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1. Introduction

Phytochemicals are bioactive non-nutrient plant components that have gained considerable
attention as photoprotective agents in providing certain health benefits and are well known
for their powerful antioxidant and free radical scavenging potential [1-2, 8]. Phytochemicals
found in plant-based foods (fruits, vegetables, legumes, nuts, cereals, and grains) belong to
several classes according to their chemical structures and physiological functions and include
polyphenols, flavonoids, isoflavonoids, phytoalexins, phenols, anthocyanidins, nitrogen
compounds (polyamines), chlorophyll derivatives, beta carotene (pro-vitamin A), and other
carotenoids, ascorbic acid (vitamin C), folic acid, and a-tocopherol (vitamin E). Figure 1
illustrates the classification of dietary phytochemicals, which are widely distributed with
different structures at the tissue, cellular, and sub-cellular levels. While it has been reported
that there are over 4,000 phytochemicals, the most studied are the phenolics (largest category
of phytochemicals) and carotenoids [3, 5], whereas some phytochemicals are distributed only
among limited taxonomic groups. For example, glucosinolates are only found in the crucifer-
ous vegetables crops, whereas the occurrence of sulfides is restricted to the Liliaceae. Addi-
tionally, each fruit and vegetable species has a distinct profile of phytochemicals, which is also
within a special phytochemical group [4]. Many phytochemicals, particularly the pigment
molecules, are often concentrated in the outer layers of the various plant tissues [5]. Some
sources of phytochemicals include lycopene from tomatoes, isoflavones from soy, (3-carotene
from carrots, and anthocyanins from blueberries and grapes. The phytochemicals lutein and
zeaxanthin are carotenoids found in spinach, kale, and turnip greens. Another group of
phytochemicals called allyl sulfides are found in garlic and onions. http://www.cancer.org/
treatment/treatmentsandsideeffects/complementaryandalternativemedicine/herbsvitamin-
sandminerals/phytochemicals
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Phytochemicals
Carotenoids Phenolics Alkaloids Nitrogen-containing Organosulfur
compounds compounds
o-Carotene Isothiocyanates
[B-Carotene Indoles
P-Cryptoxanthin Phenolic acids Flavonoids Stibenes Coumarins Tannins Allylic sulfur
Lutein compounds
Zeaxanthin
Astaxanthin
Lycopene
Hydroxy- Hydroxy- Flavonols Flavones Flavanols Flavanones Anthocyanidins Isoflavonoids
benzoic acids cinnamic acids (Catechins)
Gallic p-Coumaric Quercetin Apigenin Catechin Eriodictyol Cyanidin Genistein
Protocatechuic Caffeic Kaempferol Chrysin Epicatechin Hesperitin Pelargonidin Daidzein
Vannilic Ferulic Myricetin Luteolin epigallocatechin Naringenin Delphinidin Glycitein
Syringic Sinapic Galangin Epicatechin Peonidin Formononetin
Fisetin gallate Malvidin
epigallocatechin
gallate

Figure 1. Classification of dietary phytochemicals (Adapted from [3]).

The beneficial effects of phytochemicals are mediated through several mechanisms that
include enzyme stimulation, interference with DNA replication, anti-bacterial effect, and
physical action. Enhancing the health benefits of fresh produce through physical methods
could therefore add value and create new opportunities for growers and processors by tapping
into health-oriented markets [12, 57]. Abiotic stresses (negative impact of non-living environ-
mental factors on growth and productivity of crops) are significant determinants of quality
and nutritional value of crops along the food value chain. While abiotic stress is essentially
unavoidable, simple modifications to postharvest handling systems may result in significant
reduction in stress exposure, which will positively impact on phytochemical content and
storage and/or shelf-life extension [7, 10]. There is a need to provide technologies that can
ensure the delivery of high-quality products with high levels of the desired phytonutrients [6,
11-12, 15]. There is now considerable literature on the use of low dose UV-C radiation to control
postharvest pathogens, delay postharvest senescence, and improve shelf-life of many horti-
cultural crops. It also has potential for commercial use as a surface treatment in the food
industry, particularly for whole and fresh-cut produce. However, the use of UV-C radiation
as an elicitor of phytochemicals which enhances additional health benefits and mechanisms
related to improvement in shelf-life or increase in the content of phytonutrients are still not
well understood. The objective of this chapter will focus on a review of recent studies of UV-
C abiotic stress on the production and activation of phytochemicals and its effect on the quality
of crops.
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2. UV radiation and its interactions with biological systems

UV radiation is generally divided into three classes: UV-C (200-280 nm), UV-B (280-320 nm),
and UV-A (315-400 nm) [21]. Each band can induce significantly different biological effects in
plant systems. UV-C wavelengths (highly energetic) result in high levels of damage very
quickly [22]; however, such radiations are effectively absorbed by ozone and atmospheric
gases and are not present in sunlight at the earth’s surface. UV radiation below 320 nm is
actinic, which means it causes photochemical reactions [21]. Such reactions occur as a result
of the absorption of photons by chromophores (chemical grouping of molecules) at particular
wavelengths.

2.1. Direct and indirect effects of UV radiation

The destructive action of UV radiation results from both direct absorption of photons by DNA
and indirect mechanisms involving excitation of photosensitizers and the generation of
reactive oxygen species (ROS). Nucleic acids, proteins, lipids, indole acetic acids, flavor-
proteins, and phytochromes are molecules that contain conjugated double bonds and absorb
energy in the UV region. They have key roles in plant cell function and structure and any
alterations of these compounds due to UV radiation might be expected to cause physiological
alterations in crops. Plants may differ in resistance to ROS depending upon the efficiency of
the plant defense systems that involve DNA repair systems and quenching systems involving
either a suppression of ROS production or scavenging of ROS, which have already been
produced with enzymatic and non-enzymatic scavenging pathways. This can affect the
secondary metabolism of fresh produce and increase the synthesis of phytochemicals or reduce
the synthesis of undesirable compounds [4, 12, 16]. The biological consequences of free radical
reactions leading to cellular dysfunction and cell death are summarized in Figure 2.

3. Postharvest abiotic stress and the production of phytochemicals

Harvested crops can be potentially exposed to various abiotic stresses that impact on quality
in the food value chain. These include qualitative and quantitative losses including sensorial,
microbial, and nutritional losses [7]. Wide variation in resistance to stress injury exists in higher
plants and the stress tolerance threshold are determined by plant species, the developmental
stage of the plant, type of stressor, exposure time, as well as other factors such as the plant
stress-coping mechanisms. Abiotic stresses play a major role in determining the distribution
of plant species across different types of environments. Many breeding programs impose
abiotic stresses on the plants in a very quantitative way to develop stress tolerance that will
allow crops to adapt to climate change [10]. However, it is not clear whether breeding in the
tield will also extend stress resistance characteristics in the postharvest phase including shelf-
life extension and phytonutrient quality of crops.

Various abiotic stresses (salinity, water stress, drought, heavy metals, wind, air pollution,
altered gas composition, light, temperature extremes, and exposure to ultraviolet or gamma
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Figure 2. Schematic representation of the photobiological effects of UV-C radiation in plants [26].

radiation) are known to have deleterious effects on plant tissues as a result of the production
of ROS, causing progressive oxidative damage, which can damage biomolecules and may
affect biochemical pathways, leading to cell death (as shown in Figure 2) and cause substantial
crop losses worldwide [13, 16, 18-19]. Postharvest abiotic stressors can lead to numerous
quality problems in fruits and vegetables, including scald, core and flesh browning of fruits,
sweetening, pitting, water-soaked appearance, abnormal ripening, russeting, tissue softening,
and loss of nutrient constituents [10]. Hence an understanding of the effects of field abiotic
stresses on postharvest stress susceptibility will become more important since postharvest
stresses limit the storage and shelf-life potential of crops. Characterization of mutants and
transgenic plants with altered expression of antioxidants is also a potentially powerful
approach to understanding the functioning of the antioxidant system and its role in protecting
plants against stress [6, 13]. The use of genetically modified crops has its biases as in most cases
it is considered as potential biological hazards that create an ecological imbalance [6, 9].

