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ABSTRACT 

This study aimed to investigate the effects of gamma irradiation and storage conditions as a non-
thermal and chemical-free technology on red tomatoes in order to reduce postharvest losses of a 
product that is economically important to the Turkish horticultural sector. Tomatoes were subjected 
to gamma irradiation at doses of 1 and 2 kGy and simultaneously stored at different temperatures 
(24 ±2 °C and 4 ±2 °C). The combined effects of low-dose gamma irradiation and storage temper-
ature on the physicochemical, microbiological, and quality characteristics of red tomatoes were 
evaluated, with particular emphasis on the relationships between physical and chemical quality 
parameters and spoilage-related microbial load during storage. The results showed that the com-
bined application of 1 kGy gamma irradiation and cold storage exhibited a synergistic effect in 
reducing weight loss and preserving colour attributes and total vitamin C stability. During storage 
at ambient temperature, physical parameters such as weight loss, firmness, and colour displayed 
similar trends between irradiated and control groups at the initial stages; however, statistically sig-
nificant differences among groups emerged as storage time progressed (p<0.05). In terms of chem-
ical parameters, control samples showed higher values at the beginning of storage. In contrast, 
tomatoes irradiated at 1 kGy maintained greater stability in total vitamin C content throughout 
storage at both temperatures. Microbiological analyses indicated that at the beginning of storage, 
total aerobic mesophilic bacteria (TAMB) and total yeast and mould (TYM) counts were ≤10 
CFU/g in samples stored at both temperatures. At ambient temperature, an increase in TYM counts 
was observed on day 9 in the control and 1 kGy–irradiated groups, while no increase was detected 
in the 2 kGy–irradiated group. Under cold storage conditions, microbial growth in both control and 
irradiated samples remained below ≤10 CFU/g throughout the storage period. Overall, these find-
ings demonstrate that combining postharvest cold storage with gamma irradiation is a promising 
strategy to reduce quality deterioration, suppress microbial growth, and preserve the nutritional 
integrity of tomatoes during storage. 

Keywords: Cold storage, Food safety, Gamma irradiation, Low dose, Tomatoes,  
Non-thermal food processing, Storage time 
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Introduction 
The tomato (Lycopersicon esculentum L.) is a vegetable crop 
that is usually grown as an annual plant in temperate regions 
(Saltveit, 2005). Due to its great commercial importance, it is 
considered one of the most widely cultivated vegetables in the 
world. According to FAO data, Türkiye ranks third in the 
world in terms of tomato production, after China and India 
(Anonymous, 2025). The production volume of tomatoes in 
Türkiye was 13,300,000 tons in 2023 (Anonymous, 2025). To-
matoes have a relatively short shelf life as a result of rapid rip-
ening, limiting their transportability and marketability. It is es-
timated that 46% of the vegetables available at the beginning 
of the food supply chain are lost. While vegetables constitute 
the largest food loss throughout the entire food supply chain at 
24%, fruits constitute another important group at 22% 
(Kechagias et al., 2024). Whereas, tomatoes, a key vegetable 
among vegetables, are vital to the Turkish domestic market 
and producers because they hold a significant place in tradi-
tional Turkish cuisine and are a major export commodity. 
However, as is the case globally, poor harvesting and post-har-
vest techniques in Türkiye cause tomatoes to spoil before they 
reach the market, leading to quality losses such as decreased 
appearance, flavour, and nutritional content.  

Irradiation is a safe, hygienic, and environmentally friendly 
preservation method widely applied in the food industry, 
based on the controlled exposure of foods to ionising radiation 
(Sahoo et al., 2023). Since the irradiation process does not re-
quire the application of high temperatures and does not leave 
chemical residues, it enables the preservation of the nutritional 
value, freshness, and sensory attributes of food components, 
including texture, colour, taste, and aroma (Stewart, 2001; In-
diarto et al., 2020). The energy of ionising radiation can di-
rectly induce structural damage to cellular proteins, DNA, and 
other macromolecules in living biological systems (Jeon & 
Ha, 2020). In addition, indirect effects occur through the radi-
olysis of water molecules, leading to the formation of reactive 
free radicals such as hydroxyl (·OH) and hydrogen (·H). These 
reactive species can trigger a series of chemical reactions, in-
cluding oxidation, deoxidation, decarboxylation, molecular 
degradation, and protein cross-linking (Pillai & Shayanfar, 
2017; Punia et al., 2020). Through these mechanisms, irradia-
tion effectively inactivates microorganisms and pests, en-
hances food safety, and contributes to the degradation of cer-
tain undesirable compounds in foods, thereby supporting the 
preservation of product quality and the extension of storage 
time (WHO, 1988; Yang et al., 2024). 

Due to the use of irradiation technology as a complement, it 
brings with it very important advantages. Irradiation has long 

been used to decontaminate foods and extend their shelf life. 
In the period until 1980, when the joint WHO/FAO/IAEA 
food research group determined the maximum applicable irra-
diation dose in foods as 10 kGy in 1980, very intensive and 
comprehensive research was carried out on the irradiation of 
many fruits and vegetables and their application in practice 
(WHO, 1981). 0.2-2.5 kGy application doses were determined 
regarding fruits and vegetables for different purposes, such as 
preventing germination and sprouting, controlling microbial 
contamination, extending storage time, and quarantine control. 
In order to accomplish specific desired goals, food (packed or 
in bulk) is exposed to controlled doses of ionising radiation 
during the irradiation treatment process. Accelerated elec-
trons, X-rays, and high-energy gamma (ɣ)-rays are permitted 
radiation types used in food processing. Furthermore, to reach 
desired purposes, firmly determined radiation sources can be 
used. These radionuclides include cobalt-60 (60Co) and cae-
sium-137 (137Cs), as well as X-ray machines with a maximum 
energy of 5 MeV or electron machines with a maximum en-
ergy of 10 MeV (CODEX, 1983). 

Although potential risks associated with food irradiation have 
been discussed in various studies, comprehensive scientific 
evaluations conducted by international standard-setting organ-
isations have demonstrated that ionising irradiation, when ap-
plied under appropriate conditions, does not pose toxicologi-
cal, microbiological, or nutritional risks to consumer health 
(WHO, 1981; EFSA, 2011). The International Atomic Energy 
Agency (IAEA), together with its partner organisations, has 
reported that food irradiation enhances food safety by inacti-
vating or suppressing the growth of microorganisms and does 
not cause significant adverse effects on the sensory attributes 
of foods, including taste, odour, or overall quality (IAEA, 
2025). A recent systematic review indicated that worldwide 
acceptance of irradiated foods has increased substantially over 
the past few decades, rising from approximately 33% of con-
sumers willing to purchase such products in 1992 to nearly 
67% in 2024 (Maataoui et al., 2025). This growing consumer 
acceptance has contributed to the broader adoption of irradia-
tion technology within the food industry, particularly in the 
context of improving food safety and reducing postharvest 
losses (Ihsanullah & Rashid, 2017). Consequently, food irra-
diation has gained increasing recognition in both developed 
and developing countries (Farkas & Mohácsi-Farkas, 2011; 
Maherani et al., 2016; Mshelia et al., 2023). More than 70 
countries have authorised the irradiation of over 60 food com-
modities for domestic consumption or international trade 
(Kume et al., 2009; Deeley et al., 2006; İç & Aylangan, 2023). 
The United States, South Africa, the Netherlands, Thailand, 
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and France are among the leading countries where food irradi-
ation is widely implemented at an industrial scale. Among the 
most frequently irradiated products are spices and dried herbs, 
which are routinely treated in the United States, the European 
Union, and many Asian countries due to their high microbial 
loads (European Commission, 1999; Ng et al., 2022). Cereals, 
legumes, and rice are also commonly subjected to irradiation 
to control storage pests and reduce postharvest losses (Hall-
man, 2013). In addition, fresh and dried fruits and vegetables 
are irradiated to inhibit sprouting, delay ripening, and prolong 
storage time (Arvanitoyannis et al., 2009). Meat and meat 
products, poultry, seafood, and ready-to-eat foods are com-
mercially irradiated in many countries, especially in the 
United States, for the control of pathogenic microorganisms 
(O'bryan et al., 2008; USDA, 2024). 

Within the framework of the peaceful use of nuclear science, 
research on the application of irradiation in food preservation 
has gained momentum since the mid-20th century (Krige, 
2006; IAEA, 2009; IAEA, 2023). In this context, the establish-
ment of the world’s first industrial-scale grain irradiation fa-
cility in Türkiye in 1967 highlights the country’s pioneering 
role in this field (İç & Aylangan, 2023). In the subsequent 
years, research and applications related to food irradiation 
were pursued through international collaborations; with the 
development of technical infrastructure and legal regulations 
in the 1990s, food irradiation has become commercially appli-
cable under regulatory frameworks for approximately 25 years 
(Çetinkaya & Halkman, 2006; İç & Aylangan, 2023). Within 
this framework, a total of seven food groups are permitted to 
be irradiated in Türkiye at specified dose limits in accordance 
with technological requirements (Ministry of Agriculture and 
Forestry of Türkiye, 2019). 

Along with the extensive global research on food irradiation, 
a growing body of evidence originating from Türkiye has also 
contributed substantially to understanding the effects of this 
technology on different food matrices. For example, Aylangan 
and Vural (2012) evaluated the effects of varying irradiation 
doses on selected physical, chemical, and sensory properties 
of hamburger patties. They reported that irradiation did not 
cause significant alterations in protein structure, while low ir-
radiation doses did not lead to meaningful changes in texture 
and colour parameters. Similarly, a technical report published 
by the Turkish Atomic Energy Authority investigated the im-
pact of quarantine irradiation on food quality and hygiene in 
citrus fruits (TAEK, 2010). The findings indicated that a 
gamma irradiation dose of 0.1 kGy was sufficient for effective 
quarantine control against the Mediterranean fruit fly in citrus 
fruits (orange, grapefruit, and mandarin), and that low-dose ir-

radiation (≤1.0 kGy) did not adversely affect fruit quality ex-
cept in mandarins. That irradiation significantly reduced the 
microbial load. In another study, Köksel and Çelik (2001) ex-
amined the effects of gamma irradiation on the quality charac-
teristics of edible legumes. They concluded that low-dose ir-
radiation (1.0–2.5 kGy) did not significantly influence water 
absorption properties, while it markedly reduced both dry and 
wet cooking times. 

Low doses of irradiation can be used to extend the shelf life of 
various fruits and vegetables by minimising microbial spoil-
age, slowing respiration, and delaying ripening. The use of 
combined treatment with irradiation showed a synergistic im-
pact, lowering both the microbial load and the irradiation dose 
necessary to remove microbial activity (Lacroix & Ouattara, 
2000). If we look specifically at tomatoes, gamma irradiation 
has emerged as a viable method for delaying tomato fruit rip-
ening (Yoon et al., 2023). Irradiation technology works in con-
cert with other technologies, such as refrigeration, to enhance 
the treatment's overall effectiveness. Furthermore, radiation 
doses can be decreased by incorporating an additional treat-
ment type, maintaining or enhancing product quality (Lacroix 
et al., 2003). 

The combined application of low-dose γ-irradiation and dif-
ferent storage temperatures has been investigated in fresh 
fruits and vegetables in various countries. However, a compre-
hensive study addressing the combined effects of irradiation 
and storage conditions on tomatoes cultivated in Türkiye has 
not yet been conducted. Therefore, the present study aims to 
evaluate the response of Turkish tomatoes to low-dose irradi-
ation and storage conditions and to explore the potential im-
plications of these findings for large-scale commercial appli-
cations. 

Materials and Methods 
Material 

In this study, tomato samples of the M524 genotype, which 
were healthy and fully ripened to a red colour, were obtained 
from the NÜKEN greenhouse. Tomatoes that had reached an 
appropriate maturity stage were harvested, sorted, and classi-
fied. To evaluate the effects of gamma irradiation on the phys-
icochemical properties and storage time of tomatoes, the sam-
ples were stored simultaneously in open cardboard boxes un-
der two different storage temperatures (24 ±2 °C and 4 ±2 °C) 
at 45–50% relative humidity (Figure 1). The storage period 
was not restricted to a predefined target day. Irradiated toma-
toes were monitored under the specified temperature condi-
tions until quality deterioration was observed. 
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Figure 1. Preparation of tomato samples in open cardboard 
boxes 

Methods 

Irradiation process 

Irradiation was performed under controlled conditions at the 
TENMAK-NÜKEN Gamma Facility (Co-60, 248.7 kCi; 1.34 
kGy h⁻¹). Dosimeters (Gammachrome YR™) placed in sam-
ple boxes measured absorbed doses of 1.6 and 2.2 kGy for tar-
get doses of 1 and 2 kGy, respectively. The control group con-
sisted of non-irradiated tomatoes that were not subjected to 
any irradiation treatment and were handled under the same 
storage conditions as the irradiated samples. Analyses were 
conducted immediately after the irradiation treatment, and 
Day 1 represents the measurements performed directly follow-
ing irradiation. 

Physical methods 

Fruit firmness 

Three tomato samples were measured using a hand-held digi-
tal fruit firmness tester (SILVERADO, FHT-802, 0.5-15 
kgf/cm2, tip size: 3.5mm) in Newton units for firmness deter-
mination. Three replicate measurements were provided for 
each sample.  

Weight loss  

Homogeneously selected ten tomato samples were labelled, 
and weight measurements were periodically carried out on the 
scale (Mettler Toledo, PB3001-S). The percentage weight loss 
was calculated using equation 1(Cao et al., 2020). 

                   
(1) 

In the equation: Ai: Analysis weight value (kg) measured on 
Day 1, Ag: Weight value (kg) measured on periodic days 

Color 

Surface colour was measured using a Minolta colourimeter 
(CR-310; Konica Minolta, Osaka, Japan) in the CIE L* (light-
ness), a* (red–green), and b* (yellow–blue) system. Measure-
ments were averaged from three replicates, and the instrument 
was calibrated with a D65 standard white plate (Loayza et al., 
2021). Ten tomato samples were used for the analyses. 

