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Abstract

:

Rice is an important cereal and drought stress is a critical abiotic stress that negatively influences the performance and productivity of rice crop, particularly under a changing climate scenario. The objectives of this study were to evaluate the impacts of drought stress on grain productivity and water use efficiency of rice cultivars and to assess the genotypic variability among the tested cultivars. Two irrigation treatments including a control and drought stress were applied to the experiments during 2018–2019 and 2019–2020. The statistical evaluation included a comparison of means, genotypic and phenotypic coefficients of variation, path analysis, correlation assessment, hierarchical clustering of tested cultivars and principal component analysis. The results indicated that drought stress negatively affected the grain productivity of the rice cultivars. The grain productivity of the cultivars decreased, ranging between 21–45% and 21–52% in the first and second season, respectively. Similarly, water use efficiency was significantly decreased ranging between 7–53% and 21–55% during the first and the second season, respectively. The broad-sense heritability for grain productivity was differed under control and drought stress treatment, indicating that the chances of the transfer of grain-productivity-related traits could be affected during selection for stress tolerance. The correlation assessment indicated that the intensity of association among the evaluated parameters was higher under the control treatment. A maximum direct effect was observed by water consumption (1.76) under control whereas, by water use efficiency (1.09) under drought stress treatment on grain productivity in path analysis. Considering the water use efficiency as a desired trait for selection in path analysis, a maximum direct effect was observed by grain productivity under the control (0.68) and under drought treatment (0.88). Hom Pathum and Pathum Thani−1 were identified as highly tolerant cultivars in the hierarchical clustering and principal component analysis. It was concluded that the results obtained for the assessment of drought stress on grain productivity, water use efficiency and genotypic variability among these cultivars could be utilized in selection program for stress tolerance and the stress tolerant cultivars could be used for sustaining grain productivity to reduce the impacts of climate change.
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1. Introduction


Climate change has impacted agricultural crop production and water shortages [1], and variations in moisture availability are among the current critical issues. Lowland rice production systems are major rice systems and are crucial to food security. Rain-fed lowland rice production covers 6.2 million hectares globally [2]. Rice is a major cereal crop in Thailand, which critically contributes towards the country’s food security and economy [3]. In Southeast Asia, Thailand ranks second in rice production [4]. Rain-fed lowland rice production systems, which are a major production system in Thailand, are highly susceptible to climatic variability [5] and drought stress occurrence. Water shortages and drought stress occurrence have been forecasted in numerous studies to be severe due to the influence of climate change in the future, i.e., Ullah et al. [6], El Sherbiny et al. [7] and Hussain et al. [8]. The occurrence of drought stress due to the impact of climate change affects the crop performance and production potential [9,10]. Rain-fed rice production is achieved during the rainy season in Thailand [5,6,8,11]. The grain productivity of rice is significantly affected by drought stress events at various crop stages caused by seasonal variability of rainfall patterns [5].



Drought stress affects rice plant physiological processes and impacts the performance of agronomic traits, which ultimately results in declined grain productivity [12,13]. Yield losses are dependent upon the duration and intensity of the stress intervals. Rice is very sensitive to drought stress, and if drought stress occurs in midseason or at the flowering stage, it can affect the grain numbers as well as spikelet fertility, causing yield losses up to 92% [14] and severe yield losses can occur if drought prevails at terminal or lateral crop stages [15]. According to Pantuwan et al. [16] and Ovenden et al. [17], drought stress affects source-to-sink distribution and leads to reduced grain productivity. In this scenario, drought-stress-tolerant cultivars can help to sustain grain productivity as they are highly capable of retaining higher productivity under drought stress [18]. Different cultivars demonstrate varying responses to drought stress [19] and the capability of a cultivar to sustain yields or perform well is considered as a principal indicator for the cultivar’s stability [20]. According to Blum [21], farmers consider a cultivar as drought tolerant if it has the potential to sustain grain productivity under a reduced water supply. Thus, such types of cultivars are always highly desired, as they also produce better yields as compared to drought-stress-susceptible cultivars. Therefore, exploring the local germplasm subjected to drought stress would help to identify suitable cultivars for enhanced drought stress tolerance and maintain higher yields under a climate change scenario.



Breeding rice crop for drought stress tolerance to avoid or prevent abiotic stresses is an important factor for sustaining rice productivity. The yield assessment and improvement of drought-tolerant cultivars are crucial in rice breeding and selection for drought resistance. It is very important to understand the plant characteristics involved in higher yield production and the effective resistance to drought, which helps to select and develop genotypes with higher water use efficiency for better water management and improved production [22,23]. Water use efficiency is an important indicator that exhibits the response of a specific cultivar under different available irrigation water and soil moisture statuses. Generally, the water use efficiency of plants is decreased under a water deficit and vice versa, but plants maintaining their physiology and rescheduling their water use are specified as exhibiting anti-drought behavior. Water use efficiency is decreased due to a higher rate of transpiration under drought stress and genotypes fail to produce optimum yields. Hu et al. [24] found that the water use efficiency of wheat genotypes was decreased under a water deficit. However, the water use efficiency of a cultivar does not necessarily mean a reduction under drought stress. Hu et al. [24] also found that the water use efficiency of two wheat genotypes was increased under a water deficit at middle level stress as compared to non-stressed conditions, which provided a clue for water saving. A higher or lower reduction in water use efficiency is mainly a characteristic of reduced water use under drought stress than net production [25]. Monclus et al. [26] suggested that producing a high level of drought tolerance requires the ability of a cultivar to increase its water use efficiency. A number of methods and techniques are being used to evaluate crop cultivars for their improved drought tolerance responses including primary yield trials, field evaluations and modern breeding practices. Maintaining the crop water productivity or water use efficiency of a crop, survival and sustaining the yields under drought stresses are some of complex mechanisms that are regulated by a number of genes [1]. Cultivars exhibiting a higher water use efficiency in relation to water consumption are useful for acquiring drought-tolerant traits. However, water use efficiency alone cannot be considered as an indicator for drought tolerance, as drought tolerance is complex mechanism in which plant root water uptake and other physiochemical process are involved. Thus, water use efficiency provides a preliminary option for selecting cultivars for further screening processes.