As a secondary response, some postharvest abiotic stress treatments could induce some
mechanisms that affect the metabolic activity of the treated produce, such as triggering
antioxidants. Studies have shown that plants with higher levels of antioxidants, whether
constitutive or induced, showed a greater resistance to different types of environmental
stresses [13]. Plants possibly protect themselves against increased UV irradiation by an
increased synthesis of pigments in the epidermis [23]. However, the mechanisms of cellular
oxidative stress are complex, and other biochemical and physiological mechanisms may act in
concert under UV stress. Figure 3 illustrates possible mechanisms for using controlled
postharvest abiotic stresses to enhance the phytochemical content of crops [7].
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Figure 3. Effect of postharvest abiotic stress on the production of phytochemicals (adapted from [7]).

4. UV-C as a postharvest treatment

Non-ionizing artificial UV-C irradiation is a postharvest treatment that can be adjunct to
refrigeration for delaying postharvest ripening, senescence, and decay in different fruit and
vegetable species. UV-C radiation is mainly used as a surface treatment because it penetrates
only 5-30 microns of the tissue and is beneficial for keeping the integrity and freshness of fruits
and vegetables [27, 65]. It has been extensively used for many years in the disinfection of
equipment, glassware, and air by food and medical industries. Exposure to abiotic UV-C
radiation stress is well known to have deleterious effects on plant tissues however low levels
may stimulate beneficial responses of plants, a phenomenon known as Hormesis [14, 28]. The
use of UV-C hormesis to improve the postharvest quality of fresh fruits and vegetables has
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been the subject of numerous research activities during the last two decades, with some early
applications in the eighties on the control of postharvest pathogens. UV-C doses above the
optimal level can lead to detrimental color development and poor appearance of fruits and
vegetables, thus lowering aesthetic value and lead to poor marketability of such treated
produce [15]. Turtoi [27] and Ribeiro [11] conducted recent reviews on the effects of UV-C
primarily on decontamination and disease control in fresh fruits and vegetables. UV-C
irradiation also holds considerable promise as a non-chemical treatment to delay ripening and
senescence and to improve shelf-life of fresh fruits and vegetables and the associated health
and therapeutic benefits with their consumption [11, 28]. In a more recent study, UV-C
hormesis was induced at the pre-harvest stage, which has commercial implications particularly
for crops that are easily damaged during postharvest treatment [20]. UV-C treated crops, with
the ability to scavenge and/or control the level of cellular ROS with the consequential activation
of phytochemicals may be useful to improve postharvest storage life and enhance nutritional
quality and health benefits. However, the reported biochemical and molecular mechanisms of
such effects are complex and quite diverse and depend on several factors such as differences
in crops sensitivity, maturity levels, UV-C doses, equipment, and environmental conditions
as previously noted.

4.1. UV-C technology

UV-C irradiation can be applied using low and medium pressure mercury vapor discharge
lamps with a peak emission at 254 nm inside an enclosed chamber that is kept closed during
irradiation. The lamps are suspended directly over the sample in the chamber at a fixed
distance from the sample and radiation doses are varied using different exposure times. The
intensity of the light is affected by the distance the source is from the sample. Manual rotation
is generally employed to the treated commodity to ensure irradiation uniformity. The use of
devices to rotate the crops to ensure radiation uniformity is noted in [20]. The dose is calculated
from the product of exposure time and irradiance, as measured by portable handheld digital
radiometers. The irradiance, sometimes called intensity, has the preferred units of mWem?™
while the UV dose has the preferred units of kjm? [21]. UV dose may be calculated from the
following formula:

D=I(T)

where D = dosage, I = applied intensity, and T = time of exposure.
There are several advantages in the use of UV-C technology such as:

* itleaves no residues after treatment, including moisture residues,

* it does not involve complex expensive equipment,

* itis simpler and more economical to use than ionizing radiation, and
* it generally lacks regulatory restrictions.

The beneficial effects from UV-C radiation result from the use of very low UV doses ranging
from 0.125 kJm™ to 9 kJm™ and the time scale for the induction of such effects is generally
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measured over hours (h) or even days [11, 15, 17]. The design of UV-C equipment and
technology on a commercial scale for fresh fruits and vegetables and fresh-cut food industry
poses a challenge with respect to ensuring affordable technology and simultaneously protect-
ing operators from harmful effects of UV-C rays while effectively treating fruit tissue to ensure
significant and consistent microbial load reduction and activation of beneficial phytochemi-
cals.

5. UV-C radiation and its effects on phytochemicals

Plants possess a variety of phytochemicals to protect against the adventitious production of
ROS caused by specific postharvest elicitor treatments [4, 13]. Such phytochemicals include
the enzymes superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate
peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reduca-
tase (DHAR), glutathione reductase (GR), polyphenol oxidases (PPO), guaiacol peroxidase
(GPX), as well as water and fat-soluble antioxidants (ascorbic acid, thiol containing com-
pounds, tocopherols, carotenes) and general antioxidants such as phenolic compounds. Non-
enzymic phytochemicals play a significant role in protecting the cell from oxidative stress that
occurs when there is a disturbance between the production of free radicals and antioxidant
defenses [13, 18, 24]. A summary of some changes in enzymic and non-enzymic phytochemi-
cals in postharvest UV-C treatment of some crops are illustrated below.

5.1. Enzymic phytochemcials

5.1.1. Superoxide Dismutase (SOD), Glutathione Reductase (GR), Catalase (CAT)

SOD is a ubiquitous defensive enzyme against superoxide damage to aerobic organisms. SOD
catalyzes the dismutation of the one-electron reduced form of oxygen (O,--) or superoxide
radical resulting in the production of the less toxic hydrogen peroxide and oxygen: 2 O,-- +
2H* - H,0,+ O, [18, 25]. The H,0, formed by the action of SOD is itself a strong oxidant and
is toxic to cells. It can then be converted to oxygen and water in consecutive reactions with
ascorbate and glutathione or with CAT in plant tissues [20]. SOD activity and enzymes of the
H,0, scavenging pathway are induced by diverse environmental stresses. High SOD activity
has been reported to increase in plants exposed to various stresses [18]. GR is a key enzyme in
the glutathione-ascorbate cycle and can regenerate reduced glutathione from its oxidized form.
Together with glutathione, itis an important component of the ROS scavenging system in plant
cells. GR has its main function as a detoxifier of peroxide from the cells. Peroxide decomposes
to form highly reactive free radicals which can damage proteins, DNA and lipids. CAT a high
capacity but low affinity enzyme destroys H,O, and promotes the redox reac-
tion:-2H,0,—2H,0 + O, This enzyme has been reported to show a general decline in activity
with increasing illumination, with degradation exceeding the capacity for repair [13]. In one
study, activities of SOD, GR, and CAT were more than 2-fold higher during the first 1 h after
UV-C treatment of peanut seedling [38]. Overall, the general trend is that UV-C stressed crops
show an initial increase in enzyme activity followed by a decrease in the antioxidant enzymes.
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Table 1 summarizes the changes in SOD, GR, and CAT activities with postharvest UV-C

treatment of some crops.

Crop UV-C conditions  Results Source
0.02 kfm™2, 0.03 kJm™ SOD activity in both control and UVC-treated fruit decreased
and 0.04 kfm?and  with storage time, with a slight increase at the end of storage,
Banana storage at 5°C and  but UV-C treated fruit maintained higher SOD activity [30]
(cv. Cavendish) 25°C for 7 days and throughout storage. UV-C treatment led to significantly

21 days

higher activities of SOD, CAT, POD, APX, and GR compared

to control fruit during later storage.

Yellow Bell Pepper

22kKm™? 4.4 KJm?>,
and 6.6 kJm™ and
storageat 12 + 1°C
for 15 days

UV-C illumination at 6.6 kfmZenhanced the activities of
enzymes such as CAT, SOD, GPX, and APX in yellow bell [32]

pepper during storage when compared to control fruit.

Pear (cv. Yali)

5 kJm™ and storage atActivities of SOD, GR, and CAT in Yali pear fruit were

20°C
for 42 days

significantly enhanced with UV-C dose compared to control [33]

fruit even up to the end of the storage period.

