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The Use of Controlled Postharvest Abiotic
Stresses as a Tool for Enhancing the
Nutraceutical Content and Adding-Value
of Fresh Fruits and Vegetables

L. CISNEROS-ZEVALLOS

ABSTRACT: This paper proposes a concept based on applying postharvest abiotic stresses to enhance the
nutraceutical content of fresh fruits and vegetables. We hypothesize that selected abiotic stress treatments, such
as wounding, phytohormones, temperature, ultraviolet light, altered gas composition, heat shock, and water
stress, among others, will affect the secondary metabolism of fresh produce and increase the synthesis of phy-
tochemicals with nutraceutical activity or reduce the synthesis of undesirable compounds. Controlled stresses
may be used as tools by the fresh produce industry to enhance the health benefit properties of fresh-cut or whole
fresh produce and by the food processing and dietary supplement industries to obtain healthier processed

products or enhance extractable nutraceutical yields.
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Introduction

THE TREND AMONG CONSUMERS IS TO ASSOCIATE HIGH QUALITY

products with a healthy diet, safety, and convenience. The fresh
fruit and vegetable industry is an important contributor to the U.S.
economy, with estimated sales in 1999 of approximately $76 billion.
The fresh-cut industry sales represented $10 to $12 billion in 2000,
with a growth projection of 10% to 15% per year for the next 5 y in
the U.S. retail market (Garret 2002). Additionally, there is an in-
creasingly growing market for nutraceuticals and functional foods.
Products containing nutraceuticals have reached a worldwide es-
timated value of $65 billion (Lachance 2002). In the U.S. alone, this
figure is approximately $24 billion with an expected rise to $35.4
billion by 2006 (Datamonitor 2002). Within the nutraceutical cate-
gory are antioxidants, such as vitamins C and E, carotenoids, and
phenolic compounds, among other plant secondary metabolites
with well-known and documented preventive roles against certain
cancers and cardiovascular diseases (Scheerens 2001). These anti-
oxidants can be used for controlling degenerative oxidation reac-
tions caused by reactive oxygen and free radical species in living
tissues and the inhibition of lipid peroxidation in foods caused by
processing and during storage (Halliwell and others 1992, Yen and
others 1997). A recent review on nutraceuticals and human health
has been presented by Dillard and German (2000).

Enhancing the health benefit properties of fresh produce will
add value and create new opportunities for growers and processors
by reaching these health-oriented markets. To achieve this goal,
there is a need to provide technologies that can ensure the delivery
of high quality products with high levels of the desired nutraceu-
ticals.

Plants, when exposed to unfavorable environments, such as
water deficit, chilling, heat stress, oxygen deficiency, and air pollu-
tion, result in some degree of stress and express only a fraction of
the plants’ genetic potential. Plants adapt to unfavorable condi-
tions through genetically determined stress resistance (Drew 1998).
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Abiotic stresses will affect the pathways involved in the biosynthe-
sis of the 3 principal groups of secondary metabolites: terpenes,
phenolics, and nitrogen-containing compounds. These com-
pounds serve plants as defenses against herbivores and patho-
gens, as attractants for pollinators and seed-dispersing animals,
and assist with absorbing harmful ultraviolet radiation or reducing
the growth of competing plants among others (Gershenzon 1998).
Due to their biological activity, secondary metabolites are used
commercially as insecticides, fungicides, pharmaceuticals, fra-
grances, flavorings, medicinal drugs, and industrial materials (Ger-
shenzon 1998). This has stimulated the need to design strategies for
their enhancement in crop tissues, such as the proposed classical
breeding (Connor and others 2002a, 2002b), optimization of pro-
duction practices (Kalt and others 2001), or genetic engineering
(Kochian and Garvin 1999, Winkel-Shirley 2002).

Abiotic stresses can be used in preharvest activities to enhance
the quality and yield of products in the field (Kalt and others 2001).
For example, vitamin C can be enhanced in plants exposed to high-
er light intensity or those with less frequent irrigation (Lee and
Kader 2000). Pungency levels can be increased in water-stressed
pepper fruits (Estrada and others 1999), whereas apple skin color
may be improved by applying ethephon and phosphorus-calcium
mixed compounds 4 wk before commercial harvest (Li and others
2002). Abiotic stresses are used in postharvest activities as tradi-
tional tools to extend the shelflife of products, focusing mainly on
color, texture, and flavor quality changes (Kader 1992). Among the
stresses used are wounding for fresh-cut (Saltveit 1997), altered O,
and CO, levels in controlled and modified atmospheres, or C,H,
gassing for ripening and degreening (Kays 1991).