Chemical methods 

Total vitamin C (TVC) content 

Total vitamin C content was determined using a modified 2,4-
dinitrophenylhydrazine (DNPH) method (Roe et al., 1942; 
Roe et al., 1944). Five grams of homogenised tomato were ex-
tracted with 50 mL of 5% metaphosphoric–10% acetic acid 
(v/v) and refrigerated for 1 h. The filtrate (Whatman No. 1) 
was treated with bromine and thiourea (3 drops each, 5% w/v), 
followed by 1 mL of 2% DNPH, and incubated at 37 °C for 2 
h. After cooling in an ice bath, 5 mL of 85% H₂SO₄ was added, 
and absorbance was measured at 520 nm (Jenway 6505 UV–
Vis). Vitamin C content was expressed as µg L-ascorbic acid 
equivalent per g fresh weight (R² = 0.9998). 

Total titration acidity (TTA) 

Titratable acidity (TTA) was determined by acid–base titra-
tion. Homogenised samples were centrifuged at 8000 × g for 
5 min (Sigma 2-16K), and four drops of 1% phenolphthalein 
were added to the supernatant. The solution was titrated with 
0.01 N NaOH to the endpoint, and TTA was expressed as citric 
acid equivalent using Equation 2 (Tyl & Sadler, 2017).   

Weight loss (%) = 
(Ai−Ag )

Ai
 *100 
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(2) 

In the equation:  V: amount of NaOH consumed during titra-
tion (mL), N: normality of the NaOH solution, m: amount of 
sample (mL). 

pH  

The pH of tomato juice was measured using a digital pH meter 
(Mettler Toledo MP220) calibrated with pH 4.0 and 7.0 buffer 
solutions. After calibration, the electrode was immersed in the 
centrifuged sample, and pH values were recorded (Tyl & Sad-
ler, 2017). 

Microbiological methods 

Determination of Total Aerobic Mesophilic Bacteria 
(TAMB) 

Total aerobic mesophilic bacteria (TAMB) counts were deter-
mined by the standard plate count method. Ten grams of the 
sample were homogenised in 90 mL Maximum Recovery Dil-
uent (Merck, Cat. No. 1.12535), serially diluted, and 1 mL al-
iquots were plated on Plate Count Agar (Merck, Cat. No. 
1.05463) using the pour plate technique. Plates were incubated 
at 30 °C for 72 h, and results were expressed as CFU/g (Anon-
ymous, 2013). 

Total yeast and mould (TYM) count  

Yeasts and moulds were enumerated by inoculating 1 mL ali-
quots onto Yeast Extract Glucose Chloramphenicol Agar 
(YGC; Merck, Cat. No. 1.16000) using the pour plate method. 
Plates were incubated at 25 °C for 5–7 days, and counts were 
expressed as CFU/g (Anonymous, 2008). 

Statistical analysis 

For physical analyses, weight loss and colour measurements 
were conducted using ten tomato fruits per treatment. At the 
same time, firmness was measured on three tomatoes per treat-
ment, with readings taken at three different points on each 
fruit. For chemical analyses, all measurements were per-
formed in triplicate (n = 3) for each treatment and sampling 
day. Statistical analysis was performed separately for each 
storage temperature to assess the effects of irradiation dose and 
storage time within the same storage condition. Results were 
compared with the corresponding control groups. Statistical 
analyses were carried out using Minitab 17.0 software 
(Minitab, State College, PA, USA). Analysis of variance 
(ANOVA) was applied at a 95% confidence level (p<0.05), 

and mean comparisons were performed using Tukey’s multi-
ple comparison test to determine significant differences 
among treatment groups. 

Results and Discussion 
This study investigated the effects of two different storage 
conditions (ambient temperature and cold storage) and three γ-
irradiation doses (0, 1 and 2 kGy) on the postharvest physiol-
ogy and quality attributes of red tomatoes. Samples stored at 
ambient temperature (Group 1, expressed as G1) and those 
stored under cold storage conditions (Group 2, expressed as 
G2) were evaluated simultaneously and independently. In G1, 
both control and irradiated tomatoes exhibited pronounced 
shrivelling and senescence as storage time progressed, with 
clear quality deterioration observed within approximately 9 
days. In contrast, tomatoes stored under G2 conditions main-
tained marketable quality for up to 27 days. Under cold storage 
conditions, the effects of 1 and 2 kGy γ-irradiation were as-
sessed through physicochemical and microbiological analyses 
conducted over a storage time of 27 days.  

Physical Analysis 

Firmness 

While fruit firmness is inversely proportional to ripeness, it 
can be used as an alternative maturity index in the classifica-
tion of fresh fruits and vegetables (Vursavuş et al., 2015). Red 
tomatoes harvested during the red ripening period have a lim-
ited shelf life, and firmness values have been reported to de-
crease with storage time (Şen et al., 2004). In this study, the 
change in firmness of tomatoes under the conditions described 
in Figure 2 was examined over the storage time. 

Under G1 storage conditions, the highest firmness value at the 
beginning of storage (Day 1) was observed in the control 
group. In contrast, the lowest firmness value was recorded in 
the 2 kGy–irradiated group. As storage time progressed, the 
decreases in firmness observed in the control and 2 kGy–irra-
diated groups were found to be statistically significant (lower-
case letters). In contrast, the firmness values of the 1 kGy–ir-
radiated group were similar on Days 1 and 6, whereas a statis-
tically significant difference was observed on Day 9. Under G2 
conditions, the control group consistently exhibited the highest 
firmness values from Day 1 to Day 27 compared with the irra-
diated groups. Up to Day 13, no marked differences in firm-
ness were observed between the 1 and 2 kGy–irradiated sam-
ples; however, on Day 13, the lowest firmness value was rec-
orded in the 1 kGy–irradiated group. At the end of the storage 

Citric acid (g\100mL) =  
(𝑉𝑉∗𝑁𝑁∗0.064∗100)

m
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period, similar to the initial observations, the control group ex-
hibited the highest firmness, while the samples irradiated at 1 
and 2 kGy showed comparable firmness values. 

Figure 2 reveals that firmness values (N) in the G2 condition 
decreased over the 27-day storage time. Furthermore, it was 
observed that the firmness values of the control group samples 
decreased by approximately 23% during the first six days. On 
the other hand, although the initial firmness values of the 1 and 
2 kGy irradiated tomatoes were lower than those of the control 
group, the change in firmness values over the first six days was 
observed to be unchanged compared to the control group. 
However, from day 16 onward, the firmness values of the con-
trol and irradiated groups converged. The G1 samples, similar 
to the G2 (Fig. 2), had firmness values that decreased through-
out storage time. Similarly, the irradiated tomato group 
showed a later decrease in firmness compared to the control 
group. However, from day 9 onward, firmness values con-
verged across all groups. Tomato samples stored at G1 condi-
tions experienced a faster quality loss than those stored at cold 
temperatures. 

These results revealed that irradiation dose and storage time 
significantly affected the firmness (N) of the samples 
(p<0.05). A gradual decline in firmness values was observed 
under both G1 and G2 conditions. In both storage conditions, 
the control group exhibited the highest firmness values, 
whereas the lowest values were consistently recorded in the 2 
kGy-irradiated samples (p<0.05).  

Firmness loss observed during postharvest storage of tomatoes 
is a complex physiological process resulting from the com-
bined effects of biochemical changes in the cell wall structure 
and alterations in tissue water relations (Galindo et al., 2004; 
Mishra & Gamage, 2007). During storage, increased activities 
of cell wall–degrading enzymes such as polygalacturonase, 
pectin methylesterase, and β-galactosidase lead to the depoly-
merisation of structural polysaccharides, including pectin, 
hemicellulose, and cellulose, thereby weakening intercellular 
adhesion and promoting tissue softening (Negi & Handa, 
2008; Chen et al., 2015). This enzymatic degradation disrupts 
the mechanical integrity of fruit tissues, resulting in a pro-
nounced reduction in firmness (Bhowmik & Dris, 2004; Chen 
et al., 2015). In addition, water loss due to transpiration from 
the fruit surface during storage causes a decrease in cellular 
turgor pressure, which further accelerates firmness loss 
(Lentzou et al., 2021). 

Furthermore, gamma irradiation has been reported to induce 
the formation of reactive oxygen species, which may lead to 
oxidative modifications in cell wall polysaccharides (Kovacs 
& Keresztes, 2002; Tan et al., 2023). Such oxidative stress can 

contribute to the degradation of pectin structures and the weak-
ening of intercellular bonds (Melo et al., 2018). On the other 
hand, it has also been reported that gamma irradiation can sup-
press pectin solubilization during cold storage, thereby delay-
ing the degradation of cell wall polysaccharides and conse-
quently slowing tissue softening (Wang et al., 2017). In a study 
on irradiation of cherry tomatoes (Mendes et al., 2020), radia-
tion doses and storage times interacted with regard to cherry 
tomato firmness (p<0.01). The cherry tomatoes of all treat-
ments exhibited a decrease in pulp firmness over the course of 
storage, as demonstrated by the 7-day reduction of 68% in 
treatment with the highest dose of 1 kGy compared to the first 
evaluation. Considering mature green tomatoes (Yoon et al., 
2023), similar data was also gathered that the firmness (N) of 
irradiated (0.1, 0.15, 0.2, 0.4, 0.6, and 1 kGy, gamma irradia-
tion) and non-irradiated mature green tomatoes steadily de-
creased during the storage period (20 days at 20 °C). However, 
the firmness of gamma-irradiated tomatoes was lower than 
that of non-irradiated samples until 10 days following storage. 
Furthermore, after 15 days of storage, irradiated and non-irra-
diated tomatoes were equally firm. These results were con-
sistent with our data. 

Weight loss 

Weight loss is seen as one of the most important factors in re-
ducing fruit quality. Water loss, which is the transfer of water 
from the plant, plant organs, leaves, and fruits or vegetables to 
the immediate environment, is responsible for 97% of the 
weight loss in fruits and vegetables (Lufu et al., 2024). Weight 
loss (%) in both irradiated and non-irradiated tomatoes was 
recorded at regular intervals after the irradiation process and 
during the storage period at G1 and G2 conditions Figure 3. 
Statistical data revealed that storage time significantly affected 
the weight loss (%) of the samples (p<0.05). A gradual in-
crease in measured weight loss values was observed under 
both G1 and G2 conditions. Figure 3 indicates the impact of 
irradiation dose (kGy) on the physiological weight of tomato 
fruit stored at G1 and G2 conditions.  

The weight loss of unirradiated fruits ranged from 3.35 to 
6.12%, while irradiated fruits exhibited weight losses between 
2.89 and 5.93% during the 9-day storage time under G1 condi-
tions. Under G2 conditions, where a longer storage time was 
applied, weight loss values ranged from 3.90 to 12.34% for 
unirradiated fruits and from 2.45 to 12.34% for irradiated 
fruits. It should be noted that the relatively higher weight loss 
observed under G2 conditions is strongly associated with the 
extended storage time (27 days) rather than storage tempera-
ture alone. However, the effect of irradiation dose on weight 
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loss under G1 and G2 conditions was not statistically signifi-
cant (p>0.05). Overall, the results indicate that tomato fruits 
experienced a significant and progressive weight loss as stor-
age time increased, primarily driven by moisture loss associ-
ated with prolonged storage, while irradiation treatment did 
not result in statistically significant differences among the ap-
plied doses. 

Weight loss in fresh tomatoes during storage primarily results 
from transpiration and respiration processes, which lead to 
continuous moisture loss from the fruit surface (Ayomide et 
al., 2019; Umeohia & Olapade, 2024). Transpiration-driven 
water loss arises from the vapour pressure gradient between 
fruit tissues and the surrounding environment and is strongly 

influenced by storage time, temperature, and relative humidity 
(Ben-Yehoshua & Rodov, 2002; Lufu et al., 2019). In addi-
tion, respiration indirectly contributes to weight loss through 
the conversion of carbohydrates into carbon dioxide and water 
(Saltveit, 2019). Although low storage temperatures signifi-
cantly reduce metabolic activity and respiration rates, pro-
longed storage time may still result in substantial weight loss 
due to the continuous nature of transpiration over time (Briz-
zolara et al., 2020; Lentzou et al., 2021). Previous studies have 
reported that weight loss in tomatoes increases with both stor-
age temperature and storage time, emphasising these factors as 
dominant determinants of mass loss (Tadesse et al., 2015; Cui 
et al., 2018; Al-Dairi et al., 2020). 

 

 
Figure 2. Changes in firmness of control and irradiated samples (Capital letters represent significant differences among irradi-

ation doses, and lowercase letters indicate significant differences during storage; p< 0.05) 

 

 
Figure 3. Changes in the weight loss of control and irradiated samples  
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In a study conducted by Gambo et al. (2023), freshly harvested 
local tomato cultivars (cherry tomatoes) were exposed to co-
balt-60 gamma irradiation at doses of 0.5, 1.0, 1.5, 2.0, 2.5, 
3.0, 3.5, and 4.0 kGy and stored at ambient temperature (28 ±1 
°C) and at a lower temperature (20 ±1 °C). The authors re-
ported that no significant differences in weight loss were ob-
served among samples irradiated at doses up to 2 kGy. Briefly, 
our results are consistent with published previous reports by 
Jumbe and Suleiman (2024), Yoon et al. (2023) and Adam et 
al. (2014) that increased irradiation dose and storage time sig-
nificantly affected the weight loss of the samples, as a conse-
quence of these effects a gradual increase in measured weight 
loss values.  Yoon et al. (2023) reported that gamma irradia-
tion significantly reduced weight loss in tomatoes during stor-
age by downregulating ethylene biosynthesis and ripening-re-
lated genes, as demonstrated by transcriptomic (RNA-seq) 
analyses. In their study, irradiated tomatoes exhibited a dose-
dependent reduction in weight loss compared to unirradiated 
controls, indicating that gamma irradiation can temporarily 
suppress physiological processes associated with moisture loss 
and senescence. 

