
Journal of Integrative Agriculture  2019, 18(0): 2–15

RESEARCH  ARTICLE

Available online at www.sciencedirect.com

ScienceDirect

Heat stability of winter wheat depends on cultivars, timing, and 
protective methods

LI Qiang1, 2*, CHANG Xu-hong3*, MENG Xiang-hai1, 2, LI Ding1, 2, ZHAO Ming-hui1, 2, SUN Shu-luan1, 2, LI 
Hui-min1, 2, QIAO Wen-chen1, 2   

1 Dryland Farming Institute, Hebei Academy of Agricultural and Forestry Sciences, Hengshui 053000, P.R.China
2 Key Lab of Crop Drought Tolerance Research of Hebei Province, Hengshui 053000, P.R.China
3 Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Beijing 100081, P.R.China

Abstract
Heat stress negatively affects wheat production in many regions of the world.  At present, sensitivity to heat stress remains one 
of the least understood aspects of wheat genetics and breeding, and measures for preventing heat stress are understudied. 
In this study, we used three cultivars of winter wheat (GY2018, SL02-1, and SY20) to evaluate the effect of heat stress at 
different days after anthesis (DAA) on yield and quality.  Heat stability of the cultivars were analyzed and evaluated for the 
effects of two kinds of regulators on wheat under heat stress conditions.  Heat treatment at 7 DAA led to the most substantial 
reduction in yield while GY2018 had the best heat stability with respect to yield, and demonstrated the most positive effects 
on several quality traits including protein content, sedimentation volume, and Glutenin and Gliadin contents.  Heat treatment 
at 14 DAA had the least reduction in yield, while SY20 had the best heat stability with respect to yield, and heat treatment 
had minimal effects on quality.  Heat treatment at 21 DAA had only a limited effect on yield, while SL02-1 had the best heat 
stability with respect to yield, but it showed the most negative effects on quality.  Stable time at 14 DAA and protein content at 
21 DAA can be used as indicators for detecting the stability of quality under heat stress.  Among the three studied cultivars, 
SY20 was the most sensitive to heat stress with the stable time decreasing from 26.4 to 9.1 min, a higher sedimentation 
volume at 7 DAA, and a lower γ-Gliadin content which increased 2.4-fold under high-temperature treatment.  The addition 
of various regulators had different effects: potassium dihydrogen phosphate (KDP) was more protective of yield with heat 
stress at 7 DAA, while Duntianbao (DTB) had better effects on quality with heat stress at 21 DAA.
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1. Introduction

Wheat (Triticum aestivum L.) is one of the most important 
cereal crops in the world, and it has become an essential 
food staple in Asia, Europe, and North Africa.  The FAO 
estimated that the global production of wheat in 2015–2016 
was approximately 735 million tons, with the grain processed 
into flour that is used to form many foods (e.g., bread, 
pastries, pasta).  Wheat yields need to increase globally to 
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cover the rising demand for this grain, and high grain value 
needs to be maintained under changing climate to ensure 
human food demand, nutrition, and end-use functional 
properties, as well as commodity value (Nuttall et al. 2017).  
With the improvement of living standards and associated 
requirements for high quality food, maintaining nutritive 
value, including varieties with high Gluten, becomes more 
important. 

