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ABSTRACT 
 
Heat and drought stress, which often co-occur due to water evaporation, are two major abiotic factors limiting 
the production of rice (Oryza sativa L.) It is crucial to enhance understanding of the effects of these abiotic 
stresses in rice, particularly for rice-producing countries like Malaysia, which has yet to achieve rice self-
sufficiency. This greenhouse study was conducted to evaluate the morphological changes of two important 
Malaysian cultivars (‘MR219’ and ‘MR303’) at vegetative, reproductive, and ripening stages, as well as their 
physiological response and yield components under normal (control), heat, drought, and combined heat-
drought stress conditions. Individual heat stress greatly influenced rice growth and yield, with significant 
differences (p < 0.01) observed across all examined parameters except the grain to leaf area index ratio 
(GtoLAI). Conversely, individual drought stress mostly affected yield-related parameters, with significant 
differences (p < 0.01) in grain weight (GW), harvest index (HI), and percentage of filled grain (%FG). 
Interestingly, the combined stresses in this study did not significantly affect plant height (PH) for all growth 
stages and most yield-related traits (HI, GW, and GtoLAI). The majority of the significant changes (p < 0.01) 
were observed on physiological traits, including chlorophyll a (Chl A) and b (Chl B). We found a positive 
correlation between HI and %FG (R2 = 0.3974**) under heat and drought stress, indicating that improving either 
of these traits can boost rice production. Collectively, our study revealed that the individual effects of heat and 
drought on rice growth and yield can differ from the effects of combined stress.  
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INTRODUCTION 
 
Agriculture and climate change are inextricably intertwined, with the latter being the primary driver of climatic 
stresses that negatively impact agriculture, jeopardising crop productivity and food security on a global scale 
(Nugroho et al., 2023). Crop research in recent decades has mostly focused on improving the production of 
three major cereal grain crops: Rice (Oryza sativa L.), maize (Zea mays L.), and wheat (Triticum aestivum L.) 
(Mohd Hanafiah et al., 2020). Among these crops, rice requires significantly more water to grow and is typically 
vulnerable to water scarcity due to its semi-aquatic nature (Oladosu et al., 2020). Rice is predominantly grown 
in flooded lowland ecosystems in Asia and requires 3000 to 5000 L water for every kilogramme of grain 
produced (Chaudhary et al., 2023). As global warming exacerbates abiotic stresses, many rice-growing countries 
in Asia, including Malaysia, are becoming increasingly concerned about the production of this vital crop that 
underpins financial stability and economic development at the local and regional levels (Zhang et al., 2023). 

Rice, or crop plants in general, can maintain a delicate balance in optimal development and productivity 
under normal environmental conditions. Nonetheless, under climatic stresses, most crops encounter 
physiological as well as biochemical challenges, causing growth disruption due mainly to impaired primary 
metabolism (Kumari et al., 2022). Drought and heat are currently two of the most significant abiotic factors that 
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co-occur and affect rice growth and development worldwide (Yadav et al., 2022; Ren et al., 2023). Similar 
weather circulation irregularities that are aggravated by interactions with soil moisture and different 
atmospheric components are often the cause of both droughts and heat waves. Frequent hot weather affects 
precipitation, accelerating soil water evaporation and increasing drought risk (Yu et al., 2023). Drought stress 
has affected more than 60% of the world’s rice cultivation area, with developing and developed countries 
making up roughly 33% and 42% of that total, respectively (Heredia et al., 2022). Heat stress, on the other hand, 
has been associated with a 6%-10% reduction in rice yield for every 1 °C increase in average temperature (Ren 
et al., 2023). It is predicted that drought and heat stress will increase to a greater extent in tropical and 
subtropical regions, which are the primary rice producing areas (Williams et al., 2024). 

