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[bookmark: _GoBack]ABSTRACT 

Growth, development and productivity of wheat are significantly influenced by heat stress. Terminal heat stress (prevalence of heat stress at anthesis and grain-filling stages) leads to reduction in productivity and quality of wheat grains. Being photosynthetically active, ear of wheat plant is beneficial, particularly under terminal heat stress. This study investigated a few ear related morpho-physiological traits across twenty-nine wheat genotypes under terminal heat stress condition. Genotypic variability was quantified for different traits and contrasting genotypes were identified. Intra-ear competition was noticed at morphological level. Ear traits such as; low temperature of ear surface (for better and sustained photosynthesis), more stomatal density on glumes (for keeping ear temperature low via transpiratory cooling), longer awns (for higher surface area of ear, faster grain growth rate and more width of ear due to broader spikelets with more florets) and higher succulency of ear (for more ear length and number of grains in ear) supported for higher grain yield under terminal heat stress. Total projected surface area of ear was calculated from the images of ear and thereby a new image-based method is developed. This study clearly suggested that thermal imaging of ear can be used as a non-destructive and rapid screening/phenotyping technique to evaluate the physiological performance and thermo-tolerance status across the diverse genotypes/populations of wheat under heat stress condition. Lastly, inter-relationships among different ear related traits are summarized along with the suggestions for future lines of work that can help in making wheat more thermo-tolerant.
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1. INTRODUCTION

Wheat is a major staple food consumed by about 44 % of the world’s population (Thakur et al., 2022). It is cultivated globally across 225 million hectares of area with production of 750 million tonnes. India ranks second with production of 109 million tonnes which is about 14 % of the global wheat production (Singh et al., 2023). In future, about 198 million tonnes of additional wheat production is required by the year 2050 to meet the demand of human population that will be around 9.8 billion by that time (Akter & Rafiqul Islam, 2017).
The growth, development and productivity of crop plants are significantly impacted by climate change. The major effect of climate change is global warming (Allan et al., 2023; Wahid et al., 2007). Global surface temperature in the first two decades of 21st century (2001-2020) was 0.99 °C higher than 1850-1900. Surface temperature of earth has increased faster since 1970 than in any 50-year period during last 2000 years prior to 1970 (Allan et al., 2023). Wheat is highly sensitive to heat stress. The increase in temperature adversely affects wheat growth and development. Wheat is highly sensitive to heat stress. According to global climate models, for every 1 °C rise in temperature, wheat production decreases by 4.1 to 6.0 % (Liu et al., 2016). In comparison to other countries, temperature rise in some regions of India has already reached 1.0 to 1.2 oC higher than the pre-industrial levels (Mishra et al., 2021). Nearly all phases of wheat growth and development (seed germination, root and leaf emergence, stem growth, floral initiation, pollination, fertilization and source-sink partitioning are adversely affected by high temperatures (Buttar et al., 2020; Fleitas et al., 2020; Lal et al., 2022; Rezaei et al., 2018). A complex series of processes, including; supply of photo-assimilates to reproductive organs, stem-reserve accumulation, gametogenesis, embryogenesis, nutrient assimilation, respiration, photosynthesis, water relations and grain development are negatively influenced by heat stress in wheat resulting in a penalty on yield, productivity and quality of grains (Lal et al., 2021). 
Ear part of the wheat plant contains reproductive organs and it produces grains. Diversity and relevance of ear and ear related traits in wheat under heat stress are highlighted in many studies (Konopatskaia et al., 2016; Pradeep et al., 2022; Pradeep et al., 2024a). Non-foliar green organs of ear are reported to outperform leaves in terms of resistance to environmental stresses, capacity to refix respired CO2 and rate of senescence after anthesis in wheat and other cereals (Hu et al., 2019). Many studies have suggested for incorporation of ear traits such as; higher ear photosynthesis and longer awns in breeding programmes of wheat (Sanchez‐Bragado et al., 2014; Wang et al., 2016; Zhou et al., 2016). Role and contribution of ear and its parts (such as awns and glumes) towards final yield have been highlighted in various studies (Deng et al., 2019; Parry et al., 2011; Pradeep et al., 2024a; Tambussi et al., 2007). Some of the key characteristics of wheat ear are 1) Interception of up to 30 % of incident radiation, 2) Can continue functioning at high temperature in comparison to leaves, 3) Higher transpiration efficiency than leaves and 4) Lots of genetic variation in rate of aging, chloroplast degradation and photosynthetic capacity (including the recycling of CO2 released by growing grains and other tissues). (Pradeep et al., 2022). All these features, make the ear of wheat more efficient physiologically under high temperatures. This thereby makes the role of wheat ear more significant in stabilization of yield under heat and other stressful conditions.
Out of various strategies to enhance tolerance of wheat to heat stress, one is to investigate variability, particularly in ear related traits (Patidar et al., 2021; Patidar et al., 2023; Pandey et al., 2023; Pradeep et al., 2023; Pradeep et al., 2024a). More studies in this direction will help in pin-pointing the specific ear traits and the possible reasons that contribute for better efficiency of key physiological processes towards yield stability in wheat under heat stress. Present study was thereby planned to investigate ear related morpho-physiological traits across wheat genotypes grown in field under terminal heat stress condition with full-irrigation.

