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Abstract

:

Optimum growing temperature is necessary for maximum yield-potential in any crop. The global atmospheric temperature is changing more rapidly and irregularly every year. High temperature at the flowering/reproductive stage in rice causes partial to complete pollen sterility, resulting in significant reduction in grain yield. Green Super Rice (GSR) is an effort to develop an elite rice type that can withstand multiple environmental stresses and maintain yield in different agro-ecological zones. The current study was performed to assess the effect of heat stress on agronomic and physiological attributes of GSR at flowering stage. Twenty-two GSR lines and four local checks were evaluated under normal and heat-stress conditions for different agro-physiological parameters, including plant height (PH), tillers per plant (TPP), grain yield per plant (GY), straw yield per plant (SY), harvest index (HI), 1000-grain weight (GW), grain length (GL), cell membrane stability (CMS), normalized difference vegetative index (NDVI), and pollen fertility percentage (PFP). Genotypes showed high significant variations for all the studied parameters except NDVI. Association and principal component analysis (PCA) explained the genetic diversity of the genotypes, and relationship between the particular parameters and grain yield. We found that GY, along with other agronomic traits, such as TPP, SY, HI, and CMS, were greatly affected by heat stress in most of the genotypes, while PH, GW, GL, PFP, and NDVI were affected only in a few genotypes. Outperforming NGSR-16 and NGSR-18 in heat stress could be utilized as a parent for the development of heat-tolerant rice. Moreover, these findings will be helpful in the prevention and management of heat stress in rice.
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1. Introduction


Rice (Oryza sativa L.) is considered as one of the most essential food crops around the world, especially Asia, Latin America, and Africa [1,2]. It constitutes nearly 20% of overall calorie intake worldwide [2], with up to 80% of calorie ingestion in Asia [3]. Global rice production is direly needed to increase at a growth rate of 1.0–1.2% and grain yield must increase by 0.6–0.9% annually to feed the rapidly growing population, comprising a projected increase of nearly 2 billion people up to the 2050s [4,5]. Agricultural crops are more prone to abiotic stresses due to irregular and unsteady climatic changes [6,7,8,9]. Atmospheric temperature is one of the most critical variables determining the seasonal growth and geographic cultivation and distribution of crops [10,11,12]. An increase in the global mean surface temperature of 0.85 °C was observed between 1880 to 2012 and future projections forecast a 3.0–5.0 °C increase by the end of this century [13] and 2.0 to 4.0 °C until 2050 in Southeast Asia, specifically [14]. Relative to the period from 1900 to 2000, the climatic observations through various models have projected a high (more than 90%) probability of temperature-increase during crop growing season in the tropical and subtropical regions of Asia, such as China, by the year 2100 [15,16].



According to projections, it is expected that environmental fluctuations, especially high temperature stress, may cause a 41% yield decline by end of this century [17,18]. High temperature stress destructively impacts the rice metabolism in all growth phases [19,20,21]. Rice seedlings are very sensitive to the critical high temperature of 35 °C [22]. Further elevation beyond the critical high temperature can be destructive and may lead to plant death at respective growth stages [18,23]. The frequent occurrence of extreme climatic events, such as high temperature, leads to adverse impacts on rice growth and development.



Flowering in rice is one of the most critical phases in the context of high temperature stress because it could reduce the grain yield due to pollen sterility, poor grain-filling, low grain weight accumulation, and undermined seed setting [24]. Rice is sensitive to heat stress and the threshold temperature for rice at the anthesis and flowering stages are 33.7 °C and 35 °C, respectively [25,26]. High temperature stress also impacts the physiological processes of rice, such as chlorophyll contents, photosynthesis, respiration, and RuBP carboxylase activities [27]. High temperature stress above 38 °C inhibits the spikelet formation associated with the decomposition and synthesis of cytokines [28], and spikelet differentiation aggravates spikelet degeneration and reduces the overall number of spikelets through peroxide accumulation, which destructs the cell division and construction [29,30,31]. Additionally, the incidence of high temperature stress inhibits the anther filling and panicle initiation phase, which may lead to a decrease in pollen activities inducted by the impeded development of pollen mother cells and abnormalities in the decomposition of the tapetum [32,33]. Recently, studies have shown that high temperature stress could cause spikelet sterility due to a reduction in pollen vitality, vigor, and viability, and also due to the inhibition of anther dehiscence [34,35] and obstruction of pollen tube germination [36,37]. High temperature stress could also cause the insufficient accumulation of nutrients in pollens, which may lead to a reduction in pollen activities, sugar transport, accumulation of peroxides, and carbon metabolism [38,39]. High temperature stress at the flowering stage also effects the stigma vitality and pollen tube elongation [37].



