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SUMMARY 

 

Maize (Zea mays L.) production constraints increase from soil salinity, which interrupts plant growth 

through physiological and anatomical instability. Therefore, to develop stress-resilient cultivars, 

effective approaches are essential to generate adaptive variations in genetic material through 

mutation breeding using gamma irradiation. The concerned study aimed to evaluate the early 

anatomical and physiological responses of maize to gamma irradiation under non-stress conditions 

and identify the traits associated with salinity stress adaptation. Maize seeds received irradiation with 

Cobalt-60 (⁶⁰Co) gamma rays at doses of 0, 100, 200, and 300 Gy as they grew under field conditions 

with standard agronomic practices. The results showed gamma radiation induced dose-dependent 

anatomical and physiological responses in maize. A dose of 100 Gy tended to maintain the integrity of 

the anatomical structure and chlorophyll content. Meanwhile, a dose of 200–300 Gy caused 

considerable variations in the anatomical structure, particularly stomata size and tissue thickness, as 

well as a considerable decrease in chlorophyll b and total chlorophyll content in maize. 
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Key findings: Gamma irradiation induced synchronized anatomical and physiological variations in 

maize, with an apparent dose-dependent response. The early responses highlighted the potential of 

anatomical and physiological traits as reliable indicators for selecting stress-adaptive genotypes 

through mutation breeding. 
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INTRODUCTION 

 

Maize is one of the most important cereal crops 

globally after wheat and rice, serving as a 

staple food and animal feed and providing raw 

materials for various industries (Tanumihardjo 

et al., 2020). Global maize production reached 

approximately 1.22 gigatons in 2024 (FAO, 

2024). The highest productivity potential and 

wide adaptability proved maize as a key donor 

to food security (Albahri et al., 2023). 

However, larger demand driven by population 

growth and industrial utilization requires 

incessant improvement in both yield and stress 

resilience. Therefore, enhancing maize 

performance under suboptimal environmental 

conditions has become a major focus in crop 

improvement programs (Tiah et al., 2026). 

Maize production faces serious 

limitations when exposed to elevated soil 

salinity levels, particularly in arid and semi-arid 

regions where salt accumulation is increasingly 

widespread in the soil. According to the Food 

and Agriculture Organization (FAO, 2021), the 

global area of salt-affected soils covers 424 

million hectares of topsoil and 833 million 

hectares of subsoil. Salinity stress disrupts 

plant growth through osmotic imbalance, ion 

toxicity, and oxidative stress conditions, which 

collectively impair water uptake, nutrient 

absorption, and metabolic activities (Pandit et 

al., 2024). These disturbances have often 

shown an association with reductions in 

chlorophyll content and photosynthetic 

efficiency, as well as structural modifications in 

leaf tissues, including considerable variations in 

stomata and mesophyll characteristics 

(Mohamed et al., 2020). Such physiological 

and anatomical responses reflect the 

complexity of plant adaptation to salinity stress 

at multiple levels, requiring strategies to 

generate adaptive variations (Wu et al., 2026).  

Mutation breeding through gamma 

irradiation has had wide usage to generate the 

genetic variability for crop improvement 

(Ntsomboh-Ntsefong et al., 2023). This high-

energy ionizing radiation induces the heritable 

variations at the DNA level, resulting in 

modifications in plant morphology, physiology, 

and anatomical structure, depending on the 

irradiation dose (Caplin and Willey, 2018). 

Reports often stated low doses stimulate 

growth and physiological activity, whereas 

higher doses tend to induce inhibitory effects 

due to cellular and DNA damage (Calabrese, 

2014). In maize, irradiation doses ranging from 

0 to 400 Gy have been effective to induce 

genetic variability (Afram et al., 2024). 

Gamma rays have shown an effective 

use to develop plant materials with improved 

adaptability, proving them as a valuable tool in 

breeding programs aimed at enhancing stress 

tolerance (Katiyar et al., 2022). Gamma 

irradiation affects both the physiological and 

anatomical traits in maize (Yadav et al., 2019) 

and winged bean (Samiyarsih et al., 2020). 

Chlorophyll content and photosynthetic activity 

appeared to be particularly sensitive to 

irradiation, where low doses may stimulate 

metabolic processes, while higher gamma-ray 

doses often lead to chlorophyll degradation due 

to damage to chloroplast structures. Structural 

variations have also been in reports that 

include modifications in stomata size and 

density (Nilahayati et al., 2024). 