Postharvest abiotic stresses may affect the levels of secondary
metabolites in crop tissues. For example, anthocyanin accumula-
tion due to ripening has been reported for thornless blackberries
(Sapers and others 1986), apples (Curry 1997, Faragher and Brohier
1984, Arakawa 1991), and strawberries (Given and others 1988).
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Temperature will affect anthocyanin content in strawberries (Mis-
zczak and others 1995) and in colored potatoes during cold storage
(Lewis and others 1999). Wounding will increase phenolic acids and
anthocyanins in red pigmented lettuce (Ferreres and others 1997)
and phenolic compounds in carrots (Babic and others 1993a, 1993b;
Howard and Griffin 1993). Phytohormones, such as ethylene will
induce phenolic compounds in carrots (Lafuente and others 1996)
and lettuce (Ke and Saltveit 1988). Methyl jasmonate will induce
anthocyanin accumulation in tulip bulbs (Saniewski and others
1998) and promote B-carotene accumulation in Golden Delicious
apples (Perez and others 1993). Light induces the accumulation of
chlorogenic acid in potato tubers (Percival and Baird 2000), antho-
cyanin in red cabbage (Craker and Wetherbee 1972) and apples
(Tan 1979; Dong and others 1995), and quercetin in Granny Smith
apples (Reay 1999).

These abiotic stresses affect phytochemical accumulation or loss
by inducing an increase or reduction in key enzyme activities of
secondary metabolic pathways (Dixon and Paiva 1995). For exam-
ple, in the phenylpropanoid pathway, phenylalanine ammonia-
lyase (PAL) is induced in lettuce by ethylene, generating an in-
crease in phenolic compounds (Hyodo and others 1978). However,
not all the abiotic stresses are beneficial. Some stress treatments
may induce phytochemical loss or induce production of undesir-
able compounds. Carbon dioxide has been shown to promote an-
thocyanin loss in stored pomegranate arils (Holcroft and others
1998) and strawberries (Gil and others 1997). Temperature may
induce chlorophyll loss in broccoli (Toivonen and Sweeney 1998).
Heat treatments may reduce PAL activity and anthocyanin accu-
mulation in strawberries during storage (Civello and others 1997)
and phenolic synthesis in lettuce (Loaiza-Velarde and Saltveit
2001). Water stress may induce ascorbic acid loss in strawberries
(Nunes and others 1998) and leafy greens (Lazan and others 1987).
Ethylene may induce the bitter compound, isocoumarin, in carrots
(Lafuente and others 1996) and the bitter compound, xauthotoxin,
in parsnips (Shattuck and others 1988). Light and wounding may
stimulate glycoalkaloid synthesis in potato tubers (Salunkhe and
Wu 1979), whereas v irradiation may reduce chlorogenic acid syn-
thesis in wounded potatoes (Pendharkar and Nair 1987).

All these studies indicate that there is a potential in using stress-
es to induce accumulation of targeted phytochemicals, thereby
enhancing the genetic potential of fruits and vegetables and yield-
ing products with increased health benefit properties. However,
there are only few references in the literature reporting the use of
controlled stresses to enhance the accumulation of nutraceuticals.
For example, Kalt and others (1999) showed that storing different
types of berries at temperatures > 0 °C induced phenolic synthesis
and increased the fruit total antioxidant capacity. Cantos and others
(2000, 2001, 2003) found that using UV irradiation enriched the
resveratrol content in red table and wine grapes. Recently, our
group has shown that different postharvest abiotic stresses such as
methyl jasmonate will increase the anthocyanin content in purple-
fleshed potatoes (Reyes and others 2001) and differentially in-
crease phenolic compounds, avoiding the accumulation of isocou-
marin phytoalexins in purple carrots (Heredia and others 2001).
Moreover, we have shown that wounding increases the phenolic
content and the antioxidant capacity in orange carrot tissue
(Heredia and Cisneros-Zevallos 2002). Similar response to wound-
ing for increased antioxidant capacity was reported later for lettuce
tissue (Kang and Saltveit 2002).

In this paper, we hypothesize that applying controlled posthar-
vest abiotic stresses to fruits and vegetables can enhance their nu-
traceutical levels. This concept can be used as the basis to develop
anovel tool that the fresh produce industry can use to enhance the
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health benefit properties of fresh produce. This approach also may
be used by the functional food and dietary supplement industries
to obtain healthier processed products or for the enhancement of
extractable nutraceutical yields.

Experimental Approach

’Ib SUPPORT THIS HYPOTHESIS, WE WILL USE EXPERIMENTAL DATA PRES-

ented at the 2001 and 2002 Annual Meetings of the Inst. of Food
Technologists (Reyes and others 2001; Heredia and others 2001;
Heredia and Cisneros-Zevallos 2002). The 1st set of data shows the
effects of phytohormones on the phenyl-propanoid metabolism in
whole potatoes and sliced carrot tissue, evaluating the accumula-
tion of anthocyanin and other phenolic compounds. Purple-fleshed
potatoes “All Blue” grown in Springfield and Rio Grande City (Texas)
and purple carrots “Betasweet” purchased in Texas were treated
with methyl jasmonate (4.59 mmol) or ethylene (1000 ppm). Pota-
toes were stored for 10 to 14 d and carrots for 5 d at room tempera-
ture in dark using closed 4-L jars that were periodically ventilated
(Reyes and others 2001; Heredia and others 2001).

The 2nd set of data shows the effect of wounding on the antiox-
idant capacity in purple-fleshed potato and orange carrot tissue.
Disks, 3-mm thick, were sliced from both tissues with a sharp blade
and stored at room temperature in dark for 2 d using closed 4-L jars
that were periodically ventilated (Reyes and others 2001, Heredia
and Cisneros-Zevallos 2002).