Studies have shown that plants respond differently to multiple abiotic stresses and that inferences or 
conclusions regarding the responses of combined stresses should not be drawn from investigating individual 
stresses (Ramegowda et al., 2024). Heat stress, whether alone or in combination with drought stress, has been 
reported to raise plant tissue temperatures and interfere with critical physiological functions such as respiration 
and photosynthesis (Yousaf et al., 2022). In the case of rice, heat stress affects its lifecycle mainly through 
increasing spikelet sterility and shortening grain filling, both of which reducing grain yield. Grain yield can be 
completely nullified in severe condition (Shrestha et al., 2022). To date, drought and heat stress responses in 
rice have mostly been studied independently (Xu et al., 2021; Ren et al., 2023). According to Yadav et al. (2022), 
rice has a unique response to stress combinations such as drought, heat, and salinity, with physiological and 
molecular adaptation. Although the significance of combined stress in rice has been recognised in recent years, 
a deeper understanding of how the crop responses to multiple stresses concurrently is essential as climate 
change intensifies (Ramegowda et al., 2024). 

As climate change is expected to increase the frequency of heat and drought stress co-occurrences, 
understanding how these stresses—both individually and in combination—affect rice development and yield is 
crucial, which is especially relevant for countries like Malaysia that have not achieved rice self-sufficiency, with 
rice production constantly influenced by multiple climatic factors (Carins-Murphy et al., 2023; Dorairaj and 
Govender, 2023; Xu et al., 2023). This study was conducted to examine how two important commercial 
Malaysian rice cultivars (MR219 and MR303) responded to individual and combined effects of heat and drought 
at different growth stages. We hypothesized that the combined drought and heat stress alters rice growth and 
negatively impacts its yield, with a different effect than either of drought and heat stress alone. The acquired 
knowledge will serve as the foundation for the sustainable cultivation of commercial Malaysian rice cultivars in 
the face of climate change, increasing rice self-sufficiency while also contributing to several Sustainable 
Development Goals, most notably Goal 2 (Zero Hunger) and Goal 13 (Climate Action). 
 

MATERIALS AND METHODS 
 
Plant materials  
Two important commercial Malaysian rice (Oryza sativa L.) cultivars, MR219 and MR303 (or Sempadan 303), 
acquired from the Malaysian Agriculture Research and Development Institute (MARDI), were evaluated. ‘MR219’ is 
a high-yielding rice with a short maturation period of 105 to 111 d. Since its released in 2001, ‘MR219’ was planted 
in approximately 70% to 90% of local paddy fields. However, it was discontinued in 2011 due to worsening disease 
susceptibility, which resulted in yield losses (Zuki et al., 2020; Dorairaj and Govender, 2023). This contributed to the 
widespread cultivation of ‘MR303’, a recently developed cultivar with advantageous characteristics such as resistance 
to heat, drought, pests, and diseases, as well as a high yield with accelerated maturation (Zainol et al., 2023). 
 
Experimental design and growth conditions 
Rice plants were grown in pots in growth chambers with controlled conditions at the greenhouse of the Rimba Ilmu 

Botanical Garden, Universiti Malaya (37′51.85″ N, 10139′28.67″ E) from March to July 2023 (Figure 1). Seeds were pre-

treated for 72 h in a 50 C oven before germination and transplanting to the greenhouse. Five seeds were sown in each 
pot and thinned to three per pot 14 d after sowing (DAS). This factorial experiment was arranged in complete 

randomized design (CRD) replicated three times, with three factors: Heat stress (34 [ambient as control], 35, and 36 C), 
rice cultivars or genotypes (MR219 and MR303), and drought (well-watered throughout the growth cycle [as control], 
cyclic water stress for 5, 10, and 15 d). The plants were subjected to their respective cyclic-water stresses from 58 to 120 
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DAS. Plants were then well-watered from 121 DAS onwards (Figure 1). The absolute control in this study was the local 
‘MR219’ grown at 34 °C without cycling water stress according to standard local farming practices. Plants were fertilised 
at the recommendation rate of 120 kg N ha-1, 70 kg P2O5 ha-1, and 80 kg K2O ha-1 (Zain et al., 2014). The relative humidity 
ranged between 50% and 60%, with an average atmospheric pressure of 1013 kPa throughout the experiment. 
 