2. MATERIALS AND METHODS
2.1 Wheat Crop

[bookmark: _Hlk535080490][bookmark: _Hlk168048469]Twenty-nine wheat genotypes with variability in ear characteristic, as earlier used by us in our previous studies (Pradeep et al. 2024 a; b) were also used here as a continuation of the work. The list of twenty-nine wheat genotypes is as follows; PBW 343, REEDLING, HUW 368, WH 730, HI 8381, HD 4672, HD 2733, HI 8713, NP 4, C 306, DHARWAD DRY, HD 2985, HD 3059, HI 1544, MP 4010, K 68, HI 8777, HI 1563, HD 3086, KUNDAN, RAJ 3765, CUS/79/PRULA, HD 3043, SOKOLU, LOK 1, HD 4728, HD 2967, CHIRYA 3 and DL 1266-1. All these genotypes were grown in field under late-sown condition (13th December) in experimental area of Division of Plant Physiology, Indian Agriculture Research Institute (IARI), New Delhi. A research experimental site which was in use for cultivation of wheat crop since last 10 years (with all the recommended package of practices) was used here. For the present experimentation, a small land area was selected to get homogeneity in terms of soil conditions. In comparison to normal sowing of wheat crop in 2nd week of November), late-sown wheat crop (as done in 2nd week of December i.e., on 13th December, about one month later than the usual normal sowing) faced the condition of terminal heat stress. Temperatures higher by 5.0 oC (during the period of ten days prior to anthesis) and 3.1 oC (during the period from anthesis to crop maturity) were faced by late-sown wheat crop (Table 1). Although, the crop faced terminal heat stress, but it was properly irrigated at required intervals to ensure adequate soil moisture throughout the growing season. All the recommended package of practices (as suggested for the region, including irrigation schedules) were followed. Days taken for anthesis were recorded for each of the wheat genotype.

2.2 Morpho-Physiological Parameters 

Different samples (main ear parts and main ear grains) in replications were collected at different stages (at anthesis, different days after anthesis and at harvest) for all the wheat genotypes. Main ears were collected in the field (at anthesis stage) itself and there only they were kept in small sealable plastic bags of the size just more than the size of the ear. This way of sample collection, kept the samples fresh with almost no loss of moisture or fresh weight. Immediately after collection of samples, they were brought to the lab. Parameters such as; ear length, awn length and ear width were measured by using a scale. Fresh weight and dry weight of ear were measured using four decimal point weighing balance. Before keeping ear into the oven for drying, each ear was photographed for both of its sides by using a pre-arranged setup providing equal and uniform light. Photograph was always taken from a specific distance (fixed) and on a frame of known dimension. Obtained images were processed by using ImageJ Software (an open-source software). To arrive at total projected surface area of ear, the projected area from the front view image and side view image of ear were summed up and multiplied with factor of two. In this way, total projected area of both the views i.e., front and side were covered. Total projected surface area of main ear was finally expressed as cm2/main ear. Since, total projected surface area of main ear was calculated so another parameter i.e., succulency of main ear was also calculated by using the following formula. 

Succulency of main ear [g (of water)/cm2] = Fresh weight of main ear - Dry weight of main ear
                                                                                         Surface area of main ear 

Eight spikelets (four from either side from the mid-region) of main ear were taken directly from the plant at 10 and 20 days after anthesis (DAA). They were kept in plastic tubes of appropriate size (having cotton soaked in water already kept at bottom). Tubes were then properly capped. This procedure of sample collection helped in keeping the humidity levels high in the capped tubes. This maintained the fresh weight of collected samples. Grains, as removed from the above spikelets, made the grain samples. Fresh and then the dry weights of grains were recorded at 10 and 20 days after anthesis (DAA) to arrive at grain growth rate (GGR) and grain moisture content that prevailed during 10 to 20 DAA. 

2.3 Anatomical Parameter: Stomatal Density on Glumes of Main Ear

For measurement of stomatal density on glumes, spikelets of main ear (from mid-region) were collected at 20 DAA and they were kept in plastic tubes containing 70 % ethanol. These preserved samples were later used for microscope-based determination of stomatal density on the lower (abaxial/ventral) side of outer glumes as per the methodology described by Paul et al., (2017). Preserved glumes were taken out and kept for overnight in 50 % solution of NaOH. After that they were washed with gently running water. Lower surface of glume was observed under microscope (Nikon, Model: Eclipse E 200). At optimum magnification, observations (in replications) were taken and stomatal density was recorded by arriving at number of stomata present per unit area of glume. Stomatal density on glume was finally expressed as number of stomata present on per mm2 of surface area.

2.4 Surface Temperature of Main Ear 

Thermal images of main ear of wheat crop in field were taken three times (already tagged main ear was used and thereby same main ear was photographed on 12 March, 17 March and 22 March). This period covered the duration of 10 to 20 DAA. A portable thermal infra-red camera (Model: Testo 890-2, Germany) was used to capture thermal images of individual main ear during mid-day (12.00 noon to 1.00 pm) in conditions of sunny day, clear sky and low-wind speed. Thermal images were processed (using the TestoIRSoft Software) to arrive at mean surface temperature of main ear (representing average of 12 readings across the length of main ear for each of the replication) at each date of observation.

2.5 Yield and Yield Components of Main Ear 

Yield [grain weight (g)] and yield components [number of grains/ear, number of grains/spikelet and weight of grains/spikelet] were determined. Harvest index (HI) of main ear was also calculated (grain yield of main ear/dry weight of main ear) and this was expressed in terms of percentage.

2.6 Weather Data 

Weather-related data for wheat crop season was obtained from Meteorological Observatory (Division of Agricultural Physics, IARI, New Delhi). Compiled and comparative outcomes of weather data are presented in Table 1. 