The frequency of heat waves has been increasing across 
large areas of Asia, Europe, and Australia since the mid-
19th century, and it is likely that the frequency and severity 
of heat waves will continue to increase, with the associated 
heat shock having irreversible destructive impacts on food 
production (IPCC 2014).  For example, the wheat-growing 
Heilonggang region of China has experienced a temperature 
increase of 1.9°C from 1996 to 2016 (Li et al. 2018).  
As climates warm, heat stress during the post-anthesis 
period (terminal heat) negatively affects wheat production.  
This elevated temperature not only hastens the phenological 
stages of wheat development but also reduces the duration 
of the grain filling time frame, and cause lowering grain 
yield and quality (Gooding et al. 2003; Hoffmann et al. 
2006; Farooq et al. 2011; Figueiredo et al. 2015).  Such 
climatic changes can increase wheat crop yield losses and 
can threaten the global food security.  Increases in mean 
daily air temperatures of 1°C between 15.8–27.7°C during 
wheat development are projected to shorten the grain filling 
period by 3.1 d and decrease the weight per grain by as 
much as 2.8 mg (Wiegand and Cuellar 1981).  Most studies 
on heat stress aimed at predicting for the maximize yield 
(Towill and Mazur 1974; Reynolds et al. 1994; Amani et al. 
1996; Reynolds et al. 1998; Xu et al. 2000; Blum et al. 2001; 
Rane et al. 2004; Tewolde et al. 2006; Li et al. 2018).  Many 
other studies have described how yield can be affected, 
under the influence of different temperature stresses such 
as 40, 42, or 45°C (Tewari and Tripathy 1998; Sharkey et al. 
2005; Allakhverdiev et al. 2008).

Several previous studies have focused on the effects 
of the environment and abiotic stresses on wheat quality 
and showed that heat stress is associated with a dough 
weakening effect (Blumenthal et al. 1993; Corbellini 
et al. 1997).  Some studies have focused on specific 
changes under heat stress. For example, both chronic 
high temperatures during the grain filling phase (up to 
30°C) and heat shock conditions (several days of 32°C 
at 6 days after anthesis (DAA)) can cause a decline in 
sodium dodecyl sulfate (SDS)-insoluble Glutenin (GLU) 
polymers in common wheat (Wardlaw et al. 2002).  Heat-
Shock Protein 70 might change dough quality under heat 
stress during grain filling in wheat (Blumenthal et al. 1998).  
A reduction in the duration of the filling period due to high 

temperature resulted in a shortened duration of GLU 
synthesis, which reduced dough strength (Labuschagne 
et al. 2009).  High temperatures have a negative effect 
on albumin and globulin accumulation in the endosperm 
proteome of the developing wheat grain (Hurkman et al. 
2009).  Gliadin (GLI) accounts for about 40% of wheat grain 
protein.  Its level is closely related to the viscosity of dough 
and it plays an important role in baking quality.  Branland 
et al. (2001) found the GLI bands at α72.5, α74, α76, and 
α84 on A-PAGE had positive correlations with the elasticity, 
expansibility, viscosity, and ductility of gluten.  Zhang 
et al. (2006) found that γ-GLI was positively correlated 
with sedimentation value and dough formation time, and 
negatively correlated with dough elongation.  Some studies 
have focused on stability under heat stress.  For example, 
some wheat genotypes are tolerant to the effects of heat 
stress on grain quality at 29 DAA (Blumenthal et al. 1995).  
In a recent paper, 54 wheat genotypes were classified into 
two overall groups stable and unstable, based on their 
rank shifts in different environments (Hernández-Espinosa 
et al. 2018).

Although the effects of heat stress at different 
temperatures or over a certain period of time have been 
studied, few papers have examined the times or specific 
features that characterize about heat stability, particularly 
the different changes of GLI components between stable 
and sensitive types.

The present study used three wheat cultivars to evaluate 
the effects on yield and quality of heat stress applied at 
different numbers of DAA, and to analyze specific features 
of the sensitive types.  We found that the heat stability of 
cultivars was variable at different DAA heat treatments, and 
interestingly we found significantly different changes of GLI 
components between quality-stable and quality-sensitive 
types.  In addition, we obtained the information about the 
effects of two kinds of regulators on wheat quality under 
heat stress conditions

2. Materials and methods

2.1. Cultivars

Three winter wheat (Triticum aestivum L.) cultivars 
commonly grown in the North China Plain (GY2018, SL02-1,  
and SY20) were evaluated for their sensitivity to and quality 
under heat stress applied at different numbers of days after 
anthesis (DAA).  Wintersteiger mechanically sowed cultivars 
at the research station in Hengshui, Hebei (37°44´N, 
115°42´E, 20 m a.s.l.).