Strawberry

0.43 kJm2, 2.15 kJm, Total SOD activity decreased in both control and UV-C

and 4.3 kJm™? and

treated strawberries, but after 15 days of storage all UV-

storage at 10°C for 15 treatments showed higher SOD levels that controls. UV-

days treated fruits at 2.15 kfm™ dose (5 min) had the highest GR
activity. GR activity increased during the first 10 days of
storage and then declined after 15 days of storage.
0.25,0.5kJm?and  SOD activity increased at day 5 but then declined during
0.75 kjm™ and storage. Extracts from all UV-C treated fruits had higher SOD
Strawberry storage at 10°C for 15 activities compared to control fruits during storage. UV-C  [35]
days doses at 0.5 kJm-2 and 0.75 kJm2 enhanced SOD and CAT
activities in fruit after 5 days but levels declined after.
37kjm?and 244  SOD levels were lowest at day 0 and increased during the
Tomat kJm™ and storage at pre-climacteric phase attaining a maximum level by day 14
omato
16°C for 28 days for control and day 21 for UV-C treated fruits (both doses)  [36]
(cv. Capello) . A . .
prior to declining in the post-climacteric phase. SOD levels
were generally lower for UV-C treated fruit than controls.
) 0.38 mWem3; 5, 10,
Turnera diffusa Willd
and 20 min day-1 No significant differences were found in SOD activity of
(Damiana medicinal ) [37]
Jant) and storage for 10 damiana leaves between UV-C treatments and control plants.
an
P days
1.6, kJm=, 2.8 kKJm?,
The general trend in CAT activity was a decline from initial
4.8kJm?, and 7.2 km
Fresh-cut watermelon values however the 1.6 kfm™ and 4.8 kJm™ treatments kept ~ [39]

2 and storage at 5°C

for 11 days

the initial activity of this enzyme throughout shelf-life.

Table 1. Summary of changes in SOD, GR, and CAT activities with postharvest UV-C treatment of crops.
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5.2. Non-enzymic phytochemicals

5.2.1. Phytoalexins

Resistance to infection by pathogen or abiotic stress is correlated with the induction of plant
defense mechanisms and this is manifested through the stimulation of anti-microbial com-
pounds such as phytoalexins. Allixin was the first compound isolated from garlic as a
phytoalexin and a possible compound for cancer prevention. Trans-resveratrol produced by
a large number of plants has a wide range of beneficial biological properties including being
attributed with a relatively low incidence of cardiovascular disease and associated with
reduced cancer risk [8]. A more detailed review of the stilbene resveratrol in grape and grape
products irradiated with UV-C can be found in [8] and in peanuts [38, 43]. Resveratrol was
present in substantial amounts (1.2-2.6 ug/g FW) in leaves, roots, and shells, but very little
(0.05-0.06 ug/g FW) was found in developing seeds and seed coats of field-grown peanuts.
Accumulation of resveratrol in leaves increased over 200-fold in response to UV light, over 20-
fold in response to paraquat, and between 2- and 9-fold in response to wounding, H,O,,
salicylic acid (SA), jasmonic acid, and ethephon, 24 h after treatment. Changes in resveratrol
content were correlated with levels of resveratrol synthase (RS) mRNA, indicating a tran-
scriptional control of resveratrol synthase activity [40]. These gene changes underline the
biochemical and physiological changes induced by UV-C such as increased defense ability,
delayed softening, better maintenance of nutritional and sensory qualities and extension of
shelf-life [30-31]. Table 2 summarizes the changes in phytoalexin content with postharvest UV-
C treatment of some crops.

Crop UV-C conditions  Results Source
T 4.0 kkm™ and storage A number of PR genes, like PR5-like protein, 3-1,3-glucanase
omato
at14°Cfor24 h and chitinase were highly up-regulated in response to UV-C [31]
(cv. Zhenfen 202)
treatment.

300 uWem™ at 15 cm Resveratrol concentrations increased immediately after UV-C

for 1 h and storage at radiation and peaked at 12 h, followed by a decline nearly to
Peanut Seedlings [38]

25°C for 60 h control concentrations by 24 h, indicating that resveratrol

synthesis could be induced by UV-C irradiation.

0.5kJm™=, 1.5kJm™?  Scoparone and scopoletin increased in flavedo tissue with UV
and 3.0kJm?and  treatment. Both phytoalexins showed similar accumulation
storage at 7°C for 28 patterns, although the concentrations of scoparone were
Star Ruby grapefruit [41]
days much lower than those of scopoletin and when compared to
non-irradiated fruit that exhibited no detectable levels of

scoparone and scopoletin.

3.7 kJm™ and storage UV-C dose induced synthesis and accumulation of rishitin.
Tomato at7°C for 35 days  The capacity to accumulate rishitin declined with ripening in [42]

both control and UV-treated fruit.

Table 2. Summary of changes in phytoalexin content with postharvest UV-C treatment of crops.
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5.2.2. Phenolics and flavonoids

The largest category of phytochemicals and most widely distributed secondary products in
plants are the phenolics. They exist in higher plants in many different forms including
hydroxybenzoic derivatives, cinnamates, flavonoids (flavonols, flavones, flavanols, flava-
nones, isoflavones, proanthocyanidins), lignans, and stilbenes, and affect quality characteris-
tics of plants such as appearance, flavor, and health-promoting properties. Besides their role
as antioxidants, phenolic compounds also possess antimicrobial properties and are involved
in disease resistance by contributing to the healing of wounds by lignification of cell walls
around wounded sites [44]. The accumulation of phenolic and flavonoid compounds may act
as a protective filter against excessive UV radiation [28, 45-48]. Phenolics also serve as
substrates for browning reactions. The enzymes phenylalanine ammonia-lyase (PAL; EC
4.3.1.5), polyphenol oxidases (PPO; EC 1.14.18.1) and peroxidises (POD; EC 1.11.1.7) are the
main enzymes responsible for phenolic degradation that often leads to quality loss in crops
[44]. Skin discoloration or external browning is one effect of UV-C treatment and is dose
dependent with the effect being more pronounced as the dose is increased and has been
reported in several crops notably tomato, strawberries, peaches, and Star Ruby grapefruit [28].
Table 3 summarizes the changes in Phenolics content with postharvest UV-C treatment of some
crops. Time course measurements of the effects of UV-C have shown that the strongest
responses of fruit to UV-C treatment occurred instantly after the illumination and the effects
diminished with time.

Crop UV-C conditions  Results Source
) 1.5 kJm2and storage
Spilanthes acmella Anthocyanin and flavonoid concentration increased with UV-
in field conditions
(toothache plant) C treatment.
after 3 and 5 days
0.02 kJm™, 0.03 kJm2, UV-C doses reduced both the incidence of CI and its severity
Banana and 0.04 kJm2and  compared with controls in banana fruit peel. UV-C treatment
(cv. Cavendish) storage at 5 and 25°C activated PAL and resulted in higher levels of total phenolic
for 7 and 21 days compounds in comparison with untreated controls.

2.2 km2, 4.4 Kjm?,
and 6.6 km2and UV-C illumination at 6.6 kJ/m? enhanced total flavonoid

Yellow Bell Pepper [32]
storage at 12 + 1°Cfor content.
15 days
5 kJm™? and storage atEnzyme activities of PAL and -1,3-glucanase were induced

Pear (cv. Yali) 20°C to high levels by UV-C treated pears and thought to be [33]
for 42 days responsible for the reduction in postharvest decay.

37km?and 244 A 4.5- and 4.9-fold increase in total phenols with UV doses of

T . kJm™ and storage at 3.7 kJm™ and 24.4 kJm™, respectively, when compared to
omato
16°C for 28 days controls on day 14 was observed. Levels of total phenols were [36]
(cv. Capello)
higher with UV-treated fruits than controls at the end of the

storage.
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Crop UV-C conditions  Results Source
0.38 mWem?; 5, 10
Turnera diffusa Willd ~ min day™ and 20 min Levels of phenols increased immediately upon exposure to

(Damiana medicinal

plant)

day-1 UV-C dose (5 min day™) and in all UV-C doses (5, 10 and 20 [37]
exposure and storage min day™) by day 7.
for 10 days

1.0kJm™, 3.0 kJm™?, UV-C doses (3.0 klm?and12.2 kJm™) caused a 1.2-fold

Tomato (Light Red and and 12.2 kJm?and increase in total phenolics of both maturities but the same

Mature Green)

45-46
storage atRT for 2 effect was not observed in the individually analyzed phenolic [ ]

days compounds.

