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Abstract

:

The size and the weight of wheat grains vary across the length of each spike (Triticum aestivum L.). High temperature and water scarcity often reduce the single grain weight, and this reduction also varies across the spike length. Plants tend to cope with high temperature and drought stress through inherent mechanisms such ascanopy cooling through transpiration, which can contribute to yield stability. The effect of canopy cooling on the average grain weight at different positions in spike is still unknown. In this study, we planned to assess the role of canopy temperature, yield-related traits, and spike shape in final grain weight. For two years (2017–2018 and 2018–2019), fifteen diverse genotypes released for cultivation in different environmental conditions were grown in the field. They were examined for canopy temperature, spikelets spike−1, grain number spike−1, grain yield spike−1, and grain weight of the spike’s basal, median, and distal regions. The Pearson correlation coefficient (r) was obtained for all pair-wise combinations of traits under different treatments and spike shapes. The results indicated that cooler canopy is correlated to grain weight in normal spike shape at all three positions within the spike irrespective of stress. The advantage of the cooler canopy in improving grain-filling at basal, median, and distal regions was more conspicuous in the high temperature stress conditions compared to non-stressed and drought conditions.
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1. Introduction


Wheat (Triticum aestivum L.) is primarily a staple food consumed by 44% of the world’s population, including those in developing countries. Wheat is highly vulnerable to adverse effects of high temperature and drought which may intensify due to predicted climate change [1]. Depending on the characteristics of these abiotic stress events, grain-filling parameters are affected variedly. Post-anthesis drought reduces the ultimate grain mass by shortening the duration and decreasing the grain-filling rate [2]. Moderate to high temperatures tend to shorten grain-filling duration and accelerate the speed of grain-filling, but without total compensation [3,4].



Spike morphology parameters, including spike shape, are associated with yield, easier threshing, and stress tolerance [5,6]. The number of grains and the grain weight vary at different positions within the spike, i.e., basal, median, and distal. Spikelet formation starts at the middle of the spike and then advances both ways (upwards and downwards) in the spike [7]. Hence, grain weight is greater at the middle part of the spike relative to apical or bottom parts [8,9]. However, floret development within the spikelets begins from the bottom, and distal florets have relatively lower grain weight [10,11]. Thus grain-filling differs for spikelets according to their location on the spike [12]. Maintenance of lower canopy temperature during grain development, particularly under high temperature and drought stress, increases the source strength. Infrared radiation reflected by the plant canopy indicates the canopy temperature hence infrared sensors are engaged for canopy temperature measurements [13].



Wheat genotypes with higher grain yield had a cooler canopy under irrigated conditions [14]. Canopy temperature can also predict crop water requirements under water-limited conditions [15]. A significant direct correlation between the crop water status and the canopy temperature depression (CTD) exists in spring wheat under irrigated conditions [16]. Correlation between CTD and sink traits in stable and adapted genotypes may provide a genetic relationship between source and sink traits. This information could be helpful for plant breeders in selecting the genotypes with higher productivity. Sink components such as grain number spike−1 and spikelets spike−1 under abiotic stresses have been studied in detail [17,18]. Grain yield depends on the traits associated with source-sink interrelationship, and genetic diversity exists for these traits under drought and heat stress [19,20]. Many studies have reported the effect of terminal drought stress and high temperature stress on yield components, and the correlation between these traits [21,22]. A balanced enhancement in floret fertility and canopy longevity should also be prioritized [23].



The knowledge of the effect of canopy coolness on the grain yield components under high temperature and drought stress in the popular cultivars of wheat is limited as many of them have been selected based on grain yield and disease resistance. The present study was planned to investigate the advantage of the cooler canopy on the intra-spike distribution of assimilates represented by grain weight at the basal, central, and apical region of spike under non-stressed, terminal heat stress, and terminal drought stress conditions. Experiments were aimed to test the hypothesis that the advantage of cooler canopy can be realized more conspicuously in plants subjected to high temperature stress than those exposed to drought stress or well-watered plants.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


