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Complex structure makes fruit and vegetables susceptible to post-harvest processes. The inevitable
microbial load in products further intensifies this sensitivity. Since irradiation treatment is more
effective than other post-harvest treatments on products, it is important to consider different factors
during its application in terms of its usefulness. According to our inferences, among these factors,
microbial load on product and present physical qualities of product could be the most crucial ones.
On the other hand, research on the relationship between electrolyte leakage and nutritional
properties in the context of irradiation treatment, microbial load, and physical properties of the
product can make serious contributions to the literature. Likewise, electrolyte leakage may be a sign
of product deterioration, and this tendency can provide information about how the nutritional
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properties of the product have changed.
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Introduction

Fruit and vegetables are devoid of cholesterol and
contain a minimal number of calories (with exception of
staple crops). They also possess several nonnutritive
bioactive phytochemicals (phytosterols, carotenoids
including lycopene, ascorbic acid (AsA), tocopherols,
glucosinolates, thiosulfinates, and phenolics) that may aid
to reduce disease occurrence (Vicente et al., 2022). Hence,
a diet rich in fruit and vegetables is essential for human
nourishment. In this context, good post-harvest
management can be achieved by conserving the nutritious
components of fruit and vegetables to the greatest extent
possible. Before harvesting, any agricultural product can
protect itself to some extent through its existing defense
mechanisms against the biotic and abiotic stresses it will
encounter. However, harvesting severely limits the
product's defense mechanisms against various biotic and
abiotic stresses. Those stresses can occur during pre-
cooling, cleaning, classification, cooling, packaging,
storage, transportation, and even the entire process until it
reaches the table. The harvested product now needs
protection, so to speak.

This work is licensed under Creative Commons Attribution 4.0 International License

Microbial load is a factor that accelerates the deterioration
of fruit and vegetables due to biotic or abiotic stresses they
may encounter after harvesting. It is now attracting serious
attention, and researchers are continuing their studies to
remove the microbial load from agricultural product.
Irradiation treatment, an approach for this purpose, has been
the subject of research with different structural and
operational characteristics. As can be understood from the
literature, it is not that easy to apply the irradiation process in
terms of preserving the quality of the product. Because, during
application, many factors may interact with each other. These
three factors, however, may be of fundamental importance:
irradiation, product, and microbial load (Figure 1).

The main goal of irradiation treatment is to eliminate
the microbial load on the product, contrary to promoting a
rapid regrowth of microorganisms on the tissue following
irradiation or damaging the product's quality. The correct
irradiation treatment applied for this goal will enhance the
post-harvest process of fruit and vegetables, thus
contributing as much as possible to the preservation of their
physicochemical properties and nutritional compounds.
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Figure 1. Interactions among irradiation treatment,
agricultural product, and microbial load (Tomato

representation example)

In this context, in research conducted, king oyster
mushroom samples were exposed to different levels of
radiation (0, 0.5, 1, 2, and 3 kGy) and then stored at a
temperature of 4°C with a relative humidity of 80% for up
to 28 days. The experiments were conducted every 7 days.
This study provided demonstration that exposing king oyster
mushrooms to a dose of 2 kGy of gamma irradiation
successfully decreased the microbial load and extended the
time it took for the mushrooms to turn brown and became
mushy, with the effects lasting for a period of 28 days (Yeom
et al., 2023). In another research examined the effects of
selected gamma irradiation doses, irradiation at 0.5 kGy
which was the lowest dose was reported to have the potential
to greatly reduce the microbial load, increasing the shelf life
of diced tomatoes without compromising their quality
attributes (Prakash et al, 2002). Zhao et al. (2020)
investigated the effect of gamma irradiation on the fungal
growth and postharvest physiology of Ponkan mandarin
(Citrus reticulata Blanco). According to their findings,
Ponkan fruit was sensitive to gamma irradiation, with fruit
injury occurring at radiation doses greater than 1.0 kGy. An
appropriate dose of irradiation treatment effectively
preserved the quality of Ponkan fruit throughout storage at
room temperature (8—11 °C) by slowing down the fruit's
postharvest metabolism during the 26-day storage period. In
their investigation, the 0.5 kGy irradiation dose provided the
most favorable outcome. Ananas comosus was irradiated at
50, 100, and 150 Gy of gamma irradiation and held at 25-29
°C with 90-97% relative humidity. Irradiation treatment
reduced the incidence of fungal infection, improving the
shelf life of three-quarter-ripe and fully-ripe pineapple fruit.
The maximum tolerated dose was approximately 250 Gy
(Susheela et al., 1997). An investigation was conducted into
the effects of low-dose electron beam irradiation treatments
(1.0, 1.5, and 3.2 kGy) on the quality of fresh romaine lettuce
that is commercially prepackaged. According to a sensory
assessment of the product's overall quality, packaged
romaine lettuce that was exposed to low-dose irradiation (1.0
kGy) effectively eliminated fungi without causing any
noticeable alteration in the product's overall quality (Han et
al., 2004). According to the research conducted by Kong et
al. (2014), low-dose electron-beam irradiation contributed
effective in decreasing E. coli and extending shelf life while
maintaining the antioxidant characteristics of blueberries. As
well, low electron beam doses (approximately 1 kGy)
effectively decreased the microbial load, thereby protecting
the quality of fresh watermelon cubes (Smith et al., 2017).