In all experiments we ensured that CO, was < 0.5% and that
weight loss was not > 2%. Total anthocyanins were determined us-
ing a spectrophotometric method according to Fuleki and Francis
(1968) and expressed as mg cyanidin-3-glucoside/100 g tissue (e =
25965 cm~!M-1; Abdel-Aal and Hucl 1999), whereas total phenolic
content was calculated by the Folin-Ciocalteu phenol reagent as-
say (Hyodo and others 1978; Talcott and Howard 1999) and ex-
pressed as mg chlorogenic acid/100 g tissue. The antioxidant capac-
ity of extracts was performed by reaction with a stable radical,
2,2-Diphenyl-1-picrylhydrazyl, in a methanol solution (Brand-Wil-
liams and others 1995). Results were compared with a standard
curve prepared with Trolox (6-Hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid) and expressed as p.gTrolox/1 g tissue.

Results and Discussion

Interaction among abiotic stresses

Understanding how crop tissues respond to different abiotic
stresses, applied alone or in combination with others, would be the
basis for designing strategies to enhance nutraceuticals levels in
tissues.

It is known that plant tissues have the capacity to acclimate, by
improving stress resistance (Drew 1998, Brodl 1990). The heat
shock stress in tissues is an example in which tissues respond by
synthesizing heat shock proteins. The precise role of these proteins
remains unknown, but they appear to act as protective agents
against further stresses (Vierling 1991). Some heat shock proteins
are not unique to high temperature stress and can be induced by
a wide variety of environmental stresses or conditions (Bonham-
Smith and others 1988). That stressed tissues gain cross-protection
against other stresses was shown in an experiment with lettuce,
where a heat shock treatment was a higher priority than wounding
in terms of affecting metabolism (Saltveit 1997).

Understanding the interaction among stresses will make it pos-
sible to find practical applications. For example, the hierarchical
response structure for stresses could be used to modulate the tis-
sue response to other stresses by preventing it or attenuating it
(Saltveit 1997). Alternatively to a hierarchical response, we might
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see an additive response or a synergistic response, which might
lead to increasing nutraceutical levels in the crop tissue. Synergistic
effects in anthocyanin induction have been reported with red-
light and low temperature stresses in sorghum seedlings (Shichijo
and others 1993), with jasmonic acid and light irradiation applied
to Vitis vinifera suspension cultures (Zhang and others 2002), and
with ethephon and sucrose treatments in grape berries
(Roubelakis-Angelakis and Kliewer 1986). Furthermore, the se-
quence of applied stresses may have an impact on phytochemical
accumulation, as in the case of temperature and red-light exposure
influencing the accumulation of anthocyanins in red cabbage seed-
lings (Small and Pecket 1982). However, more studies are needed
to understand the different interactions.

We found that wounding alone in purple carrot tissue increased
phenolic content by about 117% compared with day 0. When
wounding was applied in combination with ethylene or methyl jas-
monate, the total phenolic content increased by about 176% and
210%, respectively (Figure 1). The response of carrot tissue to the
combination of wounding and phytohormones suggests an addi-
tive response and opens the possibility of practical use for in-
creased nutraceutical levels in sliced carrot tissues. However if
undesirable compounds are being synthesized, it will affect the
selection of the appropriate stress or combination of stresses. For
example, the combination of wounding and ethylene led to a higher
level of the bitter compound, isocoumarin, in the tissue (approxi-
mately a 10-fold increase) compared with day 0. Wounding stress
alone or combined with methyl jasmonate only increased isocou-
marin levels by approximately 0- and 2.3-fold, respectively, which
is below the level of sensory detection (about 20 mg isocoumarin/
100 g tissue; La Fuente and others 1996) (Figure 1). These results
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Figure 1—Sliced purple carrots treated with methyl
jasmonate and ethylene for 5 d at 20 °C induced accumu-
lation of (a) total phenolics and (b) isocoumarin. Vertical
bars represent SD (n = 3).
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suggest that a stress or combination of stresses can be used to se-
lectively target the increase of health-promoting compounds and
avoid the accumulation of undesirable compounds.

The different responses observed in our study are related to the
specific enzymes that were synthesized in the phenylpropanoid
metabolism, including PAL and other enzymes of specific branch
pathways. PAL catalyses the 1st committed step in the phenolic
biosynthesis pathway, after which individual branch pathways
make possible a range of phenylpropanoid secondary compounds
(Schutte 1992). However, not all branches operate in a given tissue
(Whetten and Sederoff 1995).

The identification of additional factors that may affect a stress
response would also be a key component in designing strategies to
increase nutraceuticals levels in tissues. For example, the presence
of a stress signal, the stress intensity, a saturation response of the
tissue (Saltveit 1997), produce maturity, produce cultivar, temper-
ature, or the initial phenolic levels within tissues (Reay and Lan-
caster 2001) may be important factors in abiotic stress responses.
Work with lettuce has shown that tissue with low initial levels of
phenolic compounds had a higher phenolic accumulation in re-
sponse to heat shock stress (Saltveit 2000). Similarly, apple tissues
with low initial levels of anthocyanins have higher capacity to re-
spond to UV-B light treatments for anthocyanin accumulation com-
pared with tissues with higher initial levels (Reay and Lancaster
2001).

