
 
Received: 8 May, 2009. Accepted: 19 November, 2009. Invited Review 

Functional Plant Science and Biotechnology ©2009 Global Science Books 

 
Health-Promoting Phytochemicals in Fruits and Vegetables: 

Impact of Abiotic Stresses and Crop Production Practices  
C. B. Rajashekar1* • Edward E. Carey2 • Xin Zhao3 • Myung-Min Oh4 

                                                                                                    
1 Department of Horticulture, Forestry and Recreation Resources, Kansas State University, Manhattan, KS 66506-5506, USA 

2 K-State Horticulture Research and Extension Center, 35230 W. 135th St., Olathe, KS 66061-9423, USA 
3 Horticultural Sciences Department, University of Florida, Gainesville, FL 32611-0690, USA 

4 USDA-ARS Children’s Nutrition Research Center, Department of Pediatrics, Baylor College of Medicine, Houston, TX 77030-2600, USA 

Corresponding author: * crajashe@ksu.edu 
                                                                                                    

ABSTRACT 
Phytochemicals are the primary source of antioxidants in the human diet and play an important role in combating the damaging effects of 
oxidative stress and other adverse cell responses that can lead to a wide variety of chronic and degenerative illnesses. These 
phytochemicals typically consist of a wide array of phenolic compounds, ascorbic acid, alpha-tocopherol and carotenoids, and have been 
shown to promote health and provide protection against a growing list of diseases including various cancers and cardiovascular and 
neurodegenerative diseases. A significant part of the antioxidants found in plants is the products of plant secondary metabolism, and these 
antioxidants appear to have similar protective function in plants against oxidative damage caused by various stresses, as they do in 
animals, including humans. In response to stresses and, more importantly, as an adaptive mechanism, plants tend to shift toward 
secondary metabolism resulting in the accumulation of protective antioxidants. Accumulation of phytochemicals in response to various 
abiotic stresses such as high and low temperatures, water stress and high light has been studied in a wide range of plants. Thus, the use of 
mild and controlled environmental stresses may provide an opportunity to improve the health-promoting qualities of many commonly 
consumed fruits and vegetables. In addition, a number of factors such as plant nutrition, growing conditions (e.g., open fields, protective 
environments and organic culture) and crop production and postharvest management practices have also been known to have a significant 
impact on the phytochemical composition of many fruits and vegetables. The purpose of this review is to characterize the nature of the 
relationship between these factors and the phytochemical accumulation in fruits and vegetables, which is important in developing 
potential strategies to improve their quality through enhanced health-promoting and nutritive value. 
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INTRODUCTION 
 
The ability of plants to survive and thrive under varied 
environmental conditions may depend on their ability to 
produce secondary metabolites and antioxidants. The secon-
dary metabolites comprise a vast and diverse group of com-
pounds, and more than several thousands have been identi-
fied in only a small fraction of plant species thus far inves-
tigated (Wink 1999). An overwhelming body of evidence 
suggests that these metabolites help plants cope with a wide 
range of biotic and abiotic stresses which can typically 
elevate the levels of a number of reactive oxygen species 
that can be damaging to many cellular macromolecules 
including membrane lipids, proteins and the genetic mate-
rial (Mittler 2002). However, it should be recognized that 

reactive oxygen species are routinely generated during nor-
mal plant function and there appears to be a balance be-
tween reactive oxygen species and antioxidants, unless the 
plants happen to be exposed to adverse abiotic and biotic 
factors in which case the reactive active species could 
dominate. Under situations involving plant stress, to counter 
the damaging effect of the oxidative stress and as a defense 
mechanism, plants have evolved to produce a vast number 
of antioxidants, many of which are secondary metabolites. 
A broad range of these antioxidants, rather than any specific 
ones, appear to be involved in conferring plant defense 
against environmental stresses (Munne-Bosch 2005). 

Interestingly, these antioxidants in plant-based diets 
function in animals, including humans, in a fashion similar 
to their function in plants, possibly preventing oxidative 
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damage and other cellular dysfunctions which are known to 
contribute to a number of chronic and degenerative diseases. 

One of the challenges of aerobic life both for plants and 
animals is the ever-present threat of oxidative stress. Reac-
tive oxygen species are typically produced due to incom-
plete reduction of oxygen during mitochondrial respiration, 
and are one of the major causes of cellular damage and, in 
the long term, the development of many commonly occur-
ring chronic illnesses including cardiovascular disease, can-
cers, neurodegenerative diseases, arthritis, diabetes, cata-
racts and others (Halliwell 1987; Ames 1989; Taylor 1992; 
Ames et al. 1993; Joseph et al. 2000; Laaksonen and Sen 
2000). 

