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HIGHLIGHTS  
 Gamma irradiation at 1 kGy significantly reduced mold and yeast in brown rice.  

 The shelf-life of irradiated brown rice was extended up to eight months under ambient conditions.  

 Neither the type of packaging material nor the age of the paddy significantly influenced the reduction of fungal load. 

 Irradiation at 0.58 kGy achieves a 1-log reduction in Aspergillus niger contamination.  

Article type 
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 ABSTRACT 

Background: Brown rice offers superior nutritional value compared to polished white 

rice but is less favored in rice-consuming countries due to its limited shelf-life. This study 

evaluates the efficacy of gamma irradiation in reducing fungal contamination in brown 

rice and extending its shelf-life, considering factors such as paddy age, rice variety, and 

packaging type. 

Methods: The efficacy of gamma irradiation (0-1 kGy) in reducing fungal contamination 

in brown rice was evaluated. RC-160 and SL-7 rice varieties (240 kg per variety) were 

harvested from Central Luzon (Region III) during the dry season (March–April 2023). 

One kg of two and eight-week-old paddy grains were packed in either Super Bag™, an 

International Rice Research Institute developed hermetic packaging, or conventional 

Polyethylene bags. Mold and Yeast Counts were quantified using 3M Petrifilm™ 

following Association of Official Agricultural Chemists official methods. Fifty g of each 

sample were homogenized in Butterfield’s phosphate buffer, serially diluted, plated, and 

incubated at 25±1 °C for 3-5 days. Statistical analyses were performed using one-way 

ANOVA and Tukey’s HSD post-hoc test with Statistical Tool for Agricultural Research 

(STAR) software, version 2.0.1 (IRRI).  

Results: Gamma irradiation at one kGy significantly (p<0.05) reduced Mold and Yeast 

Counts, with effects sustained for up to eight months. Paddy age and packaging type had 

no significant influence on fungal load. A dose of 0.58 kGy achieved a 1-log (90%) 

reduction in Aspergillus niger, while 3 kGy achieved complete inactivation, extending 

shelf-life up to six months. Cost analysis showed irradiation, logistics, and added storage 

fees increased retail price per kg by 0.14, 0.04, and US$0.02, respectively.  

Conclusions: Gamma irradiation effectively controls fungal contamination and extends 

brown rice shelf-life, potentially enhancing consumer confidence and promoting wider 

adoption of brown rice.  

© 2025, Shahid Sadoughi University of Medical Sciences. This is an open access 

article under the Creative Commons Attribution 4.0 International License. 
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Introduction 

   Brown rice, a whole-grain alternative to polished white 

rice, has gained attention for its superior nutritional and 

functional properties, including higher levels of dietary 

fiber, essential fatty acids, vitamins, and bioactive 

compounds (Saleh et al., 2019). Despite these benefits, its 

consumption remains limited in rice-dependent countries 

like the Philippines, largely due to its poor storage stability, 

susceptibility to fungal contamination, and relatively short 

shelf-life (Borba et al., 2020). These limitations are 

particularly problematic in tropical climates where high 

humidity and temperature accelerate spoilage and 

microbial proliferation. 

Fungal contamination is a major cause of postharvest loss 

in rice. Out of 24 identified rice grain diseases, 18 are 

fungal in origin, and postharvest losses in tropical regions 

can reach up to 50% (FAO, 2004; Kushiro, 2015). In 

addition to reducing grain quality and quantity, certain 

fungi, especially Aspergillus spp., produce mycotoxins 

such as aflatoxin B1, which pose serious food safety risks. 

These toxins are known for their hepatotoxic, carcinogenic, 

and immunosuppressive effects and have been found in 

rice at levels that sometimes exceed international safety 

limits (Eslami et al., 2015; Reddy et al., 2009). For 

example, local studies in the Philippines have reported a 

95% incidence of aflatoxin B1 in brown and polished rice 

at a mean level of 1.53 µg/kg (Ali, 2019; Balendres et al., 

2019; Sales and Yoshizawa, 2005). 

Conventional approaches such as sun drying and hermetic 

storage have been used to minimize fungal growth, but 

these methods are often insufficient under challenging 

environmental conditions (Cinar and Onbaşı, 2020; Parfitt 

et al., 2010). As a result, food irradiation has been 

proposed as a supplementary postharvest intervention. 

Gamma irradiation offers a non-thermal, chemical-free 

technology for microbial decontamination and shelf-life 

extension (Mahajan et al., 2014; Sharma, 2004). Prior 

studies have demonstrated the effectiveness of gamma 

irradiation at doses of 1-10 kGy in reducing microbial 

loads in various food products, including rice, without 

significantly compromising sensory or nutritional quality 

(De Guzman et al., 1998; Lee and Kim, 2018; Nemtanu et 

al., 2005). However, most existing studies focus on 

polished rice or artificially inoculated samples, with 

limited attention to brown rice under practical storage 

conditions. Additionally, there is a lack of integrated 

research examining how factors such as rice variety, paddy 

age prior to milling, and packaging type influence the 

effectiveness of gamma irradiation in fungal control and 

shelf-life extension. 

To address these gaps, this study investigates the effects of 

low-dose gamma irradiation (0-1 kGy) on the fungal load 

and shelf-life stability of brown rice. Specifically, it aims to 

(1) evaluate how radiation dose, rice variety, paddy age, 

and packaging material interact to influence fungal 

contamination, (2) determine the radiation dose required 

for Aspergillus niger inactivation, and (3) assess the cost 

implications of adopting irradiation as a postharvest 

treatment. Through this work, we aim to support the safe 

commercialization of brown rice by establishing a 

scientifically validated protocol for fungal control using 

gamma irradiation. 