The experiment was conducted on sandy loam soil under 
field conditions.  A split-block design with 3×2 treatments and 
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three replicates was employed during the 2016–2017 crop 
season.  Each cultivar was grown in an 11.16 m2 plot (nine 
rows of 8 m length with 15.5 cm spacing between rows).  
After making adjustments for seed size, the seeding rate 
was maintained at a uniform population of 300 plants m–2 
(3 million plants per hectare), according to the 1 000-grain 
weight and germination percentage.  Standard agronomic 
practices recommended for normal fertility (340 kg ha–1 N, 
172.5 kg ha–1 P2O5, 40 kg ha–1 K2O) were followed.  All of the 
K2O and P2O5 was applied at the time of sowing.  Nitrogen 
was supplied in split applications: 170 kg ha–1 N at sowing 
and 170 kg ha–1 N at the first irrigation.  Care was taken to 
avoid moisture and biotic stress by ensuring timely irrigation 
and pesticide controls. 

2.2. Heat treatments

A temperature-controlled phytotron greenhouse (Li et al. 
2018) was used to cover the plants at 7, 14, and 21 DAA, 
which were the heat treatment times, and plants were 
exposed for 2 days with the maximum temperature 42°C 
(Fig. 1).  The grains were obtained for measuring when the 
wheat was ripe.

2.3. Prevention treatments

Duntianbao (DTB) and potassium dihydrogen phosphate 
(KDP) were spray-applied before heat treatment, and 
subsequent changes in quality were measured.  DTB is 
a growth regulator developed by the Chinese Academy of 
Agricultural Sciences, which contains auxin, organic zinc, 
and potassium.

2.4. Evaluation of heat stability on yield

We used the method of Li et al. (2018) to evaluate the heat 
stability of yield by using the heat tolerance index (HTI) which 

includes both yield potential and stability after heat stress.  
The formula is as follows: HTI=YS

2·YS.P
–1·YCK.P·(YCK

2)–1

Where, YS, yield of identified cultivars under heat stress; 
YS.P, yield of identified cultivars under normal treatment; YCK.P, 
yield of CK cultivar under normal treatment; YCK, yield of 
CK cultivar under heat stress.  Heng 4399 was selected as 
the CK cultivar for evaluation of the heat stability of yield. 
HTI was used to classify each cultivar (Table 1) as tolerant 
(≥1.20), moderately tolerant (1.00 to ≤1.19), moderately 
susceptible (0.80 to ≤0.99), or susceptible (≤0.79).

2.5. Evaluation of the heat-stability of quality

To evaluate the heat stability of quality, we considered 
several quality factors such as protein content, sedimentation 
volume, stable time, and GLU and GLI contents by analyzing 
significant differences (P<0.01) between experimental heat 
stress treatments and the control treatment.

2.6. Milling

Grain samples were tempered by adding the water levels 
for use in hard, medium-hard, and soft wheat before milling, 
according to the official AACC method 26–95 (AACC, 
2010).  All samples were milled into flour using a Brabender 
Quadrumat Senior mill (Germany).  Experimental flour yield 
(%) was recorded.

2.7. Reverse-phase high-performance liquid chro-
matography

Reverse-phase high-performance liquid chromatography 
(RP-HPLC) was carried out to compare the accumulation 
profiles of major Gluten protein (HMW-GS, LMW-GS, and 
GLI) fractions in the grains.  The majority of the analytical 
steps were conducted at 25°C, except where noted.  The 
GLI fraction was prepared according to the methods of 
Lookhart et al. (1993).  For each grain sample, 45 mg flour 
was added to 1 mL 70% (v/v) aqueous ethanol for 1 h at room 
temperature with periodic agitation.  After centrifugation at 
13 000 r min–1 for 10 min, the supernatant was collected as 
the GLI fraction.  The GLU fraction was prepared following 
the method described by Frances et al. (2005) with some 
modifications.  Briefly, for each grain sample, 45 mg flour 
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Fig. 1  Daily maximum temperature inside and outside of the 
greenhouse in the 2016–2017 season.

