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Abstract
Wheat sowing often gets delayed and the crop faces terminal heat stress, which is severely impacting the crop productivity. 
Synthetic osmolytes maintain structural integrity of cell membrane and protect oxidative damage of cells under stress con-
ditions. Hence, foliar application of these compounds is likely to alleviate the negative effects of high temperature on crop 
plants. However, field response of these chemicals on late-sown wheat in the subtropical environment (eastern Indo–Gangetic 
Plain) is still uncertain. A field experiment was conducted for three years (2013–2016) to envisage the field efficacy of two 
synthetic compounds viz., potassium nitrate  (KNO3) (1.0 and 0.5%) and glycine betaine (GB) (100 and 50 mM), each sprayed 
either at respective higher dose at booting or anthesis, or at half the dose at both booting and anthesis for improving grain 
yield of two contrasting wheat cultivars (DBW14 and K307) facing terminal heat stress. Foliar application of 0.5%  KNO3 at 
both booting and anthesis stages resulted in the maximum increase (13–16%) in grain yield over no-spray treatment closely 
followed by 1%  KNO3 at anthesis (10–14%), and 50 mM GB at both booting and anthesis stages (6–9%). However, foliar 
spray of  KNO3 and GB at only booting stage had a non-significant effect on grain yield. The increase in grain yield with 
the osmolytes application was attributed to an increase in the number of grains  ear− 1 (9–16%) and thousand-grain weight 
(3–10%), demonstrating an increased sensitivity of sink capacity and grain development of wheat to terminal heat stress. 
The degradation of flag leaf chlorophyll content (34–36%) and increase in the relative membrane permeability (29–52%) 
during anthesis to grain filling period was observed as the critical yield-limiting factors in late-sown wheat. Foliar spray 
of osmolytes had a regulatory effect on these physiological anomalies being highest with the treatment 0.5%  KNO3 foliar 
spray at both booting and anthesis stages followed by 1%  KNO3 foliar spray at anthesis. At the grain filling stage, significant 
relationships between grain yield and flag leaf chlorophyll (r = 0.43–0.68) and relative membrane permeability (r = − 0.47 
to − 0.53) were observed. Thus, foliar application of 0.5%  KNO3 at both booting and anthesis stages could be recommended 
to alleviate the adverse effect of terminal heat stress and improve productivity of late-sown wheat in subtropical environments.

Keywords Potassium nitrate · Glycine betaine · Terminal heat stress · Relative membrane permeability · Chlorophyll 
degradation · Heat use efficiency

Introduction

In the rice-wheat cropping system of eastern Indo–Gangetic 
Plain (IGP), wheat sowing is often delayed, mostly during 
the third week of December or later, due to late harvesting 
of long duration rice (Bhatt et al. 2016). Late-sown wheat 
crop faces terminal heat stress during the anthesis and grain-
filling period (Rane et al. 2007; Dwivedi et al. 2017). Mehla 
et al. (2000) reported a reduction of wheat yield of about 
18% when sowing is delayed from mid-November to end 
of December. This is primarily attributed to an abrupt rise 
in air temperature beyond 20–22 °C which coincides with 
anthesis and grain filling period of wheat (Tewolde et al. 
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2006). In the eastern IGP region, the daily mean temperature 
progressively increases from 19.5 °C during last week of 
February to 27 °C during 3rd week of March, which over-
laps with anthesis and grain filling period of wheat, while 
optimal temperature during this stage should be around 
21 °C (Dwivedi et al. 2019). Therefore, the wheat crop in 
this region faces a supra-optimal temperature of ~ 6 to 8 °C 
during anthesis and grain filling period and wheat yield is 
decreased by 4% for every 1 °C rise in temperature above 
the optimum temperature of about 20 °C during anthesis 
to grain filling stage (Dwivedi et al. 2015). Reduction in 
yield of late-sown wheat, ranging from 21 to 30%, has been 
reported by different workers in the IGP region (Verma et al. 
2000; Pandey et al. 2010; Hazra et al. 2018). This situation 
urges to find out the suitable strategy that could alleviate the 
terminal heat stress in late-sown wheat, traditionally grown 
in eastern IGP.