Self-adaptability in the rice plant and responses to high temperature stress greatly depends on several factors, such as the intensity and duration of high temperature stress, growth period, plant size and age, and rice genotypes. To address this challenge, natural variations in rice germplasm under drought stress could be utilized to evaluate the associated traits of stress-tolerant genotypes [40,41]. Target breeding programs could be exploited as an important and essential genetic breeding resource to stimulate the genetic variations through hybridization. Aiming at this, studies have been initiated focusing on green super rice (GSR), an elite and highly water- and nutrient-use efficient rice type [42,43,44]. Based on the information on cloned green genes and loci, large-scale cross- and backcross-breeding was conducted to generate IL populations and lines abundant in green traits with wild rice, core germplasm, and specific local varieties as the donors [45]. The GSR lines were developed by combining genes from different native and non-native sources and required fewer fertilizers, pesticides, and irrigations. These lines also have greater stress tolerance without compromising the high yield and quality [46].



This study was conducted with the aim of investigating and evaluating the mechanisms of high temperature stress-tolerance through the identification of high temperature-responsive morpho-physiological traits of different GSR lines along with local rice cultivars. GSR lines showed several genotypic differences on high temperature stress tolerance; however, the physiological and biochemical heat-tolerance mechanisms are rarely considered. Other major aim of the study was the investigation of mechanisms that how high temperature incidence on flowering impacts the growth, yield, and quality of rice. The acquired research knowledge will be the basis for sustainable GSR production systems and the breeding of novel rice genotypes in order to optimize the net grain yield and nutritional quality, ultimately moving towards human health by decreasing poverty in densely-populated rice regions.




2. Materials and Methods


2.1. Experimental Site and Design


Healthy seeds of 22 green super rice (GSR) varieties and four local controls (IR-6, Kisan Basmati, Kashmir Basmati, and NIAB-B-2016) were obtained from CAAS, China, and NIGAB, Pakistan, respectively. Previously, Kashmir Basmati was reported as a heat-tolerant genotype, while the NIAB-B-2016 as a susceptible variant [23]. All four controls are normally high-yielding rice varieties grown in Pakistan. The seeds were sown at National Institute for Genomics and Advanced Biotechnology (NIGAB), National Agricultural Research Center (33.684° N and 73.048° E), Islamabad, Pakistan. During the rice growing season of 2020, the seeds of selected lines were placed in trays containing 128 wells filled with a mixture of soil, sand, and peat moss, all containing essential nutrients. The transplantation of the 35-days-old seedlings was carried out on 20 July 2020. For this purpose, randomized complete block design (split plot) with three replicates was followed. Two sets of 26 genotypes were transplanted in the field (one for control and one for heat). Each plot consisted of five rows with 10 plants each. Row-to-row and plant-to-plant distance were kept at 30 cm [4]. Recommended agronomic practices were followed.



At the flowering stage (pre-anthesis), a tunnel was prepared to cover the plants with a polythene sheet and high temperature was maintained (40–45 °C) to apply heat stress from 10:00 a.m. to 03:00 p.m. After 03:00 pm, polythene sheets were removed daily to reduce the temperature (25–35 °C). Morpho-physiological parameters were recorded at maturity from the central five randomly-selected plants in order to remove the border effect [47]. After heat exposure, a pollen fertility test was performed for all genotypes to screen out heat-susceptible genotypes. All fresh leaf samples were collected and stored at −80 °C for further analysis.