We found that treating whole purple-fleshed potatoes with
methyl jasmonate would increase anthocyanin levels only in tubers
with initial low anthocyanin concentrations (Figure 2). The induced
anthocyanin observed was not related to ethylene production stim-
ulated by methyl jasmonate, because ethylene treatments did not
affect anthocyanin accumulation. These results may imply that
there is a threshold level above which, certain secondary metabo-
lites will not accumulate in the tissue; however, there is need to
understand how this response is biochemically controlled.

Another factor to consider would be the potential use of selected
chemicals to modulate the response of stresses in tissues. These
selected chemical treatments may inhibit the action of PAL,
polyphenol oxidase activity, or the oxidation of phenolic compounds
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Figure 2—Total anthocyanins accumulated in whole purple
potatoes treated with methyl jasmonate and ethylene af-
ter 10 to 14 d at 20 °C. Vertical bars represent SD (n = 3).
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(Tomas-Barberan and others 1997, Peiser and others 1998). For
example, the use of antioxidants, calcium solutions, and exclusion
of oxygen may reduce the oxidation of stress synthesized phenolics
with health promoting properties (Kang and Saltveit 2002). Other
chemicals like 1-methylcyclopropene may be used to prevent eth-
ylene-induced isocoumarin formation in carrots or the accumula-
tion of phenolic compounds responsible for russet spotting in let-
tuce (Fan and Mattheis 2000). Potential uses of 1-methyl-
cyclopropene have been recently reviewed (Blankenship and Dole
2003).

Increased nutraceutical content of fresh and
processed products

Phenolic compounds are the major contributors to the antioxi-
dant properties of fresh produce (Wang and others 1996; Prior and
others 1998; Gil and others 2002) and are associated to antimu-
tagenic and anticancer properties as well as to reduction of cardio-
vascular diseases (Dillard and German 2000).

Abiotic stresses such as wounding and phytohormones may
lead to an increased phenolic concentration with health-promoting
properties when applied to tissues (Figure 1 and 2). When wound-
ing is applied to purple-flesh potato or orange carrot tissues, there
is an increase in phenolic content and antioxidant capacity after 48
h (Figure 3). In sliced potatoes the increase in total phenolic content
is approximately 76.7%, with a corresponding increase of antioxi-
dant capacity of about 95.5%. For sliced carrots the increase in phe-
nolic content is about 35.7%, whereas the antioxidant capacity in-
creases by 16.6%. The phenolic compounds induced in both tissues
differ in their specific antioxidant activities (defined as the ratio be-

tween antioxidant capacity and phenolic content of tissue). For ex-
ample, the induced carrot phenolics have a higher specific antiox-
idant activity (about 1056 pg Trolox/mg phenolics) than induced
potato phenolics (about 651.6 pg Trolox/mg phenolics).

Because the stress-induced phenolic compounds increase the
antioxidant capacity of the tissues, we may consider stresses to be
used as potential tools to render healthier products. The fresh pro-
duce industries, such as the fresh-cut industry, may benefit from
wounding stress and possibly other stresses to obtain healthier
fresh-cut products. Similarly, food processing industries that utilize
wounding processes, such as in the production of potato chips or
french fries, may benefit by obtaining healthier processed products.

The recommended daily intake of antioxidants for humans to
obtain benefits is an estimated equivalent of about 3000 to 3600
pmol Trolox/day, from which fruit and vegetable consumption rep-
resents less than 50% or about 1200 to 1640 pmol Trolox/day (Prior
and Cao 2000). Controlled stresses provide an opportunity to ob-
tain products with higher antioxidant capacity that could meet the
daily requirement.

Phytochemicals may have a diverse range of properties, in addi-
tion to nutraceutical use, that are very attractive to the industry,
such as antimicrobial properties and color potential. For example,
anthocyanins as colorants can cost approximately $1000/kg antho-
cyanin in the food market, making crops high in anthocyanin con-
tent good candidates for extraction operations of the colorant ma-
terial. Thus, a potential use for abiotic stresses could be inducing
the accumulation of specific compounds with the objective of en-
hancing the extractable yield. We have shown that stresses such as
methyl jasmonate can induce the accumulation of anthocyanins in
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Figure 3—Slicing orange carrots and purple potatoes and
storing for 2 d at 20 °C increased (a) the total phenolic
content and (b) the antioxidant capacity of the tissue. Ver-
tical bars represent SD (n = 3).
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and adding value to fresh fruits and vegetables
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whole purple-fleshed potatoes increasing about 61% compared
with a control (Figure 2). Methyl jasmonate also can be used in
purple carrots to induce phenolic compounds for further extraction
process without accumulating undesirable compounds like isocou-
marins (Figure 1). Even more, selecting appropriate abiotic stresses
and the appropriate target tissue may render extractable phenolic
compounds with higher specific antioxidant properties as observed
for carrots when compared with potatoes (Figures 3).