A set of 15 diverse wheat genotypes were seeded at the Farm Science Center, Banasthali Vidyapith, Tonk, Rajasthan, India (26°24′ N, 75°47′ E), located in Agro-Ecological Sub Region S.No. 4.2 that includes India’s Northern Plain and Central Highlands [24]. These genotypes (Table 1) were released for cultivation either for irrigated and timely sown environments (HUW 234 and Raj 4037), restricted soil moisture environment (HD 2967, HD 2987, PBW 175, and PBW 396), or for delayed sowing (Halna, HD 2643, HPBW 01, MP 4010, Raj 3765, Raj 4079, Sunstar, and WH 730). Based on optimum weather conditions for wheat crop, timely sowing is between 15 November to 25 November in the north-western plain zones. In the present study, wheat genotypes were seeded on 24 November in 2017 and 2018 for non-stressed and drought treatments. For imposing plants to terminal high temperature stress, sowing was carried out on 15 December in both years. Early flowering genotypes were sown nine days later than late-flowering genotypes under the timely sown condition to synchronize the anthesis at the time of treatments. The experiment was laid out in a randomized complete block design (RCBD) with split plot arrangement. Each experimental genotype was seeded in triplicate on 2 m2 plot, each plot had 20 rows with row spacing of 10 cm, row length of 200 cm, and plant to plant distance of 2 cm. The seeding rate was 250 kg ha−1 for both years.



The pH, EC, and organic carbon of top 15 cm soil were 7.8, 0.76 sm−1, and 0.47%, respectively. The N, P, and K contents in the soil were 224.3, 33.06, and 362.88 kg ha−1, respectively. The micronutrients Fe, Mn, Cu, and Zn contents of soil were 4.03, 3.60, 1.31, and 2.31 ppm, respectively. Recommended quantity of urea (120 kg ha−1) and diammonium phosphate (60 kg ha−1) were applied. Urea was added in two equal splits at the sowing time and 40 days after sowing. Manual weeding was performed at 15 and 35 days after sowing to keep weeds below the economic threshold level.



The timely sown (non-stressed) and the late sown treatments had six irrigations provided through flooding. After the pre-seeding irrigation, the second and the third irrigations were provided 16 and 42 days after seeding, respectively, for all the three treatments. The timely sown (non-stressed) and late sown treatment had fourth, fifth, and sixth irrigations at 62, 96, and 123 days after seeding, respectively. In the terminal drought treatment, the stress was induced by withholding irrigation at booting stage under a temporary rainout shelter.




2.2. Environment Monitoring and Plant Measurements


The daily temperature in the field was recorded at 8:30 a.m. and 5:30 p.m. The mean daily maximum temperature during grain development under timely sown condition was 32 °C and under late sown condition was 34 °C, averaged for two seasons (Figure 1).



At 50% heading, canopy temperature was remotely measured by a handheld infrared thermometer (model Infrared Thermometer MTX-1, HTC) between 11:00 a.m. to 1:00 p.m. when sky was clear [35]. The corresponding ambient temperatures were obtained from the weather measuring equipment (Davis Vantage PRO2) installed at adjacent field by the National Collateral Management Services Limited, Crop and Weather Intelligence Group. Canopy temperature depression for each genotype and treatment was calculated by subtracting the ambient temperature from canopy temperature (CTD = canopy temperature-ambient temperature). At heading stage, the soil moisture in timely sown (non-stressed) and late sown treatments was 35% and 39% (w/w), respectively. In contrast, the soil moisture level of drought treatment was 15% (w/w) as calculated by the gravimetric method.



Anthesis date for each genotype was recorded when 75% of the wheat spikes had visible anthers. Physiological maturity was recorded when 75% of the spikes in each plot lost the green color. At this stage, three main shoot spikes were sampled from each plot, and the number of spikelets spike−1, grains spike−1, and grain weight spike−1 were determined. Spikes were visually classified into average, spelt, and compact shapes [6]. Normal spike shape is square-headed and parallel-sided whereas compact spikes are short, thick, and club-shaped. Both normal and compact spikes have free-threshing grains and non-fragile rachis. Spelt spike is pyramidal with non-free-threshing grains and fragile rachis. Spike length of three spikes for each genotype and treatment were measured, and the spike was divided into three equal parts viz., apical, middle, and basal. Grain number and grain weight were measured for these three parts separately and the average grain weight of three parts was calculated. Further, to assess intra-spike variation in assimilating distribution, coefficient of variation (CV) was calculated for the average grain weight of apical, middle, and basal grains for each genotype across replications and treatments.



