and has a broad-spectrum 
disease resistance (Tian and Chan  2004 ; Walters et al.  2005 ). The agents that are 
usually used to induce disease resistance include biotic (antagonistic yeasts) and 
abiotic factors (physical treatments: V-radiation, hot water brushing, UV-C light; 
chemical compounds: borate, silicon; hormone regulators: salicylic acid, jasmonic 
acid, methyl jasmonate, brassinosteroid) and so on (Han et al.  2006 ; Li et al.  2012 ; 
Meng et al.  2010 ; Zhu et al.  2010 ). MeJA is considered as a pivotal compound in the 
 defense response   of plant against pathogen infection. Several lines of evidence sug-
gested that MeJA holds the ability to induce the disease resistance in various fruits 
(Yao and Tian  2005a ). MeJA accumulates in wounded plants and in plants or cell 
cultures treated with elicitors of pathogen defense (Creelman et al.  1992 ). Exogenous 
MeJA has been reported to reduce postharvest decay and induce disease resistance 
to multiple pathogens in various horticultural crops (Buta and Moline  1998 ; Droby 
et al.  1999 ; Ding et al.  2002 ; González-Aguilar et al.  2003 ; Guo et al.  2014 ). Pre- 
and postharvest treatment of sweet cherry fruit with MeJA effectively inhibited  the 
  postharvest disease, but the effect of preharvest treatment was better than that of the 
postharvest treatment (Yao and Tian  2005a ). Treating the peach fruit with 
200 μmol L −1  MeJA alone or combined with antagonistic yeast signifi cantly inhibits 
brown rot and blue mould caused by  Monilinia fructicola  and  Penicillium expansum  
(Yao and Tian  2005b ). In recent times, we investigated the effect of exogenous 
MeJA on gray mould rot caused by  Botrytis cinerea  in tomato fruit and its possible 
mechanism (Zhu and Tian  2012 ). We found that MeJA at a concentration of 10 mM 
effectively inhibited lesion diameter of gray mould rot in tomato fruit, and proved 

  Fig. 6.1    Chemical 
structure of methyl 
jasmonate       
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that resistant response of MeJA-treated tomato fruit to  B. cinerea  was attributed to 
an accumulation of H 2 O 2 , concomitant with enhanced Cu-Zn superoxide dismutase 
(Cu-Zn SOD) gene expression and decreased catalase (CAT) transcript level during 
the  early stage   of storage (Fig.  6.2 ). Our results indicated that mechanisms involved 
in the induction of the fruit resistance to  B. cinerea  might be related to reactive 
oxygen species (ROS) metabolism.

   The modes of the action of MeJA to induce disease resistance are summarized in 
Fig.  6.3 . First defense response against pathogens induced by MeJA was promoting 
the capacities of antioxidant defenses and alleviating oxidative stress. It has been 
reported that fungal pathogen infection causes oxidative stress by inducing the gen-
eration and accumulation of ROS in plants, such as H 2 O 2  and O 2  −  (Campo et al. 
 2004 ).  ROS   leads to oxidative damages by oxidizing nucleic acids, proteins, lipids, 
or carbohydrates, affecting the integrity of cell membranes and inactivating key cel-
lular functions (Tian et al.  2013 ). The constitutive levels of antioxidant defenses 
may be insuffi cient to control the oxidative burst. Therefore, activation of antioxi-
dant strategies is necessary for the maintenance of cell redox homeostasis. 
Accumulating studies have reported that the mechanisms involved in the induction 
of the disease resistance might be associated with elicitation of antioxidative reac-
tion which controls the homeostatic levels of ROS. Reported that MeJA suppressed 
fungal decay and prolonged postharvest life of strawberries by increasing antioxi-
dant capacity. Our results proved that MeJA signifi cantly induced the activity of 
 peroxidase   (POD) in sweet cherry and peach fruit (Yao and Tian  2005a ,  b ), stimu-
lated catalase (CAT) and ascorbate peroxidase (APX) gene expression, and enhanced 
ascorbate (ASC) and glutathione (GSH) content, which is benefi cial for scavenging 
excess ROS and alleviating oxidative damage of proteins (Zhu and Tian  2012 ).

   Another mechanism involved in the MeJA-induced disease resistance might be 
the expression of  pathogenesis-related (PR) proteins  . Jin et al. ( 2009 ) reported that 
MeJA was effective in reducing decay and might enhance disease resistance in 
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  Fig. 6.2    Effect of MeJA on gray mould incidence and lesion diameter in tomato fruit and semi- 
quantitative RT-PCR analysis for the gene expression of  CAT2 ,  Cu - Zn SOD ,  APX , and  GR  in  B. 
cinerea  inoculated tomato fruit treated with or without MeJA       
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peach fruit by increasing activities of defense enzymes, including chitinase, β-1,3- 
glucanase (GLU), phenylalanine ammonia-lyase (PAL), and polyphenol oxidase 
(PPO). Wang et al. ( 2009 ) pointed out that MeJA at 10 μmol L −1  was effective in 
reducing fruit decay of Chinese bayberries by the induction of PAL activity. Ding 
et al. ( 2002 ) considered that low concentrations of (0.01 mM) methyl jasmonate 
decreased the incidence of decay during low temperature storage of tomato fruit, 
increased the accumulation of PR-2b transcripts encoding intracellular GLU, and 
enhanced the mRNA levels of PR-2a and PR-3b encoding extracellular GLU and 
intracellular chitinase (CHI). However, the  defense responses   induced by MeJA 
against postharvest pathogens varied from different organisms. Wang et al. ( 2015 ) 
proposed that MeJA triggered a priming mechanism in sweet cherry fruit. They 
found that the fruit pretreated with MeJA and then challenged with  P. expansum  has 
shown to have higher capacity of defense responses. And these  augmented responses   
included enhanced activities of CHI and GLU and increased gene expression levels 
of calmodulin ( CaM ),  GLU ,  PAL , nonexpressor of pathogenesis-related genes 1 
( NPR1-like ), and thaumatin-like ( THAU ). In addition, MeJA can inhibit the increase 
of activities of polygalacturonase (PG) and pectin methylesterase (PME), which 
degrade the cell wall components (Wang et al.  2015 ). 

 Most plants produce a broad range of  secondary metabolites   that are toxic to patho-
gens, either as part of their normal program of growth and development or in response 
to biotic stress, enable plants to build chemical barriers. Phenolics, secondary metabo-
lites that encompass multiple classes structurally diverse of natural products which 

  Fig. 6.3    The mechanisms involved in the MeJA-induced disease resistance.     : induce,     : 
suppres s       
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arise from the shikimate- phenylpropanoids- fl avonoids pathways, are essential in 
plant diseases resistance. Jin et al. ( 2009 ) found that the level of total  phenolics   in 
MeJA-treated peach fruit was higher than that in control fruit. Higher levels of total 
phenolics, fl avonoids, and anthocyanins as well as individual phenolic compounds 
were observed in MeJA-treated Chinese bayberries with lower decay rate (Wang et al. 
 2009 ). Moreover, polyamines have been reported to be associated with plant resis-
tance (Walters  2003 ). In loquat fruit, 10 μmol L −1  MeJA treatment signifi cantly inhib-
ited anthracnose rot and reduced decay incidence by manifesting higher contents of 
polyamines including putrescine, spermidine, and spermine (Cao et al.  2014 ).  

    MeJA Enhances Resistance of Fruits to Low Temperature 
Stress 

   Chilling  injury      (CI) is one of the important physiological disorders in postharvest 
storage periods, resulting in a decrease in the overall quality and marketability of 
many tropical and subtropical fruits. Peach fruits are sensitive to low temperature 
and CI often occur at 5 °C (Zhang and Tian  2010 ). We found that MeJA at 0.1 mM 
concentration signifi cantly enhanced resistance of peach fruit to low temperature 
stress (Fig.  6.4 ). Much work has also shown that MeJA can increase fruit resistance 
to chilling stress and has been widely used to alleviate CI in a wide range of fruits, 
including mango (González-Aguilar, et al.  2000 ; Han et al.  2006 ), loquat (Cao et al. 
 2009a ; Cai et al.  2011 ), tomato (Ding et al.  2001 ; Fung et al.  2006 ; Zhang et al. 
 2009 ), plum (Martínez-Esplá et al.  2014 ), and guava (González-Aguilar et al.  2004 ). 
However, the mechanism by which MeJA enhances tolerance of fruit to low tem-
perature stress is summarized in Fig.  6.5 .

    Increasing evidence suggests that the cell membrane is the primary site for chill-
ing stress; the membrane disruption and loss of membrane integrity are common 
features accompanying CI symptoms (Saltveit and Morris  1990 ; Marangoni et al. 
 1996 ; Li et al.  2012 ). The development of CI is associated with increases in electro-
lyte leakage and membrane lipid peroxidation products, such as malondialdehyde 
(MDA). Jin et al. ( 2013 ) reported that postharvest MeJA treatment can inhibit ion 
leakage and MDA content and protect membrane damage, thereby enhancing toler-
ance of peach fruit to CJ. Considered that the role of MeJA in alleviating CI of 
peach fruits was associated with its potential ability to protect cell membrane by 
inhibiting membrane lipid peroxidation and enhancing POD activity. 

 The chilling tolerance has been proved to be related to fatty acid composition in 
membrane lipids. Cao et al. ( 2009b ) found that MeJA treatment alleviated CI in 
loquat fruit by reducing lipoxygenase (LOX) activity and maintaining high unsatu-
rated/saturated fatty acid ratio. They suggested that the increase of membrane unsat-
uration degree may be involved in the induction of resistance towards chilling 
stresses by MeJA.   
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  Oxidative stress   from overproduction and accumulation of ROS is a major reason 
to the development of CI (Apel and Hirt  2004 ; Shewfelt and Del Rosario  2000 ; 
Suzuki and Mittler  2006 ). The antioxidant systems, including enzymatic and nonen-
zymatic components, play a signifi cant role in scavenging ROS and alleviating CI in 
various fruits (Møller  2001 ; Jimenez et al.  2002 ). Emerging evidence suggests that CI 
alleviating in the fruit treated with MeJA may be attributed to enhancing the activity 
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  Fig. 6.4    Effect of MeJA on chilling injury in peach fruit kept at different low temperatures. ( a ) 
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of antioxidant enzymes, such as SOD, CAT, APX, dehydroascorbate  reductase 
(DHAR), monodehydroascorbate reductase (MDHAR), and glutathione reductase 
(GR) (Zheng et al.  2008 ). Cao et al. ( 2009b ) observed that MeJA markedly delayed 
the increases in O 2  − · production rate and H 2 O 2  content and induced the activities of 
SOD, CAT, and APX in loquat fruit under chilling stress. In nonenzymatic scavenging 
system, antioxidant compounds including ascorbate (AsA) and glutathione (GSH) 
also play an important role in maintaining cellular redox status and antioxidant pro-
tection (Noctor and Foyer  1998 ). MeJA treatment can induce DHAR, MDHAR, and 
GR activities, resulting in high levels of AsA and GSH, which is contributed to the 
tolerance against the  oxidative stress   associated with CI (Cai et al.  2011 ). 

 Several papers have shown that enhancing arginine pathway and accumulation 
of proline and γ-aminobutyric acid (GABA) are involved in stress resistance mech-
anisms to chilling stress (Zhang et al.  2010a ,  2011 ; Shang et al.  2011 ). MeJA treat-
ment increased  proline and GABA   contents by means of increasing 
δ 1 -pyrroline-5-carboxylate synthetase (P5CS) and ornithine δ-aminotransferase 
(OAT) activity and decreasing proline dehydrogenase (PDH) activity, thus enhanc-
ing tolerance of loquat fruit to chilling stress (Cao et al.  2012 ). 

 The mechanisms underlying MeJA action in CI might be activating the produc-
tion of heat shock proteins, which contribute to abiotic stress tolerance by maintain-
ing cell membranes integrity (Ding et al.  2001 ). Meanwhile, MeJA treatment also 
affected the degradation of cell wall, perhaps by regulation of cell wall modifying 
enzymes and inhibiting lignin accumulation (Meng et al.  2009 ; Cao et al.  2010 ).  

    Effects of MeJA on the Quality of Harvested Fruits 

 MeJA, as a  plant growth regulator  , also affects fruit quality, which includes texture, 
color, fl avor, aroma, and antioxidant properties. The external application of MeJA 
showed multiple effects on physiological processes, affecting the postharvest qual-
ity of fruit. Wang and Buta ( 2003 ) found that a postharvest application of MeJA 
maintained higher levels of sugars and organic acids in fresh-cut kiwifruit. Benefi cial 
effect of MeJA on the preservation of postharvest quality has been also reported in 
various fruits and vegetables, including papaya fruit (González-Aguilar et al.  2003 ), 
loquat fruit (Cao et al.  2009a ), and radishes (Wang  1998 ). 

 Fruit color results from a class of  pigments   including chlorophyll, carotenoid, 
fl avonoid, and anthocyanins. The chemical composition and concentration of pig-
ments in fruit, which greatly determine the appearance quality of fruit, are affected 
by genetic variations, geographic location, environmental factors, and cultural strat-
egies. Several studies have shown that preharvest sprays of MeJA could affect the 
development of apple fruit, leading to improved fruit color through accumulation of 
fl avonoids and anthocyanins in fruit skin without adversely affecting quality at har-
vest (Shafi q et al.  2013 ). Meanwhile, postharvest immersion of MeJA emulsion 
enhanced the anthocyanin synthesis of “Fuji” apple, and the chlorogenic acid, most 
cyaniding, quercetin, and phloretin glycosides increased with MeJA treatment 
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 concentration (Rudell et al.  2002 ).  Postharvest treatment   of mango fruit with MeJA 
stimulates yellow and red color development during storage at 20 °C (González- 
Aguilar et al.  2001 ). Exogenous MeJA applications improved skin color by acceler-
ating chlorophyll degradation and promoting β-carotene synthesis in “Golden 
Delicious” apple (Perez et al.  1993 ) and in tomato fruit (Saniewski and Czapski 
 1983 ). Among the family of jasmonates, MeJA promoted color change more effec-
tively than JA with increasing concentration range from 0.1 mmol L −1  to 10 mmol L −1  
(Fan et al.  1998 ). Moreover, response to MeJA vapor treatment depends on fruit 
developmental stage, with the maximum effect occurring as fruit began to produce 
ethylene (Fan et al.  1998 ). 

  Aroma volatile compounds   are one of the important factors to determine fruit 
quality. MeJA can inhibit production of many volatile alcohols and esters in “Golden 
Delicious” and “Fuji” apple fruits (Olias et al.  1992 ; Fan and Mattheis  1999 ). 
Exogenous application of MeJA promoted ripening-related aroma compounds in an 
early-maturing summer apple variety, Summerred (Fan et al.  1997 ). The impact of 
MeJA application  on   aroma volatile production might be cultivar dependent. 
According to the results descried by Kondo et al. ( 2005 ), the combination of ethe-
phon with MeJA reduced volatile production by “Delicious” compared with ethe-
phon only, but this treatment combination stimulated volatile production by “Golden 
Delicious” with the exception of esters. Current knowledge indicates that aroma pro-
duction increases with ripening and is associated with ethylene production (Song and 
Bangerth  1996 ; Lalel et al.  2003 ). Hence, we propose that the effect of MeJA on vola-
tile production might be related to internal ethylene concentration. Fan et al. ( 1997 ) 
considered that responses to MeJA treatment depended on the stage of fruit develop-
ment, and MeJA stimulated ethylene, ester, alcohol, and acetic acid production in 
pre-climacteric fruits, while little or no response was elicited from post- climacteric 
fruits. Consequently, the effect of MeJA on aroma volatiles in fruit may be related to 
ethylene and depend on the growth stage of the fruit when treated with MeJA. 

 Fruits are rich in natural antioxidants and possess remarkably high antioxidant 
activity. The biological effects of these antioxidant components may provide pro-
tection against numerous chronic diseases, including cancer, cardiovascular, ocular, 
and neurological diseases. And this has stimulated the interest to fi nd an effective 
method for maintaining or even improving  antioxidant activity   during postharvest 
storage. Several papers have shown that MeJA has a potential application for 
improving functional properties of harvested fruit via enhancing antioxidant activ-
ity (Chanjirakul et al.  2006 ,  2007 ). Cao et al. ( 2009b ) found that MeJA-treated 
loquat fruit exhibited higher levels of total phenolics and total fl avonoids and main-
tained higher antioxidant activity as compared to control fruit. Meanwhile, there 
was a signifi cant positive linear relationship between total phenolic content and 
antioxidant activity ( 2009b ). MeJA applications signifi cantly increased the contents 
of total phenolics, chlorogenic acid, and antioxidant values in plum fruit during cold 
storage (Karaman et al.  2013 ). Wang and Zheng ( 2005 ) investigated the effect of 
preharvest MeJA application on fl avonoid content and antioxidant capacity in 
 raspberry and suggested that MeJA signifi cantly enhanced the content of fl avonoids 
and the antioxidant capacities in the fruit.  
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    MeJA Improves the Biocontrol Effi ciency of Antagonistic 
Yeasts 

   Antagonistic yeasts   have been shown to effectively control a lot of postharvest dis-
eases of various fruits (Fan and Tian  2001 ; Janisiewicz and Korsten  2002 ). The 
rapid propagation of antagonistic yeasts on the fruit surface and wounds allows 
them to compete with the pathogen for space and nutrients (Chan and Tian  2005 ; 
Sharma et al.  2009 ). Moreover, environmental stresses, such as oxidative stress, 
heat stress, and antimicrobial compounds, during the application of biocontrol 
agents can decrease the viability of yeast cells (Li and Tian  2006 ). In order to 
improve the survival rate of antagonistic yeasts, combining biocontrol yeasts with 
some chemical compounds, such as calcium (Tian et al.  2002 ), salicylic acid (Qin 
et al.  2003 ), sodium bicarbonate, and chitosan (Meng and Tian  2009 ), has been 
proved to be an effective way in enhancing their biocontrol ability against patho-
genic fungi. We found that MeJA at 200 μmol L −1  can effectively enhance the colo-
nization of  Cryptococcus laurentii  in peach fruits kept at both 25 °C and 0 °C (Yao 
and Tian  2005b ). Population of  C. laurentii  combined with MeJA increased by more 
than 2 times compared to  C. laurentii  without MeJA at 25 °C. At 0 °C, the growth 
rate of  C. laurentii  population combined with MeJA is about 40 % higher than that 
without MeJA (Fig.  6.6 ). Guo et al. ( 2014 ) reported that MeJA at 10, 100, and 
200 μmol L −1  had no signifi cant effect on the growth of  C. laurentii  in vitro, while a 
high concentration (400 μmol L −1 ) inhibited its growth. Moreover, they found that 
in the fruit peel wounds the population of  C. laurentii  with and without MeJA 
increased approximately 22.3-fold and 13.3-fold at 24 h, respectively, compared 
with that at 0 h at 20 °C (Guo et al.  2014 ). Application of MeJA can also effectively 
increase the population and biocontrol effi ciency of  Rhodotorula glutinis  (Zhang 
et al.  2009 ),  Pichia membranaefaciens  (Wang et al.  2011 ), and  Metschnikowia pul-
cherrima  (Ebrahimi et al.  2013 ). These results suggested that MeJA enhanced the 
biocontrol effi cacy of antagonistic yeasts via facilitating the growth of yeasts in 
fruits and then enhancing space and nutrient competition against pathogens. The 
mechanisms by which MeJA enhances the biocontrol effi cacy of yeast are complex 
and may be attributed to the infl uence of MeJA on antagonist, pathogen, and fruits. 

       MeJA Inhibits the Growth of Some Fungal Pathogens 

  In addition to the ability of inducing the host resistant, the fungicide characteristic 
of MeJA has also attracted people’s attention. Several studies indicate that MeJA 
has direct antimicrobial activity against some  fungal pathogens   in vitro. For differ-
ent pathogens, MeJA exhibited different antimicrobial ability. Zhu and Tian ( 2012 ) 
reported that MeJA at 10 mM signifi cantly inhibited spore germination and germ 
tube elongation of  B. cinerea  by 75.5 % and 86.6 %, respectively. Besides, they 
found that MeJA could destroy the plasma membrane integrity of  B. cinerea  spores, 
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suggesting MeJA has direct fungitoxic property against the  B. cinerea . In addition, 
MeJA at a concentration of 200 μmol L −1  effectively inhibited mycelial growth of 
 Penicillium expansum  and the inhibitory rate can reach to 84.3 % and 89.6 % at 3 
days after treatment at 25 °C and 20 days after treatment at 0 °C, respectively. But 
the inhibitory rate of MeJA on mycelial growth of  M. fructicola  was 6.5 % at 3 days 
after treatment at 25 °C (Fig.  6.7 ), and spore germination and germ tube length of 
 M. fructicola  were also slightly inhibited by MeJA (Table  6.1 ). In vitro, 10 μmol L −1  
MeJA could signifi cantly inhibit spore germination, germ tube elongation, and 
mycelial growth of  C. acutatum , which causes anthracnose rot in loquat fruit (Cao 
et al.  2008 ). Nevertheless, some results demonstrated that MeJA had no direct 
impact on the growth of  Penicillium digitatum ,  Colletotrichum coccodes , and 
 Magnaporthe grisea  (Droby et al.  1999 ; Tzortzakis  2007 ; Zhang et al.  2010b ), sug-
gesting that the effi cacy of MeJA at a certain range of concentrations greatly depends 
on different kinds of pathogens. 

    In conclusion, MeJA plays a versatile role in the fi eld of postharvest preserva-
tion. First, using MeJA alone or combined with biocontrol agents can effectively 
reduce the loss caused by pathogen infection by (1) inducing the resistant of fruits 
against fungal pathogens, (2) inhibiting the growth of fungous pathogens directly, 
and (3) promoting the propagation of biocontrol agents. Second, application of 
MeJA signifi cantly induces resistance of fruit to chilling stress via inducing antioxi-
dant activity and maintaining the membrane integrity and cell wall integrity of 
fruits. Third, pre- or postharvest application of MeJA can well keep fruit quality, 
including color, fl avor, aroma, and antioxidant properties. Considerable progress 
has been made in understanding the function of MeJA, as a promising technique to 
control postharvest diseases and to maintain fruit quality.     
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    Chapter 7   
 Essential Oils       

       M.  R.     Moreira    ,     M.  V.     Alvarez    , and     A.  G.     Ponce    

            Introduction 

 The recent exploitation of natural products to control biological spoilage and extend 
the storage life of perishables has received more and more attention (Tripathi and 
Dubey  2004 ). These natural compounds are generally recognized as safe ( GRAS  ) 
for environment and human health, so interest in their use in the goal for sustainable 
agriculture has increased. Thus, many research studies were developed proving, in 
many cases, that plant essential oils and extracts have a role as food preservatives 
(Hammer et al.  1999 ; Ayala-Zavala et al.  2008c ). Natural antimicrobial compounds 
are a re-emerging alternative to fresh and minimally processed fruit and vegetable 
preservation (González-Aguilar et al.  2010 ). The antimicrobial power of plants and 
herb extracts has been recognized for centuries, and mainly used as natural medi-
cine. Plant volatiles have been widely used as food-fl avoring agents, and many are 
generally GRAS. 

 Essential oils (EOs),  also   called volatile oils, are aromatic oily liquids obtained 
from plant materials (fl owers, herbs, buds, leaves, fruits, twigs, bark, seeds, wood, 
and roots). EOs can be obtained by extraction, fermentation, or expression, but 
steam distillation is the most commonly used method. Essential oils are very com-
plex natural mixtures which contain about 20–60 components at quite different con-
centrations. They are characterized by two or three major components at fairly high 
concentrations (20–70 %) compared to other components present in trace amounts 
(González-Aguilar et al.  2013 ). However, it has been shown that minor components 
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play a critical role in the antimicrobial properties of the essential oil, possibly 
showing synergistic effects along with other compounds (Chang et al.  2008 ). 

 The components include different groups of distinct biosynthetical origin 
depending on the plant source (Bowles  2003 ; Pichersky et al.  2006 ). The main 
chemical group is composed of terpenes and terpenoids and the other of aromatic 
and aliphatic constituents, all characterized by low molecular weight. The inherent 
aroma and antimicrobial activity of EOs are related commonly to the chemical con-
fi guration of the components, to the proportions in which they are present, and to 
interactions between them, affecting their bioactive properties (Fisher and Phillips 
 2008 ). Considering the complex mixture of EO constituents it is diffi cult to attribute 
the antimicrobial mode of action to one specifi c mechanism, being reported several 
targets being reported in the  microbial cell  . It seems that they may cause deteriora-
tion of cell wall, damage to cytoplasmic membrane, damage to membrane proteins, 
leakage of cell contents, coagulation of cytoplasm, depletion of proton motive active 
sites, inactivation of essential enzymes, and disturbance of genetic material func-
tionality (Burt  2004 ; Ayala-Zavala et al.  2008b ; Gutierrez et al.  2008 ). 