Proposed concept

In this paper we present a novel concept that is summarized in
Figure 4. In this concept, controlled postharvest abiotic stresses,
such as wounding, phytohormones, UV light, other radiations, al-
tered atmospheric gas composition, and water stress, can be ap-
plied to fresh fruits and vegetables to induce the synthesis of spe-
cific active compounds and or decrease the synthesis of
undesirable compounds. The targeted secondary metabolites
would be related to an increased bioactive or functional property,
such as increased antioxidant activity, antimicrobial properties,
anticancer activity, or color potential. However, there is a need to
understand how different stresses trigger the specific enzymes
involved in the synthesis of the targeted compound, as well as the
possible interaction between different stresses and the response of
the tissue.

The controlled abiotic stresses can be used as tools by the fresh
produce industry to create healthier products by enhancing the
nutraceutical content of fresh-cut or whole products. Similarly, the
controlled abiotic stresses can be utilized by the food processing
and dietary supplement industry as tools to enhance the extract-
able yields of specific active compounds that have nutraceutical or
other functional properties.

Some treatments, such as wounding, are already being used by
the industry, whereas others such as UV radiation may be readily
incorporated into the process line. However, as new stress treat-
ments are characterized, there will be need for further studies to
define their optimum incorporation into the processing line. For
example, slicing potatoes and waiting for phenolic synthesis to oc-
cur may offer a challenge in finding ways to reduce the overall pro-
cessing time. Other challenges to encounter may be the potential
negative effects of increased phenolic content on browning poten-
tial, the altered taste of fruits and vegetables, such as increased
astringency, or the appropriate criteria for selecting fruits to work
with. However, as knowledge is gathered in this field, many of
these challenges will be eventually solved. Ideally, the use of con-
trolled stresses will be applied to redirect synthesis of secondary
metabolites to obtain a specific targeted nutraceutical composition
with low synthesis of undesirable compounds and avoiding pro-
duce quality changes.

This new research area may develop parallel to the trend ob-
served in other fields dealing with nutraceutical research activities.
For example, discoveries of novel bioactive and functional proper-
ties of specific compounds may create the need for developing
technologies to increase nutraceutical levels in crops. Thus, con-
trolled abiotic stresses may be a complementary or an alternative
strategy to other approaches such as breeding programs, produc-
tion management, or genetic engineering activities.

Conclusions
CONTROLLED POSTHARVEST ABIOTIC STRESSES CAN BE USED TO
enhance the nutraceutical levels in fresh fruits and vegeta-
bles. However, there is need to understand how different crop tis-
sues and their specific secondary metabolic pathways respond to
different abiotic stresses, applied alone or in combination with oth-
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ers. This would be the basis for designing strategies to develop
novel tools that will open the possibility of tailoring fresh produce
with enhanced health benefit properties for use of the fresh pro-
duce and food processing industries.

References

Abdel-Aal E, Hucl P. 1999. A rapid method for quantifying total anthocyanins in
blue aleurone and purple pericarp wheats. Cereal Chem 76(3):350—4.

Arakawa O. 1991. Effect of temperature on anthocyanin accumulation in apple
fruit as affected by cultivar, stage of fruit ripening and bagging. J Hort Sci
66(6):763-8.

Babic I, Amoit M, Nguyen-The C, Aubert S. 1993a. Changes in phenolic content
in fresh ready-to-use shredded carrots during storage. J] Food Sci 58(2):351-6.

Babic I, Amoit M, Nguyen-The C, Aubert S. 1993b. Accumulation of chlorogenic
acid in shredded carrots during storage in an oriented polypropylene film. J
Food Sci 58(4):840-1.

Blankenship S, Dole J. 2003. 1-methylcyclopropene: a review. Postharvest Biol
Tech 28:1-25.

Brand-Williams W, Cuvelier ME, Berset C. 1995. Use of free radical method to
evaluate antioxidant activity. Lebensm Wiss Technol 28:25-30.

Brodl MR. 1990. Biochemistry of heat shock responses in plants. In: Katterman
E editor. Environmental injury to plants. San Diego, Calif.: Academic Press. p
113-35.

Bonham-Smith P, Kapoor M, Bewley J. 1988. A comparison of the stress responses
of Zea mays seedlings as shown by qualitative changes in protein synthesis.
Can ] Bot 66:1883-90.

Cantos E, Garcia-Viguera C, Pascual-Teresa S, Tomas-Barberan E 2000. Effect of
postharvest ultraviolet irradiation on resveratrol and other phenolics of Cv.
Napoleon table grapes. J Agric Food Chem 48:4606-12.

Cantos E, Espin ], Tomas-Barberan F. 2001. Post-harvest induction modeling
method using UV irradiation pulses for obtaining resveratrol-enriched table
grapes: a new “functional” food? J Agric Food Chem 49:5052-8

Cantos E, Espin ], Fernandez M, Oliva J, Tomas-Barberan F. 2003. Postharvest
UV-C-irradiated grapes as a potential source for producing stilbene-enriched
red wines. J Agric Food Chem 51:1208-14.