 

 
Figure 1. Detailed representation of experimental design. 

 
 
Data collection 
The growth and yield parameters were recorded from all three plants per treatment. Plant height (PH) was 
measured weekly from the ground surface to the uppermost fully developed leaf. At maturity, leaf area index 
(LAI) was calculated as 0.75 × leaf length × leaf width (Wang et al., 2020). For yield parameter analysis, three 
plants from each replicate were randomly sampled and harvested at maturity. Harvested plants were oven 
dried for 72 h at 70 °C and the weight of 100 full grains (GW) was determined. The harvest index (HI) was 
calculated as the percent ratio of grain weight and the dried shoot biomass (Thuy et al., 2021). The percentage 
of filled grain (%FG) and grain to leaf area index ratio (GtoLAI) were calculated. 

The in-situ chlorophyll content (SPAD value) was measured 50 DAS using a portable chlorophyll metre SPAD-
520Plus (Konica Minolta, Tokyo, Japan). A leaf porometer SC-1 (Decagon Devices Inc., Pullman, Washington, 
USA) was used to measure stomatal conductance, which represents the rate at which carbon dioxide (CO2) 
enters or evaporates (Wang et al., 2020). The major green pigments chlorophyll a (Chl A) and chlorophyll b (Chl 
B), and carotenoid content were determined using a UV-Vis spectrophotometer (GENESYS 50, Thermo 
Scientific, Waltham, Massachusetts, USA), based on procedures by Swapna and Shylaraj (2017) with minor 
modifications, and calculated using the following formulas: 

 

 
where A is absorbance, W is leaf sample weight, v is sample volume.  
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Statistical analysis 
Multivariate analysis of variance (MANOVA) was used to analyse collected data using SPSS software (Version 
28.0.0.0; IBM, Armonk, New York, USA). The significant parameters were subsequently examined for the mean 
difference between treatments using Duncan multiple range test (DMRT) at the 5% and 1% probability levels. 
The standard error of the mean was calculated using the assumption that the data was evenly replicated and 
normally distributed. Correlation analysis was performed using the standard statistical approach (Anwarmalik 
et al., 2007), and the three parameters with the highest significant correlation coefficient efficiency were 
selected for regression analysis. 
 

RESULTS AND DISCUSSION 
 
Individual effects of heat and drought stress on the growth and yield of rice 
Among various crop phenotypes, PH and LAI have been identified as the primary indicators of climatic stress, 
notably drought (Evamoni et al., 2023). Our study revealed significant differences (p < 0.01) in PH of all three 
growth stages and LAI for rice plants grown under heat stress, but nonsignificant differences were found for 
these traits under drought stress, with the exception of PH during reproductive stage (Table 1). Similar findings 
were observed for physiological traits. There were significant differences (p < 0.01) in all physiological traits 
examined across heat stress treatments, indicating that heat stress could trigger a series of morpho-
physiological changes in local rice varieties. Yousaf et al. (2022) reported that heat stress can increase the 
temperature of plant tissues and interfere with important physiological processes such as photosynthesis and 
respiration. In contrast, all physiological traits, with the exception of Chl b, did not differ significantly across 
drought stress treatments (Table 1). According to Das et al. (2024), rice genotypes that are tolerant to deficit 
soil moisture conditions may have better physiological traits, and ‘MR219’ and ‘MR303’ in this study could 
potentially be such genotypes. Notably, this study observed genotype-dependent trends in all physiological 
traits (p < 0.01 or p < 0.05), except for Car, when comparing two individual stress groups (Table 1). These results 
are in line with those of Lin et al. (2018) and Liu et al. (2019). 
 