2.2. Cell Membrane Thermostability


In the last week of the heat stress, the flag leaf samples from control and stressed plants were collected in pre-labeled 20 mL glass tubes. The leaf segments were treated with distilled water used for conductivity measurements. Cell membrane thermostability was measured by following the method of [48] and following formula:


   CMS %  =   1 −  (    T 1   T 2    )    1 −  (    C 1   C 2    )    × 100  








where T and C refer to stressed and control plants, respectively. T1 and T2 are electrode conductance measurements before and after autoclave, while C1 and C2 are electrode conductivity measurements before and after autoclave.




2.3. Pollen Fertility Test


A pollen fertility test was performed for all 26 genotypes following the method of [4] using light microscope (Nikon digital sight DS-Fi2). Spikelets were collected from the heat-treated plants on the following day in the morning before anthesis and preserved in formaldehyde solution (FAA). FAA was prepared with 1:1:18 ratio of formaldehyde, acetic acid, and ethanol, respectively. Anthers were placed on slide and pollens were extracted by crushing the anthers with the help of forceps. Then 50 µL of 1% potassium iodide (I2-KI) solution was added to the slide and covered with cover slip for visualization under compound microscope. Pollens that stained black with a circular shape were counted as fertile, while the irregular red-orange pollens were considered sterile [31]. At the end, pollen fertility percentage (PFP) was calculated as followed:


  PFP =   No .    of   fertile   pollens     Total   No  .    of   pollens    × 100  












2.4. NDVI (Normalized Difference Vegetation Index)


NDVI is a spectral calculation of the density of the green vegetations on a specific area. For NDVI, data was recorded from the three replicates, where a GreenSeekerTM Handheld Optical Sensor Unit (NTech Industries, Inc., Ukiah, CA, USA) was used, kept one meter above the plants during measurement [49].




2.5. Agronomic Parameters and Heat Susceptiblity Index


At the maturity stage, following agronomics parameters; plant height (PH, cm), number of tillers per plant (TPP), grain yield per plant (GY, g), straw yield per plant (SY, g), harvest index (HI) calculated by GY/total biomass, 1000-grain weight (GW, g), grain length (GL, mm), and normalized difference vegetative index (NDVI) were recorded. The heat susceptibility index (HSI) was measured for grain yield by using the formula:


  1 −  (   Y   Y p     )  / D ,  








where Y is the grain yield under heat stress genotypes and Yp is the grain yield of genotypes under normal conditions. D is the stress intensity, which is measured by the formula:


   (  1 −  X   X p     )  ,  








where X is the mean of the grain yield of heat stress genotypes and Xp is the mean of grain yield of genotypes under normal conditions [24].




2.6. Statistical Analysis


Recorded morpho-physiological data were analyzed with the help of Excel 2019. Analysis of variance and heritability were calculated in R. Packages “corrplot”, “Ggally” and “factoextra” were used for correlation and principal component analysis.





3. Results


3.1. Assessment of Genetic Diversity Using Principal Component Analysis


Principal component analysis (PCA) was performed to study the genetic differences among the genotypes, and trait–genotype biplots were constructed from data recorded under control and heat stress (Figure 1). Under control conditions, PC1 and PC2 captured the 31.7% and 26.8% of the total variations (Figure 1A). Our results explained that GY, HI, GW, and NDVI showed opposite response to GL, PH, TPP, and SY. The GSR lines were more conserved because they were clustered near the origin, while the check varieties Kisan Basmati, Kashmir Basmati, NIAB-B-2016, and IR-6 showed more genetic variability because they spread far away from the center of origin (Figure 1A). Similarly, under heat stress, PC1 and PC2 showed 34.8% and 21.7% variations, respectively (Figure 1B). PFP, NDVI, HI, and GY were in opposite direction to the rest of the studied parameters (TPP, PH, SY, GL, GW, and HSI). In contrast to control conditions, both the GSR and check varieties fall away from the origin, which suggests that genotypes were more responsive to heat stress compared to the control (Figure 1B). Importantly, NGSR-3, NGSR-13, Kashmir Basmati and IR-6 were found near the apex of the biplot under heat stress, suggesting that these genotypes have the distinct genetic potential of the best tolerance to heat stress compared to others (Figure 1B).