Fresh-cut pineapple (cv.10 min day™”, 20 min In bananas and guava, UV-C radiation resulted in an increase

Honey), banana (cv.
Pisang mas) and Thai

seedless guava

day”, and 30 min  in total phenols and flavonoids. In pineapples however, there
day! exposure and  was a significant increase in flavonoids but UV-C irradiation

storage at RT did not have any significant increase in total phenol content.

Fresh-cut Mango
(cv. Tommy Atkins)

1 min day™, 3 min
An increase in the total phenols and total flavonoids were
day”, 5 min day”,
observed for all doses, with the longer irradiation exposure
and 10 min day™ [48]
time proportional to the increases in levels of total phenols
exposure and storage ) o ) )
and flavonoids and lowest antioxidant capacity with controls.
at 5°C for 15 days

Blueberries

0.43 kJm2, 2.15 kJm2, UV-C doses increased total phenols and anthocyanins levels

4.30 kJm™?, and 6.45 versus controls. Levels of flavonoids in blueberries increased
kJm™2and held with UV-C doses. Significantly higher antioxidant capacity in [49]
forvarious times at  blueberries was detected in fruit treated with doses of 2.15

20°C kJm™ and 4.30 kJm™ compared to the control fruit.

Button mushrooms

0.225 kJm™?, 0.45 kJm Although there was a general increase in total phenolics
2, and 0.90 kjm™ and during storage, UV doses showed lower total phenolics
storage at 4°C for 21 content during the first week of storage beyond which there

days was no significant difference among treatments.

Korla Pears

3kJm?and 6 klm? UV-C 3 kJm™? dose had higher levels of total phenolics

and storage at 20°C compared to the dose of 6 kfm™? and control. Similar results

for 15 days were noted for flavonoids where at the end of storage, [51]
residual flavonoid content in control was 82% of initial values
compared with 108% in 3 kJm™ dose, and 98% in 6 kjm™ dose

of initial values.

Broccoli heads (cv. de

Cicco)

4kJm™ 7kJm? 10 Total phenols and flavonoids increased in both control and
kIm™, or 14 kfm™ UV-treated broccoli. Lower levels of total phenols and (53]
and storage at 20°C  flavonoids were found in UV-treated florets after 4 and 6

for 6 days days in storage compared to controls.

Table 3. Summary of changes in phenolics and flavonoids content with postharvest UV-C treatment of crops.
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5.2.3. Photosynthetic pigments, antioxidants carotenoids, lycopene and vitamins a-tocopherol and
ascorbic acid

5.2.3.1. Chlorophyll

During chlorophyll degradation, chlorophyll a is transformed to chlorophyllide a through the
action of the chlorophyllase enzyme [52]. Chlorophyllide a is then acted by the enzyme Mg-
dechelatase removing Mg* from the molecule and forming pheophorbide 4, consequently the
green color is lost. In general, the chloroplast is the first organelle to show injury response with
UV radiation and reduction in the chlorophyll contents may be due to inhibition of biosynthesis
or due to degradation of chlorophyll and their precursors [29]. Table 4 summarizes the changes
in chlorophyll content with postharvest UV-C treatment of some crops. Photosynthetic
pigments such as chlorophyll a and b as well as total chlorophyll contents were considerably
reduced in UV-C treated crops [29, 37]. In these studies, chlorophyll 2 and chlorophyll b were
more sensitive to UV-C radiation. The reduction of chlorophyll content is thought to have a
negative effect on plant photosynthetic efficiency due to UV-C radiation being too severe.
Previous studies have demonstrated the inhibitory effect of UV-C light on chlorophyll
breakdown and on the activities of Mg-dechelatase, chlorophyllase and chlorophyll degrading
peroxidase in crops [53-55].

Crop UV-C conditions  Results Source
) 1.5 kJm™?and storage
Spilanthes acmella Chlorophyll 4, chlorophyll b,and total chlorophyll contents
in field conditions
(toothache plant) were considerably reduced with UV-C treatment.

after 3 and 5 days

0.38 mWcm2; 5 min
. Chlorophyll a content significantly decreased in plants
Turnera diffusa Willd ~ day™, 10 min day™,

exposed to UV-C radiation for 5 and 20 min day™ while
(Damiana medicinal and 20 min day-1 [37]
chlorophyll b content significantly decreased with UV-C 20
plant) exposure and storage
min day™ dose relative to control plants.
for 10 days

4kJm?2 7kjm?2 10 Al UV treatments delayed yellowing and chlorophyll
kJm™, or 14 kfm™ degradation. UV-C dose of 10 kJm™? reduced the degradation
and storage at 20°C  of both chlorophyll a and b in broccoli florets and this was
Broccoli heads (cv. de
Cicco) for 6 days correlated to a reduced activity of chlorophyllase and [53]
icco
chlorophyll peroxidase in treated florets, which maintained a
greener color than the controls. UV-C treated broccoli also

maintained lower Mg-dechelatase level than controls.

1.8 kJm? 3.6 kjm?, UV-C doses of 3.6 klm? and 5.4 kJm?delayedleaf yellowing
Brassica oleracea var. 5.4 kJm™, and 7.2 kjmand chlorophyll loss depicted as higher chlorophyll contents
alboglaba “2and storage at 20°C and lower activity of chlorophyllase, Mg-dechelatase and [54]
(Chinese kale) for 8 days chlorophyll-degrading peroxidase as compared to the other

treatments.
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Crop UV-C conditions  Results Source

37kjm?and 244  There was a significant decrease in chlorophyll degradation,
Mature Green Tomato

kJm™ and storage at with levels significantly higher in UV-C treated fruit [55]
(cv. Capello)

16°C for 28-35 days compared to controls with storage time for both UV-C doses.

Table 4. Summary of changes in chlorophyll content with postharvest UV-C treatment of crops.

5.2.3.2. Carotenoids and lycopene

Carotenoids (p3-carotene) or pro-vitamin A are quenching agents that facilitate the return of
singlet oxygen to its ground state. Table 5 summarizes changes in Total Carotenoids Content
(TCC) and Lycopene content with postharvest UV-C treatment of some crops. In some cases,
decreases in (3-carotene as a result of UV-C treatment, are due most likely to the phenomenon
of photobleaching [37, 45]. These observations appear to be at variance with those of other
authors where carotenoid levels increased in medicinal plants [29], tomato [55], and minimally
processed carrots [61] with UV-C treatment. The increase in total carotenoids may be part of
the antioxidant system where carotenes are involved in protection of the chloroplast against
photooxidation.

Crop UV-C conditions Results Source

1.5 kfm2and
Spilanthes acmella storage in field TCC increased with UV-C treatment. Lycopene was not
(toothache plant) conditions after 3  analyzed.

and 5 days

22kJm? 4.4 kKJm>2,
and 6.6 km2and

Yellow Bell Pepper UV-C illumination at 6.6 kJ/m? enhanced TCC. [32]
storage at 12+ 1°C

for 15 days

0.38 mWem2; 5 min

Turnera diffusa Willd day”, 10 min day™,
| TCC significantly decreased in plants exposed to UV-C (20
(Damiana medicinal and 20 min day™ [37]
min day) compared to control. Lycopene was not analyzed.
plant) exposure and

storage for 10 days

1 kJm™, 3 kfm?, and UV-C doses caused a decrease in (3-carotene while UV-C

12.2 kJm™2 and doses at 1 kJm?and 12.2 kfm2 enhanced the increase in total
Light Vine-Ripe Red storage at RT for 2 lycopene (E+Z isomers), by about 20% over control samples. 15]
Tomato days UV-C 1 h treatment favored an increase in E-lycopene, while
UV-C 12 h treatment affected mainly Z-isomers, which is
considered to be better from a nutritional point.
Mature Green (Breaker 1kJm? 3 kJm™? and UV-C doses caused a decrease in 3-carotene while total 46]

stage)Tomato 12.2 kJm™2 and lycopene increased 8-fold at doses of 1.0 kJm™ and 3.0 kJ/m?
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Crop UV-C conditions Results Source

storage at RT for 8 over those of control. E-lycopene decreased with 12.2 kJ/m?

days dose.