 

Materials and methods  

Experimental design and phases 

   Experiments were performed in two phases to assess the 

effectiveness of ionizing radiation on enhancing shelf-life 

of brown rice by inhibiting fungal contamination. Phase I 

included an assessment of the microflora of brown rice and 

determination of radiation sensitivity of A. niger through 

an inoculation experiment. Phase II focused on a storage 

study of brown rice with a local warehouse and cost-

benefit analysis.  

Rice variety, sample collection, and packaging  

   To enhance the generalizability of findings across 

different genotypes, three rice varieties (RC-160, SL-7, and 

SL-218) were utilized in this study. SL-218 was used for 

fungal challenge and radio sensitivity testing to accurately 

determine the D10-value, while RC-160 and SL-7 were 

employed to assess storage stability under natural 

microbial conditions. Given that these were distinct 

experiments, the choice of rice genotype was dictated by 

variety availability. However, since the primary objective 

was to evaluate the radio sensitivity of A. niger in a 

controlled laboratory environment, the specific rice variety 

did not pose a major constraint. All the rice varieties were 

chosen due to their low amylose content, a trait commonly 

associated with desirable cooking and eating qualities, 

particularly a softer, more cohesive texture upon cooking 

(Glover et al., 2020; PhilRice, 2018). RC-160, also known 

as NSIC Rc 160, is a widely adopted cultivar developed by 

the Philippine Rice Research Institute (PhilRice), Science 

City of Muñoz, Nueva Ecija. It ranks among the top four 

preferred varieties in irrigated lowland systems, suitable 

for both dry and wet seasons. This variety exhibits an 

intermediate resistance profile against major rice pests and 

diseases, including rice blast, bacterial leaf blight, green 

leafhoppers, and stem borers (Glover et al., 2020). On the 

one end, SL-7 and SL-218 are classified as "super-hybrid" 

varieties developed by a private company. These hybrids 

are known for their high yield potential, superior grain 

quality, and broad-spectrum resistance to diseases and 

insect pests (Glover et al., 2020). 
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Procurement of the rice samples was carried out through 

institutional collaborations. RC-160 was obtained from the 

International Rice Research Institute (IRRI), while SL-7 

and SL-218 were acquired through the Philippine Center 

for Postharvest Development and Mechanization 

(PhilMech) from a government-certified local rice trader 

based in Nueva Ecija. 

For the storage stability component of the study, freshly 

harvested paddies (May and July 2015) were aged for 

either two or eight weeks prior to dehulling. Dehulling was 

performed using the PhilMech Compact Rice Huller 

(PhilMech, Philippines) to obtain brown rice. The dehulled 

grains were then packed at one kg per bag in two types of 

packaging materials: regular Polyethylene (PE) bags and 

hermetic Super Bags™ (SB). The SB, developed by IRRI 

and commercially produced by GrainPro, Inc. (Subic, 

Pampanga, Philippines), is specifically designed to 

minimize oxygen permeability and moisture ingress, 

thereby extending the shelf-life of stored grains (Kumar et 

al., 2020).  

Preparation of A. niger suspension  

   A pure culture of A. niger ATCC 9029 was obtained from 

the culture collection of the Philippine National Collection 

of Microorganism (PNCM), BIOTECH, University of the 

Philippines-Los Baños, Laguna. A. niger was grown in 

Saboraud’s Dextrose Agar (SDA) medium (MH063, Hi-

Media Lab Pvt. Ltd., USA) supplemented with 50 µg/L 

chloramphenicol (CO378-25G, Sigma Aldrich Co., USA) 

incubated at 30 
o
C for 5-7 days. The fungal inoculum was 

prepared by flooding the subculture plates with 0.05% 

Triton X-100 (X100-100ML, Sigma Aldrich Co., USA) 

and shaking with sterile glass beads to harvest spores. 

Spore concentration was estimated initially by adjusting 

the turbidity using sterile water and comparing the final 

inoculum with the McFarland standard to ensure a 

consistent and standardized bacterial inoculum density 

across all experiments. The actual concentration was later 

confirmed using a hemocytometer (Ingram and Bell Ltd., 

Germany). The suspension was adjusted as needed to 

achieve approximately 10⁸ Colony Forming Units 

(CFU)/ml, which served as the final inoculum for the 

succeeding experiments.  

Fungal inoculation study 

   To evaluate the efficacy of gamma irradiation in 

eradicating fungal contamination in brown rice, challenge 

tests were conducted. Preceding A. niger inoculation, SL-

218 grains underwent irradiation at 5 kGy, constituting a 

pre-sterilization dose. For each 25 g pack of pre-sterilized 

brown rice samples, two ml of freshly prepared A. niger 

was aseptically introduced, followed by manual mixing for 

1-3 min to ensure uniform inoculation. Subsequently, the 

inoculated samples underwent a seven-day incubation 

period at 25 °C, followed by irradiation at varying 

absorbed doses (0.5, 1, 2, and 3 kGy). Enumeration of 

surviving A. niger was conducted using a rapid assay kit 

(Petrifilm
TM

, 3M Microbiology, USA) in accordance with 

Association of Official Agricultural Chemist official 

method 997.02 (AOAC, 2002). Results were expressed as 

log CFU/g of the sample.  