Gamma irradiation can be useful for 

modifying anatomical and physiological traits 

to develop desirable plant cultivars (Rosmala et 

al., 2016). However, recent studies have 

focused on the effects of gamma irradiation in 

stress conditions (Atghaei et al., 2023), 

whereas the early anatomical and physiological 

responses under non-stress environments 

remain less characterized. This baseline was 

evidently important for understanding 

irradiation-induced genetic variations and their 

potential relevance to abiotic stress adaptation. 

Therefore, the presented study aimed to 

evaluate the early anatomical and physiological 

responses of maize to gamma irradiation under 

non-stress conditions, providing a basis for 

identifying traits associated with salinity stress 

adaptation and supporting future selection 

strategies in breeding programs. 

 

 

MATERIALS AND METHODS 

 

Experimental site and procedure 

 

This study commenced at the experimental 

plot of the Technical Implementation Units of 
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the Primary Crop Seeds, Deli Serdang District, 

North Sumatra, Medan, Indonesia, from 

September to November 2025. Anatomical and 

physiological analyses proceeded at the 

Biotechnology Laboratory, Faculty of 

Agriculture, Universitas Sumatera Utara, 

Medan, Indonesia. Maize cultivar Bisi-18 seeds 

(100 g per treatment) sustained irradiation 

with gamma rays from ⁶⁰Co using a Gamma 

Cell 220 irradiator at PAIR BATAN at doses of 

100, 200, and 300 Gy. Determining the 

treatment doses was according to the 

previously obtained LD₅₀ value of 379.164 Gy 

(Lestami et al., 2026). 

The completion of soil preparation 

transpired two weeks before planting. A total 

of 30 M1 seeds per dose entailed planting in 

rows at a distance of 70 cm × 20 cm, with one 

seed per planting hole. The plants received a 

basal fertilizer application of 300 kg/ha urea 

and a top-dressing (during the generative 

phase) of 100 kg/ha TSP and 100 kg/ha KCl. 

Plant maintenance continued manually and 

chemically according to the condition of the 

plants in the field.  

 

Traits measurement 

 

The recording of observations included the 

anatomical traits (cuticle thickness, upper 

epidermis, lower epidermis, mesophyll, the 

number of stomata, stomata length, stomata 

width, and stomata density) and physiological 

traits (chlorophyll a, chlorophyll b, and total 

chlorophyll). Anatomical and physiological 

observations on maize plants were at the 

vegetative stage (42 days after planting), with 

three plant samples randomly selected from 

each irradiation dose. 

 

Leaf anatomy analysis 

 

The study conducted leaf anatomical 

observations using the paraffin section method 

(Sass, 1951). The fixing of samples engaged 

FAA, formaldehyde: ethanol: acetic acid: 

aquades (5:50:10:35). The samples incurred 

dehydration through a graded ethanol series, 

embedded in paraffin, and sectioned using a 

rotary microtome. The sections’ staining with 

safranin preceded their mounting on glass 

slides for microscopic observation. The 

measurement of anatomical traits included 

cuticle thickness, upper epidermis, lower 

epidermis, and mesophyll, using a light 

microscope equipped with an ocular 

micrometer. 

 

Stomata analysis 

 

Stomata preparations ensued using the 

stomata printing method (Đlçđm et al., 2010), 

wherein coating the abaxial (underside) 

surface of the leaf took place with a thin layer 

of clear nail polish containing acetone until dry 

and then covering with clear tape over the 

coated area. Afterward, carefully peeling the 

tape off ensured that the abaxial epidermal 

slice remained adhered to the tape. The tape 

containing the abaxial leaf slices entailed 

affixing to a glass slide. The stomata 

preparation, once secured to the slide, 

underwent examination under a microscope 

until a clear view of the stomata was visible for 

easy analysis. Stomata observations performed 

used a light microscope (ZEISS) at 40× 

magnification with a field of view diameter of 

2.8 units and an area of 0.5 mm². 

 

Chlorophyll analysis 

 

Maize leaves collected reached a weight of 1 g 

before grinding using a mortar. The ground 

material entailed extracting and dissolving in 

10 mL of 96% ethanol with constant stirring. 

Next, filtering the extract through filter paper 

proceeded with the filtrate transferred to 

separate 2.5-mL cuvettes. The 

absorbance/optical density of each extract in 

the cuvettes incurred measurements at 

wavelengths of 649 and 665 nm using a 

spectrophotometer (LAMBDA 365 UV/Vis). The 

process continued with three repetitions for 

each sample. These chlorophyll calculations 

proceeded by following the procedure of 

Wintermans and De-Mots (1965). 

 

Chlorophyll a = (13.7 × A665) – (5.76 × 

A649), 

 

Chlorophyll b = (25.8 × A649) – (7.60 × 

A665), and 
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Total chlorophyll = Chlorophyll a + Chlorophyll 

b. 