2.7 Statistical Analysis

Replicated data as obtained from three replications were subjected to statistical analysis by using one-factor complete randomized design (CRD). Correlation analysis (derivation of correlation coefficient i.e., r) was performed among the recorded parameters with focus on main ear grain yield. Statistical analysis was performed using OP Stat Statistical Software (Sheoran et al., 1998) as available online at webpage https://opstat.pythonanywhere.com/ (last updated in August, 2025). Ranking of mean values was then carried out using Duncan’s Multiple Range Test (DMRT).

3. RESULTS AND DISCUSSION

3.1 Late-Sown Wheat Faced Heat Stress

Comparison of weather data for normal and late-sown seasons of wheat is presented in Table 1. In comparison to normal-sown wheat crop (as usually done in 2nd week of November), actual late-sown crop of wheat (as done in 2nd week of December) faced terminal heat stress. This is evident as late-sown wheat crop faced 5.05 oC and 6.0 oC higher temperatures than the normal sown crop during the period of 10 days prior to anthesis and 5 days prior to anthesis, respectively. Likewise, late-sown wheat crop faced 0.6 oC higher temperature during the period of anthesis and 3.1 oC higher temperature during the period from anthesis to crop maturity (Table 1).

Table 1. Crop phenology and weather data for normal-sown and late-sown (heat stressed) wheat crop
 
	Parameter
	Normal-sown
	Late-sown 
(heat stress)
	Remark (for late-sown in comparison to normal-sown)

	Date of sowing
	8 November
	13 December
	Delayed by 35 days

	Crop duration 
	145-150 days 
	130-134 days
	Shortened by 15 days

	Days taken for anthesis
	99-113days
Max T: 23.0 oC 
Min T: 6.5 oC 
Mean T: 14.75 oC
	77-90 days
Max T: 22.5 oC 
Min T: 6.3 oC 
Mean T: 14.40 oC
	Early by 15-20 days
- 0.5 oC
- 0.2 oC
- 0.35 oC

	Anthesis period
	15 Feb. to 8 March (23 days)
Max T: 28.2 oC
Min T: 11.2 oC
Mean T: 19.70 oC 
	28 Feb. to 12 March (13 days)
Max T:  28.9 oC
Min T: 11.8 oC
Mean T: 20.30 oC 
	Shortened by 9 days
+ 0.7 oC
+ 0.6 oC
+ 0.60 oC

	Anthesis to crop maturity 

	46 days
Max T: 30.0 oC
Min T: 12.5 oC 
Mean T: 21.25 oC
	38 days
Max T: 33.1oC
Min T: 15.6 oC 
Mean T: 24.35 oC
	Shortened by 8 days
+ 3.1oC
+ 3.1oC
+ 3.10 oC

	20 days prior to anthesis

	Max T: 22.0 oC
Min T: 6.3 oC
Mean T: 14.15 oC
	Max T: 25.5 oC
Min T: 9.0 oC
Mean T: 17.25 oC
	+ 3.5 oC
+ 2.7 oC
+ 3.10 oC

	15 days prior to anthesis

	Max T: 23.2 oC
Min T: 6.6 oC
Mean T: 14.90 oC
	Max T: 26.1oC
Min T: 10.3 oC
Mean T: 18.20 oC
	+ 2.9 oC
+ 3.7 oC
+ 3.30 oC

	10 days prior to anthesis
	Max T: 22.5 oC
Min T: 6.3 oC
Mean T: 14.40 oC
	Max T: 27.9 oC
Min T: 11.0 oC
Mean T: 19.45 oC
	+ 5.4 oC
+ 4.7 oC
+ 5.05 oC

	5 days prior to anthesis

	Max T: 22.8 oC
Min T: 7.6 oC
Mean T: 15.20 oC
	Max T: 29.0 oC
Min T: 13.4 oC
Mean T: 21.20 oC
	+ 6.2 oC
+ 5.8 oC
+ 6.00 oC


Max T, Mini T and Mean T stands for maximum temperature, minimum temperature and mean temperature, respectively. Weather data is for the wheat season of 2023-24.




3.2 Days Taken for Anthesis and Fresh Weight (FW), Dry Weight (DW) & Moisture (%) of Main Ear (At Anthesis)

Depending on genotype, days taken for anthesis (Fig. 1a) ranged from 80 (HI 8713, K 68) to 91 days (HD 2967). Majority of wheat genotypes took 88 to 90 days for anthesis. FW of main ear (at anthesis) ranged from lowest value of 1.29 g (K 68) to highest value of 5.22 g (HUW 368) (Fig. 1b). At anthesis stage, minimum DW of main ear was recorded for K 68 (0.411 g) while, maximum was for HI 1563 (1.462 g) (Fig. 1c). Moisture (%) of main ear (at anthesis) had minimum value (62.42 %) for HD 2733 and maximum value (79.76 %) for HUW 368 (Fig. 1d). 

Fig. 1(a-d). Days taken for anthesis (a), fresh weight of main ear at anthesis (b), dry weight of main ear at anthesis (c) and moisture (%) of main ear at anthesis (d) for different genotypes of wheat grown in field under terminal heat stress condition with full-irrigation  
Each value is mean of three replications. Line at the tip of each bar is ± standard error of mean (SEM). 
Values preceded by different alphabetic letter/s are significant over one another at P ≤ 0.05 (*).