3.2. Analysis of Variance Showed Significant Variation in Green Super Rice


To study the significant differences between the genotypes and heat treatment, the morpho-physiological data were subjected to analysis of variance (ANOVA). Results showed highly significant variations (p < 0.001) among the genotypes for all the studied parameters except NDVI (Table 1). Heat stress also showed a highly significant effect on the studied parameters except GW and NDVI. The interactions of genotypes × treatment were also highly significant (p < 0.001) for PH, SY, HI, and PFP. GY varied significantly (p < 0.05), while TPP, GW, GL, and NDVI were non-significant (Table 1). It is important to note that ANOVA showed significant effects of heat stress on most traits; however, heat stress affected PH, GW, GL, PFP, and NDVI in only a few genotypes and did not show a considerable effect overall (Figure 2, Figure 3, Figure 4 and Figure 5).




3.3. Mean Performance of Green Super Rice under Heat Stress


Heat stress significantly reduced the GY and affected other yield-contributing agronomic traits, namely TPP, SY, HI, and CMS, in most of the studied GSR and local genotypes (Figure 2, Figure 3, Figure 4 and Figure 5). However, the traits PH, GW, GL, PFP, and NDVI were not affected in most of the studied genotypes and probably do not play a role in grain yield variations (Figure 2, Figure 3, Figure 4 and Figure 5). Regarding the PH, we did not observe a very strong effect of heat stress on the tested genotypes (Figure 2A). Although it decreased overall, PH was considerably decreased in NGSR-1, NGSR-19, IR-6, and Kashmir Basmati under heat stress (Figure 2A). TPP and GY were decreased significantly under heat stress in most of the genotypes, except for Kashmir Basmati (Figure 2B,C). Overall reduction in the TPP was more obvious in GSR lines as compared to controls and Kashmir Basmati was the genotype with maximum (42.33) TPP (Figure 2B). For the GY, we observed a 5.68–86.52% decrease under heat stress. Interestingly, NGSR-16 and Kashmir Basmati showed no or little reduction in GY under heat stress and proved to be relatively heat-tolerant genotypes. Of all the genotypes, type IR-6 (11.83 g) was the worst performer and showed the maximum reduction (81.86%) under heat stress.



SY is another important agronomic trait that determines the overall plant biomass. We observed a sharp increase in SY in most genotypes under heat stress compared to the normal conditions (Figure 2D). The GSR lines NGSR-13 (197.17 g), NGSR-14 (178.5 g), and NGSR-16 (169.67 g) were the highest SY producers and showed a 39.84%, 46.47%, and 41.42% increase in SY, respectively (Figure 2D). The increase in SY suggest that plants have increased their vegetative growth and reduced their reproductive growth, which could be an avoidance mechanism.



HI is an important indicator of genotype performance, and a significant reduction in the HI was observed in all the studied genotypes except Kashmir Basmati (Figure 3A). It reduced from 0.40 to 0.07 but an overall less reduction was observed in GSR lines as compared to non-GSR checks (Figure 3A). The GSR lines NGSR-21 (0.40), NGSR-19 (0.34), NGSR-4 (0.33), and NGSR-2 (0.33) were the best performers. Highest reduction was observed in our high-temperature sensitive checks IR-6 (0.07), followed by Kisan Basmati (0.14) and NIAB-B-2016 (0.18).



Previously, drought- and heat-susceptibility indices have been widely used for the identification of tolerant genotypes, and genotypes with low values are considered tolerant ones [4,24,50]. Based on the heat susceptibility index (HSI), the GSR lines NGSR-16 and NGSR-18 showed the minimum HSI values 0.38 and 0.65, respectively, showing their maximum heat tolerance level. While the control variant Kashmir Basmati showed the minimum (0.11) HSI (Figure 3D). In contrast, the highest HSI was observed for NGSR-13 (1.72) and IR-6 (1.63), indicating the least heat tolerance in these genotypes. Overall, GSR lines performed well as compared to studied controls.