 

Statistical analysis 

 

All the data gained analysis by calculating the 

treatment means for various quantitative 

traits. A t-test performed sought to compare 

the control treatment (0 Gy) with each gamma 

irradiation dose (100, 200, and 300 Gy) 

separately for all measured traits. 

 

 

RESULTS AND DISCUSSION  

 

Anatomical response 

 

Microscopic examination of transverse leaf 

sections of maize revealed considerable 

variations in anatomical traits, including cuticle 

thickness, epidermal layers, mesophyll, and 

stomata traits across the different gamma 

irradiation doses (Table 1). Although most 

anatomical traits did not show significant 

differences compared with the control, the 

observable trends enunciated that gamma 

irradiation induced the slight structural 

modifications. 

Leaf anatomical traits showed little 

variation among the irradiation treatments. 

The thickness of the cuticle, upper epidermis, 

lower epidermis, and mesophyll tended to 

increase at irradiation doses of 100–200 Gy, 

followed by a decrease at 300 Gy. According to 

Rosmala et al. (2016), radiation-induced 

variations in the leaf anatomy appeared to 

show an association with plant morphological 

adaptation to external turbulences. However, 

the observed increase at low irradiation doses 

may reflect a mild adaptive response with 

enhanced protective and structural functions of 

leaf tissue (Erofeeva, 2024). Conversely, the 

decrease at higher irradiation doses suggests 

possible cellular degradation due to membrane 

damage, thereby inhibiting tissue development 

in the leaf structure (Choi et al., 2021).  

Increased cuticle and epidermis 

thickness serve as additional barriers against 

water loss and salt penetration, proving 

relevant in the context of adaptation to salinity 

stress conditions (Liu et al., 2022). The cuticle 

plays a crucial role in minimizing non-stomata 

water loss and protecting leaf tissues from 

external stressors (Zhao et al., 2025). 

Increased cuticle development improves water 

retention and surface protection and has an 

indicative association with greater tolerance to 

abiotic stress (Khan et al., 2026). The 

anatomical structure of the leaves maintains 

the characteristic pattern of maize plants, with 

a single epidermal layer on the upper and 

lower surfaces, densely packed mesophyll 

tissue, and clearly visible stomatal guard cells. 

However, the different irradiation doses were 

evident with noticeable variations in tissue 

thickness and density in maize (Figure 1). 

The upper and lower epidermis at the 

gamma ray dose of 0 Gy (control) were thin 

and uniform, with solid cell arrangements and 

thick mesophyll tissues. This structure reflects 

the normal physiological condition of maize 

plants without exposure to radiation. However, 

at a dose of 100 Gy, the thicknesses of the 

upper and lower epidermis increased slightly, 

and the mesophyll tissue appeared more 

developed, with a denser cell arrangement.

Table 1. Effect of gamma irradiation (0, 100, 200, and 300 Gy) on leaf anatomical traits of maize.  

Traits 
Irradiation Dose 

0 Gy 100 Gy 200 Gy 300 Gy 

Cuticle thickness (μm)  2.10±0.53 2.28±0.42 2.57±0.43 2.01±0.71 

Upper epidermis (μm) 4.94±0.58 5.65±1.16 5.44±1.34 4.35±0.74 

Lower epidermis (μm) 4.38±0.84 5.07±1.51 5.22±1.17 4.58±2.04 

Mesophyll (μm) 30.74±5.78 31.17±4.55 33.92±11.82 30.57±5.69 

Number of stomata (stomata) 7.33±0.58 6.44±0.77 6.33±0.88 7.00±0 

Stomata length (μm) 45.06±43.65 43.07±2.38 42.67±3.06 36.19±2.75* 

Stomata width (μm) 25.91±3.21 28.91±1.42 27.22±0.67 28.87±2.18 

Stomata density (mm-2) 123.89±9.75 108.88±13.01 107.00±14.90 118.26±0 

(*) indicate significant differences compared to the control (0 Gy) at P < 0.05. 
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Figure 1. Microscopic observation of leaf epidermal structure in maize leaves with different irradiation 

doses: a) 0 Gy, b) 100 Gy, c) 200 Gy, and d) 300 Gy.  

 

 

 
 

Figure 2. Microscopic observation of stomatal density in maize leaves with different irradiation doses: 

(a) 0 Gy, (b) 100 Gy, (c) 200 Gy, and (d) 300 Gy. 