Previous reports on synthetic osmolytes like potassium 
nitrate  (KNO3) (Suryavanshi and Buttar 2016), and glycine 
betaine (GB) (Ashraf and Foolad 2007) unveil their ben-
eficial effects in protecting the crop from high-temperature 
stress. The principal role involved is to protect the photosyn-
thetic apparatus of leaves under stressful conditions. High-
temperature stress adversely affects the membrane integ-
rity. Potassium  (K+) is known to have an important role in 
imparting stability and polarization of membrane, activating 
enzymes, and stomatal movement. Stress-induced accumula-
tion of reactive oxygen species (ROS) induces  K+ leakage 
by activating  K+ efflux channels (Cuin and Shabala 2007; 
Fayez and Bazaid 2014). Hence, exogenous application of 
potassium salts may protect cells from oxidative damage by 
balancing  K+ in the plant system, and thus may be effec-
tive to protect the crop against terminal heat stress. Organic 
osmolytes maintain osmoregulation and protect the structure 
of different biomolecules and membranes and scavenge free-
radical (Ashraf and Foolad 2007); and thus likely to improve 
plant functions under stress emanating from abiotic factors. 
However, most of the studies on these synthetic compounds 
were conducted under controlled environments. Field effi-
cacy of these compounds has not been tested (Wakchaure 
et al. 2016) and hence requires field level validation. Moreo-
ver, there is a need to standardize the dose of these com-
pounds and time of application to get optimum results.

Therefore, an experiment was conducted to test the effi-
cacy of  KNO3 and GB in improving the grain yield of late-
sown wheat crop facing terminal heat stress under field con-
dition of eastern India. The hypotheses of the study were (i) 
foliar application of osmolyte alleviates the adverse effect 
of terminal heat stress and improves crop productivity at 
field condition; (ii) split application of these chemicals on 
late-sown wheat increases the efficacy at field level over the 
single high dose application; and (iii) foliar spray of syn-
thetic osmolyte prevents degradation of leaf chlorophyll and 

restores membrane integrity in late-sown wheat. Thus, the 
strategy, if found to be effective, can be easily adopted by the 
farmers who mostly grow late-sown wheat under rice-wheat 
cropping system, to ward off the harmful effects of terminal 
heat stress and enhance the productivity of wheat.

Materials and Methods

Site Characteristics

Three-year field experiment (2013–2014 to 2015–2016) 
was conducted at the research farm of Bihar Agricultural 
University (eastern IGP), Sabour, Bihar, India (25º 50′ N 
and 87º 19′ E). The soil was deep and well-drained, silty-
loam in texture, mixed hyperthermic and belongs to Fluvisol 
(World Reference Base soil classification), pH 6.7, electri-
cal conductivity 0.26 ds  m− 1 and soil organic carbon 4.2 g 
 kg− 1. The soil available nitrogen (N), phosphorus (P) and 
potassium (K) in the surface soil (0–15 cm) were 53.9, 7.8 
and 51.2 mg  kg− 1, respectively. The climate of the region is 
sub-humid subtropical. Weather conditions during the crop 
season are presented in Fig. 1.

Treatment Description and Experimental Design

The experiment was laid out in a split-plot design with 
three replications. The dimension of each sub-plot was 
2.5 m × 4.0 m. The wheat crop was sown on 20th, 29th, 
and 22nd December during 2013–2014, 2014–2015 and 
2015–2016, respectively, which are considered as late-sown 
wheat in eastern IGP region (Singh et al. 2015). In this study, 
two wheat cultivars, viz., DBW 14 and K 307 were taken 
as main-plot treatment and foliar application of synthetic 
compounds viz., potassium nitrate  (KNO3) and glycine 
betaine (GB) were randomized in the subplots. Treatments 
comprised of foliar spray of 1%  KNO3 at booting, 1%  KNO3 
at anthesis, 0.5%  KNO3 at both booting and anthesis, 100 
mM GB at booting, 100 mM GB at anthesis, 50 mM GB at 
both booting and anthesis, along with no-spray or spay con-
trol treatment and water spray at both booting and anthesis 
stages. The treatment abbreviation along with the defini-
tion of treatments is given in Table 1. DBW 14 is an early 
maturing (110–115 days); whereas, K 307 is a late maturing 
(125–130 days) cultivar. DBW 14 is a bold seeded, semi-
erect wheat cultivar having drooping flag leaf and adapt-
able to irrigated late-sown condition; whereas cultivar K 
307 is an erect and bold seeded cultivar mainly grown under 
timely-sown irrigated condition. The fertilizer grade  KNO3 
(13-0-45) and technical grade GB  (C5H11NO2, molecular 
weight 117.15 g  mol− 1) were used in this study. The foliar 
spray was performed using the manually-operated knap-
sack sprayer fitted with a flat-fan nozzle and the spray was 
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directed towards flag leaf of the crop during the windless 
condition at evening (16:00 to 18: 00 h). The total amount 
of water used for spray was 200 l  ha− 1.

Crop Management

Pre-sowing irrigation (~ 4 ha-cm) was applied for land prep-
aration. At optimum soil moisture condition, the field was 
prepared by four passes of cultivator followed by planking. 