Civello P, Martinez G, Chaves A, Anon M. 1997. Heat treatments delay ripening
and postharvest decay of strawberry fruit. J Agric Food Chem 45:4589-94.
Connor AM, Luby J, Tong C. 2002a. Variation and heritability estimates for an-
tioxidant activity, total phenolic content, and anthocyanin content in blue-

berry progenies. ] Am Soc Hortic Sci 127(1):82-8.

Connor AM, Luby J, Tong C. 2002b.Genotypic and environmental variation in
antioxidant activity, total phenolic content, and anthocyanin content among
blueberry cultivars. ] Am Soc Hortic Sci 127(1):89-97.

Craker L, Wetherbee P. 1972. Ethylene, light and anthocyanin synthesis. Plant
Physiol 49(Suppl):20.

Curry E. 1997. Temperatures for optimum anthocyanin accumulation in apple
tissue. J Hortic Sci 72(5):723-9.

Datamonitor. 2002. US nutraceuticals 2002: growth in a shifting market and
regulatory environment. Available from <http://www.datamonitor.com>. Ac-
cessed Aug 14, 2002.

Dillard C, German B. 2000. Phytochemicals: nutraceuticals and human health. J
Sci Food Agric 80:1744-56.

Dixon R, Paiva N. 1995. Stress-induced phenylpropanoid metabolism. Plant Cell
7:1085-97.

Dong Y, Mitra D, Kootstra A, Lister C, Lancaster J. 1995. Postharvest stimulation
of skin color in Royal Gala apple. ] Amer Soc Hort Sci 120(1):95-100.

Drew M. 1998. Stress physiology. In: Taiz L, Zeiger E, editors. Plant physiology.
Sunderland, Mass.: The Sinauer Associates, Inc. p 725-57

Estrada B, Pomar E Diaz J, Merino E Bernal M. 1999. Pungency level in fruits of
the Padron pepper with different water supply. Sci Hortic 81:385-96.

Fan X, Mattheis J. 2000. Reduction of ethylene-induced physiological disorders
of carrots and iceberg lettuce by 1-Methylcyclopropene. HortSci 35(7):1312-4.

Faragher J, Brohier R. 1984. Anthocyanin accumulation in apple skin during
ripening: regulation by ethylene and phenylalanine ammonia-lyase. Sci Hortic
22:89-96.

Ferreres E Gil M, Castaner M, Tomas-Barberan, E 1997. Phenolic metabolites in
red pigmented lettuce (Lactuca sativa). Changes with minimal processing and
cold storage. J Agric Food Chem 45:4249-54.

Fuleki T, Francis F 1968. Quantitative methods for anthocyanins. 1. Extraction
and determination of total anthocyanin in cranberries. ] Food Sci 33:72-7.
Garret EH. 2002. Fresh-cut produce: tracks and trends. In: Lamikanra O, editor.
Fresh-cut fruits and vegetables. Science, technology and market. Boca Raton,

Fla.: CRC Press. p 1-10.

Gershenzon J. 1998. Plant defenses: surface protection and secondary metabo-
lites. In: Taiz L, Zeiger E, editors. Plant physiology. Sunderland, Mass.: The
Sinauer Associates, Inc. p 347-76.

Gil M, Holcroft D, Kader A. 1997. Changes in strawberry anthocyanins and other
polyphenols in response to carbon dioxide treatments. J Agric Food Chem
45:1662-7.

Gil M, Tomas-Barberan E Hess-Pierce B, Kader A. 2002. Antioxidant capacities,
phenolic compounds, carotenoids, and vitamin C contents of nectarines, peach,
and plum cultivars from California. J Agric Food Chem 50:4976-82.

Given N, Venis M, Grierson D. 1988. Phenylalanine ammonia-lyase activity and
anthocyanin synthesis in repining strawberry fruit. J Plant Physiol 133(1):25-
30.

Halliwell B, Gutteridge J, Cross C. 1992. Free radicals, antioxidants and human
diseases: where are we now? J Lab Clin Med 119:598-620.

Heredia J, Loaiza J, Cisneros-Zevallos L. 2001. Phenolic synthesis in maroon
carrots treated with ethylene and methyl jasmonate stored at different tem-

JFSis available in searchable form at www.ift.org



Postharvest stress and nutraceutical content . . .

peratures [abstract]. In: IFT Annual Meeting Book of Abstracts; June 23-27,
2001; New Orleans, La. Chicago, Ill.: Inst. of Food Technologists. p 90. Abstract
nr 44C-18.

Heredia J, Cisneros-Zevallos L. 2002. Wounding stress on carrots increases the
antioxidant capacity and the phenolics content [abstract]. In: IFT Annual Meet-
ing Book of Abstracts; June 15-19, 2002; Anaheim, Calif. Chicago, Ill.: Inst. of
Food Technologists. p 180. Abstract nr 76C-14.

Holcroft D, Gil M, Kader A. 1998. Effect of carbon dioxide on anthocyanins, phe-
nylalanine ammonia lyase, and glucosyltransferase in the arils of stored
pomegranates. ] Am Soc Hortic Sci 123:136-40.