Effects of UV-C treatment (0, 2.4, 4.8, and 7.2 kJ m™) on the
quality of fresh-cut watermelon cylinders stored at 5 °C for
seven days were investigated. It was seen that UV-C
treatment was more effective against microbial load when
low dose was treated (Artes-Hernandez et al., 2021). The
research on irradiation treatments indicates that this
approach is generally effective in maintaining the quality of
fruit and vegetables and extending their storage duration.

Extending Shelf-Life of Fruit and Vegetables

At harvest, any agricultural product is at its highest
quality level depending on harvesting conditions. Protecting
the current quality of product is crucial for agricultural
production and, by extension, for food security. Fruit and
vegetables, which are perishable among agricultural
products because of their high moisture contents, have a
shelf life ranging from three days to three weeks. In order to
lengthen shelf life of fruit and vegetables after harvest,
specialized postharvest handling procedures are needed. On
the other hand, postharvest process that is not managed well
will cause losses considerable sum. Pre-cooling, cleaning,
sorting, packaging, transport, storage, and marketing are of
some of handling procedures. Beyond the aforementioned
procedures, research has been ongoing to enhance the post-
harvest process. The majority of procedures utilized after
harvest aim to reduce or prevent the exponential growth of
microorganisms; however, those procedures mostly is
insufficient to achieve goals. Likewise, microorganisms
present in the product increase any physical stress to which
the product will be exposed after harvest. In contrast,
irradiation treatment has the ability to entirely inhibit or
inactivate the growth of microorganisms (Minnaar et al.,
1995; Fernandes et al., 2012).

Irradiation Techniques

Irradiation treatment is a radiation treatment applied to
fruit and vegetables to eliminate potential microorganisms
in their tissues during the post-harvest process. Most
researchers have expressed an opinion that excessive doses
of irradiation have negative consequences; howbeit, in
light of objective to minimize the application of chemicals
to fruit and vegetables, the non-residual characteristic of
irradiation has stood out as a significant benefit. Some
electromagnetic radiations researched on agricultural
products are gamma rays, UV rays, and accelerated
electron beams. These radiations have varying frequencies
and energy. Gamma rays are considered the most energetic
type of radiation, with energies ranging from 10 KeV to
100 KeV (Ali et al., 2015). Several research has been
carried out on the application of gamma irradiation to fruit
and vegetables (Marin-Huachaca et al., 2002; Lacroix and
Lafortune, 2004; Lee et al., 2006; Trigo et al., 2006; Maraei
and Elsawy, 2017). Ultraviolet (UV) radiations have
shorter wavelengths ranging from 100 nm to 400 nm. Three
sub-regions, UV-A (315-400 nm), UV-B (280-315), and
UV-C (100-280 nm), are commonly used to divide the UV
region. UV-C irradiation is often used to disinfect
agricultural products and prevent microorganisms
(Mditshwa et al., 2017). A great deal of research has been
carried out on the possibility of UV irradiation to protect
quality of fruit and vegetables a few of them are as follows:
Charles and Arul, (2007); Ruan et al., (2015); Maurer et al.,
2017; Formica-Oliveira et al., (2017); Araque et al.,
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(2018). Electron-beam treatment comprises irradiating
agricultural products with a high-energy electron beam
accelerator (Lung et al., 2015). Research carried out that
exhibit how agricultural products are affected by electron
beam irradiation include the following: Moreno et al.,
(2007); Kim et al., (2008); Grasso et al., (2011); Shawrang
et al., (2011); Espinosa et al., (2012); Fernandes et al.,
(2014). It is widely accepted that irradiation processes such
as gamma rays, UV rays, and accelerated electron beams
are important in preserving and extending the shelf life of
fruit and vegetables in the literature.

Effects of Irradiation on Fruit and Vegetables

In literature, negative effects of high dose irradiation on
fruit and vegetables were emphasized (Jiang et al., 2010).
Furthermore, the FDA green-lighted the practice of
disinfecting and delaying the ripening of fresh produce by
applying ionizing radiation doses up to 1 kGy on 18 April
1986. High doses of irradiation might weak plant tissue,
which microorganisms use to proliferate, and inhibit fresh
fruit and vegetable microflora from fighting
microorganisms (Schmidt et al., 2006). In such cases, plant
tissue, which serve as an appropriate substrate for
development, microorganisms might rapidly regrow
(Zagory, 1999). For instance, pectinolytic plant pathogens
are opportunistic, invading only damaged or senescent
tissues. Zagory (1999) expressed an inference supporting
this tendency as follows: in healthy tissues, opportunistic
bacteria might not grow. On the other hand, weakened
physiological tissues break down more quickly and permit
the growth of microorganisms.

The application of irradiation in agriculture has been
the subject of numerous research studies. The collected
data indicated that irradiation could be used to disinfect
fruit and vegetables, although it is not sufficient for dealing
with most microbial issues because of recommended low
dose treatment (Zagory, 1999). Brackett (1987) reported
that many microorganisms would survive the 1 kGy dose
and that organism might exhibit varying degrees of
susceptibility to ionizing radiation (Table 1). However,
irradiation has a positive impact on protecting the quality
characteristics of the product since it reduces or eliminates
the presence of microorganisms on tissue.

As seen in Table 1, there is a wide spectrum of
microorganisms. Those microorganisms, “biotrophic” and
“necrotrophic’’ organisms, feed on the host plant in
different ways. In addition to these, there are also hemi-
biotrophic organisms (Oliver and Ipcho, 2004). Oliver and
Ipcho, (2004) cited the following declare in their study.