Fruits and vegetables are a rich source of phytochemi-
cals with antioxidant properties (Cao et al. 1996; Prior and 
Cao 2000; Wolfe et al. 2008). They contain a wide array of 
phenolic compounds, carotenoids and vitamins such as vita-
min C and vitamin E (Wang et al. 1996; Sun et al. 2002). 
Among these, phenolic compounds are the most abundant 
and are effective antioxidants, with an astonishing number 
of more than 8000 diverse phenolic compounds identified 
in plants thus far (Luthria, et al. 2006). In addition to their 
antioxidant role, phytochemicals are being increasingly 
known to modulate a multitude of cell functions which may 
all significantly contribute toward better health (Marchand 
2002). Therefore, consumption of fruits and vegetables is 
thought to reduce the risk of many diseases, promote over-
all health (Steinmetz and Potter 1996; Lasheras et al. 2000; 
Prior and Cao 2000; Birt et al. 2001; Wolfe et al. 2008) and 
even possibly extend the human lifespan (Lagouge et al. 
2006). In fact, Doll (1990) proposed a strong association 
between the incidence of cancer and diet and suggested that 
diet modification involving inclusion of fruits and vegeta-
bles is a possible solution in mitigating some of these health 
problems. Subsequently, numerous epidemiological studies 
have demonstrated a positive correlation between high con-
sumption of fruits and vegetables and a reduced risk of a 
growing list of chronic diseases (Block et al. 1992; Ness et 
al. 1999). 

The effectiveness of antioxidants depends on their 
reduction potential, their ability to generate stable radicals 
and delocalize unpaired electrons and to chelate transition 
metal ions which promote the formation of free radicals. 
Structurally, phenolic compounds possess all of these cha-
racteristics and hence, are effective as antioxidants. In ad-
dition, they are also known to inhibit the activities of many 
enzymes that are implicated in the formation of reactive 
oxygen species such as NADPH oxidase and xanthin oxi-
dase (De Groot and Rauen 1998). However, what is thought 
to make the consumption of fruits and vegetables effective 
in disease prevention and health-promotion is the concerted 
and synergistic effects of their diverse phytochemicals in 
overcoming the damaging oxidative stress and other ad-
verse cell responses. This may also explain the often ob-
served lack of positive relationship between individual diet-
ary supplements of antioxidants and the health benefits 
typically associated with fruits and vegetables (Liu 2004). 

Because of their health-promoting qualities, fruits and 
vegetables have been the focus of a number of studies 
which have sought to characterize their phytochemical com-
position and their health benefits (Tomas-Barberan and 
Espin 2001; Lattanzio 2003; Schreiner 2005). In addition, 
with increasing awareness of the health benefits of fruits 
and vegetables in the daily diet, there is a growing interest 
in improving the quality of fruits and vegetables with regard 
to their phytochemical content. In fact, enhancing the health-
promoting qualities of plants may turn out to be beneficial 
not only for human health but for plants as well in dealing 
with abiotic and biotic stresses (Demmig-Adams and Adams 
2002). Although there is a great deal of attention focused on 
the antioxidant activities of these phytochemicals, there is a 
growing body of evidence on the complex nature of phyto-
chemicals and their other possible modes of action in bring-
ing about the positive effects on human health. Clearly, 
phytochemicals are involved in a number of cell functions 

including enzyme activities, cell cycle regulation, cell sig-
naling pathways, inflammation and many others. Thus, it is 
important to note that the observed overall health-benefits 
are perhaps a result of a more complex and a much broader 
role played by phytochemicals in cell functions in addition 
to their well known antioxidant properties (Marchand 2002; 
Virgili and Marino 2008). 

A number of factors affect the content of health-promo-
ting antioxidants in fruits and vegetables including plant 
genotype and stage of growth (Kakes 1991) and complex 
abiotic and biotic factors (Dixon and Paiva 1995; Wink 
2008). However, the scope of this review is limited to abi-
otic factors, and crop growing and management practices 
that could affect the health-promoting phytochemicals in 
plants. In the context of health-promoting qualities of fruits 
and vegetables, we discuss plant antioxidants, and for the 
purpose of discussion here, they will be considered as 
phytochemicals although most are secondary metabolites, 
some are vitamins. 
 