 

This tissue enhancement revealed low doses of 

gamma irradiation can stimulate tissue growth 

by the activation of metabolism and cell 

differentiation (Villegas et al., 2023). The 

upper epidermis and mesophyll tissue were 

more noticeable at the dose of 200 Gy than in 

the control. In an adaptive response, the plant 

strengthens the tissue structure to increase 

protection against water loss and radiation 

damage (Lu et al., 2025). In contrast, at the 

300 Gy treatment, the epidermis and 

mesophyll tissue appeared to experience a 

decrease in thickness, with cells arranged 

irregularly and some showing signs of 

vacuolization and cell wall degradation in 

maize. Higher radiation doses have exceeded 

the tolerance threshold of plant tissues, 

causing cellular disorganization due to the 

accumulation of free radicals that damage the 

plasma membrane and organelle structure 

(Choi et al., 2021). 

Stomata characteristics showed a more 

diverse response to irradiation. At the 300 Gy 

treatment, a significant reduction in stomata 

length was evident, indicating that stomata 

morphology was predominantly sensitive to 

high radiation doses. According to Haworth et 

al. (2023), the reduction in stomata size may 

influence the gas exchange capacity and 

transpiration efficiency, eventually affecting 

physiological performance. The number and 

density of stomata exhibited slight fluctuations 

with nonsignificant differences, suggesting that 

stomata distribution remains relatively stable 

under non-stress conditions. However, in the 

leaves of maize plants in the control, stomatal 

density was higher than in plants treated with 

doses of 100–300 Gy. A considerable decrease 

in stomatal density can reduce the rate of 

transpiration and water loss, which may 

considerably be an important adaptation to 

environmental conditions that cause 

physiological stress, such as irradiation and 

salinity (Hasanuzzaman et al., 2023).  

Based on the study observations, in all 

irradiation treatments, the stomata still showed 

an elliptical structure with paired guard cells. 

However, the size and density of stomata 

varied across the different irradiation doses 

(Figure 2). Control maize plants (0 Gy) 

exhibited relatively large stomata with even 

distribution and a fairly high density. Stomata 

at a dose of 100 Gy gave a structure similar to 

the control, although the guard cells appeared 

slightly shorter and the stomata openings were 

somewhat narrower. This structure indicated 

that low-dose irradiation has not caused 

significant anatomical damage and may even 

a c d 
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activate an adaptive response to mild stress. 

Stomata at a dose of 200 Gy tended to be 

smaller and have slightly narrower openings. 

The number of stomata per unit area also 

decreased compared with the control. This may 

be because of the plants’ physiological 

response to reduce transpiration rate, as well 

as maintain the water balance in response to 

oxidative stress (Kardiman and Ræbild, 2018). 

According to Chua and Lau (2024), reduction in 

stomatal size and density is one of the plant 

adaptation mechanisms to environmental 

stress conditions, including ionization stress 

conditions. However, at the dose of 300 Gy, 

stomata showed the most obvious narrowing, 

with irregularly shaped openings and some 

guard cells even showing signs of 

morphological damage. The reduction in 

stomata opening area at this dose revealed 

that the radiation has exceeded the 

physiological tolerance threshold of the plant, 

thus interrupting the normal function of guard 

cells (Araújo et al., 2011). 

The observed anatomical responses 

may have a linkage to radiation-induced 

cellular and structural changes. Physiologically, 

exposure to gamma radiation leads to the 

production of reactive oxygen species (ROS), 

which can cause structural variations in the 

epidermis and surrounding tissues 

(Nuszkiewicz et al., 2020). Plants capable of 

efficiently regulating stomata morphology will 

have an adaptive advantage in coping with 

stress conditions, including salinity stress 

(Matkowski and Daszkowska-Golec, 2023). 

Therefore, the stomata observations supported 

the possibility of variations in leaf anatomy as 

an initial adaptive mechanism in response to 

irradiation-induced stress conditions. 

 

Physiological response 

 

The physiological response of maize to gamma 

irradiation acquired evaluation based on 

chlorophyll content. Variations in chlorophyll a, 

chlorophyll b, and total chlorophyll across the 

different irradiation doses are visible in Figure 

3. The differential response of chlorophyll 

components to gamma irradiation evinced a 

selective sensitivity of photosynthetic 

pigments. Chlorophyll a showed a slight 

increase with moderate irradiation doses 

compared with the control, whereas chlorophyll 

b and total chlorophyll revealed a declining 

trend with increasing radiation levels. This 

pattern suggested that chlorophyll a could be 

relatively more stable, enabling stimulation 

under mild irradiation stress, while chlorophyll 

b appeared to be more vulnerable to radiation-

induced damage. 