The identification and selection of crop cultivars in breeding trials is considered laborious. Thus, initially screening a variety of crop cultivars under different management options for diversity among various agronomic and morphological characteristics is still one of the basic principles of crop breeding. Water use efficiency is one of the critical factors for rice breeders, particularly when selecting and breeding rice for drought tolerance. Rice cultivars can be classified based on plant agronomic and morphological traits by rice breeders [27]. Diversity among the crop population [28,29] for specific or desired attributes, i.e., grain productivity and water use efficiency, is a critical component. In rice breeding programs, evaluating crop productivity under variable drought stress conditions and the investigation of crop water use efficiency both help to identify suitable and stable cultivars. In this regard, exploring correlations among plant traits is highly advantageous. High and positively associated traits can be targeted for further improvements. A correlation determines the association among two attributes or variables, where its value ranges between −1 and +1, whereas a zero exhibits no correlation or association among the tested attributes [30]. A path coefficient analysis, which is a multivariate statistical tool for evaluating linkages among two or more attributes [31], can be used to identify the in-depth direct and indirect impacts of affecting components on desired traits and for the assessment of comparative importance among variables. Direct effects are significant for breeding as they are directly linked to the targeted traits. Path coefficient analysis has been used to observe correlations among yields and yield components in various crops including rice [32,33], cowpea [34], spinach [35], wheat [36], barley [37] and melons [28]. A proportion of phenotypic variance is known as broad-sense heritability (H2), which is attributable to the effects including the sum of the additive, epistatic and dominance effects, which then can be used predict the probability of an improvement in targeted crop traits [28], and it defines the responses to assortment. Yield components usually have a low heritability, which makes it hard to reach the desired and targeted trait for selection. Hence, crop breeders must select the traits with high heritability indicating a significant correlation with yield components [33]. In the selection process, similarly acting crop cultivars under various applied stresses can be identified using hierarchical clustering and principal component analysis (PCA) based on studied traits [38], which can then be further classified into various groups and subgroups based on the performance of the studied attributes [5].



Keeping in view the importance of the above, the present study was designed to evaluate the impacts of drought stress on the grain productivity and water use efficiency of rice cultivars. A combination of statistical approaches was used to identify the genotypic variability and classification of cultivars based on their peculiarities in terms of water consumption, water use efficiency and grain productivity. The results obtained for each cultivar provide the basis for their utilization in further breeding processes to enhance their drought stress tolerance and in mitigating the impacts of climate change, particularly in terms of the drought stress intervals occurring at lateral rice crop growth stages.




2. Materials and Methods


2.1. Experimental Setup and Crop Management


The study was conducted in the greenhouse of the Faculty of Natural Resources, Prince of Songkla University, Thailand for two crop seasons during 2018–2019 (first season) and 2019–2020 (second season). Detailed information about crop management and the experimental procedure were provided in our previous study [5]. In brief, famous lowland rice cultivars were selected for evaluation in this study. The germplasm for all twelve cultivars, which included Hom Pathum, Chor Lung, Dum Ja, Sang Yod, Hom Nang Kaew, Hom Chan, Pathum Thani−1, RD−15, Lep Nok, Look Pla, Khao Dawk Mali−105 and Tia Malay Dang, were obtained from the Phatthalung Rice Research Center, Phatthalung province, and farmers in southern Thailand. In both years, fine soil was prepared, and 12 kg soil was uniformly filled in conical-shaped planting pots with a 30 cm top diameter, 19 cm base diameter and 24 cm height with drainage holes at the bottom to allow drainage, whereas the planting pots were placed on pot plates. The soil texture of the soil used in both seasons was sandy clay loam with 65.08%, 10.21% and 21.42% of sand, silt and clay, respectively, and the electrical conductivity of soil was 44.50 µS cm−1. The experimental soil contained 4.73 gkg−1 and 4.60 gkg−1 organic matter and 0.34 gkg−1 and 0.30 gkg−1 total nitrogen contents in first and the second season, respectively. The mean daily maximum and minimum temperatures were recorded using WatchDog micro weather station (Series:1000, Model: 1425®) from Spectrum Technologies and are shown in Figure S1. The daily mean maximum and minimum temperatures ranged from 26.3–44.6 °C and 22.2–26.8 °C during the first season, whereas they ranged from 33.3–46.7 °C and 22.8–27.1 °C during the second season, respectively. The direct seeding method was used to plant seeds in the planting pots and extra plants were thinned to maintain three plants per pot at the seedling stage for adequate plant establishment. Two irrigation treatments were imposed on the experiments, which included a control (C) and drought stress (D), and each treatment was replicated three times. Plants were irrigated using an automatic drip irrigation system with a dripper head water discharge capacity of 8 L per hour [5]. Irrigation was applied for specific time durations and on days during the experimental period. The irrigation amount for each cultivar was first summed from the planting to maturity duration of the specific genotype, following which the irrigation amount as liters per pot was calculated by multiplying the irrigation time duration and dripper head water flow capacity. Plants in both treatments were irrigated equally until drought stress was applied after 75 days of planting by holding irrigation in drought stress treatment until temporary wilting was witnessed. Irrigation was restored soon after witnessing temporary wilting in the drought treatment (Figure 1). Recommended crop production practices were performed in both seasons to avoid insect, pest and disease attacks.




2.2. Crop Harvest and Data Collection


Detailed information on the crop harvesting and data collection methods were given in our previous study [5]. When 50% of the plants in each treatment reached physiological maturity, the maturity duration (days) was counted. The maturity duration is linked to our previously published work [5]. Manual harvesting was performed, and the grain productivity was calculated from randomly selected plants for each cultivar in each replication and treatment. The grain productivity was modified to a gram-per-pot basis, and it was determined as the dry grain weight by drying the grain samples in an oven at 70 °C to achieve a constant weight.




2.3. Determination of the Water Use Efficiency


The water use efficiency was computed using Equation (1) as described by Zhou et al. [39] for each cultivar as a relationship between the grain productivity and applied irrigation water.