1 min day™, 3 min

day”, 5 min day™, ) )
[B-carotene content decreased with storage in all treatments
Fresh-cut Mango and 10 min day™
including controls with the major reduction observed in fruits[48]
(cv. Tommy Atkins) exposure and
treated for 10 mins and 5 mins.
storage at 5°C for 15

days

3.7kJm?and 24.4 There was a significant decline in lycopene accumulation
Mature Green Tomato  kJm™ and storage at with time for both UV-doses. UV-3.7 kJm™ exhibited
(cv. Capello) 16°C for 28-35 days significantly higher levels of TCC compared to control fruits

throughout storage.

13.7 KJm™ and
Mature Green (Breaker storage at Lycopene content was enhanced by UV-C treatment but the
stage)Tomato 12°C-14°C for 21  concentration of B-carotene was not affected by UV-C.

days

3.7 kJm™? and
Mature Green Tomato  storage at 13°C for UV treatment significantly reduced the lycopene content. [57]

30 days

0.78-0.36 kjm? and A 64% loss in TCC in UV-C treated samples compared to
Fresh-cut Carrots storage at 5°C for 10 controls was noted just after processing. However, UV
(cv. Nantes) days samples exhibited a consistent increase in TCC levels with

levels reaching 3-fold higher at day 7 than at day 0.

Table 5. Summary of changes in total carotenoids content (TCC) and lycopene with postharvest UV-C treatment of
crops.

5.2.3.3. a-tocopherol (Vitamin E)

Alpha-tocopherol is a major lipid-soluble antioxidant that breaks the chain of free radical
reactions of polyunsaturated fatty acids (PUFAs) in cell membranes. Alpha-tocopherol
protects membrane PUFAs from ROS and free radical damage by reacting with lipid radicals
produced in the lipid peroxidation chain reaction [16]. Levels of tocopherol in plants are as a
result of synthesis, recycling, and degradation. Changes in a-tocopherol levels during plant
responses to environmental stress are characterized by two phases; in the first phase there is
an increase in tocopherol synthesis that was followed by a second phase of net tocopherol loss
[24]. Endogenous a-tocopherol levels are also severely affected by the extent of its degradation
and recycling under stress. As stress is more severe and the amounts of ROS in chloroplasts
increase, a-tocopherol levels tend to decrease. Irreversible degradation of a-tocopherol may
also occur when a-tocopheroxyl radicals, which result from the scavenging of lipid peroxyl
radical by a-tocopherol, are not recycled back by ascorbate. Table 6 summarizes the changes
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in a-Tocopherol (Vitamin E) content with postharvest UV-C treatment of some crops. While
it has been reported that a-tocopherol levels increase in photosynthetic plant tissues in
response to a variety of abiotic stresses, results from a study with UV-C irradiated tomato
exocarp demonstrated declining levels and do not support the hypothesis that antioxidants
such as a-tocopherol are stimulated for plant defense against oxidative stress caused by UV-
C radiation [36]. On the other hand, the increased vitamin E content in medicinal Damiana
plants exposed to UV-C radiation may provide protection against the oxidative damage
induced by UV-C radiation [37].

Crop UV-C conditions Results Source
3.7 kJjm2and 244

Tomato Levels of a-tocopherol were considerably lowered with UV
kJm™ and storage at

(cv. Capello) treatment.
16°C for 28 days

0.38 mWem2; 5 min
Turnera diffusa Willd ~ day”, 10 min day~,

(Damiana medicinal and 20 min day-1 Levels of a-tocopherol increased with UV treatment. [37]
plant) exposure and storage
for 10 days

Table 6. Summary of changes in a-Tocopherol (vitamin E) content with postharvest UV-C treatment of crops.

5.2.3.4. Ascorbic acid (Vitamin C)

Vitamin C content, considered to be a nutritional quality index for fruits and vegetables occurs
as L-ascorbic acid and dehydroascorbic acid (oxidised form of ascorbic acid). Ascorbate is an
electron donor and this property explains its function as an antioxidant or reducing agent and
is easily destroyed by oxidation, exposure to light or high temperatures. Ascorbic acid
scavenges free radicals in the water soluble compartment of the cell and may also regenerate
a-tocopherol (vitamin E), an important lipid-phase antioxidant [16]. Table 7 summarizes the
changes in ascorbic acid (vitamin C) content with postharvest UV-C treatment of some crops.
In most cases, UV-C treatment decreased the vitamin C content of fruits or did not affect
ascorbic acid levels.

Crop UV-C conditions  Results Source

22 kJm?2 4.4 kKjm™,
and 6.6 kfm2and

Yellow Bell Pepper No effect on ascorbic acid levels with UV-C treatment. [32]
storage at 12 +1°C
for 15 days
3.7kJm™2 and 24.4
Tomato
kJm™ and storage at UV treatment decreased ascorbic acid levels. [36]

cv. Capello
( pello) 16°C for 28 days
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Crop UV-C conditions  Results Source

Fresh-cut pineapple (cv.10 min day™, 20 min
Honey), banana (cv.  day”, and 30 min

UV treatment decreased ascorbic acid levels. [47]
Pisang mas) and Thai day™ exposure and

seedless guava storage at RT

1 min day™, 3 min

day’, 5 min day, A reduction in total ascorbic acid content with UV treatment
Fresh-cut Mango

and 10 min day™ was observed. The lowest values for ascorbic acid occurred in [48]
(cv. Tommy Atkins) . .

exposure and storage fruits irradiated for 10 min.

at 5°C for 15 days

0.225 kJm™?, 0.45 kJm Apart from day 1 where UV treated mushrooms had lower

2, and 0.90 kjm™ and ascorbic acid content than controls, during storage, levels
Button mushrooms

storage at 4°C for 21 increased to a maximum at day 14 and remained stable until

days day 21 for both control and UV-treated mushrooms.

Ascorbate oxidase activity exhibited a decline during storage
3.7 kJm™ at and
for both control and UV-C treated fruit, however the amount
Tomato (cv. Trust) storage at 16°C for 25 [58]
of this enzyme was lower in UV-C-treated fruit and could
days
correlate to decreases in levels of ascorbic acid.

3kJm?, 10 kJm™, and

Fresh-cut mature green The antioxidant capacity of UV-C-treated fruit did not change
20 kJm™ and storage
bell pepper during storage, but showed a slight increase in the control.
at 10°C for 8 days
Various time UV treatment decreased ascorbic acid levels. The longer the
Fresh fruit juices intervals of exposure exposure to UV, the higher the losses of ascorbic acid content [60]
to UV-C in fruit juices.

Table 7. Summary of changes in ascorbic acid (vitamin C) content with postharvest UV-C treatment of crops.

5.2.4. Glutathione

Thiol (-SH) groups and other functions readily donate hydrogen atoms and are scavengers of
hydroxyl radicals. The tri-peptide Glutathione (y-glutamylcysteinylglycine) is a major free
non-protein thiol compound found in plant tissues. In non-stressed cells, 90% of glutathione
is mainly present in its reduced form (GSH) while the oxidized GSSG levels are lower. Upon
oxidative stress, the glutathione redox status may shift to a more oxidized form, ROOH +2GSH
—ROH +GSSG+H,0, due to increased GSH oxidation and/or decreased GSSG reduction. Such
a shift in the glutathione status in plants has been reported upon exposure to a variety of
environmental factors associated with oxidative stresses [62]. The ratio of reduced GSH to
oxidized GSSG within the cells can be used to measure cellular toxicity. Table 8 summarizes
the changes in glutathione content with postharvest UV-C treatment of some crops. Although
glutathione has been used as an oxidative stress indicator in plants, there is conflicting evidence
about glutathione responses under oxidative stress conditions. While some studies have found
an increase in glutathione synthesis in response to oxidative stress, others have found no
increase in GSH by environmental stresses.
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Crop UV-C conditions  Results Source

0.43 kJm™, 2.15 kJm>2,

and 43kJm?and  UV-Cenhanced the increase of GSH in strawberry fruit
Strawberry [34]
storage at 10°C for 15 during storage.

days
3.7 kjm?and 24.4
Tomato UV-C treatment did not enhance GSH levels when compared
kJm™ and storage at [36
(cv. Capello) to non-irradiated fruit.
16°C for 28 days

9 kJm™ and storage Apart from the initial increase in free thiols by 20% with UV-
Young Pea Plants
upto72h C, free thiol levels decreased with UV-treatment.