SECONDARY METABOLITES AND PLANT 
ADAPTATION 
 
Secondary metabolism plays an important role in the ability 
of plants to adapt to benign changes in environmental con-
ditions as well as to a number of abiotic and biotic stresses, 
ultimately leading to plants’ fitness to thrive under varied 
environmental conditions. Plants grown in protective envi-
ronmental conditions (growth chamber) need to adapt to 
normal unprotective conditions such as greenhouse or field 
conditions. Plants may accomplish this by accumulating 
antioxidants including secondary metabolites. Recent fin-
dings show that plants may adapt by activating a number of 
key genes involved in the biosynthesis of antioxidants (Oh 
et al. 2009a). When lettuce plants, grown under protective 
conditions [near 100% RH at 22/18°C (day/night)] in a 
growth chamber, were transferred to unprotective conditions 
[60-70% RH at 22/18°C (day/night)], PAL (phenylalanine 
ammonia-lyase) and �-TMT (�-tocopherol methyl trans-
ferase) genes responsible for the biosynthesis of most phe-
nolic compounds and �-tocopherol, respectively, were rap-
idly activated. Thus, secondary metabolites, having antioxi-
dant properties, and other antioxidants are likely to play a 
role in helping plants adapt to varying, albeit benign, envi-
ronmental conditions. The activation of these antioxidant 
genes may be triggered by environmental perturbation, 
including environmental stresses. PAL, a key gene involved 
in the phenylpropanoid pathway leading to the biosynthesis 
of most pehenolic compounds, is also activated by environ-
mental stresses (Fig. 1). Furthermore, a number of antioxi-
dants are known to protect the photosynthetic apparatus 
both under normal growing conditions and under a wide 
range of environmental stresses (Demmig-Adams et al. 
1999). Tender lettuce plants [grown in protective environ-
ment – near 100% RH at 22/18°C (day/night)] without adap-
tation did not perform well when exposed to unprotective 
environmental conditions [60-70% RH at 22/18°C (day/ 
night)], as reflected by their lower shoot and root growth 
(Oh et al. 2009a). Blocking the PAL activity impaired let-
tuce plant growth even under normal growing conditions, 
suggesting the importance of phenylpropanoids in plant’s 
ability to adapt to fluctuating environmental conditions (Fig. 
1). Similarly, in kale and spinach, Lefsrud et al. (2005) 
found that fluctuating growing temperatures had a signi-
ficant impact on the content of various antioxidants. Lettuce 
plants grown under varying environmental conditions out-
doors had significantly higher phenolic content compared to 
those grown under greenhouse conditions (Romani et al. 
2002). Acclimation of begonia plants, grown in subdued 
light, to full sun resulted in an increased activity of a num-
ber of antioxidant enzymes (Burritt and Mackenzie 2003). 
Thus, perturbations in environmental conditions, whether 
benign or stressful, can lead to the activation of secondary 
metabolism in plants. 
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ENVIRONMENTAL STRESSES AND 
PHYTOCHEMICALS 
 
A number of environmental stresses including high light, 
UV, water stress, extremes of temperature, and nutrient 
stress can affect the antioxidant content of plants (Dixon 
and Paiva 1995; Zobayed et al. 2007; Oh et al. 2009b). Of 
the abiotic stresses, high light may play a dominant role in 
enhancing phytochemical content in plants. In a recent 
study using various environmental stress shocks to increase 
the phytochemical content in lettuce just prior to harvest, 
high light was found to be a more powerful agent in in-
ducing accumulation of various phenolic componds than 
high or low temperatures (Fig. 2). This may be because 
plants accumulate a number of phenolic compounds and 
other antioxidants as a protective measure against damaging 
high light and UV. In fact, light plays an important role in 
the synthesis of many antioxidants such as carotenoids, 
flavonoids, anthocyanins and �-tocopherol (Hrazdina and 
Parsons 1982; Lancaster 1992; Alba et al. 2000; Demmig-
Adams and Adams 2002; Hormaetxe et al. 2005; Lester 
2006). Studies on tomatoes have shown that high light can 
lead to the accumulation a number of phenolic compounds, 
ascorbate, lycopene and �-carotene in fruit tissues (Gautier 
et al. 2008). Also, in green tissues, anthocyanins are known 
to play a protective role against high light-induced photo-
oxidation and photobleaching of chlorophyll, and hence, 
accumulate in response to high light (Steyn et al. 2004). 
High light has been shown to increase the amount of vari-
ous phenolic compounds including flavonoids, quercetin 
and luteolin derivatives in lettuce (Hohl et al. 2001) and in 
other plant species (Grace et al. 1998; Yaginuma et. al. 
2002; Tattini et al. 2004). Both light intensity and quality 
play an important role in inducing the accumulation of phy-
tochemicals in plants, notably anthocyanins in many fruits 
(Dussi et al. 1995; Tomas-Braberan and Espin 2001) and 
others in a wide range of species (see Table 1). In our stu-
dies on lettuce, brief exposure of plants to high light in-
creased the total phenolic content three-fold, accompanied 
by large increases in both caffeic acid derivatives and flavo-
noids (Fig. 2; Oh et al. 2009b). The accumulation of these 
compounds along with antioxidants such as �-tocopherol 
and ascorbic acid in lettuce was associated with activation 
of PAL, �-TMT and L-GalDH (L-galactose dehydrogenase) 
genes involved in their biosynthesis. This suggests that the 
accumulation of these antioxidants in response to environ-
mental stresses is under the transcriptional control. Using 
microarray analysis in Arabidopsis, Kimura et al. (2003) 
showed that more than 100 genes were activated rapidly in 
response to high light, many of which are known to be in-
volved in the biosynthesis of phenolic compounds including 
flavonoids. Also, many of these genes were activated by 
water stress in Arabidopsis. 