   Water   use   efficiency     (  g / L  )  =    Grain   productivity   per   pot     ( g )     Applied   irrigation   water   per   pot     ( L )     



(1)








2.4. Statistical Analysis


Statistical analysis was performed using the Statistix 8.1 package (Analytical software, Tallahassee, FL, USA) [40]. Analysis of variance was conducted in a factorial design arranged in a completely randomized model for maturity duration, water consumption, grain productivity and water use efficiency observed from three replications for all cultivars in response to the control and drought stress treatments and their interactions in both seasons. The least significant difference was used to compare the means and the significance was studied at p values less than 0.05. Genotypic (GCV) and phenotypic (PCV) coefficient of variations, broad-sense heritability (H2), genetic advance (GA) and genetic advance as a percentage of the mean (GAM) for grain productivity, days to maturity, water consumption and water use efficiency of the lowland rice cultivars under the control and drought stress treatments were computed as described by Al-Tabbal and H. Al-Fraihat [41], Covarrubias-Pazaran [42], Teklu et al. [43], Oladosu et al. [44] and Khomphet et al. [28] using the R program [45]. Path analysis to figure out the direct and indirect effects of the studied traits on grain productivity and water use efficiency was performed as used by Krualee et al. [46] and Khomphet et al. [28] using the R program as well [45]. Furthermore, the cultivars were classified according to their responses for grain productivity and water use efficiency under the control and drought stress treatments using the ClustVis software [47] as described by Hussain et al. [5] for hierarchical clustering. The clustering distance for rows and columns was considered based on their correlation and the average was used for the clustering method for rows and columns in a heatmap. A principal component analysis (PCA) biplot was generated using the R program [45].





3. Results


3.1. Irrigation Water Consumption and Crop Duration


The statistical analysis indicated that the irrigation water consumption was significantly different for cultivar (C), treatment (T), seasons (S) and the interactions of C × T, C × S, T × S and C × T × S (Table 1). During the first season, the irrigation water consumption was increased for the cultivars Hom Pathum, Dum Ja, Sang Yod, Hom Nang Kaew, Hom Chan, Pathum Thani−1, Lep Nok, Look Pla and Tia Malay Dang, whereas it decreased for the cultivars Chor Lung, RD−15 and Khao Dawk Mali−105 under drought stress conditions (Figure S2A). In the second season, the irrigation water consumption was increased for all the cultivars under drought stress conditions (Figure S2B). The maturity duration of the cultivars Hom Pathum, Dum Ja, Sang Yod, Hom Nang Kaew, Hom Chan, Pathum Thani−1, Lep Nok, Look Pla and Tia Malay Dang was increased by 4, 5, 14, 7, 10, 8, 4, 5 and 11 days, respectively, whereas it decreased for the cultivars Chor Lung, RD−15 and Khao Dawk Mali−105 by 19, 11 and 5 days, respectively, during first season. In the second season, the maturity duration of all the cultivars was increased by 4, 4, 8, 8, 4, 6, 4, 3, 3, 7, 4 and 6 days, respectively, for Hom Pathum, Chor Lung, Dum Ja, Sang Yod, Hom Nang Kaew, Hom Chan, Pathum Thani−1, RD−15, Lep Nok, Look Pla, Khao Dawk Mali−105 and Tia Malay Dang (Table 2) [5].




3.2. Impact of Drought Stress on Grain Productivity


The grain productivity was highly significantly different for cultivars (C), treatments (T) and seasons (S), whereas it was not significantly different for C × T, T × S and C × T × S, as indicated by the analysis of variance (Table 1). There was a significant variation for grain productivity among all the cultivars under the control and drought stress conditions during both seasons (Figure 2). The grain productivity of all the cultivars was affected under drought stress, and the grain productivity of the cultivars Hom Pathum, Chor Lung, Dum Ja, Hom Nang Kaew, Pathum Thani−1, Lep Nok, Look Pla, Khao Dawk Mali−105 and Tia Malay Dang was significantly decreased by 21%, 31%, 23%, 26%, 28%, 36%, 39%, 30% and 45%, respectively, during the first season (Figure 2A), and the grain productivity of all the cultivars including Hom Pathum, Chor Lung, Dum Ja, Sang Yod, Hom Nang Kaew, Hom Chan, Pathum Thani−1, RD−15, Lep Nok, Look Pla, Khao Dawk Mali−105 and Tia Malay Dang significantly decreased by 24%, 21%, 22%, 25%, 43%, 26%, 26%, 36%, 33%, 25%, 52% and 34%, respectively, during the second season (Figure 2B).




3.3. Impact of Drought Stress on Water Use Efficiency


Considering the water use efficiency, highly significant differences were indicated in the statistical analysis for cultivars and treatments, whereas non-significant differences were observed for the interactions of treatment × season and cultivar × treatments × season (Table 1). A significant variability prevailed for the water use efficiency among the tested cultivars and the water use efficiency of all the cultivars was higher in the control treatment, whereas it decreased under the drought stress treatment for the tested cultivars ranging from 7–53% and 21–55% during the first season (Figure 3A) and the second season (Figure 3B), respectively. The water use efficiency of the cultivars Hom Pathum, Dum Ja, Sang Yod, Hom Nang Kaew, Pathum Thani−1, Lep Nok, Look Pla, Khao Dawk Mali−105 and Tia Malay Dang significantly decreased by 24%, 24%, 26%, 27%, 24%, 34%, 36%, 40%, 22% and 53%, respectively, during the first season (Figure 3A), and it significantly decreased for the cultivars Hom Pathum, Chor Lung, Dum Ja, Sang Yod, Hom Nang Kaew, Hom Chan, Pathum Thani−1, Lep Nok, Look Pla, Khao Dawk Mali−105 and Tia Malay Dang by 27%, 21%, 24%, 31%, 43%, 30%, 30%, 33%, 27%, 55% and 40%, respectively, during the second season (Figure 3B).