Wheat genotypes showed maximum difference of 10 days in timing of anthesis (Fig. 1a). Early anthesis for a given genotype is considered as a useful trait because this provides an ability to get less exposed to the terminal heat stress in comparison to other genotypes taking more time for anthesis. However, in true sense, very early anthesis can make a genotype heat-escaping/heat-avoiding type rather than heat-tolerant type. It is therefore the genotype that show anthesis only little early or at usual time can be considered as heat-tolerant provided thar it gives relatively higher yield or lower value of heat susceptibility index. Genotypes that take less and more time for anthesis will also get less and more time, respectively for their reproductive growth and development (although reproductive development starts quite early during the vegetative phase itself). In fact, completeness of reproductive development is one of the key features that determines yield potential via proper development of potential sinks in terms of sink size (grain number) and later in terms of sink activity (grain weight). (Slafer et al., 2023). Additionally, actual realization of potential sinks depends not only on internal factors but also on external/environmental factors (Ma et al., 2023). Above said statements gain logic from our data on FW and DW of main ear at the time of anthesis (Fig. 1b, c). The genotype K 68 which took minimum (80) days for anthesis also showed minimum FW (1.29 g) as well as DW (0.41 g) of main ear. On the other hand, genotype HI 1563 which took relatively more days for anthesis (87 days) had higher FW (4.31 g) as well as highest DW (1.46 g) of main ear. Likewise, HUW 368 which took maximum days for anthesis (90 days) had highest FW (5.22 g) with high DW (1.06 g) of main ear (Fig. 1a-c). Correlation analysis of days taken for anthesis either with FW or DW of main ear (at anthesis) did not show any significant relationship. This means that across the wheat genotypes, FW or DW of main ear (at anthesis) are primarily genotype dependent traits rather than dependent on days taken for anthesis. FW of main ear at anthesis showed positive correlation (r = 0.392*) with grain yield of main ear (at harvest) (refer Fig. 5a). This means that FW of main ear (at the time of anthesis), a very simple and easy parameter, can be a reflection of grain yield of ear. Further, due to obvious reason, FW of main ear (at anthesis) was found to be linked positively with moisture (%) of main ear at anthesis (r = 0.987**) and thereby also with the succulency of main ear at anthesis (r = 0.679**).

[bookmark: _Hlk12064014]3.3 Ear Length (With and Without Awn), Awn Length and Width of Main Ear (At Anthesis)
[bookmark: _Hlk11276358]
[bookmark: _Hlk11276369]Total ear length of main ear (with awn) (Fig. 2a) was minimum for Reedling (14.1 cm) whereas the ear length of 12.0 cm for the genotype NP 4 represents the length of main ear without awn because this is an awn-less genotype. On the other hand, maximum ear length of main ear (with awn) was recorded for Dharwad Dry (22.0 cm). For majority of wheat genotypes, total ear length of main ear (with awn) ranged from 16.0 to 19.0 cm. Ear length of main ear (without awns) (Fig. 2b) varied from minimum of 5.9 cm (HI 8777) to maximum of 14.9 cm (DL 1266-1). Awn length of main ear across the wheat genotypes (Fig. 2c) ranged from lowest value of 4.0 cm (HD 3059) to highest value of 11.3 cm (HD 4728). Ear width of main ear (Fig. 2d) was minimum (0.80 cm) for C 306 and maximum (1.27 cm) for HD 4728. 




















[bookmark: _Hlk11276582]Fig. 2(a-d). Length of main ear (with awn) (a), length of main ear (without awn) (b), awn length of main ear (c) and width of main ear (d) at anthesis stage for different genotypes of wheat grown in field under terminal heat stress condition with full-irrigation 
Other details are same as in Fig. 1. 

At the time of anthesis, length of main ear (with awns) (Fig. 2a) was found to be related positively with fresh weight of main ear (r = 0.541**) (Fig. 1b) and with moisture (%) of main ear (r = 0.519**) (Fig. 1d). This means that total length of ear (with awns), besides being determined by genotype, is also influenced by moisture status of ear. Further, it is also observed that at the time of anthesis, ear length of main ear (without awns) (Fig. 2b) had negative relationship with awn length of main ear (r = -0.556**) (Fig. 2c) and ear width of main ear (r = -0.416*) (Fig. 2d). This basically indicated intra-ear competition for growth and development among different organs of ear (becoming evident at the time of anthesis). In this way, under terminal heat stress condition, intra-ear completion was seen at morphological level because longer awns or broader ear width had negative impact on ear length (without awns). Here, it is interesting to mention that recent reports from our lab have already indicated for intra-ear competition not only at physiological level. Awn length influenced grain weight and grain number in positive and negative ways, respectively (Pradeep et al. 2024a) and also at biochemical level, more precisely at the level of pigments present in different parts of ear. Total carotenoids in spikelets and developing grains were linked positively with chlorophyll a, chlorophyll b and total chlorophylls in spikelets and grains, respectively. Also, total anthocyanins in spikelets and grains were linked negatively with chlorophylls in grains and spikelets, respectively (Pradeep et al., 2024 b). Overall significance and implication of intra-ear competition, with respect to ear length and awn length (under heat stress condition), can be understood from the reported findings that 1) ear length is essential towards the selection of heat-tolerant genotypes (Farooq et al., 2011) and 2) awns play prominent role in terms of grain yield under terminal heat stress (DeWitt et al., 2023; Pradeep et al., 2024a;) and drought-stress (Li et al., 2023).     