Irradiation treatment   

   A total of 480 brown rice packs were prepared for the 

experiment, consisting of 240 packs stored each in PE and 

SB bags, with each pack containing one kg of brown rice. 

For irradiation, 10 individual packs were grouped together 

in ordinary plastic sacks, yielding 48 sacks in total. The 

sacks were distributed equally according to packaging 

type, radiation dose, and paddy age (two-week-old and 

eight-week-old samples). Each pair of sacks was placed in 

a metallic tote box (50×70×90 cm) for irradiation. 

Chemical dosimeters (B3 radiochromic film, GEX 

Corporation, USA) were placed at predetermined positions 

within the tote boxes to monitor and verify the minimum 

and maximum absorbed doses during the treatment 

process. 

Irradiation was conducted using a Cobalt-60 source 

(activity=82.3 kCi) at the Multipurpose Irradiation Facility 

of the Philippine Nuclear Research Institute (PNRI), 

located in Diliman, Quezon City, Philippines. The samples 

were exposed to two radiation dose levels: 0.5 and 1 kGy. 

Dose selection was informed by prior studies, particularly 

that of Silos et al. (2024), which demonstrated a significant 

reduction in rancidity across RC-160, SL-7, and SL-218 

brown rice varieties at 1 kGy. This dose was shown to 

effectively mitigate oxidative deterioration during storage, 

thereby complementing microbial decontamination efforts. 

Non-irradiated samples were included as controls to enable 

comparative analysis. 

   Immediately after irradiation, all treated and control 

samples were transported under ambient conditions to the 

PhilMech storage facility at the Science City of Muñoz, 

Nueva Ecija. The storage room was maintained at a 

controlled temperature of 26±1 °C and relative humidity of 

70-75%. Environmental parameters were recorded daily 

throughout the storage period. 

Microbiological assessment 

   To determine the fungal load, 50 g of each brown rice 

sample was aseptically transferred into a sterile 

Stomacher
®
 blender bag with a filter (Interscience for 

Microbiology, France) containing 450 ml of sterile 

Butterfield’s phosphate buffer. The mixture was 

homogenized for 60 s using a paddle blender to ensure 

thorough suspension of surface microorganisms. 
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Serial decimal dilutions were subsequently prepared up to 

1/10
5
 by transferring 1 ml aliquots of the homogenate into 

sterile test tubes containing 9 ml of phosphate buffer, 

vortexed briefly to ensure uniform mixing. From each 

dilution, 1 ml was inoculated onto Mold and Yeast Count 

(MYC) Petrifilm™ rapid assay plates (3M Microbiology, 

USA), following the manufacturer’s protocol and the 

AOAC official method 997.02 (AOAC, 2002). The 

inoculated plates were incubated at 25 °C for three to five 

days. 

   Post-incubation, colonies were enumerated and expressed 

as CFU/g of sample. The fungal count for each treatment 

group was computed in accordance with the 

Bacteriological Analytical Manual (Tournas et al., 2001). 

All analyses were performed in triplicate. Data were 

reported in logarithmic (log₁₀ CFU/g) form to facilitate 

statistical interpretation. All the chemical reagents used in 

this study were analytical grade. 

Post-harvest cost sensitivity analysis  

   A cost assessment was conducted to evaluate the 

economic implications of post-harvest treatments in brown 

rice, specifically focusing on storage duration, irradiation 

capacity, and postharvest losses. A One-at-A-Time (OAT) 

variation method was employed to systematically analyze 

the following cost components: (1) storage cost, (2) 

irradiation cost, (3) transportation cost, and (4) overall cost 

incorporating estimated postharvest losses with and 

without irradiation. Estimated unit cost based on exchange 

rate of US$1: PhP 56.27.  

-Storage cost  

   Storage costs were calculated based on prevailing 50% 

warehouse utilization rates in Nueva Ecija, Philippines 

(Asia Rice Foundation, 2018; NFA, 2024). For control 

(non-irradiated) samples, a storage period of three months 

was adopted, aligning with spoilage thresholds established 

in previous work by Palomo et al. (2020). An extended 

storage period of eight months was also considered for 

irradiated samples, based on the observed stability and 

shelf-life improvements demonstrated in the current study. 

-Irradiation cost 

   Irradiation cost was estimated with consideration of 

batch throughput, cobalt-60 source activity, and dose 

distribution parameters, based on the dose mapping 

outcomes from the present work. Cost modeling was 

conducted for two activity levels: 82.3 kCi (recorded in 

January 2015) and the current maximum of 155.3 kCi (as 

of January 2024), corresponding to the operational levels at 

the Multipurpose Irradiation Facility of the PNRI, Quezon 

City. 

   Irradiation logistics were modeled for a maximum of 42 

tote boxes per day, with each tote box (70×50×90 cm) 

containing two sacks of ten one-kg brown rice packs. Each 

pack had approximate dimensions of 63×42×4.5 cm and a 

calculated density of 856.64 kg/m³. For conservative 

estimates, a lower throughput scenario of 36 tote boxes 

was also considered, consistent with previously validated 

operational thresholds. The Dose Uniformity Ratio (DUR) 

was assumed to fall within the range of 1.3-1.5, based on 

validated facility performance data for rice flour irradiation 

at comparable densities (~840 kg/m³). The institutionally 

approved irradiation cost at the Multipurpose Irradiation 

Facility is US$ 177.71 per run with a total of 14 tote boxes 

per run. 