3.4. Genotypic Variability


The analysis for the genotypic variability of the pooled data from the two seasons indicated that the parameters including the genotypic (GCV) and phenotypic (PCV) coefficient of variations, broad-sense heritability (H2), genetic advance (GA) and genetic advance as percentage of the mean (GAM) acted similarly for days to maturity, water consumption and water use efficiency of the lowland rice cultivars under the control and drought stress treatments except for grain productivity, in which the phenotypic (PCV) coefficient of variation and broad-sense heritability (H2) differed under the control and drought stress treatments (Table 3), which indicated that stress induction had the ability to alter the behavior of the genotypic variability parameters. Under the control treatment, GCV and PCV were categorized as medium for grain productivity (13.72 and 17.17) and days to maturity (15.18 and 15.29), whereas they were high for water consumption (25.68 and 25.68) and water use efficiency (23.48 and 25.34). Under the drought stress treatment, GCV and PCV acted similarly, being categorized as medium for days to maturity (15.19 and 15.42) and high for water consumption (25.35 and 24.35) and water use efficiency (21.65 and 25.62), and in contrast, GCV and PCV were categorized as medium (17.09) and high (22.14), respectively, for grain productivity.



The broad-sense heritability (H2) was high for all the attributes including grain productivity (63.93), days to maturity (98.51), water consumption (100.00) and water use efficiency (85.88) under the control treatment, whereas, in contrast, under the drought stress treatment, it was medium for grain productivity (59.60) and high for days to maturity (97.13), water consumption (100.00) and water use efficiency (71.40) (Table 3).



The genetic advance (GA) acted similarly under the control and drought stress treatments, and it was categorized as low for grain productivity (5.62) and water use efficiency (0.15) and high for days to maturity (44.50) and water consumption (40.31) under the control treatment, whereas it was classified as low for grain productivity (4.79) and water use efficiency (0.09) and high for days to maturity (45.45) and water consumption (40.80) under the drought stress treatment. The genetic advance as percentage of the mean (GAM) acted similarly and was classified as high for grain productivity (22.60 and 27.17), days to maturity (31.05 and 30.84), water consumption (52.89 and 52.23) and water use efficiency (44.83 and 37.68) for the control and drought stress treatments, respectively (Table 3).




3.5. Correlation Study


The correlation analysis indicated a similar trend for correlation among the studied traits. However, the degree of association varied among the studied attributes under the control (Figure 4A) and drought stress treatments (Figure 4B). The highest significant and positive associations were observed among the maturity duration and water consumption, with values of 1.00 and 0.99, respectively, and grain productivity and water use efficiency, with values 0.46 and 0.54, respectively, for the control and drought stress treatments. In contrast, significant negative correlations were observed among the maturity duration and water use efficiency, with a value of −0.71, and water consumption and water use efficiency, with a value of −0.71 under the control treatment, and among the maturity duration and water use efficiency, with a value of −0.56, and water consumption and water use efficiency, with a value of −0.55 under the drought stress treatment.




3.6. Path Analysis


The path analysis conducted with the preferred traits including grain productivity and water use efficiency indicated a direct and indirect influences of the affecting attributes. For the direct effect under the control treatment, the water consumption (1.76) and water use efficiency (1.46) had a direct positive impact on grain productivity, whereas the days to maturity (−0.24) had a direct negative impact on grain productivity. On the other hand, the water use efficiency had the highest positive indirect effect (0.18), and the water consumption had the highest negative indirect effect (−1.14) on grain productivity via the days to maturity and water use efficiency, respectively (Table 4). However, the highest total positive indirect effect was observed for the days to maturity (1.52) via the water consumption on grain productivity (Figure 5), whereas the highest total negative indirect effect was observed for the water use efficiency (−2.52) via the water consumption on the grain productivity under the control treatment. The residual effect in the path analysis for the grain productivity under the control treatment was 0.005, which exhibited that only a 0.5% effect occurred due to other possible reasons (Table 4). Under the drought stress treatment, the maximum direct effect was observed for the water use efficiency (1.09) on the grain productivity followed by the water consumption (0.79) and days to maturity (0.34). Conversely, the highest positive indirect effect was observed by the water consumption via the days to maturity (0.33) and the highest negative indirect effect was observed by the days to maturity via the water use efficiency (−0.67) followed by the water consumption via the water use efficiency (−0.66), water use efficiency via the water consumption (−0.48) and water use efficiency via the days to maturity (−0.20). However, for the drought stress treatments, the highest total positive indirect effect was observed for the days to maturity (1.11) via the water consumption and the highest negative indirect effect was observed for the water use efficiency (−1.14) via the water consumption (Figure 5). The residual effect in the path analysis for the grain productivity under the drought stress treatment was 0.026, which exhibited that a 2.6% effect occurred due to other possible reasons (Table 4).



Considering the water use efficiency, for the direct effect under control treatment, the grain productivity (0.68) and days to maturity (0.16) had a direct positive impact on the water use efficiency, whereas the water consumption (−1.20) had a negative direct impact on the water use efficiency. On the other hand, the days to maturity (0.25) and water consumption (0.27) had the highest positive indirect effects on the water use efficiency via the grain productivity. In contrast, the grain productivity (−0.47) had the highest negative indirect effect on the water use efficiency via the water consumption (Table 5). However, the highest total positive indirect effect was observed for the grain productivity (0.31) via the days to maturity on the water use efficiency (Figure 5), whereas the highest total negative indirect effect was observed for the days to maturity (−1.03) via the water consumption on the water use efficiency under the control treatment. The residual effect in the path analysis for the water use efficiency under the control treatment was 0.002, which exhibited that only a 0.2% effect occurred due to other possible reasons (Table 5). Under the drought stress treatment, the maximum direct effect was observed for the grain productivity (0.88) on the water use efficiency followed by the negative direct effects of water consumption (0.70) and days to maturity (0.32). Conversely, the highest positive indirect effect was observed by the days to maturity via the grain productivity (0.40) and the highest negative indirect effect was observed by the days to maturity via the water consumption (−0.69) followed by the grain productivity via the water consumption (−0.33), water consumption via days to maturity (−0.31) and by grain productivity via days to maturity (−0.14) (Table 5). However, for the drought stress treatment, the highest total positive indirect effect was observed for the days to maturity (0.26) via the grain productivity and the highest negative indirect effect was observed for the water consumption via the days to maturity (−1.00) (Figure 5). The residual effect in the path analysis for the water use efficiency under the drought stress treatment was 0.021, which exhibited that a 2.1% effect occurred due to other possible reasons (Table 5).