Biotroph organisms are organisms that are obligate,
meaning they are dependent on a living host for survival
(Scott, 1972). They possess haustoria, which are
specialized structures used to extract nutrients from the
host plant (Mendgen et al., 2000). These organisms secrete
limited amounts of lytic enzymes, which are substances
that break down cell walls. As a result, they cause minimal
damage to the host plant (Lewis, 1973; Mendgen and
Hahn, 2002). Biotroph organisms have a narrow range of
host plants that they can infect (Lewis, 1973; Lucas, 1998).
In incompatible interactions, they induce hypersensitive
cell death, which is a defense mechanism of the host plant
(Bailey, 1983).

Those organisms are controlled by specific resistance
genes, known as gene-for-gene resistance. Examples of
biotroph organisms include tomato leaf mould, rusts, powdery
and downy mildews. Their growth and development are
regulated by salicylate-dependent defense pathways
(Hammond-Kosack and Parker, 2003). Necrotrophic
organisms are not obligated to a specific host and can infect a
wide range of hosts (Lucas, 1998). They release a large
number of enzymes that degrade the cell walls (Kolattukudy,
1985; Schafer, 1994) and produce toxins (Farrar, 1984;
Walton, 1996). Their growth is regulated by quantitative
resistance genes, for example. The Sepforianodorum blotch,
which is caused by Stagonospora nodorum, can be managed
through the activation of jasmonate- and ethylene-dependent
defense pathways (Hammond-Kosack and Parker, 2003).
Hemibiotroph organisms exhibit an initial phase of biotrophy,
during which they utilize living host cells for sustenance. This
is followed by the growth of secondary necrotrophic hyphae,
which attack the host tissues and cause death of cells ahead of
their own expansion (Perfect and Green, 2001).

When these feeding patterns are evaluated together
with table 1, a thorough evaluation is necessary for the
irradiation process to be successful. As stated at section 1,
during the irradiation process, both current physical
properties of product, structural and operational parameters
of irradiation, and microbial load work together.

For instance, necrotrophic organisms should not become
much more common after irradiation. As a matter of fact, the
nutrients found in leachate are nutritious for some
microorganisms (Garraway, 1989; Fan and Sokorai, 2005).
Current physical properties of product during irradiation are
particularly crucial because abiotic stresses cause to increase
irregular active oxygen products. As follows, presence of O,
in plant cells causes cellular structures to be under constant
oxidative threat, and this is closely related to the current
physical properties of the product.

Table 1. Estimated fatal dosages of irradiation for different organisms”

Organism Dose (kGy)
Higher animals 0.005-0.01
Insects 0.01-1.0
Gram-negative bacteria 0.05-7.5
Gram-positive bacteria 0.05-7.5
Bacterial spores 10-50
Molds 1.5-5
Yeasts 3-20
Viruses >30

*From Brackett, (1987)

3726



Kalkan / Turkish Journal of Agriculture - Food Science and Technology, 13(s2): 3724-3730, 2025

Table 2. Some fruit and vegetables under irradiation conditions and electrolyte leakage.

Sample Irradiation source Doses References
ceberg Lettuce y-Irradiation 0, 1,2, 3, and 4 kGy at 0.098 kGy Fan and Sokorai, (2002)
213 fresh-cut vegetables y-Irradiation 0, 0.48, 0.98, 1.46, 1.94, 2.49, 2.90 kGy Fan andSokorai, (2001)
*Mushroom E-beam 0,0.5,1, 2,4 kGy Mami et al., (2014)
4Oyster mushroom uUv-C 4 kJ m? Wang, et al., (2017)
SPeach y-Irradiation 0, 1030 Gy Melo et al., (2018)
Peach uv-C 1.5 k] m? Zhou, et al., (2019)
"Peach UVv-C 1.5 kJ m? Zhou et al., (2019)
8Pear Uv-C 8 kJ m Xu, et al., (2019)
*Apple E-beam 0, 377 Gy, 1148 Gy Kheshti, et al., (2015)
10Fresh-cut baby corn UV-C 0,2.2,4.4,6.6 k] m? Lwin et al., (2019)
'"Tomato UV-B 1, 10, 100 umol m?2s! Jiang, et al., (2022)
12Fig X-Rays 0,1,3,5kGy Wang, et al., (2024)
BMushroom E-beam 0,1,1.5,2.0kGy Zhong, et al., (2024)

1,2,3,4,5,6,7,8,9,10,11,12,13. Main ﬁndings

With its two unpaired electrons, O, easily exchanges
electrons with other molecules and is reduced, forming
active oxygen species (AOS). Abiotic effects, such as an
incorrectly applied irradiation treatment, accelerate AOS
formation in the plant cell. In this context, when O, is
reduced by gaining an electron, the superoxide O3 radical,
which is an unstable structure, is formed. Usually, under
stressful conditions, O; is the first AOS to form and does
not cause severe damage, however it undergoes further
reactions to generate other members of AOS.

0, +e > 05 (1)

Superoxide radicals in the cell tend to form hydrogen
peroxide. Therefore, to form H,0,, it takes one electron
from the environment.