 Derived from phenylpropane, the  phenolic compounds   occur less frequently than 
the terpenes. The biosynthetic pathways concerning terpenes and phenylpropanic 
derivatives generally are separated in plants but may coexist in some, with one 
major pathway taking over (see cinnamon oil with cinnamaldehyde as major and 
eugenol as minor constituents, also clove oil, fennel, etc.). The phenolic compounds 
found in essential oils normally have a carbon side chain; thymol, eugenol, and 
carvacrol are included in this group. These components have great antiseptic, anti-
bacterial, and disinfectant qualities and also have greatly stimulating therapeutic 
properties. Evidence suggests that phenol induces progressive loss of intracellular 
constituents from treated bacteria and produces generalized membrane damage 
with intracellular coagulation occurring at higher concentrations. 

 The mechanisms thought to be responsible for the phenolic toxicity to microor-
ganisms include  enzyme inhibition   by the oxidized compounds, possibly through 
reaction with sulfhydryl groups or through more nonspecifi c interactions with the 
proteins. The site(s) and number of hydroxyl groups on the phenol group are thought 
to be related with the relative toxicity to microorganisms, with evidence that 
increased hydroxylation results in increased toxicity (Troncoso-Rojas and Tiznado- 
Hernández  2007 ). Due to the nature of phenols, essential oils with high phenol 
content should be used in low concentrations and for short periods of time, since 
they can lead to toxicity if used over long periods of time. The principal plant 
sources for these compounds are anise, cinnamon, clove, fennel, nutmeg, parsley, 
sassafras, star anise, tarragon, and some botanical families ( Apiaceae ,  Lamiaceae , 
 Myrtaceae ,  Rutaceae ) (Speranza and Corbo  2010 ). 

  Sulfur-rich compounds   are another kind of natural volatiles that had been shown 
a strong antimicrobial activity. They are present in several plants like onion, garlic, 
and others. The active constituents of garlic and onion are sulfur-rich compounds 
that are rapidly absorbed and metabolized. Allicin is considered to be the most 
important biologically active compound in garlic. Chemical analysis of garlic 
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showed that 54.5 % of the total sulfi des were the sum of diallyl monosulfi de, diallyl 
disulfi de, diallyl trisulfi de, and diallyl tetrasulfi de (Troncoso-Rojas and Tiznado- 
Hernández  2007 ).  

    Antimicrobial Activity of Essential Oils: In Vitro 
Versus In Vivo Studies 

  To evaluate the  antimicrobial activity   of botanical biopreservatives numerous stud-
ies have been done in vitro. However, establishing the technical feasibility of their 
use as natural sanitizing agents in postharvest processing it is necessary to evaluate 
their effects on actual crops since the organic system complexity may introduce fac-
tors that may in vitro result inapplicable. Moreira et al. ( 2005 ) reported that clove 
( Syzygium aromaticum ) and tea tree ( Melaleuca alternifolia ) essential oils showed 
inhibitory effects on  Escherichia coli  growth using the Agar Diffusion Method for 
in vitro assays. Also, other in vitro studies have demonstrated antibacterial activity 
of essential oils against  Listeria monocytogenes ,  Salmonella typhimurium , 
 Escherichia coli  O157:H7,  Shigella dysenteria ,  Bacillus cereus,  and  Staphylococcus 
aureus  (Hammer et al.  1999 ; Elgayyar et al.  2001 ; Friedman et al.  2002 ; Burt  2004 ; 
Dadalioglu and Evrendilek  2004 ). However, the information of their effect in actual 
food systems is still insuffi cient. 

 The greater availability of nutrients in foods compared to laboratory media may 
enable bacteria to repair damaged cells faster (Gill et al.  2002 ; Moreira et al.  2007 ). 
Higher concentrations of EOs are needed to achieve the same effects in foods sys-
tems, and as a consequence sensory quality and acceptability of the products may 
be affected (Gutierrez et al.  2009 ). The studies on actual foods show that some 
botanicals have the potential to be effective biopreservatives, although product 
development to optimize foods functionality and fl avor will be challenging; more 
studies are needed on the topic of botanical applications to optimize their use and 
provide the fundamentals needed by the food industry (Draughon  2004 ). The effec-
tiveness of essential oils application in food systems is the result of multiple factor 
associations such as the food composition or the storage temperatures (Gill et al. 
 2002 ; Burt  2004 ; Ponce et al.  2004a ,  2011 ). The presence of surfactants and organic 
substances that interact with active sites of the antimicrobial substances also plays 
an important role (Hammer et al.  1999 ). In addition, techniques used to apply the 
essential oils on foods constitute an important factor affecting their antibacterial and 
antioxidant activity (Pandit and Shelef  1994 ). 

 Two important variables appear when essential oils are applied either in vivo or 
in vitro; one is the contact time for oils to exert their effect and the other is the con-
centration required to achieve the same degree of inhibition and these two variables 
would be interacting. The lower water content of foods compared to laboratory 
media may hamper the progress of antibacterial agents to the target site in the bac-
teria cell (Selim  2011 ). Furthermore, in in vitro assays, microorganisms and  essential 
oils come into close contact, while in vivo the food matrix has cell membranes that 
act as physical barriers interfering oil and microorganism contact. 
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 Moreira et al. ( 2005 ), working with clove EO, reported that the maximum 
 Escherichia coli  O157:H7 reductions (3.5 log) required 15 min of contact time 
when the oil was applied at the minimum inhibitory concentration (MIC) (2.5 μL/mL) 
by the in vitro assays. However, longer contact times did not result in higher  E. coli  
reductions. In another study, these authors tested the effectiveness of clove EO to 
control  E. coli  O157:H7 on inoculated blanched spinach (in vivo assays). It was 
observed that only clove EO applied at 3 MICs (7.5 μL/mL) on blanched spinach 
produced signifi cant inhibition of  E. coli  within the fi rst 5 min of application 
(Moreira et al.  2007 ).  E. coli  reductions observed by in vivo assays were signifi -
cantly lower than in vitro. It has generally been found that a greater concentration 
of essential oils is needed to achieve the same effect in actual foods compared to 
in vitro assays (Moreira et al.  2007 ; Ponce et al.  2011 ). 

 The oil concentrations required to produce a certain level of inhibition in food 
systems could be questionable due to the organoleptic impact. In this way, Moreira 
et al. ( 2007 ) reported that blanched spinach treated with the highest concentrations 
(3MIC) of clove and tea tree oils presented a strong off-fl avor. Thus, the oils con-
centrations required to reach an effective  E. coli  O157:H7 control produced in food 
systems undesirable organoleptic characteristics. Therefore, synergistic effects 
would have to be exploited to maximize the antibacterial activity of essential oils 
and to minimize the concentrations required to achieve a particular antibacterial 
effect without adversely affecting the sensorial acceptability .  

    Essential Oils Applied as Biopreservatives in Fresh Produce 

 When designing the application of an antimicrobial to a food, some critical aspects 
that may affect the effectiveness of the additive should be taken into account. These 
factors relate to the type of  antimicrobial   (physicochemical properties), food type 
(composition), processing operations to which it was subjected, conditions in which 
it will be stored, and target microorganism or microbial population. The effective 
application of natural antimicrobials to fruits is not severely affected by interactions 
due to its low protein and lipids content although the possible effects of interactions 
with carbohydrates should be taken into account. Moreover, vegetables also have a 
low content of proteins and lipids, but they have higher pH and water activity than 
fruits, and so higher concentrations of antimicrobials may be required for their pres-
ervation (Davidson et al.  2013 ). Also, in many fruits, lowered pH may act together 
with the antimicrobial in inhibiting the growth of microorganisms (Davidson et al. 
 2013 ). It is also important to note that the effectiveness of  the   antimicrobials, spe-
cifi cally fl avor compounds and essential oils, may be reduced not only by interactions 
with the food matrix but also because of their high volatility (Ponce et al.  2004a ; 
Ayala-Zavala et al.  2008a ). The forms of application of essential oils commonly 
used for fruit and vegetable preservation include solutions or emulsions, applied by 
dipping or spraying the product. 
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 Investigations were carried out by Ponce et al. ( 2011 ) to assess the effi ciency of 
three essential oils, clove, tea tree, and rosemary, as natural preservatives during the 
postharvest of lettuce leaves. The effect of different concentrations (1 and 0.5 MIC) 
of plant essential oils applied in three forms (spray, immersion, and capsules) was 
studied on lettuce leaves. The  MIC values   used in this study were 2.5, 5.0, and 
6.0 μL/mL for clove, tea tree, and rosemary, respectively. The evolution of different 
native microbial populations was evaluated during refrigerated storage. The appli-
cation forms of the preservatives were an important factor in determining the effec-
tiveness of the essential oils. Clove and tea tree essential oils at 1 MIC and applied 
embedded in lactose capsules showed a signifi cant inhibition on the growth of 
mesophilic, psicrotrophic, and coliforms populations, while rosemary was not 
effective in any of the three technological application forms. Essential oils (at 0.5 
MIC) applied by spray, immersion, and embedded in lactose capsules exerted lower 
inhibitory effects, with respect to 1 MIC, on the different microbial populations 
present on lettuce leaves. At the end of the storage (7 days), lettuce samples treated 
with tea tree, clove, and rosemary (at 1 and 0.5 MIC)    by spray were the only organo-
leptically acceptable (Ponce et al.  2011 ). In a previous study developed by Ponce 
et al. ( 2004a ), clove, tea tree, and eucalyptus EO solutions (0.5–1.3 μL/mL) were 
sprayed on organic Swiss chard leaves. It was observed that these treatments signifi -
cantly reduced microbial counts along refrigerated storage. However, they were not 
effective in extending the shelf life of the Swiss chard leaves from a sensory point 
of view (Ponce et al.  2004a ). 

 Moreover, the use of essential oils applied during fruit and vegetable production 
as natural preharvest sanitizers is a promising alternative for the control of potential 
microbiological hazards in fresh produce. Goñi et al. ( 2013 ) applied solutions of tea 
tree essential oil (2.7 μL/mL) and clove essential oil (1.5 μL/mL) on late develop-
ment  stages   of Butterhead lettuce (14, 10, 7, 3, and 0 days before harvest). These 
authors demonstrated the effi cacy of tea tree oil to reduce microbial counts at har-
vest and after 5 days of refrigerated postharvest storage; the application of clove 
was not effective in reducing postharvest microbial counts. It was reported that sen-
sory attributes of lettuce as overall visual quality, leaf color, texture, brightness, and 
browning were not affected by essential oil treatment (Goñi et al.  2013 ). Essential 
oil application in preharvest stages may help to reduce the negative effect they have 
in the quality attributes when applied at postharvest, as was reported by Ponce et al. 
( 2004b ). However, the application of essential oils at preharvest on fruits and veg-
etables requires more research work in order to develop natural treatments to pre-
serve quality and ensure safety of the products. 

 On the other hand, new technologies have been developed and continue to be 
under study with the aim of solving the problems associated with the effective 
implementation of essential oils. In the face of the need to use concentrations that 
are suffi cient to inhibit microbial growth but that at the same time allow the preser-
vation of the sensory appeal of the products, technological developments focus on 
the incorporation of essential oils into edible fi lms and coatings and also 
 encapsulation of these agents in a food-grade material. Figure  7.1  summarizes the 
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systems used to incorporate natural antimicrobials as essential oils on fresh and 
processed produce.

    Edible fi lms and coatings   are applied on many fruits and vegetables to control 
moisture transfer, gas exchange, or to prevent oxidation processes. However, the 
new generation of edible fi lms and coatings is being especially designed as a carrier 
of active ingredients as antimicrobials, antioxidants, vitamins, and nutraceuticals. 
These agents are incorporated with the aim of assuring safety, preventing microbio-
logical and sensory spoilage, or enhancing nutritional attributes of the product 
(Rojas-Graü et al.  2009 ). The application of antimicrobial coatings presents several 
advantages over the direct application of natural antimicrobials as essential oils on 
food. These coatings can be developed to reduce the diffusion rate from the coated 
surface inwards. In this way, the activity of the antimicrobial agent is maintained in 
the surface of the food. Thus, smaller amounts of the antimicrobial come into con-
tact with the food compared to other application methods such as immersion or 
spray (Min and Krochta  2005 ). This results in a smaller impact in the sensory attri-
butes of fruits and vegetables when they are treated with antimicrobial coatings. 

 Ayala-Zavala et al. ( 2013 ) developed  pectin fi lms   enriched with cinnamon 
( Cinnamomum zeylanicum  L.) essential oil that were applied on fresh-cut peaches 
to preserve their microbiological quality along with refrigerated shelf life. Enriched 
pectin fi lm showed the highest antimicrobial activity at a cinnamon leaf oil concen-
tration of 36.1 g/L. It was able to reduce mesophilic bacteria growth, maintain over-
all quality, and increase shelf life of fresh-cut peaches. In addition, the development 
of coatings from polymers that exhibit antimicrobial activity is very promising: 
such is the case of chitosan.  Chitosan fi lms   can be used as a means to incorporate 
natural antimicrobials such as essential oils (Alvarez et al.  2013 ; Pranoto et al. 
 2005 ). With the aim to assure safety and extend shelf life of minimally processed 
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broccoli, Alvarez et al. ( 2013 ) studied the antimicrobial properties of chitosan coatings 
combined with tea tree essential oil and other natural antimicrobials rich in phenolic 
compounds. They found that the enrichment of chitosan coatings with these natural 
agents enhanced antimicrobial action when compared with pure chitosan treatment. 
These treatments signifi cantly reduced the growth of natural fl ora and pathogens 
( E. coli  O157:H7 and  Listeria monocytogenes ) artifi cially inoculated on broccoli 
during refrigerated storage.  

    Antioxidant Properties of Essential Oils Applied 
in Fresh Produce 

 Many  essential oils   and their components can act also as antioxidant agents at the 
same time protecting the product against the proliferation of spoilage or pathogen 
microorganisms. Thus, the application of these agents to fresh and processed pro-
duce improves antioxidant content of the product, could avoid oxidative processes 
catalyzed by enzymes, and can also prevent losses of natural antioxidants. Ayala- 
Zavala et al. ( 2013 ) reported that the treatment of fresh cut peaches with an edible 
pectin fi lm enriched with cinnamon leaf essential oil was effective to increase total 
phenolic content and antioxidant capacity of the product (using DPPH and TEAC 
methods). Furthermore, Wang et al. ( 2008 ) evaluated the effectiveness of several 
naturally occurring EOs in reducing decay and increasing antioxidant levels and 
activities in “Duke” blueberries ( Vaccinium corymbosum ). Carvacrol, anethole, and 
perillaldehyde were able to promote total anthocyanins and total phenolics and also 
enhanced antioxidant activity in fruit tissues (ORAC capacity and hydroxyl radical 
scavenging activity). 

 Peroxidase ( POD  ) is a plant enzyme associated with off-fl avors and browning in 
fruits and vegetables (Ponce et al.  2004b ). Inactivation of deteriorative enzymes is 
considered necessary to minimize the possibility of decay. Antioxidant properties of 
several plant extracts (as enzyme inhibitors) were studied on vegetable products. 
Ponce et al. ( 2004b ) demonstrated the effi cacy of clove, rosemary, lemon, melissa, 
and tea tree essential oils as reducing agents of peroxidase activity in leafy vegeta-
bles (swiss chard, spinach, lettuce, butter lettuce, and cabbage). Essential oils were 
used at the  MICs   determined in previous in vitro antimicrobial assays. Clove essen-
tial oil showed better results than the others.  

    Essential Oils as Quorum-Sensing Inhibitors 
of Food-Related Bacteria 

 Fresh produce spoilage is a complex process. It is caused by the various biochemi-
cal changes naturally occurring in foods and due to microbial activities. Microbial 
spoilage is the most common cause of spoilage (Gram et al.  2002 ). In recent years, the 
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detection of quorum-sensing signals in spoiled food products, including vegetables, 
has added a new dimension to study the process of  food spoilage  . Quorum sensing 
(QS) or cell-to-cell communication is employed by a diverse group of bacteria 
including those commonly associated with food to communicate with each other by 
producing signaling molecules called  autoinducers   (Truchado et al.  2009 ). Through 
the mechanisms of QS, bacteria are able to express specifi c genes in response to 
population density. It is known that many bacteria depend on QS to establish a 
pathogenic interaction with the host and the formation of biofi lms; moreover, it is 
possible that the bacterial spoilage of some food products is infl uenced by 
QS-regulated phenotypes (Jamuna Bai and Rai  2011 ). The discovery of QS might 
have opened a new line of action against microorganisms. 

 The ideal QS inhibitors have been defi ned as chemically stable and highly effec-
tive low-molecular-mass molecules, which exhibit a high degree of specifi city for 
the QS regulator without toxic side effects (Rasmussen and Givskov  2006 ). In the 
last years, some studies have identifi ed QS inhibitors in a variety of  medicinal and 
dietary plants   (Gao et al.  2003 ; Adonizio et al.  2006 ; Vattem et al.  2007 ; Brahma 
et al.  2009 ) and phytochemicals have been presented as new anti-pathogenic agents 
to control microbial infections via the inhibition of QS (Al-Hussaini and Mahasneh 
 2009 ; Brackman et al.  2009 ; Vikram et al.  2010 ). 

 QS has been extensively studied in  bacterial pathogenicity   (Smith et al.  2004 ), 
and now it is implicated that this process could be involved in bacterial food spoil-
age. Several proteolytic, lipolytic, chitinolytic, and pectinolytic activities associated 
with the deterioration of foods are regulated by QS.  The   pectinolytic activity of 
 Pseudomonadaceae  or  Enterobacteriaceae  (mostly  Erwinia  spp.) growing to high- 
cell densities (10 8  to 10 9  CFU/g) in fruits and vegetables causes off-tastes, off-odors, 
and/or texture breakdown resulting in their spoilage (Liao  1989 ).  Erwinia  and 
 Pseudomonas  produce various pectinolytic enzymes, namely pectin lyases, pectate 
lyase, poly-galacturonase, and pectin methyl esterases, which are responsible for 
the spoilage of ready-to-eat vegetables, and also produce a broad range of AHLs 
(acylated homoserine lactones) as signaling molecules (Rasch et al.  2005 ). This 
suggests the involvement of AHL-based quorum-sensing systems in the spoilage of 
vegetables and fruits. 

 Essential oils used in  traditional medicine   are one of the most promising areas in 
the search for new biologically active compounds (Hullati and Rai  2004 ; Jamuna 
Bai et al.  2011 ). Essential oils derived from medicinal and food plants are known for 
their application in traditional medicine, in the food industry, and in a number of 
therapeutic uses (Bakkali et al.  2008 ). However, the plant essential oils, rich diverse 
source of bioactive compounds, have not yet been subjected to systematic scrutiny 
for their anti-QS activity. 

 In a recent study developed by Alvarez et al. ( 2012 ), QS inhibitory activity of 
two essential oils (tea tree and rosemary) and other plant extracts was evaluated by 
in vitro assays using the bacteria model  Chromobacterium violaceum . These essen-
tial oils were the most effective to inhibit the violacein pigment production by 
 C. violaceum  applied at low concentrations (0.5 μL/mL), demonstrating their potential 
as QS inhibitors. In addition, Pellegrini et al. ( 2014 ) studied the antimicrobial and 
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anti-QS activity of several EOs obtained from Argentinian species.  Minthostachys 
mollis  EO showed signifi cant QS inhibition properties (using  C. violaceum  model) 
at a sublethal concentration (0.2 μL/mL) and also a high bactericidal activity against 
various indicator strains. This EO resulted as a good candidate for the development 
of anti-QS treatment with a potential application in the control of bacterial diseases 
mediated by QS (Pellegrini et al.  2014 ). 

 Moreover, oregano essential oil ( OEO  )    has proved to be useful as food antimi-
crobial; however, its food applications can be compromised by the volatile charac-
ter of its active constituents. Therefore, formulation of edible fi lms containing OEO 
can be an alternative to improve its food usages. Thus, in a recent study, Alvarez 
et al. ( 2014 ) evaluated QS inhibitory activity of oregano essential oil ( Lippia 
graveolens  Kunt) and pectin-OEO fi lms by in vitro assays using  C. violaceum  
model. OEO and pectin-OEO fi lms showed a signifi cant anti-QS activity expressed 
as inhibition of violacein production by  C. violaceum , even at the lowest tested 
concentrations (0.0156 mg/mL and 15.7 mg/mL, respectively). These results dem-
onstrated the potential of pectin fi lms enriched with OEO as QS inhibitors (Alvarez 
et al.  2014 ). 

 The natural  occurrence   of QS inhibitors is an important consideration for the 
assessment of their toxicological status and may facilitate their use in food as preser-
vatives and hence pave way for the application of novel preservation techniques to 
control food spoilage and potentially hazardous foodborne bacterial contamination.  

    Conclusions and Future Trends 

 Preservation and safety of fresh and processed fruits and vegetables are topics that 
concern authorities, food producers, and scientists due to the growing consumer 
demand for these foods. Given the limitations in the use of synthetic disinfectants, 
it is important to continue the search for natural and safe preservation alternatives. 
In the last two decades, signifi cant progress has been made, but further research is 
necessary to develop new technologies such as the use of natural preservatives 
(essential oils and other plant extracts), optimizing their application methods to 
reach higher effi ciency. The use of essential oils on fruits and vegetables without 
negatively affecting the sensory properties is still a challenge for researchers. To 
inhibit proliferation or eliminate pathogenic bacteria, the required concentrations of 
these agents are very high, and at such concentrations they can affect the sensory 
qualities of foods. Hence, combining these treatments with physical barriers, such 
as ultrasound and high pressures, may be a viable strategy to ensure the safety, 
nutritional, and sensory qualities of fresh produce. Furthermore, not enough research 
has been done on the potential synergistic combinations of natural agents to reduce 
microbial growth in fruits and vegetables; using more than one natural agent can 
reduce the concentrations needed, thereby minimizing the effect on organoleptic 
characteristics of the treated fresh produce.   
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    Chapter 8   
 Plant Growth Regulators       

       Félicie     LOPEZ-LAURI    

           Introduction 

 Plant growth and development are regulated not only by external factors, as light 
and temperature, but mainly by internal factors, as its genetic factors and endoge-
nous “phytohormones” also named plant growth regulators (PGRs). The PGRs are 
 defi ned   as organic compounds, naturals, or synthetics, controlling (stimulation or 
inhibition) plant growth and development functions, and this at very low concentra-
tion (nM–pM). In particular, PGRs are involved in the regulation of cell division, 
cell enlargement, and cell differentiation. Like that, they control organogenesis, 
senescence, and dormancy from germination stage to fructifi cation. They also play 
a major role in regulating physiological functions as stomata aperture control, sugar 
metabolism, and plant stress responses. 

 The most important natural PGRs belong to one of the fi ve major  hormone classes  : 
auxins, gibberellins (GAs), cytokinins (CKs), ethylene (C 2 H 4 ), and abscisic acid 
(ABA). More recently, other PGRs have been discovered: brassinolide group (BRs), 
salicylates (SA), jasmonate (JA), and derivatives and polyamines (PAs). Some authors 
also consider that nitric oxide (NO) is a phytohormone that is also used in postharvest 
treatment (Lichanporn and Techavuthiporn  2013 ; Manjunatha et al.  2010 ). 

 In plants, PGRs have multiple functions depending on their concentration or 
their localization and often act in synergy or antagonism with another PGRs. In 
addition, any given PGR may affect the biosynthesis of another. So, the balance 
between endogenous hormones has important consequences on physiological 
responses in fruit maturation and ripening (McAtee et al.  2013 ). As this equilibrium 
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could be modifi ed by exogenous applications of PGRs, one can change plant 
 physiology and the developmental program to obtain positive effects on both cul-
tural and postharvest behavior. Nowadays, numerous PGRs are produce syntheti-
cally and are used in agriculture to optimize the production and quality of plants, 
fruits, and vegetables. The application of PGR can provide important 
 economic advantages   to fruit farmers in stimulating specifi c responses such as 
increase in fruit size and delay or enhance maturity or senescence of orchard and 
vegetables. Sometimes, preharvest application may have benefi cial carryover effects 
on postharvest quality. Finally, PGR could also be applied after harvest to improve 
storage, and induce or delay ripening and control quality of fresh produces, of 
course if its effects are not harmful to the consumer. 