Plants are protected against UV light by the accumula-

tion of a number of phenolic compounds especially flavo-
noids, which typically accumulate in epidermal tissues and 
can strongly absorb UV-B wavelengths (Dixon and Paiva 
1995). Numerous studies have shown the importance of 
phenylpropanoids in protecting plants against UV. More 
conclusive evidence of the role played by phenylpropanoids 
in protecting plants against UV has come from the use of 
Arabidopsis mutants, sensitive to UV, that do not accumu-
late various flavonoids (Li et al. 1993; Lois and Buchanan 
1994; Fiscus et al. 1999) or from a mutant, tolerant to UV, 
which accumulates UV absorbing pigments (Bieza and Lois 
2001). Irradiation of parsley cell cultures with UV resulted 
in a large flavonoid accumulation resulting from the rapid 
activation PAL and CHS (chalcone synthase) genes, in-
volved in phenylpropapanoid pathway which is the major 
source of phenolic compounds in plants (Chappell and 
Hahlbrock 1984). Natural UV from solar radiation can be a 
significant factor in the accumulation of several phenolic 
compounds. Studies using plastic films to block UV radia-
tion under field conditions in lettuce showed a marked re-
duction in the total phenolic content and the antioxidant 
capacity, reflecting a sharp decline in a number of flavo-
noids, while exposure of lettuce to natural UV radiation led 
to an increase in cyanidin and quercetin contents by more 
than 4-fold, luteolin by more than 7-fold and caffeic acid by 
nearly 2-fold (Garcia-Macias et al. 2007). Similar positive 
results of natural UV on the total phenolic content have also 
been noted in tomatoes (Luthria et al. 2006). These studies 
suggest a strong effect of UV and in fact, a great part of the 
accumulation of phenolic compounds due to natural solar 
radiation in lettuce may be due to its UV component (Gar-
cia-Macias et al. 2007; Tsormpatsidis et al. 2008). Table 1 
summarizes the positive effect of light on the antioxidant 
accumulation in a number of horticultural species. While 
many studies demonstrate the importance of UV in inducing 
higher accumulation of these chemicals, white light (typic-
ally has a UV component) and visible light are also likely to 
produce a similar effect. 

Other environmental stresses including water deficits, 
low and high temperature stresses and nutritional levels can 
also affect the antioxidant and phytochemical content of 
plants. Drought stress has been shown to result in the ac-
cumulation of a number of phytochemicals including many 
phenolic compounds, �-tocopherol and ascorbic acid (Keles 
and Oncel 2002; Kirakosyan et al. 2003; Hernandez et al. 
2004; Tattini et al. 2004; Zobayed et al. 2007). A detailed 
summary of a broader effect of water stress on a wide range 
of secondary metabolites in plants has been presented by 

Fig. 1 Expression of  PAL gene (left panel) in lettuce grown under 
protective (P) conditions, similar to in vitro conditions [~100% RH at 
22/18oC (day/night)], unprotective (UP) conditions, same as in P but 
with 60-70% RH, and water stress (WS), imposed by withholding 
irrigation for 7 days. Lettuce plants (right panel) with AIP (2-aminoindan 
2-phosphonic acid, 10 μM), a PAL inhibitor and without AIP (C) grown 
under unprotective growing conditions. From Oh MM, Trick HN, Rajashekar 
CB (2009a) Secondary metabolism and anti-oxidants are involved in environmental 
adaptation and stress tolerance in lettuce. Journal of Plant Physiology 166, 180-191, 
with kind permission from Elsevier GmbH. 
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Fig. 2 Concentration of phenolic compounds in lettuce subjected to 
various environmental stress shocks: heat shock-HT (40oC for 10 
min.), chilling-CH (4oC for 1 day) and high light-HL (800 μmolm-2s-1 
for 1 day) and grown without the stress shocks (C). From Oh MM, Carey 
EE, Rajashekar CB (2009b) Environmental stresses induce health-promoting 
phytochemicals in lettuce. Plant Physiology and Biochemistry 47, 578-583, with 
kind permission from Elsevier Masson SAS. 
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Gershenzon (1984). In a field study, higher concentrations 
of total phenolics and anthocyanins were observed in grape 
berries under non-irrigated conditions than under irrigated 
conditions (Esteban et al. 2001). In lettuce, some of the key 
genes PAL, �-TMT and L-GalDH, involved in the biosyn-
thesis of phenolic compounds, �-tocopherol and ascorbic 
acid, respectively, have been shown to be activated by water 
stress, suggesting that the accumulation of these antioxi-
dants in response to stress may be controlled by gene action 
(Oh 2008). 