05 +e™ +2H* - H,0, ©)

Under oxidative stress conditions, the following
process converts H,0, into hydroxyl ions and hydroxyl
radicals:

H,0, + e~ > OH + OH~™ 3)

Agricultural products, by the nature of their
characteristics, employ their defense mechanisms to
combat potential microorganisms and to eliminate the
microbial load. During the process of pathogenesis, it is
obvious that AOS play a number of important roles in this
regard. Although literature refers to H,0,, its role during
plant stress responses may be difficult to discern from that
of other AOS. Plants routinely produce AOS at low levels
via the Mehler reaction in chloroplasts, electron transport
in mitochondria, and photorespiration in peroxisomes.
Enzymes in the cell membrane, such as NADPH oxidase,
can also produce AOS (Slesak et al., 2007). AOS are a
subset of free radicals that contain oxygen, free radicals are
molecular structures that contain one or more unpaired
electrons in their outer orbitals, and in this context H,0,,
is not a free radical. On the other hand, AOS is detoxified
by various antioxidant defense mechanisms, as disrupting
this balance in favor of AOS produces oxidative stress.

Elevated levels of AOS oxidize other macromolecules,
including as DNA and lipids, in addition to inactivating
proteins and blocking the function of several enzymes
involved in metabolic pathways. The stress response of plant
cells varies depending on the degree of oxidative damage and
can differ from the stimulation of the AOS detoxification
system to programmed cell death (Mittler, 2002).

After harvest, since growth or morphological changes
do not occur, fruit and vegetables avoid the presence of
AOS without antioxidants (Meitha et al., 2020). For
instance, low-temperature storage might affect sweet
potato biochemistry in several ways. Proline buildup and
AOS scavenging enzyme activation are usual responses.
As osmotic regulators, proline maintains low AOS levels,
guarding against cold damage. Proline, a cellular osmolyte,
stabilizes membrane and subcellular structure, protects
against oxidation, and stabilizes AOS scavenging
enzymes, maintaining membrane integrity (Fan et al.,
2015). Otherwise, disrupted electrolyte balance may
dominate and AOS increase and cause damage the cell
(Coteetal., 1993). Observation of an increase in electrolyte
leakage following irradiation indicates that irradiation had
a physical effect on the structure of the membrane (Kheshti
et al., 2019). El Assi et al., (1997) reported that the onset
of ripening in tomatoes enhances electrolyte efflux in
response to gamma irradiation, which may be associated
with an increase in membrane dysfunction and a reduction
in repair capacity. Irradiation also caused an increase in
electrolyte leakage in carrot discs (Skou, 1963), grapefruit
(Lester and Wolfenbarger, 1990), and muskmelon (Lester,
1989). Table 2 presents some literature from the text under
review.

!Gamma irradiation was applied to the product stored
at 4 °C on days 0, 3, 7, and 14, followed by electrolyte
measurement. Higher irradiation doses increased
electrolyte leakage in iceberg lettuce, which was associated
with a soggy appearance.

2Without storing, it evaluated how sensitive 13 fresh-
cut vegetables were to irradiation. For all vegetables,
electrolyte leakage increased linearly with a higher
irradiation dose. It was emphasized that electrolyte leakage
could serve as a useful tool to predict a product's tolerance
to irradiation. A numerical value report has not been
presented. Data is accessed in a proportional manner.
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rradiated samples were stored at 4 °C and 80%
relative humidity for 16 days and measured on days 1, 4, §,
12, and 16. Compared to the control group, treatment with
0.5, 1, 2, and 4 kGy of irradiation reduced the value of
electrolyte leakage in mushrooms over 8, 12, and 16 days
of storage. All storage periods showed comparatively
lower electrolyte leakage in mushrooms treated with 2
kGy. No numerical report was shown. Graphical
representation only.

4Samples were stored in a refrigerator at 4 °C for 15
days. Subsequently, every 2 days, electrolyte leakage was
analyzed. Ones treated with UV-C demonstrated relatively
little electrolyte leakage, whereas untreated ones showed
an increase. No numerical report has been presented.
Accessing graphical data.

SElectrolyte leakage in non-irradiated (control) and
1030 Gy-irradiated peaches was measured on day 0, 7 days
at 1 £ 1 °C, and on 13 days at 23 + 2 °C. In irradiated
samples, the measured electrolyte leakage values were
higher. Numerical values have not been included in the
report. Representation that is graphical.

SAfter irradiation, all fruits were stored at 1 °C for 5
weeks. Electrolyte leakage measurements were performed
every 7 days during cold storage. Electrolyte leakage was
lower in peaches that were treated with UV-C than in
peaches that were not treated with UV-C. It was reported
that the UV-C irradiation has contributed to keep the cell
membrane intact. The peaches treated with 1.5 kJ m?
(67.99%) showed lower amounts of electrolyte leakage
after 5 weeks of storage compared to the untreated sample
(77.52%).

TAfter being treated with UV-C, fruits were stored at 1
°C for up to 35 days, followed by 3 d of storage at 20 °C.
The storage conditions' relative humidity ranged from 90%
to 95%. Measurements were carried out on days 7, 14, 21,
28, and 35. When compared to the untreated control, UV-
C suppressed the increase in electrolyte leakage during the
whole storage period. Electrolyte leakage values for the 7th
day (45.794%), 14th day (50.370%), 21st day (58.087%),
28th day (67.150%), and 35th day (67.989%) were
compared to the untreated sample and obtained in
comparatively lower amounts.