 The objective of this chapter is to give an overview of properties of PGRs and 
some recent developments in plant growth regulator effi ciencies to improve and 
maintain fresh product quality.  

    The Five Major Classes of Plant Growth Regulators 

    Auxins 

   Auxin   is the fi rst identifi ed plant hormone and whose effects on cell elongation and 
division have been shown by Frits Went in 1926. In plants, the principal auxin is the 
indole-3-acetic acid (IAA) synthetized by tryptophan-dependent or tryptophan-
independent pathways in meristems and developing organs (Mano and Nemoto 
 2012 ; Korasick et al.  2013 ; Lehmann et al.  2010 ; Tivendale et al.  2014 ). Natural 
auxins, such as phenylacetic acid (PAA), 4-chloro-3-acetic acid (4-Cl-IAA), and 
indole-3-butyric acid (IBA), also regulate cell division, cell growth, ethylene bio-
synthesis, root development, leaf formation, stem elongation, apical dominance, 
and differentiation of vascular tissues and fruit setting (Woodward and Bartel  2005 ; 
Simon and Petrášek  2011 ). However, depending on auxin levels the response to 
auxin application could be opposed. The structures of most important natural and 
synthetic auxins are shown in Fig.  11.1 .

   Synthetic auxins such as α-naphthaleneacetic acid (NAA), and 
2,4- dichlorophenoxyacetic acid, better known under the name of 2,4-D, induce 
similar physiological responses as natural auxins. Due to their properties on organo-
genesis, NAA and IBA are routinely used to stimulate root initiation and differentia-
tion for the vegetative propagation of plants from stem and leaf cutting. It must not 
be forgotten that, usually, the synthetic auxins, such as 2,4-D, Picloram ® , and 
Dicamba ® , are mainly used as selective herbicide. In fact, used in high concentra-
tion, auxin stimulates the production of ethylene that inhibits elongation growth, 
causes leaf abscission, and fi nally destroys the plant. 

 Synthetic auxins were widely used in arboriculture and horticulture for:

•    Induction of parthenocarpic fruits in tomato and grapes to obtain seedless fruits 
appreciated by consumer.  
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•   Inhibition of preharvest fruit drop: application of NAA 10–50 ppm in mango, 
citrus, and chilies reduces fruit drop by preventing formation of abscission layer.  

•   Induction of fl ower and fruit thinning to avoid the biennial bearing in tree fruit 
and produce higher fruit size (Stern et al.  2007a ,  b ; Schröder et al.  2013 ).  

•   Promotion of fruit growth and advance maturity in loquat and Satsuma mandarin 
fruits (Amorós et al.  2004 ; Ortolá et al.  1991 ).    

 Postharvest treatments with synthetic auxins have been also investigated. Auxin 
application is well documented in citrus fruits. Postharvest application of 2,4-D has 
been used to retard calyx abscission, and water loss, which occurs as the conse-
quence of degreening induced by ethylene (Salvador et al.  2010 ; (Sdiri et al.  2013 ; 
Sdiri et al.  2012 )). Auxins have also been used to affect biotic stresses of harvested 
fruits and vegetables. In mango, application of 2,4-D in wax combined with hot 
water brushing treatment improved quality during storage by limiting side rots 
caused by  Alternaria alternata  (Kobiler et al.  2001 ). In addition, Wang et al. ( 2008 ) 
have shown that 2,4-D reduced chilling injury in mango through an increase of 
ABA and GA levels and an augmentation of antioxidant defenses. In Chilean straw-
berry, NAA postharvest treatment delays fruit ripening without effect on fi rmness 
(Figueroa et al.  2012 ). The methyl ester of NAA is used to prevent the sprouting of 
potato tubers and hence increases storage life (Suttle  2003 ). 

  Fig. 11.1    Structures of natural and synthetic auxins       
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 In recent years, European Union legislation has restricted the use of 2,4-D even 
as preharvest application. The level of 2,2-D residue should be below 0.5 ppm on 
food. Thus, it is absolutely necessary to test safely and environmental friendly new 
auxins in order to maintain the quality of fresh produce .  

    Gibberellins 

   Gibberellins (GAs)   are the second most important family of PGR. GAs belong to 
the group of tetracyclic diterpenoid acids (Fig.  11.2 ). The ent-gibberelane skeleton 
(ent-kaurene) of GAs is synthesized from isopentenyl diphosphate (IPP) via the 
mevalonate or the methyl erythro 4-phosphate (MEP) pathways to give GA12 and 
GA53. The conversion between the different forms of GAs is provided by gibberel-
lin oxidases. Many advances have been made in understanding the regulation of GA 
biosynthesis, transport, and signaling (see review of Thomas et al.  2005 ). Today, 
over 136 GAs have been identifi ed in plants and fungi. As other hormones, gibberel-
lins play many roles in plant development processes. GAs are implicated in cell 
elongation and division, stem elongation, breaking dormancy, and the vegetative 
phase to fl owering transition. The fi rst GA identifi ed is the gibberellic acid (GA3), 
found in  Gibberella fujikuroï  that is responsible of bakanae disease whose symp-
toms are chlorotic and abnormally elongated leaves. Consequently, GA3 is the most 
described in literature; however, the bioactive forms of GAs are GA1 and GA4 for 
stem elongation. The predominant forms of GAs applied are GA3, GA4, GA7, or a 
mixture of GA4 and GA7.

   Synthetic GAs were widely used in arboriculture and horticulture with conse-
quence for postharvest quality (Serrano et al.  2004 ):

•    In table grapes, GA3 increases fruit size and reduce rachis browning and exten-
sion of shelf-life (Raban et al.  2013 ).  

•   In citrus, pineapple, cherries, and peach, GAs are known to maintain and/or 
increase color and fi rmness.  

•   In cherry, GA3 delays fruit ripening (Zhang and Whiting  2011 ) and extend crown 
life of pineapple.  

•   GA can delay storage disorders such as internal browning (Lurie and Crisosto 
 2005 ).  

•   Preharvest GA treatment can control disease development in persimmon fruit 
during its storage (Biton et al.  2014 ). Nevertheless, GA3 application in seedless 
table grapes could predispose to gray mold caused by  botrytis cinerea  (Zoffoli 
et al.  2009 ).  

•   In leafy vegetable, GA3 treatment during production delays the senescence of 
product and maintains chlorophyll content during storage (Lers et al.  1998 ).    

 Gibberellins are an excellent PGR for postharvest application. Indeed, some 
GA as GA3 and GA4 are natural hormones and by consequence this forms could 
be used with any restriction in most part of world. Post harvest applications of GA 
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allow the maintenance of fi rmness and the enhancement of storage of fruits and 
vegetables. In order to extend the green life of bananas after the harvest, some 
growers apply gibberellic acid directly to the bananas’ hands. Subsequently, GA3 
treatment also maintains fruit quality longer, ensuring that the bananas will get to 
their destination in optimum condition (Vargas and Lopez  2011 ). Postharvest 
GA3 treatment also induces antioxidant defenses and so reduces chilling injury 
during storage in tomato (Ding et al.  2015 ) and delays ripening and maintains 
green peel color longer in orange (Gambetta et al.  2014 ) and in papaya 
(Ramakrishna et al.  2002 ) and with higher level of ascorbic acid in mango  (Khader 
et al.  1988 ; Khader  1991 ).  

    Cytokinins 

  Cytokinins   (CKs) are PGRs that induce cell division, delay senescence, and regulate 
pathogen resistance. Cytokinins are N 6 -adenine derivates discovered for the fi rst time 
in coconut ( Cocos nucifera ) milk by Johannes van Overbeek in 1941 (for review, 

  Fig. 11.2    Structures of gibberellin compounds: Gibberellic acid or GA3, gibberellin A1 (GA1), 
GA4, and GA7. The differences between gibberellin are indicated by circle       
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Sakakibara  2006 ). Zeatin (cis and trans isomers) is the most common natural 
CK. Dihydrozeatin, isopentenyl adenine (iPA), and zeatin riboside naturally occur 
in plants (Fig.  11.3 ). CK main application comes from their ability to stimulate the 
growth and formation of new roots and buds in in vitro cultures and therefore con-
trol the regeneration and the growth for the plant micropropagation purpose. For 
these applications, synthetic cytokinin analogs have been developed from purines 
(6-benzyladenine (6-BA), tetra hydro pyrane benzyladenine (PBA), and phenyl-
urea (Forchlorfenuron (CPPU)). These analogs could also be used in arboriculture 
for thinning in apples and pears and so, adjusts crop load, resulting in the best crop 
yield and guaranteeing return bloom (Flaishman et al.  2001 ; Hayata et al.  2000 ). In 
fruits, synthetic CK acts synergistically with natural auxins to stimulate cell divi-
sion, resulting in increased fruit size at harvest in cherry (Zhang and Whiting 
 2011 ). Moreover, mixture of 6-BA and GA applied during culture improved per-
simmon quality during storage and enhances tolerance to Alternaria black spot 
(Biton et al.  2014 ). In the same way, CPPU applied during fruit development 
improves cold storage in grapes and kiwifruits (Kim et al.  2006 ; Marzouk and 
Kassem  2011 ). However, no effect of CPPU, applied alone, has been observed by 
Raban et al. ( 2013 ).

Natural cytokinins

HO

NH

N

N

N

N
N

N

Trans-Zeatin

trans-Zeatin-riboside Dihydrozeatin

6-benzyl adenine

tetra hydro pyrane benzyladenine
(PBA)

Forchloefenuron (CPPU)

O

HN

HN

NH

HN

HO

HO OH

N

N
N

NHO
O

CH3

CH3

CH3

CH3

OH

NN

N

N CI

N N

N
N

NN

N

NH

O

N
HN

H

N
H

H
N

H
N

Isopentenyl adenine
(iPA)

H
N

Commonly used synthetic cytokinins

  Fig. 11.3    Structures of natural and synthetic cytokinins       

 

F. LOPEZ-LAURI



131

   Due to its inhibition of senescence, harvest treatment with 6-BA improves 
appearance of green asparagus spears, rocket, broccoli, and cucumber and posi-
tively affect fi rmness and chlorophyll and ascorbic acid content (An et al.  2006 ; 
Koukounaras et al.  2010 ; Costa et al.  2005 ; Chen and Yang  2013 ). Postharvest CK 
treatment has also effects on fruit texture. So, summer squash sprayed with 6-BA 
reduces pectin solubilization and later prevents texture deterioration during cold 
storage. The CPPU is also used combined with GA treatment and the mixture can 
also delay ripening and increase fungal tolerance in banana and broccoli (Huang 
and Jiang  2012 ).  

    Abscisic Acid 

  Abscisic acid   (ABA) is a 15-carbon sesquiterpene synthetized from carotenoids in 
chloroplasts and other plastids. The 9-cis-epoxycarotenoid dioxygenase (NCED) is 
the key enzyme for ABA biosynthesis (Seo and Koshiba  2002 ). ABA is involved in 
inhibition of plant growth; it promotes senescence and abscission of leaves and it 
controls stomatal closure (Garcia-Mata and Lamattina  2007 ). Dormancy and induc-
tion of buds and seeds are also regulated by ABA. This PGR plays a major role in 
fruit ripening in particular in tomato and mango where ABA controls, via ethylene 
production, cell wall catabolism leading to a modifi cation of texture and to a diminu-
tion of shelf-life (Leng et al.  2014 ; Zaharah et al.  2013 ). Therefore, exogenous ABA 
application enhances the color and maintains postharvest quality of “Crimson 
Seedless” grapes (Cantín et al.  2007 ; Ferrara et al.  2013 ) and induces anthocyanin 
synthesis in litchi (Singh et al.  2014 ). In addition, the production of ABA is empha-
sized by stress, including water loss or freezing temperature during fruit and vegeta-
ble storage (Romero et al.  2013 ; Lafuente and Sala  2002 ). However, agricultural use 
of ABA is limited by its susceptibility to light and by the high cost of its production 
(Gianfagna  1995 ; Abrams et al.  1997 ). Therefore, analogs or not and agonist of 
ABA have been developed that mimic ABA but are more resistant to degradation 
and less costly to synthesize (Grossmann and Jung  1984 ; Schubert et al.  1990 ) 
(Fig. 11.4 ). So, long-lasting synthetic analogs of ABA, 8’ methylene methyl-ester ABA 
(PBI 365) and 8’ acetylene methyl-ester ABA (PBI 429), have been developed and 
positively checked for maintain quality of cut Baccara roses (Pompodakis and Joyce 
 2003 ). Pyrabactin (4-bromo-N-(2- pyridinylmethyl)-1-naphthalenesulfonamide) is 
the fi rst agonist of ABA that is not an analog. Pyrabactin acts as an activator of 
abscisic acid receptors and activates ABA pathway in a manner very similar to ABA 
(Puli and Raghavendra  2012 ). When it is sprayed onto plants it acts in the same way 
as ABA, and helps them survive with less water. Sean Cutler of the university of 
California-Riverside developed another molecule, the quinabactin. It mimics also 
the functions of ABA that makes plants more tolerant to water defi cit (Okamoto 
et al.  2013 ). However, the unfairness of these products must be demonstrated before 
use in pre- and postharvest.
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       Ethylene 

  Ethylene   (C 2 H 4 ) is the fi rst gaseous hormone identifi ed in plant. Ethylene synthe-
sized from methionine by a well-defi ned pathway in which 1-aminocyclopropane-
1-carboxylic acid (ACC) synthase and ACC oxidase catalyze the reactions from 
S-adenosylmethionine to ACC and ACC to ethylene, respectively (Yang and 
Hoffman  1984 ). C 2 H 4 is produced during fruit ripening (see review of Alexander 
and Grierson  2002 ; Liu et al.  1999 ; Mworia et al.  2010 ), especially in climacteric 
fruits such as bananas, apples, pears, mangos, and kiwis, and it is involved in senes-
cence and abscission of leaves and fl owers. Ethylene synthesis is also induced in 
response to drought, wounding, chilling injury, and pathogen infection. Climacteric 
fruits such as in bananas, mangos, tomatoes, and avocados are often harvested at a 
physiological stage that is considered “commercial maturity” and corresponding to 
green mature stage just before ripening has initiated. Ripening to obtain “ready-to-
eat” fruits can then be conducted under controlled conditions and ethylene fumiga-
tion to achieve uniform appearance and quality of ripe fruit. When fruit are exposed 
to ethylene under these controlled conditions they initiate their respiratory climac-
teric pattern, induce endogenous ethylene biosynthesis and ripen. In leafy and fl o-
rets vegetables as broccoli, ethylene application provokes senescence (Costa et al. 
 2005 ). Usually, treatments to induce ripening are achieved with ethylene-releasing 
compounds such as 2-chloroethylphosphonic acid (ethephon) in banana and citrus. 
However, ethylene promotes calyx abscission in citrus and auxin treatment must be 
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used to avoid this effect. In addition, fast ripening induced by ethylene treatment 
can affect fruit quality if the concentration and the timing of application are not 
adequate.   

    Other PGRs 

  Salicylic acid   (SA) is a phenolic compound similar to aspirin (acetylsalicylic acid) 
has been involved in defense responses to several abiotic stresses and to plant patho-
gens. The most important effect of SA is the induction of systemic resistance 
acquired (SAR). SA is synthesized from phenylalanine and this synthesis involved 
the phenylalanine ammonia lyase (PAL) and the benzoic acid 2 hydroxylase 
(BA2H). SA could be found as free or conjugated compound (Fig.  11.5 ). It has been 
shown that exogenous application of salicylic acid led to the accumulation of pro-
teins linked to the resistance and thus signifi cantly reduces the extent of damage 
caused by pathogens. SA can also inhibit ethylene biosynthesis. SA presents several 
advantages in postharvest application due their effect on fruit ripening, fi rmness 
(Marzouk and Kassem  2011 ; Ranjbaran et al.  2011 ), antioxidants (Bal and Celik 
 2010 ; Chen et al.  2006 ; Divya et al.  2014 ; Huang et al.  2008 ), and disease resistance 
(Asghari and Aghdam  2010 ). Chapter   5     describes the impact of SA postharvest 
treatments on fresh produce quality.

    Jasmonic acid   (JA) and its derivates as methyl jasmonate (Me-JA) are volatile 
fatty compounds, derived from the family of octadecanoic fatty acids, and synthe-
sized from linolenic acid membrane of chloroplast (Fig.  11.5 ). In the chloroplast, 
linolenic acid, after the action of lipoxygenase, is converted to a cyclized intermedi-
ate 12-keto-phytodienoic acid, which, after transport in the peroxisome, is fi rst 
reduced and then converted after β -oxidation in jasmonic acid (Fig.  11.6 ). The 
exogenous jasmonic acid inhibits plant growth and stimulates various processes 
related to senescence, ripening, and antioxidant defenses (Kucuker et al.  2014 ; 
Flores et al.  2015 ; Concha et al.  2013 ). It is also known to induce transcription of 
genes involved in the synthesis of plant defense proteins in response to biotic stress 
(Wasternack  2014 ). So, Me-JA postharvest treatment has been shown to reduce 
 Alternaria alternata  development in tomato (Chen et al.  2014 ) and  Penicillium citri-
num  in Chinese bayberry (Wang et al.  2014 ). See also Chap.   6    .

   Brassinolides or  Brassinosteroids   (BR) are steroids compounds discovered for 
the fi rst time in the pollen of oilseed rape ( Brassica napus ) and brassicaceae family 
(Fig.  11.5 ). It was subsequently shown that these compounds are ubiquitous among 
plant species and BRs are present in all parts of the plant but their levels are higher 
in pollen and seeds. As other PGRs, BRs are involved in many mechanisms of devel-
opment, photomorphogenesis, leaf senescence, and resistance to stress. BRs have 
the ability to regulate cell cycle and consequently cell division. BRs have sometimes 
been used in agriculture to increase production of crops, but up to now, theirs appli-
cations to fi elds is poorly described. BR postharvest treatment induces tomato fruit 
ripening through stimulation of ethylene biosynthesis ( Zhu et al. 2015a ,  b ).  
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    Conclusion 

 In postharvest, PGR may be used to extend shelf-life, to delay senescence, to con-
trol ripening, and to limit disease development. These PGRs have also been found 
to decrease fungal infections, altering or not the quality of the fresh product. The 
effects of any given PGR depend on many factors as concentration, levels of other 
endogenous PGR, environmental conditions, signaling factors, or sensitivity of each 
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plant species or cultivar. Therefore, it is diffi cult to predict the action of exogenous 
application of PGR and several researches could be realized before extend the use 
of the molecules. 

 The environmental and health effects of PGR used for food production are a 
problem today. For example, in France, ethylene is the only authorized PGR for 
postharvest application and only banana and citrus. Thus, it is absolutely necessary 
to develop environmentally friendly new PGR accepted by the consumer for main-
tain and/or improve quality of fresh product. Gibberellins and salicylic acid and 
derivate might be good candidates for postharvest treatments. 

 Nevertheless, different approaches could be developed to manipulate endoge-
nous hormone balance in the good way for the quality such as environmental factors 
and in particular using light-emitting diode (LED) irradiation technology. 

 I should like to recommend the excellent book entitled “Plants hormones: 
biosynthesis, signal transduction and Action!” by Davies ( 2010 ).      
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    Chapter 9   
 Active Carbohydrates       

       Filomena     Nazzaro     ,     Florinda     Fratianni    ,     Autilia     Cozzolino    ,     Tiziana     Granese    , 
and     Raffaele     Coppola   

         Packaging offers control and protection of foods from chemical, physical, and 
biological adverse conditions during their distribution and storage. In last decades, 
different functional and active  packaging systems   were created, with meliorated 
characteristics and properties, as answer to consumer requirements (Fig.  9.1 ).

   Global market embraced the increasing consumer demand for more natural foods 
meeting the criteria of high quality and safety. Thus, lead companies and research-
ers are involved to explore different ways to improve their productivity in terms of 
maintaining quality, freshness, and food safety, for example exploring the possibil-
ity of using new natural sources as antimicrobial agents (Nazzaro et al.  2009 ) and/
or increasing the use of sustainable materials in food packaging (Mahalik and 
Nambiar  2010 ). Thus, several studies are in progress and different materials are 
experimented to avoid the proliferation of microorganisms, as well as the loss of 
organoleptic and/or nutritional qualities of food. 

  Coatings   of different composition have been tested and used to prolong storage 
life of fresh and highly perishable products (for example, fruit, meat and vegetables), 
retarding their senescence, reducing and/or slowing all metabolic processes, retard-
ing microbial growth, and forming a protective barrier to reduce respiration and 
transpiration rates (Fisk et al.  2008 ; Gonzalez-Aguilar et al.  2008 ; Vargas et al.  2008 ; 
Antunes et al.  2012 ; Dhall  2013 ; Valencia-Chamorro et al.  2013 ; Fratianni et al. 
 2010 ). Carbohydrates, such as alginate, pectin, chitosan, starch, and hemicelluloses, 
can represent an interesting area of application, also in the fi eld of food technology. 
In most cases they are capable to respond, in terms of economy of cost, naturalness, 
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effi ciency, as well as protective materials suitable to be used for packaging (Dutta 
et al.  2009 ; Hansen and Plackett  2008 ; Jiménez et al.  2012 ). In this chapter, we 
briefl y shall describe some carbohydrates, focusing our attention on their biological 
activity, in particular their antibacterial and antifungal activity, or regarding their 
prebiotic effectiveness. 

    Chitosan 

 Chitosan is a copolymer giving rise from chitin through a process of  deacetylation   
in an alkaline media (Abdou et al.  2007 ). Structurally, it consists of β-(1–4)-2-
acetamido- d   -glucose and β-(1–4)-2-amino- D -glucose units, with this latter exceed-
ing 60 %. Its importance is based mainly on its antimicrobial properties, cationicity, 
and its fi lm-forming properties. The ability of chitosan to act as a food preservative 
of natural origin has been reported (Coma et al.  2002 ,  2003 ; Durango et al.  2006 ; 
Han et al.  2004 ; Park et al.  2004a ,  b ; Ribeiro et al.  2007 ; Domard  2001 ). Chitosan- 
based fi lms possess a selective permeability to gasses (CO 2  and O 2 ) and good 
mechanical properties.  Antimicrobial and antifungal properties   of such carbohy-
drate can give rise from its polycationic nature (Kim et al.  2003 ), mediated by the 
electrostatic forces forming between the protonated amino group (NH2) present in 
the chitosan molecule and the negative residues of microbial cell surface (Tsai et al. 
 2002 ). Antimicrobial activity of chitosan is also directly improved by the number of 
its protonated amino groups, the number of protonated amino groups, and the degree 
of deacetylation (DD) (Liu et al.  2004 ). In some cases, such features do not affect 
the antimicrobial activity of chitosan (Qin et al.  2006 ). In other cases, protonated 
NH3+ results as not the predominant factor of antimicrobial activity of chitosan; 
neither the DD value can affect such property (Park et al.  2004a ,  b ). As  water- 
soluble form  , chitosan is ineffective in inhibiting the bacterial growth; however, its 
own state let it to penetrate within bacterial cell, where physiological pH is around 
neutral; in such case, water-insoluble chitosan molecules can precipitate, and stack 
on the microbial cell surface, thus forming an resistant layer surrounding the cell 
which blocks the channels, which are essential for living cells, and can cause a 
change in the morphology and structure of microbial cells, until to its death. 