3.7. Classification of Cultivars Using Hierarchical Clustering and Principal Component Analysis


The cultivars were classified into two clusters (A and B) through hierarchical clustering based on grain productivity and water use efficiency under the control and drought stress treatments (Figure 6). Similarly acting cultivars were classified into the same clusters. The first cluster (A) consisted of six cultivars including Chor Lung, Pathum Thani−1, Sang Yod, Hom Chan, Hom Pathum and Dum Ja, whereas the second cluster (B) also included six cultivars including, Khao Dawk Mali−105, Tia Malay Dang, Hom Nang Kaew, RD−15, Lep Nok and Look Pla (Figure 6). The classification of the clusters indicated that, in terms of the grain productivity and water use efficiency under the control and drought stress treatments, the cultivars in their respective groups acted similarly for producing grain yields and maintaining water use efficiency. The cultivars in cluster (A), including Chor Lung, Pathum Thani−1, Sang Yod, Hom Chan, Hom Pathum and Dum Ja, produced a better grain yield and a reduced decline in water use efficiency under the drought stress treatment, whereas the cultivars in cluster (B), including Khao Dawk Mali−105, Tia Malay Dang, Hom Nang Kaew, RD−15, Lep Nok and Look Pla, indicated a comparatively higher decline in grain yield and water use efficiency under the drought stress treatment and were among the vulnerable and affected cultivars under the drought stress treatment in terms of grain productivity and water use efficiency.



The principal component analysis (PCA) was executed to assess the cultivars based on grain productivity and water use efficiency under control and drought stress treatments (Figure 7). Considering the PCA results from grain productivity and water use efficiency under control and drought stress treatments, PC1 and PC2 contributed 51.18% and 42.19% of the total variation (93.37), respectively. In PC1, all traits contributed almost equally and were significantly positively correlated. In PC2, the water use efficiency in both the treatments was positively correlated and the water use efficiency under the drought stress treatment contributed higher than the control treatment. In contrast, the grain productivity under the control and drought stress treatments contributed almost equally and was negatively correlated. The cultivars Hom Pathum, Pathum Thani−1, Look Pla, Sang Yod and Lep Nok exhibited higher positive values in PC1, respectively, whereas the cultivars Dum Ja, Khao Dawk Mali−105, Tia Malay Dang, Chor Lung, Hom Nang Kaew, RD−15 and Hom Chan exhibited higher negative values in PC1, respectively. In PC2, the cultivars RD−15, Khao Dawk Mali−105, Tia Malay Dang, Hom Pathum and Pathum Thani−1 exhibited higher positive values, respectively, whereas the cultivars Hom Chan, Sang Yod, Hom Nang Kaew, Chor Lung, Dum Ja, Look Pla and Lep Nok exhibited higher negative values, respectively. The cultivars were classified into two groups. The first group included the cultivars Hom Pathum, Pathum Thani−1, RD−15, Khao Dawk Mali−105 and Tia Malay Dang, whereas the second group included the cultivars Sang Yod, Lep Nok, Look Pla, Dum Ja, Chor Lung, Hom Nang Kaew and Hom Chan.





4. Discussion


Climate change has negatively influenced the performance of rice cropping systems and seasonal variations in rainfalls has increased the chances of drought stress occurrence [48,49,50,51,52,53,54,55,56,57]. Climatic variability has posed a huge threat to worldwide food security [58]. Due to the extreme sensitivity of rice to drought stress [29,59], rice productivity is particularly affected under drought stress at lateral crop stages. Various crop cultivars respond differently under different agro-climatic conditions hence exploring the existing diversity of local germplasm for various attributes is an important component of sustainable agriculture [60]. The agronomic performance and water use efficiency of different types of cultivars varies depending upon the sensitivity of the cultivars to drought stress, which ultimately determines the grain productivity. Hence, the statistical evaluation of the water use efficiency as it is an important physiological attribute [61,62] and grain productivity of various cultivars under drought stress conditions will help to identify the suitable cultivars with improved water use efficiency and grain productivity to sustain yields and to tackle the negative impacts of climate change.



In our study, we observed that the daily mean maximum and minimum temperatures ranged from 26.3–44.6 °C and 22.2–26.8 °C during the first season, whereas it ranged from 33.3–46.7 °C and 22.8–27.1 °C during the second season, respectively. The average temperature observed during the experimental duration was higher than the optimum temperature required for rice crops. Fluctuations in temperature influence the growth of rice plants and affects crop phenology. Under a climate change scenario, a higher or lower temperature occurrence affects plant growth and development [63] by affecting the life cycle of the crop. In our results, an increase in the irrigation water consumption of the rice cultivars under drought stress conditions was observed, which was possibly related to the increase in the maturity duration of those cultivars. The water consumption was also significantly different and was affected under the influence of cultivars (C), treatments (T) and seasons (S). Rice cultivars are considered extremely vulnerable to drought stress, and stress occurrence at lateral stages causes a delay in the flowering and maturity duration of rice cultivars. In our results, the maturity duration was significantly different under the effects of C, T, S, and interactions of C × T, C × S and C × T × S, except for T × S, which possibly occurred due to the uniform experimental conditions in the greenhouse and partially controlled environment. A delay in the maturity duration of rice cultivars under drought stress has also been observed in numerous studies [5,64,65,66,67]. Therefore, increased water consumption could be associated with an increased maturity duration of such cultivars. Furthermore, the water consumption was highly associated with the maturity duration under both the control (1.00) and drought stress treatments (0.99). Consequently, the irrigation water consumption amount was decreased for the cultivars Chor Lung, RD−15 and Khao Dawk Mali−105 under drought stress conditions (Figure S2), which was possibly due to their decreased maturity duration. Early maturity and plant senescence under the drought stress conditions in the rice cultivars possibly resulted in the decreased irrigation water consumption of those cultivars. In addition, the maturity duration and water use efficiency were negatively associated under the control (−0.71) and drought stress treatments (−0.56), which indicated that an increase in the maturity duration resulted in a decline in the water use efficiency.