The wheat crop was sown manually by hand-plough with a 
row-spacing of 22.5 cm using a seed rate of 125 kg  ha− 1. 
The recommended fertilizers rate (120 kg N, 40 kg  P2O5 and 
20 kg  K2O  ha− 1) were applied to the crop. The full dose of 
fertilizer P and K was applied basal. Half of the fertilizer N 
was applied basal and remaining half dose was top-dressed 
in two equal splits at first irrigation [21 days after sowing 
(DAS) and other at 60 DAS]. The crop was irrigated twice 
during crown root initiation (21 DAS) and late-jointing (50 

Fig. 1  The daily mean mini-
mum and maximum tempera-
tures (°C) and rainfall (mm) 
during the crop growing seasons 
(2013–2014 to 2015–2016)
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DAS) stages, and the volume of irrigation was ~ 4 ha-cm. 
Two hand weeding was done to keep the plots weed-free. 
The crop was harvested during 8th in 2013–2014, 17th in 
2014–2015, and 9th April in 2015–2016.

Measurement of Crop Growth and Yield Attributes

At physiological maturity stage, six inner rows (leaving 0.5 
m border at each end) from each plot were harvested sepa-
rately for grain yield estimation. The total number of ears in 
these six rows were counted and expressed as the number of 
ears  m− 2. A random sample of twenty ears were collected 
at the same stage to count the total number of kernels and 
expressed as the number of grains  ear− 1. Meanwhile, thou-
sand-grain weight (test weight) was measured by taking a 
sample of two hundred kernels, oven-dried, and weighed. A 
100 g sample from the harvested grain was oven-dried at 65 
°C for 48 h and grain moisture content (%) at harvest was 
estimated; finally, the grain yield of each plot was adjusted 
to 14% moisture content and expressed as t  ha− 1.

Measurement of Physiological Parameters

Given the notable phenological differences in the two 
selected cultivars, DBW 14 and K 307, two growth stages 
(‘anthesis’ and ‘grain filling’) were designated for meas-
urement of physiological parameters. According to Zadoks 
et al. (1974), in wheat crop, the growth stage ‘anthesis’ 
appears between Zadoks stages 55 and 70; and ‘grain fill-
ing’ between Zadoks stage 75 and 85. In both these growth 
stages, flag leaves were collected from each plot at noon time 
for analysis of leaf chlorophyll and relative membrane per-
meability. Flag leaf chlorophyll content and relative mem-
brane permeability in each of these stages were estimated 
using the standard procedures described by Arnon, and Yang 
et al., respectively (Arnon 1949; Yang et al. 1996).

Chlorophyll Content

The collected flag leaves were kept at 5 °C on moist filter 
paper, wrapped in aluminium foil and taken to the labora-
tory in an icebox. Then, the leaves were cut into a disc shape 
(11 mm diameter); three of these disc shape leaf part were 
oven-dried (65 °C for 48 h) for estimation of dry weight. 
Other leaf discs were crushed for extraction of chlorophyll 
using a mortar with 80% acetone-water solution (v/v) and a 
pinch of calcium carbonate. The supernatant was made up 
to 5 ml with distilled water and absorbency was measured 
at 663 and 645 nm in a UV-VIS spectrophotometer (model 
Shimadzu, Japan). Total chlorophyll in leaf was estimated 
using Harborne’s equations (Harborn 1973).

Relative Membrane Permeability

From the middle section of flag leaves ten pieces of round-
shaped (4 cm diameter) leaf sections were cut and then placed 
in test tubes containing 10 ml of de-ionized water. Then the 
samples were shaken vigorously for 10 s; and the initial elec-
trical conductivity  (EC0) of each sample was measured using 
an electrical conductivity meter (Company, Make Place). The 
samples were left for 24 h at room temperature, and electrical 
conductivity was measured again  (EC1). Then, the samples 
were autoclaved and the final electrical conductivity  (EC2) 
was estimated after cooling to 25 °C. The  EC0 of the de-ion-
ized water (blank) was subtracted from both  EC1 and  EC2. 
Heat injury of leaf tissues was measured in terms of relative 
membrane permeability was calculated using the formula of 
Yang et al. as follows (Yang et al. 1996):

Calculation of Heat Use Efficiency (HUE)

Firstly, the growing degree-days (GDD) of each treatment 
was calculated by adding the cumulative of mean ambient 
temperatures from the date of sowing to harvesting of crop 
taking the base-temperature of 0 °C. Heat-use efficiency 
(HUE) was computed for each treatment using the follow-
ing formula (Sastry et al. 1985):

(1)Total chlorophyll (mg kg−1) = 20.2A
645

+ 8.02A
663

(2)

Relative membrane permeability (%) =

(

EC
1
− EC

0

)

(

EC
2
− EC

0

) × 100

(3)

HUE (kg ha−1 degree centegrade days−1)

=
Seed or total drymatter yield kg ha−1

Growing degree days (degree centegrade days)