8 In order to measure electrolyte leakage, irradiated
fruits were stored at 4 °C (85-90% RH) for 40 days.
Electrolyte leakage measurements were done on days 0, 10,
20, 30, and 40. Electrolyte leakage was lower in UV-C-
irradiated pears than in non-irradiated pears, depending on
the period of storage. After 40 days of storage, the pears
treated with 8.0 kJ m? (15.05%) had less electrolyte
leakage than the untreated sample (22.00%).

%Electrolyte leakage was measured in apples the day
after treatment (Day 1), after 7 days at cold storage (Day
8), and after 7 days at ambient storage (Day 15). Impact of
irradiation-induced physiological responses on apples'
quality parameters was investigated. Electrolyte leakage
heightened with higher irradiation exposures. There has
been no presentation of a numerical value report.
Proportional data is accessed.

%Untreated baby corn was presumed to be the control,
and the fresh-cut baby corns were irradiated with 2.2, 4.4,
and 6.6 KJ m? UV-C, respectively. The freshly cut baby
corns were then placed in plastic trays coated in PVC film
and kept at 5 degrees Celsius for 7 days. Electrolyte

leakage was measured every day. Treatment with 4.4 KJ
m2 UV-C had the best results for retaining electrolyte leaks
in fresh-cut baby corn. No numerical value report has been
displayed. Graphical data is available only.

HAfter 5, 10, 15, and 20 d of storage at 2 °C plus 3 d of
storage at 25 °C, electrolyte leakages were measured. The
study evaluated ion leakage within the context of
electrolyte leakage. Ion leakage in UV-B irradiated
samples was lower than in non-irradiated samples. No
numerical report is supplied. Graphical representation
only.

2Following irradiation, all fruits were stored at 4 °C
(85-90% RH) for 20 days. Electrolyte leakage
measurements were done every 4 days during storage. This
study showed that exposure to 3.0 kGy X-rays resulted in
a reduction in electrolyte leakage. A report with numerical
values has not been provided. Representation that is
graphical.

3The experimental groups received X-ray irradiation at
doses of 1.0, 1.5, and 2.0 kGy, respectively. The non-
irradiated group was the control group. The samples were
kept, for nine days, at a constant temperature of fifteen
degrees Celsius and humidity of ninety percent RH.
Compared to untreated samples, X-ray irradiation
decreased electrolyte leakage, according to the results. The
mushrooms treated with 1.0 kGy (51.23%), 1.5 kGy
(54.16%), and 2.0 kGy (52.33%) showed lower amounts of
electrolyte leakage after nine days of storage compared to
the untreated sample (57.64%).

One may view electrolyte leakage after irradiation
treatment as a drawback for irradiation process. It can be
predicted that with electrolyte leakage, the nutritional
content of the product begins to decrease, and irreversible
deterioration may occur in the following stages.
Eventually, synergy studies between physicochemical and
nutritional properties and electrolyte leakage after
irradiation of fruit and vegetable are significance.

The ripening rate of fresh fruit and vegetables is slowed
down by irradiation treatment, which is a considerable
stress associated with the process (Golding et al., 2024).
Golding et al., (2024) also highlighted poorly understood
on the processes underlying stress responses to irradiation
treatment in terms of phytosanitary. In the previous
sections, we have stated that unilateral control of the
irradiation process itself, which is important in the post-
harvest process and should be applied in a controlled
manner, may not be sufficient. We have also emphasized
that the irradiation process can interact with many factors
such as microbial load on the product and the existing
physical properties of the product. Therefore, in terms of
phytosanitary, the irradiation treatment may success when
stress response mechanisms such as microbial load on the
product and existing physical properties of the product are
considered together.

Conclusion

The presence of microorganisms enhances the
susceptibility of already delicate fruit and vegetables.
Irradiation exhibits superior efficacy compared to
alternative post-harvest treatments for fruit and vegetables,
thus necessitating careful consideration of several factors
during its use. We think that the uncontrolled use of the
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irradiation treatment, which is now limited to low dose
applications, in the context of microbial load in fruit and
vegetables will result in disadvantages rather than benefits.

References

Ali, H., Ghori, Z., Sheikh, S., & Gul, A. (2015). Effect of gamma
radiation on crop production. Crop Production and Global
Environmental Issues, 612, 27-78.

Araque, L. C. O., Rodoni, L. M., Darré¢, M., Ortiz, C. M., Civello,
P. M., & Vicente, A. R. (2018). Cyclic low dose UV-C
treatments retain strawberry fruit quality more effectively
than conventional pre-storage single high fluence
applications. Lebensmittel-Wissenschaft & Technologie, 92,
304-311.

Artes-Hernandez, F., Robles, P. A., Gomez, P. A., Tomas-
Callejas, A., Artes, F., & Martinez-Hernandez, G. B. M.
(2021). Quality changes of fresh-cut watermelon during
storage as affected by cut intensity and UV-C pre-treatment.
Food and Bioprocess Technology, 14, 505-517.

Brackett, R. E. (1987). Microbiological consequences of
minimally processed fruits and vegetables. Journal of Food
Quality, 10, 195-206.

Bailey, J. A. (1983). Biological perspectives of host-pathogen
interactions. In J. A. Bailey & B. J. Deverall (Eds.), The
dynamics of host defense (pp. 1-32). New York: Academic
Press.

Charles, M. T., & Arul, J. (2007). UV treatment of fresh fruits and
vegetables for improved quality: A status report. Stewart
Postharvest Review, 3, 6.