Color 

The colour of the fruits is a significant consumer attribute, with 
a strong preference for ripe tomatoes that are deep red. The 
bulk of tomatoes grown for fresh consumption are sold before 
reaching full maturity (pink and red stages), and just a handful 
are marketed as totally deep-red tomatoes (Helyes et al., 
2006). Surface colour measurements in the samples were 
made according to the CIELAB system. Accordingly, the de-
vice determines L*a* and b*. In this system, L* (brightness): 
L*=0, black L*=100, white (darkness-lightness); +a*=red, -
a=green; +b*=yellow and -b*=blue represents colour inten-
sity. Statistical analysis revealed that storage time exerted a 
significant influence on colour parameters (p<0.05), whereas 
the effect of irradiation dose was not statistically significant 
(p>0.05). Under G1 conditions, no notable differences were 
detected among irradiation doses (p> 0.05); however, L* val-
ues gradually declined across all groups toward the end of the 
storage period. A similar pattern was observed for a* and b* 
values, which were unaffected by irradiation dose but showed 
a decreasing trend with prolonged storage (Figure 4).  

Under G1 conditions, no statistically significant difference was 
observed between the control group and the 1 kGy–irradiated 
samples in terms of L*, a*, and b* values at the beginning of 
storage (day 1) (p > 0.05). As storage progressed, limited 
changes in L* values were observed in all groups; however, 
no pronounced differences were detected among the control, 1 

kGy, and 2 kGy–irradiated samples throughout the storage pe-
riod. Under G2 conditions, no significant differences in L* val-
ues were observed between the control and irradiated groups 
up to day 13 of storage. Notably, on day 13, the control group 
exhibited higher L* values compared to the irradiated groups; 
however, differences among irradiation treatments markedly 
decreased during the subsequent storage period. Overall, a 
slight decreasing trend in L* values was observed with in-
creasing storage time. When the* values were evaluated, sta-
tistically significant differences were observed between irradi-
ation doses and storage time, particularly during the middle 
and later stages of storage (days 13–20) (p < 0.05). During this 
period, the control group exhibited higher a* values, whereas 
irradiated samples showed relatively lower redness values. To-
ward the end of the storage period, differences among the 
groups diminished. Regarding b* values under cold storage 
conditions, fluctuations were observed throughout the storage 
period; however, no consistent or pronounced differences 
were detected among irradiation doses. Although statistically 
significant differences were observed on certain storage days, 
these differences were not persistent, and similar b* values 
were obtained among the groups at the end of the storage pe-
riod. 

During tomato ripening, chlorophyll degradation and the ac-
cumulation of dark red pigments occur (Radzevičius et al., 
2009; Choi & Park, 2023). Under storage conditions in which 
the ripening process progresses, this accumulation becomes 
more pronounced and is explained by an increase in pigment 
concentration (Tadesse et al., 2015). Several studies have re-
ported that L* values decrease with increasing storage time, 
which has been associated with carotenoid production (Uzun 
et al., 2005; Al-Dairi et al., 2021; Christodoulou et al., 2025). 
The a* value reflects the transition from green to red and is 
closely associated with lycopene accumulation in tomatoes 
(Arias et al., 2000; Cox et al., 2003). As ripening advances, 
chlorophyll is rapidly degraded while the synthesis of lyco-
pene and other carotenoids increases, resulting in an increase 
in a* values (Arias et al., 2000; Kozukue & Friedman, 2003). 
It has been reported that the pigmentation characteristics of to-
matoes can be precisely controlled through the standardisation 
of storage conditions (Kapoor et al., 2022). Ionising radiation 
can influence the biochemical processes of the fruit by altering 
the expression of genes associated with ripening and pigment 
accumulation (Reyes & Cisneros-Zevallos, 2007; Yoon et al., 
2023). 

Our results are in agreement with the findings of Mendes et al. 
(2020). Who found that in the peel L* of cherry tomatoes, 
there was no interaction between radiation doses and storage 
periods (p>0.05), but showed a difference in storage periods 
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(p<0.05). Furthermore, according to Loro et al. (2018), colour 
parameters (L*, a*, and b*) clearly showed that tomatoes were 
becoming redder, more saturated, and less bright over time 
while being stored. This demonstrated that the fruit quality 
was impacted to varying degrees of significance by the colour 
changes, depending on the treatment used. Considering 
gamma radiation, it has been reported that it is advantageous 
in delaying ageing and preserving colour in tomatoes during 
twenty days of storage, with low doses (0.25 – 1 kGy) being 
the most effective. 

Chemical Analyses 

Total vitamin C (TVC) 

Tomatoes have a rich vitamin content, and the amount of vit-
amin C varies between 1-72 mg/100g (FSANZ, 2014). Total 
vitamin C (TVC) consists of organic acids known as ascorbic 
acid and dehydroascorbic acid (Davidek et al., 1990). Phenolic 
compounds found in the structure of tomatoes, vitamin C 
(ascorbic acid), and tocopherol (vitamin E), have also been re-
ported to be chemical compounds that increase the nutritional 
value of tomatoes (Durmuş et al., 2018). The effect of irradia-
tion, storage temperature and storage periods on the ascorbic 
acid content of the samples is shown in Figure 5. Initially, 
TVC values of room stored samples (control, 1 and 2 kGy) 
were 211.43 ±8.65, 217.31 ±1.99 and 230.74 ±4.78 (µg L-
ascorbic acid equivalent/g FW), respectively. 171.78 ±4.03, 
242.17 ±5.79 and 309.96 ±5.99 values were measured, respec-
tively, until they lose their ability to be analysed. In the cold-
stored group, vitamin C values in samples (control, 1 and 2 
kGy) were measured as 245.15 ±2.07, 194.80 ±7.07 and 
246.29 ±5.68, respectively, and the measured values fluctu-
ated during storage and were calculated as 135.18 ±5.92, 
178.02 ±8.66 and 191.30 ±4.16, respectively, at the end of the 
27th day.  

Under G1 conditions, at the beginning of storage (day 1), the 
total vitamin C (TVC) content of the control and 1 kGy–irra-
diated samples was partially similar, whereas the 2 kGy–irra-
diated samples exhibited higher TVC values, resulting in sig-
nificant differences among the groups. As storage progressed, 
a significant increase in TVC content relative to the initial val-
ues was observed in the 1 and 2 kGy–irradiated samples. In 
contrast, a significant decrease was detected in the control 
group. On day 6, the control and 1 kGy–irradiated groups 
showed similar TVC levels, whereas on the final day of stor-
age, the lowest TVC content was observed in the control 
group. Under G2 conditions, the highest TVC content on day 
1 was observed in the control and 2 kGy–irradiated samples. 
Within the irradiated sample groups, TVC levels exhibited rel-
atively similar trends up to day 16 of storage; however, the 

lowest TVC values during the storage period were recorded on 
days 16 and 20. In contrast, the control group experienced a 
sharp decrease in TVC content starting from day 6 and main-
tained low levels throughout the storage period. At the end of 
storage, the irradiated sample groups exhibited the highest and 
similar TVC contents, whereas the control group showed the 
lowest TVC level. 

Generally, during the G1 condition, TVC content of the control 
group tended to decrease throughout the storage time. In con-
trast, the 2 kGy-irradiated samples exhibited the highest TVC 
content, which increased until the end of storage. Under G2 
conditions, the control and 2 kGy-irradiated samples initially 
showed similar TVC contents, while a significant decrease 
was observed in the 1 kGy-irradiated samples (p<0.05). On the 
other hand, a sudden decrease in TVC content was detected in 
the control group on day 6, followed by a decreasing trend dur-
ing the storage period (p<0.05). Although the TVC content in 
irradiated samples exhibited a declining trend up to day 13, it 
did not experience the abrupt reductions observed in the con-
trol samples, remaining comparatively more stable. Statistical 
analysis showed that storage interval had a significant effect 
(p<0.05) on the vitamin C values of ɣ-irradiated tomato during 
storage.  

Changes observed in the total vitamin C content of tomatoes 
during storage and in response to irradiation treatments can be 
attributed to the biosynthesis and oxidative degradation of 
ascorbic acid, as well as the regulation of antioxidant defence 
systems (Dionísio et al., 2009; Ahuja et al., 2014). Ascorbic 
acid is a primary antioxidant that scavenges reactive oxygen 
species, and its content in fruits dynamically varies throughout 
ripening and senescence processes (Meitha et al., 2020; Dong 
et al., 2026). Conversely, ionising radiation applied at low to 
moderate doses can induce a controlled stress response in the 
fruit, thereby stimulating antioxidant defence mechanisms 
(Reyes & Cisneros-Zevallos, 2007; Colletti et al., 2022). In the 
study by Ramírez-Cahero and Valdivia-López (2018), the ef-
fect of gamma irradiation on vitamin C was explained by the 
radiolysis of water molecules, which generates free radicals 
that oxidise the vitamin C molecule, leading to structural deg-
radation. In particular, hydroxyl radicals trigger oxidative re-
actions that reduce the biological activity of ascorbic acid, re-
sulting in a decrease in vitamin C concentration. These effects 
occur through both direct radiation impact and indirect radical-
mediated mechanisms. Low temperatures suppress ascorbate 
oxidase activity, thereby delaying vitamin C loss and contrib-
uting to prolonged retention of nutritional value (Lee & Kader, 
2000; Giannakourou & Taoukis, 2021). 
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TVC in foods can be calculated by adding the activities of 
ascorbic acid (AA) and dehydroascorbic acid (DHAA). Al-
most all postharvest products contain only AA, and many stud-
ies in the literature have determined AA content as a measure 
of vitamin C concentration. However, the conversion of ascor-
bic acid to dehydroascorbic acid during storage and processing 
causes significant concentration changes (Dionísio et al., 
2009), and dehydroascorbic acid can still be metabolised as 

vitamin C (Davey et al., 2000). For one thing, in a fruit shelf-
life study, 1-3 kGy irradiation was applied to strawberries to 
extend their shelf life. It was reported that doses of 2-3 kGy, 
together with cold storage, had a positive effect on shelf life 
and that the amount of ascorbic acid increased significantly 
during storage. In contrast, the content of dehydroascorbic 
acid decreased (Graham & Stevenson, 1997). 

 
Figure 4. Changes in colour of control and irradiated samples (Capital letters represent significant differences among irradia-

tion doses, and lowercase letters indicate significant differences during storage; p<0.05) 

 

 
Figure 5. Changes in total vitamin C content of control and irradiated samples (Capital letters represent significant differences 

among irradiation doses, and lowercase letters indicate significant differences during storage; p<0.05) 
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Previous published studies were identified in which the effects 
of low doses of irradiation on vitamin C content in tomatoes 
were assessed (Mohácsi-Farkas et al., 2006; Mathew et al., 
2007; Adam et al., 2014; Mendes et al., 2020). The effects of 
irradiation on vitamin C content were revealed in vitamin C 
analyses performed on cherry tomatoes (Mendes et al., 2020). 
By analysing the vitamin C contents in tomatoes, it was possi-
ble to find an interaction between radiation doses and storage 
periods (p<0.01). A decrease in vitamin C content was ob-
served in all treatments with different doses of radiation during 
the increase in the storage period of cherry tomatoes, and these 
treatments are similar from 21-day and reaching on average 17 
mg 100 g-1 of fruit at the end of the evaluations. Such reduction 
may also be related to the oxidation of vitamin C during the 
senescence phase of cherry tomatoes. Overall, during the stor-
age period, there was no effect of irradiation on vitamin C con-
tent in cherry tomatoes.  

Although there are also studies conducted by Adam et al. 
(2014) and Jumbe and Suleiman (2024) that describe similar 
results and confirm these data, as reached in this study, stating 
that "the decrease in vitamin C in tomatoes is affected by both 
irradiation levels and storage time. Previously, a comprehen-
sive study (Mohácsi-Farkas et al., 2006) was conducted to de-
termine the effects of low-dose irradiation on the microbiota, 
antioxidant vitamin contents and sensory properties of pre-cut 
tomato, cantaloupe, watermelon, sprouted seeds and radish. 
Researchers stated that a radiation dose of 1 kGy is sensorially 
acceptable for the treatment of these pre-cut fruits without a 
significant effect on the total carotenoid and vitamin C content 
of sliced tomatoes. On the other hand, research (Mathew et al., 
2007) was done to increase the shelf-life and preserve the fruit 
quality characteristics of tomatoes under the effects of modi-
fied atmosphere packaging (MAP) in low-density polyeth-
ylene (LDPE) film pouches, gamma irradiation at 0, 1, 2, 3, 
and 4 kGy, and low temperature (12 °C) storage at 90-95% 
RH. All groups demonstrated an increase in TVC levels, 
which peaked in non-irradiated tomatoes after 14 days. In to-
matoes exposed to 1 and 2 kGy radiation, TVC content 
reached a comparable level after 21 days.  The effects of irra-
diation at 1 kGy on the quality of 13 common fresh-cut vege-
tables: iceberg, romaine, green and red leaf lettuce, spinach, 
tomato, cilantro, parsley, green onion, carrot, broccoli, red 
cabbage, and celery were investigated in 2008 (Fan & Sokorai, 
2008). The 1 kGy irradiation did not affect the vitamin C con-
tent of most vegetables. In cut tomato samples irradiated with 
1 kGy, there was no immediate effect of irradiation on AA 
levels. However, after 14 days, AA was 23% lower in irradi-
ated compared to non-irradiated tomato slices (Fan and 
Sokorai, 2008). A report published by Food Standards Aus-
tralia New Zealand (FSANZ) in 2013 stated that irradiation of 

firm ripe tomatoes and fresh green capsicum with 0.15, 0.6 and 
1 kGy had no significant effect on vitamin C or β-carotene 
contents either 1 day, 14 days (tomatoes) or 21 days (capsi-
cum) after irradiation (FSANZ, 2013).  

pH 

Statistical analysis revealed that both irradiation dose and stor-
age conditions exerted a significant effect on pH variation 
(p<0.05). Under G1 conditions, the pH for the unirradiated 
fruits ranged from 4.38 to 4.40, whilst that of irradiated fruits 
ranged from 4.38 to 4.47 (Figure 6).  Samples treated with 2 
kGy exhibited the highest pH values, whereas no significant 
difference was observed between the control and 1 kGy-
treated samples. Moreover, while the control and 1 kGy groups 
maintained relatively stable pH values throughout storage, a 
gradual decline was recorded in the 2 kGy-treated samples up 
to day 9. 