Table 8. Summary of changes in glutathione content with postharvest UV-C treatment of crops

5.2.5. Polyamines(PAs)

Polyamines (PAs) are implicated in a variety of regulatory processes ranging from regulation
of growth and cell division, regulating the activity of ribonucleotides and proteinase to
inhibition of ethylene (C,H,) production and senescence. The anti-senescent activity of PAs
may also be related to their ability to be effective free radical scavengers, as well as stabilizing
DNA and membranes by their positively charged cations associating with negative charges
on nucleic acids and phospholipids [26]. Changes in plant PA metabolism occur in response
to a variety of abiotic stresses and have been shown to enhance the ability of plants to resist
environmental stresses. However, the physiological significance of elevated PA levels in
abiotic stress responses is still unclear in terms of whether such a response is as a result of
stress-induced injury or a protective response to abiotic stress [64]. Table 9 summarizes the
changes in PA content with postharvest UV-C treatment of some crops.

Crop UV-C conditions Results Source

Exogenous application of PA (spermine) plus UV-C
9 kJm™? and storage positively affected the plant in maintaining normal plant
Young Pea Plants A . [63]
upto72h growth, stabilizing cell membranes and activating non-

enzymatic antioxidants.

UV-C treatment induced PA (free Putrescine) accumulation in
3.7KkJm™?and 24.4 tomato fruit. By day 21, levels were still high in UV-treated
Tomato (cv Capello)  kJm™ and storage at fruit compared to controls. Similarly, in another recent study, [65-66]
16°C for 21 days PA content of UV-C (3.7 kjm™) treated tomato were higher

that controls.

Exogenous application of 2 mM putrescine plus UV-C
0.72 KJm™ and resulted in positive effects on maintenance of firmness,
Strawberry ) ) ) o [67]
storage at 4°C reduction of weight loss and protection of total antioxidant

capacity and vitamin C content against degradation.
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Crop UV-C conditions  Results Source
Endogenous free, conjugated, and bound PAs (Spm, Spd, and
0.1 kfm2and
Intact Pea Plants Put) in leaves of young pea plants reduced membrane [68]

0.3 kJm™? and storage
damage as a result of UV-C irradiation.

Table 9. Summary of changes in polyamine (PA) content with postharvest UV-C treatment of crops.

6. Conclusions

Studies on the benefit of phytochemicals continue to be of interest, as researchers have been
exploring alternative medicine in the management of common lifestyle diseases and preven-
tative actions, as well as the promotion of good health and nutrition. Abiotic stresses are
significant determinants of quality and nutritional value of crops during their life cycle.
Notwithstanding, climate change has created additional environmental variables that may
influence postharvest stress susceptibility of crops. While breeding programs are underway
for many crops to develop stress resistance that will allow them to adapt to climate change, it
is not clear that breeding for stress resistance in the field will also extend to stress resistance
characteristics of harvested crops particularly fresh fruits and vegetables and fresh-cut
produce. Proper postharvest management of crops can positively influence susceptibility to
abiotic stress. It is important to understand the various response networks to abiotic stresses
encountered in the field and in the postharvest continuum to better evaluate the benefits that
may yield from such stresses. Controlled stresses may be used as tools by the fresh produce
and food processing industries to obtain enhanced phytochemical or health promoting
components of fresh-cut or whole fresh produce and for growers interested in finding
alternative uses for their crops. In the context of the different postharvest handling treatments,
the potential of UV-C irradiation has enormous possibilities as a non-chemical treatment to
sanitize and reduce microbial loads, delay ripening, and improve shelf-life of fresh fruits and
vegetables. Further, the elicitation of health promoting phytochemicals with UV-C is an
indication that such an approach may be of benefit to growers, processors, and consumers in
enhancing sensory characteristics of fresh fruits and vegetables. The beneficial action of UV-
Cis thought to be as a result of the activation of multiple defense systems involving secondary
stress metabolites such as phytoalexins and enzymic and non-enzymic antioxidants. The
intensification of natural defense mechanisms of higher plant so that they can defend them-
selves against infection or adverse stresses is one alternative approach to controlling post-
harvest losses. Depending on the experimental conditions including UV-C dose, commodity,
maturity stage, storage, and environmental conditions administered, such bioactive com-
pounds have been found to be variable, in some instances may decrease or increase, and this
change may impact quality of the crops. In many studies, the strongest responses to UV-C
treatment occurred almost immediately after the illumination with some beneficial effects of
crops occurring after UV-C treatment with the effects decreasing with time. There is need for
turther research on the molecular and biochemical mechanisms by which these beneficial
responses are derived in UV-C treated fresh fruits and vegetables. This is in order to help guide
the development of approaches to reliably confer health and nutritional benefits. The potential
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application of UV-C is novel and relevant particularly for the fresh fruit and vegetable and
fresh-cut trade industries.

Author details

Rohanie Maharaj

Address all correspondence to: rohanie.maharaj@utt.edu.tt

Biosciences, Agriculture and Food Technologies (BAFT), ECIAF Campus, The University of
Trinidad and Tobago, Caroni North Bank Road, Centeno, Piarco, W.I., Trinidad & Tobago

References

[1]
[2]

[3]

[4]

[5]

[6]

[8]

[9]

Palmer S. Phytochemicals Fight Disease. Environmental Nutrition, 2011; 34(9): 1-4.

Kalam S, Singh R, Mani A, Patel ], Khan FN, Pandey A. Antioxidants: Elixir of Life.
International Multidisciplinary Research Journal, 2012; 2(1): 18-34.

Liu RH. Potential synergy of phytochemicals in cancer prevention: mechanism of ac-
tion. The Journal of Nutrition, 2004;134 (12): 3479S-3485. http://jn.nutrition.org/
content/134/12/3479S.full (accessed 20 October 2014).

Schreiner M, Huyskens-Keil S. Phytochemicals in Fruit and Vegetables: Health Pro-
motion and Postharvest Elicitors. Critical Reviews in Plant Sciences, 2006; 25(3):
267-278.

Saxena M, Saxena J, Nema R, Singh, D, Gupta A. Phytochemistry of Medicinal
Plants. Journal of Pharmacognosy and Phytochemistry, 2013; 1(6): 168-182.

Sanchez-Rangel JC, Benavides ], Jacobo-Velazquez DA. Abiotic Stress Based Biopro-
cesses for the Production of High Value Antioxidant Phenolic Compound in Plants:
An Overview. Revista Mexicana de Ingenieria Quimica, 2014; 13(1): 49-61.

Gonzaélez -Aguilar GA, Villa-Rodriguez JA, Ayala-Zavala, JF, Yahia, EM. Improve-
ment of the Antioxidant Status of Tropical Fruits as a Secondary Response to Some
Postharvest Treatments. Trends in Food Science & Technology, 2010; 21: 475-482.

Ttiska ], Houska M. Physical Methods of Resveratrol Induction in Grapes and Grape
Products— A Review. Czech J. Food Sci., 2012; 30(6): 489-502.

Jacobo-Velazquez DA, Cisneros-Zevallos L. An Alternative Use of Horticultural
Crops: Stressed Plants as Biofactories of Bioactive Phenolic Compounds-Review. Ag-
riculture, 2012; 2: 257-271.

239



240

Phytochemicals - Isolation, Characterisation and Role in Human Health

[10]

[11]

[12]

[13]

[14]

[15]

[17]

[18]

[21]

Tiovonen PMA, Hodges DM. Abiotic Stress in Harvested Fruits and Vegetables. In:
Shanker A, (ed.) Abiotic Stress in Plants - Mechanisms and Adaptations. Rijeka: In-
Tech, 2011; p39-58. http://www.intechopen.com/books/abiotic-stress-in-plants-mech-
anisms-andadaptations/abiotic-stress-in-harvested-fruits-and-vegetables (accessed 22
September 2014).