Drought susceptibility index (DSI) and heat sensitivity index (HSI) were calculated by the following formulae [36].


  DSI =   1 −      Xd    /    Xn      1 −      MXd    /    MXn       










  HSI =   1 −      Xh    /    Xn      1 −      MXh    /    MXn       








where Xd, Xh and Xn were average value of the parameters for the particular genotype under terminal drought stress, terminal high temperature stress, and non-stress conditions, respectively; MXd is mean value of the parameter for all the genotypes under terminal drought stress; MXh is mean value of the parameter for all the genotypes under terminal heat stress, and MXn is mean value of the parameter for all the genotypes under terminal heat stress.




2.3. Statistical Analysis


The statistical significance of the data werecalculated using R software, and “agricolae” package in R version 4.0.1 [37] was used for statistical analysis. The Duncan Multiple Range (DMRT) test was conducted at 5% probability and used as a post hoc test to separate the means where ANOVA indicated significant differences. Pearson correlations were used to determine the interrelationship between different parameters and CTD [37].



Structural equation modeling (SEM) analysis [38] was carried out with a whole set of data generated in the present experiment to assess the influence of different parameters on the grain yield performance of genotypes. Standardized values were used for the analysis with the initial assumption that yield spike−1 is a function of grains spike−1 and grain weight represented by weights of basal, middle, and apical grains. In addition, it is assumed that grains spike−1 is a function of spike length and spikelets spike−1 while spikelets spike−1 is the function of grain-filling duration and CTD.





3. Results


3.1. Effect of Drought and High Temperature


There were significant effects of treatment as well as genotype × treatment interaction on all the traits viz., grain weight spike−1, grain number spike−1, spikelets spike−1, grain-filling duration (GFD), and CTD (°C) (Table 2 and Table S1). There was no effect of year on the grain number spike−1, grain weight spike−1, and CTD. The beginning of ear emergence was 74 days, 70 days, and 73 days after seeding under non-stressed, drought, and late sown (high temperature stress) condition, respectively averaged for both years. Further, genetic variation in CTD was more conspicuous under drought and high temperature stress as compared to non-stressed conditions (Table S1).




3.2. The Influence of CTD on Grain Yield and Yield Components


The CTD had a significantly high and negative correlation with all the spike traits indicating that cooler canopy is related to better yield. The number of spikelets, the number of grains, and grain yield per spike were highly correlated under all treatments (Figure 2). The number of grains spike−1 showed a strong correlation with CTD (r = 0.75) whereas spikelets spike−1 and yield spike−1 showed moderate correlations of r = 0.59 and r = 0.58, respectively. Besides observed correlations across all treatments, we also examined the correlations between yield components and CTD for each treatment separately. Under non-stressed condition, a similar relationship was observed among different yield components and CTD (Figure 3); under drought conditions, correlations between yield components and CTD were lower (Figure S1) than those evaluated across treatments (Figure 2), non-stressed (Figure 3), and late sown (Figure S2). Interestingly, the correlations between yield components and CTD in late sown treatment (Figure S2) were higher than those recorded in all other treatments except for the correlation between CTD and number of grains per spike in combined treatments (Figure 2), and under non-stress condition (Figure 3).



Under high temperature stress, cooler canopies were significantly correlated to the overall average grain weight of spike, and the highest correlation was with basal part average grain weight (r = −0.35), followed by middle (r = −0.33), and apical (r = −0.30) grain weight in a spike (Figure 4). Under the non-stressed condition, only the basal grain weight was significantly correlated with CTD (r = −0.18) (Figure S4). Under control or non-stressed condition, highly significant correlations were observed between the basal part of the spike with the middle and apical part atr = 0.95 and r = 0.87, respectively (Figure S4). A similar relationship was also observed between the apical and middle parts of the spike with r = 0.93 (Figure S4). Under drought conditions, no significant correlation was observed between CTD and grain weight of any part of the spike (Figure S3); however, highly significant correlations were seen among grain weights at different parts of the spike as seen in non-stressed (Figure S4) and late sown treatments (Figure 4). In late sown treatment, correlations between CTD and basal, middle, and apical part of the spike were significant with r = −0.35, r = −0.33, and r = −0.30, respectively (Figure 4).