Table 1  Treatment description and abbreviation used for different 
treatments

Treatment Abbreviation

No spray NSCT

1.0% potassium nitrate  (KNO3) foliar spray at boot-
ing stage

PNB

1%  KNO3 foliar spray at anthesis stage PNA

0.5%  KNO3 foliar spray at booting and anthesis 
stages

PNB+A

100 mM glycine betaine foliar spray at booting stage GBB

100 mM glycine betaine foliar spray at anthesis stage GBA

50 mM glycine betaine foliar spray at booting and 
anthesis stages

GBB+A

Water spray at booting and anthesis stages WSB+A
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Statistical Analysis

Statistical analysis of the data was performed applying anal-
ysis of variance (ANOVA) technique of split-plot design 
(Cochran and Cox 1963) using online statistical program 
OPSTAT. The significance of different sources of variations 
was tested by Fisher Snedecor’s ‘F’ test at α = 0.05. Standard 
error of mean and least significant difference (LSD) at 5% 
level of significance were worked out for each parameter to 
compare the difference between the treatment means. The 
principal component analysis (PCA) was performed using 
the window-based software PAST (version 3.14).

Results

Weather Condition

Anthesis stage of crop appeared during the last week of Feb-
ruary to second week of March, and crop reached its physi-
ological maturity during last week of March to second week 
of April, depending upon the time of sowing in the respective 
year and cultivars (Fig. 1). The crop had faced 16, 27 and 29 
high-temperature days [i.e. maximum temperature  (Tmax) > 30 
°C] in the first, second, and third year, respectively. The aver-
age maximum temperature during the last week of February 
to end of March (anthesis to grain filling) was 28.7, 30.8, 
and 31.7 °C during the year 2013–2014, 2014–2015 and 
2015–2016, respectively. In all 3 years, very less amount of 
rainfall was received during anthesis to grain filling period.

Flag Leaf Relative Membrane Permeability

Figure 2 shows that increase in the relative membrane 
permeability from anthesis to grain filling period was 
prominent (24–41%, p < 0.01), being higher in the year 
2014–2015 (41%, p < 0.01). Foliar spray of 1%  KNO3 at 
booting maintained relative membrane permeability at 
anthesis. The effect of spray treatment on relative mem-
brane permeability was prominent at the grain filling 
stage. All the  KNO3 treatments  (PNB,  PNA,  PNB+A) were 
found to be statistically at par with others but significantly 
lower than that of no-spray and water spray treatments. 
The effect GB foliar spray was marginal on membrane 
permeability. The increase in relative membrane perme-
ability during anthesis to grain filling period was lowest 
in  PNA (Fig. 2). Pooled ANOVA results revealed that the 
effect of cultivar, osmolyte treatment and experimental 
year were significant (p < 0.05) for relative membrane 
permeability at both anthesis and grain filling stages 
but none of the interaction effect was found significant 
(Table 2).

Flag Leaf Chlorophyll Content

In both the cultivars, flag leaf chlorophyll content was reduced 
during the anthesis to grain filling stage (Fig. 3). Chlorophyll 
content was comparatively higher in cultivar DBW 14 over K 
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Fig. 2  Flag leaf relative membrane permeability (RP) at anthesis and 
grain filling stages and changes in flag leaf relative membrane per-
meability during anthesis to grain filling stages (ΔRP) of late-sown 
wheat as influenced by different osmolyte treatments (2013–2014 to 
2015–2016). Error bars represent the standard error on mean. See 
Table 1 for definitions of the abbreviations
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307. Foliar spray of 1.0%  KNO3 at booting  (PNB) resulted in 
higher chlorophyll content at anthesis; whereas at grain filling 
stage, maximum leaf chlorophyll was recorded in  PNB+A treat-
ment, and the result was consistent across the years. The deg-
radation of chlorophyll from anthesis to grain filling was high-
est in  NSCT (34–37%), whereas all  KNO3 treatments reduced 
chlorophyll degradation, being lowest in  PNB+A (21–27%). 
The degradation of leaf chlorophyll was also reduced with the 
application of GB; however, its efficacy was relatively less as 
compared to  KNO3. Table 2 shows that interaction effect of 
cultivar × chemical spray was significant (p < 0.05) for chlo-
rophyll content at grain filling and degradation of chlorophyll.

Yield Attributes and Yield

The significant treatment effect was observed for yield 
attributes i.e. effective tiller, grains  ear− 1 and thousand-
grain weight (Table 3). The cultivar difference for effective 
tiller and grains  ear− 1 was also prominent. The increase in 
effective tillers with osmolytes spray was maximum up to 
9.3%, 8.7%, and 6.5% (p < 0.05) in 2013–2014, 2014–2015 
and 2015–2016, respectively; and significant interaction 
effect cultivar × chemical spray was also noticed (p < 0.05) 
(Table 2). Increase in grains  ear− 1 was observed in  KNO3 
treated crop. The positive effect of GB (50 mM) applied at 
both booting and anthesis  (GBB+A) on grains  ear− 1 was also 
apparent in first and second years (p < 0.05). The treatment 
 PNB+A resulted in 14–19% (p < 0.05) increase in grains  ear− 1 
and thousand-grain weight (7–14%) over  NSCT. The pooled 
ANOVA data also confirmed a consistent effect of osmolyte 
spray on yield attributes of late-sown wheat.