The grain productivity of rice cultivars is greatly affected, as drought stress influences the performance of physiological processes and yield attributes, and less chance of recovery occurs due to the short duration reaching crop to maturity. Our results indicated that a significant variability prevailed among the tested cultivars under the control and drought stress conditions. The performance in terms of grain productivity was significantly affected under drought stress except for the interactions of C × T, T × S and C × T × S, which were not significantly different, which might be because of the partially controlled conditions in the greenhouse. Rice is considered extremely vulnerable to drought stress. Verulkar et al. [68] stated that rice yield was significantly reduced even with a medium stress at the reproductive stage. Similar results and a decline in the grain productivity of rice cultivars has been well reported in a number of studies [62,67,69,70,71]. The water use efficiency of rice cultivars is affected under limited or reduced water availability and various cultivars respond differently depending on the available water status. The water use efficiency was not significantly different for the interactions of T × S and C × T × S, possibly because of the uniform conditions and due to the effects of grain productivity, as it was computed through grain productivity. In our study, the water use efficiency was reduced for all the cultivars in both seasons, however, it was not significantly decreased for some of the cultivars. The decline in water use efficiency might not linked to the lower performance of the physiological mechanisms, but it was possibly linked to a higher water consumption and low grain productivity, as the water use efficiency was negatively correlated to the water consumption under both the control and drought stress treatments. However, this negative correlation was high with a coefficient value –0.71 under the control and was moderate with a coefficient value of –0.55 under the drought stress treatment (Figure 4). Blum [25] also stated that a higher water use efficiency is mainly a characteristic of reduced water use under drought stress than of net grain production. There was a positive association between the water consumption and grain productivity (0.53) and between the grain productivity and water use efficiency (0.59) (Figure 4), indicating that the cultivars with a higher water use efficiency resulted in a reduced water consumption and better grain productivity under drought stress conditions.



The genotypic (GCV) and phenotypic (PCV) coefficients of variation, broad-sense heritability (H2), genetic advance (GA) and genetic advance as percentage of mean (GAM) among the grain productivity, days to maturity, water consumption and water use efficiency of the lowland rice cultivars differed between the control and drought stress treatments. We found that the PCV for grain productivity was medium under the control, whereas it was higher in the drought stress treatment, which indicated that the applied treatments influenced the phenotypic variation for grain productivity. This showed that during the selection process, a pooled analysis for the coefficients of variation and heritability might be misleading for specific trait selection. Hence, it is of high importance that treatment influence should be considered in selection programs. PCV was greater than GCV for grain productivity, days to maturity and water use efficiency under both treatments, indicating that the environment had a greater impact on the expression of these traits, whereas PCV and GCV were equal for water consumption under both treatments. According to the findings of Chuchert et al. [27], PCV was also greater than GCV for most of the agronomic traits of upland rice. H2 ranged from 63.93% to 100% for the studied traits under the control treatment, whereas it ranged from 59.60 to 100% under the drought stress treatment. The higher H2 of the studied traits indicated that genetic variation in studied traits was higher as compared to the environmental differences, hence, breeding for selective traits including higher grain productivity, desired short or long days to maturity, low water consumption and higher water use efficiency of lowland rice cultivars could be an effective approach. Similar findings and conclusions for agronomic traits with high H2 have also been reported by Chuchert et al. [27], Poehlman [72] and Sari et al. [73]. A higher H2 of the studied traits indicated the greater selection efficiency of these important traits. In contrast, a medium H2 for grain productivity under drought stress treatment and a higher H2 for water use efficiency under both control and drought stress treatment indicated that the selection for water use efficiency will be more effective compared to a medium H2 for grain productivity for selection purposes under stressed environments. The days to maturity and water consumption indicated higher GA under both treatments. A higher H2 and high GA of days to maturity and water consumption exhibited that these traits were controlled by additive gene impacts, and similar findings for the agronomic traits of rice crops have also been reported by Chuchert et al. [27], Sumanth et al. [74] and Vange [75].



Path analysis was used to determine the direct and indirect effects of the studied traits on the preferred grain productivity and water use efficiency. The path analysis performed for the control and drought stress treatments separately indicated that the direct and indirect impacts of attributes were variable on the desired traits including grain productivity and water use efficiency. It indicated that it was necessary to evaluate the direct and indirect impacts of the affecting attributes on the desired traits separately under optimal and stressed conditions as we observed variations in both treatments. The maximum direct impact, which was observed for water consumption on grain productivity, indicated that water consumption was a major component in influencing the grain yield under optimal conditions, whereas, under drought-stressed conditions, the water use efficiency was the major component in inducing the maximum direct impact on grain productivity. While preferring the water use efficiency of lowland rice cultivars, the grain productivity was the major component in inducing the highest direct impact under optimal as well as under stressed conditions. Our findings indicated the relationship among grain productivity and water use efficiency as well as the importance of the traits for their preferences in the selection process of rice crop breeding programs for drought tolerance and improving water use efficiency to combat the negative impacts of climate change.



The hierarchical clustering indicated an identical performance of the assessed cultivars, and the obtained clusters were similar to the classification obtained in a previous study for drought stress tolerance for these cultivars conducted by Hussain et al. [5]. The cultivars Hom Pathum and Pathum Thani−1 were among the superior cultivars in group A in the hierarchical clustering as well as in the biplot of the principal component analysis, where they were on the positive axis of PC1 and PC2. However, some of the cultivars were not in the similar groups of previous evaluations when assessed based on grain productivity and water use efficiency. Such cultivars indicated a better water use efficiency, though this might be due to the reason that a higher water use efficiency was not obtained due to the higher grain productivity under drought stress, but possibly due to the reduced water consumption. Such trends of higher water use efficiency or crop water productivity have also been observed, where water use efficiency was higher due to reduced water consumption and due to other crop management factors instead of higher grain productivity with less water consumption [3,76]. Hence, the results for the obtained water use efficiency should be carefully considered during selection process, as our study highlighted the importance of water use efficiency and its direct and indirect impacts on other agronomic traits. Our results suggest that the findings from the current study about grain productivity and water use efficiency as well as previous investigations [5] could be combined for further exploration for improving drought stress tolerance and for improved water use efficiency and higher grain productivity during the cultivar selection process based on these desired traits.