Under G1 conditions, at the initial measurement (Day 1), the 
pH values of the control and 1 kGy irradiated samples were 
similar. In contrast, the 2 kGy irradiated samples exhibited a 
higher pH, with significant differences observed among the 
groups. Although a decrease in pH was noted in the 2 kGy ir-
radiated samples as storage progressed, their pH remained 
higher compared to the control and 1 kGy groups. On Day 6, 
a decline in pH was observed across all groups compared to 
other days; however, by the final day of storage, the control 
and 1 kGy irradiated groups showed pH values similar to those 
measured on Day 1. Under G2 conditions, a similar pattern was 
observed, with the highest pH recorded in the 2 kGy irradiated 
group on Day 1. In comparison, the 1 kGy group showed par-
tial similarity with both the control and 2 kGy groups. Except 
for Days 13 and 20, the control group generally exhibited sta-
tistically significantly lower pH values compared to the irradi-
ated groups throughout the storage period. At the end of the 
27-day storage, all groups, including control and irradiated 
samples, showed a statistically significant increase in pH rela-
tive to their initial values. 

The G2 samples, the pH for the unirradiated fruits ranged from 
4.41 to 4.54, whilst that of irradiated fruits ranged from 4.35 
to 4.66. A comparable trend was observed, with the 2 kGy ir-
radiated samples consistently showing the highest pH values 
(p<0.05). Maximum increase was observed in the 2 kGy irra-
diated sample, followed by 1 kGy, and minimum increase was 
found in the control sample. However, from day 13, all sample 
groups exhibited an increase in pH values. During cold stor-
age, statistical analysis showed that storage interval had a sig-
nificant effect on the pH of gamma irradiated tomato during 
storage (Figure 6). Consequently, irradiated fruits generally 
showed an increase in pH throughout the storage period. Fruits 
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irradiated at 1 and 2 kGy had a significant (p<0.05) increase 
in pH with the advancement of days, reaching 4% and 5%, re-
spectively, above the initial value by the final day (day 27). 
However, this increase in pH value was found to be acceptably 
low.   
The observed changes in pH values during the storage of to-
matoes are believed to be associated with variations in the 
fruit’s metabolic activities and the biochemical effects of irra-
diation. Generally, an increase in pH can be observed during 
the ripening process due to the degradation of organic acids 
and the accumulation of metabolic byproducts (Famiani et al., 
2015; Walker & Famiani, 2018). In particular, high doses of 
irradiation may cause damage to the cellular structure (Jan et 
al., 2012; Choi et al., 2021), which is thought to result in an 
increase in pH. 
Despite these data, in periodic analyses (Gambo et al., 2023) 
performed on cherry tomatoes irradiated up to 4 kGy during 
24-days storage (room temperature (28 °C), it was determined 
that pH was lower than control samples as the irradiation dose 
approached 4 kGy and while it was 5.20 in control samples, it 
was determined to be 4.64, 4.22, 4.03 and 4.00 in samples ir-
radiated at 1, 2, 3, 4 kGy doses, respectively. Recent research 
(Mendes et al., 2020) has yielded results similar to our findings 
that cherry tomatoes were irradiated at 0.25, 0.5, and 1 kGy 
doses in addition to the control and stored in an air-conditioned 
room at 10 °C for 28 days. The pH values for irradiated and 
non-irradiated cherry tomatoes were approximately neutral, 
ranging from 6.8 to 7.2. There was no correlation between ra-
diation doses and storage times. As a result, they reported that 
irradiation did not affect pH in cherry tomatoes, consistent 
with previous studies (Singh et al., 2016; Jumbe & Suleiman, 
2024). 
Total Titration Acidity (TTA) 
The acidity levels signify the quality and acceptability of fruits 
and vegetables; both extremely low and excessively high acid-
ity values are unsuitable for optimal food quality (Parvin et al., 
2018). Considering tomatoes among vegetables, it has been re-
ported that the titratable acidity in the fruits of cultivated to-
mato varieties varies between 0.14 - 0.46%, while in wild to-
matoes it varies between 0.33 - 0.48% (Kurina et al., 2021). 
Figure 7 presents the effect of ɣ-radiation on the TTA of to-
mato samples stored at G1 and G2 conditions. 
Under G1 conditions, no statistically significant differences in 
TTA were observed between the control and irradiated sample 
groups on Day 1; however, significant differences among the 
groups were detected on Days 6 and 9 (p < 0.05). While no 
variations in TTA were observed in the control group through-

out the storage period, the samples irradiated at 1 kGy exhib-
ited a decreasing trend in TTA over storage. In contrast, the 2 
kGy–irradiated group showed differences in TTA values 
among storage days, with an increasing trend as storage time 
progressed. Under G2 conditions, the control group exhibited 
significantly different and higher TTA values compared to the 
irradiated sample groups throughout the entire storage period. 
At the beginning of storage (Day 1), the lowest TTA value was 
observed in the 1 kGy–irradiated sample group, whereas at the 
end of storage, the lowest TTA value was determined in the 2 
kGy–irradiated sample group. When the effects of storage du-
ration on the control and irradiated sample groups were eval-
uated, storage time was found to have a statistically significant 
effect on all groups (p < 0.05). The control group exhibited the 
highest TTA value on Day 20 and showed an increasing trend 
up to this day. Similarly, in the 1 kGy–irradiated samples, the 
highest TTA values were observed on Days 9 and 16, and alt-
hough the lowest value was recorded on Day 23, a partially 
similar TTA value was observed again on Day 27. The 2 kGy–
irradiated sample group, similar to the control group, reached 
its highest TTA value on Day 20. 
Initially, the titratable acidity of G1 samples (control, 1 and 2 
kGy) was 0.36, 0.32 and 0.34, respectively, which gradually 
increased to 0.37, 0.39 and 0.38, respectively, until they lost 
their ability to be analysed. The G2 samples, the TTA values 
in samples (control, 1 and 2 kGy) measured as 0.41, 0.29 and 
0.35, respectively, and the measured values fluctuated during 
storage and were calculated as 0.37, 0.35 and 0.33, respec-
tively, at the end of the 27th day. Figure 7 shows a stable trend; 
the titratable acidity in all the treated samples was lower than 
that of the control at the end of the 27-day storage period. Sta-
tistical analysis demonstrated that both irradiation dose and 
storage duration had a significant influence on TTA (p<0.05). 
At G1 conditions, TTA values of the control and irradiated 
samples were comparable on day 1 (p>0.05), while under G2, 
the control group exhibited significantly higher values 
(p<0.05). Throughout the storage period, irradiated samples 
consistently showed lower TTA compared to the control group 
at both storage temperatures. 
Changes observed in titratable acidity (TTA) of tomatoes dur-
ing the storage period are considered to be associated with or-
ganic acid metabolism, respiratory activity, and the effects of 
irradiation (Tinjaca, 2007; Brizzolara et al., 2020). During the 
postharvest period, a decreasing trend in malic acid content 
may be observed in tomatoes throughout ripening and storage 
(Pott et al., 2020). In addition, it has been reported that low 
and moderate doses of irradiation may not directly affect or-
ganic acid content; however, a decrease may occur in conjunc-
tion with prolonged storage (Ahuja et al., 2014; Lu et al., 
2023). 
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Figure 6. Changes in pH of control and irradiated samples (Capital letters represent significant differences among irradiation 

doses, and lowercase letters indicate significant differences during storage; p< 0.05) 

  

 
Figure 7. Changes in titration acidity of control and irradiated samples (Capital letters represent significant differences among 

irradiation doses, and lowercase letters indicate significant differences during storage; p<0.05) 

In another long-term storage experiment conducted on cherry 
tomatoes, as in our study (Gambo et al., 2023), tomatoes irra-
diated up to 4 kGy during 24 days of storage (28 °C) and it 
was determined that TTA was lower than control samples as 
the irradiation dose approached 4 kGy. While it was 3.05 in 
control samples, it was determined to be 2.61, 2.30, 2.14 and 
2.01 in samples irradiated at 1, 2, 3 and 4 kGy doses, respec-
tively. In another study conducted on cherry tomatoes, Mendes 
et al. (2020) found a significant interaction (p<0.01) between 
radiation doses and storage periods for TTA of cherry toma-
toes, similar to what was reported in other trials (Jumbe & Su-
leiman, 2024). The highest value (0.65%) of titratable acidity 
was found in the treatment submitted to the highest radiation 
dose (1 kGy) at 7 days. It was possible to observe the loss of 
TTA as the storage periods of cherry tomatoes submitted to all 

doses of radiation increased. However, at the end of the eval-
uation at 28 days, all treatments submitted to different radia-
tion doses were equal.  

Microbiological Analyses 

Irradiation in combination with cold storage has the potential 
to extend shelf life by inhibiting the growth of bacteria and 
fungi, thereby reducing spoilage without adversely affecting 
the ripening process of fruits.  

In this study, tomato samples stored under G1 and G2 condi-
tions, both irradiated at different doses (1 and 2 kGy) and non-
irradiated controls, were subjected to microbiological analyses 
at regular intervals. Total aerobic mesophilic bacteria (TAMB) 
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and total yeasts and moulds (TYM) were enumerated in the 
tomato samples using standard plate count methods. 

Although no pretreatment was applied to tomato samples to 
reduce microbial load due to good production practices ap-
plied during greenhouse production, TAMB levels were de-
tected at ≤10 CFU/g in irradiated or control samples at both 
storage temperatures. The effect of storage became apparent 
on the 9th day in G1 samples, a sudden increase in the TYM 
count was observed in the control and 1 kGy irradiated sam-
ples, 1.1x103 and 1.9x103 CFU/g. The intrinsic acidity of to-
matoes, in conjunction with storage temperature and duration, 
was found to favour yeast and mould proliferation. Although 
the main objective of irradiation as an antibacterial method is 
to decrease pathogen populations, it is known that pathogens 
might re-grow in storage after irradiation because of decreased 
interspecies competition (Niemira & Fan, 2006). 

After the 9th day interval, tomatoes in room conditions began 
to shrivel, deteriorate, and dry, and this trial was terminated 
since the samples stored at room conditions lost some proper-
ties suitable for analysis, such as firmness. Because of these 
reasons, counting could not be performed at the G1 condition 
control and irradiated (1 and 2 kGy) samples. Whereas the 
combined application of irradiation and/or G2 condition until 
the end of storage had a suppressive effect on TAMB and 
TYM in tomato samples. TAMB and TYM counts were below 
the detection limit (≤10 Log CFU/g), therefore not detected. 
After 27 days of storage, they continued to be undetected on 
stored fruit samples. Based on the results, it was suggested that 
cold storage + irradiation application increased the storage 
time of the product by 2 times. 

The microbial changes observed in tomatoes during the stor-
age period are thought to be explained by the combined effects 
of storage temperature, the natural microbial flora of the prod-
uct, the physiological status of the fruit, and the direct and in-
direct effects of gamma irradiation on microorganisms. 
Gamma irradiation primarily exerts its effects on microorgan-
isms by inducing DNA damage, particularly through double-
strand breaks and the formation of free radicals, thereby inhib-
iting cellular division and suppressing microbial proliferation 
(Trampuz et al., 2006; Shahi et al., 2021). In addition, cold 
storage conditions significantly slow down the metabolic ac-
tivity and growth rates of microorganisms, thereby suppress-
ing microbial development (Banwart, 1989; Gonzalez & Ar-
anda, 2023). The combined application of cold storage and 
gamma irradiation can therefore reduce the existing microbial 
load and effectively limit microbial proliferation throughout 
the storage period (Bandyopadhyay et al., 2020; Al-Qadiri et 
al., 2021). 

In a study conducted with cherry tomatoes, it was reported that 
an irradiation dose of 3.2 kGy was required to achieve a 2-log 
reduction in the microbial load of tomatoes when samples 
were stored at 4 °C in polystyrene boxes for 14 days (Guer-
reiro et al., 2016). Whereas, in a study (Singh et al., 2016) con-
firming our work, ɣ-radiation doses ranged from 0.5 to 4 kGy 
to determine shelf-life extension of tomatoes. The shelf life of 
unirradiated and irradiated tomatoes was studied under ambi-
ent (25 °C) and refrigerated (4 °C) storage settings to identify 
the optimum dose for controlling rotting. As a result, ɣ-irradi-
ation at 0.75 to 1 kGy significantly reduced rotting and in-
creased tomato shelf life. Moreover, ɣ-irradiation treatment 
significantly reduced microbial load and deterioration of to-
matoes in both ambient and refrigerated environments.  