Pollen fertility has been used as an important indicator for the identification of heat-tolerant genotypes because it influences the seed setting and, ultimately, the grain yield. However, we observed the significant effect of heat stress on pollen fertility in only NIAB-B-2016, while all the remaining genotypes showed a higher fertility under heat stress. Most of the GSR genotypes were completely fertile under heat stress, and maximum sterility was observed in NGSR-1 (10.66%) and NGSR-13 (9.07%) (Figure 4 and Figure 5A). These results suggest that these genotypes used some tolerance mechanism to avoid the deleterious effect of heat stress on PFP, and there were some other factors responsible for the reduction in grain yield under heat stress.




3.4. Normalized Difference Vegetative Index (NDVI)


To monitor the health of a plant, remote sensing is widely used, and data collected from NDVI can be utilized in the identification of tolerance. In this study, we observed that there was no significant reduction in GSR lines as well as controls. The genotypes NGSR-2, NGSR-11, and the control variants IR-6 and Kissan Basmati showed the maximum (>0.7) value of NDVI. Minimum NDVI was observed in NGSR-3 and NGSR-13, while the NIAB-B-2016 showed the minimum NDVI among the control variants (Figure 5B). These results indicate that the GSR lines have the ability to maintain the growth rate under heat stress.




3.5. Effect of Heat Stress on Cell Membrane Stability (CMS%)


CMS is used to assess the stress tolerance ability of plant cells under abiotic stresses. We observed that most of the GSR lines showed higher CMS% than the controls except NGSR-5, NGSR-14, NGSR-15, NGSR-21, and NGSR-22. Highest CMS% was observed in NGSR-3, followed by NGSR-9, NGSR-13, and NGSR-16, while Kashmir Basmati showed the maximum CMS% of the control variants (Figure 5C).




3.6. Association of Grain Yield and Other Parameters under Heat Stress


Knowledge of association among the yield, yield-related, and other agronomic parameters is very important because it provide the basic information regarding the selection of certain parameters, which can be utilized as marker of grain yield improvement. In control conditions (Figure 6A), PH showed positive highly significant association with TPP (r = 0.62 ***) and a negative but significant association with GY (r = −0.40 *) and HI (r = −0.65 ***). TPP negatively associated with HI (r = −0.50 *) and NDVI (r = −0.43 *). GY showed highly positive association (r = 0.65 ***) with HI. SY showed a negative but significant association with NDVI (r = −0.42 *) and HI (r = −0.49 *). There was a highly significant association between GL and GW (r = 0.65 ***).



Similarly, under heat stress, PH showed a positive association with TPP (r = 0.63 ***), SY (r = 0.51 **), and GL (r = 0.40 *). PH also showed a negative but significant association with HI (r = −0.39 *) and NDVI (r = −0.44 *, Figure 6B). GY showed a highly significant association with HI (r = 0.89 ***) and a negative but highly significant association with HSI (r = −0.88 ***). HI and SY also showed a negative but significant association (r = −0.74 ***). Similarly, HI showed a negative association with HSI (r = −0.72 ***).





4. Discussion


Rice is a very important cereal crop for majority of the world’s population [51]. Previously, it had been reported that the origin of rice varieties was not related to the degree of heat tolerance [52]. In general, the different growth stages of rice behave differently towards heat stress, but the flowering stage is a particularly sensitive stage [53]. Previous studies showed that rice production was optimum at 32–36 °C and a reduction in yield was observed at higher temperatures beyond that level [32,53,54]. The global climate is changing rapidly, and during the 21st century the expected increase in the earth’s temperature will be 2 to 4.5 °C [55]. Climate is intrinsically connected with agriculture and an increase in temperature will significantly reduce crop production [11,56]. It is reported that with every 1 °C increase in temperature, rice production will decrease by 2.6% [57]. The population of the world is also increasing day by day and is expected to reach 9 billion by 2050. Keeping in mind the increasing temperature and population and its demand, green super rice (GSR) was developed through the utilization of the world’s best germplasm material (Figure 7). GSR has the potential to cope different environmental stresses and maintain an overall grain yield [44]. Furthermore, to our knowledge, GSR lines have never been evaluated for heat stress.