-Transportation cost 

   Transportation expenses were computed based on a 

round-trip transfer of brown rice batches between a 

designated local warehouse in the Science City of Muñoz, 

Nueva Ecija, and the PNRI irradiation facility in Quezon 

City, Metro Manila. Costs included vehicle fuel, labor, and 

handling fees for each batch cycle. The transportation cost 

was calculated using the prevailing local price of 

transporting rice to and from Nueva Ecija to Metro Manila, 

Philippines (US$ 0.89 per 50 kg, one-way trip). 

-Postharvest losses 

   Postharvest losses were estimated by applying 

established fungal contamination rates, assuming spoilage 

due to Aspergillus spp. and other storage molds as the 

primary cause of quality degradation. The baseline fungal 

spoilage rate of 2.673% was adopted from the study by 

Castro (2003). Incremental costs associated with these 

losses were calculated following the economic impact 

model developed by Wongnaa et al. (2023), enabling a 

comparative assessment of total postharvest costs under 

irradiated versus non-irradiated storage conditions. The 

cost due to postharvest loss was calculated based on the 

calculated financial value of brown rice loss during storage 

following the prevailing local market price of brown rice at 

US$ 1.33 per kg. 

Statistical analysis  

   To ensure normal distribution of the data for the 

statistical analysis, the raw data underwent transformation, 

either square root or tangent functions. Utilizing the IRRI 

Statistical Tool for Agricultural Research (STAR) version 

2.0.1 (IRRI, 2014), significant differences among treatment 

groups across various factors were assessed through two-

way ANOVA with Tukey's HSD Post Hoc Test (α=0.05). 

The radiation dose necessary for a 90% inactivation of A. 

niger (D10-value) was determined by plotting logarithms of 

the average log CFU against the corresponding radiation 

dose.  
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Results and discussion 

   Gamma irradiation significantly reduced fungal 

contamination in brown rice in a dose-dependent manner, 

supporting its potential as a postharvest intervention. The 

treatment effectively inactivated A. niger and maintained 

microbial quality within regulatory limits during storage. 

While rice variety, paddy age, and storage time influenced 

fungal load, packaging type had no significant effect. Cost 

analysis revealed that while irradiation and transport 

introduce additional expenses, these are offset by the 

reduced economic burden of postharvest losses. The 

following sections discuss these findings in greater detail, 

contextualizing them with existing literature and 

highlighting the implications for long-term storage and 

commercialization of irradiated brown rice. 

Natural microflora of brown rice 

   The immediate post-treatment effect of gamma 

irradiation on the MYC of SL-218 brown rice was 

quantitatively assessed (Figure 1). The baseline MYC of 

untreated samples was 3.70±0.06 log CFU/g, which was 

significantly reduced to 1.00±0.01 log CFU/g following 

exposure to 3 kGy. A clear dose-dependent decline in 

fungal load was observed across the tested irradiation 

levels, with a pronounced reduction occurring at 1 kGy. At 

this dose, the MYC remained below the regulatory 

threshold established by the Philippine Food and Drug 

Administration (2022) for microbial safety in food 

products. Furthermore, samples treated with 2 and 3 kGy 

exhibited undetectable levels of fungal contamination, 

indicating complete suppression of viable molds and yeasts 

within the detection limits of the assay. 
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Figure 1: Comparison of Yeast and Mold Count (YMC) in gamma-

irradiated brown rice across different radiation dose. Treatments 

sharing a letter showed no significant difference (p>0.05). 

CFU=Colony Forming Units 

 

Radiation sensitivity of A. niger during storage 

   The inactivation kinetics of A. niger in brown rice were 

evaluated to determine the efficacy of gamma irradiation as 

a fungal control measure. A key parameter in microbial 

radio sensitivity studies, the D10-value, defined as the 

radiation dose required to achieve a one log (90%) 

reduction in viable microbial population, was 

experimentally determined to be 0.58 kGy. This value is 

indicative of moderate radio resistance and aligns with 

previous reports on filamentous fungal spores subjected to 

ionizing radiation (Cortésão et al., 2020; Koch et al., 

2023). 

Irradiation exhibited a dose-dependent inactivation effect 

on A. niger, with a high correlation between radiation dose 

and log reduction (R²=0.9116) (Figure 2). A dose of 1.74 

kGy achieved a 3 log (99.9%) reduction, effectively 

rendering the fungal spores non-viable immediately post-

treatment. This suggests that doses at or above this 

threshold may be adequate for initial decontamination of 

brown rice. 
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Figure 2: Survival curve of inoculated Aspergillus niger on SL-218 

brown rice grains, illustrating the D10-value and the linear regression 

equation 

 

   Storage trials were conducted to evaluate the long-term 

antifungal efficacy of gamma irradiation in brown rice. As 

shown in Figure 3, non-irradiated control samples 

exhibited significant fungal proliferation after one month 

of storage under ambient conditions. In contrast, irradiated 

samples demonstrated dose-dependent fungal suppression 

over time. While initial fungal inhibition was observed 

across all irradiated groups, regrowth of A. niger became 

evident in samples treated with 0.5, 1, and 2 kGy after 

three and six months of storage, suggesting that these 

sublethal doses may not sustain long-term antifungal 

protection. Notably, samples irradiated at 3 kGy 

consistently exhibited undetectable levels of A. niger 

throughout the six-month storage period, highlighting the 

efficacy of this dose in achieving both immediate fungal 

inactivation and prolonged microbial stability.  
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Figure 3: Photographs of SL-218 grains in petri plates after inoculation of Aspergillus niger. Shown are results after zero, one, three, and six months 

of storage 

 

   Interestingly, the fungal load in non-irradiated control 

samples at six months appeared lower than that at one and 

three months, while the fungal growth in 2 kGy-treated 

samples exceeded that of the control at the same time 

point. This counterintuitive trend may be partially 

explained by changes in spore viability and colonization 

behavior over time. It aligns with recent findings that spore 

density significantly influences A. niger germination, 

wherein excessively high spore loads can inhibit 

germination due to quorum-sensing-like mechanisms or 

competitive interactions (Ijadpanahsaravi et al., 2024). 