Cote, F., Thompson, J. E., & Willemot, C. (1993). Limitation to
the use of electrolyte leakage for the measurement of chilling
injury in tomato fruit. Postharvest Biology and Technology,
3,103-110.

El Assi, N., Huber, D. J., & Brecht, J. K. (1997). Irradiation-
induced changes in tomato fruit and pericarp firmness,
electrolyte efflux, and cell wall enzyme activity as influenced
by ripening stage. Journal of the American Society for
Horticultural Science, 121(1), 100-106.

Espinosa, A. C., Jesudhasan, P., Arredondo, R., Cepeda, M.,
Hiriart, M. M., Mena, K. D., & Pillai, S. D. (2012).
Quantifying the reduction in potential health risks by
determining the sensitivity of poliovirus type 1 Chat strain
and rotavirus SA-11 to electron beam irradiation of iceberg
lettuce and spinach. Applied and Environmental
Microbiology, 78(4), 998-993.

Fan, X., & Sokorai, K. B. (2002). Sensorial and chemical quality
of gamma-irradiated fresh cut iceberg lettuce in modified
atmosphere packages. Journal of Food Protection, 65(11),
1760-1765.

Fan, X., & Sokorai, K. J. B. (2005). Assessment of radiation sensitivity
of fresh-cut vegetables using electrolyte leakage measurement.
Postharvest Biology and Technology, 36, 191-197.

Fan, W., Deng, G., Wang, H., Zhang, H., & Zhang, P. (2015).
Elevated compartmentalization of Nat into vacuoles
improves salt and cold stress tolerance in sweet potato
(Ipomea batatas). Physiologia Plantarum, 154(4), 560-571.

Farrar, J. F. (1984). InR. K. S. Wood and G. J. Jellis (Eds.), Plant
disease: Infection, damage and loss. Oxford: Blackwell.

Fernandes, A., Antonio, A. L., Oliveria, M. B. P. P., Martins, A., &
Ferreira, I. C. F. R. (2012). Effect of gamma and electron beam
irradiation on the physico-chemical and nutritional properties
of mushrooms: A review. Food Chemistry, 135, 641-650.

Fernandes, A., Barreira, J. C. M., Antonio, A. L., Oliveria, M. B.
P. P., Martins, A., & Ferreira, I. C. F. R. (2014). Feasibility
of electron-beam irradiation to preserve wild dried
mushrooms: Effects on chemical composition and antioxidant
activity.  Innovative Food Science and Emerging
Technologies, 22, 158-166.

Formica-Oliveira, A. C., Martinez-Hernandez, G. B., Diaz-
Lopez, V., Artés, F., & Artés-Hernandez, F. (2017). Use of
postharvest UV-B and UV-C radiation treatments to
revalorize broccoli byproducts and edible florets. Innovative
Food Science & Emerging Technologies, 43, 77-83.

Garraway, M. O., Akhtar, M., & Wokoma, E. C. (1989). Effect
of high temperature stress on peroxidase activity and
electrolyte leakage in maize in relation to sporulation of
Bipolaris maydis race T. Phytopathology, 79, 800-805.

Golding, J. B., Uthairatanakij, A., Omelas-Paz, J. J., & Prakash, A.
(2024). Phytosanitary irradiation effects on fresh produce quality:
A review. Postharvest Biology and Technology, 211, 112855.

Grasso, E. M., Uribe-Rendon, R. M., & Lee, K. (2011).
Inactivation of Escherichia coli inoculated onto fresh-cut
chopped cabbage using electron-beam processing. Journal of
Food Protection, 74(1), 115-118.

Hammond-Kosack, K. E., & Parker, J. E. (2003). Deciphering
plant-pathogen communication: Fresh perspectives for
molecular resistance breeding. Current Opinion in
Biotechnology, 14, 177-183.

Han, J., Gomes-Feitosa, C. L., Castell-Perez, E., Moraira, R. G., &
Silva, P. F. (2004). Quality of packaged romaine lettuce hearts
exposed to low-dose electron beam irradiation. Lebensmittel-
Wissenschaft und -Technologie (LWT), 37,705-715.

Jiang, T., Luo, S., Chen, Q., Shen, L., & Ying, T. (2010). Effect
of integrated application of gamma irradiation and modified
atmosphere  packaging on  physicochemical and
microbiological properties of shiitake mushroom (Lentinus
edodes). Food Chemistry, 122, 761-767.

Jiang, Z., Xu, M., Dong, J., Zhu, Y., Lou, P., Han, Y., Hao, J.,
Yang, Y., Ni, J., & Xu, M. (2022). UV-B pre-irradiation
induces cold tolerance in tomato fruit by SIUVR8-mediated
upregulation of superoxide dismutase and catalase.
Postharvest Biology and Technology, 185, 111777.

Kheshti, N., Melo, A. A. M., Cedeno, A. B., Obenland, D., &
Prakash, A. (2019). Physiological response of ‘Fuji’ apples to
irradiation and the effect on quality. Radiation Physics and
Chemistry, 165, 108389.

Kim, J., Moreira, R. G., & Castel-Perez, M. E. (2008). Validation
of irradiation of broccoli with a 10 MeV electron beam
accelerator. Journal of Food Engineering, 86(4), 595-603.

Kolattukudy, P. E. (1985). Enzymatic penetration of the plant
cuticle by fungal pathogens. Annual Review of
Phytopathology, 23, 223-250.