Ribeiro C, Canada J, Alvarenga B. Prospects of UV Radiation for Application in Post-
harvest Technology. Emir. J. Food Agric., 2012; 24(6): 586-597.

Cisneros-Zevalios L. The Use of Controlled Postharvest Abiotic Stresses as a Tool for
Enhancing the Nutraceutical Content and Adding-Value of Fresh Fruits and Vegeta-
bles. Journal of Food Science, 2003; 68(5): 1560-1565.

Ali A, Alqurainy F. Activities of Antioxidants in Plants under Environmental Stress.
In: Motohashi N. (ed.). The Lutein-Prevention and Treatment for Age-Related Dis-
eases. Trivandrum: Transworld Research Network, 2006; pl187-256. http://
www.cabdirect.org/abstracts/20063204010.html;jsessionid=72FCA1820C86D7F95?
36027037824D3AB?freeview=true&gitCommit=?4.13.29 (accessed 20 April 2014).

Shama G. Process Challenges in Applying Low Doses of Ultraviolet Light to Fresh
Produce for Eliciting Beneficial Hermetic Responses. Postharvest Biology and Tech-
nology, 2007; 44(1): 1-8.

Vigneault C, Leblanc DI, Goyette B, Jenni, S. Invited review: Engineering aspects of
physical treatments to increase fruit and vegetable phytochemical content. Can. J.
Plant Sci., 2012; 92: 373-397.

Gill SS, Tuteja N. Reactive Oxygen Species and Antioxidant Machinery in Abiotic
Stress Tolerance in Crop Plants. Plant Physiology and Biochemistry, 2010; 48:
909-930.

Charles MT, Arul J. UV Treatment of Fresh Fruits and Vegetables for Improved
Quality. Stewart Postharvest Review, 2007; 3(6): 1-8.

Sharma P, Jha BA, Dubey SR, Pessarakli M. Reactive Oxygen Species, Oxidative
Damage and Antioxidative Defence Mechanisms in Plants Under Stressful Condi-
tions. Journal of Botany 2012; 2012: 1-28. d0i:10.1155/2012/217037 http://www.hinda-
wi.com/journals/jb/2012/217037/ (accessed 27 September 2012).

Mittler R. Oxidative Stress, Antioxidants and Stress Tolerance. Trends in Plant Sci-
ence, 2002; 7: 405-410.

Obande MA, Tucker GA, Shama G. I Effect of preharvest UV-C treatment of toma-
toes (Solanum lycopersicon Mill.) on ripening and pathogen resistance. Postharvest Bi-
ol. Technol., 2011; 62: 188-192.

Kowalski W. Ultraviolet Germicidal Irradiation Handbook: UVGI for Air and Sur-
face. Berlin: Springer; 20009. http://link.springer.com/chapter/
10.1007/978-3-642-01999-9_1#page-1. (accessed 14 September 2014).



Effects of Abiotic Stress (UV-C) Induced Activation of Phytochemicals on the Postharvest Quality of Horticultural Crops

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[34]

[35]

http://dx.doi.org/10.5772/60050

Stapleton AE. Ultraviolet Radiation and Plants: Burning Questions, Review Article.
The Plant Cell, 1992; 4: 1353-1358.

Hader DP, Tevini M. General Photobiology. New York: Pergamon Press; 1986;
p293-307.

Szarka A, Tomasskovics B, Banhegyi G. The Ascorbate-Glutathione-a-Tocopherol
Triad in Abiotic Stress Response. Int. J. Mol. Sci., 2012; 13: 4458-4483. do0i:10.3390/
ijms13044458.

Bowler C, Montagu MV, Inze D. Superoxide Dismutase and Stress Tolerance. Annual
Review of Plant Physiology and Plant Molecular Biology, 1992; 43: 83-116.

Maharaj R., Mohammed A. Significance of UV-C Hormesis and its Relation to Some
Phytochemicals in Ripening and Senescence Process. In: Montanaro G, Dichio B.
(eds.) Advances in Selected Plant Physiology Aspects. Rijeka: InTech; 2012; p251-268.

Turtoi M. Ultraviolet Light Treatment of Fresh Fruits and Vegetables Surface: A Re-
view. Journal of Agroalimentary Processes and Technologies, 2013; 19(3): 325-337.

Shama G, Alderson P. UV Hormesis in Fruits: A Concept Ripe For Commercializa-
tion. Trends in Food Science and Technology, 2005; 16: 128-136.

Reshmi GR, Rajalakshmi R. Drought and UV stress response in Spilanthes acmella
Murr., (Tooth-Ache Plant). Journal of Stress Physiology & Biochemistry, 2011; 8(4):
111-129. http://www .jspb.ru/issues/2012/N4/]SPB_2012_4_110-129.pdf (accessed 20
September 2014).

Pongprasert N, Sekozawa YS, Gemma H. The Role and Mode of Action of UV-C
Hormesis in Reducing Cellular Oxidative Stress and the Consequential Chilling. In-
ternational Food Research Journal, 2011; 18: 741-749.

Liu C, Cai L, Han X, Ying T. Temporary Effect of Postharvest UV-C Irradiation on
Gene Expression Profile in Tomato Fruit. Gene, 2011; 486: 56-64.

Promyou S, Supapvanich S. Effect of Ultraviolet-C (UV-C) Illumination on Postharv-
est Quality and Bioactive Compounds in Yellow Bell Pepper Fruit (Capsicum annuum
L.) During Storage. African Journal of Agricultural Research, 2012; 7(28): 4084-4096.

LiJ, Zhang Q, Cui Y, Yan ], Cao ], Zhao Y, Jiang W. Use of UV-C Treatment to Inhibit
the Microbial Growth and Maintain the Quality of Yali Pear. Journal of Food Science,
2010; 75(7): M503-M507.

Erkan M, Wang SY, Wang CY. Effect of UV Treatment on Antioxidant Capacity, An-
tioxidant Enzyme Activity and Decay in Strawberry. Postharvest Biology and Tech-
nology, 2008; 48: 163-171.

Mohammadi N, Mohammadi S, Abdossi V, Mashhadi A, Boojar A. Effect of UV-C
Radiation on Antioxidant Enzymes in Strawberry Fruit (Fragaria x ananassa cv. Ca-
marosa) ARPN Journal of Agricultural and Biological Science, 2012; 7(10): 860-864.

241



242

Phytochemicals - Isolation, Characterisation and Role in Human Health

[36]

[37]

[39]

[40]

[42]

[43]

[44]

[45]

Maharaj R, Arul J, Nadeau P. UV-C Irradiation Effects on Levels of Enzymatic and
Non-Enzymatic Phytochemicals in Tomato. Innovative Food Science and Emerging
Technologies, 2014; 2: 99-106.

Soriano-Melgar LA, Alcaraz-Meléndez L, Méndez-Rodriguez LC, Puente ME, Riv-
era-Cabrera F, Zenteno-Savin T. Antioxidant Responses of Damiana (Turnera diffusa
Willd) to Exposure to Artificial Ultraviolet (UV) Radiation in an in vitro Model; Part [;
UV-C Radiation. Nutr Hosp. 2014; 29(5): 1109-1115.

Tang K, Zhan JC, Yang HR, Huang WD. Changes of Resveratrol and Antioxidant En-
zymes During UV-Induced Plant Defence Response in Peanut Seedlings. ] Plant
Physiol., 2010; 167(2): 95-102. doi: 10.1016/j.jplph.2009.07.011.

Hernandez FA, Robles PA, Gomez PA. Low UV-C Illumination for Keeping Overall
Quality of Fresh-Cut Watermelon. Postharvest Biology and Technology, 2010; 55:
114-120.

Chung IM, Park MR, Chun JC, Yun, S]. Resveratrol Accumulation and Resveratrol
Synthase Gene Expression in Response to Abiotic Stresses and Hormones in Peanut
Plants. Journal of Food Science, 2003; 68(5): 1560-1565.