Given that ionizing radiation may alter spore viability and 

density distribution during storage, such interactions could 

affect the dynamics of fungal resurgence at sublethal doses. 

These results collectively support the conclusion that a 

minimum dose of 3 kGy is necessary to ensure effective 

and sustained suppression of fungal contaminants in brown 

rice under ambient storage conditions. 

   The observed variability in fungal resistance during 

storage may be attributed to protective structural and 

biochemical features of A. niger spores. Fungal spores 

possess multilayered cell walls composed of 

polysaccharides, such as chitin and glucans, and are 

enveloped by an outer hydrophobic layer rich in rodlet-

forming proteins (hydrophobins) and protective pigments 

like melanin. These structures confer resilience by 

shielding intracellular components, particularly DNA, from 

radiation-induced damage and oxidative stress mediated by 

reactive oxygen species (Cortésão et al., 2020; Koch et al., 

2023). Such features may partially account for the limited 

efficacy of lower radiation doses over extended storage 

durations.  

Rice variety, packaging, and paddy age effects  

   Fungal colonization in grains is influenced not only by 

spore survival but also by successful adherence, 

germination, and proliferation under conducive 

environmental conditions. These include temperature, 

water activity, light availability, nutrient content, and, 

notably, spore density (Ijadpanahsaravi et al., 2024). 

Importantly, the substrate characteristics and their 

interaction with environmental variables must be evaluated 

to simulate real-world storage conditions. Recognizing that 

grain quality is affected by environmental factors during 

cultivation, postharvest handling, and processing, we 

examined the role of paddy age defined as the time elapsed 

between harvest and dehulling on fungal susceptibility in 

brown rice (IRRI, 2024). 

   Effect of rice variety. Two brown rice varieties (RC-160 

and SL-7) were assessed to evaluate varietal differences in 

susceptibility to fungal contamination. Statistical analysis 

revealed a highly significant difference in mean MYC 

between the two varieties (p<0.001), with SL-7 

consistently exhibiting lower fungal loads compared to 

RC-160 (Table 1). This variation may be attributed to 

intrinsic varietal characteristics, as well as differences in 

environmental conditions during cultivation, post-harvest 

handling, and storage practices. At an irradiation dose of 
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one kGy, MYC levels in both varieties remained within 

acceptable regulatory limits (≤2 log CFU/g) for up to eight 

months under ambient storage conditions, as defined by the 

Philippine Food and Drug Administration (2022). 

Moreover, increasing the irradiation dose beyond one kGy 

resulted in a statistically significant reduction in fungal 

load in both varieties (p<0.001), indicating a dose-

dependent antifungal effect of gamma irradiation. 

 

Table 1: Effect of packaging material on Molds and Yeast Count (YMC) (log Colony Forming Units (CFU)/g) during long-term storage of RC-160 

and SL-7 varieties* 

 
Storage Time (months) 

0 2 4 6 8 

R
C

-1
6
0
 

Packaging 

Material 
PE SB PE SB PE SB PE SB PE SB 

Dose 

(kGy) 
         

Control 3.23±0.11 
Aa

 3.22±0.13 
Aa

 3.26±0.27 
Aa

 3.22±0.22 
Aa

 2.90± 0.06 
Aa

 2.87±0.08 
Aa

 2.65±0.15 
Aa

 2.59±0.14 
Aa

 2.29±0.10 
Aa

 2.23±0.16 
Aa

 

0.5 3.09±0.07 
Ab

 3.10±0.07 
Ab

 3.02±0.15
Ab

 2.97±0.08 
Ab

 2.79±0.08 
Ab

 2.76±0.11 
Ab

 2.49±0.21 
Aa

 2.48±0.22 
Aa

 2.11±0.07 
Bb

 2.29±0.13 
Aa

 

1.0 2.91±0.03
 Ac

 2.93±0.02 
Ac

 2.91±0.11 
Ab

 2.92±0.10 
Ab

 2.69±0.10 
Ac

 2.67±0.12 
Ac

 2.43±0.26 
Aa

 2.45±0.24 
Aa

 2.23±0.19 
Aa

 2.00±0.00 
Bb

 

SL-7 

Control 2.78±0.09 
Aa

 2.67±0.09 
Ba

 2.98±0.26 
Aa

 2.89±0.17 
Aa

 2.80±0.04 
Aa

 2.76±0.05 
Aa

 2.61±0.10 
Aa 

2.67±0.09 
Aa 

2.43±0.09 
Aa

 2.24±0.25 
Aa

 

0.5 2.71±0.10 
Aa

 2.63±0.11 
Ba

 2.69±0.11 
Ab

 2.72±0.04 
Ab

 2.76±0.07 
Aa

 2.72±0.03 
Aa

 2.63±0.11 
Aa

 2.60±0.05 
Aa

 2.27±0.13 
Aa

 2.22±0.25 
Aa

 

1.0 2.67±0.14 
Aa

 2.55±0.14 
Ba

 2.68±0.09 
Ab

 2.77±0.08 
Ab

 2.67±0.07 
Ab

 2.63±0.11 
Ab

 2.57±0.06 
Aa

 2.61±0.08 
Aa

 2.19±0.21 
Aa

 2.25±0.27 
Aa

 

* Data shows the long-term storage effects of packaging material (IRRI Super Bag™ (SB) vs. standard Polyethylene (PE) bags on MYC in two rice 

varieties (RC-160 and SL-7). A two-way ANOVA with Tukey's HSD post hoc analysis was performed for each storage time and variety. Data are 
presented as Mean±SD (n=6). Different superscripts (column-wise uppercase, row-wise lowercase) indicate significant differences (p<0.05). 