In the normal spike shape, the association between the average grain weight of the whole spike and the canopy temperature was significant (Figure 5). Besides correlations between CTD and average grain weight, correlations among different spike parts were highly significant (Figure 5). In compact-shaped spikes, the average grain weight of the basal region of spike only was influenced by CTD (r = −0.26 at p < 0.1) while no effect of CTD was seen on the middle and apical part of the spike (Figure S5). In speltoid-shaped spikes, there was no correlation seen between average grain weights of any spike region with the canopy coolness (Figure S6). However, grain weights at different spike parts had significant correlations among them in normal, compact-, and speltoid-shaped spikes as shown in Figure 5, Figures S5 and S6, respectively.



The average coefficient of variation (CV) of grain weight across the spike length calculated for each genotype across treatments and environment ranged from 5.17 to 14.99%. It was found to be associated with canopy temperature as those genotypes, which could keep their canopy cooler relative to others, and had less variation in grain weight within the spike (Figure 6). The data indicated that each degree of canopy warming could cause approximately 5% increase in variation in grain weight within the spike.



To test the hypothesis that spike length must have influenced the intra-spike distribution that was assessed, based on the equal partitioning of the apical, middle, and basal grains across the spike, we analyzed the data with a structural equation model (Figure 7). This model assumes that yield spike−1 is a function of grains spike−1, and grain weight is represented by weights of basal, middle, and apical grains. In addition, it was assumed that grains spike−1 is a function of spike length and spikelets spike−1, while spikelets per spike−1 is the function of grain-fill duration and CTD. The result clearly revealed that the role of spike length on the parameters that we studied was negligible, while CTD influenced the grain yield per spike through its influence over spikelets per spike and grain number per spike.





4. Discussion


Several studies have reported genetic differences in grain yield-related parameters in wheat [39,40,41]. Genetic and environmental effect on physiology and spike development determines the intra-spike grain weight variation. There is evidence for spikelet-to-spikelet competition for assimilates within a spike leading to the unbalanced distribution of grains per spikelet along with the spike [42,43]. Canopy temperature has been proposed as a potential selection criterion for breeding programs as it showed significant negative correlations with grain weight per spike, grain number per spike, and thousand-grain weight of wheat under terminal heat stress conditions in the field [44].



In the current study, the CTD had a high negative correlation with the number of grains and grain weight per spike under terminal drought and heat stress, which is in agreement with earlier studies [45,46,47]. A uniform intra-spike grain-filling is desirable for achieving a higher wheat yield and quality. Smaller grains are easily lost during the cleaning done by winnowing prior to milling which significantly reduces the grain yield [48,49]. The nutritional quality of grains also decreases from basal to distal spikelets [9]. The uneven intra-spike assimilate distribution within spikes of wheat is evident from reports that the lower half of the spike has approximately 44% of the total number of spikelets, which accounts for 64% of yield per spike [50]. Decreased assimilate availability by less illumination reduced average grain weight in upper half of spikelets only, whereas high temperature decreased the grain size of the whole spike [3]. An increase in assimilate availability around anthesis was able to improve the distal grain weight [12]. Transport of assimilates to grains could be the limiting factor for reaching maximum grain weight within spikes and/or spikelets [51,52]. Wardlaw [53] observed that the assimilate loading from leaves was maximum at 20–30 °C; however, there was an abrupt decline above 30 °C. Thus the effect of high temperature on biomass partitioning in wheat was indirectly related to the abnormal behavior of source and sink along with the reduced photosynthesis rate. In the present study, the coefficient of variation in grain weight across spike for each genotype averaged over all the treatments reveals that warmer canopy exhibit more tendencies towards the unequal distribution of assimilates across spikes relative to the cooler canopy. Further, the correlation of grain weight with CTD was higher at the basal and middle portion of the spike as compared to the apical region in the normal spike shape irrespective of stress. However, under high temperature stress in late sown conditions, the basal region had a comparatively higher correlation with CTD. An earlier study reported that different positions in the spike and spikelets have distinct responses to post-anthesis occurrence of high temperature in terms of grain parameters [54].



