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Introduction. Rice (Oryza sativa L.) is one of the staple crops in the world and has a special place in
food security due to its essential role in providing daily calories to a large part of the world's population.
Despite high importance of this crop, its production is affected by various abiotic stresses, particularly
cold stress. Exposure of rice plants to cold, especially in the early stages of vegetative growth, disrupts
vital physio-biochemical processes and ultimately reduces growth, survival, photosynthetic efficiency,
and crop yield. Rice sensitivity to cold is significantly genotype-dependent, and identification of
acclimation mechanisms in different genotypes, in particular from a physiological and molecular
perspective, can be widely used in breeding programs to develop cold-tolerant cultivars. In this regard,
the present study was conducted to comprehensively investigate the physio-biochemical changes caused
by exposure of rice to cold stress in four cultivars Shiroodi, Hashemi, Kouhsar, and Gerde.

Materials and Methods. In this study, 24-day-old seedlings were exposed to cold stress at 4 °C under
controlled temperature conditions and at three-time intervals of 1, 3, and 6 days after stress (DAS),
hydrogen peroxide (H,O,) concentration as the most important indicator of oxidative stress,
photosynthetic pigments, including chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids, as
well as chlorophyll fluorescence parameters related to photosystem II function were measured. These
indicators were selected due to their direct role in maintaining energy balance, regulating defense
responses, and determining the level of plant susceptibility or tolerance to cold stress.

Results and Discussion. The results showed that cold stress significantly increased H,O, levels in the
cultivars. However, change patterns of H,O, showed that the intensity of H,O, accumulation of in the
cultivars Gerde and Kouhsar was significantly lower than that of in the cultivars Shiroodi and Hashemi.
This difference indicates higher efficiency of protective system in cold-tolerant cultivars, which contain
greater ability to scavenge ROS. These results also show that the cultivars Gerde and Kouhsar are able
to mitigate ROS levels to prevent cold-induced damages compared to sensitive cultivars. The levels of
photosynthetic pigments including chlorophyll a, chlorophyll b, and total chlorophyll decreased in
response to cold stress, and this decrease was more severe in the cultivars Shiroodi and Hashemi. The
maintenance of higher levels of chlorophyll in tolerant cultivars indicates higher structural stability of
chloroplasts. On the other hand, the study of carotenoids showed that in the early stages of stress, the
levels of carotenoids increased in cultivars. The increase in these pigments in tolerant cultivars indicates
the activation of plant defense mechanisms against cold stress. Chlorophyll fluorescence parameters such
as Fv/Fm (maximum photochemical efficiency of PSII), Fv/Fo, and PI (photosystem II performance
index) reduced during cold stress. The results showed that the reduction of these parameters was more
severe in cultivars Shiroodi and Hashemi, and these cultivars suffered more photosynthetic damages
probably due to damage or disruption in the PSII reaction center and accumulation of ROS in the
chloroplast. In contrast, the cultivars Gerde and Kouhsar showed a smaller reduction in these indices,
which indicates their greater flexibility and higher ability to maintain energy transfer capacity and stable
PSII function.

Conclusion. Comprehensive comparison of data showed that cold tolerance is closely related to several
key mechanisms: Effective control of ROS levels-induced oxidative stress, preservation of chlorophyll
pigments and stabilization of chloroplast structure, increase in carotenoids in a protective role, and
maintenance of photosystem II efficiency by reducing structural damage. All of these mechanisms
functioned more coherently in the cultivars Gerde and Kouhsar, causing these two cultivars to show
greater tolerance to cold stress. In contrast, the cultivars Shiroodi and Hashemi showed a significant
decrease in physiological performance under stress conditions due to cold-induced oxidative stress and
higher sensitivity of photosynthetic apparatus.
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Figure 1. Pattern of changes in hydrogen peroxide (Hz0:) content of rice cultivars: Gerdeh (dark), Shiroodi (dotted), Hashemi
(gray), and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different letters indicate a
significant difference between the means at the 1% probability level.
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Figure 2. Pattern of change in chlorophyll a content of rice cultivars: Gerdeh (dark), Shiroodi (dotted), Hashemi (gray), and
Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different letters indicate a significant difference
between the means at the 1% probability level.
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Figure 3. Pattern of change in chlorophyll b content of rice cultivars: Gerdeh (dark), Shiroodi (dotted), Hashemi

(gray), and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different letters indicate a
significant difference between the means at the 1% probability level.
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Figure 4. Pattern of change in chlorophyll a content of rice cultivars: Gerdeh (dark), Shiroodi (dotted), Hashemi (gray),

and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different letters indicate a significant
difference between the means at the 1% probability level.
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Figure 5. Pattern of change in carotenoids content of rice cultivars: Gerdeh (dark), Shiroodi (dotted), Hashemi (gray), and
Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different letters indicate a significant
difference between the means at the 1% probability level.
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Table 2. Variance analysis of chlorophyll fluorescence indices in rice cultivars under 4°C stress.

Mean Squares

S.0.vV DF Fo Fm Fv Fv/Fm RC/ABS Fv/Fo PI
Genotype (A) 3 704ns 30110™ 23826™ 0.042™ 0.1523" 0.265™ 0.129™
Condition (B) 3 1836 1381252 1446109 0.6778™ 1.8013™ 25.3293"  9.786™

AxB 9 2787ns 18734™ 11133™ 0.0129™ 0.1182™ 0.1815™ 0.095™

Error 32 1483 5411 2597 0.0004 0.036 0.0305 0.0092
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Figure 6. Pattern of change in maximum fluorescence (Fm) index of rice cultivars: Gerdeh (dark), Shiroodi (dotted), Hashemi (gray),
and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different letters indicate a significant difference
between the means at the 1% probability level.
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Figure 7. Pattern of change in variable fluorescence (Fv) index of rice cultivars: Gerdeh (dark), Shiroodi (dotted), Hashemi
(gray), and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different letters indicate a significant
difference between the means at the 1% probability level.
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Figure 8. Pattern of change in variable to minimum fluorescence ratio (Fv/Fo) of rice cultivars: Gerdeh (dark), Shiroodi

(dotted), Hashemi (gray), and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different
letters indicate a significant difference between the means at the 1% probability level.
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Figure 9. Pattern of change in the maximum quantum efficiency of photosystem II (Fv/Fm) of rice cultivars: Gerdeh (dark),

Shiroodi (dotted), Hashemi (gray), and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C.
Different letters indicate a significant difference between the means at the 1% probability level.
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Figure 10. Pattern of change in the ratio of reaction centers to absorbed photons (RC/ABS) of rice cultivars: Gerdeh (dark),

Shiroodi (dotted), Hashemi (gray), and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C.
Different letters indicate a significant difference between the means at the 1% probability level.
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Figure 11. Pattern of change in performance index (PI) of rice cultivars: Gerdeh (dark), Shiroodi (dotted), Hashemi (gray),
and Kouhsar (light) at one, three, and six days after exposure to cold stress at 4°C. Different letters indicate a significant
difference between the means at the 1% probability level.
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