 

   Effect of packaging type. Previous studies have shown 

that the type of packaging material can significantly 

influence the physicochemical stability and 

microbiological quality of stored grains (Ramezanzadeh et 

al., 2000). These effects are often attributed to chemical 

reactions associated with lipid oxidation and rancidity, 

which are influenced by the internal microenvironment, 

particularly oxygen and moisture levels, within the 

packaging. In this context, a comparative microbiological 

assessment was conducted on brown rice packaged in 

conventional PE and hermetic SB bags. The influence of 

packaging type on MYC was evaluated in both irradiated 

and non-irradiated samples of SL-218 and RC-160 

varieties across multiple storage intervals (Table 1). 

   While gamma irradiation led to a statistically significant 

reduction in MYC in a dose-dependent manner 

(p<0.0001), no significant difference was observed 

between PE bags and SB (p=0.445). At an irradiation dose 

of one kGy, MYC levels were reduced to within acceptable 

regulatory limits immediately post-treatment and remained 

consistently low throughout the storage period, irrespective 

of packaging material. This finding suggests that the 

antifungal efficacy of gamma irradiation at this dose may 

override any supplementary protective benefits offered by 

SB packaging in terms of fungal control. 

These results are consistent with prior findings by 

Boonchoo et al. (2005) and Shobha et al. (2024), which 

demonstrated that irradiation at one kGy was sufficient to 

inhibit fungal proliferation across various grain types, 

regardless of packaging type. Although SB packaging is 

known to limit gas exchange and maintain grain moisture 

content more effectively than conventional materials (Sorn 

et al., 2017), its impact on MYC reduction appears 

minimal under the conditions tested. It was also noted by 

Sorn et al. (2017) that there is an increased susceptibility to 

fungal contamination in rice stored in SB with an initial 

moisture content of 16%, compared to samples with 14%. 

In the present study, the moisture content of both brown 

rice varieties remained below 14%, suggesting that 

differences in MYC cannot be attributed to superior 

hermeticity of SB over PE bags.  

   Effect of paddy age. The influence of paddy age on MYC 

was evaluated over an eight-month storage period (Table 

2). Statistically significant differences were observed 

between two- and 8-week-old paddies, with the former 

consistently exhibiting higher MYC (p=0.03). This trend 

persisted across all radiation doses and storage durations, 

becoming more pronounced at higher doses and longer 

storage periods. Notably, immediately after irradiation, the 

two-week-old RC-160 paddy had higher MYC than its 

eight-week counterpart (p<0.0001), despite both paddy 

samples exhibiting moisture contents below the 14% safe 

storage threshold (p=0.0472) (BAFPS, 2014). 
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Table 2: Effect of paddy age on Molds and Yeast Count (MYC) (log Colony Forming Units (CFU)/g) during long-term storage of brown rice * 

  Storage Months 

0 2 4 6 8 

Paddy Age 2W 8W 2W 8W 2W 8W 2W 8W 2W 8W 

R
C

-1
6

0
 Dose (kGy)           

Control 3.32±0.07 
Aa

 3.13±0.07 
Ba

 3.46±0.07 
Aa

 3.01±0.04 
Ba

 2.94±0.03 
Aa

 2.82±0.04 
Ba

 2.75±0.06 
Aa

 2.50±0.05 
Ba

 2.21±0.14 
Aa

 2.32±0.12 
Aa

 

0.5 3.14±0.05 
Ab

 3.05±0.04 
Bb

 3.09±0.07 
Ab

 2.90±0.05 
Bb

 2.84±0.08 
Ab

 2.71±0.06 
Bb

 2.67±0.06 
Ab

 2.30±0.04 
Bb

 2.26±0.16 
Ab

 2.15±0.09 
Ab

 

1.0 2.90±0.03
 Ac

 2.93±0.01 
Ac

 3.01±0.02 
Ac

 2.82±0.04 
Bc

 2.77±0.05 
Ac

 2.60±0.07 
Bc

 2.66±0.04 
Ab

 2.22±0.08 
Bc

 2.20±0.22 
Ac

 2.03±0.05 
Ac 

S
L

-7
 Control 2.73±0.03 

Aa 
2.73±0.15 

Aa 
3.13±0.12 

Aa 
2.75±0.01 

Ba 
2.79±0.04 

Aa
 2.77±0.06 

Aa
 2.72±0.03 

Aa 
2.56±0.06 

Ba 
2.20±0.21 

Ba 
2.47±0.06 

Aa 

0.5 2.66±0.12 
Aa 

2.68±0.11 
Aa 

2.67±0.10 
Ab 

2.75±0.03 
Aa 

2.76±0.06 
Ab

 2.72±0.03 
Aa

 2.69±0.05 
Ab 

2.54±0.03 
Bb 

2.08±0.10 
Bb 

2.41±0.08 
Ab

 