Accumulation of phytochemicals is also sensitive to 
temperature, and is often variable depending on the plant 
species (Schreiner 2005). For example, accumulation of as-
corbic acid in plants is typically favored at lower tempera-
tures. However, the accumulation of �-carotene in cool sea-
son crops is favored at cooler temperatures while warmer 
temperatures appear to be more optimal for warm season 
crops such as melons and tomatoes (Keles and Oncel 2002; 
Lefsrud et al. 2005; Lester 2006; Rosales et al. 2006; Gau-
tier et al. 2008). Thus, temperature appears to play a more 
important role in the accumulation of many carotenoids 
than does light in a number of vegetables. Also, the ac-
cumulation of anthocyanins in many fruits is perhaps 
dependent on the fluctuations in day and night temperatures 
(Tomas-Barberan and Espin 2001). Low temperatures have 
also been shown to induce accumulation of a number of 
phenolic compounds in several plant species (Hasegawa et 
al. 2001; Kirakosayan et al. 2003; Pennycooke et al. 2004). 
Oh et al. (2009b) showed that exposing lettuce just prior to 
harvest to high or low temperature shocks could elevate its 
total phenolic content and antioxidant capacity resulting 
from an increase in the concentrations of many phenolic 
compounds. 
 
 
 

STRATEGIES TO AUGMENT PHYTOCHEMICALS- 
ENVIRONMENTAL STRESSES, GROWING AND 
MANAGEMENT PRACTICES 
 
Environmental stresses 
 
Since various environmental stresses have been shown to 
induce a host of protective antioxidants in plants, they may 
be used as an effective strategy to enhance the health-pro-
moting phytochemicals in fruits and vegetables. Although 
some of these environmental stresses cannot be imposed 
under field conditions, some can be, including regulated 
water stress and modulation of the intensity and quality of 
light in crop production systems especially those involving 
high tunnels, greenhouse or reflective mulches (Ju et al. 
1999; Atkinson et al. 2005). Schreiner (2005) has suggested 
that crop management practices can increase individual 
phytochemical content significantly in some cruciferous 
vegetables and outlined some of these practices involving 
environmental and nutritional factors such as temperature, 
irrigation, radiation, fertilization and growing season. Using 
regulated deficit irrigation in strawberry, Atkinson et al. 
(2005) found that the application of water stress late in the 
crop growth stage resulted in an increase in the polyphenol 
antioxidants, ellagic acid and ellagitannins. Similarly, use of 
deficit irrigation in grapes was found to increase total 
phenolics, tannins and anthocyanins in the berries, although 
the results varied depending on the year and sampling dates 
(Esteban et al. 2001). In a growth chamber study using let-
tuce, plants were treated with various mild stresses inclu-
ding high temperature, chilling and high light just prior to 
harvest. All these stresses increased the total phenolic con-
tent and individual phenolic compounds such as chloroge-
nic acid and chicoric acid. Consistently, of these stresses, 
high light produced the largest increases in the total pheno-
lics, caffeic acid derivatives and flavonoids (Fig. 2). The 

Table 1 Accumulation of antioxidants in various plant species in response to irradiation. 
Irradiation Plant species  Antioxidants References 

Lettuce Total phenolics 
Total anthocyanins 
Total flavonoids 
Cyanidin 
Quercetin 
Luteolin 
Caffeic acid 

Garcias-Macias et al. 2007; Tsormpatsidis et al. 2008 

Tomato Total phenolics 
Caffeic acid 

Luthria et al. 2006 

Spinach Total phenolics Schirrmacher et al. 2007 
Onion (postharvest) Quercetin 

Ascorbic acid 
Flavonoids 

Higashio et al. 2007 

Grapes (postharvest) Resveratrol Langcake and Pryce 1997; Cantos et al. 2000; Versari et 
al. 2001; Kolb et al. 2003 

Peanut Resveratrol Chung et al. 2003 
Potatoes Resveratrol Lippman et al. 2000 
Apples (postharvest) Anthocyanins 

Flavonols 
Proanthocyanidins 

Dong et al. 1995 

Strawberry (postharvest) Anthocyanins Higashio et al. 2005 

UV 

Peach (postharvest) Anthocyanin Kataoka and Beppu 2004 
Tomato (postharvest) Carotenoids Gautier et al. 2008 
Apples (postharvest) Anthocyanins 

Flavonols 
Proanthocyanidins 

Dong et al. 1995 

Lettuce Chlorogenic acid 
Chicoric acid 
Caffeic acid 
Luteolin-7-O-glucoside 
Quercetin-3-O-glucoside 

Oh et al. 2009b 

White light 

Pea Flavonol glyosides Hrazdina and Parsons 1982 
Cucumber Total phenolics Yaginuma et al. 2002 Light (visible) 
Safflower Luteolin-7-O-glucoside Yaginuma et al. 2002 
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accumulation of these antioxidants appear to be as a result 
of de novo synthesis as PAL gene was activated in response 
to all the stresses (Oh et al. 2009a, 2009b). Interestingly, in 
addition to enhancing the phytochemical content, environ-
mental stress could also induce certain phenolic compounds, 
thereby changing the composition of phytochemicals. Both 
chilling and high light induced luteolin-7-O-gulcoside and 
quercetin-3-O-glucoside in lettuce. High light was especi-
ally more effective in increasing the quercetin-3-O-gluco-
side content by more than 6-fold over the chilling-treated 
plants (Fig. 2). Also, lettuce grown in open field consis-
tently produced more phenolic componds including both 
caffeic acid derivaties such as chlorogenic and caffeic acids 
and flavonoids such as quercetin-3-O-glucoside and luteo-
lin-7-O-glucoside compared to that grown in high tunnels 
or greenhouses (Romani et al. 2002; Oh 2008). Similarly, 
field grown tomatoes had higher ascorbic acid content com-
pared to those grown in the greenhouse (Currence 1940). 
While environmental stresses generally have a favorable 
impact on the phytochemical content of many crops, it is 
important to recognize that they can also produce an 
adverse effect on the plant growth and yield. For this reason, 
the stresses have to be mild enough and applied in such a 
way that there is no appreciable adverse effect on the yield. 
If crops are subjected to mild stresses just before harvest, 
their effects on plant growth and biomass accumulation tend 
to be minimal (Oh et al. 2009b). 
 