3.4 Total Projected Surface Area (TPSA) and Succulency of Main Ear (At Anthesis)

[bookmark: _Hlk11276663]TPSA of main ear (including awns) across the wheat genotypes (Fig. 3a) ranged from 33.9 cm2 (Chirya 3) to 108.4 cm2 (HD 4672) with variability of about three-folds. Succulency of main ear, 
Fig. 3(a-b). Total projected surface area of main ear (a) and succulency of main ear (b) at anthesis stage for different genotypes of wheat grown in field under terminal heat stress condition with full-irrigation. 
Other details are same as in Fig. 1.
[bookmark: _Hlk11276739]
representing amount of water present (g) per cm2 of area, (Fig. 3b) had variation of about six-folds with minimum value of 0.01 g/cm2 in Reedling and HD 2733 and maximum value of 0.06 g/cm2 in HUW 368 and Chirya 3. In this study, an image-based method was developed for determination of TPSA of wheat ear. TPSA of main ear (Fig. 3a) showed negative relation               (r = - 0.491*) with succulency of main ear (Fig. 3b). This can be understood with the reasoning that more surface area of ear will facilitate more of transpiratory loss and this results in lower succulency of ear. Although, this cannot be the only reason because other ear related traits such as; pubescence, waxiness, stomatal density and stomatal regulation of ear can also influence the succulency of ear (Pradeep et al., 2022, Pradeep et al., 2024b). Further, succulency of main ear (Fig. 3b) had positive association (r = 0.400*) with number of grains present in main ear at the time of harvest (refer Fig. 5b). This reveals positive effect of higher succulency of ear in retaining 
and maintaining higher number of grains. In addition to this, succulency of main ear (Fig. 3b) also had positive effects on ear length with awns (r = 0.417*) as well as ear length without awns (r = 0.376*) (Fig. 2a, b). These associations indicated the relevance of higher succulency of ear as this trait can facilitate better FW, ear length (with and without awns) and final number of grains in ear under terminal heat stress. This again emphasizes on already mentioned additional ear related traits such as; pubescence, waxiness, stomatal density and stomatal regulation of ear under the condition of terminal heat stress. 

3.5 Grain Growth Rate (GGR), Grain Moisture (%), Surface Temperature (During 10 to 20 DAA) and Stomatal Density on Upper Surface of Glumes (At 20 DAA) for Main Ear 

GGR is one of the key parameters in deciding the size of the grain and thereby the yield under normal as well as under terminal heat stress conditions. GGR and duration for which it is sustained, especially under terminal heat stress condition, are the two main determinants that play deciding role in finalizing the grain size (grain weight) and thereby the yield (Wu et al., 2018). Once the grain number are decided (during pre-anthesis and anthesis phases), it is the GGR and its duration that becomes the most critical in deciding the productivity of wheat under terminal heat stress) condition (Slafer et al., 2023). Across the wheat genotypes (under terminal heat stress condition), GGR of main ear ranged from 0.46 mg/day (NP 4, an awn-less genotype) to 3.50 mg/day (HD 4728, a durum type) (Fig. 4a). These two contrasting genotypes showed difference of 7.6 folds in GGR. Grain moisture (%) at 10 DAA showed huge difference across the genotypes with range from minimum of 53.97 % (HI 1563) to maximum of 81.65 % (HUW 368) (Fig. 4b). The ranking of genotypes for grain moisture (%) as recorded at 10 DAA (Fig. 4b) changed when the grain moisture (%) was recorded at 20 DAA (Fig. 4c). During later phase of grain growth i.e. at 20 DAA (representing cumulative and prolonged impact of terminal heat stress condition), minimum grain moisture (30.63 %) was recorded in HI 1544 and maximum (67.55 %) was in NP 4 (awn-less genotype). Data on surface temperature of main ear (mean of three 

Fig. 4 (a-e). Grain growth rate (GGR) of main ear during 10 to 20 days after anthesis (DAA) (a), grain moisture (%) of main ear at 10 DAA (b), grain moisture % of main ear at 20 DAA (c), surface temperature of main ear during 10 to 20 DAA (d) and stomatal density for lower surface of outer glume present in spikelet of main ear (at 20 DAA) (e) for different genotypes of wheat grown in field under terminal heat-stress condition with full-irrigation
Other details are same as in Fig. 1.