1.0 2.49±0.08 
Bb 

2.73±0.09 
Aa 

2.67±0.08 
Bb 

2.78±0.07 
Aa 

2.73±0.05 
Ab

 2.58±0.05 
Bb

 2.64±0.04 
Ab 

2.54±0.04 
Bb 

2.00±0.00 
Bb 

2.44±0.07 
Ab 

* Data shows the long-term storage effects of paddy age on MYC in two rice varieties: RC-160 and SL-7. A two-way ANOVA with Tukey's HSD 
post-hoc analysis was performed. Data are presented as Mean±SD (n=6 observations per dose at each storage period). Means with different 

superscripts (uppercase for column-wise, lowercase for row-wise) are significantly different (p<0.05) at a 95% confidence level.  

 

   Interestingly, higher MYC in the two-week-old paddy 

was observed despite expectations that the eight-week-old 

paddy, with slightly higher moisture, would exhibit 

increased fungal susceptibility. Moreover, the divergence in 

MYC between paddy ages was negligible in non-irradiated 

and 0.5 kGy-irradiated samples, suggesting that the initial 

microbial load plays a more significant role at lower 

radiation doses. Irradiation at higher doses (≥1 kGy) 

effectively mitigated these age-related differences by 

reducing viable spore counts. 

   Storage of rice paddies is a customary practice among 

countries where the crop is a staple food and where 

seasonal harvest may limit its supply during the off-season 

(Saikrishna et al., 2018; Zhou et al., 2002). However, 

during storage, the natural process of rice aging ensues, 

mainly due to changes that occur in its chemical 

composition, such as starch, protein, and lipid contents, 

which then influence its physical properties, like water 

absorption, volume expansion in cooking, hardness, and 

adhesiveness (Zhou et al., 2015). Most notable among 

these was the increased water absorption required to cook 

aged rice, which peaks at two to four months after harvest 

and then declines to baseline values afterward (Chrastil, 

1990; Faruq et al., 2015; Peng et al., 2019; Swamy et al., 

1978). This behavior is attributed to the strengthening of 

the crystalline structure of amylose during storage resulting 

from the action of debranching enzymes that make it 

densely packed and harder for water to infiltrate. 

Contributing to an increase in water impenetrability are the 

oxidation of proteins into disulfide bonds and lipids into 

free fatty acids during storage, which can form a strong 

network around starch (Peng et al., 2019; Saikrishna et al., 

2018). Considering that fungi thrive on warmth, moisture, 

and an acidic environment and that the storage temperature 

was controlled for both types of paddies, it may be inferred 

that moisture or pH differences could have promoted 

fungal growth on two-week-old paddies. Eight-week-old 

paddies, being more water-impermeable due to the 

structural and chemical changes of aging, may be a less 

suitable substrate for molds compared with the two-week-

old paddy. 

Cost-benefit analysis of gamma irradiation for brown rice 

storage stability 

   Table 4 summarizes the estimated incremental costs (in 

USD) associated with irradiation, storage, and 

transportation of brown rice samples. The additional 

expenditures incurred per kilogram were US$ 0.02 for 

storage, at least US$ 0.14 for irradiation, and US$ 0.04 for 

transportation, relative to the prevailing market price of 

brown rice in the Philippines. These figures correspond to a 

1.50, 10.53, and 3.01% increase, respectively. In 

comparison, the estimated cost of mitigating postharvest 

losses through conventional means amounted to US$ 0.40 

per kilogram, reflecting a substantial 30.08% increase in 

total cost. 

   From an economic standpoint, while irradiation 

contributes to marginal increases in storage and 

transportation costs primarily due to extended shelf-life 

and logistical handling the overall financial impact is offset 

by the marked reduction in postharvest losses. 

Interestingly, based on the economic model used in this 

study, although initial investments in irradiation 

infrastructure and operations may appear significant, 

irradiation resulted in a 30% reduction in economic losses 

associated with spoilage and fungal contamination during 

storage of brown rice. Thus, the long-term cost savings due 

to reduced product loss substantiate the economic viability 

of food irradiation as a postharvest intervention strategy if 

scaled at a national level. 

 

  

 [
 D

O
I:

 1
0.

18
50

2/
jf

qh
c.

12
.2

.1
88

63
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 jf
qh

c.
ss

u.
ac

.ir
 o

n 
20

26
-0

6-
29

 ]
 

                             8 / 12

http://dx.doi.org/10.18502/jfqhc.12.2.18863
https://jfqhc.ssu.ac.ir/article-1-1240-en.html


Journal of Food Quality and Hazards Control 12 (2025) 127-138 

135 Journal website: http://jfqhc.ssu.ac.ir CC BY 4.0 
 

Table 3: Impact of irradiation, storage, and maturity on brown rice moisture content* 

Variety Paddy age Dose (kGy) Packaging material Moisture content (%) 