The crop response to osmolytes spray was prominent on 
crop productivity. The higher grain yield was observed with 
foliar spray of  KNO3 and GB; however, the effect of  KNO3 
was prominent and higher over GB. The maximum yield 
increment (over  NSCT) was registered in  PNB+A (13–16%, 
p < 0.05) closely followed by  PNA (10–14%, p < 0.05) and 
 GBB+A (6–9%, p < 0.05) (Table 4). Figure 4 illustrates that 
with response to chemical spray treatments, the grain yield is 
directly associated with the yield attributes (except effective 
tiller), flag leaf chlorophyll content and relative membrane 
permeability at grain filling stage.

Heat Use Efficiency (HUE) and Principal Component 
Analysis

Cultivar DBW 14 had higher HUE over K 307 (Fig. 5). The 
highest HUE values were associated with the treatment 
 PNB+A, closely followed by  PNA, which were significantly 
higher over  NSCT and  WSB+A. Principal component analy-
sis results show that strong association of grain yield with 
grains  ear− 1, thousand-grain weight, and leaf chlorophyll 
at the grain filling stage (Fig. 6). Treatment  PNB+A was 
observed as the best treatment for both the cultivars with a 
higher weightage of component 1 and component 2.

Discussion

Our results demonstrate that in the sub-tropical environ-
ments, the wheat crop is likely to expose a higher mean tem-
perature (> 17 °C) during anthesis which further plunged to 

Table 2  Pooled ANOVA for grain yield, yield attributing and physiological parameters (2013–2014 to 2015–2016)

GY grain yield, ET effective tillers, GPE grains  ear− 1, TGW  thousand-grain weight, RPGF relative membrane permeability at grain filling, RPA 
relative membrane permeability at anthesis, CHLA chlorophyll content (anthesis), CHLGF chlorophyll content (grain filling), CHDA−GF Chloro-
phyll degradation, ΔRPA−GF change in relative membrane permeability (anthesis to grain filling), df degrees of freedom.
*Significant (p ≤ 0.05)
**Significant (p ≤ 0.01)

Source of variation df GY ET GPE TGW CHLA CHLGF RPA RPGF CHDA−GF ΔRPA−GF

Replication 2 20.5 20.9 93.2 9.7 1.00 0.02 3.5 48.3 237.7 744
Year (Y) 2 361.3** 4581.6** 62.3 9.3 1.28 0.02 5004.7** 8428.0** 227.2 7064**
Error (a) 4 4.5 70.1 20.3 7.9 0.47 0.27 16.4 13.5 75.9 518
Cultivar (C) 1 264.8** 7804.1** 2958.7** 7.5* 0.94 1.56** 64.4* 125.0** 109.2 31
Y × C 2 44.9*** 822.8* 22.7 0.5 2.58* 0.18 17.0 28.0 251.4 32
Error (b) 6 8.3 376.2 18.8 9.6 1.12 0.36 32.2 28.8 291.5 524
Chemical spray (S) 7 249.8** 3747.8** 1020.0** 138.7** 1.10 8.59** 585.8** 1922.7** 2426.3** 8369**
Y × S 14 25.0 639.1 44.5 28.7 0.05 0.67 144.4 17.2 252.3 1756
C × S 7 60.0** 1138.1* 1388.6** 11.0 0.47 1.55** 44.9 98.1 489.6* 463
Y × C × S 14 30.2 492.1 114.3 34.5 0.50 1.38* 31.5 59.6 490.8 616
Error (c) 84 177.4 5725.1 910.2 187.3 7.10 4.07 849.1 559.2 2623.8 8830
Total 143 1246.7 25417.9 6653.7 444.6 16.62 18.65 6793.9 11328.4 7475.7 28947
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about 27.8–31.7 °C during grain filling period till maturity 
of the crop. According to Farooq et al. (2011), the optimum 
temperature for anthesis and grain filling of wheat ranges 
from 12 to 22 °C. So, the wheat crop is mostly exposed 
to supra–optimal temperature during its terminal growth 
phases, which is likewise evident in all the three years of 
study (Fig. 1). Bamboriya et al. (2017) are also in agreement 
with the fact that higher ambient temperature during March 
in eastern India, which often coincides with grain formation 

period of wheat, causing terminal heat stress. Notably, the 
average temperature increased to the tune of about 6–8 °C 
in just around twenty days after anthesis. Therefore, the crop 
faced heat stress throughout its anthesis and grain filling 
period which is the typical terminal heat stress and very 
common for late-sown wheat in eastern IGP.