Table 1  HTI scale for stability to heat stress for different wheat 
cultivars.

Scale  HRI Opinion 
1 ≥1.20 Tolerant
2 1.00–1.19 Moderately tolerant
3 0.80–0.99 Moderately susceptible
4 ≤0.79 Susceptible
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was added to 1 mL of 0.3 mol L–1 NaI with 7.5% 1-propanol.  
The mixture was agitated periodically for 10 min before being 
centrifuged at 13 000 r min–1 for 10 min.  The supernatant 
was discarded, and the pellet was extracted with 1 mL of 
70% ethanol for 30 min.  After centrifugation at 13 000 r 
min–1 for 10 min, the supernatant was decanted, and the 
pellet was resuspended in 1 mL of 55% isopropanol.  The 
mixture was incubated at 65°C for 30 min with periodic 
agitation, followed by centrifugation at 13 000 r min–1 
for 10 min. This step was repeated once more, with the 
resultant pellet resuspended in 500 μL of 50% isopropanol, 
80 mmol L–1 Tris-HCl (pH 8.0), and 1% (w/v) dithiothreitol.  
The suspension was incubated at 65°C for 1 h, followed 
by the addition of 1% (w/v) 4-vinylpyridine.  After a further 
incubation at 65°C for 30 min, the mixture was centrifuged 
at 13 000 r min–1 for 10 min, with the supernatant retained 
as the GLU fraction.  The GLI and GLU fractions were both 
filtered through 0.45 μm nylon filter before being subjected 
to RP-HPLC analysis.  RP-HPLC was accomplished using 
a Waters HPLC 2695-2998 System (Waters Corporation, 
Milford, MA, USA) equipped with a C18 column using the 
conditions described by González-Torralba et al. (2011).  
For each GLI or GLU extract, 10 μL was withdrawn and 
analyzed by RP-HPLC, with the amounts of HMW-GSs, 
LMW-GSs, and GLIs estimated by integrating the relevant 
peak areas of the chromatograms.  For each grain sample, 
the ratio of GLI/GLU was also calculated by dividing the 
amount of GLIs with the combined total of HMW-GSs and 
LMW-GSs.

2.8. Physicochemical tests

Grain hardness, moisture, and grain and flour protein 
content were determined by near-infrared spectroscopy 
(NIRS) (DA7200 Analyzer) calibrated based on AACC 
methods (AACC 2000) for particle size index (AACC Method 
55-30), moisture (AACC Method 44-15A), and protein 
(AACC Method 46-11A).  Lower hardness index (%) values 
correspond to harder cultivars.  Grain protein and flour 
protein were adjusted to a 12.5 and 14% moisture basis, 
respectively.  SDS sedimentation volume was measured 
according to a modified SDS sedimentation test using 1 g 
of flour (Peña et al. 1990).

2.9. Physical dough test

Mixograph (National MFG. Co.) dough mixing properties 
were determined according to AACC Method 54-40A with 
35 g of flour.  Chopin Alveograph dough parameters were 
determined using the AACC method (AACC 2000), with 
adjustment of dough water absorption to 52–53% when the 
grain hardness value indicated medium-hard to hard grain.