 

Table 1. A three-way ANOVA showing significant levels for growth and yield-related parameters between 
two rice cultivars grown under different treatments of individual heat and drought stress. *Significant at 
5% level; **significant at 1% level; nsnonsignificant difference; veg: vegetative; rep: reproductive; rip: 
ripening; PH: plant height: LAI: leaf area index; SPAD value: in-situ chlorophyll content; gS: stomatal 
conductance; Chl A: chlorophyll a content; Chl B: chlorophyll b content; Car: carotenoid content; HI: 
harvest index; GW: 100 grain weight; %FG: fill grain percentage; GtoLAI: grain to LAI ratio. 

 
 
 

By and large, it has been extensively reported that heat and drought stress adversely affect crop yields 
(Yadav et al., 2022; Ren et al., 2023). This is evident in the current study, as rice plants grown under both heat 
and drought stress showed significant differences (p < 0.01 or p < 0.05) in all yield-related traits, except for 
GtoLAI (Table 1). These stresses, whether individual or combined, have a significant impact on seed yields by 
reducing seed number and size, ultimately compromising the commercial trait 100-grain weight and seed 
quality (Sehgal et al., 2018). Their concurrent effects on the morpho-physiology and yield components of 
Malaysian rice will be discussed in the following section.  
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Concurrent effects of drought and heat stress on the growth and yield of rice 
Regardless of genotype, we found nonsignificant differences in any evaluated growth parameters in rice plants 
grown under combined heat and drought stress (Table 2). This is in contrast with our results for individual stress, 
particularly heat stress, which was found to affect PH significantly across all growth stages (Table 1). According to 
Ramegowda et al. (2024), plants may respond uniquely or differently to multiple abiotic stresses, and investigating 
individual stresses should not lead to inferences or conclusions about their responses of combined stress. 
 
 

Table 2. A three-way ANOVA showing significant levels for growth and yield-related parameters 
between two rice cultivars grown under different treatments of combined heat and drought stress. 

*Significant at 5% level; **significant at 1% level; nsnonsignificant difference; veg: vegetative; rep: 
reproductive; rip: ripening; PH: plant height: LAI: leaf area index; SPAD value: in-situ chlorophyll 
content; gS: stomatal conductance; Chl A: chlorophyll a content; Chl B: chlorophyll b content; Car: 
carotenoid content; HI: harvest index; GW: 100 grain weight; %FG: fill grain percentage; GtoLAI: 
grain to LAI ratio. 

 
 
 

On the other hand, all physiological traits examined in this study, except for stomatal conductance gS, 
exhibited significant differences (p < 0.01 or p < 0.05) under combined heat and drought stress (Table 2). It 
has been reported that heat stress, either alone or in combination with drought stress, could increase the 
temperature of plant tissues and impede their vital physiological processes (Yousaf et al., 2022). Our 
investigation also revealed that gS, Chl A, and Chl B differed significantly (p < 0.01) when genotype interaction 
was present (Table 2), suggesting that these traits are genotype dependent. Yadav et al. (2022) reported that 
rice has a distinct or unique physiological and molecular response to stress combinations such as heat, 
drought, and salinity. 

Although yield-related traits in this study showed significant differences (p < 0.01 or p < 0.05) in 
response to individual heat and drought stress (Table 1), the combination of the two stresses revealed 
nonsignificant changes in HI, GW, and GtoLAI (Table 2). The HI and GW are two frequently used parameters 
to determine resource-use efficiency (Yang and Zhang, 2023), and Figure 2 depicts whether different cyclic 
water stress conditions affect these traits in selected varieties across all three temperature settings. As 
the cyclic water stress intensified with longer intervals between irrigations, there was a general tendency 
of reducing HI for ‘MR219’ across different temperature settings, but ‘MR303’ had a variable HI response. 
For GW, ‘MR219’ displayed a varied pattern when subjected to different cycle water stress and 