In agreement with previous reports, our result likewise 
demonstrates that the grain yield of late-sown wheat, irre-
spective of cultivars was markedly low when no alleviation 

Fig. 3  Flag leaf chlorophyll 
content (mg  kg− 1) at anthesis 
and grain filling stages and 
chlorophyll degradation (%) 
during anthesis to grain filling 
stages (ΔChl.) as influenced by 
different cultivars and chemical 
spray treatments (2013–2014 to 
2015–2016). Error bars repre-
sent the standard error on mean. 
See Table 1 for definitions of 
the abbreviations
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measure was taken. Among the different chemical spray 
treatments, foliar spray of 0.5%  KNO3 at both booting and 
anthesis  (PNB+A) or 100 mM GB  (GBB+A) can improve 
grain yield of wheat, irrespective of varieties, over no-spray 
treatment  (NSCT). The extent to which the grain yield can 

be increased was about 13–16%, during the three years 
under the treatment  PNB+A. This clearly suggests that split 
application of low concentration of  KNO3 (0.5%) is more 

Table 3  Yield attributing characters of wheat crop as influenced by different chemical spray treatment under late–sown condition in Eastern 
India

ET effective tillers, GPE grains  ear− 1, TGW  thousand-grain weight, ns non significant, s significant
1 See Table 1 for definitions of the abbreviations

Treatment ET (nos.  m− 2) GPE (nos.  ear− 1) TGW (g)

2013–2014 2014–2015 2015–2016 2013–2014 2014–2015 2015–2016 2013–2014 2014–2015 2015–2016

Cultivar (C)
 DBW 14 196.2 196.3 214.2 54.1 56.0 53.7 36.2 36.8 36.4
 K 307 214.8 215.0 222.2 45.6 45.9 45.1 35.7 36.3 36.1
 LSD (p = 0.05) 9.9 11.9 4.2 1.4 3.8 0.9 ns ns ns

Chemical spray (S)1

 NSCT 195.0 194.0 208.3 45.7 47.9 46.4 34.3 34.9 35.4
 PNB 210.3 208.8 221.1 51.9 53.0 50.7 36.6 36.6 36.3
 PNA 206.8 205.8 222.2 53.4 52.9 53.2 36.7 36.8 36.2
 PNB+A 213.0 206.1 217.0 54.2 55.6 53.0 37.6 39.8 37.9
 GBB 210.8 208.5 221.2 47.6 48.8 47.3 35.4 35.9 35.9
 GBA 214.0 210.8 218.5 48.3 48.4 47.5 36.7 35.9 36.1
 GBB+A 209.5 208.8 221.8 51.0 52.4 49.1 35.6 36.2 36.3
 WSB+A 196.3 202.3 215.4 46.6 48.6 47.8 34.6 36.5 35.7
 LSD (p = 0.05) 10.2 ns 8.6 3.2 3.9 4.6 1.9 2.2 1.1
 C × S 

(p = 0.05)
ns ns ns s s s ns s s

Table 4  Grain yield (t  ha− 1) of late–sown wheat crop of Eastern India 
as influenced by foliar spray treatments

ns non significant, s significant
1 See Table 1 for definitions of the abbreviations

Treatment Grain yield (t  ha− 1)

2013–2014 2014–2015 2015–2016 Mean

Cultivar (C)
 DBW 14 3.33 3.39 3.02 3.25
 K 307 3.19 2.98 2.76 2.97
 LSD (p = 0.05) 0.14 0.16 0.18 0.07

Chemical spray (S)1

 NSCT 3.09 2.95 2.71 2.92
 PNB 3.15 3.25 2.97 3.13
 PNA 3.39 3.35 3.01 3.25
 PN(B+A) 3.49 3.43 3.12 3.34
 GBB 3.26 3.05 2.77 3.03
 GBA 3.24 3.19 2.86 3.10
 GB(B+A) 3.27 3.21 2.95 3.14
 WSB+A 3.16 3.03 2.73 2.97
 LSD (p = 0.05) 0.18 0.18 0.17 0.14
 C × S (p = 0.05) ns s s s
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Fig. 5  Heat use efficiency (kg 
 ha− 1 °C  day− 1) as influenced by 
wheat cultivars and chemical 
spray treatments. Error bars rep-
resent standard error of means. 
See Table 1 for definitions of 
the abbreviations
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effective in protecting yield loss of late-sown wheat fac-
ing terminal heat stress under field condition. For both the 
chemicals, split application at both booting and anthesis had 
higher efficacy and resulted in a yield increase in late-sown 
wheat. Hence, our second hypothesis is accepted. Exogenous 
application of potassium (K) based compounds known to 
maintain  K+ balance and enzymes activities in the plant 
and thereby can alleviate the adverse effect of heat stress on 
important physiological functions in cereals (Pasala et al. 
2016). Likewise, the positive response of the crop to organic 
osmolyte (GB) under stress conditions possibly associated 
with improved osmoregulation, membrane integrity, and 
protecting cells from free radicals under stress conditions 
(Wahid and Shabbir 2005; Ashraf and Foolad 2007).