More 
protective

M
ore 

effective in 
preservation

Ch
ea

pe
r

Natural

Consumer
demand of 
packaging

  Fig. 9.1    General 
requirements by consumers 
about packaging attributes       

 

F. Nazzaro et al.



143

   Listeria monocytogenes    is a Gram-positive rod that can cause illness in a variety 
of food products (Beverlya et al.  2008 ). Eating foods contaminated with  L. monocy-
togenes  normally causes the disease listeriosis, more serious for elderly adults and 
adults with compromised immune systems and can cause meningitis (Levine et al. 
 2001 ). In pregnant women, such disease may cause spontaneous abortions or still-
born babies. Roberts and Greenwood ( 2003 ) has studied the antimicrobial effect of 
chitosan (with low and high molecular weight), as an edible fi lm, that was dissolved 
in lactic acid or acetic acid against  L. monocytogenes  on RTE roast beef. This study 
showed that the acetic acid chitosan coating was more effective in reducing bacte-
rial counts than the lactic acid chitosan coating. The study indicated also that chito-
san coatings could be used to control this microorganism on the surface of roast 
beef. The molecular weight and amino group of chitosan can affect its antibacterial 
activity, which is different if related to Gram-positive bacteria and Gram-negative 
bacteria (Liu et al.  2001 ). Its activity is also effective against fungi (Sebti et al.  2005 ; 
Tsai et al.  2000 ), acting on the synthesis of some fungal enzymes (Bautista-Banos 
et al.  2006 ), inhibiting their growth or inducing morphological changes, structural 
alterations, and molecular disorganization of the fungal cells. The antibacterial 
activity of chitosan was successfully tested, for example, against Gram-negative 
( Escherichia coli ,  Pseudomonas fl uorescens ,  Salmonella typhimurium ,  Vibrio para-
haemolyticus ) and Gram-positive bacteria ( L. monocytogenes ,  Bacillus megaterium , 
 Bacillus cereus ,  Staphylococcus aureus ,  Lactobacillus plantarum ,  Lactobacillus 
brevis ,  and Lactobacillus bulgaricus ) (No et al.  2002 ), showing stronger bacteri-
cidal effects for Gram-positive bacteria than Gram-negative bacteria. In other cases 
(Devlieghere et al.  2004 ) Gram-negative bacteria were more susceptible; on the 
other hand, the sensitivity of the Gram-positive bacteria was highly variable: 
 Brochothrix thermosphacta  and  B. cereus  were very sensitive respect to  L. monocy-
togenes  and some lactic acid bacteria. Yeasts, such as  Candida lambica  and 
 Cryptococcus humicolus , showed an intermediate sensitivity, also depending on 
pH. The action of chitosan was evaluated with or without the addition of starch in 
the development of polymers: without gelatinized starch, chitosan was capable to 
retard the growth of  C. lambica ; such action was practically not existent in the pres-
ence of high amount of starch (Devlieghere et al.  2004 ), but enhanced by the con-
current effect of electron beam (EB) on chitosan (Zhai et al.  2004 ), or by the 
incorporation of nisin (N) and garlic oil (GO), against  E. coli ,  S. aureus ,  S. 
typhimurium ,  L. monocytogenes , and  B. cereus  (common meat product contami-
nants) (Pranoto et al.  2005 ). Chitosan fi lm incorporated with potassium sorbate 
(KS) exhibited antimicrobial activity against  S. aureus ,  L. monocytogenes , and  B. 
cereus . Li and Xie ( 2004 ) studied the mechanical, physical, and antimicrobial prop-
erties of Konjac glucomannan–chitosan–nisin ternary blend fi lm. Ziani et al. ( 2009 ) 
ascertained the antifungal properties of fi lms and solutions based on chitosan with 
different molecular weight and at different concentrations; in particular, the antifun-
gal activity was investigated against  Alternaria alternata ,  Rhizopus oryzae , and 
 Aspergillus niger . Results indicated that the antifungal activity of the different treat-
ment is species dependent and solution dependent. Antimicrobial activity of edible 
coating solutions based on chitosan and blends of chitosan–starch (obtained from 
tapioca) with or without potassium sorbate (KS) addition against  Lactobacillus  spp. 
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and  Zygosaccharomyces bailii  was affected by the presence of KS and/or  starch   
(Vasconez et al.  2009 ): at molecular level the chitosan antibacterial action could 
suffer the antagonist effect of the presence of KS and/or tapioca starch, which inter-
actions might inhibit its amino groups bonding to the cell membrane, decreasing the 
global antimicrobial activity. The concurrent presence of potato starch, KS, and 
chitosan in the biodegradable fi lm affected its antimicrobial activity against some 
pathogens, such as  E. coli  and  S. aureus  (Shen et al.  2010 ). The sweet potato fi lm 
control did not show any inhibitory effect on  E. coli  or  S. aureus . Films incorporated 
with potassium sorbate (KS) ≥15 % or chitosan ≥5 % exhibited anti- E. coli  effect, 
whereas the incorporation of chitosan at ≥10 % was effective in suppressing the 
growth of  S. aureus . Such results are of particular importance, as  E. coli  and  S. 
aureus  can be found in several food products, and they are also the human patho-
gens causing the most economically important food-borne diseases throughout the 
world (Elizaquıvel and Aznar  2008 ).  

    Oligosaccharides 

   Oligosaccharides   are saccharidic compounds, with a variable number of sugar 
units, generally from 2 to 10, which are considered as low-molecular-weight carbo-
hydrates (Sako et al.  1999 ; Mussatto and Mancilha  2007 ). Oligosaccharides are 
active carbohydrates, considering their functional properties for health purposes. 
Different oligofructosides or fructans, at higher molecular weight, are produced 
from many plants and microorganisms through a transfructosylation activity. 
Depending on the enzyme sources, they have different linkages; fructosyltransfer-
ase derived from fungi  Aureobasidium pullulans  and  Aspergillus niger  are able to 
produce only the lF-type FOS; enzymes giving rise from  Claviceps purpurea  and 
asparagus produce both lF- and 6G-type oligofructosides (active carbohydrates 
FOS). Fructooligosaccharides can be distinguished in fructan, glucofructosan, and 
inulin-type oligosaccharides (active carbohydrates FOS). On the other hand, some 
scientists use the term fructooligosaccharides only to indicate [lF(1-β- D -
fructofuranosyl), sucrose; GF,  n  = 2 − lo], excluding polyfructans and oligofructo-
sides of different linkages such as neokestose, 6-kestose, and their derivatives. In 
fact, oligosaccharides have the capability to be selectively fermented in the colon, 
stimulating the intestinal microbiota and giving rise to important benefi cial effects 
on the body. For this reason, they are also known as prebiotics (Moure et al.  2006 ; 
Gullon et al.  2011 ). Oligosaccharides with prebiotic properties have great appealing 
for food industry and research, also because they can be used, free or microencap-
sulated, as functional ingredients in the formulation or manufacturing of functional 
foods, such as beverages, fruit or vegetal juices, yogurt, dairy products, and ice 
cream (Barreteau et al.  2006 ; Mussatto and Mancilha  2007 ; Nazzaro et al.  2008 ). 
The main physiological benefi ts of these carbohydrates include: the stimulation of 
the intestinal microbiota; the production of short-chain fatty acids; the growth inhi-
bition of certain pathogens, and the concurrent decrease of some gastrointestinal 
infections, and fi nally the lowering of intestinal pH value. They can also act for the 
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melioration of some dismetabolic status, decreasing insulin response and glucose 
uptake, and enhancing lipoprotein profi le. The presence of prebiotic in the diet can 
contribute to a reduction of cancer risk too (Agheli et al.  1998 ; Qiang et al.  2009 ; 
Gobinath et al.  2010 ; Li et al.  2010 ). Some oligosaccharides demonstrate a certain 
antioxidant activity (Coelho et al.  2014 ). The most important oligosaccharides with 
prebiotic property are certainly fructooligosaccharides (FOS) and galactooligosac-
charides (GOS). Recently other oligosaccharides, such as xylooligosaccharides 
(XOS), pecticoligosaccharides (POS), and agarooligosaccharide (Qiang et al.  2009 ; 
Li et al.  2010 ; Chen et al.  2013 ; Gullon et al.  2013 ; Kang et al.  2014 ), received atten-
tion due to prebiotic property. In addition, the concurrent presence of prebiotic and 
secondary metabolites of vegetal source can enhance the antioxidant properties of 
different probiotics, such as  Lactobacillus acidophilus  (Nazzaro et al.  2012a ,  b ,  c ) 
or  L. plantarum  (Nazzaro et al.  2012a ,  b ,  c ). The enzyme source of FOS synthesis 
can be split into two classes; one is plants such as asparagus, sugar beet, onion, and 
Jerusalem artichoke; the other is formed by FOS of bacterial and fungal origins, 
such as  Aspergillus ,  Aureobasidium ,  Arthrobacter , and  Fusarium  sp. FOS can be 
readily recognized as inulin-type oligosaccharides of o-fructose attached by β- 
(2 → 1) linkages carrying a o-glucosyl residue at the end of the chain. They con-
stitute a series of homologous oligosaccharides derived from sucrose usually 
represented by the formula GF. Different interesting properties characterize 
FOS. Low sweetness intensity is their fi rst feature, so that they are only about one-
third as sweet as sucrose. Such property is quite useful in the various kinds of 
foods, where use of sucrose is restricted, due to its high sweetness. FOS are calo-
rie free; that is, they are not utilized as an energy source in the body; thus they are 
safe for diabetics. Thirdly, they are noncariogenic. Finally, FOS stimulate the 
growth of the bifi dobacteria and discourage the growth of potentially putrefactive 
microorganisms with a tendency to cause diarrhea. However, FOS offer, in addi-
tion, important physiological properties, such as the effectiveness in decreasing 
the levels of serum cholesterol, phospholipid, and triglyceride (active carbohy-
drates FOS). One of the most important FOS is represented by inulin, present in 
several vegetables. 

 The importance of inulin is mainly related to its prebiotic activity. A prebiotic is 
a non digestible food ingredient that benefi cially affects the host, stimulating the 
growth and/or activity of selected bacteria in the colon, and improving the host’s 
health (Gibson and Roberfroid  1995 ). On the other hand, a prebiotic may repress the 
growth of pathogens (Roberfroid  2001 ). Inulin and oligofructose can be digested 
only through bacterial activity, which may affect the composition of human gut fl ora 
through specifi c fermentation; this gives rise to a community predominated by bifi -
dobacteria (Hidaka et al.  1986 ; Wang and Gibson  1993 ). Since 1995 Gibson et al. 
demonstrated that oligofructose and inulin can modify the in vivo composition of 
the microbiota, not only by improving the growth of lactic acid bacteria with healthy 
effect, but also reducing the count of bacteroids, fusobacteria, and clostridia; such 
effect could be due to several factors, such as the production of bacteriocins by 
bifi dobacteria and lactobacilli, the successful competition for substrates or adhesion 
sites on the gut epithelium, and the stimulation of the immune system (Gibson and 
Roberfroid  1995 ) .  
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    Cellulose 

   Cellulose   is one of the most abundant natural biopolymers, occurring primarily in 
wood, cotton, hemp, and other plant-based materials; its main role is to act as 
dominant reinforcing phase in plant structure. The following fi gure describes the 
structure of cellulose.

     

     Plant fi bers are composed of cellulose, hemicellulose, and lignin. Cellulose is 
ordered in microfi brils enclosed by the other two main components: hemicellulose 
and lignin (Bledzki and Gassan  1999 ). Microfi brils of cellulose can be found as 
intertwined microfi brils in the cell wall (2–20 nm diameter and 100 40,000 nm 
length depending on source), containing nanofi bers with diameters of 5–50 nm and 
lengths until several millimeters, which are conformed by nanocrystalline domains 
and amorphous regions (Darder et al.  2007 ). The structure of cellulose is a linear 
carbohydrate polymer chain, composed of  D -glucopyranose units joined together by 
β-1,4-glycosidic linkages. In a unit of cellulose, two chains are joined by hydrogen 
bonding to form a parallel conformation, which is called cellulose. These units are 
packed, side by side, to tangled microfi brils of cellulose, which also contain disor-
dered or amorphous regions. The arrangement of the microfi brils in the primary 
wall is casual. Secondary cell walls of plants comprehend cellulose (40–80 %), 
hemicellulose (10–40 %), and lignin (from 5 to 25 %), where cellulose microfi brils 
are embedded in lignin. Hemicellulose is a highly branched polymer, when com-
pared to the linearity of cellulose. Its structure contains a variety of sugar units, 
whereas cellulose contains only 1,4β- D -glucopyranose units and its degree of 
polymerization is 10–100 times lower than that of cellulose. Lastly, lignin is a com-
plex hydrocarbon polymer, with both aliphatic and aromatic constituents 
(Soykeabkaew et al.  2008 ). Its molecules are biosynthesized as nano-sized fi bers, 
called nanocellulose (NC), which are then assembled into fi bers, fi lms, walls, and so 
on. These cellulose nanofi bers are with diameters of 5–50 nm and lengths of thou-
sands of nanometers. The network of NC affects the product properties and its func-
tionality. NC fi bers are very interesting nanomaterials for production of lightweight 
and cheap nanocomposites, which on the other hand maintain a certain strength. 
Generally, NC takes place from the bio-formation of cellulose through bacteria, as 
well as through the dissolution of plant celluloses using shear forces in refi ner tech-
niques. Wood-derived NC can also be made by electrospinning from pulp solutions 
(Dufresne  1997 ) or through a planned acid hydrolysis of wood pulp (Beck- 
Candanedo et al.  2005 ). Cellulose nanofi bers are more effective than their micro-
sized counterparts in reinforcement of the polymeric skeleton: this is due to all 
interactions taking place between the nano-sized elements that form a percolated 
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network connected by hydrogen bonds, provided there is a good dispersion of the 
nanofi bers in the matrix. NC reinforcements in the polymer matrix might give rise 
to value-added materials with notable performance and wide applications for the 
next generation of biodegradable materials, also for food purpose (packaging with 
antioxidant and antimicrobial features). 

 Among the nanostructured celluloses, cellulose-based nanofi bers are very inter-
esting, due to relatively easy fabrication via the electrospinning process. Several 
studies were carried to enhance the short- and long-term antimicrobial activity of 
nanostructured celluloses, including electrospinning and subsequent UV irradiation, 
followed by deacetylation, of CA containing AgNO3 against different Gram- negative 
(such as  E. coli ) and Gram-positive (such as  S. aureus ) pathogenic strains (Jang et al. 
 2014 ). Other studies highlighted the utility of enhancing the antimicrobial activity of 
cellulose fi ber by covalently bonding β-cyclodextrin (β-CD) with cellulose fi ber and 
including some antibiotics, such as ciprofl oxacin hydrochloride. The structure 
revealed an excellent antibacterial activity against  E. coli  and  S. aureus , and the inhi-
bition effi ciency against  E. coli  was higher than that against  S. aureus  at the same 
fi ber content generally (Dong et al.  2014 ). 

 Recently, Hassan et al. ( 2015 ) prepared a new supramolecular metallo- 
terpyridine carboxymethyl cellulose derivatives with antimicrobial properties, in a 
one-step procedure, starting from carboxymethyl cellulose (CMC) which reacted 
with the Cu(BF4)2 complex of 4′-chloro[2,2′:6′,2″]terpyridine to generate the 
desired CMC–CuII–terpyridine derivative. Such matrix showed antimicrobial 
activity against Gram-positive bacteria ( S. aureus  and  Streptococcus thermophi-
lus ), Gram-negative bacteria ( E. coli ), and yeast ( (Saccharomyces cerevisiae ). The 
minimum inhibitory concentration of the prepared metallo-terpyridine CMC deriv-
ative against the studied microorganisms ranged from 6 to 8 mg/L to achieve ≥90 % 
of microbial growth inhibition (Hassan et al.  2015 ). The incorporation of essential 
oils in NC can meliorate its antimicrobial activity. This was demonstrated, for 
example, by Dashipour et al. ( 2015 ), which included Zataria multifl ora essential oil 
within carboxymethyl cellulose fi lms, increasing their antioxidant properties and 
antimicrobial activity against  S. aureus ,  B. cereus ,  E. coli ,  P. aeruginosa , and 
 Salmonella typhimurium , as well as by Atef et al. ( 2015 ), which formulated agar-
cellulose bionanocomposite fi lms incorporated with savory essential oil, improving 
their antimicrobial activity against Gram-positive bacteria ( L. monocytogenes ,  S. 
aureus,  and  B. cereus ) and Gram- negative bacteria ( E. coli ), with superior action 
against the Gram-positive one . 

    Starch 

   Starch   is a naturally occurring polysaccharide, the most abundant reserve of poly-
saccharides present in plants. Principal sources of starch are represented by cereals, 
legumes, tubers, roots, and seeds; it can be also found in fruits and pollens. Starch 
granules have different shapes and sizes, from spheres until irregular tubes. Such 
differences depend on starch source. The extraction of starch from its natural 
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source is easy and gives rise to a high pure compound, represented by a white, 
biodegradable, tasteless, and odorless power. Such features makes it as an appeal-
ing resource, both in human/animal feeding and for non-industrial purposes, such 
as the production of paper and pulp, bioethanol, or even adhesives. Chemically, 
starch is composed of two glucose residues, linked in different forms to build the 
two main starch polymers, amylose (AM) and amylopectin (AMP), which differ-
ence in structure and functionality affects the chemistry, and subsequently the tech-
nological, biotechnological, and biological properties of starch.
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     Basically, amylose is represented by a linear chain of glucose molecules, linked 
by α-1,4 linkages, with a molecular weight of 105–106 Da, usually located in the 
periphery of starch granule; in amylopectin, the main component of starch (70–
80 %), glucose residues are also joined by α-1,6 linkages, giving rise to a polymer 
with a molecular weight of 107–109 Da. Amylopectin is composed of three types of 
glucose chains, A-, B-, and C-chains (Peat et al.  1952 ): a single C-chain carries one 
reducing end. B-chains are attached by their reducing end to the C-chain and/or to 
other B-chains. A-chains are the outermost chains and carry no chain themselves. 
Amylopectin is generally concentrated in the hilum of starch granule (Kasemsuwan 
and Jane  1994 ; Jane and Shen  1993 ). Lot of amylose molecules are structurally 
described as in the single helical state (Ring et al.  1985 ); only some, larger mole-
cules are implicated in double helices with amylopectin (Kasemsuwan and Jane 
 1994 ). Amylose shows a high tendency to retrograde and produce tough gels and 
strong fi lms. On the contrary, amylopectin, when dispersed in water, is more stable 
and produces soft gels and weak fi lms (Perez and Bertoft  2010 ). Like other carbo-
hydrates, starch shows antimicrobial activity. Biofi lms of quinoa starch containing 
gold nanoparticles exhibited antimicrobial activity against  E. coli  and  S. aureus  
(Pagno et al.  2015 ). Starch/ε-poly- L -lysine (ε-PL) composite fi lms prepared by 
combining 4 % (w/v) gelatinized cornstarch and varying the level of ε-PL showed, 
on the other hand, effective inhibition against  E. coli  and  Bacillus subtilis : the fi lms 
containing 2 % (w/w) ε-PL effectively suppressed the growth of the tested microbes; 
however, they showed a low inhibitory effect on  Aspergillus niger  (Zhang et al. 
 2015 ). Kuorwel et al. ( 2014 ) investigated the antifungal activity of the antimicrobial 
(AM) agents linalool, carvacrol, and thymol incorporated in the coatings of starch-
based fi lms against  A. niger , fi rstly on plate, and then examined on Cheddar cheese. 
On the solid media, all the AM fi lms demonstrated a signifi cant inhibitory effect 
against  A. niger  growth. The AM fi lms containing 2.38 % (w/w) linalool, carvacrol, 
or thymol reduced the population of  A. niger  on the surface of Cheddar cheese by 
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1.8, 2.0, and 2.2 log CFU/g, respectively, after 35 days of storage at 15 °C. On the 
other hand, Resa et al. ( 2014 ) ascertained that natamycin and nisin supported on 
starch edible fi lms for controlling mixed culture growth on model systems and Port 
Salut cheese. This demonstrates the utility of such materials also as packaging and 
preserving agents for food purposes .   

    Alginate 

   Alginate   is an anionic polysaccharide giving rise from marine algae and composed 
of α- L -guluronate and β- D -mannuronate organized as linear homopolymeric and het-
eropolymeric blocks which can vary in composition and sequence, affecting the 
physical properties of alginate, such as viscosity of solution, strength, and friability 
of gel (Pawar and Edgar  2012 ; Azarakhsh et al.  2012 ; Gombotz and Wee  1998 ). 
Guluronate and mannuronate, two uronates with carboxylate groups at their C5 posi-
tions, are different for the confi guration of the carboxylate groups. Alginate is an 
abundant reserve of biomaterials: about 300,000 tons of such material is produced or 
biosynthesized annually (Pawar and Edgar  2012 ). Alginate can be considered a food 
material with good potential to be used as a coating, due to its peculiarity to form 
strong gels with metal cations, creating tick aqueous solutions (Roopa and 
Bhattacharya  2008 ). The enzymatic depolymerization of alginate, catalyzed by algi-
nate lyases, gives rise to the alginate oligosaccharides (AOs) (Kim et al.  2011 ; Wong 
et al.  2000 ). Such oligosaccharides have antioxidant activity, preventing lipid oxida-
tion, and sometimes act as scavengers of hydroxyl and superoxide radicals (Zhao 
et al.  2012 ). Like other carbohydrates, alginate exhibits interesting antimicrobial 
activity, both if used as alone and when other components, such as essential oils, are 
incorporated into its matrix. Considering the potential benefi ts of edible coatings and 
fi lms for storage of food materials, effect of edible calcium alginate fi lm on shelf life 
of frozen lamb muscles was studied by Koushki et al. ( 2015 ). Microbial analyses 
including total microorganisms count and psychrophilic bacteria count were per-
formed. Considering the role of psychrophilic bacteria in meat spoilage, results of 
the current research confi rmed that calcium alginate fi lms may be to some extent 
effective in shelf life extension of frozen lamb muscle. The antimicrobial properties 
of some essential oils (marjoram, clove, cinnamon, coriander, caraway, and cumin) 
included in alginate/clay nanocomposite fi lms was assayed, The composite fi lms, 
mainly when contained marjoram, exhibited activity against common pathogenic 
foodborne bacteria including  E. coli ,  S. aureus , and  L. monocytogenes  (Alboofetileh 
et al.  2014 ). Also polyphenols, when incorporated in nanoparticles of alginate and/
or chitosan are capable to exhibit antimicrobial activity. Whang et al. ( 2015 ) demon-
strated the preservative effectiveness as antimicrobial agents of tea polyphenols/chi-
tosan nanoparticles coated in alginate. Such nanoparticles had preservative effect on 
tilapia fi llets and, in the last step of storage, were capable to retard microbial prolif-
eration, if compared to the untreated ones.   
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    Pectin 

   Pectin  , one of the major components of the plant cell wall, is one of the most complex 
macromolecules present in nature (Jolie et al.  2010 ). The main industrial sources for 
pectin extraction are citrus and apple pomace (Videcoq et al.  2011 ). Chemically, 
pectin is poly a1-4-galacturonic acid, which exhibits different degrees of methylation 
of carboxylic acid residues and/or amidated polygalacturonic acids (Mishra et al. 
 2012 ). Methoxylated carboxyl groups give rise by esterifi cation with methanol of 
carboxyl groups of galacturonic acid; amidated carboxyl group take place when 
some of the galacturonic acid are transformed with ammonia to carboxylic acid 
amide. Pectin can be classifi ed as high methoxyl pectin (HMP) or low methoxyl 
pectin (LMP), according to the degree of esterifi cation (DE) with methanol (Farris 
et al.  2009 ). HMP has over 50 % of their carboxyl groups esterifi ed (DE > 50), while 
LMP have a DE < 50. The DE affects gelling properties of pectins. In this way, LMP 
forms gel in presence of multivalent ions: gel acts as a bridge between pairs of car-
boxyl groups of different pectin chains. On the other hand, HMP forms gel in acidic 
media with the addition of different sugars such as sucrose or glucose (Mishra et al. 
 2012 ; Videcoq et al.  2011 ). Three major pectic polysaccharides are extensively char-
acterized: homogalacturonan (HGA), rhamnogalacturonan, and rhamnogalacturonan 
II (RG I and RG II) (Willats et al.  2001 ). Pectin is an ingredient used in food industry 
without limitation other than current good manufacturing practice; it is considered as 
generally recognized as safe (GRAS) by the Food and Drugs Administration and it is 
used in food especially as gelling, stabilizing, or thickening agent in products such as 
yogurt drinks, fruity milk drinks, jams, and ice cream (Laurent and Boulenguer 
 2003 ). One of the most important aspects of edible fi lms is their ability to carry and 
release a variety of active compounds, including antioxidants, antimicrobial, fl avor-
ings, and antibrowning compounds (Falguera et al.  2011 ). The most active com-
pounds incorporated in pectin edible fi lms are used for their antimicrobial activity. 
Pectin-based edible fi lms have been incorporated with several antimicrobial sub-
stances to obtain antimicrobial active packaging which is capable to prolong extend 
product shelf life of food, as well as to reduce the risk of pathogen growth on food 
surfaces. This is a type of packaging that, by controlling the diffusion of the antimi-
crobial agents from packaging matrix to the product, modifi es the conditions sur-
rounding the food; this can negatively affect the growth of pathogen microorganisms 
(Cagri et al.  2004 ). Antimicrobial compounds incorporated into pectin edible fi lm 
give rise from natural sources. They must be generally recognized as safe (GRAS). 
Antimicrobials with such characteristics include bacteriocins, polyphenols, and 
essential oils. At present, the only bacteriocin licensed as GRAS food additive is 
nisin, commercially used as natural preservative (Acuña et al.  2011 ), and accepted 
also by the European Community laws (coded as E 234). Nisin was incorporated in 
pectin edible fi lms and used to preserve (in combination with ionizing radiations) to 
control  L. monocytogenes  in turkey meat (Jin et al.  2009a ,  b ), allowing, for a micro-
bial reduction by 3.95 and 1.76 log CFU/cm 2 , when used with or without the use of 
1 kGy ionizing radiation, respectively. Jin et al. ( 2009a ,  b ) tested pectin-PLA com-
posite fi lms incorporated with nisin against  L. monocytogenes  in three different 
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media, brain–heart infusion (BHI) broth, liquid egg white, and orange juice, obtain-
ing a microbial reduction by 2.1, 4.5, and 3.7 log CFU/mL, respectively. Pectin edi-
ble fi lms were used as carriers of plant essential oils. Edible fi lms based on pectin and 
apple puree were incorporated with cinnamon, oregano, or lemongrass essential oils 
(Rojas-Graü et al.  2006 ), exhibiting antimicrobial activity against  E. coli . Similarly, 
Du et al. ( 2009 ) tested the antimicrobial activity of allspice, garlic or oregano essen-
tial oils (incorporated in edible fi lms based on pectin and tomato puree), against 
 E. coli ,  Salmonella enterica , and  L. monocytogenes . The results indicated that devel-
oped edible fi lms presented antimicrobial activity against tested pathogens. Pure 
main components of essential oils, such as carvacrol, which is the main constituent 
of oregano and thyme essential oils, or cinnamaldehyde, the principal component of 
cinnamon essential oil, are effective as antimicrobials in active packaging made from 
pectin fi lms: for example, edible fi lms based on pectin and tomato puree incorporated 
with carvacrol exhibited antimicrobial activity against  E. coli  O157:H7 (Du et al. 
2008). Cinnamaldehyde or mainly carvacrol, incorporated in edible fi lms based on 
pectin and apple puree were used as active packaging for the protection of chicken 
breasts and ham stored at either 23 or 4 °C for 72 h (Ravishankar et al.  2009 ): they 
were active against  S. enterica ,  Salmonella enteritidis , and  E. coli . Moreover, fi lms 
with carvacrol were active against  L. monocytogenes ; carvacrol or cinnamaldehyde 
incorporated in apple pectin edible fi lms showed antimicrobial activity against 
 Campylobacter jejuni  (Mild et al.  2011 ), although in different way: Carvacrol dis-
rupts bacterial cell membranes by non-covalent interactions, whereas cinnamalde-
hyde reacts chemically with the membrane surfaces resulting in cell death (Mild et al. 
 2011 ). Ravishankar et al. ( 2012 ) formulated edible fi lms based on pectin and apple, 
carrot or hibiscus incorporated with carvacrol or cinnamaldehyde, and tested their 
antimicrobial activity against  L. monocytogenes  on contaminated ham and bologna. 
Results showed that the presence of carvacrol gave better antimicrobial activity 
against  L. monocytogenes . Indeed, the use of apple-pectin edible fi lm gave place to a 
higher inactivation of this pathogen when compared to carrot or hibiscus pectin .     
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          Postharvest Problems in Fresh Produce 