Yoon et al. (2023) published a study describing the changes in 
microbial load of tomato samples exposed to gamma radiation 
up to 1 kGy during storage at 20 °C for 20 days. Over the stor-
age period, the control group tomatoes showed higher counts 
of yeast and mould and total aerobic bacteria (i.e., 1.40-3.75 
and 1.97-4.06 log CFU g⁻¹, respectively) than irradiated toma-
toes. The number of aerobic bacteria, yeast, and moulds in to-
matoes from the irradiated group, on the other hand, signifi-
cantly and dose-dependently decreased over the course of the 
20-day storage period. At the end of the 20-day storage period, 
the tomatoes in the control group had a decay rate of 71.4%, 
which was higher than that of the tomatoes in the irradiation 
group. In comparison, after 15 days, the irradiated (0.6 kGy) 
group's tomato decay rate was only 14.3%, which is the same 
as the control group's tomato decay rate after 5 days of storage. 
These findings suggested that by preventing microbial devel-
opment, gamma irradiation could prolong the shelf life of to-
matoes for almost ten days after harvest. With regard to other 
machine radiation sources, such as e-beams, Madureira et al. 
(2019) stated that cherry tomato samples exposed to 3.6 kGy 
of e-beam radiation and stored for 14 days showed a signifi-
cant (p<0.05) decrease in bacterial counts (mesophilic bacteria 
and coliforms) in comparison to unirradiated samples. Meso-
philic bacteria and coliforms showed decreases of 4 log 
CFU/g; filamentous fungi were no longer found in the fruit 
samples that had been preserved. All these comparative data 
indicate that irradiation (regardless of the irradiation source) is 
effective in microbial decontamination of tomatoes. That irra-
diation followed by cold storage can extend storage time by 
approximately two-fold or more. Low-dose irradiation of 
fruits produced under controlled conditions for consumption, 
as in this study, is considered an important way to eliminate 
microorganism-related spoilage agents. 
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Conclusion 
This study aimed to investigate the effects of gamma irradia-
tion and storage conditions on the physicochemical and micro-
biological quality attributes of red tomatoes. Within the scope 
of the study, the combined effects of gamma irradiation ap-
plied under two different storage temperatures on red tomatoes 
were evaluated. Samples stored at room temperature were 
classified as Group 1 (G1), while those stored under cold stor-
age conditions were classified as Group 2 (G2). Periodic anal-
yses were conducted simultaneously over a period of 9 days 
for tomatoes stored at room temperature and 27 days for those 
stored under cold storage conditions. According to the results, 
under G1 conditions, the firmness of red tomatoes in the con-
trol group and those irradiated at a dose of 2 kGy were more 
adversely affected compared to samples irradiated at 1 kGy. In 
terms of colour parameters, all groups exhibited similar values 
at the beginning of storage. However, an increase in TYM 
counts was observed at the end of the 9-day storage period in 
the control group and samples irradiated at 1 kGy. In contrast, 
no microbial growth was detected in samples irradiated at 2 
kGy. The total vitamin C content was found to be lower in the 
control group. For tomatoes stored under G2 conditions, 
weight loss was higher in the control group and samples irra-
diated at 2 kGy. Gamma irradiation did not have a significant 
effect on colour parameters at the beginning of storage; how-
ever, changes in these parameters were observed with pro-
longed storage time. Regarding total vitamin C content, irradi-
ated samples initially exhibited lower values than the control 
group; nevertheless, a sharp decrease was observed in the con-
trol group after day 9, while samples irradiated at 1 kGy, in 
particular, showed a more stable trend throughout the storage 
period. Similar to the G1 group, colour parameters were ini-
tially comparable among all groups, but storage time was iden-
tified as a determining factor influencing these parameters. 
Due to the cultivation of the tomatoes under controlled condi-
tions, the initial microbial loads of the samples were found to 
be relatively low. Unlike G1 conditions, no microbial growth 
was observed in any group during the 27-day storage period 
under G2 conditions. Based on these findings, it was concluded 
that the combination of gamma irradiation and cold storage 
may exert a limiting effect on microbial growth in red toma-
toes. In addition, gamma irradiation at a dose of 2 kGy was 
found to effectively restrict microbial growth for up to 9 days 
in tomatoes stored under G1 conditions. Overall, these results 
demonstrate that the combined application of gamma irradia-
tion and cold storage is an effective postharvest approach for 
reducing quality loss and enhancing microbial stability in red 
tomatoes. 

 

Compliance with Ethical Standards 

Conflict of interest: The author(s) declare that they have no actual, 
potential, or perceived conflicts of interest related to this article. 

Ethics committee approval: The authors declare that this study in-
cludes no experiments with human or animal subjects. Ethics com-
mittee approval is not required for this study.  

Data availability: The data that has been used is confidential 

Funding: -  

Acknowledgements: Zati Ünal, Aydın Ozan Çetintaş and Aslıhan 
Göktuğ at the Turkish Energy, Nuclear, and Mineral Research 
Agency are gratefully acknowledged for their valuable support dur-
ing this study. The research was supported by the Turkish Energy, 
Nuclear and Mineral Research Agency (TENMAK) under the 
‘A2.H1.P15 Research on Different Product Groups to Determine the 
Possibilities of Increasing the Variety of Irradiated Products in the 
Gamma Irradiation Facility’ project. 

Disclosure: - 

 
References 
Adam, M.Y., Elbashir, H.A., & Ahmed, A.H.R. (2014). Ef-
fect of gamma radiation on tomato quality during storage and 
processing. Current Research Journal of Biological Sciences, 
6(1), 20–25.  
https://doi.org/10.19026/crjbs.6.5493 
 
Ahuja, S., Kumar, M., Kumar, P., Gupta, V.K., Singhal, 
R.K., Yadav, A., Singh, B. (2014). Metabolic and biochemi-
cal changes caused by gamma irradiation in plants. Journal of 
Radioanalytical and Nuclear Chemistry, 300(1), 199–212.  
https://doi.org/10.1007/s10967-014-2969-5  
 
Al-Dairi, M., Pathare, P.B., & Al-Yahyai, R. (2021). Effect 
of postharvest transport and storage on colour and firmness 
quality of tomato. Horticulturae, 7(7), 163.  
https://doi.org/10.3390/horticulturae7070163  
 
Al-Qadiri, H., Amr, A., Al-Holy, M.A., Shahein, M. (2021). 
Effect of gamma irradiation against microbial spoilage of 
hummus preserved under refrigerated storage. Food Science 
and Technology International, 27(7), 598–607.  
https://doi.org/10.1177/1082013220975891  
 
Anonymous (2008). ISO 21527-1:2008 Microbiology of food 
and animal feeding stuffs - Horizontal method for the enumer-
ation of yeasts and moulds. Part 1: Colony count technique in 
products with water activity greater than 0,95 
https://www.iso.org/standard/38275.html  

https://doi.org/10.19026/crjbs.6.5493
https://doi.org/10.1007/s10967-014-2969-5
https://doi.org/10.3390/horticulturae7070163
https://doi.org/10.1177/1082013220975891
https://www.iso.org/standard/38275.html


 

 

  Food and Health 12(3), 202-223 (2026) • https://doi.org/10.3153/FH26017        Research Article 

217 

(Access date: August 2025). 
 
Anonymous (2013). TS EN ISO 4833. ISO 4833-1:2013 Mi-
crobiology of the food chain - Horizontal method for the enu-
meration of microorganisms - Part 1: Colony count at 30 °C 
by the pour plate technique  
https://www.iso.org/standard/53728.html  
(Access date: August 2025) 
 
Anonymous (2025). FAOSTAT database. 
https://www.fao.org/faostat/en/#rankings/countries_by_com-
modity (Access date: August 2025) 
 
Arias, R., Lee, T.C., Logendra, L., Janes, H. (2000). Corre-
lation of lycopene measured by HPLC with the L*, a*, b* 
color readings of a hydroponic tomato and the relationship of 
maturity with color and lycopene content. Journal of Agricul-
tural and Food Chemistry, 48(5), 1697-1702.  
https://doi.org/10.1021/jf990974e  
 
Arvanitoyannis, I.S., Stratakos, A.C., Tsarouhas, P. 
(2009). Irradiation applications in vegetables and fruits: a re-
view. Critical reviews in food science and nutrition, 49(5), 
427–462.  
https://doi.org/10.1080/10408390802067936 
  
Aylangan, A., Vural, H. (2012). Farklı Işınlama Dozlarının 
Hamburger Köftelerin Bazı Fiziksel, Kimyasal ve Duyusal 
Özellikleri Üzerine Etkileri. Gıda, 37(1). 
 
Ayomide, O.B., Ajayi, O.O., Ajayi, A.A. (2019). Advances 
in the development of a tomato postharvest storage system: 
Towards eradicating postharvest losses. In Journal of Physics: 
Conference Series (Vol. 1378, No. 2, p. 022064). IOP Publish-
ing.  
https://doi.org/10.1088/1742-6596/1378/2/022064 
  
Bandyopadhyay, N.C., More, V., Tripathi, J., Gautam, S. 
(2020). Gamma radiation treatment to ensure microbial safety 
of ready-to-bake (RTB) vegetable toppings/fillers and retain 
their nutritional qualities during cold storage. Radiation Phys-
ics and Chemistry, 176, 108939.  
https://doi.org/10.1016/j.radphyschem.2020.108939  
 
Banwart, G.J. (1989). Control of microorganisms by retard-
ing growth. In Basic food microbiology (pp. 545–650). Bos-
ton, MA: Springer US. ISBN: 9781468464559 
https://doi.org/10.1007/978-1-4684-6453-5_11 
 

Ben-Yehoshua, S., Rodov, V. (2002). Transpiration and wa-
ter stress. In Postharvest physiology and pathology of vegeta-
bles (pp. 143–197). CRC Press. ISBN: 9780429222269 
https://doi.org/10.1201/9780203910092.ch5 
 
Bhowmik, P.K., Dris, R. (2004). Enzymes and quality factors 
of fruits and vegetables. In Production Practices and Quality 
Assessment of Food Crops: Quality Handling and Evaluation 
(pp. 1–25). Dordrecht: Springer Netherlands. 
https://doi.org/10.1007/1-4020-2534-3_1 
 
Brizzolara, S., Manganaris, G.A., Fotopoulos, V., Watkins, 
C.B., Tonutti, P. (2020). Primary metabolism in fresh fruits 
during storage. Frontiers in Plant Science, 11, 80.  
https://doi.org/10.3389/fpls.2020.00080 
  
Cao, X., Islam, M.N., Xu, W., Chen, J., Chitrakar, B., Jia, 
X., Liu, X., Zhong, S. (2020). Energy consumption, colour, 
texture, antioxidants, odours, and taste qualities of litchi fruit 
dried by intermittent ohmic heating. Foods, 9(4), 425.  
https://doi.org/10.3390/foods9040425 
 
Chen, H., Cao, S., Fang, X., Mu, H., Yang, H., Wang, X., 
Gao, H. (2015). Changes in fruit firmness, cell wall composi-
tion and cell wall degrading enzymes in postharvest blueber-
ries during storage. Scientia Horticulturae, 188, 44-48.  
https://doi.org/10.1016/j.scienta.2015.03.018 
  
Choi, H.I., Han, S.M., Jo, Y.D., Hong, M.J., Kim, S. H., & 
Kim, J.B. (2021). Effects of acute and chronic gamma irradi-
ation on the cell biology and physiology of rice plants. Plants, 
10(3), 439.  
https://doi.org/10.3390/plants10030439  
 
Choi, H. G., Park, K. S. (2023). Ripening process of tomato 
fruits postharvest: Impact of environmental conditions on 
quality and chlorophyll a fluorescence characteristic. Horti-
culturae, 9(7), 812.  
https://doi.org/10.3390/horticulturae9070812  
 
Christodoulou, P., Kritsi, E., Ladika, G., Tsafou, P., 
Tsiantas, K., Tsiaka, T., Sinanoglou, V.J. (2025). Estima-
tion of Tomato Quality During Storage by Means of Image 
Analysis, Instrumental Analytical Methods, and Statistical 
Approaches. Applied Sciences, 15(14), 7936.  
https://doi.org/10.3390/app15147936 
 
CODEX (1983). Codex general standard for irradiated foods. 
CODEX STAN 106-1983.  

https://www.iso.org/standard/53728.html
https://www.fao.org/faostat/en/#rankings/countries_by_commodity
https://www.fao.org/faostat/en/#rankings/countries_by_commodity
https://doi.org/10.1021/jf990974e
https://doi.org/10.1080/10408390802067936
https://doi.org/10.1088/1742-6596/1378/2/022064
https://doi.org/10.1016/j.radphyschem.2020.108939
https://doi.org/10.1007/978-1-4684-6453-5_11
https://doi.org/10.1201/9780203910092.ch5
https://doi.org/10.1007/1-4020-2534-3_1
https://doi.org/10.3389/fpls.2020.00080
https://doi.org/10.3390/foods9040425
https://doi.org/10.1016/j.scienta.2015.03.018
https://doi.org/10.3390/plants10030439
https://doi.org/10.3390/horticulturae9070812
https://doi.org/10.3390/app15147936


 

 

  Food and Health 12(3), 202-223 (2026) • https://doi.org/10.3153/FH26017          Research Article 

218 

https://www.fao.org/fao-who-codexalimentarius/sh-
proxy/ar/?lnk=1&url=https%253A%252F%252Fwork-
space.fao.org%252Fsites%252Fcodex%252FStand-
ards%252FCXS%2B106-1983%252FCXS_106e.pdf  
 
Colletti, A.C., Denoya, G.I., Budde, C.O., Gabilondo, J., Pa-
chado, J.A., Vaudagna, S.R., Polenta, G.A. (2022). Induction 
of stress defense response and quality retention in minimally 
processed peaches through the application of gamma irradiation 
treatments. Postharvest Biology and Technology, 194, 112084.  
https://doi.org/10.1016/j.postharvbio.2022.112084  
 
Cox, S.E., Stushnoff, C., & Sampson, D.A. (2003). Relation-
ship of fruit color and light exposure to lycopene content and 
antioxidant properties of tomato. Canadian Journal of Plant Sci-
ence, 83(4), 913–919.  
https://doi.org/10.4141/P03-041  
 
Cui, J., Yang, M., Son, D., Park, S., Cho, S.I. (2018). Estima-
tion of tomato bruising by mechanical impact force using multi-
variate analysis. HortScience, 53(9), 1352–1359.  
https://doi.org/10.21273/HORTSCI13066-18    
 
Çetinkaya, N., Halkman, H.B. (2006). Türkiye'de gıda 
işınlama teknolojisindeki gelişmeler ve yasal düzenlemeler. Tü-
rkiye 9. Gıda Kongresi, 24–26. 
 