D'hallewin G, Schirra M, Pala M, Ben-Yehoshua S. Ultraviolet C Irradiation at 0.5
kJm-2 Reduces Decay without Causing Damage or Affecting Postharvest Quality of
Star Ruby Grapefruit (C. paradisi Macf.). Journal of Agriculture Food Chemistry,
2000;  48(10):  4571-4575.  http://pubs.acs.org/doi/abs/10.1021/jf000559i?journal-
Code=jafcau (accessed 27 August 2014).

Charles MT, Mercier ], Makhlouf J, Arul J. Physiological Basis of UV-C Induced Re-
sistance to Botrytis cinerea in Tomato Fruit: I. Role of Pre- and Post-Challenge Accu-
mulation of the Phytoalexin-Rishitin. Postharvest Biology and Technology,
2008;47(1): 10-20. http://www.sciencedirect.com/science/article/pii/
50925521407001974 (accessed 20 August 2014).

Hasan MM, Cha M, Bajpai VK, Baek, K. Production of a major stilbene phytoalexin,
resveratrol in peanut (Arachis hypogaea) and peanut products: A mini review. Rev.
Environ. Sci. Biotechnol., 2013; 12: 209-221.

Shahidi F, Chandrasekara A, Zhong Y. Bioactive Phytochemicals in Vegetables. In:
Sinha NK. (ed.) Handbook of Vegatables and Vegetable Processing. Iowa: Blackwell
Publishing Ltd; 201;. p125-158.

Bravo SB, Garcia-Alonso J, Martin-Pozuelo G, Gémez V, Garcia-Valverde V, Navar-
ro-Gonzaélez I, Periago MJ. Effects of Postharvest UV-C Treatment on Carotenoids
and Phenolic Compounds of Vine-Ripe Tomatoes. International Journal of Food Sci-
ence and Technology, 2013; 48: 1744-1749.

Bravo S, Garcia-Alonso J, Martin-Pozuelo G, Gomez V, Santella M, Navarro-Gonza-
lez I, Periago M]J. The Influence of Post-harvest UV-C Hormesis on Lycopene, [3-Car-



Effects of Abiotic Stress (UV-C) Induced Activation of Phytochemicals on the Postharvest Quality of Horticultural Crops

[47]

[49]

[50]

[51]

[57]

http://dx.doi.org/10.5772/60050

otene, and Phenolic Content and Antioxidant Activity of Breaker Tomatoes. Food
Research International, 2012; 49: 296-302.

Alothman M, Bhat R, Karim AA. UV Radiation-Induced Changes of Antioxidant Ca-
pacity of Fresh-Cut Tropical Fruits. Innovative Food Science and Emerging Technol-
ogies, 2009; 10: 512-516.

Gonzélez-Aguilar GA, Villega-Ochroa MA, Martinez-Telez MA; Gardea AA, Ayala-
Zavala JF. Improving Antioxidant Capacity of Fresh Cut Mangoes Treated with UV-
C. Journal of Food Science, 2007; 36: S197-5202.

Wang CY, Chen C-T, Wang S. Changes of Flavonoid Content and Antioxidant Ca-
pacity in Blueberries After Illumination with UV-C. Food Chemistry, 2009; 117(3):
426-431.

Guan W, Fan X, Yan R. Effects of UV-C treatment on inactivation of Escherichia coli
0157:H7, microbial loads, and quality of button mushrooms. Postharvest Biology
and Technology, 2012; 64: 119-125.

Lu X, Liu C, Ying T. Influence of UV-C irradiation on antioxidant contents and anti-
oxidant capacity of Korla fragrant pear (Pyrus sinkiangensis Yu). Journal of Food, Ag-
riculture & Environment, 2013; 11(3&4): 324-327.

Matile P, Hortensteiner S, Thomas H. Chlorophyll Degradation. Annu. Rev. Plant
Physiol. Plant Mol. Biol., 1999; 50: 67-95.

Costa L, Vincente AR, Civello PM, Chaves AR, Martinez GA. UV-C Treatment De-
lays Postharvest Senescence in Broccoli Floret. Postharvest Biology and Technology,
2006; 39(2): 204-210.

Chairat B, Nutthachai P, Varit S. Effect of UV-C treatment on Chlorophyll Degrada-
tion, Antioxidant Enzyme Activities and Senescence in Chinese Kale (Brassica oleracea
var. alboglabra). International Food Research Journal, 2013; 20(2): 623-628. http://
www.ifrj.upm.edu.my/20%20(02)%202013/17%20IFR] %2020%20(02)%202013%20Var-
it.pdf (accessed 20 September 2014).

Maharaj R, Arul ], Nadeau P. UV-C Irradiation of Tomato and its Effects on Color
and Pigments. Advances in Environmental Biology, 2010; 4(2): 308-315.

Liu LH, Zabaras D, Bennett LE, Aguas P, Woonton BW. Effects of UV-C Red Light
and Sunlight on the Carotenoid Content and Physical Qualities of Tomato during
Post-Harvest Storage. Food Chemistry, 2009; 115: 495-500.

Jagadeesh, SL, Charles MT, Gariepy Y, Goyette B, Raghavan GSV, Vigneault C. Influ-
ence of Postharvest UV-C Hormesis on the Bioactive Components of Tomato during
Post-Treatment Handling. Food and Bioprocess Technology, 2011; 4(8): 1463-1472.

243



244

Phytochemicals - Isolation, Characterisation and Role in Human Health

[58]

[59]

[60]

[61]

[64]

[65]

[67]

[68]

Barka EA. Protective Enzymes Against Oxygen Species during Ripening of Tomato
Fruits in Response to Low Amounts of UV-C. Australian J. Plant Physiology, 2001;
28: 785-791.

Rodoni LM, Concellén A, Chaves AR, Vicente AR. Use of UV-C Treatments to Main-
tain Quality and Extend the Shelf Life of Green Fresh-Cut Bell Pepper (Capsicum ann-
uum L.) Journal of Food Science, 2012; 77(6): C632-C639.

Rameshkumar A, Sivasudha T, Jeyadevi R, Arul-Ananth D, Pradeepha G. Effect of
Environmental Factors (Air and UV-C Irradiation) on Some Fresh Fruit Juices. Eur
Food Res Technol, 2012; 234: 1063-1070.

Alegria C, Pinheiro J, Duthoit M, Gongalves EM,Moldao-Martins M, Abreu M. Fresh-
cut carrot (cv. Nantes) quality as affected by abiotic stress (heat shock and UV-C irra-
diation) pre-treatments. LWT - Food Science and Technology, 2012; 48: 197-203.

Ric De Vos CH, Lieke-Kraak H, Bino R]. Ageing of Tomato Seeds Involve Gluta-
thione Oxidation. Physiologia Plantarum, 1994; 92: 131-139.

Todorova D, Katerova Z, Shopova E, Nikolova A, Georgieva N, Sergiev I, Mapelli S.
Polyamine Spermine Protects Young Pea Plants Against Ultraviolet-C Radiation. Bio-
technology & Biotechnological Equipment, 2013; 27(3): 3798-3802, doi: 10.5504/BBEQ.
2013.0012.

Alcazar R, Altabella T, Marco F, Bortolotti C, Reymond M, Koncz C, Carrasco P, Ti-
burcio AF. Polyamines: Molecules with Regulatory Functions in Plant Abiotic Stress
Tolerance. Planta, 2010; 231: 1237-1249.

Maharaj R, Arul J, Nadeau P. Effect of Photochemical Treatment in the Preservation
of Fresh Tomato (Lycopersicon esculentum cv. Capello) by Delaying Senescence. Post-
harvest Biology and Technology, 1999; 15(1): 13-23.

Tiecher A, Arantes de Paula L, Chaves FC, Rombaldi CV. UV-C Effect on Ethylene,
Polyamines and the Regulation of Tomato Fruit Ripening. Postharvest Biology and
Technology, 2013; 86: 230-239.

Mortazavi SMH, Siruie BN, Moalemi N, Eshgh S. The Effects of Polyamines and UV-
C Irradiation on Postharvest Quality of Strawberry Fruit. ISHS Acta Hort., 2014;
1049: 749-754.

Katerova ZI, Todorova D. Endogenous Polyamines Lessen Membrane Damages in
Pea Plants Provoked by Enhanced Ultraviolet-C Radiation. Plant Growth Regul.,
2009; 57: 145-152.