readings taken during 10 to 20 DAA) (Fig. 4d) showed overall difference of 6 oC between the minimum surface temperature (28.7 oC for PBW 343) and the maximum surface temperature (34.79 oC for HI 8381). This variability in surface temperature of main ear, across the wheat genotypes, was seen when the prevailing on an average ambient temperature was 35 oC.
The GGR (Fig. 4a) was found negatively related (r = -0.565**) with ear length (without awns) (Fig. 2b). This means that ear with more length will be having a greater number of spikelets and thereby a greater number of grains. More number of grains will result in slower GGR for individual grain (due to competition for resources). But, awn length of ear (Fig. 2c) and width of ear (Fig. 2d) had positive associations with GGR i.e., r = 0.654** and r = 0.386*, respectively. At the same time, awn length and ear width had negative association with ear length (without awns) i.e., r = -0.556** and 0.416*, respectively. These correlations clarify two things 1) Positive role of awn length in GGR. As per Blum, awn length is an advantageous trait for better performance of wheat under heat stress (Blum, 1986) and 2) Existence of intra-ear competition (already mentioned above) as there was inverse association of awn length and ear width with that of ear length. 
Long awns have been promoted as a selection criterion to improve yield under hot and dry condition (Blum, 1986; DeWitt et al., 2023; Li et al., 2023; Pradeep et al., 2024a). In this study as well, awn length was positively related with GGR (r = 0.654**) but awn length did not showed relationship with grain yield of main ear. This could be possibly due to shortening of overall grain-filling period due to terminal heat stress. Based on the results obtained, it can be stated that genotypes with higher GGR along with more of grain-filling duration can provide yield stability or thermo-tolerance to wheat. Besides awn length (as already mentioned above), ear width also linked positively to GGR (r = 0.386*). Ear width further found to be linked positively with awn length (r = 0.610**). Thus, as per this study, two morphological ear related traits i.e., awn length and ear width contribute positively for GGR i.e., r = 0.654** and 0.610**, respectively). As per Cottrell and Dale, ear width (a representation of width of spikelets) is an indicator of higher number of florets per spikelet and thereby higher possibility for more number and more weight of grains per spikelet (Cottrell and Dale, 1984). In addition to this, TPSA of ear showed positive relation with GGR (r = 0.460*). Since, more awn length also contributes for higher TPSA of ear so more TPSA of ear (due to longer awns and broad spikelets) can serve as better photosynthetic source and thereby better supplier of assimilates for developing grains (via higher GGR). It is already known that higher GGR results into faster grain-filling (Wardlaw and Moncur, 1995; Xie et al., 2015) and this is what which is required for either sustaining or enhancing the productivity of wheat under the condition of terminal heat stress. 
During grain-filling period, surface temperature of ear as recorded from 10 to 20 DAA (Fig. 4d) was another factor influencing the GGR (for the same period i.e., 10 to 20 DAA) (Fig. 4a) in a positive way (r = 0.420*). Indicating that lower is the surface temperature of ear better will be the GGR. Besides the lower temperature of canopy and/or ear, maintenance of suitable grain moisture (more than 45 %) is another key factor required for proper GGR in wheat (Annelie-Barnard, 2012). As per our study, grain moisture (%) in all the twenty-nine wheat genotypes at 10 DAA was more than 45 % (Fig. 4b). But this was not the situation for many genotypes at 20 DAA (Fig. 4c). Eleven genotypes at 20 DAA had ear moisture (%) less than 45 % (Fig. 4c). This indicates that lowering of ear moisture (%) during late grain-filling period i.e., after 10 DAA due to terminal heat stress can also affect the grain growth. The most optimum temperature for anthesis and grain-filling period for wheat ranges from 12 to 22 oC and with the exposure of high temperature yield reduction in wheat is significant (Farooq et al., 2011; Schapendonk et al., 2007). Individual grain weight is a major yield component in wheat. Grain-filling that adds to grain weight can be divided into two components i.e., rate of grain-filling or GGR and duration of grain-filling or duration for which GGR continues (Xie et al., 2015). As per Shewry et al., 2009 and again later also by Shewry et al., 2012, grain-filling rate follows a slow-fast-slow pattern. Our results from this study pointed out that GGR can get adversely affected, especially after 10 DAA, because the basic requirement of availability of grain moisture (%) ≥ 45 % could not be met at least for eleven genotypes (HI 1544, HD 3086, C 306, HD 4728, MP 4010, HD 4672, Reedling, HI 8381, HI 1563, HD 3043 and HD 2733) out of twenty-nine (Fig. 4c). These eleven genotypes had grain moisture (%) less than the threshold limit of 45 % at 20 DAA (Fig. 4c). So, they must have faced the situation of reduced GGR possibly with shorter grain-filling duration. Earlier studies have also shown that decrease in grain size is a consequence of shorter grain-filling duration due to heat stress. High temperature results not only reduction in starch synthesis but it also leads to rise in the rate of respiration (Kumari et al., 2014; Pandey et al., 2012; Viswanathan & Khanna-Chopra, 2001). 
Above data and discussion clearly indicate the importance of surface temperature of ear during grain-filling period. Across all the tested wheat genotypes, two most contrasting genotypes with respect to surface temperatures of ear (during 10 to 20 DAA) were PBW 343 (with minimum of surface ear temperature of 28.75 oC) and HI 8381 (with maximum of surface ear temperature of 34.79 oC) (Fig. 4d). Mean surface temperature of main ear across the wheat genotypes exhibited negative correlation (r = -0.447*) with the grain yield of main ear (Fig. 5a). This, in other words, means that lower surface temperature of ear during grain-filling period will support for higher grain yield. The above relationship further became evident from the observed negative relationship (r = -0.600**) between surface temperature of main ear (Fig. 4d) and HI (%) of the main ear as recorded at harvest (Fig. 5e).
Number of stomata present per mm2 of lower surface area of outer glumes i.e., stomatal density on glumes (Fig. 4e) ranged from the lowest values of 20.4 (HD 2985) to the highest value of 42.4 (HD 3059). This indicated for about two-fold variation in the density of stomata present on glumes across the wheat genotypes under terminal heat stress condition. Correlation analysis showed negative relationship (r = -0.375*) between stomatal density on glumes (Fig. 4e) and surface temperature of main ear (Fig. 4d). Ability of plants to cool their canopy/leaf by transpiration plays a significant role in heat-tolerance (Camejo et al., 2006; Sharma et al., 2014). In this context, stomatal regulation for exchange of water vapours and CO2 in response to environment (especially the prevailing temperature) plays a key role (Chaves et al., 2003; Jones, 1992). Above stated finding for foliage of plant is being confirmed by us for the ear of wheat plant as well because stomatal density on glumes of ear is helping the ear in regulating its temperature. Higher stomatal density on glumes of ear is trying to keep the temperature of ear lower, even under high temperature condition. This is quite possible because water was not limiting (as the crop was grown under irrigated condition). It is already stated above that there exits negative relationship (r = -0.447*) between surface temperature of main ear and the grain yield of main ear. This made it clear that higher stomatal conductance, due to a greater number of stomata on glumes of ear, provided the scope for effective transpiration through opened stomata (under irrigated condition). This ability of maintaining ear at lower temperature even under heat stress condition must have played positive role in facilitating better ear photosynthesis and thereby positive impact on grain yield of main ear. 
In the last decade, thermal imaging has emerged as a suitable method to monitor the temperature of canopy (as a reflection of transpiration rate). In this way, thermal imaging of plant canopy has become a suitable tool for phenotyping of plant to monitor the ability of canopy for thermo-regulation (Leinonen & Jones, 2004; Rezaei et al., 2015). Such studies and their results and conclusions at canopy level are being validated by us for ears of wheat plant. This thereby opens the possibility of using thermal imaging of main ear/ears of wheat as a non-destructive technique to screen/phenotype large germplasm/population under terminal heat stress for identification of thermo-tolerant genotypes. The importance of this strategy based on the ear of wheat plant can also be understood from the fact that there is growing relevance of ear and ear related traits in wheat under variable environments (Blum, 1986; DeWitt et al., 2023; Li et al., 2023; Pradeep et al., 2022; Pradeep et al., 2024a). This can also be understood from huge genotypic variability that exists across wheat genotypes under terminal heat stress condition for the surface temperature of ear (ranging from 28.75 oC to 34.79 oC), as reported in this study (Fig. 4d) and the contribution being made by ear for its own grain yield (ranging from 1.9 % to 45.7 %) as earlier reported by us in our previous study (Pradeep et al., 2024a). 