Davey, M.W., Montagu, M.V., Inzé, D., Sanmartin, M., 
Kanellis, A., Smirnoff, N., Benzie, I.J.J., Strain, J.J., Fa-
vell, D., and Fletcher, J. (2000). Plant L-ascorbic acid: chem-
istry, function, metabolism, bioavailability and effects of pro-
cessing. Journal of the Science of Food Agriculture, 80, 7, 
825–860.  
https://doi.org/10.1002/(SICI)1097-
0010(20000515)80:7<825::AID-JSFA598>3.0.CO;2-6 
 
Davidek, J., Velisek, J., & Pokorny, J. (1990). Chemical 
changes during food processing. Elsevier, 448 pp. ISBN: 
9780444988454 
 
Deeley, C. (2002). Food irradiation: setting new standards or 
a slippery slope? Vol. 16, No. 2, 52-55 ref. 15, ISSN: 0950-
9623 
 
Dionísio, A. P., Gomes, R.T., Oetterer, M. (2009). Ionizing 
radiation effects on food vitamins: a review. Brazilian Ar-
chives of Biology and Technology, 52, 1267–1278.  
https://doi.org/10.1590/S1516-89132009000500026 
 

Dong, Y., Hu, Q., Mao, M., Zhu, X., Xiang, Y., Li, L. 
(2026). Contradicting effects of ascorbic acid and hydrogen 
peroxide on oxidative stress-induced senescence of strawberry 
fruit and FaAIF gene expression. Postharvest Biology and 
Technology, 231, 113908.  
https://doi.org/10.1016/j.postharvbio.2025.113908  
 
Durmuş, M., Yetgin, Ö., Abed, M.M., Haji, E.K., Akcay, 
K. (2018). Tomato plant, evaluation in terms of nutrient con-
tent and healthy. International Journal of Life Sciences and 
Biotechnology, 1(2), 59–74.  
https://doi.org/10.38001/ijlsb.482443 
 
EFSA (2011).  Panel on Food Contact Materials, Enzymes, 
Flavourings and Processing Aids (CEF). Scientific opinion on 
the chemical safety of irradiation of food. EFSA Journal, 9(4), 
1930. 
https://doi.org/10.2903/j.efsa.2011.1930 
 
European Commission (1999). Directive 1999/3/EC of the 
European Parliament and of the Council of 22 February 1999 
on the establishment of a community list of foods and food 
ingredients treated with ionising radiation OJ L 66, 13.3.1999, 
pp. 24–25. 
 
Fan, X., Sokorai, K.J. (2008). Retention of quality and nutri-
tional value of 13 fresh-cut vegetables treated with low-dose 
radiation. Journal of Food Science, 73(7), S367-S372.  
https://doi.org/10.1111/j.1750-3841.2008.00871.x 
 
Farkas, J., Mohácsi-Farkas, C. (2011). History and future of 
food irradiation. Trends in Food Science & Technology, 22(2-
3), 121-126.  
https://doi.org/10.1016/j.tifs.2010.04.002  
 
Famiani, F., Battistelli, A., Moscatello, S., Cruz-Castillo, 
J.G., & Walker, R.P. (2015). The organic acids that are ac-
cumulated in the flesh of fruits: occurrence, metabolism and 
factors affecting their contents-a review. Revista Chapingo. 
Serie Horticultura, 21(2), 97–128.  
https://doi.org/10.5154/r.rchsh.2015.01.004  
 
FSANZ, Food Standards Australia New Zealand. (2013). 
Supporting document 2, risk and technical assessment report 
– A1069. 
http://www.foodstandards.gov.au/code/applications/docu-
ments/A1069_AppR_SD2%20.pdf 
 

https://www.fao.org/fao-who-codexalimentarius/sh-proxy/ar/?lnk=1&url=https%253A%252F%252Fworkspace.fao.org%252Fsites%252Fcodex%252FStandards%252FCXS%2B106-1983%252FCXS_106e.pdf
https://www.fao.org/fao-who-codexalimentarius/sh-proxy/ar/?lnk=1&url=https%253A%252F%252Fworkspace.fao.org%252Fsites%252Fcodex%252FStandards%252FCXS%2B106-1983%252FCXS_106e.pdf
https://www.fao.org/fao-who-codexalimentarius/sh-proxy/ar/?lnk=1&url=https%253A%252F%252Fworkspace.fao.org%252Fsites%252Fcodex%252FStandards%252FCXS%2B106-1983%252FCXS_106e.pdf
https://www.fao.org/fao-who-codexalimentarius/sh-proxy/ar/?lnk=1&url=https%253A%252F%252Fworkspace.fao.org%252Fsites%252Fcodex%252FStandards%252FCXS%2B106-1983%252FCXS_106e.pdf
https://doi.org/10.1016/j.postharvbio.2022.112084
https://doi.org/10.4141/P03-041
https://doi.org/10.21273/HORTSCI13066-18
https://doi.org/10.1002/(SICI)1097-0010(20000515)80:7%3C825::AID-JSFA598%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-0010(20000515)80:7%3C825::AID-JSFA598%3E3.0.CO;2-6
https://doi.org/10.1590/S1516-89132009000500026
https://doi.org/10.1016/j.postharvbio.2025.113908
https://doi.org/10.38001/ijlsb.482443
https://doi.org/10.2903/j.efsa.2011.1930
https://doi.org/10.1111/j.1750-3841.2008.00871.x
https://doi.org/10.1016/j.tifs.2010.04.002
https://doi.org/10.5154/r.rchsh.2015.01.004
http://www.foodstandards.gov.au/code/applications/documents/A1069_AppR_SD2%20.pdf
http://www.foodstandards.gov.au/code/applications/documents/A1069_AppR_SD2%20.pdf


 

 

  Food and Health 12(3), 202-223 (2026) • https://doi.org/10.3153/FH26017        Research Article 

219 

FSANZ, Food Standards Australia New Zealand. (2014). 
Nutritional impact of phytosanitary irradiation of fruits and 
vegetables.  
https://www.foodstandards.gov.au/sites/default/files/publica-
tions/Documents/Nutritional%20impact%20of%20phytosani-
tary%20irradiation%20of%20fruits%20and%20vegetab-
les/Nutritional%20impact%20of%20phytosanitary%20irradi-
ation%20of%20fruits%20and%20vegetables.pdf  
 
Galindo, F.G., Herppich, W., Gekas, V., Sjöholm, I. (2004). 
Factors affecting quality and postharvest properties of vegeta-
bles: Integration of water relations and metabolism. Critical 
Reviews in Food Science and Nutrition, 44(3), 139–154.  
https://doi.org/10.1080/10408690490424649  
 
Gambo, M.M., Isma’ila, T., Kangiwa, S.M. (2023). Effects 
of gamma irradiation on the shelf Life and physicochemical 
properties of fresh cherry tomatoes. International Journal of 
Multidisciplinary Research and Publications, 6(4), 122–127.  
https://doi.org/10.13140/RG.2.2.10138.25286 
 
Giannakourou, M.C., Taoukis, P.S. (2021). Effect of alter-
native preservation steps and storage on vitamin C stability in 
fruit and vegetable products: Critical review and kinetic mod-
elling approaches. Foods, 10(11), 2630.  
https://doi.org/10.3390/foods10112630  
 
González, J.M., Aranda, B. (2023). Microbial growth under 
limiting conditions-future perspectives. Microorganisms, 
11(7), 1641.  
https://doi.org/10.3390/microorganisms11071641  
 
Graham, W.D., Stevenson, M.H. (1997). Effect of irradia-
tion on vitamin C content of strawberries and potatoes in com-
bination with storage and with further cooking in potatoes. 
Journal of the Science of Food and Agriculture, 75(3), 371–
377.  
https://doi.org/10.1002/(SICI)1097-
0010(199711)75:3<371::AID-JSFA890>3.0.CO;2-P 
 
Guerreiro, D., Madureira, J., Silva, T., Melo, R., Santos, 
P.M., Ferreira, M.J., Trigo, F.A.N., Margaça, F.M.A. & 
Cabo Verde, S. (2016). Post-harvest treatment of cherry to-
matoes by gamma radiation: microbial and physicochemical 
parameters evaluation. Innovative Food Science and Emerg-
ing Technologies, 36, 1–9.  
https://doi.org/10.1016/j.ifset.2016.05.008 
 

Hallman, G.J. (2013). Control of stored product pests by ion-
izing radiation. Journal of Stored Products Research, 52, 36–
41.  
https://doi.org/10.1016/j.jspr.2012.10.001  
Helyes, L., Pe´k, Z., Lugasi, A. (2006). Tomato fruit quality 
and content depend on stage of maturity. HortScience, 41(6), 
1400-1401.  
https://doi.org/10.21273/HORTSCI.41.6.1400 
 
IAEA (2009). Atoms for Food. Web page:  
https://www.iaea.org/newscenter/statements/atoms-food 
(Accessed: 17.01.2026) 
 
IAEA (2023). 70 Years Later, the Legacy of the “Atoms for 
Peace” Speech. Web page:  
https://www.iaea.org/newscenter/news/70-years-later-the-
legacy-of-the-atoms-for-peace-speech#:~:text=Presi-
dent%20Dwight%20D.-,Eisenhow-
er's%20%E2%80%9CAtoms%20for%20Peace%E2%80%9D
%20speech%20to%20the%20United%20Nations%20Gen-
eral,the%20benefit%20of%20all%20mankind.%22  
(Accessed: 17.01.2026) 
 
IAEA (2025). What is Food Irradiation and Why is it Im-
portant? Web page:  
https://www.iaea.org/newscenter/news/what-is-food-irradia-
tion-and-why-is-it-important#:~:text=Bar-
ber%20Huescar%2FIAEA)-,Food%20irradia-
tion%20is%20a%20gentle%2C%20non%2Dinva-
sive%20tech-
nique%20that%20uses,the%20spread%20of%20in-
sect%20pests (Accessed: 17.01.2026) 
 
Indiarto, R., Pratama, A.W., Sari, T.I., Theodora, H.C. 
(2020). Food irradiation technology: A review of the uses and 
their capabilities. International Journal of Engineering Trends 
and Technology, 68(12), 91–98.  
https://doi.org/10.14445/22315381/IJETT-V68I12P216  
 
Ihsanullah, I., Rashid, A. (2017). Current activities in food 
irradiation as a sanitary and phytosanitary treatment in the 
Asia and the Pacific Region and a comparison with advanced 
countries. Food Control, 72, 345–359.  
https://doi.org/10.1016/j.foodcont.2016.03.011  
 
İç, E., Aylangan, A. (2023). Gıda ışınlamanın Türkiye'de 
gelişim sürecindeki önemli adımlar. Manas Journal of Agri-
culture, Veterinary and Life Sciences, 13(2), 196–209.  
https://doi.org/10.53518/mjavl.1371345  
 