  Fresh fruits  and   vegetables have a short postharvest life and are prone to postharvest 
losses due to mechanical injury, physiological causes, and decay. There has been an 
enormous increase in the demand for fresh fruit and vegetable products that has 
required the industry to develop new and improved methods for maintaining food 
quality and extending shelf life (Aday et al.  2011 ). The physical damage is a very 
important aspect of postharvest deterioration and is the primary cause of many 
losses. Various types of injury can be sustained before, during, or after harvest; for 
example, bruise may only be show externally (e.g., apples) but there could be inter-
nal damage, or it may be evident only after peeling (e.g., potatoes). For instance, 
studies by Wilson et al. ( 1999 ) showed that a single bad bruise on an apple increased 
the rate of moisture loss by up to 400 %. The presence of bruising and other types 
of mechanical damage causes signifi cant economic loss of fresh produce due to 
rejection of the appearance quality by consumers (Prusky  2011 ). 

 Besides these normal postharvest changes, the conservation of fresh produce to 
low temperatures may disrupt the complex sequence of biochemical reactions tak-
ing place in plant tissue, and cause irreversible damage known as chilling injury 
(Snowdon  2010 ). Low-temperature storage is widely used as a postharvest treat-
ment applied to delay senescence in vegetables, ornamentals and fruits, so uphold-
ing their postharvest quality (Aghdam et al.  2015 ). The application to tropical and 
subtropical fruits and vegetables is the susceptibility of these to chilling injury at 
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temperatures below 12 °C. Chilling injury is a physiological disorder that greatly 
reduces fruit quality, frequently rendering the product unsellable (Aghdam et al. 
 2015 ). In general, tissue which has suffered physiological disruption, is predisposed 
to microbial decay, one of the main problems in fresh produce. 

 A main postharvest problem of fresh produce is the presence of microorganisms 
as fungi and bacteria. This infection may occur during the growing season, at harvest 
time, during handling, storage, transport, and marketing, or even after purchase by 
consumer (Ayala-Zavala et al.  2008b ). It is well established that pathogenic micro-
organisms associated with whole or fresh-cut produce can cause disease outbreaks, 
thereby demonstrating the need to reduce risks associated with these products 
(Parish et al.  2003 ). Some microorganisms are associated with outbreaks in some 
fresh produce (tomato, spinach, lettuce, cabbage, cantaloupe, strawberries, and oth-
ers) involving a variety of pathogens (Beuchat  1996 ). The primary concern for fresh 
produce are  Salmonella spp., enterotoxigenic Escherichia coli, Listeria monocyto-
genes, Shigella spp., Cryptosporidium spp., Cyclospora spp.  hepatitis A virus and 
norovirus. However, viruses are emerging as the dominant causative agent associ-
ated with fruit and vegetable outbreaks. For example, in Europe during 2009, viruses 
were identifi ed as the causative agent in 65.1 % of 43 fruit and vegetable outbreaks 
with verifi ed causes (Foong-Cunningham et al.  2012 ; Snowdon  2010 ). 

 The poor postharvest handling, such as a broken cold chain and unsuitable pack-
aging materials, results in high postharvest losses due to enhanced physiological 
activities and other metabolic processes that are associated with deterioration of 
fresh produce. Thus, to meet the market demand for improving microbiological 
quality and extending shelf life of fresh produce, microbial growth and storage con-
ditions should be controlled during storage (Choi et al.  2015 ). To extend storage 
life, postharvest protocols are necessary such as cold storage coupled with heat 
treatments, temperature preconditioning, intermittent warming, modifi ed and con-
trolled atmosphere storage, ultraviolet light, jasmonates, and other treatments to 
maintain postharvest quality of fresh produce  (Aghdam et al.  2013 ).  

    Modifi ed Atmosphere Packaging 

   Due to the complexities involved with  fresh   produce many considerations are 
involved in choosing an acceptable packaging technology (Farber et al.  2003 ). One 
of the areas of research that has shown promise, and had success, is that of modifi ed 
atmosphere packaging (MAP). This is a widely used modern packaging technology 
used to extend the shelf life of minimally processed fresh produce, as the name sug-
gests, MAP of fresh produce involves packaging produce in polymer fi lms that 
maintain a commodity specifi c modifi ed atmosphere such as reduced oxygen and 
elevated carbon dioxide levels (Kader  2003 ; Kader and Saltveit  2003 ). This tech-
nique involves either actively or passively controlling or modifying the atmosphere 
surrounding the product within a package made of various types and/or combina-
tions of fi lms. 
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 Temperature and levels of O 2  and CO 2  in packages are the most important 
 factors that shorten shelf life and trigger deterioration of packaged fresh fruit. 
Therefore, equilibrium-modifi ed atmosphere packaging and active packaging 
(AP) have been employed for addressing these problems. Active packaging can be 
defi ned as “a mode of packaging in which the package, the product, and the envi-
ronment interact to prolong shelf life or enhance safety or sensory properties, 
while maintaining the quality of the product” (Suppakul et al.  2003 ). AP involves 
placing absorbers inside the package (Guynot et al.  2003 ), and includes concepts 
such as oxygen and carbon dioxide scavenging systems (Suppakul et al.  2003 ). 
Oxygen can cause changes in color, fl avor, and odor (Suppakul et al.  2003 ) and 
encourages growth of aerobic bacteria and molds (Guynot et al.  2003 ). Hence, 
oxygen scavengers are used to minimize quality changes and prevent deterioration 
due to oxidation and growth of microorganisms (Charles et al.  2005 ). Iron, sodium 
hydrosulfi te, and ascorbic acid are the most used oxygen scavengers in food pack-
aging (Yeh et al.  2008 ) (Table  10.1   ).

       Moisture-Absorbing Systems 

   As is well known, fresh produce continues  to   respire after harvest producing mois-
ture. This humidity leads to accumulation of moisture vapor inside the package, 
which may saturate the headspace and condense on internal surface of  the   package 
and on surface of the produce. This leads to the growth of microorganisms and deg-
radation of texture and fl avor, which are the principal causes of fresh produce losses 
(Akinmusire  2011 ). Moisture-absorbing systems have been used for a very long 
time to absorb moisture of foods and inhibit growth of microorganisms. Some of 
these include desiccants such as silica gel, calcium oxide, calcium chloride, and 
activated clays and minerals which can be incorporated into sachets, pads, sheets, or 
blankets (Day  2008 ). These moisture-absorbing systems that are based on desicca-
tion can maintain a specifi c relative humidity inside the package by absorbing or 
releasing the moisture. 

 Several researchers have studied the use of desiccants such as Mahajan et al. 
( 2008 ) which elaborated a moisture absorber with a mixture of bentonite (0.55 g/g), 
sorbitol (0.25 g/g), and CaCl 2  (0.2 g/g). These authors reported a moisture-holding 
capacity of 0.9 g of water by g of mixed desiccant. Additionally, this absorber (5 g), 
when applied inside the package of fresh mushrooms (250 g), improved the overall 
appearance. Shirazi and Cameron ( 1992 ) observed that 10 g of sorbitol, xylitol, NaCl, 
KCl, and CaCl 2  sealed with one mature green tomato fruit (70–90 g) at 20 °C in simu-
lated packages for 48 days resulted in stable relative humidities of approximately 75, 
80, 75, 85, and 35 %, respectively. Villaescusa and Gil ( 2003 ) used sorbitol and silica 
gel in order to control in-package relative humidity for mushrooms. They found that 
sorbitol promoted tissue leakage and deteriorated texture, whereas silica gel increased 
weight loss in mushrooms. These disappointing results could be due to excessive 
amounts of desiccants used, which was 10–15 g/150 g of mushrooms  .  
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    Ethylene-Absorbing Systems 

    Ethylene   (C 2 H 4 ) acts as a plant hormone that has  different   physiological effects on 
fresh produce. It accelerates respiration, leading to maturity and senescence, and 
also softening and ripening of many kinds of fruit (Saltveit  1999 ). Furthermore, 
ethylene accumulation can cause yellowing of green vegetables and may be respon-
sible for a number of specifi c postharvest disorders in fresh fruits and vegetables 
(Vermeiren et al.  1999 ). To prolong shelf life of fresh produce, accumulation of 
ethylene should be avoided (Brody et al.  2008 ). The most commonly used ethylene 
absorber is potassium permanganate (KMnO 4 ) which is mostly supplied in sachets 
while other adsorbent or absorbent chemicals may be distributed as sachets or 
incorporated in the packaging materials (Brody et al.  2008 ). Due to the presence of 
double bond, ethylene (H 2 C=CH 2 ) is very reactive and is rapidly oxidized to acetate 
and ethanol by KMnO 4  (Lopez-Rubio et al.  2004 ). 

 Ethylene may also be removed by physical adsorption on active surfaces such as 
activated carbon or zeolite. Another type of ethylene absorber is based on the 
absorption of ethylene on activated carbon and subsequent breakdown by metal 
catalyst. Use of charcoal with palladium chloride prevented the accumulation of 
ethylene and was effective in reducing the rate of softening in kiwifruits and bananas 
and chlorophyll loss in spinach leaves (Abe and Watada  1991 ). Ethylene can also be 
removed from the package headspace by using polyethylene fi lms into which 
ceramic powder has been incorporated. The incorporation of ceramic powder 
increases the permeability of the fi lm and thus helps to reduce the ethylene concen-
tration in the package   (Vermeiren et al.  1999 ).  

    Flavor Release/Absorbing Systems 

 The  fl avor profi le   is one of the most important sensory attributes of fresh produce 
and plays a major role in determining consumer acceptability. This is infl uenced by 
genetic, preharvest, harvesting, and postharvest factors (Kader  2008 ). The longer 
the time between harvest and eating, the greater the losses of characteristic fl avor 
(taste and aroma) and the development of off-fl avors in most fruits and vegetables 
(Forney  2001 ; Kader  2008 ). The increased consumer demand for more quality has 
led the food packaging industry to search for an innovative packaging technology 
where the package contributes to maintaining quality and safety of the product in 
addition to simply acting as a protective barrier (Vakakalanka et al.  2012 ). 

 Efforts are made to identify methods to embed, entrap, and encapsulate aromas 
and other compounds within the packaging polymers or plastics or to add them at 
the headspace of the containers to minimize fl avor scalping (Garti  2008 ). Flavor 
release might also provide means to mask off-odors coming from the food or the 
packaging. Further applications of fl avor-enriched packaging materials include the 
possibility to improve the organoleptic quality of the product by emitting desirable 
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fl avors into the food that are released upon opening (Siro  2012 ). These functionality 
can be observed in the work of Ayala‐Zavala and González‐Aguilar ( 2010 ) where 
evaluated the controlled release of garlic oil from β-cyclodextrin capsules into 
sachets on sensory odor acceptability of fresh-cut tomato (0, 0.25, 0.5, and 1 g of 
garlic oil capsules/100 g tomato). These authors reported that after 14 storage days 
the values of odor acceptability were above the limit of acceptability. 

 On the other hand, in some cases, fresh produce can generate undesirable aromas 
and other compounds due to diverse physiological factors. Also, packaging materi-
als may also generate undesirable odors, especially plastic materials like polyolefi n 
components. For this reason, aroma absorbers are deigned to eliminate undesirable 
aromas present in the package headspace. Some of these absorbers include natural 
clays, zeolites, and active carbon (Siro  2012 ).  

    Natural Antimicrobial and Antioxidant Agents Incorporated 
in Food Packaging 

   The search of new safe substances  for   food preservation is being performed around 
 the   world (Magnuson et al.  2013 ). Synthetic additives have been used for many 
years to maintain the quality of many food products; however the potentially toxic 
effects attributed to them are leading to the search for more natural alternatives 
(Ortega-Ramirez et al.  2014 ). Nowadays, there has been an extensive search for 
potential natural food additive candidates that retain a broad spectrum of antioxi-
dant and antimicrobial activities while possessing the ability to improve the quality 
and shelf life of perishable foods (Fratianni et al.  2010 ). 

 Natural plant extracts are of increasing interest today due to the great variety of 
bioactive compounds with antimicrobial and antioxidant activity present in them 
(Ayala-Zavala et al.  2008c ; González-Aguilar et al.  2010 ). Some of these include 
polyphenols, terpenoids, alkaloids, lectins, polypeptides, essential oils (EOs), 
among others. Several essential oils (EOs) such as oils of garlic, cinnamon, thyme, 
oregano, clove, basil, coriander, citrus peel, laurel, ginger, rosemary, and pepper-
mint, among others, have been demonstrated antimicrobial activity against both 
bacteria and molds (Burt  2004 ). 

 Extensive research has been conducted to the search and study of the antimicro-
bial and antioxidant activity of natural origin compounds. Tepe et al. ( 2005 ) evalu-
ated the antimicrobial activity of  Salvia tomentosa  Miller EO against 14 
microorganisms, showing the minimal inhibitory concentrations (MIC) against 
 Streptococcus pneumonie  (2.25 mg/mL),  Clostridium perfringens  (0.54 mg/mL), 
and  Mycobacterium smegmatis  (2.25 mg/mL) .  On the other hand, Singh et al. 
( 2007 ) reported that cinnamon EO (0.002–0.006 mg/mL) were 100 % antifungal 
against pathogenic fungi  Aspergillus niger ,  Aspergillus fl avus ,  Aspergillus terreus , 
 Fusarium moniliforme ,  Fusarium graminearum ,  Penicillium citrinum , and 
 Penicillium viridicatum . Also, the growth of  Botrytis cinerea ,  Fusarium sp ., and 
 Clavibacter michiganensis  subsp.  michiganensis  was completely inhibited by 
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oregano, thyme, dictamnus, and marjoram EOs at relatively low concentrations 
(0.085–0.300 mg/mL) (Daferera et al.  2003 ). 

 On the other hand, fl avonoids have been identifi ed as an excellent food additive 
capable of ensure food safety by preventing microbial attack. It has been shown that 
fl avonoids can protect fresh produce against spoilage fungi, such as  Fusarium oxy-
sporum  (banana and grape),  Aspergillus japonicus  (pokhara and apricot),  Aspergillus 
oryzae  (orange),  A. niger  (apple), and  A. fl avus  (mango) (Sharma and Kumar  2009 ; 
Al-Hindi et al.  2011 ). Also, has been reported that fl avonoids extracted from berga-
mot ( Citrus bergamia  Risso) peel shown an inhibitory effect against  E. coli , 
 Pseudomonas putida , and  Salmonella enterica  in the range of 0.200–0.800 mg/mL 
(Mandalari et al.  2007 ). This antimicrobial activity has been linked to the ability of 
the constituents of these extracts to be embedded or interact with the membrane or 
cell wall of these microorganisms, which causes a destabilization of it and alteration 
of enzyme systems vital to the survival of the same (Kim et al.  1995 ; Ayala-Zavala 
et al.  2011 ) (Fig.  10.1 ).

   Besides of the antimicrobial activity, these compounds also possess antioxidant 
properties. Flavonoids from fruits and plants have been shown antioxidant properties 
in vitro and in vivo studies. Has been reported that methanol extracts of pomegranate 
peel showed 83 and 81 % antioxidant activity at 0.05 mg/mL using β-carotene-
linoleate and DPPH⋅ assays, respectively (Singh et al.  2002 ). Medicinal plants like 
 Cymbopogon citratus  have also demonstrated antioxidant activity, which were effec-
tive in reducing the DPPH⋅ radical in a 40 and 68 % at 0.033 and 0.05 mg/mL. Also, 
 Chenopodium  EO showed a 95.66 % of inhibition of ABTS⋅ +  radical at 3 mg/mL. 

  Fig. 10.1    Antibacterial effect of bioactive compounds from natural sources       
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 On the other hand, Vega-Vega et al. ( 2013 ) reported that ethanolic extract of 
mango seed applied to fresh-cut mango presented the highest content of the total 
phenolics (7.4 times), fl avonoids (3.1 times), and antioxidant capacity DPPH⋅, 
TEAC, and ORAC (2.9, 2.3, and 2.8 times, respectively) compared to untreated 
controls. In addition, Silva-Espinoza et al. ( 2013 ) applied an aqueous emulsion of 
cinnamon leaf EO on strawberries stored at 10 °C for 9 days and observed an incre-
ment of phenols (78 %) and fl avonoids (35 %). Furthermore, increased the antioxi-
dant capacity of the fruits measured with DPPH⋅ (52 %), TEAC (32 %), and ORAC 
(25 %) assays, compared to control fruits. 

 Despite the after mentioned properties, the applicability of these compounds 
directly on the food surface may be sometimes limited because these substances are 
rapidly neutralized or diffused from the surface into the food product or the environ-
ment, thus limiting their antimicrobial and antioxidant properties (Min and Krochta 
 2005 ; Ayala-Zavala et al.  2008a ). For this reason, their incorporation in a food pack-
aging can protect them and permit a controlled release. The use of packaging with 
natural bioactive compounds has increased today (Zemljič et al.  2013 ; Woranuch 
and Yoksan  2013 ; Peng et al.  2013 ). This has allowed the maintenance of foodstuffs 
for longer time because they maintain effective concentrations of bioactive com-
pounds when is necessary. These compounds could be added in the package allow-
ing their release in the headspace or imbibed into the package material (Ayala-Zavala 
et al.  2008b ). 

 The effect of antimicrobials in the headspace of the package can be observed in the 
work of Melgarejo-Flores et al. ( 2013 ) which exposed table grapes berries to vapors 
of cinnamon leaf EO at 0, 0.196, 0.392, and 0.588 mg/mL, and stored in polypropyl-
ene trays at 25 °C for 30 min. These authors reported that the exposure of grapes to 
the oil vapor signifi cantly reduced fungal decay compared to control berries. In addi-
tion, the treatments increased phenolic and fl avonoid content, related with antioxidant 
activity. Also, Serrano et al. ( 2005 ) observed that the vaporization of eugenol, thymol, 
menthol, and eucalyptol into polypropylene bags reduced molds and yeasts and total 
aerobic mesophilic colonies of sweet cherry by 4 and 2 log CFU compared with con-
trol, respectively. On the other hand, Ayala-Zavala and González- Aguilar ( 2010 ) 
encapsulated garlic oil in β-cyclodextrin to generate a release system of antimicrobial 
volatiles and tested on microbial growth and sensory quality of fresh-cut tomato. 
These authors observed that the highest concentration of garlic oil capsules 
applied showed the lowest microbial growth and the highest sensory quality  .  

    Edible Films and Coatings as Active Packagings 

   Edible fi lms and coatings are thin layers of edible materials that play an important 
role on conservation, distribution, and marketing of fresh produce. Edible coatings 
may contribute to extending the shelf life of fresh produce by reducing moisture and 
solute migration, gas exchange, and respiration and oxidative reaction rates, and by 
reducing or even suppressing physiological disorders (Falguera et al.  2011 ; 
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Rojas- Graü et al.  2009 ).  Edible fi lms and coatings   can be considered like an “ edible 
packaging  ” due the characteristics and benefi ts conferred to the product (Janjarasskul 
and Krochta  2010 ). Edible packaging is rapidly advancing by utilizing edible com-
pounds, such as proteins, polysaccharides, lipids and/or resins, and other edible 
components, derived from diverse renewable sources. Recent innovations have led 
to the development of edible coatings that can act as carriers of active ingredients. 
There are a number of compounds that can be incorporated into the coating of fresh 
produce to delay their senescence, maintain their organoleptic properties, texture, 
and microbiological safety (antioxidants, antimicrobials, pigments, fl avors, spices, 
salts, nutrient, light absorbers, among others) (Table  10.2 ).

   Depending on individual application, specifi c controlled-release rates of active 
solutes are required to fully perform their assigned functions. For example, limiting 
the migration rate of a preservative can reduce surface microbial growth. In certain 
cases, modifi cation of an edible fi lm matrix such as cross-linking could be used to 
reduce bioactive compound mobility (Janjarasskul and Krochta  2010 ). A controlled 
rate of release of active solute could be designed based on the chemical affi nities 
between active ingredient, fi lm forming materials, and food product and the 
 conditions (e.g., temperature, pH, aw, time) to which the edible packaging contain-
ing the active ingredient would be subjected (Quirós-Sauceda et al.  2014b ). 

 Recently, antimicrobial and antioxidant packaging fi lms have been increasingly 
investigated (Ayala-Zavala et al.  2008b ; Ramos et al.  2014 ). These properties can be 

   Table 10.2    Active fi lms and coatings applied to fresh and fresh-cut produce   

 Active 
compound 

 Edible fi lm or 
coating matrix 

 Fresh 
produce  Benefi ts  Reference 

 Citral and 
eugenol 

 Alginate  Arbutus 
berries 

 Preserved sensory and 
nutritional attributes and 
reduced microbial spoilage 

 Guerreiro et al. 
( 2015 ) 

 Lemongrass 
EO 

 Alginate  Fresh-cut 
pineapple 

 Decreased yeast and molds 
counts 

 Azarakhsh et al. 
( 2014 ) 

 Cinnamic 
acid 

 Xanthan gum  Fresh-cut 
pear 

 Reduce surface browning 
and maintain antioxidant 
capacity 

 Sharma and 
Rao ( 2015 ) 

 Lemongrass 
and oregano 
EOs 

 Apple 
puree-alginate 

 Fresh-cut 
apples 

 Reduce microbial growth  Rojas-Graü 
et al. ( 2007 ) 

 Carvacrol 
and methyl 
cinnamate 
vapors 

 Strawberry 
puree 

 Strawberries  Maintain fi rmness and 
brightness and increased 
total soluble phenolics 

 Peretto et al. 
( 2014 ) 

 Lemongrass 
EO 

 Carnauba- 
shellac wax 

 Apple  Maintain hardness and 
decreased total aerobic 
bacteria 

 Jo et al. ( 2014 ) 

 Chitosan  Agar-agar  Garlic 
cloves 

 Respiration and moisture 
loss reduction 

 Geraldine et al. 
( 2008 ) 

 Tea tree EO  Chitosan  Orange  Reduction of microbial 
growth 

 Cháfer et al. 
( 2012 ) 
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attributed to the incorporation of compounds with these activities or activity of the 
material itself. These coatings offer advantages over direct application of antimicro-
bial and antioxidant agents because can be designed to slow down bioactive com-
pounds diffusion (Quirós-Sauceda et al.  2014b ). Smaller amounts of these 
compounds would thus be needed in an edible coating. 