3.6 Main Ear Yield and Yield-Related Parameters

			


	
	


	






		

Fig. 5(a-e). Grain yield of main ear (a), number of grains in main ear (b), number of grains per spikelet of main ear (c), Weight of grains per spikelet of main ear (d) and harvest index (HI %) of main ear (e) at harvest for different genotypes of wheat grown in field under terminal heat-stress condition with full-irrigation
Other details are same as in Fig. 1.

Other details are same as in Fig. 1.







Main ear grain yield under terminal heat stress condition (Fig. 5a) ranged from the lowest (1.609 g) in Chirya-3 to the highest (3.403 g) in DL 1266-1. Number of grains and average weight of grains are the two key components that decides overall grain yield. Genotype Kundan had lowest number of grains (36.33) while, the genotype Dharwad dry had highest number of grains (79.67) in main ear at the time of harvest (Fig. 5b). The lowest and the highest values had difference of 2.2 folds. Similar trend was also seen for number of grains present per spikelet of main ear (Fig. 5c). For this trait as well, it was Kundan again that had the lowest number of grains per spikelet (1.82) and Dharwad dry that had highest number of grains per spikelet (3.37). Weight of grains per spikelet of main ear (Fig. 5d) ranged from 0.071g in Chirya 3 to 0.149 g in HI 8381. Harvest index (HI %) of main ear (Fig. 5e) varied from 69.96 % in Kundan to 80.17 % in HI 8713. This means that approximately 70 to 80 % dry matter (DM) of main ear is its grain weight (grain yield of main ear). Thus, genotypic variability of about 10 % exits for this important trait of wheat under terminal heat stress condition. 
Main ear grain yield (at harvest) was directly related to number of grains in main ear (r = 0.618**), number of grains per spikelet of main ear (r = 0.403*), weight of grains per spikelet of main ear (r = 0.844**) & HI of main ear (r = 0.627*) at harvest and FW of main ear at the time of anthesis (r = 0.392*). Weight of grains on spikelets of main ear (at harvest) was also positively related (r = 0.403*) with FW of main ear (at anthesis). Heat stress during reproductive phase directly affects grain number and grain weight (Wollenweber et al., 2003). It was reported by Gupta et al., (2015) that heat-tolerant genotypes maintained higher yield by maintaining relatively higher grain number and grain weight. One more factor influencing grain yield of main ear was surface temperature of main ear during 10 to 20 DAA (representing grain-filling period) and it was inversely (negatively) related (r = -0.447*) to it. Further, surface temperature of main ear in turn had negative association (r = -0.600**) with HI (%) of main ear. The above relationships clearly suggests that overall ability of a genotype to keep its ear cool is another key feature or trait that can positively contribute to yield stability of wheat under the condition of terminal heat stress.

By enlarge and so far, yield and yield-related components of wheat have been given due consideration but only little has been done in relation to ear related traits contributing for yield and yield-related components and the associated physiological mechanisms. So, based on summation of this study on twenty-nine genotypes, overall inter-relationships among different morpho-physiological ear related traits that contribute or influence grain yield of main ear and its components in wheat grown in field under terminal heat stress condition with full-irrigation are presented in Fig 6.  
[image: ]Fig. 6. Inter-relationships among different morpho-physiological ear related traits that contribute or influence grain yield of main ear and its components in wheat grown in field under terminal heat stress condition with full-irrigation
Parameters written within boxes represent the traits. All these traits are investigated in this study
Continuous lines with arrow on one side indicate the relationship/s between or among the traits
Continuous lines with arrow on both the sides indicate the inter-relationship/ inter-dependency between or among the traits for intra-ear competition at morphological level (for more details see text)
Digit written along with the line (with arrow either on one side or on both the sides) represents the value of correlation coefficient (r) indicating either positive or negative relationship significant either at P ≤ 0.05 (*) or at P ≤ 0.01 (**) 

[bookmark: _Hlk11275728]This study clearly indicated that more FW of ear (at anthesis), number of grains in ear, weight and number of grains per spikelet along with the ability to maintain lower surface temperature of ear during grain-filling period are the key factors contributing for stability or higher grain yield under terminal heat stress condition (with full-irrigation) (Fig. 6). Intra-ear competition was seen at morphological level because longer awns and wider ear had negative impact on ear length. In addition to this, study clearly demonstrated that thermal imaging (a non-destructive, simple and rapid technique) of main ear/ears for determination of surface temperature can be effectively used for screening/phenotyping of large number or diverse collection of wheat genotypes/lines for thermo-tolerance. This is because of the fact that genotypes that could maintain lower surface temperature of main ear also showed better grain growth rate and higher grain yield of main ear (Fig. 6). This aspect further highlights the importance and significance of few other ear related traits such as; pubescence, waxiness, stomatal density and stomatal regulation as they all are also involved in deciding the surface temperature of ear.  