 
 

Figure 3. Effect of gamma irradiation (0, 100, 200, and 300 Gy) on chlorophyll content (a, b, and 

total) in maize leaves.  
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The chlorophyll a enhancement can 

mean an association with a stimulatory effect 

of low-to-moderate gamma irradiation on 

photosynthetic metabolism. Such responses 

were often in association with hormesis, where 

sub-lethal stress conditions enhanced the 

metabolic activity, including pigment and 

chloroplast synthesis and their functions 

(Agathokleous et al., 2020). Chlorophyll a, 

being a primary photosynthetic pigment, 

expressed direct involvement in photochemical 

reactions, which could undergo preferential 

synthesis to sustain core photosynthetic 

processes under mild stress conditions 

(Tamiaki and Kichishima, 2025). The 

chlorophyll b reduction revealed the higher 

sensitivity of accessory pigments to irradiation 

stress. Chlorophyll b plays a crucial role in 

light-harvesting complexes (LHC), extending 

the range of light absorption and transferring 

excitation energy to chlorophyll a (Kume et al., 

2018). However, the damage to chlorophyll b 

can result from the degradation of light-

harvesting complexes and oxidative damage 

induced by ROS generated under higher 

irradiation doses. Klavins et al. (2026) also 

reported the selective degradation, where 

accessory pigments proved more vulnerable to 

environmental stress than to primary 

pigments.  

Gamma irradiation resulted in a 

general reduction in chlorophyll b and total 

chlorophyll content in maize plants. However, 

at 100 Gy the reduction in these pigments was 

considerably lower than at higher doses (200 

and 300 Gy). This pattern revealed an obvious 

dose-dependent response. The comparatively 

small reduction at 100 Gy suggested that plant 

cells were still capable of maintaining 

chlorophyll stability under moderate irradiation 

stress. At this dose, cellular repair mechanisms 

and antioxidant systems may remain 

functional, thereby minimizing oxidative 

damage to chloroplast structures (Caplin and 

Willey, 2018). The ROS generated by 

irradiation can reach effective scavenging at 

lower radiation doses, preventing significant 

degradation of photosynthetic pigments. As a 

result, the integrity of light-harvesting 

complexes had the chlorophyll b slightly 

affected (Tan et al., 2023). In contrast, the 

significant decline in chlorophyll b and total 

chlorophyll at 200 and 300 Gy indicates 

increasing radiation-induced stress, where 

higher irradiation doses progressively disrupt 

chlorophyll biosynthesis and enhance 

chlorophyll degradation. Higher irradiation 

doses occurred to enhance the ROS 

production, which resulted in lipid peroxidation, 

protein denaturation, and disruption of 

chloroplast membranes, particularly the 

thylakoid system (Hasanuzzaman et al., 2020).  

The relatively stable condition at 100 

Gy, followed by significant decline at higher 

doses, suggested this threshold may represent 

a shift between the tolerable stress and 

damaging stress in maize plants. Accordingly, 

100 Gy can tend to be a more optimal dose in 

maintaining physiological balance while still 

inducing variation. Therefore, the gradual 

reduction pattern across increasing irradiation 

doses also highlighted the sensitivity of 

chlorophyll b as an early indicator of stress 

intensity (Petjukevics and Skute, 2022). 

The maize plant responses to gamma 

irradiation enunciated a close relationship 

between the anatomical adjustments and 

physiological regulation. In leaf tissues, the 

structural modifications, particularly in the 

epidermis, mesophyll, and stomata, appeared 

to be in close association with variations in 

chlorophyll composition (Bak, 2026). Such 

integration suggested that anatomical traits 

play a crucial role in modulating physiological 

responses under irradiation-induced stress and 

imitate plant’s capacity to uphold the functional 

stability (Katiyar et al., 2022). Therefore, the 

combined evaluation of anatomical and 

physiological traits provides a robust basis for 

identifying early-response traits that can be 

useful to support selection strategies aimed at 

improving salinity stress adaptation. 

 

 

CONCLUSIONS 

 

Gamma radiation induced dose-dependent 

responses in maize plants, affecting both 

anatomical and physiological traits. A radiation 

dose of 100 Gy tends to maintain the reliability 

of anatomical structures and chlorophyll 

content. Meanwhile, higher doses (200–300 
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Gy) cause variations in anatomical structures, 

particularly stomatal size and tissue thickness, 

as well as a decrease in chlorophyll b and total 

chlorophyll content. The results provided basic 

information on radiation-induced variations and 

also highlighted the potential of integrating 

anatomical and physiological traits for early 

selection in mutation breeding programs aimed 

at improving salinity stress adaptation. 
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