 Pranoto et al. ( 2005 ) reported that alginate‐based edible fi lm incorporated with 
0.1 % of garlic oil reduced the growth of  Bacillus cereus  and  Staphylococcus aureus  
in 5.61 and 4.30 log cycles. Also, Seydim and Sarikus ( 2006 ) reported the antimi-
crobial activity of whey protein‐based edible fi lms incorporated with oregano, rose-
mary, and garlic oils. These authors observed that especially oregano oil (2 %) 
showed the highest antimicrobial activity showing inhibition zones of 18.99 mm 2 . 
On the other hand, Ayala-Zavala et al. ( 2013 ) evaluated the effect of pectin fi lms 
added with cinnamon leaf oil (36.1 mg/mL) and observed an inhibition zones diam-
eter of 16, 12.3, and 14 mm for  E. coli ,  S. aureus , and  L. monocytogenes , respec-
tively. Additionally, these fi lms were applied to fresh-cut peaches and were observed 
that the same concentration of the oil showed the lowest values of microbial growth 
(1.86 log UFC/g) and that peaches were positively affected by the coating treat-
ment, increasing its antioxidant status and odor acceptability. 

 Similarly, Melgarejo-Flores et al. ( 2013 ) applied the same coatings to table 
grapes stored at 10 °C for 15 days and observed a completely inhibition of fungal 
decay and the highest antioxidant activity compared to control berries. Balaguer 
et al. ( 2013 ) studied the effect of adding cinnamaldehyde (major compound of cin-
namon oil) at 1.5, 3, and 5 % in gliadin fi lms against  Penicillium expansum  and 
 A. niger  in vitro. The tested fi lms were highly effective against fungal growth of 
 P. expansum  and  A. niger  were completely inhibited after storage in vitro for 10 days 
in the presence of fi lms incorporated with 3 % cinnamaldehyde. 

 Other physical factor contributing to postharvest losses of fresh produce is the 
loss of moisture which causes wilting and/or shrinkage. Rojas-Graü et al. ( 2006 ) 
reported that apple puree fi lms incorporated with oregano, cinnamon, and lemon-
grass oil decreased water vapor permeability and inhibit the growth of  E. coli . On 
the other hand, Siripatrawan and Harte ( 2010 ) reported that green tea extract 
improved water vapor barrier, polyphenol content, and antioxidant activity to chito-
san fi lms. Ayranci and Tunc ( 2004 ) reported that antioxidants such as citric or ascor-
bic acids, incorporated into a methylcellulose coating, extensively reduced ascorbic 
acid losses in whole apricot and peppers. Also, Han et al. ( 2004 ) incorporated cal-
cium and vitamin E to chitosan coatings to improve storability and nutritional prop-
erties of fresh strawberries and red raspberries. 

 Another form of active packaging fi lm is the multilayer systems, which is more 
effi cient, even than single fi lms. These can delay or inhibit the diffusion of bioactive 
compounds to environment (Fig.  10.2 ) helping to maintain the effective concentra-
tions of bioactive compounds where it is needed and permit a controlled release 
(Quirós-Sauceda et al.  2014a ). A possible mechanism of the multilayered system 
could include three layers: a matrix layer (e.g., biopolymer based) that contains 
the bioactive substance; an inner control layer to govern the rate of diffusion of 
the bioactive substance by allowing its controlled release; and a barrier layer that 
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prevents the migration of the active agent from the covered food as well as controls 
the permeability to gases.

   This particular functionality has been reported by Sipahi et al. ( 2013 ) which 
observed an increment  of shelf life of fresh-cut watermelon after to be covered with 
a alginate-based multilayer (0.5, 1, 2 g/100 g) added with  trans -cinnamaldehyde 
microencapsulated (2 g/100 g) in β-cyclodextrins antimicrobial agent. These authors 
observed that the multilayer coating (2 g/100 g) effectively reduced counts of psy-
chrotrophs by approximately 1.30 logs. Also, Brasil et al. ( 2012 ) tested the same 
antimicrobial agent (2 g/100 g) into chitosan-pectin multilayer coating (2 g/100 g 
each fi lm forming solution) in enhancing quality of fresh-cut papaya stored at 4 °C for 
15 days. The authors observed that multilayer coating maintained fi rmness, color, and 
β-carotene content, and showed lower juice leakage. Similarly, Mantilla et al. ( 2013 ) 
studied the effectiveness of a sodium alginate (0.5, 1, and 2 g/100 g) and pectin (2 
g/100 g) multilayered edible coating with the same antimicrobial complex (beta-
cyclodextrin and  trans -cinnamaldehyde at 2 g/100 g) in enhancing quality and shelf 
life of fresh-cut pineapple stored for 15 days at 4 °C. These authors observed that the 
coatings inhibit the microbial growth and preserve color, texture, and pH of the fruit.       
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    Chapter 11   
 Ozone: A Powerful Tool for the Fresh Produce 
Preservation       

       Nikos     Tzortzakis    

            Current Ineffective Sanitation Policies 

 Freshly harvested fruit and vegetables are prone to spoilage losses sustained during 
production,  transportation  , and storage. It is estimated that microbial spoilage 
losses to be as high as 30 %, with some—Litchi ( Litchi chinensis  Sonn.) fruit for 
example—subject to postharvest losses up to 50 % between harvest and consump-
tion (Jiang et al.  2001 ). Economic losses are severe. Based on 30 % loss from 
harvest-to- consumption, the estimated value of spoilage of fruit and vegetables 
(including salads) amounts to £ 0.37 and £ 1.19 billion, respectively, in the UK 
alone (Leatherhead FRA); any reduction in wastage would be of considerable eco-
nomic benefi t to growers, retailers, and consumers alike. The range of microorgan-
isms present on fresh produce can vary widely, depending on the produce nature, 
agronomic practices, geographical area of production, and weather conditions 
prior to harvest (Brackett  1999 ). Most of the natural microfl ora on fruit and vege-
table surfaces are innocuous and usually exert no deleterious effect on sensory 
qualities. Conversely, some microbes can spoil produce (i.e., plant pathogens and 
opportunists) and these constitute a serious economic threat for growers, storers, 
and shippers. 

 The major pathogens responsible  for   postharvest losses of fruit and vegetables 
are fungi including  Alternaria  spp.,  Botrytis  spp.,  Colletotrichum  spp.,  Diplodia  
spp.,  Monilinia  spp.,  Penicillium  spp.,  Rhizopus  spp., and  Sclerotinia  spp. plus bac-
teria such as  Erwinia  spp. and  Pseudomonas  spp. 

  Spoilage organisms  , along with a variety of human pathogens, contaminate 
fruit and vegetables via several routes at different points in the production chain 
following harvest. Infection can occur during the growing season, at harvest time, 
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during handling, storage, transport, and marketing and/or following purchase by 
the consumer. 

  Traditional   disinfectants, including chlorinated compounds, fail to adequately 
control common spoilage microorganisms as well as potential harmful human patho-
gens (review Graham  1997 ; Kim et al.  1999 ; Xu  1999 ; Crowe et al.  2007 ). 
Consequently, microbial contamination remains considerable despite the adoption 
of current “best practice.” Moreover, in recent years, there has been a noticeable rise 
in the number of documented outbreaks of foodborne diseases associated with the 
consumption of fresh fruit, vegetables, and unpasteurized fruit juices (De Roever 
 1998 ). Recent estimates indicate that contamination of fruit and vegetables is respon-
sible for 2–8 % of all confi rmed cases of food-derived illness (Tauxe et al.  1997 ). 

 Numerous studies have confi rmed the limited effect  of   chlorinated compounds 
in controlling pathogenic bacteria (Beuchat et al.  1998 ; Pirovani et al.  2000 ), viruses 
(Sobsey  1989 ; Tyrrell et al.  1995 ), and protozoan cysts (Wickramanayake et al. 
 1984 ; Korich et al.  1990 ). Moreover, the use of chlorinated compounds at effective 
concentrations (20–200 ppm free chlorine, Beuchat et al.  1998 ) can generate off- 
tastes and odor defects in treated produce (White  1986 ) as well as yielding poten-
tially carcinogenic chloro-organic compounds in wash water (Page et al.  1976 ) and 
on the surfaces of treated foodstuffs (Graham  1997 ). Consequently, recent European 
Union legislation (e.g., EEC 2092/91 and Biocides Directive 98/8/EC) imposed 
stricter guidelines governing the use of chlorine-  and   bromine-based sanitizers with 
the goal of moving toward a complete ban on their use in future. 

 Safe, effective alternatives to  halogenated   disinfectants are urgently required to 
reduce spoilage losses, improve food safety, and gain consumer confi dence and 
approval. Research and commercial applications have established that ozone may 
provide a viable alternative to traditional disinfectants, with some additional bene-
fi ts documented (Bott  1991 ; Graham  1997 ).  

    Ozone: Generation, Formation, and Properties 

 From the early writings of Homer, it is apparent that man has long appreciated the 
characteristic smell that  accompanies   lightening. Rideal ( 1920 ) noted that scientists 
had observed the same odor whilst passing air through electrical discharges or dur-
ing the electrolysis of water (Cruickshank 1801). Yet, it is Schönbein who is gener-
ally credited with the discovery of ozone after concluding in a memoir, presented to 
the Academy of Munich in 1840, that the odors generated during electrical dis-
charge, electrolysis, and after a fl ash of lightening were as a result of the production 
of the same substance. He named the substance  ozone , derived from the Greek 
word  ozein  meaning “smelly.” 

 The gas constitutes a natural component of both the upper (stratosphere) and 
lower (troposphere)    atmosphere. Stratospheric ozone forms a protective shield 
against potentially damaging levels of ultraviolet-B radiation (Environmental 
Protection Agency, EPA), whilst ground-level ozone concentrations are known to be 
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high enough to endanger human health, animals, vegetation, and building materials 
(Wellburn  1994 ). Tropospheric ozone arises through incursions from the strato-
sphere (Muller and Brausseur  1995 ), but to  a   greater extent by in situ photochemical 
production (Krupa and Manning  1988 ). 

 Commercially, ozone is generated at the point of application. It can be produced 
by submitting oxygen or air to ultraviolet (UV)    radiation of 285 nm wavelength 
(Graham  1997 ), but many commercial applications employ the corona discharge 
method of generation. When a high-voltage alternating current is applied across a 
discharge gap in the presence of air or oxygen, it results in the cleavage of oxygen 
molecules to form ozone. It is common to supply oxygen, rather than dry air, to 
maximize the yield of ozone (Hoigné  1998 ; Xu  1999 ). Moreover, the use of pure 
oxygen as feed gas eliminates the production of higher oxides of nitrogen which are 
known to contaminate ozone generated by air-fed electric discharge generators 
(Brown and Roberts  1988 ). Ozone can also be generated by chemical, thermal, 
chemonuclear, electrolytic (Horvath et al.  1985 ), and electrochemical methods 
(Kim et al.  1999 ). 

 Ozone does not result in the formation  of   trihalomethanes unless halogens have 
been introduced in the wash water, but does form a number of non-halogenated 
by- products (Adeskaveg  1995 ). Ozone is generally safer to use (lower Threshold 
Limit Value—Long Term Exposure Limit, TLV-LTEL) than many alternatives 
(Pryor  2001 ; Tzortzakis et al.  2007a ,  b ) and can be cost-effectively generated and 
controlled onsite.  

    Biocidal Action of Ozone 

  Where disinfection by ozone has been compared directly to chlorine, there is a 
wealth of literature to demonstrate the superiority of ozone (Kessel et al.  1943 ; 
Restaino et al.  1995 ; Sheldon and Brown  1986 ; Langlais et al.  1991 ; Kim et al. 
 1999 ; Xu  1999 ). Ozone is a potent oxidizing agent, 1.5 times more powerful in the 
abstraction of electrons (O 3 (aq)  oxidizing potential = +2.07 V) than chlorine (Cl (aq)  
oxidizing potential = +1.36 V), that decomposes to leave no residues whatsoever 
(breakdown yields only oxygen [O 2 ] and water [H 2 O]) via a series of reactions 
involving highly reactive, but short-lived, free radical species (including hydroper-
oxyl [•HO 2 ], hydroxyl [•OH], and superoxide [•O 2  − ]) plus several reactive interme-
diaries (including singlet oxygen [ 1 O 2 ] and hydrogen peroxide [H 2 O 2 ]) (Grimes 
et al.  1983 ). The toxicity of ozone is considered to be due at least in part to the 
generation of these reactive oxygen species (ROS). 

 The  antimicrobial   action of ozone depends on factors such as temperature, pH, 
and the presence of ozone-consuming compounds that can simultaneously affect its 
physicochemical properties, i.e., solubility, stability, and reactivity, and hence infl u-
ence the rate of ozone dissolution.  Temperature : As with other gases, the solubility 
of ozone is inversely related to temperature. Moreover, temperature affects the rate 
of reaction of ozone with microbial constituents (reviewed by Langlais et al.  1991 ; 
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Khadre et al.  2001 ).  pH : pH changes the rate of ozone dissociation and the nature of 
the products formed. At low pHs (pH < 7.0), microbial inactivation occurs mainly 
through reaction with molecular ozone. At higher pHs (pH > 7.0), radical-type chain 
reactions are promoted and ozone rapidly decomposes in solution via the catalytic 
activity of the hydroxyl ion (Hoigné  1998 ).  Ozone-consuming compounds : the half- 
life of ozone in aqueous solutions increases with water purity (Hill and Rice  1982 ). 
Thus, the presence of potentially competing reaction targets (e.g., organic matter) in 
wash water can reduce the effi cacy of ozone-based disinfection methods (Langlais 
et al.  1991 ; Khadre et al.  2001 ). 

 Another parameter that should be considered is the initial microbiological load 
and kind of contaminating microorganisms on the products: the higher the microbial 
load, the lower the effectiveness of O 3  may be. This is due to the fact that the gas 
eliminates competitive microfl ora, but at the same time, ozone is continuously 
degrading to O 2  and, therefore, it may enhance the aerobic microorganisms’ counts .  

    Phytotoxicity of Ozone 

  The primary target for ozone is believed to be the plasmalemma, the outer semi- 
permeable barrier of the cell. Mammalian red blood cell (RBC) membranes are 
often used as a model to examine the impacts of ozone on cellular membranes 
(Mudd et al.  1996 ), because they are well characterized with regard to their compo-
sition (Fairbanks et al.  1971 ). 

 The reaction  of   ozone with membrane constituents has been the subject of con-
tinuing debate. Lipid peroxidation or classical ozonolysis was fi rst considered to 
underpin the toxicity of ozone. Hence, the phytotoxicity of ozone was thought to be 
attributable to its interaction with unsaturated lipids, resulting in the generation of 
free radicals or toxic intermediates such as hydrogen peroxide (H 2 O 2 ), short-chain 
aldehydes, and modifi ed phospholipids (Pryor et al.  1991 ). However, more recent 
studies show that amino acid components (with cysteine, tryptophan, methionine, 
and histidine amongst the most reactive of membrane proteins) may constitute the 
principal site of attack (Dominy and Heath  1985 ). Ozone reacts signifi cantly with 
the amine (NH 2 ) and R- (R = alkyl, alkyl sulfur, or unsaturated) components of 
amino acids. The reactivity of ozone, and its reactive dissolution products, with 
amino acids is highly pH dependent and may result in a variety of products depend-
ing on the R group (e.g., formaldehyde, sulfoxide, ammonium, and cysteic acid). 
The importance of the impacts of ozone on amino acids has been identifi ed in the 
inactivation of several proteins including lysozyme (Dooley and Mudd  1982 ), cyto-
chrome  c  (Mudd et al.  1997 ), glutamine synthetase (Berlett and Stadtman  1997 ), 
glycophorin (Banerjee and Mudd  1992 ), acetylcholine esterase (AChE) (Mudd 
et al.  1996 ), and glyceraldehyde-3-phosphate dehydrogenase (G-3-PDH) (Knight 
and Mudd  1984 ). The reactivity of amino acid residues with ozone varies widely 
from one protein to another, suggesting that the susceptibility to oxidation is 
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 dependent upon the position of the amino acid in the protein (Mudd et al.  1996 ); the 
position of the protein in the membrane and amino acid composition (Mudd et al. 
 1997 ). Ozone has been shown to alter membrane permeability by increasing the 
“leakiness” of the membrane and by inhibiting pumps and/or transporters. The 
ozone sensitivity of the K + -stimulated ATPase on the plasma membrane has been 
demonstrated both in vivo (Dominy and Heath  1985 ) and in vitro (Heath and 
Castillo  1988 ). Castillo and Heath ( 1990 ) showed that the plasma membrane Ca 2+ -
transport system was also modifi ed (the pump was inhibited and infl ux increased) 
by ozone in vivo. The high infl ux of free Ca 2+  in the cytoplasm challenges mem-
brane integrity by initiating irreversible and fatal changes in the cell including pro-
tein denaturation, organelle disruption, ATP depletion, and activation or inhibition 
of key enzymes (Heath and Castillo  1988 ). 

 There is also evidence that additional ROIs, including hydroperoxyl (•HO 2 ), 
hydroxyl (•OH), singlet oxygen ( 1 O 2 ), superoxide (•O −  2 ), and hydrogen peroxide 
(H 2 O 2 ), contribute to the oxidative damage sustained by cellular constituents under 
the infl uence of ozone (Grimes et al.  1983 ; Polle  1998 ). In some instances, these 
secondary ROIs (e.g., •OH) can be more damaging than ozone per se, giving rise to 
tissue-damaging alkoxy radicals and alkyl radicals (Berlett and Stadtman  1997 ) that 
may also be important in triggering the “programmed” cells death .  

    Mechanism of Microbial Inactivation by Ozone 

 Ozone has been shown to attack numerous bacterial constituents including proteins, 
unsaturated lipids and respiratory enzymes in cell membranes, peptidoglycans in 
cell envelopes, enzymes and nucleic acids in the cytoplasm, as well as proteins and 
peptidoglycan in spore coats and virus capsids. 

    Cell Envelopes 

 Initial  studies   on  Escherichia coli  ( E. coli ) have suggested that ozone primarily 
attacks the double bonds of unsaturated membrane lipids, sulfhydryl groups of 
membrane-bound enzymes, and glycoproteins and glycolipids. This leads to altera-
tions in permeability and, ultimately, cell death (Murray et al.  1965 ). In aqueous 
ozone solutions ranging from pH 3 to 7, Perez and colleagues ( 1995 ) demonstrated 
that N-acetyl glucosamine, a substance present in bacterial cell walls and viral cap-
sids, was resistant to the action of ozone. The reaction of glucosamine with ozone 
was fast but the converse reaction occurred with glucose. This observation may help 
to explain the greater resistance of gram-positive bacteria (bacteria containing vast 
amounts of peptidoglycan in their cell wall) to ozone treatments compared with 
gram-negative bacteria (Khadre et al.  2001 ).  
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    Enzymes 

 It has  been   reported that the residual activities of periplasmic alkaline phosphatase 
and cytoplasmic  β -galactosidase decrease along with the survival rate of  E. coli  in 
response to ozone exposure (Takamoto et al.  1992 ). The activity of the latter enzyme 
decreased to a greater degree than the former. Induction followed by inactivation of 
catalase and superoxide dismutase activity has also been reported in ozone-treated 
 E. coli  (Whiteside and Hassan  1987 ).  

    Nucleic Material 

  Ozone has been   shown to be mutagenic (L’Herault and Chung  1984 ) and capable of 
inducing DNA degradation (i.e., producing single- and double-strand breaks and 
reducing its transformation capability) in different strains of  E. coli . Specifi c modi-
fi cations of the genetic material of  E. coli , before destruction of the cell membrane, 
have been demonstrated, with ozone resistance proposed to be related to DNA 
repair effi ciency (Hamelin  1985 ).  

    Virus Inactivation 

 Owing to  the   lack of a plasma membrane, alternative mechanisms have been pro-
posed to explain the inactivation of viruses by ozone including damage to the pro-
tein coat (Sproul et al.  1982 ) or nucleic acid component (Roy et al.  1981 ). Using 
electron microscopy, Kim et al. ( 1980 ) examined the mechanism of ozone inactiva-
tion of bacteriophage f2 ribonucleic acid (RNA). They observed that ozonation 
cleaved the phage coat into its protein subunits, liberating RNA and disrupting 
adsorption to the host pili. The naked RNA could then be attacked by ozone. In sup-
port of these fi ndings, Shinriki and colleagues ( 1988 ) showed ozone attacked both 
protein coat and RNA in tobacco mosaic virus.   

    Applications 

    Industrial Applications for Ozone 

 Since its discovery, ozone has been employed in many commercial applications in 
both aqueous and gaseous form. In the United States, was issued one of the fi rst 
patents utilizing ozone to convert a coal–oil mixture into paints and varnish. Other 
 signifi cant   ozone patents soon followed, notably for an apparatus to deodorize sewer 
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gases, and for a full- scale ozone–generating plant for water treatment (reviewed in 
Hill and Rice  1982 ). By 1906, ozone was employed for the commercial-scale disin-
fection of potable water across France, and ozonation is now commonly adopted for 
the treatment of drinking and wastewater throughout the world (reviewed in Hill 
and Rice  1982 ). The number of applications for ozone grows rapidly, and it is now 
used for the treatment and purifi cation of ground and surface waters, domestic and 
industrial wastewater plus swimming pools, and cooling tower systems (Langlais 
et al.  1991 ; Hoigné  1998 ; Gottschalk et al.  2002 ). 

 Ozone is one of the  most   potent oxidants in nature, and the mechanism(s) under-
lying its therapeutic action remain to be understood. Several possible explanations 
have been proposed, including the activation or generation of reactive oxygen inter-
mediates (ROI) which function as physiological enhancers of various biological 
processes including the expression of proteins that play key antioxidative roles (see 
Bocci  1996a ,  b ). Ex vivo studies investigating the effects of ozone treatment on red 
blood cell metabolism and hemolysis (Zimran et al.  1999 ) plus neutrophil functions 
in vitro (Margalit et al.  2001 ) indicate no adverse effects. Further studies are required 
to demonstrate the safety of medical application of ozone and these represent a 
prerequisite for the integration of ozone therapy into conventional medicine. 

    Aqueous Ozone 

 Ozone in water  is   often described as an alternative to hypochlorite as a disinfectant 
or sanitizer. Ozone can oxidize various soluble metal salts to yield insoluble com-
pounds that can be separated subsequently by precipitation and fi ltration. Iron, sul-
fur, and manganese contaminants can be removed from metal sulfates (also from 
drinking water to control the taste and odor of fresh water) or, for instance, vana-
dium can be recovered during the treatment of uranium ores, and cobalt separated 
from nickel salts (Rice  2002 ). Ozone can oxidize many organic compounds and can 
thus be used to reduce pesticide residues in process and discharge water (Nickols 
and Varas  1992 ). Tests show that 95 % of imazalil, thiabendazole, and sodium 
orthophenyl phenate (Na-OPP) residues in wash water are destroyed within 30 min 
(Smilanick  2003 ). Moreover, ozone is an effective bleaching agent and initiates 
oxidation reactions with organic compounds. Thus, for example, amine oxides can 
be produced from tertiary amines, sulphoxides, and sulphones from dialkyl thio-
ethers (Maggiolo and Blair  1959 ), without the formation of by-products. Ozone is 
also used for the synthesis of organic materials, e.g., ozone is used to oxidize oleic 
acid to produce azelaic and pelargonic acids, for various applications in the plastics 
industry as well as the production of synthetic lubricants (Rubin  2003 ). 