4. CONCLUSIONS 

Ear and ear related traits can play significant role in promoting yield stability and productivity of wheat. Major conclusions from this study with twenty-nine wheat genotypes in field under heat stress condition with full-irrigation are as follows: 1) There is intra-ear competition for growth and development among different organs of ear (become evident at the time of anthesis). Intra-ear completion was seen at morphological level because longer awns or broader ear width had negative impact on ear length, 2) Morphological ear related traits namely awn length and ear width contribute positively for grain growth rate (GGR). Besides this, lower surface temperature of ear also contributes for higher GGR during grain-filling period, 3) Higher stomatal density on glumes of ear helps in keeping the surface temperature of ear lower than the ambient via transpiratory cooling. The ability of ear to maintain its surface temperature low must have helped towards higher or sustained ear photosynthesis with positive impact on GGR and grain yield, 4) opens up an area of making use of thermal imaging of main ear/ears of wheat as a rapid and non-destructive technique to screen/phenotype large germplasm/population under terminal heat stress for identification of thermo-tolerant genotypes/lines. The importance of this strategy can also be understood from the fact that there is growing relevance of ear and ear related traits in improving the performance of wheat under variable or diverse environments and 5) Points out relevance of few other ear related traits such as; pubescence, waxiness, stomatal density and stomatal regulation because all these traits are known to play important role in determining the surface temperature of ear. Additionally, these traits also assist in maintaining high succulency of ear towards the benefit for wheat plant as higher succulency of ear has been found to be linked with better fresh weight of ear, ear length and final number of grains in ear. 

5. FUTURE PERSPECTIVES

Based on the present study, a few suggested lines of future research work on wheat under heat stress condition are as follows:
· Non-destructive estimation of stomatal conductance at the level of ear via some rapid technique based on the principle of porometer (although presently not available for ear like part of plant due to its 3-diamentional structure) or any other principle will prove highly beneficial in screening and assessment of yield potential of wheat genotypes/lines under terminal heat stress (either in irrigated or non-irrigated conditions). 
· More research needs to be taken up on suggested as well as on other ear related traits/factors that can contribute in keeping the ear temperature low even if the ambient temperature is high during anthesis and grain-filling period. 
· Presuming that grain numbers are set by the time of around 7 DAA then based on GGR there are three possible ways or approaches that can make wheat thermo-tolerant 1) Higher GGR. This will compensate for shorter duration of grain-filling (as usually caused by heat stress). 2) Moderate but sustained GGR. This will be suitable where grain-filling duration is not much affected by heat stress and 3) Higher GGR with either moderate or more grain-filling period.
· To achieve best from the suggested/available approaches, combination or pyramiding of suitable ear related traits (expressing at their optimum levels) with other traits also offer a line of work as this has remained untapped so far.
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1.835	1.42	1.8220000000000001	0.24099999999999999	0.57999999999999996	2.9860000000000002	1.462	2.0179999999999998	1.4510000000000001	1.6719999999999999	2.3170000000000002	1.236	1.7849999999999999	4.2169999999999996	1.357	0.60699999999999998	2.4420000000000002	2.27	3.399	1.8089999999999999	3.3410000000000002	5.0339999999999998	0.71	4.59	3.3039999999999998	3.673	0.96799999999999997	0.877	5.5E-2	1.835	1.42	1.8220000000000001	0.24099999999999999	0.57999999999999996	2.9860000000000002	1.462	2.0179999999999998	1.4510000000000001	1.6719999999999999	2.3170000000000002	1.236	1.7849999999999999	4.2169999999999996	1.357	0.60699999999999998	2.4420000000000002	2.27	3.399	1.8089999999999999	3.3410000000000002	5.0339999999999998	0.71	4.59	3.3039999999999998	3.673	0.96799999999999997	0.877	5.5E-2	CHIRYA3	SOKOLU	C306	HD3043	HD3059	HD2967	PBW343	HI1544	WH730	HI8777	HI8381	K68	DL1266-1	HD3086	RAJ3765	NP4	DHARWAD DRY	KUNDAN	MP4010	HUW368	HD4728	CUS/79/PRULA	HD2985	LOK1	HD2733	REEDLING	HI1563	HI8713	HD4672	33.9	35.162999999999997	41.387	45.363	47.262999999999998	47.27	47.37	49.323	53.972999999999999	55.573	56.823	57.24	58.06	58.69	58.972999999999999	60.337000000000003	61.103000000000002	61.146999999999998	61.856999999999999	65.182000000000002	67.95	69.62	73.52	76.873000000000005	78.38	81.77	88.15	102.01	108.35299999999999	n	n	mn	lm	klm	klm	klm	jkl	ijk	ij	i	hi	hi	hi	hi	ghi	ghi	ghi	ghi	fgh	efg	ef	de	cd	cd	bc	b	a	a	

HD2985	HD2733	HD4672	HI1563	SOKOLU	HI1544	HI8777	LOK1	HD4728	DL1266-1	REEDLING	WH730	KUNDAN	HD3043	DHARWAD DRY	PBW343	K68	CUS/79/PRULA	HD2967	HI8713	HD3086	CHIRYA3	HUW368	MP4010	C306	HI8381	RAJ3765	NP4	HD3059	[CELLRANGE], [VALUE]
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