In this study, twenty-two GSR lines, along with four local Pakistani varieties (controls), were studied under normal and heat stress conditions for grain yield and morpho-physiological parameters. Several morpho-physiological parameters collectively contribute to the grain yield [5,24,58]. In this study, we observed a significant reduction in TPP, SY, HI, CMS, and, ultimately, the GY, for most of the genotypes under heat stress. However, certain traits, including PH, GW, GL, PFP, and NDVI, were less affected under heat stress and probably contributed towards overall heat tolerance. In general, the GSR lines were less affected as compared to local varieties for several traits, showing their potential for breeding heat-tolerant rice cultivars. This was possibly due to GSR having more photosynthates than the control varieties because they might absorb more resources or nutrients in a short period of time [59,60].



Heat stress at the flowering or anthesis stage caused pollen sterility, which may lead to the failure of fertilization and ultimately reduction in yield [11]. Pollen sterility, in most cases, is a major reason for reduced grain production in rice under heat stress [24]. Surprisingly, we did not observe a considerable loss of PFP under heat stress, showing that reduced pollen fertility is not a reason for reduced GY (Figure 4). Compatible with this finding, we observed an increase in SY under heat stress in most of the genotypes, suggesting that plants increased their vegetative growth and slowed down their reproductive growth, which is an important avoidance mechanism for heat tolerance. Heat stress causes cell injury, which leads to the leakage of ions in the susceptible genotypes [61]. The genotypes which show better cell membrane stability under heat stress are generally considered to be heat tolerant [24,62]. However, we did not observe a very straightforward trend of CMS with GY, suggesting that it may not be very reliable to screen tolerant genotypes only based on CMS. In addition, prolonged multi-generational heat stress at the flowering stage may cause the accumulation of mutations that enable the plants to become acclimated under heat stress conditions [63]. In the current study, we found NGSR-16 to be the most heat-tolerant GSR line as it showed a minimum or no reduction in the GY, TPP, HI, TGW, and CMS compared to rest of the GSR lines. Among the local variants and overall, Kashmir Basmati outperformed in all the traits with the least reduction in GY under heat stress compared to the control, suggesting a better source of breeding heat-tolerant cultivars. Kashmir Basmati has previously been identified as a heat-tolerant cultivar in a separate study in Pakistan [23]. It is interesting to note that Kashmir Basmati was originally bred in Pakistan as a cold-tolerant rice cultivar for the Kashmir region, where it tolerates cold stress by producing heat shock proteins [64]. This suggests that there could be a common mechanism for cold- and heat-tolerance, possibly involving heat shock proteins, which needs to be further studied to understand the biochemical mechanism of heat tolerance in GSR.



Stress breeding programs depend on the reliable selection indices to screen good germplasm. Thus, it is important to evaluate the association between the final yield and other agronomic indices. We used correlation and PCA analyses to study the association of GY with other traits. Results showed that the GY had a significant positive association with HI but a negative correlation with GW and GL, suggesting that increasing the GW and GL may decrease the final GY probably via decreasing the total number of grains. Thus, an optimum GW and GL would be required for an optimum GY, which involves a sophisticated balance of source–sink translocation.