 Ozone has been long  used   for the treatment of waste water–facilitating recy-
cling (Langlais et al.  1991 ; Williams et al.  1995 ; Piper  1998 ; Geering  1999 ; Rice 
 1999 ). It has also been widely adopted for the disinfection of drinking water sup-
plies (e.g., water treatment plants, bottled water/soft drinks plants) as well as for 
the treatment of poultry and salmon hatcheries and aquaria (Sheldon and Brown 
 1986 ; Whistler and Sheldon  1989 ; Cryer  1992 ). More recently, dissolved ozone has 
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been employed for the disinfection and cleansing of wine barrels/casks, eggs, 
brewing/cider manufacturing facilities, shoes, and various foodstuffs (including 
supermarket displays of fresh produce in the USA) (Rice  2002 ). Ozone is also used 
to treat dairy and swine effl uent and water at theme parks as well as public and in-
home spas (Suslow  2004 ). The gas has also been incorporated in ice to assist in 
odor management during the long distance transport of fresh fi sh (Rice  2002 ). In 
the USA, ozonated water is in use in many fruit packing facilities to disinfect pro-
duce, reduce the spread of pathogens, and sanitize dump tanks, fl umes, and the 
surfaces of packing equipment (Hampson and Fiori  1997 ). An overlooked action of 
ozone is its potential to induce a suite of defence-related responses in plant tissues 
(Sandermann et al.  1998 ).  

    Gaseous Ozone 

 Ozone gas is commonly used  to   eradicate odors (e.g., cigar-cigarette smoke, perspi-
ration, and animal odors; Rice  2002 ) and is used throughout the world to “freshen” 
homes and workplaces. The gas is also widely employed on pack lines for medical 
and pharmaceuticals (reviewed in Bocci et al.  2001 ), for the pre-treatment of plastic 
fi lms used for lamination to metals and the pre-treatment of plastics prior to plating 
as well as the bleaching of paper pulp, kaolin, and textiles (see review Rice  2002 ). 
Indeed, the therapeutic effects of ozone exposure and transfusion are commonly 
utilized in Germany and Eastern Europe for the treatment of a variety of disorders 
including burns, infections, infl ammation, and pressure sores (Bocci  1994 ). 

 The gas is also being examined as a weed control agent in crops raised under 
protected cultivation in the fi eld and as an insecticide as well as a sanitation tool 
(Kells et al.  2001 ). Since ozone reacts rapidly with ethylene (effectively scrubbing 
ethylene from the atmosphere), ozone fi ltration has been used to eradicate ethylene 
in stored/shipped fruit (such as bananas and apples), extending “shelf life” and 
facilitating the controlled ripening of fruit  to   meet market demands (Rice et al. 
 1982 ; Rice  2002 ).   

    Applications in the Food Processing for Ozone 

 There are  many   potential applications for ozone in the agricultural, horticultural, 
and food processing sectors. In 1997, an expert panel in conjunction with the US 
Food and Drug Administration (FDA) awarded ozone “Generally Recognized As 
Safe (GRAS)” status for use in direct food contact applications (Graham  1997 ) and 
in 2000, a Food Additive Petition (FAP, required for approval of a candidate mate-
rial as a food additive) was fi led by the Electric Power Research Institute (EPRI) 
supported by the FDA to allow the use of ozone as an antimicrobial agent for direct 
contact with foods (Rice and Graham  2001 ). This FAP was approved on June 26, 2001 

N. Tzortzakis



183

(21 CFR Part 173, Docket No. 00F-1482). This change in legislation has resulted in 
growing commercial interest in the use of ozone for various applications in the food 
sector not only in the USA, but all over the world (see Table  1 ).

   Gaseous ozone is also  being   tested as a replacement for methyl bromide, a widely 
used fumigant used to control soil-borne fungal pathogens, nematodes, and weeds. 
Methyl bromide was scheduled for worldwide withdrawal by 2005 in developed 
countries, and by 2015 in developing countries, under the United Nations Directive 
on ozone-depleting substances, which constitutes part of the Montreal Protocol 
(Bell  2000 ). Gaseous ozone is also being tested as a weed control agent in crops 
forced early with the aid of various forms of protection (e.g., clear plastic fi lm) (see 
Pryor  2001 ).  

    Impacts of Ozone on Fresh Produce 

 The highest microbial reductions are often observed at  the   highest doses of ozone 
(Kim and Yousef  2000 ; Bialka and Demirci  2007 ; Alexandre et al.  2011 ); however, 
as the sensitivity to ozone varies among different commodities, it is necessary to 
establish an optimal treatment (dose) for each product (Karaca  2010 ) to avoid 

   Table 1    Ozone applications in food processing   

 Ozone usage  Product  References 

 Storage and transport  Fish  Chen et al. ( 1997 ) 
 Meats  Kaess and Weidemann ( 1968 ); Reagan 

et al. ( 1996 ) 
 Poultry  Sheldon and Brown ( 1986 ); Whistler and 

Sheldon ( 1989 ) 
 Wash-water treatment  Fresh produce  Beuchat ( 1992 ); Kim et al. ( 1999 ) 
 Shelf life and storage  Cheese  Horvath et al. ( 1985 ) 

 Grains and spices  Kells et al. ( 2001 ) 
 Fresh produce  Sarig et al. ( 1996 ); Pérez et al. ( 1999 ); 

Skog and Chu ( 2001 ); Palou et al. ( 2002 ); 
Tzortzakis et al. ( 2007a ,  2008 ,  2011)  

 Garlic and wheat fl our  Galdun et al. ( 1984 ); Naitoh et al. ( 1989 ) 
 Process water and 
effl uents 

 Slaughterhouses, 
olive oil mills 

 Joret et al. ( 1982 ); Benitez et al. ( 1997 ) 

 Pesticide removal  Fresh produce  Ong et al. ( 1996 ); Hwang et al. ( 2001 ) 
 Afl atoxin 
detoxifi cation 

 Peanut and cottonseed  Maeba et al. ( 1988 ) 

 Mold control and 
aging 

 Wines and beers  Tenney ( 1973 ) 

 Preservation and 
sterilization 

 Feeds and tobacco 
products 

 Bundschuh and Rilling ( 1996 ) 
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tissue damage, which among other things leads to an increased susceptibility to 
microbial infection. A number of studies (Kim and Yousef  2000 ; Khadre et al. 
 2001 ; Ketteringham et al.  2006 ) focused on  the   antimicrobial effi cacy of ozone 
treatment and not on the effects of ozone on nutritional and sensory quality of the 
product. Only those treatments that reduce microbial contamination of the product 
without having an adverse effect on product’s visual, textural, and nutritional qual-
ity (Allende et al.  2008 ) can be recommended and subsequently incorporated into 
the supply chain. 

 In other studies, ozone enrichment  of   stored foodstuffs has been shown to reduce 
microbial spoilage, provide odor control, and result in extended storage life by 
destroying the ripening/senescence-promoting hormone ethylene (Skog and Chu 
 2001 ; Palou et al.  2001 ). Ozone can be a good alternative sanitizer for fresh fruits 
and vegetables and it destroys microorganisms by progressive oxidation of vital cel-
lular components (Das et al.  2006 ). Recently, high research interest is taking place, 
examining the possible molecular and biochemical aspects of ozone impacts on 
fruit and/or pathogen with possible induced resistance at the fresh produce level 
(Minas et al.  2010 ; Tzortzakis et al.  2007a ,  b ,  2008 ,  2011 ,  2013 ). 

    Aqueous Ozone 

 In the aqueous phase,    ozone has been employed in the sanitation of wash water 
(Ogawa et al.  1990 ; Spotts and Cervantes  1992 ) and processing equipment (Gorman 
et al.  1995 ). Aqueous ozone treatments have also proved effective in degrading 
pesticide residues on fresh produce (Ong et al.  1996 ; Hwang et al.  2001 ), thereby 
reducing concerns over food and environmental safety. Recently, various applica-
tions have utilized ozonated ice and the low-pressure administration of ozonated 
water in food chillers and display cabinets to retain the freshness and quality of 
supermarket produce (reviewed in Rice  2002 ). 

 Previous experimentation has identifi ed ozonated water to be an effective means 
of decontaminating lettuce (Kim et al.  1999 ; Olmez and Akbas  2009 ), apples 
(Achen and Yousef  2001 ), table grapes (Sarig et al.  1996 ), carrots (Williams et al. 
 1995 ; Chauhan et al.  2011 ), artichoke (Restuccia et al.  2014 ), Chinese cabbage 
(Kondo et al.  1989 ), celery (Zhang et al.  2005 ), spinach (Rahman et al.  2010 ; 
Karaca and Velioglu  2014 ), and strawberries (Alexandre et al.  2011 ; Aday et al. 
 2014 ). Studies conducted on pears (Spotts and Cervantes  1992 ) and tomatoes 
(Ogawa et al.  1990 ) reveal that exposure to 3.8 g of ozone ml −1  water for 10 min 
results in equivalent depressions in fungal pathogen counts as traditional chlorine-
based disinfection treatments. Spore germination on the surface of fruit was much 
reduced, but spores placed in wounds were unaffected by ozone treatment—result-
ing in a  situation   similar to that for chlorine-based disinfection methods without 
concerns over halogenated residues (Eckert and Eaks  1989 ). A similar ozone expo-
sure (3.8 g of ozone ml −1  water for 10 min) regime was shown to kill sporangia of 
 Bremia lactucae  in water within a minute of contact, while those on lettuce leaves 

N. Tzortzakis



185

were protected (25 min contact at a similar level of ozone exposure did not reduce 
viability of sporangia) Scherm et al. ( 1993 ). Ozone exposure (1–5 ppm for different 
time of exposure ranging into 0.5–5 min) in lettuce (including fresh-cut lettuce) 
reduced microbial loan ( E. coli  O157:H7;  Listeria monocytogenes ) with positive 
effects on lettuce quality regarding vitamin C,  β -carotene, and sensory quality (Rico 
et al.  2006 ; Olmez and Akbas  2009 ). The suitability of chlorine dioxide 
(60 mg L −1 /10 min), peracetic acid (100 mg L −1 /15 min), and ozonated water 
(1.2 mg L −1 /1 min) as alternative sanitizers to sodium hypochlorite (150 mg L −1  free 
chlorine/15 min) was evaluated for minimally processed lettuce, resulting in a 2.5, 
1.1, and 0.7 reduction of log cycle on count of microbial load (total coliforms,  E. 
coli ,  Salmonella  spp., psychrotrophic and mesophilic bacteria, yeasts, and molds) 
as reported by Bachelli et al. ( 2013 ). 

 Ozone-treated (50,000 ppm for 1 up to 64 min) raspberries and strawberries 
achieved reduction in microbial loan of  E. coli  O157:H7 and  Salmonella enteric  
(Bialka et al.  2008 ). The effi ciency of three aqueous ozone concentrations 
(0.075 ppm, 0.15 ppm, 0.25 ppm) and two exposure times (2 and 5 min) were inves-
tigated for maintaining strawberry quality. The results have shown that low 
(0.075 ppm) and middle (0.15 ppm) ozone concentrations can be applied to extend 
the shelf life of strawberries by at least 3 weeks under refrigerated conditions, as 
delayed the changes in pH, total soluble solids, fi rmness and electrical conductivity 
as well as prevented mold growth during storage (Aday et al.  2014 ). Restaino et al. 
( 1995 ) also investigated the antimicrobial effects of ozonated water against food 
related microorganisms and determined that ozone effectively killed such gram- 
positive bacteria as  Listeria monocytogenes ,  Staphylococcus aureus ,  Bacillus 
cereus ,  Enterococcus faecalis , and such Gram-negative bacteria as  Pseudomonas 
aeruginosa , and  Yersinia enterocolitica . Restaino et al. ( 1995 ) also determined that 
ozone destroyed the yeasts  Candida albicans  and  Zygosaccharomyces bacilli  and 
spores of  Aspergillus niger . 

 The effi cacy  of   ozonated water (for 1, 5, or 10 min) at different temperatures 
(room temperature, mild heated [50 °C] and refrigerated [4 °C] temperature) and/or 
pH washing for inactivation of  Salmonella enterica  Typhimurium on green onions, 
grape tomatoes, and green leaf lettuces revealed that different surface structures of 
fresh produce signifi cantly impact the antimicrobial effi cacy of ozonated water 
washing operated under various parameters (time, temperature, and pH) (Xu and 
Wu  2014 ). 

 Examining  the   effi cacy of ozone (12 mg L −1 ) toward chlorine (100 mg L −1 ) water 
against  E. coli  and  Listeria innocua  on lettuce, spinach, and parsley, it was found 
that chlorine and ozone washes resulted in average log reductions (±standard error) 
of 2.9 ± 0.1 and 2.0 ± 0.3 for  E. coli  in the vegetables tested, respectively, while the 
effi ciency of ozone (2.2 ± 0.1 log) was very close to that of chlorine (2.3 ± 0.1 log) 
on  L. innocua . Moreover, ascorbic acid and total phenolic contents and antioxidant 
activity in ozone-treated samples were 40.1 %, 14.4 %, and 41.0 %, respectively, 
less than the control samples (Karaca and Velioglu  2014 ).  
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    Gaseous Ozone 

 Conceivable benefi ts  of   adding ozone to air in packinghouses and storage rooms 
include control of postharvest diseases on fruit, retarding the production of spores 
from decaying fruit, sanitation of surfaces, and ethylene removal (see Table  2 ). One 
use under investigation is the ozone enrichment of storage rooms and refrigerated 
containers, but there were contrasting reports in the past as to the effi cacy of the gas 
deployed for such applications (Rice et al.  1982 ).

   Treatment of fresh produce with ozone has reduced fungal development, mea-
sured as lesion size, on a number of products, e.g., in apples (Sharpe et al.  2009 ) 
exposed to gaseous ozone at 0.45 ppm for 2 days, in broccoli (Forney et al.  2003 ) 
continuously exposed to ozone at 0.2 and 0.7 ppm for 12 days, in carrots exposed to 
gaseous ozone at 0.45 ppm for 2 days (Sharpe et al.  2009 ), at 1 ppm for 4 days 
(Forney et al.  2007 ), intermittently (8 h per day) exposed to ozone at 15 ppm for 4 
weeks (Liew and Prange  1994 ), or continuously exposed to low level of ozone at 
0.05 ppm over a 6-month storage period (Hildebrand et al.  2008 ). 

  Previous   work by Spalding ( 1968 ), and more recently by Palou et al. ( 2001 , 
2002), reveals that atmospheres enriched by 0.3–0.5 ppm ozone signifi cantly retard 
the growth of  Monilinia fructicola  (brown rot),  Rhizopus stolonifer  (rhizopus rot), 
and  Botrytis cinerea  (grey mold) on artifi cially inoculated peaches. On the other 
hand, Sarig and colleagues ( 1996 ,  1997 ) reported ozone exposure to be an effective 
means of controlling  R. stolonifer  and  B. cinerea  proliferation in table grapes, but 
these effects were not reproduced during similar experiments performed by Spalding 
( 1968 ) and Shimizu et al. ( 1982 ). Liew and Prange ( 1994 ) reported a 50 % reduc-
tion in the daily growth rate of  B. cinerea  and  Sclerotinia sclerotiorum  in carrots 
exposed to 60 ppm ozone—with the action of ozone clearly fungistatic and not 
fungicidal. Lower levels of ozone (1.0 ppm O 3  at 8 °C) administered during storage 
has been shown to signifi cantly reduce the development of  B. cinerea  and  S. sclero-
tiorum  on carrots, with ozonation capable of reducing the proliferation of fungicide 
resistant strains (Forney et al.  2001 ). Barth and colleagues ( 1995 ) also report that 
ozone enrichment (0.3 ppm O 3  at 2 °C) suppresses pathogen development, in this 
case during storage of thornless blackberries. Indeed, studies contacted by Ewell 
( 1940 ) and Kuprianoff ( 1953 ) indicate that the “shelf life” of strawberries, raspber-
ries, apples, currants, and grapes can be doubled if produce is maintained in 2.0–
3.0 ppm gaseous ozone for a few hours per day. Bulbs and tubers may also benefi t 
from ozone enrichment. For example, Baranovskaya and coworkers  (1979)  and 
Tallentire ( 2007 ) highlight the advantages of introducing ozone into refrigerated 
potato stores for a skin fi nish perspective without effects on tuber quality. 

 Several studies  report   reduced sporulation in fungi maintained in an ozone- 
enriched atmosphere. For example, Krause and Weidensaul ( 1978 ) report that ozone 
treatment (0.3 ppm for two 6 h exposure periods) signifi cantly inhibits sporulation 
and germination during in vitro studies on  B. cinerea , whilst Palou et al. ( 2001 ) show 
that spore production by lesions on citrus fruit infected with  Penicillium digitatum  
(green mold) and  Penicillium italicum  (blue mold) is much reduced by exposure to 
ozone. Moreover, Margosan and Smilanick ( 2000 ) and Smilanick et al. ( 2002 ) 
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reported that germination of spores of  B. cinerea ,  M. fructicola ,  P. digitatum , and 
 R. stolonifer  is inhibited by ozone enrichment. Similarly, exposure of ‘Valencia’ 
oranges and ‘Eureka’ lemons to ozone (1.0 ± 0.05 ppm at 10 °C) delays attack by 
 P. digitatum  and  P. italicum  and reduces the rate of proliferation of both fungal dis-
eases. In other studies, continuous exposure of fresh commodities to ozone during 
storage was reported to reduce decay. Hildebrand et al. ( 2001 ) observed a reduction 
of decay when carrots inoculated with  S. sclerotiorum  and  B. cinerea  were held in 
0.115–0.530 μL L −1  ozone at 10 °C for 20 days. 

 Sanitation  of   equipment and fruit surfaces with ozone gas has been reported, but 
doses of ozone that kill postharvest pathogenic fungi in a few hours or days are very 
high and to use them requires very ozone-tolerant products, corrosion-resistant 
facilities that contain the gas, and presumably other measures to scrub ozone from 
vented air and other safety measures (Smilanick  2003 ). To kill spores of the patho-
gens that cause green mold, blue mold, and sour rot ( Penicillium digitatum ,  P. itali-
cum , and  Geotrichum citri-aurantii , respectively) in humid air (about 95 % RH) at 
5 °C within 1 h, about 200 ppm ozone was required. If the air was dry (35 % RH), 
a dose fi ve to ten times higher was required. The feasibility of using ozone gas to 
rapidly kill fungi on fresh fruit is limited because in a survey of more than 60 fresh 
products it was found that many were injured by 200 ppm applied for 1 h. Onions, 
citrus fruit, russet potatoes, cantaloupes, waxed apples, and kiwi fruit were unharmed 
when examined 1 week after treatment, while stone fruit, mushrooms, bananas, 
leafy vegetables of many kinds, snow peas, mangos, broccoli, brussels sprouts, and 
un-waxed apples and pears were severely harmed (Smilanick  2003 ). 

 When strawberries exposed to ozone (up to 8 ppm), the results indicated that the 
treatment of 4 ppm ozone could inhibit the decrease of ascorbic acid, peroxidise 
(POD) activity, and catalase (CAT) activity, and reduce weight loss rate and malo-
ndialdehyde (MDA) content. The treatment delayed the senescence of strawberry, 
with a signifi cantly lower respiration rate. Thus, the best concentration of ozone was 
4 ppm, and ozone treatment could be a good candidate for maintaining postharvest 
quality of strawberry and provide a longer storage life (Zhang et al.  2011 ). The 
effectiveness of ultrasound (30 W) and the chemical sanitizers ozone (0.075 mg L −1 ) 
and chlorine dioxide (6 mg L −1 ) alone and in combination were examined on straw-
berry storage life. All treatments inhibited mold growth during storage. However, 
individual ozone treatment causes bleaching of the fruit. Ultrasound treatments with 
ozone and chlorine dioxide were more benefi cial for quality factors such as pH, 
total soluble solids, electrical conductivity, and texture compared with the individ-
ual treatment or untreated fruit. Thus, it was suggested that combinations of ultra-
sound plus ozone and chlorine dioxide could be used for prolonging shelf life of 
strawberries (Aday and Caner  2014 ). 

 Carrots  and   tomatoes exposed to ozone enhanced several fruit quality parameters 
such as sugars, antioxidative status, as well as aroma and stress volatiles (ethanol, 
hexanal) and maintained fruit fi rmness (Forney et al.  2007 ; Tzortzakis et al. 
 2007a ,  b ). Additionally, ozone-enriched atmosphere (0.05, 0.2, 1.0, and 5.0 ppm) 
reduced disease development on tomatoes by  B. cinerea ,  Alternaria alternata , 
 Colletotrichum coccodes , and  Cladosporium herbarum , with great effects on spore 
germination and spore production suppression as well as the induced resistance of 
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pre-exposed tomatoes to ozone against fungal attack (Tzortzakis et al.  2005 ,  2007a , 
 b ,  2008 ,  2011 ,  2013 ). Han et al. ( 2002 ) reported more than 5 log reductions of  E. 
coli  O157:H7 on green peppers after the treatments with 7 mg L −1  ozone for 20 and 
40 min, under 85 % relative humidity and at 22  ° C. Similarly, Zhao and Cranston 
( 1995 ) reported that 3–6 log reduction of  E. coli ,  Salmonella  spp., and  Staphylococcus 
aureus  on black pepper could be achieved by passing ozonized air (6–7 mg L −1 ; 
6 L min −1 ) through black pepper for 60 min.   

    Impacts of Ozone on Human Health 

 Worldwide,  the   incidence of notifi ed foodborne disease has increased signifi cantly 
during the past decade, giving rise to serious public health concerns. The transmis-
sion of respiratory infections in indoor environments represents a major public con-
cern, whereas inside building might exist as epidemiology, especially by ventilation 
systems (Kowalski et al.  1998 ). 

 In any food processing environment, surfaces that appear clean visually can still 
be contaminated with large number of viable microorganisms that could contami-
nate food (Adams and Moss  1997 ). After removal of food residues, therefore, addi-
tional measures may be needed to reduce the number of microorganisms present. 
Such measures, known as terminal disinfection or microbiological cleaning, are 
especially important in food handling environments, where food contact surfaces 
must have only minimum levels of microbial contamination, for example, in the 
production of ready-to-eat foods (Moore et al.  2000 ). 

  E. coli  O157:H7, which is known  to   cause  hemorrhagic colitis   and  hemolytic 
uremic syndrome  , has emerged as a foodborne pathogen of major public health 
concern. A wide variety of foods including meat, milk, fruit juices, and vegetables 
are possible vehicles of  E. coli  O157:H7. The  E. coli  O157:H7 outbreaks occurring 
from the consumption of fresh-cut vegetables (FCVs) have led investigators to 
search for novel methods of controlling  E. coli  O157:H7 contamination of FCVs 
(Singh et al.  2002 ). 

 Ozone in the gaseous or aqueous state is a proven biocide and inactivates a 
broader spectrum of microorganisms than traditional disinfectants (Kim et al.  1999 ; 
Xu  1999 ; Khadre et al.  2001 ). Microbiological safety is an extremely important 
aspect of food quality. Consumers, as well as regulatory agencies, insist that foods 
are safe to eat, regardless of other quality indices. Currently, much emphasis is 
being placed on the eradication and control of a number of foodborne microbes 
capable of causing human disease (Tauxe et al.  1997 ). 

 There are recognized ozone thresholds for the protection of vegetation, building 
materials, and human health (Palou et al.  2002 ). Human exposure to high ozone 
concentrations can cause dryness in the mouth and throat, coughing, headache, and 
chest restriction. 

 Table  3  illustrates  the   effi cacy of aqueous ozone for the eradication of targeted 
human pathogens. Several studies highlight the ozone effi ciency. Thus, Moore et al. 
( 2000 ) reported that ozone exposure (2 ppm for 4 h) for  E. coli  ATCC 25922, 
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 Staphylococcus aureus ,  Serratia liquefaciens ,  Listeria innocua , and  Rhodotorula 
rubra  resulted in greater ( P  < 0.05) loss of viability than that observed in the absence 
of ozone. Indeed, gram-negative bacteria were more sensitive to ozone than 
gram- positive organisms; bacteria were more sensitive than yeast strain tested 
(Moore et al.  2000 ). Singh et al. ( 2002 ) reported that bactericidal effect in popula-
tion of  E. coli  O157:H7 increased with concentration and length  of   gaseous ozone 
exposure on lettuce and carrots, becoming signifi cant after 15 min of exposure. Kim 
et al. ( 1999 ) treated shredded lettuce with ozone and reported that bubbling ozone 
gas (49 mg L −1 , 0.5 L min −1 ) in a lettuce–water mixture decreased the natural micro-
bial load by 1.5–1.9 log in 5 min. Kowalski et al. ( 1998 ) reported that the disinfec-
tion action of ozone (300–1500 ppm for 10–480 s) in air parallels the action of 
ozone in water in experiments with  E. coli  and  Staphylococcus aureus .

        Conclusion 

 Widely used sanitizers, such as chlorine, have some disadvantages because of their 
limited effects in reducing microorganisms and concerns about their probable 
effects on health. Methyl bromide, a fumigant commonly used in farming and 
industry, has detrimental effects on ozone layer. Because of these reasons, the usage 
of these chemicals has been restricted, and they are thought to be phased out in near 
future. Therefore, the food industry is in search of applications that will substitute 
for these agents. 