Our study indicated that such responses could be partially (R2 = 0.37) attributed to the capacity of wheat plants to keep their canopy cool. It is possible that the plant process associated with assimilate distribution is facilitated by cooler temperatures. This clearly reveals that CTD influences grain weight across the spike and that the advantage of the cooler canopy is more conspicuous under high temperature stress with optimal soil moisture relative to either well-watered or drought-stressed plants. Nonetheless, assimilate partition within the spike is determined by assimilate supply, which itself is governed by competition among the different parts of plants and also of spike [55]. Further, we also observed that the shape of the spike can also influence the advantage of the cooler canopy on the intra-spike distribution of assimilates with normal spike outperforming speltoid and compact spikes. All these factors must have contributed to variation in intra-spike assimilate distribution among the genotypes. It is speculated that any genetic variability associated with intra-spike partitioning of assimilates could represent an intriguing source of tolerance to extreme climatic events whose occurrence is likely to increase in the foreseeable future. Drought and heat-tolerant genotypes have been reported to have cooler canopies [56,57] which are in agreement with our results, such as HUW 234 with lower canopy temperature which has a drought susceptibility index of 0.14 and heat susceptibility index of 0.39 for grain yield spike−1 (Tables S2 and S3).



Based on observations and structural equation model, it is suggested that CTD influences the spikelets spike−1 which in turn determines grain number spike−1 and hence, the grain weight spike−1 with some influence of the distribution of assimilates across the spike length as indicated by apical, middle, and basal grain weight. The model clearly reveals that there was no influence of spike length on any of the parameters studied in this investigation (Figure 7). A previous study had also found that cooler canopy during anthesis was significantly associated with higher spikelets spike−1 and higher grain number spike−1 under rain-fed conditions [58]. The number of spikelets spike−1 has been positively associated with the number of florets and the number of grains spike−1 [59,60].




5. Conclusions


Cooler canopy is one of the factors that facilitate better assimilate distribution to grains in the top, middle, and bottom regions of spike, irrespective of levels of soil moisture particularly in normal-shaped spikes relative to either compact- or speltoid-shaped spikes. The advantage of a cooler canopy can be realized more conspicuously in plants under high temperature stress without soil moisture deficits, relative to either non-stressed or drought-stressed plants.
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Figure 1. Average daily minimum and maximum temperatures (°C) during 2017–2018 (A) and 2018–2019 (B) during wheat growing season at experimental site (Farm Science Center, Banasthali Vidyapith, Rajasthan, India). 
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Figure 2. Influence of canopy temperature depression (CTD) on grain yield components combined under all treatments. Pearson correlation coefficient is revealed by r-value, and each graph consists of 270 pairs of data points generated from experiments over two years, for three treatments and 15 genotypes; *** depicts significant differences at p-value of 0.001. 
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Figure 3. Influence of canopy temperature depression (CTD) on grain yield components under non-stressed condition. Pearson correlation coefficient is revealed by r-value, and each graph consists of 135 pairs of data points generated from experiments over two years, for non-stressed treatment alone and 15 genotypes; *** depicts significant differences at p-value of 0.001. 
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Figure 4. Influence of canopy temperature depression (CTD) on grain weight at the apical, middle, and basal parts of spike under late sown conditions. Pearson correlation coefficient is revealed by r-value, and each graph consists of 135 pairs of data points generated from experiments over two years, for late sown treatment aloneand 15 genotypes; *** and ** depicts significant differences at p-value of 0.001 and 0.01, respectively. 
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Figure 5. Influence of canopy temperature depression (CTD) on grain weight at apical, middle, and basal parts of spike for normal-shaped spikes. Pearson correlation coefficient is revealed by r-value, and each graph consists of 135 pairs of data points generated from experiments over two years; *** and ** depicts significant differences at p-value of 0.001 and 0.01, respectively. 
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Figure 6. Influence of canopy temperature depression (CTD) on the intra-spike distribution of assimilates represented by the coefficient of variation (CV) of grain weight across length of spike for each genotype averaged over all the treatments. Each dot in the figure represents an average of 18 values derived from 3 replications of 3 treatments assessed across two years. 
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Figure 7. Structural equation model to illustrate the influence of different traits on yield spike−t. Directed edges indicate linear regression parameters, bidirectional edges indicate (co)variances, and residual variances are indicated with double-headed self-loops (RAM style). Abbreviations viz., CTD, GrNo, Splet, Yield, GrFD, Basal, Mid, Apical, and SpLen refer to canopy temperature depression, grains spike−¹, spikeletsspike−¹, grain yield spike−¹, grain-fill duration, basal_grain weight, middle_grain_weight, apical_grain_weight, and spikelength, respectively. 
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Table 1. Pedigree, source, and spike shapes of wheat genotypes used in the experiment.
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	S.No.
	Genotypes
	Pedigree
	Source of Genotype *
	Spike Shape