Plant nutrition 
 
Plant nutrition can be an important factor affecting the 
accumulation of various phytochemicals. A number of stu-
dies have reported that nitrogen and sulfur nutrition could 
affect the phytochemical accumulation involving glucosino-
late and various carotenoids (Aires et al. 2006; Kopsell et al. 
2007; Li et al. 2007). Nitrogen deficiency that can lead to 
poor growth and the reduced protein synthesis has been 
proposed to affect the nitrogen balance in plants, which may 
favor secondary metabolism and the accumulation of a 
number of phenolic compounds and glucosinolates (Ger-
shenzon 1984; Schreiner 2005). Consistent with these re-
sults, in a field study with lettuce, increased fertility (nitro-
gen) through either application of organic or commercial 
fertilizers resulted in reduced total phenolics as reflected by 
diminished levels of caffeic acid derivatives and flavonoids 
(Oh 2008). Similar responses with phosphorus and sulfur 
deficiencies have also been reported in some plant species 
(see review by Gershenzon 1984). Conversely, increasing 
available nitrogen has been found to increase the ascorbic 
content in a number of vegetable crops (Lee and Kader 
2000) and carotenoid content in carrots (Hochmuth et al. 
1999). Reports of nutrient effects on phytochemical compo-
sition of plants vary with the plant species (Kalt 2005) and 
are often variable, partly due to the fact that they are 
derived largely from field studies with variable cultural, 
management and environmental conditions. Nonetheless, 
based on results from many studies, one can conclude that 
soil fertility levels with regard to major and micro nutrients 
do play a role in influencing the phytochemical accumula-
tion in fruits and vegetables (Tomas-Barberan and Espin 
2001; Lester 2006). Thus, it is possible to control fertility 
levels by appropriate crop management practices to im-
prove the health-promoting qualities of fruits and vegeta-
bles. 
 
Organic practices 
 
Comparisons of nutritional quality between organic food 
and its conventional counterparts have produced inconclu-
sive findings due to the lack of well-designed studies and 
the intrinsic complexity of farming systems (Bourn and 
Prescott 2002; Magkos et al. 2003). Managing production 
systems for improved food quality can be rather challenging 
as a host of genetic and environmental factors, cultural 
practices, and production methods can differentially impact 

various quality attributes of food crops (Dumas et al. 2003; 
Zhao et al. 2006). Nevertheless, recently emerging evidence 
suggests that organically grown fruits and vegetables might 
contain higher levels of health-promoting phytochemicals 
(Olsson et al. 2006; Mitchell et al. 2007; Sousa et al. 2008). 
Although a meta-analysis of literature data arrived at a 
similar conclusion (Zhao et al. 2007), because of the com-
plexity involved in organic production system, which can 
alter a number factors such as soil biology, water and nut-
rient availability and plant-pest interactions, it is safe to say 
that its effect on the phytochemical composition in plants is 
still not very clear and certainly, less than conclusive (Oh 
2008). 

It has been estimated that organic vegetables may con-
tain 10-50% higher defense-related secondary metabolites 
than conventionally grown vegetables (Brandt and Møl-
gaard 2001). Since phytochemicals tend to accumulate in 
response to an array of biotic and abiotic stresses, elevated 
levels in organic versus conventional produce have been 
attributed to the relatively "stressful" conditions in organic 
systems, including possible increases of herbivore and pa-
thogen pressure caused by limited use of pesticides under 
organic management (Carbonaro et al. 2002; Asami et al. 
2003; Young et al. 2005; Tarozzi et al. 2006) as well as 
lower nitrogen availability resulting from the slow-release 
property of organic nutrient inputs (Sousa et al. 2008; Zhao 
et al. 2009). A comparative study of organic and conven-
tionally grown processing tomatoes showed consistently 
higher levels of quercetin and kaempferol in organic tomato 
over a 10-year period, and a rise in the levels of these flavo-
noids within the organic system in the final 4 years of the 
study as compost application rates were reduced (Mitchell 
et al. 2007). The dramatic increase of phytochemical con-
tent under organic production in this long-term study was 
linked directly to the level of readily available nitrogen in 
soil and it was suggested that the phytochemical enhance-
ment might be compromised if over-fertilization occurred in 
organic systems. A decrease of flavonoid and phenolic acid 
concentrations has been observed in leaves of organically 
grown barley as a result of increasing fertilization rates 
using farmyard manure or cattle slurry (Norbaek et al. 
2003). Similarly, studies on lettuce showed that the crop 
grown under organic management resulted in an increase in 
certain phenolic compounds only in open fields but not in 
high tunnels, and also increased organic fertilizer applica-
tion tended to have a negative effect on its phytochemical 
content (Oh 2008). 