https://www.foodstandards.gov.au/sites/default/files/publications/Documents/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables.pdf
https://www.foodstandards.gov.au/sites/default/files/publications/Documents/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables.pdf
https://www.foodstandards.gov.au/sites/default/files/publications/Documents/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables.pdf
https://www.foodstandards.gov.au/sites/default/files/publications/Documents/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables.pdf
https://www.foodstandards.gov.au/sites/default/files/publications/Documents/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables/Nutritional%20impact%20of%20phytosanitary%20irradiation%20of%20fruits%20and%20vegetables.pdf
https://doi.org/10.1080/10408690490424649
https://doi.org/10.13140/RG.2.2.10138.25286
https://doi.org/10.3390/foods10112630
https://doi.org/10.3390/microorganisms11071641
https://doi.org/10.1002/(SICI)1097-0010(199711)75:3%3c371::AID-JSFA890%3e3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-0010(199711)75:3%3c371::AID-JSFA890%3e3.0.CO;2-P
https://doi.org/10.1016/j.ifset.2016.05.008
https://doi.org/10.1016/j.jspr.2012.10.001
https://doi.org/10.21273/HORTSCI.41.6.1400
https://www.iaea.org/newscenter/statements/atoms-food
https://www.iaea.org/newscenter/news/70-years-later-the-legacy-of-the-atoms-for-peace-speech#:%7E:text=President%20Dwight%20D.-,Eisenhower's%20%E2%80%9CAtoms%20for%20Peace%E2%80%9D%20speech%20to%20the%20United%20Nations%20General,the%20benefit%20of%20all%20mankind.%22
https://www.iaea.org/newscenter/news/70-years-later-the-legacy-of-the-atoms-for-peace-speech#:%7E:text=President%20Dwight%20D.-,Eisenhower's%20%E2%80%9CAtoms%20for%20Peace%E2%80%9D%20speech%20to%20the%20United%20Nations%20General,the%20benefit%20of%20all%20mankind.%22
https://www.iaea.org/newscenter/news/70-years-later-the-legacy-of-the-atoms-for-peace-speech#:%7E:text=President%20Dwight%20D.-,Eisenhower's%20%E2%80%9CAtoms%20for%20Peace%E2%80%9D%20speech%20to%20the%20United%20Nations%20General,the%20benefit%20of%20all%20mankind.%22
https://www.iaea.org/newscenter/news/70-years-later-the-legacy-of-the-atoms-for-peace-speech#:%7E:text=President%20Dwight%20D.-,Eisenhower's%20%E2%80%9CAtoms%20for%20Peace%E2%80%9D%20speech%20to%20the%20United%20Nations%20General,the%20benefit%20of%20all%20mankind.%22
https://www.iaea.org/newscenter/news/70-years-later-the-legacy-of-the-atoms-for-peace-speech#:%7E:text=President%20Dwight%20D.-,Eisenhower's%20%E2%80%9CAtoms%20for%20Peace%E2%80%9D%20speech%20to%20the%20United%20Nations%20General,the%20benefit%20of%20all%20mankind.%22
https://www.iaea.org/newscenter/news/70-years-later-the-legacy-of-the-atoms-for-peace-speech#:%7E:text=President%20Dwight%20D.-,Eisenhower's%20%E2%80%9CAtoms%20for%20Peace%E2%80%9D%20speech%20to%20the%20United%20Nations%20General,the%20benefit%20of%20all%20mankind.%22
https://www.iaea.org/newscenter/news/what-is-food-irradiation-and-why-is-it-important#:%7E:text=Barber%20Huescar%2FIAEA)-,Food%20irradiation%20is%20a%20gentle%2C%20non%2Dinvasive%20technique%20that%20uses,the%20spread%20of%20insect%20pests
https://www.iaea.org/newscenter/news/what-is-food-irradiation-and-why-is-it-important#:%7E:text=Barber%20Huescar%2FIAEA)-,Food%20irradiation%20is%20a%20gentle%2C%20non%2Dinvasive%20technique%20that%20uses,the%20spread%20of%20insect%20pests
https://www.iaea.org/newscenter/news/what-is-food-irradiation-and-why-is-it-important#:%7E:text=Barber%20Huescar%2FIAEA)-,Food%20irradiation%20is%20a%20gentle%2C%20non%2Dinvasive%20technique%20that%20uses,the%20spread%20of%20insect%20pests
https://www.iaea.org/newscenter/news/what-is-food-irradiation-and-why-is-it-important#:%7E:text=Barber%20Huescar%2FIAEA)-,Food%20irradiation%20is%20a%20gentle%2C%20non%2Dinvasive%20technique%20that%20uses,the%20spread%20of%20insect%20pests
https://www.iaea.org/newscenter/news/what-is-food-irradiation-and-why-is-it-important#:%7E:text=Barber%20Huescar%2FIAEA)-,Food%20irradiation%20is%20a%20gentle%2C%20non%2Dinvasive%20technique%20that%20uses,the%20spread%20of%20insect%20pests
https://www.iaea.org/newscenter/news/what-is-food-irradiation-and-why-is-it-important#:%7E:text=Barber%20Huescar%2FIAEA)-,Food%20irradiation%20is%20a%20gentle%2C%20non%2Dinvasive%20technique%20that%20uses,the%20spread%20of%20insect%20pests
https://www.iaea.org/newscenter/news/what-is-food-irradiation-and-why-is-it-important#:%7E:text=Barber%20Huescar%2FIAEA)-,Food%20irradiation%20is%20a%20gentle%2C%20non%2Dinvasive%20technique%20that%20uses,the%20spread%20of%20insect%20pests
https://doi.org/10.14445/22315381/IJETT-V68I12P216
https://doi.org/10.1016/j.foodcont.2016.03.011
https://doi.org/10.53518/mjavl.1371345


 

 

  Food and Health 12(3), 202-223 (2026) • https://doi.org/10.3153/FH26017          Research Article 

220 

Jan, S., Parween, T., Siddiqi, T.O., Mahmooduzzafar. 
(2012). Effect of gamma radiation on morphological, bio-
chemical, and physiological aspects of plants and plant prod-
ucts. Environmental Reviews, 20(1), 17–39.  
https://doi.org/10.1139/a11-021  
 
Jeon, M.J.; Ha, J.W. (2020).  Bactericidal and synergistic ef-
fects of X-ray irradiation and gallic acid against foodborne 
pathogens on lettuce. Food Microbiology. 92, 103584.  
https://doi.org/10.1016/j.fm.2020.103584 
 
Jumbe, R., Suleiman, R. (2024). Physico-chemical properties 
of irradiated fresh tomatoes. African Journal of Agricultural 
Research, 20, 4, 297–303.  
https://doi.org/10.5897/AJAR2023.16334 
 
Kapoor, L., Simkin, A.J., George Priya Doss, C., Siva, R. 
(2022). Fruit ripening: dynamics and integrated analysis of ca-
rotenoids and anthocyanins. BMC Plant Biology, 22(1), 27.  
https://doi.org/10.1186/s12870-021-03411-w  
 
Kechagias, E.P., Gayialis, S.P., Panayiotou, N., Papado-
poulos, G.A. (2024). A holistic framework for evaluating food 
loss and waste due to marketing standards across the entire 
food supply chain. Foods, 13, 20, 3273.  
https://doi.org/10.3390/foods13203273 
 
Kovacs, E., Keresztes, A. (2002). Effect of gamma and UV-
B/C radiation on plant cells. Micron, 33(2), 199–210.  
https://doi.org/10.1016/S0968-4328(01)00012-9  
 
Kozukue, N., & Friedman, M. (2003). Tomatine, chloro-
phyll, β‐carotene and lycopene content in tomatoes during 
growth and maturation. Journal of the Science of Food and 
Agriculture, 83(3), 195–200.  
https://doi.org/10.1002/jsfa.1292  
 
Köksel, H., Çelik, S. (2001). Gamma-ışınlaması uygulanmış 
yemeklik baklagillerde kalite değerlendirmesi. Gıda, 26(3). 
 
Krige, J. (2006). Atoms for peace, scientific internationalism, 
and scientific intelligence. Osiris, 21(1), 161–181. 
https://doi.org/10.1086/507140 
 
Kume, T., Furuta, M., Todoriki, S., Uenoyama, N., 
Kobayashi, Y. (2009). Status of food irradiation in the world. 
Radiation Physics and Chemistry, 78(3), 222–226.  
https://doi.org/10.1016/j.radphyschem.2008.09.009  
 

Kurina, A.B., Solovieva, A.E., Khrapalova, I.A., Arte-
myeva, A.M. (2021). Biochemical composition of tomato 
fruits of various colors. Vavilovskii Zhurnal Genet Selektsii, 
25(5), 514–527.  
https://doi.org/10.18699/VJ21.058 
Lacroix, M., Ouattara, B. (2000). Combined industrial pro-
cesses with irradiation to assure innocuity and preservation of 
food products - a review. Food Research International, 33, 
719–724.  
https://doi.org/10.1016/S0963-9969(00)00085–5 
 
Lacroix, M., Marcotte, M., Ramaswamy, H.S. (2003). Irra-
diation of fruits, vegetables, nuts and spices. Handbook of 
postharvest technology, 623–652. 
https://doi.org/10.1201/9780203911310.ch22 
 
Lee, S.K., Kader, A.A. (2000). Preharvest and postharvest 
factors influencing vitamin C content of horticultural crops. 
Postharvest Biology and Technology, 20(3), 207–220.  
https://doi.org/10.1016/S0925-5214(00)00133-2  
 
Lentzou, D., Xanthopoulos, G., Templalexis, C., & Kaltsa, 
A. (2021). The transpiration and respiration as mechanisms of 
water loss in cold storage of figs. Food Research, 5(6), 109–
118.  
https://doi.org/10.26656/fr.2017.5(6).178  
 
Loayza, F.E., Brecht, J.K., Simonne, A.H., Plotto, A., Bald-
win, E.A., Bai, J., Lon-Kan, E. (2021). Colour biogenesis 
data of tomatoes treated with hot-water and high-temperature 
ethylene treatments. Data in Brief, 36, 107123.  
https://doi.org/10.1016/j.dib.2021.107123  
 
Loro, A.C., Botteon, V.W., Spoto, M.H.F. (2018). Quality 
parameters of tomatoes submitted to different doses of gamma 
radiation. Brazilian Journal of Food Technology, 21, 
e2017168.  
https://doi.org/10.1590/1981-6723.16817  
 
Lufu, R., Ambaw, A., Opara, U.L. (2019). The contribution 
of transpiration and respiration processes in the mass loss of 
pomegranate fruit (cv. Wonderful). Postharvest Biology and 
Technology, 157, 110982.  
https://doi.org/10.1016/j.postharvbio.2019.110982  
 
Lufu, R., Ambaw, A., Opara, U.L. (2024). Mechanisms and 
modelling approaches to weight loss in fresh fruit: a review. 
Technology in Horticulture, 4, e006.  
https://doi.org/10.48130/tihort-0024-0003 
 

https://doi.org/10.1139/a11-021
https://doi.org/10.1016/j.fm.2020.103584
https://doi.org/10.5897/AJAR2023.16334
https://doi.org/10.1186/s12870-021-03411-w
https://doi.org/10.3390/foods13203273
https://doi.org/10.1016/S0968-4328(01)00012-9
https://doi.org/10.1002/jsfa.1292
https://doi.org/10.1086/507140
https://doi.org/10.1016/j.radphyschem.2008.09.009
https://doi.org/10.18699/VJ21.058
https://doi.org/10.1016/S0963-9969(00)00085%E2%80%935
https://doi.org/10.1201/9780203911310.ch22
https://doi.org/10.1016/S0925-5214(00)00133-2
https://doi.org/10.26656/fr.2017.5(6).178
https://doi.org/10.1016/j.dib.2021.107123
https://doi.org/10.1590/1981-6723.16817
https://doi.org/10.1016/j.postharvbio.2019.110982
https://doi.org/10.48130/tihort-0024-0003


 

 

  Food and Health 12(3), 202-223 (2026) • https://doi.org/10.3153/FH26017        Research Article 

221 

Lu, Q., Yang, D., Xue, S. (2023). Effects of postharvest 
gamma irradiation on quality maintenance of Cara Cara navel 
orange (Citrus sinensis L. Osbeck) during storage. LWT, 184, 
115017.  
https://doi.org/10.1016/j.lwt.2023.115017  
 
Maataoui, J., Abduljaber, M., Khaddor, M. (2025). Global 
perceptions and acceptance of irradiated food: a comparative 
systematic review. Italian Journal of Food Safety, 14(2), 
12885.  
https://doi.org/10.4081/ijfs.2025.12885  
 
Madureira, J., Severino, A., Cojocaru, M., Garofalide, S., 
Santos, P.M.P., Carolino, M.M., Margaça, F.M.A., Cabo 
Verde, S. (2019). E-beam treatment to guarantee the safety 
and quality of cherry tomatoes. Innovative Food Science and 
Emerging Technologies, 55, 57–65.  
https://doi.org/10.1016/j.ifset.2019.05.013 
 
Mathew, A., Kudachikar, V. B., Ravi, R. (2007). Effect of 
ionizing radiation and modified atmosphere packaging on 
shelf-life and quality of tomato stored at low temperature. 
Journal of Food Science and Technology, 44(6), 633–635.  
 
Maherani, B., Hossain, F., Criado, P., Ben-Fadhel, Y., 
Salmieri, S., Lacroix, M. (2016). World market development 
and consumer acceptance of irradiation technology. Foods, 
5(4), 79.  
https://doi.org/10.3390/foods5040079  
 
Meitha, K., Pramesti, Y., Suhandono, S. (2020). Reactive 
oxygen species and antioxidants in postharvest vegetables and 
fruits. International Journal of Food Science, 2020(1), 
8817778.  
https://doi.org/10.1155/2020/8817778   
 
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.  
https://doi.org/10.1016/j.radphyschem.2018.08.012  
 
Mendes, K.F., Mendes, K.F., Guedes, S.F., Silva, L.C. A.S., 
Arthur, V. (2020). Evaluation of physicochemical character-
istics in cherry tomatoes irradiated with 60Co gamma-rays on 
post-harvest conservation. Radiation Physics and Chemistry, 
177, 109139.  
https://doi.org/10.1016/j.radphyschem.2020.109139 
 
Ministry of Agriculture and Forestry of Türkiye (2019). 
Gıda ışınlama yönetmeliği. 3346.  

https://www.resmigazete.gov.tr/eskiler/2019/10/20191003-
1.htm  
 
Mishra, V. K., Gamage, T. V. (2007). Postharvest physiol-
ogy of fruit and vegetables. In Handbook of food preservation 
(pp. 37–66). CRC Press. ISBN: 9780429191084 
https://doi.org/10.1201/9781420017373-8 
 
Mohácsi-Farkas, C., Farkas, J., Andrassy, E., Polyak-Fe-
her, K., Bruckner, A., Kisko, G., & Agoston, R. (2006). Im-
proving the microbiological safety of some fresh pre-cut and 
prepackaged chilled produce by low-dose gamma irradiation. 
Use of irradiation to ensure the hygienic quality of fresh, pre-
cut fruits and vegetables and other minimally processed food 
of plant origin, TECDOC-1530 (pp. 130–169). IAEA. 
 