Our results demonstrate that grain yield of late-sown 
wheat has a close association with yield attributes like grains 
 ear− 1 and thousand-grain weight. The increase in grain yield 
with chemical spray treatments was primarily attributed to 
a combined effect of the increase in these yield attributes. 
Nouri and Etminan (2011) also specified that the reduction 
in grain yield of late-sown wheat facing terminal heat stress 
is mainly because of reduction in grains  ear− 1 and thousand-
grain weight. Correlation study revealed the positive cor-
relation among grain yield, grains  ear− 1and thousand-grain 
weight in all the three years of the experiment (Fig. 4) which 
also substantiate better yield under the treatments  PNA and 
 PNB+A due to the positive impacts of these treatments on 
grains  ear− 1and thousand-grain weight. The reason behind 
this positive effect of  KNO3 is its ability to modulate source-
sink homeostasis and increased reserve mobilization leading 
to enhanced crop yield (Srivastava et al. 2016). Higher cor-
relation (r) between grain yield and grains  ear− 1, thousand-
grain weight also confirmed this. Where it is apparent from 
the study that ear bearing tillers in wheat is not affected by 
terminal heat stress; as the ear formation completed before 
the occurrence of high-temperature periods.

Under elevated temperature, leaf chlorophyll degrades 
due to disruption of the structure of chloroplast (Xu et al. 
1995) and also thermo-stability of cell membrane gets dis-
turbed (Hasan et al. 2007) resulting in electrolyte leakage 
from the cell. These physiological events are manifested 
through lower chlorophyll content and higher membrane 
permeability of leaf tissues, leading to reduced source activi-
ties and transport of photosynthates to sink which ultimately 
limits the grain yield. Therefore, leaf chlorophyll content 
and relative membrane permeability have been taken into 
consideration to assess the improvement in stress tolerance. 
Relative membrane permeability and chlorophyll content 
were estimated, at anthesis and grain filling stages (Figs. 2 
and 3), from flag leaf of wheat as it is the principal contribu-
tory organ for the supply of photosynthates to the developing 
grain (Borrill et al. 2015).

Results demonstrate that a significant improvement in 
flag leaf chlorophyll content under all the treatments hav-
ing the foliar application of  KNO3 at booting and anthesis 
over no spray and only water spray treatments. It can also be 
seen that flag leaf chlorophyll content degraded to the low-
est extent (about 21–27%) between anthesis to grain filling 
period under the treatments  PNB+A and  PNA, whereas corre-
sponding values for the treatments  SPCT and  WSB+A hovered 
around 34–36% and 33–34%, respectively (Fig. 3). It clearly 
depicts the superiority of the treatments  PNB+A and  PNA for 
retaining higher levels of flag leaf chlorophyll throughout the 
post-anthesis and grain filling period under high-temperature 
stress. It helped in maintaining normal photosynthetic activi-
ties in the flag leaf of wheat during this period and thus con-
tributed to the higher yield attributes and ultimately grain 
yield. A significant correlation between flag leaf chlorophyll 
content at grain filling and grain yield (Fig. 4) also supports 
the fact. The lower reduction of flag leaf chlorophyll con-
tent in  PNB+A and  PNA treatments may be attributed to the 
beneficial roles of  K+ in maintaining stomata conductance, 
decreasing mesophyll resistance, increasing RUBP carboxy-
lase activity (Zhao et al. 2001), detoxification of reactive 
oxygen species (Cakmak 2005) and export of photosynthates 
to the developing sink (Cakmak 1994). It is also evident that 
flag leaf chlorophyll content during grain filling was always 
higher in DBW 14 than K 307 (Fig. 3). It might be due to 
the fact that post-anthesis high-temperatures spell exerted a 
greater negative impact on K 307 than DBW 14. A probable 
reason for this is relatively shorter grain filling period of 
DBW 14 as compared to K 307.