In addition to disease and pest management and nutrient 
availability, Lundegardh and Martensson (2003) proposed 
that the underlying difference between organic and conven-
tional farming systems is the soil microbiological activity 
that might fundamentally affect phytochemical biosynthesis 
and thus health benefits of plant food. The study of Malusà 
et al. (2004) revealed that organic amendment increased 
phenolics in the grape skin compared with conventional fer-
tilization, whereas polyphenol content varied significantly 
among organic treatments with higher contents in the ino-
culant treatments containing “mycorrhiza and plant growth 
promoting bacteria.” 

To date, few studies have taken a holistic approach to 
examine the systematic impact of organic management on 
phytochemical enhancement. Along with organic amend-
ment, cover crops, crop rotation, and reduced tillage 
achieved by the use of cover crops can be well integrated 
into organic systems. How these organic management prac-
tices may synergistically influence the production of phyto-
chemicals in fruit and vegetables is not well understood. 
According to Lombardi-Boccia et al. (2004), conventional 
plums contained higher total phenolic content than organic-
ally fertilized plums when the same tillage practice was em-
ployed in both production systems. However, when com-
paring organic plums under different soil management sys-
tems including tilled soil, clover covered soil, and natural 
meadow covered soil, clover mulch led to the highest level 
of phenolic acids, while natural meadow mulch resulted in 
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enhanced contents of tocopherols, �-carotene and total 
polyphenols. 

Within the framework of “organics”, there are many 
production conditions, and they can significantly vary both 
within and among farms and regions. This underscores the 
highly variable, multiple complex factors involved in or-
ganic culture and the associated management systems. For 
example, organic management strategies have been de-
monstrated to suppress soil-borne disease and improve soil 
physical, chemical, and biological properties and processes 
(Mäder et al. 2002; van Diepeningen et al. 2006; Liu et al. 
2007). Without an understanding of the key components of 
organic farming with regard to their effect on food quality, 
it will be difficult to control the specific elements in organic 
systems to enhance phytochemical contents. In other words, 
the question of whether organic farming can improve food 
quality as opposed to conventional production is perhaps 
less critical than identifying specific contributing factors 
that can be manipulated in production systems to enhance 
food quality (Zhao et al. 2006). This requires interdiscip-
linary efforts to elucidate the interconnectedness of crop 
health, soil fertility and biodiversity, and food quality which 
may help in developing the best management practices for 
organic farming systems. 
 
Postharvest handling 
 
Just as in the field, the quality of fruits and vegetables with 
regard to phytochemical content and composition can be 
affected during their postharvest handling, storage and pro-
cessing. Thus, by using appropriate approaches, it is pos-
sible to maintain or even improve the quality of fruits and 
vegetables including the composition of health-promoting 
phytochemicals during postharvest stage. Generally, to ex-
tend the postharvest life of fruits and vegetables, various 
methods involving low temperatures, irradiation, heat treat-
ment, and controlled atmosphere and chemicals are com-
monly used (Tomas-Barberan and Espin 2001; Schreiner 
and Huyskens-Keil 2006). However of these approaches, 
the use of low temperatures is by far the most commonly 
used method. Low temperatures can have a major effect on 
the phytochemical content of fruits and vegetables, especi-
ally on the phenylpropanoid pathway which is the source of 
most of the phenolic compounds. There is considerable evi-
dence to show that a host of phenolic compounds accumu-
late during cold storage in a wide range of fruits and vege-
tables (for review, see Lattanzio 2003). Just as during the 
preharvest stages, a significant part of phenylpropanoid 
pathway is activated during postharvest period in response 
to low temperatures, including PAL, a key gateway enzyme 
to this pathway. The accumulation of these secondary meta-
bolites may be as a result of de novo synthesis as the PAL 
gene and others involved in the biosynthesis of phenylpro-
panoids have been shown to be activated at low tempera-
tures in a number of plant species (Christie et al. 1994; 
Steyn et al. 2004)). However, a complicating factor with 
low temperature storage is that fruits and vegetables are in-
variably susceptible to chilling injury, the severity of which 
depends on the species and on the length of cold storage. 
Indeed, fruits of most species, including the temperate ones, 
are likely to show chilling injury symptoms, if stored for a 
long enough time. In addition, the stage and maturation of 
fruits during storage can also have an effect on the accumu-
lation of phytochemicals (Schreiner and Hyuskens-Keil 
2006). 