	1
	AKAW 4627
	WH-147/SUNSTAR * 6/C-80-1 [25]
	PDKV, Akola
	Compact



	2
	HALNA
	HD-1982/K-816 [26]
	CSUAT, Kanpur
	Normal



	3
	HD 2643
	VEE S/HD 2407/HD 2329 [27]
	IARI, New Delhi
	Spelt



	4
	HD 2967
	ALD/COC//URES/HD2160m/HD 2278 [28]
	IARI, New Delhi
	Spelt



	5
	HD 2987
	HI1011/HD2348//MENDOS//IWP72/DL153-2 [25]
	IARI, New Delhi
	Normal



	6
	HPBW01
	T.DICOCCON, CI9309/AE.SQUARROSA (409)//MUTUS/3/2 * MUTUS [29]
	PAU, Ludhiana
	Normal



	7
	HUW 234
	HUW-12 * 2/CPAN-1666//HUW-12 [30]
	BHU, Varanasi
	Compact



	8
	MP 4010
	CAM50123-3M-Y-2M-1Y-2M-Y-2M-2Y-OM-OMR/S [25]
	JNKVV Jabalpur
	Spelt



	9
	PBW 175
	HD2160/4/JN/GAGE/JN/KAL/3/PV18/C273 [31]
	PAU, Ludhiana
	Normal



	10
	PBW 396
	CNO67/MFD//MON”S”/3/SERI [32]
	PAU, Ludhiana
	Spelt



	11
	Raj 3765
	HD-2402/VL-639; HP-1633/HP-1776 [32]
	Durgapura, Jaipur
	Normal



	12
	Raj 4037
	DL-788-2/RAJ-3717 [32]
	Durgapura, Jaipur
	Normal



	13
	Raj 4079
	UP2363/WH595 [32]
	Durgapura, Jaipur
	Normal



	14
	Sunstar
	CONDOR, AUS/4/2 * WW-15/3/STEINWEDEL/YAROSLAV-EMMER//LA-PREVISION [33]
	Australia
	Compact



	15
	WH 730
	CPAN 2092/Improved Lok-1 [34]
	HAU, Hisar
	Normal







* PDKV—Dr. PunjabraoDeshmkh Krishi Vidyapeeth; CSUAT—Chandra Shekhar Azad University of Agriculture and Technology; IARI—Indian Agricultural Research Institute; PAU—Punjab Agriculture University; BHU—Banaras Hindu University; JNKVV—Jawaharlal Nehru Krishi Vishwavidyalaya, HAU—Hisar Agriculture University.
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Table 2. Mean squares of analysis of variance (ANOVA) of 15 wheat genotypes grown under non-stressed, terminal drought, and late sown (terminal heat stress) during 2017–2018 and 2018–2019.
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	Source of Variation
	Df
	Grains Spike−1
	Yield Spike−1 (g)
	Spikelets Spike−1
	GFD
	CTD (°C)





	Year
	1
	69.51
	0.074
	18.148 **
	2569.96 ***
	0.0623



	Treatment
	2
	1150.36 ***
	9.6804 ***
	168.344 ***
	267.27 ***
	5.1925 ***



	Genotype
	14
	2395.64 ***
	4.9404 ***
	123.856 ***
	66.93 ***
	2.2761 ***



	Year:Treatment
	2
	96
	0.0511
	18.226 ***
	181.07 ***
	0.2663



	Year:Genotype
	14
	28.1
	0.0865
	5.505 ***
	56.24 ***
	0.2592



	Treatment:Genotype
	28
	329.39 ***
	1.045 ***
	18.829 ***
	8.68 *
	0.441 ***



	Year:Treatment:Genotype
	28
	29.1
	0.0783
	6.535 ***
	17.09 ***
	0.2035



	Residuals
	180
	56.47
	0.2363
	1.685
	5.18
	0.1628







Where ***, **, and * depicts significant differences at p-value of 0.001, 0.01, and 0.05, respectively.
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