2.10. Insoluble GLU content (IGC) determination

Flour (100 mg) was extracted with 1.5 mL of 50% (v/v) 
1-propanol in a 2-mL centrifuge tube for 1 h at 23°C 
with intermittent vortexing, followed by centrifugation for  
3 min at 15 000×g.  The supernatant was discarded, and 
the pellet was further extracted with 1.5 ml of 50% (v/v) 
1-propanol containing 1% (w/v) dithiothreitol for 2 h at 60°C 
with vortexing.  Subsequently, the mixture was centrifuged 
for 5 min at 15 000×g.  The supernatant was retained for 
IGC determination using the 2-D Quant Kit (GE Healthcare 
Life Science, Piscataway, NJ, USA) with the aid of a multi-
channel scanning spectrophotometer (Thermo Electron 
Corporation, Waltham, MA, USA).  For each grain sample, 
the IGC mean was calculated from the measurements of 
three separate tests each with 100 mg of flour.

2.11. Statistical analysis

Analysis of variance, multiple comparisons (LSD test), and 
correlation analysis were performed using SAS Software 
(SAS Institute 2003).

3. Results

3.1. Effect of heat stress across different DAAs 

The maximum yield reduction for each of the three cultivars 
occurred at 7 DAA, with a reduction of 20.81, 28.63, and 
24.52%, for GY2018, SL02-1, and SY20, respectively.  
The main factor directly affecting yield reduction was the 
reduction in 1 000-grain weight, which was 14.95, 13.04, and 
20.1%, for GY2018, SL02-1, and SY20, respectively.  The 
reduction in grain number per spike also contributed to yield 
reduction, and was 10.16, 9.55, and 2.32%, for GY2018, 
SL02-1, and SY20, respectively.

The values for stable time across the three cultivars 
for each time treatment are shown in Fig. 2.  The 21 DAA 
treatment under heat stress with 42°C/18°C showed the 
largest change, in which the average range was 28.6%, 
followed by 7 DAA with an average range of 20.2%.  The 
14 DAA treatment had the least change with an average 
range of 14.2%.  The greatest effect was observed in the 
21 DAA treatment with the SY20 cultivar, which showed the 
lowest mean value of 9.1 min, while the mean value of the 
control treatment was 26.4 min, indicating insolubilization 
of the GLU polymers.  These results are similar to those 
found for GLU content and insoluble GLU content: the 21 
DAA treatment with the SY20 cultivar had the lowest values 
for contents of GLU (12.14 µg mg–1 flour) and of insoluble 
GLU (8.70 µg mg–1 flour).

The protein content was the highest in the 7 DAA 
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treatment (GY2018, 16.37%; SL02-1, 17.98%; SY20, 
15.74%; average, 16.70%); while the average value of 
the control treatment was lower than 7 DAA at 15.02% 
(GY2018, 14.52%; SL02-1, 16.07%; SY20, 14.47%).  The 21 
DAA treatment under heat stress had the minimum protein 
content (GY2018, 14.83%; SL02-1, 16.13%; SY20, 13.44%; 
average, 14.8%), especially for the SY20 cultivar.

The lowest value for sedimentation volume occurred 
in the 21 DAA heat stress treatment under heat stress 
(GY2018, 38.9 mL; SL02-1, 49.3 mL; SY20, 40.7 mL; 
average, 43 mL), while the average value of the control 
treatment was 44.8 mL (GY2018, 41 mL; SL02-1, 46.2 mL;   
SY20, 47.1 mL).  The 7 DAA treatment under heat stress 
had the maximum sedimentation volume (GY2018,  
44.4 mL; SL02-1, 50 mL; SY20, 57.4 mL; average, 50.6 mL).  
The maximum ranges for the change, increasing as well 
as decreasing, were found in the SY20 cultivar (21.8 and 
13.6%, respectively).  The minimum value for the change 
also occurred in the SY20 cultivar (3.1%).  A decrease of 

sedimentation volume was found in the 21 DAA treatment 
for GY2018 and SY20, indicating a severe impact on quality 
when wheat cultivars suffered heat stress at 21 DAA.