In addition to low temperatures, use of � and UV ir-
radiation during postharvest stage, typically used to control 
food-borne pathogens, has also been known to increase 
various phytochemicals, especially, phenolic compounds 
(Tomas-Barberan and Espin 2001; Schreiner and Hyusen-
Keil 2006). UV irradiation can activate PAL and many other 
enzymes involved in phenylpropanoid pathway similar to 
low temperatures (Tomas-Barberan and Espin 2001; Plus-
kota et al. 2005) resulting in the accumulation of phenolic 
compounds including resveratrol in grapes (Takayanagi et 

al. 2004) and quercetin in onions (Higashio et al. 2007). 
The response in grapes was associated with activation of 
some of the key genes involved in its biosynthesis such as 
PAL and stilbene synthase (Takayanagi et al. 2004). UV 
irradiation has also been useful in improving fruit color by 
anthocyanin accumulation in some fruit species including 
strawberries, apples, sweet cherries and peach (Dong et al. 
1995; Kataoka et al. 1996; Kataoka and Beppu 2004). 
 
CONCLUSION AND FUTURE PERSPECTIVES 
 
Many factors including abiotic and biotic stresses, plant 
nutrition and crop management practices can significantly 
affect the phytochemical content and composition of fruits 
and vegetables. Studies show that various environmental 
factors can activate genes involved in the biosynthetic path-
ways of secondary metabolism leading to the accumulation 
of numerous phytochemicals. Of these, high light and UV, 
in particular, are known to produce significant impact on 
improving the nutritional and heath-promoting qualities. In 
addition, findings from numerous studies have shown the 
potential for improving the quality of fruits and vegetables 
in relation to their health-promoting phytochemicals, 
through use of appropriate cultural and management prac-
tices which may involve regulating abiotic stresses and 
other practices both during pre- and postharvest stages. 
However, in many cases, these results from field studies are 
difficult to interpret and do not typically allow for the iden-
tification of the direct role of individual factors in influen-
cing the health-promoting quality of fruits and vegetables 
because of the varied inherent complexities and interactions 
involved under field conditions. Also, very few controlled 
studies have focused on understanding the effects of various 
factors, abiotic, biotic and others, that directly affect the 
phytochemical composition and content of these crops. 
Obviously this knowledge forms the basis for developing 
strategies to effectively influence the phytochemical content 
and hence, the quality of crops. To date, in the absence of 
such information, there have been very few studies which 
have attempted to integrate or optimize some of these fac-
tors to attain the best phytochemical advantage. 

Indeed under field conditions, many environmental con-
ditions, perhaps with the exception of water stress, are dif-
ficult to control. Yet in many ways, the possibility of ex-
ploiting environmental stresses to improve health-promo-
ting qualities of fruits and vegetables is quite promising. 
This is particularly true under protective crop production 
systems such as those involving greenhouse and high tun-
nels where, in addition to the supply of water, other environ-
mental factors including light (quality and intensity) and 
temperature (in greenhouses) can be regulated. As environ-
mental factors can play an important role on phytochemical 
accumulation, the quality of food crops is expected to de-
pend not only on the growing season but also on the geo-
graphical region of their cultivation. In addition, it is impor-
tant to recognize that imposing less than optimal environ-
mental conditions or environmental stresses is likely to pro-
duce a negative impact on crop growth and development 
and ultimately, the yield. Obviously, in the interest of pro-
ducing crops with high health-promoting qualities, a bal-
ance between crop quality and yield needs to be maintained. 
Indeed, recent studies on lettuce have shown that the ad-
verse effects of environmental stresses can be minimized or 
even eliminated by employing mild stresses over a brief 
period of time just prior to harvest. Also, the use of post-
harvest treatments to improve the quality of food crops can 
obviate this problem. Unlike under field conditions, envi-
ronmental parameters can be better controlled during post-
harvest stage. Although there are some studies that show 
significant quality improvements in fruits and vegetables 
during postharvest stage, especially, in response to light, yet 
very little information is available to develop standardized 
postharvest procedures involving environmental factors. 
The focus in extending postharvest life of fruits and vegeta-
bles will have to be to develop new and to identify the exis-
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ting postharvest practices that maintain or improve their 
quality, not just defined by aesthetics, taste, flavor, etc., but 
also by the health-promoting characteristics. 

  Under filed conditions, besides environmental consi-
derations, other factors such as plant nutrition, various soil 
factors and biotic stresses are also likely to affect the plants’ 
response in relation to phytochemicals. Hence, naturally, the 
crop management and production practices, which in many 
ways incorporate many of the above factors in various pro-
portions, are bound to affect this response, as has been 
shown in a number of field studies. With growing interest in 
plant based-diet and health, we can anticipate that crop and 
cultivar-specific research will result in cultural and manage-
ment practices that optimize phytochemical composition 
along with other crop quality factors and yield in order to 
consistently provide consumers with fruits and vegetables 
rich in heath-promoting qualities and nutrition. 
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