5. Conclusions


The grain productivity and water use efficiency of Thai lowland rice cultivars were negatively influenced under drought stress conditions as compared to control. The grain productivity of the cultivars decreased ranging from 21–45% and 21–52% in the first season and the second season, respectively. Similarly, the water use efficiency was significantly decreased, ranging from 7–53% and 21–55% during the first season and the second season, respectively. The analysis for genotypic variability coefficients indicated that the broad-sense heritability for grain productivity was differed under the control and drought stress treatments, indicating that the chances of a transfer of grain-productivity-related traits could be affected during the selection for stress tolerance. The correlation assessment indicated that there was a similar trend for association among the water consumption and maturity duration, among the water consumption and grain productivity, between the grain productivity and water use efficiency and the between water consumption and water use efficiency under the control and drought stress treatments. In contrast, the intensity of association among the parameters was comparatively higher under the control treatment. The maximum direct effect was observed with the water consumption under the control, whereas it was observed with the water use efficiency under the drought stress treatment on the grain productivity in the path analysis. Considering the water use efficiency as a desired trait for selection, the maximum direct effect was observed with grain productivity under the control and under drought stress treatment on the water use efficiency in the path analysis. The cultivars Hom Pathum and Pathum Thani−1 were identified as highly tolerant cultivars in the hierarchical clustering and principal component analysis. It was concluded that results obtained about grain productivity, water use efficiency and genotypic variability for stress tolerance about these cultivars could be utilized in further exploration for improving drought stress tolerance and could be used for sustaining grain productivity to reduce the negative impacts of climate change.
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Figure 1. Scheme of irrigation water application in control (C) and drought stress (D) treatments. 
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Figure 2. Grain productivity (grams per pot) of twelve lowland rice cultivars under control and drought stress treatments during first season (A) and second season (B). Means from three replications are presented with ± standard errors. Significance (p < 0.05) among cultivars in control treatment is presented using capital letters, whereas significance (p < 0.05) among cultivars in drought stress treatment is presented using lower-case letters. Significance among treatments for each cultivar is presented by stars (*). HP: Hom Pathum, CL: Chor Lung, DJ: Dum Ja, SY: Sang Yod, HNK: Hom Nang kaew, HC: Hom Chan, PT1: Pathum Thani−1, LN: Lep Nok, LP: Look Pla, KDML: Khao Dawk Mali−105, TMD: Tia Malay Dang. 
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Figure 3. Water use efficiency of twelve lowland rice cultivars under control and drought stress treatments during first season (A) and second season (B). Means from three replications are presented with ± standard errors. Significance (p < 0.05) among cultivars in control treatment is presented using capital letters, whereas significance (p < 0.05) among cultivars in drought stress treatment is presented using lower-case letters. Significance among treatments for each cultivar is presented by stars (*). HP: Hom Pathum, CL: Chor Lung, DJ: Dum Ja, SY: Sang Yod, HNK: Hom Nang kaew, HC: Hom Chan, PT1: Pathum Thani−1, LN: Lep Nok, LP: Look Pla, KDML: Khao Dawk Mali−105, TMD: Tia Malay Dang. 
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Figure 4. Correlation among maturity duration, water consumption, grain productivity and water use efficiency obtained under control (A) and drought stress treatment (B). Blue and red color indicates positive and negative correlation, respectively. Higher or lower correlation among parameters is linked to the color intensity and the size of the circles. ***: p < 0.001, *: p < 0.05, ns: non-significant difference. 
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Figure 5. Path diagram indicating total direct and indirect effects of computed attributes on the grain productivity (GP: left) and water use efficiency (WUE: right) from control and drought stress treatments. DM: days to maturity, WC: water consumption, WUE: water use efficiency. 
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Figure 6. Heatmap of grain productivity under drought stress (GPD), water use efficiency under control (WUEC), grain productivity under control (GPC) and water use efficiency under drought stress (WUED) among twelve lowland rice cultivars. Cultivars are classified into two groups (A and B), and each group is comprised of similarly acting cultivars. Higher association is indicated by dark colors, whereas light colors indicate lower association among cultivars and attributes. 






Figure 6. Heatmap of grain productivity under drought stress (GPD), water use efficiency under control (WUEC), grain productivity under control (GPC) and water use efficiency under drought stress (WUED) among twelve lowland rice cultivars. Cultivars are classified into two groups (A and B), and each group is comprised of similarly acting cultivars. Higher association is indicated by dark colors, whereas light colors indicate lower association among cultivars and attributes.



[image: Agronomy 12 02518 g006]







[image: Agronomy 12 02518 g007 550] 





Figure 7. Principal component analysis (PCA) biplot of grain productivity under control (GPC), grain productivity under drought stress (GPD), water use efficiency under control (WUEC) and water use efficiency under drought stress (WUED) for twelve lowland rice cultivars. RD: RD−15, KDM: Khao Dawk Mali−105, TMD: Tia Malay Dang, PT: Pathum Thani−1, HP: Hom Pathum, HC: Hom Chan, HNK: Hom Nang Kaew, CL: Chor Lung, DJ: Dum Ja, SY: Sang Yod, LN: Lep Nok, LP: Look Pla. 
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Table 1. Significance and sum of squares obtained from analysis of variance for water consumption, days to maturity, grain productivity and water use efficiency of lowland rice cultivars.
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	Water Consumption
	Days to Maturity
	Grain Productivity
	Water Use Efficiency





	Cultivar (C)
	49929.70 ***
	63879.70 ***
	1522.47 ***
	0.59 ***



	Treatment (T)
	162.56 ***
	564.10 ***
	1901.32 ***
	0.44 ***



	Season (S)
	297.56 ***
	217.60 **
	1490.02 ***
	0.11 ***



	C × T
	702.19 ***
	942.20 ***
	124.46 ns
	0.07 **



	C × S
	1089.19 ***
	1530.40 ***
	927.80 ***
	0.19 ***



	T × S
	33.06 ***
	52.60 ns
	27.78 ns
	0.00 ns



	C × T × S
	375.69 ***
	651.00 **
	129.17 ns
	0.06 ns







***: p < 0.001, **: p < 0.01, ns: non—significant difference.
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Table 2. Maturity duration (days) of lowland rice cultivars under control and drought stress treatments during first season (A) and second season (B) [5].
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First Season (A)