 Ozone seems to be an effective sanitizer with great potential applications in the 
food industry. It decomposes into simple oxygen with no safety concerns about 
consumption of residual by-product. Due to its high oxidation capacity and micro-
bial inactivation potential, ozone has prevented various kinds of microbial spoilages 
usually encountered in fruits and vegetables. Decontamination of products by ozone 
depends on number and kind of contaminating microorganisms, physiology of the 
product, ozone application system, temperature, pH, and other factors. If improp-
erly used, ozone can cause some deleterious effects on physiology and quality of 
products such as losses in sensory quality. 

 For effective and safe use in food processing, optimum ozone concentration, 
contact time, and other treatment conditions should be defi ned for all products. Pilot 
trials must be conducted before starting commercial application, because every 
ozone application is unique. 

 Ozone application has also given promising results for important problems of 
food industry, such as mycotoxin and pesticide residues. Degradation products, 
formed after ozonation of these residues, have not exactly been determined, and this 
seems to be the most crucial obstacle on this subject. In vivo and in vitro toxicologi-
cal tests are needed to be conducted to screen the effects of degradation products on 
human and animal health. Through emerging new techniques, as well as improve-
ments and innovations in ozone generating and application systems, the subject will 
be evaluated more effectively in future.   
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Chapter 12
Chlorine Dioxide (ClO2)

Vivian Chi-Hua Wu

 Introduction

Chlorine dioxide (ClO2) has been used to control microbiological contamination. 
Since the 1920s, ClO2 has been acknowledged for its disinfection properties. After 
first being recognized as a chemical sterilizing agent in 1984, it was recognized by 
the US Environmental Protection Agency (EPA) in 1988 as a sterilant effective 
against bacteria, viruses, and protozoa, including oocysts of Cryptosporidium and 
Giardia cysts.

Chlorine dioxide is also recognized by the US Food and Drug Administration 
(FDA) for disinfecting drinking water and trihalomethane and haloacetic acid con-
trol in drinking water, bacteria control in cooling water and in paper processing, 
sanitizing uncut fruits and vegetables, controlling bacteria in produce flume water, 
controlling bacteria in poultry processing, controlling bacteria in beverage and 
brewing equipment, as well as sanitizing food facilities and equipment (International 
Dioxcide, Inc. 2000). The US EPA has approved the use of ClO2 as a disinfectant 
for potable water treatment with a monitoring requirement of 1-ppm limit to chlorite 
ion in the treated water (Anonymous 2000a). The US FDA has also approved the 
use of ClO2 as a bactericidal agent in poultry processing water at a level of up to 
3 ppm residual ClO2 (Anonymous 1995). Aqueous ClO2 was approved by the US 
FDA for washing fruits and vegetables at concentrations not exceeding 3 ppm resid-
ual ClO2 (Anonymous 1998). The use of ClO2 in an isolator (sealed chamber) has 
increased in popularity within the industries of the USA and Europe. Pharmaceutical 
and medical device industries have adopted ClO2 in gaseous form as it maintains the 
properties of a true gas at ambient temperatures, is unaffected by temperature, and 
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is biocidal over a wide range of pH. Gaseous ClO2 is also known for its process 
consistency since it can be accurately and precisely monitored and controlled 
(Czarneski and Lorcheim 2005).

 Definition

Chlorine dioxide (ClO2) is a synthetic, green-yellowish gas with a chlorine-like, irri-
tating odor. It is different from elementary chlorine in its chemical structure and 
behavior. In water, ClO2 exists as free radicals. At high concentrations, it reacts 
strongly with reducing agents. Chlorine dioxide is an unstable gas that dissociates 
into chlorine gas (Cl2) and oxygen and producing heat. When ClO2 is photo- oxidized 
by sunlight, it breaks apart. The end products of ClO2 reactions are chloride (Cl−), 
chlorite (ClO−), and chlorate (ClO3

−). One of the most important qualities of ClO2 is 
its high water solubility, especially in cold water. Chlorine dioxide does not hydro-
lyze when it enters water where it remains a dissolved gas in solution. Chlorine diox-
ide is approximately 10 times more soluble in water than chlorine. Chlorine dioxide 
can be removed by aeration or carbon dioxide (Lenntech 2007; Herdt and Feng 2009).

Chlorine dioxide is a strong oxidation agent and one of the few compounds that 
exist almost entirely as monomeric free radicals (Anonymous 2000b). Researchers 
have focused on ClO2 as an alternative sanitizer to chlorine since it has an oxidation 
capacity approximately 2.5 times higher than that of chlorine and is less reactive to 
organic compounds and less affected by pH (Benarde et al. 1967; Richardson et al. 
1998; Beuchat et al. 2004; Han et al. 2004; Lee et al. 2004; Sy et al. 2005a). The 
interest in using ClO2 as decontaminant for vegetables is largely due to its efficacy, 
which is less affected by low pH and organic matter, and its inertness towards 
ammonia to form chloramines (Beuchat 1998).

 Aqueous and Gaseous Chlorine Dioxide

Studies have shown that both of the aqueous and gaseous ClO2 are effective sanitiz-
ing agents (Benarde et al. 1967; Richardson et al. 1998; Beuchat et al. 2004; Han 
et al. 2004; Lee et al. 2004; Sy et al. 2005a; Wu and Kim 2007; Wu and Rioux 
2010). Both forms inactivate a broad spectrum of microorganisms such as bacteria, 
spores, viruses, protozoa, and algae. At equal concentrations, gaseous ClO2 is more 
effective than aqueous ClO2 as it offers greater penetration into small spaces where 
the aqueous form cannot reach (Czarneski and Lorcheim 2005; Wu and Kim 2007). 
The efficacy of treatment depends on the gas concentration, exposure time, relative 
humidity, temperature, and ratio of volume of product to the amount of ClO2 
applied (Han et al. 2001). In treatments using aqueous ClO2, surface integrity plays 
a role in treatment efficacy. Most investigators working on ClO2 sanitization use 
gaseous ClO2 for its greater penetration capability rather than aqueous ClO2; hence 

V.C.-H. Wu



211

it is considered more effective in reducing microorganisms on fruits and vegetables 
(Han et al. 2001; Lee et al. 2004). In addition, aqueous ClO2 treatments may result 
in residual water that promotes mold growth on fresh produce if the residual water 
is not removed or dried off.

For applications in the food industry, the use of gaseous ClO2 may be limited 
because the treatment must be conducted in a firmly and safely sealed chamber (Lee 
et al. 2004) since high concentrations of the gas are potentially explosive, and 
numerous mechanical devices or steps are necessary to handle ClO2 gas as well as 
to provide precise concentrations for sanitization (Han et al. 2004; Lee et al. 2006). 
Aqueous ClO2 offers several advantages for food sanitization, especially for pro-
cessing of vegetables and fruits. A special chamber is not required for the sanitizing 
process, handling is easier than with gaseous ClO2, and the liquid can be easily 
applied to the existing process during washing without modifying subsequent pro-
cessing steps. In contrast to the hydrolysis of chlorine gas in water, ClO2 in water 
does not degrade appreciably and remains in solution as a dissolved gas. Compared 
to chlorine, ClO2 produces fewer potentially carcinogenic by-products such as triha-
lomethanes in the presence of organic material (Richardson et al. 1998; Wu and 
Kim 2007).

The use of chlorine dioxide has advantage over other chlorine-based compounds. 
Gaseous ClO2 is able to break down odor-causing phenolic compounds and will not 
react with substances such as ammonia (Sy et al. 2005b). Upon chlorination with 
chlorine, hypochlorite, a very unstable compound, degrades to a mixture of chloride 
and chlorate, especially when not kept cold (Lenntech 2007). Chlorine is also not 
effective against many bacterial and fungal spores; therefore higher concentrations 
of chlorine and a longer treatment time are needed. Chlorine dioxide’s major chemi-
cal reaction is oxidation; therefore prevent the formation of trihalomethane and 
haloacetic acid. This allows for low phytotoxicity, making it safe to humans and the 
environment. Chlorine dioxide, unlike chlorine, will not react with and not be con-
sumed by other impurities. The efficacy of ClO2 is less affected by pH and organic 
matter, and it does not react with ammonia to form chloramines, as do liquid chlo-
rine and hypochlorites. As the consumption of fruits and vegetables has increased in 
the USA, outbreaks of foodborne illness have also risen. Consequently, an effective 
way to eliminate foodborne contamination is critical to reduce foodborne illnesses. 
The use of gaseous ClO2 to reduce microbial contamination on fresh produce is an 
advantageous alternative to the use of chlorine.

 Antimicrobial Mechanisms

Cell membrane was reported as the primary target of ClO2. The mode of action of 
ClO2 involves the disruption of cell protein synthesis and membrane permeability 
control (Wu and Kim 2007). Damage to the genetic materials is also a possibility. 
Upon treatment, ClO2 reacts with the amino acids and RNA within the cell, prevents 
the production of proteins, affects the cell membrane by switching membrane 
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proteins and fats, and prevents inhalation (Lenntech 2007). The effect of ClO2 was 
related to nonspecific oxidative damage of the outer membrane leading to the 
destruction of the trans-membrane ionic gradient. Young and Setlow (2003) reported 
that ClO2 contributed to Bacillus subtilis spores death through the initial steps of 
spore germination.

 Generation Methods for Chlorine Dioxide

Chlorine dioxide cannot be compressed and stored under pressure because it is 
explosive; therefore the shipping of gaseous ClO2 is impossible, and it has to be 
generated on-site. There are different ways to generate both aqueous and gaseous 
ClO2. The chosen method is based on its applications (such as size and type of sur-
faces and/or materials), desired concentration, and environmental factors. As each 
of these concerns is important, scientists must determine the appropriate treatment 
conditions for applying ClO2. Traditionally, ClO2 generation requires either a reac-
tion with acid or on-site equipment such as an applicator or generator. Easy-to-use 
commercial systems exist on the market for on-site ClO2 generation. They generally 
consist of two sachets containing a precursor for ClO2 generation, which takes place 
upon mixing two components (Lee et al. 2004; Sy et al. 2005a; Wu and Kim 2007; 
Wu and Rioux 2010).

One common method of gaseous ClO2 generation takes place in an isolator 
and is commonly used for the sterilization of industrial supplies. This method 
of generation is similar to those that use humidity or moisture along with spe-
cific gas for sporicidal treatments. The generation of gas within the isolator is 
performed by using solid sodium chlorite in small cartridges. After the addi-
tion of a chlorine-nitrogen (2:98 %) gas mixture, pure ClO2 will result in the 
generation of nitrogen without any form of by-product (Czarneski and Lorcheim 
2005). The reaction is as follows:

 
Cl g NaClO s ClO g NaCl s2 2 22 2 2( ) + ( ) ® ( ) + ( )*  

*The letter (g) stands for gas and (s) stands for solid.
Sieman’s Water Technologies has put out a Wallace and Tieman Millenium III™ 

CUBE batch generator that is made for smaller scale ClO2 decontamination. This 
system generates gas using two methods. The first method is by the reaction of 
molecular chlorine gas and a 25 % aqueous sodium chlorite solution. The reaction 
is as follows:

 2 2 22 2 2NaClO Cl ClO NaCl+ ® + .  

The second method consists of two steps. The first step is to produce chlorine gas 
by the reaction between a 12.5 % solution of sodium hypochlorite and a 15 % 
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solution of hydrochloric acid. In the second step, the chlorine gas reacts with 25 % 
sodium chlorite solution to produce ClO2. The reactions are as follows:

Step 1: NaOCl HCl Cl NaCl H O+ ® + +2 22 2

Step 2: 2 2 22 2 2NaClO Cl ClO NaCl+ ® +
Another method for generating gaseous ClO2 is using a tablet called Aseptrol® 

manufactured by Engelhard (Iselin, New Jersey, USA). Aseptrol® allows for the 
delivery of ClO2 in a stable form. An Aseptrol® tablet consists of proprietary activa-
tors that react with chlorite salt within the tablet to generate ClO2 when in contact 
with water or moisture from the air. Aseptrol® is available in forms of loose powder, 
dissolvable tablets, hot melts, and sachets for the application of deodorizing and 
disinfecting (Cochrane 2005).

Other methods have also been used to generate aqueous ClO2. For example, 
Purogene® and Purogene Professional® are premium blends of ClO2 produced by 
Bio-cide International (Norman, OK, USA). Purogene® is scientifically proven to 
be a broad-spectrum antimicrobial agent used to eliminate both Gram-negative and 
Gram-positive bacteria, yeasts, mold, and fungi. Purogene® (2 % ClO2 solution) is 
used pre-storage on potatoes as a mist at concentrations between 200 and 400 ppm. 
Purogene® is shipped as sodium chlorite and activated by a small amount of food 
grade acid to produce ClO2. Purogene Professional® offers a 5 % ClO2 solution that 
uses citric acid and sodium chlorite to produce ClO2. One method uses 45 g/L of 
citric acid dissolved in a 5 % concentrated sodium chlorite solution. This product is 
then diluted to 2000 ppm and further diluted to obtain the desired solution concen-
tration (Anonymous 2015). Anthium AGP® (5 % ClO2 solution), manufactured by 
International Dioxcide (North Kingstown, RI, USA), generates aqueous ClO2 simi-
larly to Purogene Professional® and is also used on potatoes during storage to pre-
vent spoilage organisms from contaminating the storage facility.

Vibrex®, a form of germicide produced by Agranco Corp. (Coral Gables, FL, 
USA), is an advanced formulation of ClO2 and oxygen in an aqueous solution. 
Vibrex®, a colorless, odorless, nontoxic, noncorrosive, and nonflammable liquid, is 
a wide spectrum bactericide, fungicide, virucide, and algaecide. It is 160 % more 
effective than chlorine, 10 times more stable, and will not dissipate. It has been 
approved by the US FDA as a disinfectant in many applications, especially for fresh 
fruits and vegetables (Agranco Corp. 2007). In the potato industry, Vibrex® at 50 
ppm is used as part of a humidification system for storage and a germicide for con-
trolling common potato bacteria, such as Pseudomonas aeruginosa and Erwinia 
carotovora, fungi, and viruses. At this concentration, Vibrex® completely inacti-
vates Pseudomonas spp. after 10 min and inactivates 99.9 % of E. carotovora after 
60 s (Agranco Corp. 2007).

A simple, small, and dry chemical pouch method was developed for generating 
ClO2 (Intellectual Capital Associates [ICA] TriNova, LLC, Forest Park, GA, USA). 
This method, generating chlorine dioxide from sachets, is easy to use comparing 
with machinery systems. Gaseous ClO2 is generated by combining an equal amount 
of sodium chlorite and activating acids in a sachet without adding any solution. 
After activation, the sachet is placed in the application area. Different concentra-
tions of gaseous ClO2 may be generated by controlling the amounts of compounds 
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without the need for expensive equipment (Wu and Rioux 2010). For generation of 
aqueous ClO2, a ClO2 solution sachet consisting of two components is shaken to 
mix the chemicals (sodium chlorite and acid). The mixed sachet is placed in dis-
tilled water in a container to allow the complete release of ClO2 into the water. The 
stock solution can be further diluted to obtain various concentrations of aqueous 
ClO2 prior to use (Wu and Kim 2007).

 Applications of Chlorine Dioxide as a Sanitation  
Method on Produce

Numerous studies have proven that ClO2 is effective in reducing foodborne patho-
gens such as E. coli O157:H7, L. monocytogenes, Salmonella spp. as well as spoil-
age organisms on fruits and vegetables surfaces. In general, the level of 
decontamination achieved through gaseous treatment is higher than those with 
aqueous washes, and a greater than 8-log reduction has been reported (Han et al. 
2000, 2001; Wu and Kim 2007; Gómez-López et al. 2009; Wu and Rioux 2010). 
However, results were various depending on factors such as the design of the stud-
ies, sample variety, and treatment scale.

Han et al. (2001) tested the reduction of L. monocytogenes on injured and non- 
injured green pepper surfaces by water washing, aqueous ClO2, and gaseous ClO2 
treatments. Gaseous ClO2 was generated by a laboratory generator using 4 % chlo-
rine in nitrogen gas. The gas was then collected in sampling bags. A sampling 
syringe was used to add a certain amount of gas into the Plexiglas cylinder where 
the samples were placed. Results were positive for gaseous ClO2 as it showed a 
significantly higher log reduction than treatments with aqueous ClO2 and water for 
both injured and uninjured surfaces (Han et al. 2001). Lee et al. (2004) studied gas-
eous ClO2 by the use of a dry chemical sachet against L. monocytogenes, E. coli 
O157:H7, and S. Typhimurium on lettuce leaves in a model 20-L gas cabinet. After 
microbial inoculation, lettuce leaves were treated with ClO2 at 4.3, 6.7, and 8.7 mg 
for 30 min, 1 h, and 3 h. The gaseous ClO2 reduced 3–6 log of the population of each 
bacterium without altering the sensory quality of the leaves (Lee et al. 2004).

Gaseous ClO2 was also studied on strawberries using batch and continuous ClO2 
generating treatments (Han et al. 2004). Both L. monocytogenes and E. coli O157:H7 
decreased over time after 15 min and 30 min using 0.2 mg/Land 0.6 mg/L of 
gaseous ClO2. After 15 min with 0.2 mg/L, E. coli O157:H7 showed a 1.2-log 
CFU/strawberry reduction and a 2.4-log CFU/strawberry reduction after 30 min. 
L. monocytogenes showed a 1.8-log CFU/strawberry reduction after 15 min and a 
2.8- log CFU/strawberry reduction after 30 min. At the 0.6 mg/L treatment, E. coli 
O157:H7 showed a 1.9-log CFU/strawberry reduction after 15 min, and a 3.0-log 
CFU/strawberry reduction after 30 min. L. monocytogenes showed a 2.6-log CFU/
strawberry reduction after 15 min and a 3.6-log CFU/strawberry log reduction after 
30 min. In general, L. monocytogenes had a greater log reduction than E. coli 
O157:H7 for each treatment (Han et al. 2004). The results also indicated that the 
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continuous gas treatment was more effective as it showed more than a 3-log reduction 
after 10 min at a 0.6 mg/L treatment, whereas the batch gas treatment showed more 
than a 1.5-log reduction with the 0.6 mg/L treatment after 15 min (Han et al. 2004).

In a study by Sy et al. (2005a), gaseous ClO2 was generated using a Plexiglas 
desiccator to determine its effectiveness as a sanitizer for killing Salmonella, yeasts, 
and molds on blueberries, strawberries, and raspberries, as small fruits have been 
associated with foodborne illnesses. Their results showed that the 8.0 mg/L treat-
ment (for 120 min) significantly reduced the Salmonella population on blueberries 
(a reduction of 2.4–3.7 log CFU/g), strawberries (a reduction of 3.8–4.4 log CFU/g), 
and raspberries (a reduction of 1.5 log CFU/g). Results from 4.1 to 8.0 mg/L from 
30 min to 120 min for yeasts and molds on blueberries, strawberries, and raspberries 
were 1.4 to 2.5, 1.4 to 4.2, and 2.6 to 3.0 log CFU/g reductions, respectively  
(Sy et al. 2005a).

Reducing populations of yeast and molds as well as spoilage microorganisms on 
produce is important especially during storage. As produce generally maintains a 
high population of yeast and mold, it is best that these microorganisms are con-
trolled as produce may contain weakened or damaged points which become sites for 
microbial contamination. Gaseous ClO2 has been shown to have a variable effect on 
produce shelf life, either remaining the same or increasing the shelf life (Gómez- 
López et al. 2009). A shelf life extension of 8–16 days was seen with treated straw-
berries (Mahmoud et al. 2007). Kleinkopf et al. (2001) used a humidifier as a 
method of ClO2 application at 50–200 ppm against late blight in potato storage. The 
experiment showed an unacceptable 30 % reduction on the surface infection.

Wu and Rioux (2010) studied gaseous ClO2 generated by combining an equal 
amount of impregnated sodium chlorite and activating acids in a sachet without 
using any solution or equipment. After activation by mixing, the sachet was placed 
in the application area. They reported that gaseous ClO2 was effective for natural 
microbiota, showing over a 5-log CFU/potato reduction. For P. aeruginosa, there 
was almost a 6-log CFU/potato reduction after treatment. Gaseous ClO2 did not 
affect the overall visual quality of the potato. The residue of ClO2 decreased to 
<1 mg/L after 14 days for each treatment, indicating ClO2 dissipated naturally 
over time.

Gaseous ClO2 has been known to cause browning or bleaching in treated samples. 
Mahmoud and Linton (2008) found that lettuce samples all turned brown and white 
after 10 min treatment with ClO2 at 5 mg/L. On the other hand, some studies did not 
find that ClO2 altered the sensory quality of produce (Sy et al. 2005a, b; Mahmoud 
et al. 2008).

Compared to the amount of information available on chlorine as an aqueous 
antimicrobial for fresh produce, much less is available for aqueous ClO2 on the 
antimicrobial effectiveness for fresh and fresh-cut produce. Zhang and Farber 
(1996) found that a 10-min exposure of shredded lettuce or cabbage to 5 ppm ClO2 
caused a 1.1-log reduction of L. monocytogenes, while Rodgers et al. (2004) 
reported a 4-log reduction of L. monocytogenes on shredded lettuce using 5 ppm for 
5 min. The difference in results from these studies is likely due to the variation in 
the methods employed. Singh et al. (2002) reported that washing shredded lettuce 
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inoculated with E. coli O157:H7 for 5 min with 10 mg/L ClO2 reduced counts by 
1.20 log CFU/g and a second washing step of 5 min resulted in additional reduction, 
although a third one did not show additional effect. Rodgers et al. (2004) reported 
that aqueous ClO2 at 5 ppm concentration was able to achieve greater than 5 log 
reductions of L. monocytogenes and E. coli O157:H7 on apples, lettuce, and canta-
loupe. Pao et al. (2007) reported significant sanitizing ability of 20 mg/L ClO2 
against S. enterica and E. carotovora inoculated onto the surface of tomato only 
when the fruit was freshly inoculated with these microorganisms, reaching a 5-log 
CFU/cm2 reduction. Once the inoculation suspension was dried out on the fruit 
surface, no significant reduction was observed in comparison with regular tap water. 
Wu and Kim (2007) studied the effect of aqueous ClO2 on controlling foodborne 
pathogens, yeasts, and molds on blueberries. They found that ClO2 was most effec-
tive in reducing L. monocytogenes (4.88 log CFU/g) as compared to the other patho-
gens. Pseudomonas aeruginosa was reduced by 2.16 log CFU/g after 5 min when 
treated with 15 ppm of ClO2. The most effective treatment for S. Typhimurium was 
15 ppm ClO2 for 20 min that reduced S. Typhimurium by 3.32 log CFU/g. The high-
est reduction (4.56 log CFU/g) of Staphylococcus aureus was achieved with 15 ppm 
of ClO2 for 30 min. When treated for 2 h with 5 ppm of ClO2, Yersinia enterocolitica 
was reduced by 3.49 log CFU/g.

Aqueous ClO2 has been reported to reduce native microflora on food products 
and extend the shelf life (Gómez-López et al. 2009). Rodgers et al. (2004) found a 
4.2-log reduction of mesophilic bacteria treated with a 5 mg/L solution and Wu and 
Kim (2007) reported a 2.82 log reduction of yeasts and molds on blueberries treated 
with 15 mg/L. Depending on products, shelf life extension ranges from no increase 
to significantly increased have been reported (Gómez-López et al. 2009; Chen et al. 
2010, 2011). The effect of aqueous chlorine treatment on the sensory degradation of 
treated products is rarely reported and is usually considered minor (Gómez-López 
et al. 2009).

Based on the results from these studies, scientists have been working to continue 
to determine if ClO2 is effective enough to actually penetrate produce. Researchers 
are also interested in developing methods that will allow ClO2 to be effective for the 
entire produce production from preharvest management to postharvest process and 
in implementing ClO2 as one of the treatments (hurdles) combined with other inter-
ventions to achieve effective control of microbial contamination.

 Conclusions

As a strong oxidizing agent, ClO2 has a potential to be used to maintain the posthar-
vest quality and microbial safety of fresh produce. More research is needed for 
the effects of ClO2 on the produce physiology, toxicology, and nutrients’ stability. 
A better understanding of the interactions between ClO2 and produce and microor-
ganisms will provide insight into finding means to improve the efficacy of decon-
tamination, including enhancing the antimicrobial activity against pathogens that 
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are adhered to or entrapped in structures and tissues of produce surfaces. 
Incorporating ClO2 in a multiple intervention approach throughout the supply chain 
could be considered to enhance the safety of fresh and fresh-cut produce.
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