temperatures, whilst ‘MR303’ did not show any significant change in weight exce pt under 35 C (Figure 
2). This validates the findings of Ramegowda et al. (2024), which demonstrated that plants respond 
differently to multiple abiotic stresses (such as heat and drought) and that predicting how plants would 
respond to combined stresses should not be based on the study of individual stresses. On the other hand, 
%FG differed significantly (p < 0.05) under combined stress (Table 2). It has been reported that climatic 
stress, particularly heat stress, impacts the rice lifecycle primarily by increasing spikelet sterility and 
reducing grain filling, and that under severe conditions, grain production can be completely nullified 
(Shrestha et al., 2022).  
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Relationship between rice growth and yield parameters under drought and heat stress  
We conducted correlation analysis (Table 3), and the growth and yield parameters with the highest 
significant correlation coefficient efficiency were selected for regression analysis (Figure 3). The PH at 
ripening stage was positively correlated with LAI (Figure 3a), SPAD value (Figure 3b), and g S (Figure 3c). This 
suggests that the physiological traits gradually increase with the growth of PH, which corresponds with the 
findings of Mohamed et al. (2020) and Zou et al. (2024). Because PH plays a crucial role in morphogenesis 
and grain yield, understanding the relationship between different traits and PH is critical for researchers to 
study related traits more effectively (Yu et al., 2020).  

For yield-related traits, we found a positive correlation between %FG and harvest index (Figure 3d). It is 
known that rice grain yield is a function of HI and biomass, and that increasing either of these traits can 
increase grain yield. It is worth noting that HI is the parameter of conversion efficiency of DM production, 
and its value reflects resource use efficiency such as water and nutrient use efficiencies (Yang and Zhang, 
2023). 
 
 

 
Figure 2. Effect of different cyclic water stress conditions across all three temperature 
settings on harvest index (HI) (a) and 100-grain weight (GW) (b) of ‘MR219’ and ‘MR303’ 
rices. CWS0: No cyclic water stress; CWS5: cyclic water stress for 5 d; CWS10: cyclic w ater 
stress for 10 d; CWS15: cyclic water stress for 15 d. Mean ± standard error mean (n = 3). 
Different letters indicate a significant difference according to Duncan’s test with alpha = 0.05.  
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Table 3. Pearson’s correlation coefficient between the measured parameters. *Significant at 5% 
level; **significant at 1% level; veg: vegetative; rep: reproductive; rip: ripening; PH: plant height: LAI: 
leaf area index; SPAD value: in-situ chlorophyll content; gS: stomatal conductance, Chl A: chlorophyll 
a content; Chl B: chlorophyll b content Car: carotenoid content; HI: harvest index; %FG: fill grain 
percentage; GW: 100 grain weight; GtoLAI: grain to LAI ratio. 

 
 
 

 
Figure 3. Linear regression analysis. The solid lines depict the regression between plant height at 
ripening stage (PH rip) and leaf area index (LAI) (a); PH rip and SPAD value (b); PH rip and stomatal 
conductance (gS) (c); and filled grain percentage (%FG) and harvest index (HI) (d). Regression 
equations and correlation coefficients (R2) are included in the plots. N = 72. **Significant at 1% level. 
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CONCLUSIONS 
 
It is critical to understand how heat and drought stress, both individually and in combination, impact rice 
development and production, particularly for nations like Malaysia where rice production is continuously impacted 
by multiple climatic factors. Our findings revealed that individual heat stress had a significant impact on rice growth 
and yield, whereas individual drought stress mostly affected yield rather than morpho-physiology. Conversely, the 
combination of heat and drought stresses generally had little to nonsignificant effect on morphology and yield, but 
some physiological responses were affected significantly. This study also found positive correlations between several 
tested parameters, including harvest index and percentage of filled grain, and a better understanding of these 
relationships will allow rice researchers to study related traits more effectively in the future. The overall outcome of 
this study corresponded with part of our hypothesis that individual and combined heat and drought stress have 
different effects on rice development and production. However, combined stresses did not negatively impact rice 
production as hypothesized. We concluded that Malaysian rice cultivars respond differently to individual and 
combined heat and drought stress, and the findings from this study will establish a groundwork for the sustainable 
development of commercial local cultivars under various climatic stressors. 
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