Mshelia, R.D.Z., Dibal, N.I., Chiroma, S.M. (2023). Food 
irradiation: An effective but under-utilized technique for food 
preservations. Journal of Food Science and Technology, 
60(10), 2517–2525.  
https://doi.org/10.1007/s13197-022-05564-4  
 
Negi, P.S., Handa, A.K. (2008). Structural deterioration of 
the produce: the breakdown of cell wall components. Posthar-
vest biology and technology of fruits, vegetables, and flowers, 
978, 0–8138. ISBN: 0813806720, 9780813806723 
 
Ng, S., Shao, S., Ling, N. (2022). Food safety risk‐assessment 
systems utilized by China, Australia/New Zealand, Canada, 
and the United States. Journal of Food Science, 87(11), 4780–
4795.  
https://doi.org/10.1111/1750-3841.16334  
 
Niemira, B.A., Fan, X. (2006). Low-dose irradiation of fresh 
and fresh-cut produce: safety, sensory, and shelf life. In C.H. 
Sommers and X. Fan (Eds.), Food irradiation: Research and 
technology (pp.169-184). Blackwell Publishing and the Insti-
tute of Food Technologists.  
https://doi.org/10.1002/9780470277638.ch10 
 
O'bryan, C.A., Crandall, P.G., Ricke, S.C., Olson, D.G. 
(2008). Impact of irradiation on the safety and quality of poul-
try and meat products: a review. Critical Reviews in Food Sci-
ence and Nutrition, 48(5), 442–457.  
https://doi.org/10.1080/10408390701425698  
 
Parvin, N., Kader, M.A., Huque, R., Molla, M.E., Khan, 
M.A. (2018). Extension of shelf-life of tomato using irradiated 
chitosan and its physical and biochemical characteristics. In-
ternational Letters of Natural Sciences, 67, 16–23.  

https://doi.org/10.1016/j.lwt.2023.115017
https://doi.org/10.4081/ijfs.2025.12885
https://doi.org/10.1016/j.ifset.2019.05.013
https://doi.org/10.3390/foods5040079
https://doi.org/10.1155/2020/8817778
https://doi.org/10.1016/j.radphyschem.2018.08.012
https://doi.org/10.1016/j.radphyschem.2020.109139
https://www.resmigazete.gov.tr/eskiler/2019/10/20191003-1.htm
https://www.resmigazete.gov.tr/eskiler/2019/10/20191003-1.htm
https://doi.org/10.1201/9781420017373-8
https://doi.org/10.1007/s13197-022-05564-4
https://doi.org/10.1111/1750-3841.16334
https://doi.org/10.1002/9780470277638.ch10
https://doi.org/10.1080/10408390701425698


 

 

  Food and Health 12(3), 202-223 (2026) • https://doi.org/10.3153/FH26017          Research Article 

222 

https://doi.org/10.56431/p-75f52p 
 
Pillai, S.D., Shayanfar, S. (2017). Electron Beam technology 
and other irradiation technology applications in the food in-
dustry. In: Venturi, M., D’Angelantonio, M. (eds) Applica-
tions of Radiation Chemistry in the Fields of Industry, Bio-
technology and Environment. Topics in Current Chemistry 
Collections. Springer, Cham.  
https://doi.org/10.1007/978-3-319-54145-7_9 
 
Pott, D.M., Vallarino, J.G., Osorio, S. (2020). Metabolite 
changes during postharvest storage: Effects on fruit quality 
traits. Metabolites, 10(5), 187.  
https://doi.org/10.3390/metabo10050187  
 
Punia, S., Dhull, S.B., Kunner, P., Rohilla, S. (2020). Effect 
of γ-radiation on physico-chemical, morphological and ther-
mal characteristics of lotus seed (Nelumbo nucifera) starch. 
International Journal of Biological Macromolecules, 157, 
584-590.  
https://doi.org/10.1016/j.ijbiomac.2020.04.181  
 
Radzevičius, A., Karklelienė, R., Viškelis, P., Bobinas, Č., 
Bobinaitė, R., Sakalauskienė, S. (2009). Tomato (Lycopersi-
con esculentum Mill.) fruit quality and physiological parame-
ters at different ripening stages of Lithuanian cultivars. Agron-
omy Research, 7(2), 712-718. 
 
Reyes, L.F., Cisneros-Zevallos, L. (2007). Electron-beam 
ionizing radiation stress effects on mango fruit (Mangifera in-
dica L.) antioxidant constituents before and during postharvest 
storage. Journal of Agricultural and Food Chemistry, 55(15), 
6132–6139.  
https://doi.org/10.1021/jf0635661  
 
Roe, J.H., & Kuether, C.A. (1943). The determination of 
ascorbic acid in whole blood and urine through the 2, 4-dini-
trophenylhydrazine derivative of dehydroascorbic acid. The 
Journal of Biological Chemistry, 147(2), 399–407.  
https://doi.org/10.1016/S0021-9258(18)72395–8 
 
Roe, J.H., & Oesterling, M.J. (1944). The determination of 
dehydroascorbic acid and ascorbic acid in plant tissues by the 
2, 4-dinitrophenylhydrazine method. The Journal of Biologi-
cal Chemistry, 152(3), 511–517.  
https://doi.org/10.1016/S0021-9258(17)32566–8 
 
Saltveit, M.E. (2005). Fruit ripening and fruit quality. In H. 
Ep (Ed.), Tomatoes (pp. 51–61). CABI Publishing.  
https://doi.org/10.1079/9780851993966.0145 

Saltveit, M.E. (2019). Respiratory metabolism. In Postharvest 
physiology and biochemistry of fruits and vegetables (pp. 73–
91). Woodhead Publishing.  
https://doi.org/10.1016/B978-0-12-813278-4.00004-X 
  
Sahoo, M., Aradwad, P., Panigrahi, C., Kumar, V., Naik, 
S.N. (2023). Irradiation of food. Novel Technologies in Food 
Science, 333–373.  
https://doi.org/10.1002/9781119776376.ch9  
 
Shahi, S., Khorvash, R., Goli, M., Ranjbaran, S.M., 
Najarian, A., Mohammadi Nafchi, A. (2021). Review of 
proposed different irradiation methods to inactivate food‐pro-
cessing viruses and microorganisms. Food Science & Nutri-
tion, 9(10), 5883–5896.  
https://doi.org/10.1002/fsn3.2539   
 
Stewart, E.M. (2001). Food irradiation chemistry. Food irra-
diation: Principles and applications, 37–76. John Wiley & 
Sons. ISBN: 0471356344, 9780471356349.  
 
Şen, F., Uğur, A., Bozokalfa, M.K., Eşiyok, D., Boztok, K. 
(2004). Determination of yield, quality and storage properties 
of some greenhouse tomato cultivars. Ege Üniversitesi Ziraat 
Fakültesi Dergisi, 41(2), 9–17.  
 
Singh, A., Singh, D., Singh, R. (2016). Shelf-life extension of 
tomatoes by gamma radiation. Radiation Science and Technol-
ogy, 2, 2, 17–24.  
https://doi.org/10.11648/j.rst.20160202.12 
 
Tadesse, T.N., Ibrahim, A.M., Abtew, W.G. (2015). Degra-
dation and formation of fruit color in tomato (Solanum lyco-
persicum L.) in response to storage temperature. American 
Journal of Food Technology, 10(4), 147–157.  
https://doi.org/10.3923/ajft.2015.147.157  
 
TAEK (2010). Narenciye grubu meyvelerde karantina amaçlı 
ışınlamanın gıda kalitesi ve hijyeni üzerine etkisinin araştırıl-
ması. Teknik Rapor, Türkiye Atom Enerjisi Kurumu.  
 
Tan, Y., Duan, Y., Chi, Q., Wang, R., Yin, Y., Cui, D., Sun, 
H. (2023). The role of reactive oxygen species in plant re-
sponse to radiation. International Journal of Molecular Sci-
ences, 24(4).  
https://doi.org/10.3390/ijms24043346  
 

https://doi.org/10.56431/p-75f52p
https://doi.org/10.1007/978-3-319-54145-7_9
https://doi.org/10.3390/metabo10050187
https://doi.org/10.1016/j.ijbiomac.2020.04.181
https://doi.org/10.1021/jf0635661
https://doi.org/10.1016/S0021-9258(18)72395%E2%80%938
https://doi.org/10.1016/S0021-9258(17)32566%E2%80%938
https://doi.org/10.1079/9780851993966.0145
https://doi.org/10.1016/B978-0-12-813278-4.00004-X
https://doi.org/10.1002/9781119776376.ch9
https://doi.org/10.1002/fsn3.2539
https://doi.org/10.11648/j.rst.20160202.12
https://doi.org/10.3923/ajft.2015.147.157
https://doi.org/10.3390/ijms24043346


 

 

  Food and Health 12(3), 202-223 (2026) • https://doi.org/10.3153/FH26017        Research Article 

223 

Tinjaca, M.A. (2007). Effect of electron beam irradiation on 
quality and shelf-life of Tommy Atkins mango (Mangifera in-
dica L.) and blueberry (Vaccinium corymbosum L.) (Master's 
dissertation, Texas A&M University). 
 
Trampuz, A., Piper, K.E., Steckelberg, J.M., Patel, R. 
(2006). Effect of gamma irradiation on viability and DNA of 
Staphylococcus epidermidis and Escherichia coli. Journal of 
Medical Microbiology, 55(9), 1271–1275.  
https://doi.org/10.1099/jmm.0.46488-0  
 
Tyl, C., Sadler, G.D. (2017). pH and Titratable Acidity. In: 
Nielsen, S.S. (eds) Food Analysis. Food Science Text Series. 
Springer, Cham.  
https://doi.org/10.1007/978-3-319-45776-5_22 
 
Umeohia, U.E., & Olapade, A.A. (2024). Quality attributes, 
physiology, and Postharvest Technologies of Tomatoes (Lyco-
persicum esculentum)–A review. American Journal of Food 
Science and Technology, 12(2), 42–64.  
https://doi.org/10.12691/ajfst-12-2-1  
 
USDA (2024). Irradiation and Food Safety.  
https://www.fsis.usda.gov/food-safety/safe-food-handling-
and-preparation/food-safety-basics/irradiation-and-food-
safety-
faq#:~:text=In%201963%2C%20the%20Food%20and,in%20
meat%20and%20poultry%20plants (Accessed: 16.01.2026) 
 
Uzun, N., Şen, F., Karaçalı, İ. (2005). Güneşte kurutulan do-
matesin değişik koşullarda saklanmasının kalite üzerine etki-
leri. Journal of Agriculture Faculty of Ege University, 41(3), 
67-75. 
 
Vursavuş, K., Kesilmiş, Z., Küçükönder, H. (2015). Firm-
ness classification of tomato by mechanical nondestructive 

impact technique. Journal of Agricultural Sciences, 21, 2, 
236–245.  
https://doi.org/10.15832/tbd.38698 
 
Walker, R.P., Famiani, F. (2018). Organic acids in fruits: 
Metabolism, functions and contents. Horticultural Reviews, 
45, 371–430.  
https://doi.org/10.1002/9781119431077.ch8  
 
Wang, C., Gao, Y., Tao, Y., Wu, X., Cui, Z. (2017). γ-Irra-
diation treatment decreased degradation of cell-wall polysac-
charides in blueberry fruit during cold storage. Postharvest Bi-
ology and Technology, 131, 31–38.   
https://doi.org/10.1016/j.postharvbio.2017.04.012  
 
WHO (1981). Wholesomeness of irradiated food. (World 
Health Organization Technical Report Series, No. 659) Joint 
FAO/IAEA/WHO Expert Committee, Geneva.  
https://iris.who.int/handle/10665/41508 
 
WHO (1988). Food irradiation: a technique for preserving and 
improving the safety of food.  
https://iris.who.int/server/api/core/bitstreams/7fa981c3-884b-
459f-a195-088d625bcc56/content  
 
Yang, J., Pan, M., Han, R., Yang, X., Liu, X., Yuan, S., 
Wang, S. (2024). Food irradiation: An emerging processing 
technology to improve the quality and safety of foods. Food 
Reviews International, 40(8), 2321–2343.  
https://doi.org/10.1080/87559129.2023.2272961  
 
Yoon, K.N., Yoon, Y.S., Hong, H.J., Park, J.H., Song, B.S., 
Eun, J.B., & Kim, J.K. (2023). Gamma irradiation delays to-
mato (Solanum lycopersicum) ripening by inducing transcrip-
tional changes. Journal of the Science of Food Agriculture, 
103, 13, 6640–6653.  
https://doi.org/10.1002/jsfa.12760 

https://doi.org/10.1099/jmm.0.46488-0
https://doi.org/10.1007/978-3-319-45776-5_22
https://doi.org/10.12691/ajfst-12-2-1
https://www.fsis.usda.gov/food-safety/safe-food-handling-and-preparation/food-safety-basics/irradiation-and-food-safety-faq#:%7E:text=In%201963%2C%20the%20Food%20and,in%20meat%20and%20poultry%20plants
https://www.fsis.usda.gov/food-safety/safe-food-handling-and-preparation/food-safety-basics/irradiation-and-food-safety-faq#:%7E:text=In%201963%2C%20the%20Food%20and,in%20meat%20and%20poultry%20plants
https://www.fsis.usda.gov/food-safety/safe-food-handling-and-preparation/food-safety-basics/irradiation-and-food-safety-faq#:%7E:text=In%201963%2C%20the%20Food%20and,in%20meat%20and%20poultry%20plants
https://www.fsis.usda.gov/food-safety/safe-food-handling-and-preparation/food-safety-basics/irradiation-and-food-safety-faq#:%7E:text=In%201963%2C%20the%20Food%20and,in%20meat%20and%20poultry%20plants
https://www.fsis.usda.gov/food-safety/safe-food-handling-and-preparation/food-safety-basics/irradiation-and-food-safety-faq#:%7E:text=In%201963%2C%20the%20Food%20and,in%20meat%20and%20poultry%20plants
https://doi.org/10.15832/tbd.38698
https://doi.org/10.1002/9781119431077.ch8
https://doi.org/10.1016/j.postharvbio.2017.04.012
https://iris.who.int/handle/10665/41508
https://iris.who.int/server/api/core/bitstreams/7fa981c3-884b-459f-a195-088d625bcc56/content
https://iris.who.int/server/api/core/bitstreams/7fa981c3-884b-459f-a195-088d625bcc56/content
https://doi.org/10.1080/87559129.2023.2272961
https://doi.org/10.1002/jsfa.12760

	Effect of gamma irradiation combined with cold storage treatment to increase the storage stability of tomatoes
	Introduction
	Materials and Methods
	Material
	Methods
	Irradiation process
	Physical methods
	Fruit firmness
	Weight loss
	Color

	Chemical methods
	Total vitamin C (TVC) content
	Total titration acidity (TTA)
	pH

	Microbiological methods
	Determination of Total Aerobic Mesophilic Bacteria (TAMB)
	Total yeast and mould (TYM) count

	Statistical analysis


	Results and Discussion
	Physical Analysis
	Firmness
	Weight loss
	Color

	Chemical Analyses
	Total vitamin C (TVC)
	pH

	Microbiological Analyses

	Conclusion
	References