SL-7 

2 weeks 

Control 
SB 10.11±0.42 ab 

PE 10.13±0.4 ab 

0.5 kGy 
SB 10.02±0.35 ab 

PE 10.15±0.39 ab 

1.0 kGy 
SB 9.82±0.3 ab 

PE 9.92±0.27 ab 

8 weeks 

Control 
SB 10.24±1.03 ab 

PE 10.22±1.18 b 

0.5 kGy 
SB 10.18±0.93 ab 

PE 10.09±0.9 ab 

1.0 kGy 
SB 10.04±1.11 ab 

PE 10.02±0.93 ab 

RC-160 

2 weeks 

Control 
SB 9.29±0.55 ab 

PE 9.37±0.49 ab 

0.5 kGy 
SB 9.28±0.33 ab 

PE 9.4±0.39 ab 

1.0 kGy 
SB 9.19±0.47 a 

PE 9.34±0.4 ab 

8 weeks 

Control 
SB 9.86±0.76 ab 

PE 9.91±0.64 ab 

0.5 kGy 
SB 9.71±0.82 ab 

PE 9.76±0.75 ab 

1.0 kGy 
SB 9.68±0.65 ab 

PE 9.58±0.76 ab 

* Moisture content of brown rice (SL-7 and RC160 varieties) is presented for samples 
sourced from two-week-old and eight-week-old paddy based on the storage studies 

described in the Materials and Methods. Samples were either irradiated or non-irradiated 

and stored in IRRI Super Bag™ (SB) or standard Polyethylene (PE) bags. An ANOVA at 
α=0.05 assessed the effects of paddy age and packaging. Row-wise superscripts at each 

paddy age indicate a significant difference at the 95% confidence level. 
 

Table 4: A cost-sensitivity analysis of gamma irradiation of brown rice 

  Additional cost (US$ per kg) 

Storage cost  
Non-irradiated Irradiated at 1 kGy 

+0.00 +0.02 (1.50%a) 

Irradiation cost  
Non-irradiated 2015 Source activity 2024 Source activity 

+0.00 +0.63 (47.37%a) +0.14 (10.53%a) 

Transportation cost  
Non-irradiated Irradiated at 1 kGy 

+0.00 +0.04 (3.01%a) 

Cost due to postharvest loss  
Non-irradiated Irradiated at 1 kGy 

+0.00 -0.40 (30.08%a) 

 

Beyond fungal control: perspectives on other benefits of 

brown rice irradiation 

   In food irradiation, a critical consideration alongside 

microbial safety is the impact on nutritional, antioxidant, 

and sensory properties of the treated product. Previous 

research by Gragasin et al. (2022) demonstrated that the 

nutritional profile of irradiated RC-160 brown rice 

remained stable even after eight months of storage, 

suggesting minimal degradation of key nutrients post-

irradiation. Moreover, sensory evaluation revealed no 

significant differences in taste, odor, and texture between 

irradiated and non-irradiated samples, affirming that the 

overall acceptability of brown rice is not adversely affected 

by the irradiation process. 

   Beyond preservation, irradiation has also been shown to 

enhance certain functional qualities (Rita et al., 2024). A 

recent study by Silos et al. (2024) reported that gamma 

irradiation at 5 kGy significantly increased the total 

phenolic content of SL-218 brown rice, thereby boosting 

its antioxidant capacity. These findings underscore the dual 

potential of irradiation to not only ensure microbiological 

safety but also improve the nutritional and functional value 

of food commodities. 

   The efficacy of low-dose gamma irradiation in reducing 

fungal load in other cereals has been well established. For 

example, Aziz et al. (2006) demonstrated similar outcomes 

in various grains at 4 kGy. In rice and wheat, doses ranging 

from 3 to 5 kGy have been shown to inactivate key fungal 

genera such as Alternaria, Aspergillus, and Fusarium 

during extended storage periods of 6 to 12 months (Maity 

et al., 2009; Wang and Yu, 2010). Furthermore, Aziz et al. 

(2004) confirmed that gamma irradiation at 5 kGy 

effectively suppressed mold growth and mycotoxin 

production in maize, chickpeas, and groundnut seeds. 

In addition to gamma irradiation, electron beam irradiation 
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has emerged as an alternative modality with comparable 

efficacy. For instance, Sarrı́as et al. (2003) demonstrated 

that electron beam irradiation at 7.5 kGy using a 10-MeV 

circular accelerator successfully inactivated coliforms, 

Escherichia coli, Bacillus cereus, sulfite-reducing 

clostridia, and various fungi in both husked and unhusked 

rice. Similarly, electron beam treatment at 7.5 kGy has 

been reported to extend the shelf-life and improve the 

quality of brown and milled rice during long-term storage 

(Luo et al., 2019). Complementary results were obtained 

by Prakhongsil et al. (2025), who observed that exposure to 

1 kGy from a 10-MeV electron beam significantly 

enhanced the functional properties of Thai Hom Mali 

germinated brown rice, increasing γ-aminobutyric acid 

content from 3.76 to 6.44 mg/100 g (dry weight), a 1.7-fold 

increase, while extending shelf stability. 

 

Conclusion 

   This study confirms that gamma irradiation is an 

effective postharvest intervention for reducing fungal 

contamination and prolonging the shelf-life of brown rice 

under practical storage conditions. While the study 

successfully demonstrated the dose-dependent inactivation 

of A. niger and overall microbial reduction, a key 

limitation was the lack of direct measurement of 

mycotoxin levels, which are critical indicators of food 

safety. Future studies should investigate the efficacy of 

both gamma and electron beam irradiation in mitigating 

mycotoxin production across different fungal species and 

storage environments. Practically, the application of 

irradiation despite modest increases in processing costs 

offers a cost-effective strategy for reducing postharvest 

losses, improving food safety, and enhancing marketability 

of brown rice. These findings are particularly relevant for 

local farmers, food processors, and regulatory authorities 

seeking to implement scalable, science-based approaches 

to grain preservation and food security. 
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