Howard L, Griffin L. 1993. Lignin formation and surface discoloration of mini-
mally processed carrot sticks. J] Food Sci 58(5):1065-7, 1072.

Hyodo H, Kuroda H, Yang S. 1978. Induction of phenylalanine ammonia-lyase
and increase in phenolics in lettuce leaves in relation to the development of
russet spotting caused by ethylene. Plant Physiol 62:31-5.

Kader A. 1992. Postharvest biology and technology: An overview. In: Kader A,
editor. Postharvest technology of horticultural crops. Oakland, Calif.: Univ. of
California, Div. of Agricultural and Natural Resources, publication 3311. p 15—
20.

Kalt W, Forney C, Martin A, Prior R. 1999. Antioxidant capacity, vitamin C, phe-
nolics and anthocyanins after fresh storage of small fruits. J Agric Food Chem
47:4638-44.

Kalt W, Howell A, Duy JC, Forney CE, McDonald JE. 2001. Horticultural factors
affecting antioxidant capacity of blueberries and other small fruit. HortTech-
nol 11(4):523-8.

Kang H, Saltveit M. 2002. Antioxidant capacity of lettuce leaf tissue increases
after wounding. J Agric Food Chem 50:7536-41.

Kays S. 1991. Postharvest physiology of perishable plant products. In: Kays S,
editor. An Avi book. New York: Van Nostrand Reinhold. p 127, 128, 207.

Ke D, Saltveit M. 1988. Plant hormone interaction and phenolic metabolism in
the regulation of russet spotting in iceberg lettuce. Plant Physiol 88:1136-40.

Kochian L, Garvin D. 1999. Agricultural approaches to improving phytonutrient
content in plants: an overview. Nutr Rev 57(9):13-7.

Lachance PA. 2002. Nutraceuticals, for real. Food Technol 56(1):20.

Lafuente T, Lopez-Galvez G, Cantwell M, Fa Yang S. 1996. Factors influencing
etylene-induced isocoumarin formation and increased respiration in car-
rots. ] Am Soc Hortic Sci 121(3):537-42

Lazan H, Ali Z, Mohd A, Nahar E 1987. Water stress and quality decline during
storage of tropical leafy vegetables. J Food Sci 52(5):1286-8, 1292.

Lee S, Kader A. 2000. Preharvest and postharvest factors influencing vitamin C
content of horticultural crops. Postharvest Biol Tech 20:207-20.

Lewis C, Walker J, Lancaster J. 1999. Changes in anthocyanin, flavonoid and
phenolic acid concentrations during development and storage of coloured
potato (Solanum tuberusum L) tubers. J Sci Food Agric 79:311-6.

Li Z, Gemma H, Iwahori S. 2002. Stimulation of “Fuji” apple skin color by ethe-
phon and phosphorus-calcium mixed compounds in relation to flavonoid syn-
thesis. Sci Hortic 94:193-9.

Loaiza-Velarde J, Saltveit M. 2001. Heat shock applied either before or after
wounding reduce browning of lettuce leaf tissue. ] Am Soc Hortic Sci 126(2):227-
34

Miszczak A, Forney C, Prange R. 1995. Development of aroma volatiles and color
during postharvest ripening of “Kent” strawberries. ] Am Soc Hortic Sci
120(4):650-5.

Nunes M, Brecht J, Morais A, Sargent S. 1998. Controlling temperature and wa-
ter loss to maintain ascorbic acid levels in strawberries during postharvest
handling. J Food Sci 63(6):1033-6.

Peiser G, Lopez-Galvez G, Cantwell M, Saltveit M. 1998. Phenylalanine ammo-
nia lyase inhibitors control browning of cut lettuce. Postharvest Biol Tech
14:171-7.

Pendharkar M, Nair P. 1987. Alteration in phenylpropanoid metabolism in gam-
ma irradiated potatoes. Potato Res 30(4):589-601.

Perez A, Sanz C, Richardson D, Olias J. 1993. Methyl jasmonate promotes B-
carotene synthesis and chlorophyll degradation in Golden Delicious apple
peel. J Plant Growth Regul 12:163-7.

Percival G, Baird L. 2000. Influence of storage upon light-induced chlorogenic
acid accumulation in potato tubers (Solanum tuberosum L.) J Agric Food Chem
48:2476-82.

Prior RL, Cao GH, Martin A, Sofic E, Mcewen J, Obrien C, Lischner N, Ehlenfeldt
M, Kalt W, Krewer G, Mainland CM. 1998. Antioxidant capacity as influenced
by total phenolic and anthocyanin content, maturity, and variety of Vaccinium
species. J Agric Food Chem 46(7):2686-93.

Prior RL, Cao G. 2000. Analysis of botanicals and dietary supplements for anti-

JFSis available in searchable form at www.ift.org

oxidant capacity: a review. ] AOAC Int 83(4):950-6.

Reay P. 1999. The role of low temperatures in the development of the red blush
on apple fruit (Granny Smith). Sci Hortic 79:113-9.