Kong, Q., Wu, A., Qi, W., Qi, R., Carter, J. M., Rasooly, R., & He,
X. (2014). Eftects of electron-beam irradiation on blueberries
inoculated with Escherichia coli and their nutritional quality
and shelf life. Postharvest Biology and Technology, 95, 28-35.

Lacroix, M., & Lafortune, R. (2004). Combined effects of gamma
irradiation and modified atmosphere packaging on bacterial
resistance in grated carrots (Daucus carota). Radiation
Physics and Chemistry, 71(1-2), 79-82.

Lee, N. Y., Jo, C., Shin, D. H., Kim, W. G., & Byun, M. W.
(2006). Effect of y-irradiation on pathogens inoculated into
ready-to-use vegetables. Food Microbiology, 23, 649—656.

Lester, G. (1989). Gamma irradiation, hot water and imazalil
treatments on decay organisms and physical quality of stored
netted muskmelon fruit. Journal of Food Safety, 10(1), 21-30.

Lester, G. E., & Wolfenbarger, D. A. (1990). Comparisons of
Cobalt-60 gamma irradiation dose rates on grapefruit flavedo
tissue and on Mexican fruit fly mortality. Journal of Food
Protection, 53(4), 329-331.

Lewis, D. H. (1973). Concepts in fungal nutrition and the origin
of biotrophy. Biological Reviews, 48, 26-278.

Lucas, J. A. (1998). Plant pathology and plant pathogens.
Oxford: Blackwell.

Lung, H., Cheng, Y., Chang, Y., Huang, H., Yang, B. B., &
Wang, C. (2015). Microbial decontamination of food by
electron beam irradiation. Trends in Food Science &
Technology, 44, 66-78.

3729



Kalkan / Turkish Journal of Agriculture - Food Science and Technology, 13(s2): 3724-3730, 2025

Lwin, N. T. N., Yotap, P., Phimmaha, K., & Promyou, S. (2019).
Effect of ultraviolet-C  (UV-C) irradiation on
physicochemical changes of fresh-cut baby corn during
storage. Journal of Food Science and Agricultural
Technology, 5(Special Issue), 24-24.

Mami, Y., Peyvas, G., Ziaie, F., Ghasemnezhad, M., &
Salmanpour, V. (2014). Improvement of shelf life and
postharvest quality of white button mushroom by electron
beam irradiation. Journal of Food Processing and
Preservation, 30, 1673—-1681.

Maraei, R. W., & Elsawy, K. M. (2017). Chemical quality and
nutrient composition of strawberry fruits treated by y-
irradiation. Journal of Radiation Research and Applied
Sciences, 10, 80-87.

Marin-Huachaca, N. S., Lamy-Freund, M. T., Mancini-Filho, J.,
Delincee, H., & Villavicencio, A. L. C. H. (2002). Detection
of irradiated fresh fruits treated by e-beam or gamma rays.
Radiation Physics and Chemistry, 63, 419-422.

Maurer, L. H., Bersch, A. M., Santos, R. O., Trindade, S. C.,
Costa, E. L., Peres, M. M., & Emanuelli, T. (2017).
Postharvest UV-C irradiation stimulates the non-enzymatic
and enzymatic antioxidant system of ‘Isabel’ hybrid grapes
(Vitis  labrusca x Vitis vinifera L.). Food Research
International, 102, 738-747.

Mditshwa, A., Magwaza, S., Tesfay, S. Z., & Mbili, N. C. (2017).
Effect of ultraviolet irradiation on postharvest quality and
composition of tomatoes: A review. Journal of Food Science
and Technology, 54(10), 3025-3035.

Meitha, K., Pramesti, Y., & Suhandono, S. (2020). Reactive
oxygen species and antioxidants in postharvest vegetables
and fruits. International Journal of Food Science, Article ID
8817778.

Melo, A. A. M., Olabode, P. N., Michael, B. C., & Prakash, A.
(2018). Causes of irradiation-induced softening in peaches.
Radiation Physics and Chemistry, 152, 107-113.

Mendgen, K., Struck, C., Voegele, R. T., & Hahn, M. (2000).
Biotrophy and rust haustoria. Physiological and Molecular
Plant Pathology, 56, 141-145.

Mendgen, K., & Hahn, M. (2002). Plant infection and the
establishment of fungal biotrophy. Trends in Plant Science,
7,352-356.

Minnaar, A., Taylor, J. R. N., & McGill, A. E. J. (1995). Heat-
irradiation combination processing as an effective method of
producing high quality shelf-stable, low-acid food products.
Food Control, 6, 165-170.

Mittler, R. (2002). Oxidative stress, antioxidants, and stress
tolerance. Trends in Plant Science, 405-410.

Moreno, M. A., Castell-Perez, M. E., Gomes, C., Da Silva, P. F.,
& Moreira, R. G. (2007). Quality of electron beam irradiation
of blueberries (Vaccinium corymbosum L.) at medium dose
levels (1.0-3.2 kGy). LWT-Food Science and Technology,
40(7), 1123-1132.

Oliver, R. P., & Ipcho, S. V. S. (2004). Arabidopsis pathology
breathes new life into the necrotrophs-vs.-biotrophs
classification of fungal pathogens. Molecular Plant
Pathology, 5(4), 347-352.

Perfect, E. S., & Green, J. R. (2001). Infection structures of
biotrophic and hemibiotrophic fungal plant pathogens.
Molecular Plant Pathology, 2, 101-108.