GLU content decreased with an increased delay in 
treatment timing.  It was higher in the 7 DAA treatment than 
in the control treatment, while the 14 and 21 DAA treatments 
showed a lower values than the control.  The maximum 
average GLU content was 18.38 µg mg–1 flour in the  
7 DAA treatment while the minimum average GLU content 
value was 14.22 µg mg–1 flour for the 21 DAA treatment.  
The maximum range of the change was 21.2% in the  
21 DAA treatment with SY20, whereas the minimum range 
of change was in the 7 DAA treatment with the SY20 cultivar, 
where it only reached 1.1%.  Table 2 shows the decreasing 
trend for both HMW-GS and LMW-GS contents with a delay 
in treatment time.

Trends for GLI content were the same as those for GLU 
content, decreasing with increasing time to heat stress.  
GLI was higher in the 7 DAA treatment than in control, but 

Table 2  Effect of heat stress on glutenin and gliadin across different days after anthesis (DAA)1)

Cultivar Treatment GLU (µg) LMW (µg) HMW (µg) GLI (µg) GLI/GLU
GY2018 CK 15.37 7.97 7.40 20.33 1.32

7 DAA 17.90 9.58 8.32 22.27 1.24
14 DAA 14.78 8.30 6.48 22.15 1.50
21 DAA 12.87 6.67 6.20 20.01 1.55

SL02-1 CK 19.87 8.92 10.95 22.58 1.14
7 DAA 21.66 10.77 10.88 24.36 1.12
14 DAA 18.88 8.99 9.88 22.16 1.17
21 DAA 17.66 8.14 9.52 21.58 1.22

SY20 CK 15.40 7.43 7.97 18.60 1.21
7 DAA 15.58 7.93 7.65 19.42 1.25
14 DAA 13.65 6.97 6.67 17.57 1.29
21 DAA 12.14 6.08 6.06 15.81 1.30

1) GLU, glutenin; GLI, gliadin; LMW, low molecular weight glutenin; HMW, high molecular weight glutenin; DAA, days after anthesis.
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values for the 14 and 21 DAA treatments were lower than 
for the control, which differed from the results for GLU.  The 
maximum average GLI content was 22.02 µg mg–1 flour, 
which occurred in the 7 DAA treatment, while the minimum 
average GLI content value was 18.75 µg mg–1 flour in the 
21 DAA treatment.  Under heat stress, ω-GLIs increased 
compared to the control treatment.  However, changes in 
α- and γ-GLI contents were variable across the different 
cultivars. 

3.2. Analysis of heat stability

The heat tolerance of cultivars was variable across different 
DAA heat treatments.  GY2018 had the best heat stability of 
yield at 7 DAA heat treatment (HTIGY2018=0.95, HTISL02-1=0.78, 
and HTISY20=0.79).  SY20 had the best heat stability of 
yield at 14 DAA heat treatment (HTIGY2018=1, HTISL02-1=1.06, 
and HTISY20=1.16), and the HTI scales for stability to heat 
stress of all cultivars were moderately tolerant.  SL02-1 had 
the best heat stability of yield at 21 DAA heat treatment 
(HTIGY2018=1, HTISL02-1=1.10, and HTISY20=0.96).

The heat stability of quality can be classified into two 
groups: heat stable and heat sensitive, based on significant 
differences across time for sedimentation volume (Figs. 2 
and 3).  The two heat stable cultivars, GY2018 and SL02-1,  
showed the same traits across the time intervals and under 
heat stress.  In contrast, SY20 was heat sensitive, showing 
changes in these traits across different times for heat stress 
treatment. 