5. Conclusions


This study was conducted to evaluate the heat tolerance potential of 22 elite GSR lines in comparison with local varieties as controls in Pakistan. We observed a significant variation among the studied germplasm for heat tolerance and identified several heat-tolerant GSR lines that could be used as a genetic resource for breeding programs. We found that GY, along with other morpho-physiological traits, such as TPP, SY, HI, and CMS, were seriously affected by heat stress in most of the genotypes, while PH, GW, GL, PFP, and NDVI were affected only in a few genotypes. Future studies are required to explore the underlying molecular and physiological mechanisms of heat tolerance in the selected tolerant genotypes.
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Figure 1. PCA under control (A) and heat stress (B) for 22 GSR lines and four controls and studied parameters. PH = Plant height (cm), TPP = Tillers per plant, GY = Grain yield per plant (g), SY = Straw yield per plant (g), HI = Harvest index, GW = 1000-Grain weight (g), GL = Grain length (mm), NDVI = Normalized difference vegetative index, PFP = Pollen fertility percentage, CMS = Cell membrane stability, and HIS = Heat susceptibility index. 
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Figure 2. Evaluation of 22 GSR lines and four control variants under control and heat stress. Data for plant height (A), tillers per plant (B), grain yield per plant (C), and straw yield per plant (D) were recorded under both conditions. Tuckey’s test was used for statistical differences. Different letters above the column varied significantly at p < 0.05. 
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Figure 3. Evaluation of 22 GSR lines and four control types under control and heat stress. Data for harvest index per plant (A), thousand grain weight (B), and grain length (C) were recorded under both conditions. Tuckey’s test was used for statistical differences. Different letters above the column varied significantly at p < 0.05. (D) Distribution of heat susceptibility index for grain yield. 
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Figure 4. Pollen fertility test in 22 GSR lines and four control variants of rice. Viable pollens were stained deep brown color, while the sterile pollens were slightly or not stained (bars = 100 µm). 
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Figure 5. Effect of heat stress on pollen fertility (A), NDVI (normalized difference vegetative index, B), and cell membrane stability (CMS, C). Data was mean ± SE of three replicates. Tuckey’s test was used for statistical differences. Different letters above the column varied significantly at p < 0.05. 
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Figure 6. Association studies between agronomic parameters under control (A) and heat stress (B). PH = Plant height (cm), TPP = Tillers per plant, GY = Grain yield per plant (g), SY = Straw yield per plant (g), HI = Harvest index, GW = 1000-Grain weight (g), GL = Grain length (mm), NDVI = Normalized difference vegetative index, PFP = Pollen fertility percentage, his = Heat susceptibility index, and CMS = Cell membrane stability. * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 7. Salient features of GSR and basmati lines. (A) Comparison of GSR and basmati lines under control conditions. (B) Panicle comparison of basmati and GSR lines. (C,D) Basmati lines under control and heat stress conditions. (E) Seed comparison and (F) the effect of disease on GSR lines. Bars (A,C,F = 10 cm; B,D = 1 cm; E = 1 mm). 






Figure 7. Salient features of GSR and basmati lines. (A) Comparison of GSR and basmati lines under control conditions. (B) Panicle comparison of basmati and GSR lines. (C,D) Basmati lines under control and heat stress conditions. (E) Seed comparison and (F) the effect of disease on GSR lines. Bars (A,C,F = 10 cm; B,D = 1 cm; E = 1 mm).



[image: Agronomy 12 01907 g007]







[image: Table] 





Table 1. Mean square values of morpho-physiological parameters.
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	SOV
	G
	Rep
	T
	G × T
	H2





	DF
	25
	1
	1
	25
	



	PH
	358.2 ***
	1.4 ns
	828.9 ***
	76.7 ***
	96.43



	TPP
	90.0 ***
	15.9 ns
	1155.6 ***
	10.0 ns
	92.60



	GY
	458 ***
	461 ns
	45,179 ***
	318 *
	64.85



	SY
	797 ***
	920 ns
	34,194 ***
	1158 ***
	63.36



	HI
	0.007 ***
	0.007 ns
	1.1028 ***
	0.0078 ***
	88.31



	GW
	18.26 ***
	15.69 *
	0.122 ns
	4.122 ns
	81.80



	GL
	3.09 ***
	0.08 ns
	1.1839 **
	0.223 ns
	95.71



	NDVI
	0.003 ns
	0.000047 ns
	0.006 ns
	0.003 ns
	35.83



	PFP
	110.0 ***
	80.1 *
	467.0 ***
	107.4 ***
	85.18







* p < 0.05, ** p < 0.01, *** p < 0.001, and ns = non-significant. SOV = Source of variation, DF = Degree of freedom, G = Genotype, Rep = Replication, T = Treatment, G × T = Genotype × Treatment interactions, H2 = Heritability, PH = Plant height (cm), TPP = Tillers per plant, GY = Grain yield per plant (g), SY = Straw yield per plant (g), HI = Harvest index, GW = 1000-Grain weight (g), GL = Grain length (mm), NDVI = Normalized difference vegetative index, PFP = Pollen fertility percentage.
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