Reay P, Lancaster J. 2001. Accumulation of anthocyanins and quercetin glyco-
sides in ‘Gala’ and ‘Royal Gala’ apple fruit skin with UV-B-visible irradiation:
modifying effects of fruit maturity, fruit side, and temperature. Sci Hortic 90:57—
68.

Reyes L, Loaiza J, Cisneros-Zevallos L. 2001. Effect of ethylene, methyl jasmonate,
and temperature on the synthesis of anthocyanins in colored-flesh potatoes
[abstract]. In: IFT Annual Meeting Book of Abstracts; June 23-27, 2001; New
Orleans, La. Chicago, Ill.: Inst. of Food Technologists. p 245-6. Abstract nr 96-
11.

Roubelakis-Angelakis K, Kliewer W. 1986. Effects of exogenous factors on phe-
nylalanine ammonia-lyase activity and accumulation of anthocyanins and
total phenolics in grape berries. Am J Enol Vit 37(4):275-80.

Saltveit M. 1997. Physical and physiological changes in minimally processed
fruits and vegetables. In: Thomas-Barberan E Robins R, editors. Phytochemis-
try of fruit and vegetables. New York: Oxford Univ. Press Inc. p 205-20.

Saltveit ME. 2000. Wound induced changes in phenolic metabolism and tissue
browning are altered by heat shock. Postharv Biol Technol 21:61-9.

Salunkhe D, Wu M. 1979. Control of postharvest glycoalkaloid formation in po-
tato tubers. J Food Protect 42(6):519-25.

Saniewski M, Miszczak A, Kawa-Miszczak L, Wegrzynowicz-Lesiak E, Miyamoto
K, Ueda J. 1998. Effects of methyl jasmonate on anthocyanin accumulation,
ethylene production, and CO, evolution in uncooled and cooled tulip bulbs. J
Plant Growth Regul 17:33-7.

Sapers G, Hicks K, Burgher A, Hargrave D, Sondey S, Bilyk A. 1986. Anthocyanin
patterns in ripening Thornless blackberries. ] Am Soc Hortic Sci 111(6):945-50.

Scheerens J. 2001. Phytochemicals and the consumer: Factors affecting fruit and
vegetable consumption and potential for increasing small fruit in the diet.
HortTechnol 11(4):547-56.

Schutte H. 1992. Secondary plant substances: Special topics of the phenylpro-
panoid metabolism. Prog Bot 53:78-98.

Shattuck V, Yada R, Lougheed E. 1988. Ethylene-induced bitterness in stored pars-
nips. HortSci 23(5):912.

Shichijo C, Hamada T, Horaoka M, Johnson C, Hashimoto T. 1993. Enhancement
of red-light-induced anthocyanin synthesis in sorghum first internodes by
moderate low temperature given in the pre-irradiation culture period. Planta
191:238-45.

Small C, Pecket R. 1982. Effect of temperature on phytochrome-mediated antho-
cyanin synthesis in red cabbage. Plant Cell Environ 5(3):245-9.

Talcott S, Howard L. 1999. Chemical and sensory quality of processed carrot
puree as influenced by stress-induced phenolic compounds. J Agric Food Chem
47:1362-6

Tan S. 1979. Relationships and interaction between phenylalanine ammonia-
lyase (PAL), phenylalanine ammonia-lyase inactivating system (PAL-IS), and
anthocyanin in apples. ] Am Soc Hortic Sci 104(5):581-6.

Toivonen P, Sweeney M. 1998. Differences in chlorophyll loss at 13 °C for two
broccoli (Brassica oleracea L.) cultivars associated with antioxidant enzyme
activities. ] Agric Food Chem 46(1):20-4.

Tomas-Barberan E Gil M, Castaner M, Artes E Saltveit M. 1997. Effect of selected
browning inhibitors on phenolic metabolism in stem tissue of harvested let-
tuce. J Agric Food Chem 45:583-9.

Vierling E. 1991. The roles of heat shock proteins in plants. Annu Rev Plant
Physiol Plant Mol Biol 42:579-620.

Wang H, Cao GH, Prior RL. 1996. Total antioxidant capacity of fruits. J] Agric Food
Chem 44(3):701-5.

Whetten R, Sederoff R. 1995. Lignin biosynthesis. Plant Cell 7:1001-13.

Winkel-Shirley B. 2002. Biosynthesis of flavonoids and effects of stress. Curr
Opinion Plant Biol 5:218-23.

Yen G, Chen H, Peng H. 1997. Antioxidant and prooxidant effects of avrious tea
extracts. J Agric Food Chem 45:30-4.

Zhang W, Curtin C, Kikuchi M, Franco C. 2002. Integration of jasmonic acid and
light irradiation for enhancement of anthocyanins in Vitis vinifera suspen-
sion cultures. Plant Sci 162:459-68.

MS 20030174 Submitted 4/2/02, Revised 5/7/03, Accepted 5/12/03, Received
5/12/03

Author is with the Dept. of Horticultural Sciences, Texas A&M Univ., College
Station, TX 77843 Direct inquiries to author Cisneros-Zevallos (E-mail:
Icisnero@taexgw.tamu.edu).

Vol. 68, Nr. 5, 2003—JOURNAL OF FOOD SCIENCE 1565