Prakash, A., Manley, J., DeCosta, S., Caporaso, F., & Foley, D.
(2002). The effects of gamma irradiation on the
microbiological, physical and sensory qualities of diced
tomatoes. Radiation Physics and Chemistry, 63, 387-390.

Ruan, J., Li, M., Jin, H., Sun, L., Zhu, Y., Xu, M., & Dong, J.
(2015). UV-B irradiation alleviates the deterioration of cold-
stored mangoes by enhancing endogenous nitric oxide levels.
Food Chemistry, 169, 417-423.

Schafer, W. (1994). Molecular mechanisms of fungal pathogenicity
to plants. Annual Review of Phytopathology, 32,461-477.

Schmidt, H. M., Palekar, M. P., Maxim, J. E., & Castillo, A.
(2006). Improving the microbiological quality and safety of
fresh-cut tomatoes by low-dose electron beam irradiation.
Journal of Food Protection, 9(3), 575-581.

Scott, K. J. (1972). Obligate parasitism by phytopathogenic fungi.
Biological Reviews, 47, 537-572.

Shawrang, P., Sadeghi, A. A., Behgar, M., Zareshahi, H., &
Shahhoseini, G. (2011). Study of chemical compositions,
anti-nutritional contents and digestibility of electron beam
irradiated sorghum grains. Food Chemistry, 125(2),376-379.

Skou, J. P. (1963). Changes in the permeability of carrot tissue
due to gamma-irradiation and other physical and chemical
treatments. Physiologia Plantarum, 16, 423—441.

Slesak, 1., Libik, M., Karpinska, B., Karpinska, S., & Miszalski, Z.
(2007). The role of hydrogen peroxide in regulation of plant
metabolism and cellular signalling in response to
environmental stresses. Acta Biochimica Polonica, 54, 39-50.

Smith, B., Ortega, A., Shayanfar, S., & Pillai, S. D. (2017).
Preserving quality of fresh cut watermelon cubes for vending
distribution by low-dose electron beam processing. Food
Control, 72, 367-371.

Susheela, K., Damayanti, M., & Sharma, G. J. (1997). Irradiation
of Ananas comosus: Shelf-life improvement, nutritional
quality and assessment of geno-toxicity. Biomedical Letters,
56(223-224), 135-144.

Trigo, M. J., Sousa, M. B., Sapata, M. M., Ferreira, A., Curado,
T., Andrada, L., Ferreira, E. S., Antunes, C., Horta, M. P.,
Pereira, A. R., Botelho, M. L., & Veloso, G. (2006). Quality
of gamma irradiated blueberries. Acta Horticulturae, 715,
573-577.

Xu, F., Liu, S., Liu, Y., & Wang, S. (2019). The combined effect
of ultraviolet-C irradiation and lysozyme coating treatment
on control of brown heart in Huangguan pears. Scientia
Horticulturae, 256, 108634.

Walton, J. D. (1996). Host-selective toxins:
compatibility. Plant Cell, 8, 1723-1733.

Wang, Q., Chu, L., & Kou, L. (2017). UV-C treatment maintains
quality and delays senescence of oyster mushroom (Pleurotus
ostreatus). Scientia Horticulturae, 225, 380-385.

Wanga, C., Jing, S., Hou, D., Zhu, B., Yang, Y., Yu, J,, Liu, L., Bai,
J., Xu, H., & Kou, L. (2024). X-rays irradiation maintains redox
homeostasis and regulates energy metabolism of fresh figs (Ficus
caria L. Siluhongyu). Food Chemistry, 438, 138067.

Vicente, A. R., Manganaris, G. A., Darre, M., Ortiz, C. M., Sozzi,
G. O., & Crisosto, C. H. (2022). Compositional determinants
of fruit and vegetable quality and nutritional value. In
Postharvest handling (pp. 565-619). Elsevier.

Yeom, S., Lee, G., Kim, S., Yoon, K., Song, B., Park, J., Jung, W.,
Kim, Y., & Kim, J. (2023). Effect of gamma irradiation on post-
harvest quality of king oyster mushrooms (Pleurotus eryngii).
Korean Journal of Food Preservation, 30(5), 729-742.

Zagory, D. (1999). Effects of post-processing handling and
packaging on microbial populations. Postharvest Biology and
Technology, 15, 313-321.

Zhao, B., Hu, S., Wang, D., Chen, H., & Huang, M. (2020).
Inhibitory effect of gamma irradiation on Penicillium
digitatum and its application in the preservation of Ponkan
fruit. Scientia Horticulturae, 272, 109598.

Zhong, Y., Cui, Y., Wang, X., Cong, J., Yu, J., Yan, S., Bai, J.,
Xu, H., & Li, M. (2024). Electron-beam generated X-ray
irradiation could retard the senescence of postharvest
Hericium erinaceus via regulating reactive oxygen
metabolism. Food Bioscience, 59, 104002.

Zhou, D., Chen, S., Xu, R., Tu, S., & Tu, K. (2019a). Interactions
among chilling tolerance, sucrose degradation and organic
acid metabolism in UV-C-irradiated peach fruit during
postharvest cold storage. Acta Physiologiae, 41, 79.

Zhou, D., Sun, Y., Li, M., Zhu, T., & Tu, K. (2019b). Postharvest
hot air and UV-C treatments enhance aroma-related volatiles
by simulating the lipoxygenase pathway in peaches during
cold storage. Food Chemistry, 292, 294-303.

Agents of

3730