Injury to the cell membrane of flag leaf, as evidenced 
by the values of relative membrane permeability across the 
two varieties, was significantly lower under all the treat-
ments with  KNO3 over no-spray and water spray during both 
anthesis and grain filling period. Lowest values of relative 
membrane permeability at both the crop growth stages 
were recorded under  PNB+A. However, the lowest percent-
age change in relative permeability from anthesis to grain 
filling was observed under the treatment  PNA and is almost 
comparable with the percent change in relative membrane 
permeability values recorded under the treatment  PNB+A 
(Fig. 2) which signifies the highest impact of these treat-
ments in protecting the cell membranes of flag leaves. The 
substantially lower values of relative membrane permeabil-
ity in  PNB+A and  PNA treatments indicates a lower level of 
membrane injury, which might have prevented degradation 
of chlorophyll under these treatments and imparted ‘stay-
green’ characteristics in flag leaves leading to uninterrupted 
supply of photosynthates to the developing grains and ulti-
mately helped in improving grain yield. Irrespective of the 
treatment, the increased heat intensity during the second and 
third year of experiment led to the higher increase in relative 
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permeability during anthesis to grain filling over the first 
year (Fig. 2)

Relationship between flag leaf chlorophyll content and 
relative permeability also supports that about 40–80% vari-
ation in flag leaf chlorophyll content at grain filling may 
be attributed to the variation in relative membrane perme-
ability during the same period (Fig. 7). Detoxification and 
decreased production of reactive oxygen species lead to 
less damage in cell membrane under the  KNO3 treatments 
receiving supply of  K+ in flag leaf as foliar sprays indicate a 
lower degree of stress in flag leaf which is reflected through 
lower relative membrane permeability in these treatments. 
The result is in concordance with the findings of Biehler 
and Fock (Biehler and Fock 1996). Lower flag leaf relative 
membrane permeability in DBW 14 than K 307 at both the 
anthesis and grain filling period may be due to lower ill 
effects of heat stress in a variety having a shorter grain fill-
ing period.

Results demonstrate that with the increase in heat at 
terminal growth stage (anthesis to grain filling) the HUE 
drops shapely (Fig.  5). The higher values of HUE in 
 PNB+A and  PNA was primarily attributed to the increase in 
grain yield over no spray treatment under late–sown condi-
tion. The PCA graph also shows that a parallel association 
of grain yield with flag leaf chlorophyll content at grain 
filling, thousand-grain weight, and grains  ear− 1 (Fig. 7).

Relationship between flag leaf chlorophyll content and 
relative permeability also supports that about 40–80% var-
iation in flag leaf chlorophyll content at grain filling may 
be attributed to the variation in relative membrane perme-
ability during the same period (Fig. 6). Detoxification and 

decreased production of reactive oxygen species lead to 
less damage in cell membrane under the  KNO3 treatments 
receiving supply of  K+ in flag leaf as foliar sprays indi-
cates lower degree of stress in flag leaf which is reflected 
through lower relative membrane permeability in these 
treatments. The result is in concordance with the findings 
of Biehler and Fock (Biehler and Fock 1996). Lower flag 
leaf relative membrane permeability in DBW 14 than K 
307 at both the anthesis and grain filling period may be 
due to lower ill effects of heat stress in a variety having 
shorter grain filling period.

Results demonstrate that with increase in heat at termi-
nal growth stage (anthesis to grain filling) the HUE drops 
shapely. The higher values of HUE in  PNB+A and  PNA 
was primarily attributed to the increase in grain yield over 
no spray treatment under late–sown condition. The PCA 
graph also shows that a parallel association of grain yield 
with flag leaf chlorophyll content at grain filling, thousand 
grain weight, and grains  ear− 1 (Fig. 7).

Conclusions

The results of the three-year field experiment demonstrate 
that foliar spray of  KNO3 could alleviate the negative 
effect of terminal heat stress and improve the grain yield 
of late-sown wheat in eastern India. Maximum improve-
ment in grain yield (~ 14%) was recorded with split appli-
cation of 0.5%  KNO3 both at booting and anthesis stages 
 (PNB+A) closely followed by single spray of 1.0%  KNO3 
only at anthesis stage  (PNA). The study suggests that the 

Fig. 7  Linear relationship 
between flag leaf relative 
membrane permeability and 
chlorophyll content at grain fill-
ing stage of crop. Vertical and 
horizontal error bars represent 
standard error of means.

Year (2013-2014)
y = -0.583x + 1.944
r = 0.652, p < 0.01

Year (2015-2016)
y = -0.701x + 2.161
r = 0.764, p < 0.01

Year (2014-2015)
y = -0.852x + 2.227
r = 0.912, p < 0.01
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split application increased the field efficacy of  KNO3 and 
GB foliar spray over one-time application with the higher 
dose. Irrespective of cultivars, foliar spray of osmolytes was 
found effective in protecting flag leaf chlorophyll, and also 
maintained a higher level of membrane integrity through-
out the post–anthesis period. Multi-location trials with the 
promising treatments may further validate the results in the 
IGP region, where terminal heat stress is a rule, rather an 
exception. Thus, foliar spray of  KNO3 could be a feasible 
strategy to alleviate terminal heat stress in late-sown wheat, 
and thus recommended.
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