	
Second Season (B)




	
Cultivars

	
Control

	
Drought Stress

	
Control

	
Drought Stress






	
Hom Pathum

	
128 ± 3 EF

	
132 ± 2 D

	
122 ± 0 G

	
126 ± 0 F




	
Chor Lung

	
170 ± 2 A

	
151 ± 1 C

	
171 ± 1 A

	
175 ± 1 A




	
Dum Ja

	
168 ± 3 AB

	
173 ± 7 A

	
165 ± 0 C

	
173 ± 2 AB




	
Sang Yod

	
147 ± 1 D

	
161 ± 1 BC

	
147 ± 1 F

	
155 ± 1 E




	
Hom Nang Kaew

	
158 ± 5 C

	
165 ± 6 AB

	
163 ± 0 C

	
167 ± 0 CD




	
Hom Chan

	
144 ± 2 D

	
154 ± 4 C

	
150 ± 1 E

	
156 ± 0 E




	
Pathum Thani−1

	
131 ± 3 E

	
139 ± 7 D

	
122 ± 0 G

	
126 ± 1 F




	
RD−15

	
124 ± 1 EF

	
113 ± 4 E

	
108 ± 1 I

	
111 ± 0 H




	
Lep Nok

	
168 ± 4 AB

	
172 ± 2 AB

	
167 ± 2 B

	
170 ± 3 BC




	
Look Pla

	
161 ± 1 BC

	
166 ± 3 AB

	
159 ± 1 D

	
166 ± 0 D




	
Khao Dawk Mali−105

	
124 ± 3 EF

	
119 ± 1 E

	
109 ± 0 I

	
113 ± 1 H




	
Tia Malay Dang

	
120 ± 2 F

	
131 ± 2 D

	
116 ± 1 H

	
122 ± 0 G








Means (±standard errors of three replicates) of maturity duration (days) under control and drought stress treatments. Statistical difference (p-value < 0.05) among the means of lowland rice cultivars in each treatment is presented by capital letters.
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Table 3. Genotypic (GCV) and phenotypic (PCV) coefficient of variations, broad-sense heritability (H2), genetic advance (GA) and genetic advance as percentage of mean (GAM) among grain productivity, days to maturity, water consumption and water use efficiency of lowland rice cultivars under control and drought stress treatments.
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Grain Productivity

	
Days to Maturity

	
Water Consumption

	
Water Use Efficiency






	
Control Treatment

	
GCV

	
13.72

	
M

	
15.18

	
M

	
25.68

	
H

	
23.48

	
H




	
PCV

	
17.17

	
M

	
15.29

	
M

	
25.68

	
H

	
25.34

	
H




	
H2

	
63.93

	
H

	
98.51

	
H

	
100.00

	
H

	
85.88

	
H




	
GA

	
5.62

	
L

	
44.50

	
H

	
40.31

	
H

	
0.15

	
L




	
GAM

	
22.60

	
H

	
31.05

	
H

	
52.89

	
H

	
44.83

	
H




	
Drought Stress Treatment

	
GCV

	
17.09

	
M

	
15.19

	
M

	
25.35

	
H

	
21.65

	
H




	
PCV

	
22.14

	
H

	
15.42

	
M

	
25.35

	
H

	
25.62

	
H




	
H2

	
59.60

	
M

	
97.13

	
H

	
100.00

	
H

	
71.40

	
H




	
GA

	
4.79

	
L

	
45.45

	
H

	
40.80

	
H

	
0.09

	
L




	
GAM

	
27.17

	
H

	
30.84

	
H

	
52.23

	
H

	
37.68

	
H








L: Low, M: Medium, H: High.
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Table 4. Path analysis for the direct and indirect effects of studied traits including days to maturity (DM), water consumption (WC) and water use efficiency (WUE) on the grain productivity (GP) of lowland rice cultivars under control and drought stress treatments.
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Control

	
Drought Stress Treatment






	
Traits

	
DM

	
WC

	
WUE

	
CC.GP

	
Traits

	
DM

	
WC

	
WUE

	
CC.GP




	
DM

	
−0.24

	
1.75

	
−1.14

	
0.37

	
DM

	
0.34

	
0.78

	
−0.67

	
0.45




	
WC

	
−0.23

	
1.76

	
−1.14

	
0.39

	
WC

	
0.33

	
0.79

	
−0.66

	
0.47




	
WUE

	
0.18

	
−1.38

	
1.46

	
0.27

	
WUE

	
−0.20

	
−0.48

	
1.09

	
0.41




	
Residual effect = 0.005

	
Residual effect = 0.026








CC.GP = correlation coefficient with grain productivity; bold diagonal values indicate direct effects, whereas the rest of values stand for indirect effects in relation to grain productivity.
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Table 5. Path analysis for the direct and indirect effects of studied traits including days to maturity (DM), water consumption (WC) and grain productivity (GP) on the water use efficiency (WUE) of the lowland rice cultivars under control and drought stress treatments.
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Control

	
Drought Stress Treatment






	
Traits

	
DM

	
WC

	
GP

	
CC.WUE

	
Traits

	
DM

	
WC

	
GP

	
CC.WUE




	
DM

	
0.16

	
−1.19

	
0.25

	
−0.78

	
DM

	
−0.32

	
−0.69

	
0.40

	
−0.61




	
WC

	
0.16

	
−1.20

	
0.27

	
−0.78

	
WC

	
−0.31

	
−0.70

	
0.41

	
−0.60




	
GP

	
0.06

	
−0.47

	
0.68

	
0.27

	
GP

	
−0.14

	
−0.33

	
0.88

	
0.41




	
Residual effect = 0.002

	
Residual effect = 0.021








CC.WUE = correlation coefficient with water use efficiency; bold diagonal values indicate direct effects whereas, the rest of values stand for indirect effects in relation to water use efficiency.
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