 GY2018 and SL02-1 were stable under heat stress 
(Fig. 2).  The most considerable difference between the 
control and the heat treatments was 5.1 min with a change 
range of 18.1%, while the average change ranges were 
1.9 and 7.3% for GY2018 and SL02-1, respectively.  SY20 
was the most heat-sensitive cultivar, with values from 
26.4 to 12.1 min at 7 DAA, to 15.3 min at 14 DAA and 

9.1 min at 21 DAA.  The average change ranges reached 
54.3, 42.2, and 65.5%, for GY2018, SL02-1, and SY20, 
respectively.  The maximum reduction also occurred in the 
21 DAA treatment.  There were very significant differences 
(P<0.01) between all experimental heat stress treatments 
and the control treatment.  For SY20, there were also large 
differences among the replicates for each treatment, and 
the maximum difference between the two was 6.9 min in 
the control treatment and 5.5 min in the 14 DAA treatment, 
which was not a severe-damage treatment.  The average 
change range of SY20 reached 26.2%, while the values 
were 3.7 and 2.6% for the other two cultivars.  This result 
indicates the sensitivity of this cultivar is easy to change in 
the environment, especially across treatments that exert 
less damage.

Each of the cultivars showed the trend of decreasing 
protein content with time (Fig. 3).  The protein content of 
SY20 was lower than that of the other two cultivars.  The 
protein contents of GY2018 and SL02-1 were always 
greater than the control under heat stress, and decreased 
with time.  The protein content of SY20 decreased below 
that of the control after 14 DAA, and at 21 DAA reached 
13.44%, a reduction of 7.12%.  The protein content of SY20 
in the 7 DAA treatment increased by a minimum of 15.74%, 
increasing 8.8%, while the other two cultivars, GY2018 and 
SL02-1, reached 16.37 and 17.98% at 7 DAA, increasing 
by 12.74 and 11.91%, respectively.

The sedimentation volume for the heat-sensitive cultivar 
SY20 is shown in Fig. 4.  The maximum increase occurred 
in the 7 DAA treatment, reaching 10.3 mL and ranging to 
21.8%.  By contrast, the maximum decrease occurred in 
the 21 DAA treatment with an increase of 6.4 mL, reaching 
a range of 13.6%.  Maximum changes in sedimentation 
volume occurred under severe stress.

The minimum GLU content change of the three cultivars 
occurred in SY20 in the 7 DAA treatment under heat stress 
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Fig. 3  Effect of heat stress on protein content across different days after anthesis (DAA).  Average values for protein content of 
the three cultivars for each time treatment.  The mean values for each time treatment (CK, 7, 14, and 21 DAA) are shown with bars 
(SE), while the letters above bars show the significance of the differences among means based on the LSD test. 
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(Fig. 5).  The difference in GLU content between the control 
treatment and the 7 DAA heat treatment was 0.18 µg mg–1 
flour, representing an increase of 1.15%.  Meanwhile, HMW-
GS content began to decrease (Table 2).  By contrast, the 
GLU content increased by 2.53 ug mg–1 flour (16.5%) and 
1.79 µg mg–1 flour (9%) under the 7 DAA heat treatment for 
the two stable cultivars GY2018 and SL02-1, respectively, 
while for HMW-GS, the content increased by 0.92 µg mg–1 
flour and decreased by 0.06 µg mg–1 flour for cultivars 
GY2018 and SL02-1, respectively.  The maximum change 
in GLU content among the three cultivars occurred in SY20 
in the 21 DAA treatment under heat stress.  The difference 
in GLU content between the control and 21 DAA treatment 
was 3.26 µg mg–1 flour, a decrease of 21.2%.

LMW-GS of the stable cultivars at 21 DAA were lower 
than that of the control, while HMW-GS at 14 DAA was lower 
than that of the control (Table 2).  HMW-GS decreased 
slowly over time, while LMW-GS decreased rapidly.  The 

HMW-GS of GY2018 was less than LMW-GS, with a 
ratio of 0.93.  Under heat stress, the proportion of HMW-
GS to LMW-GS increased from 0.87 to 0.93, which is a 
feature of this stable type.  The HMW-GS of SL02-1 was 
greater than LMW-GS, with a ratio of 1.23.  Under heat 
stress, the proportion of HMW-GS to LMW-GS increased 
from 1.01 to 1.17, indicating stability.  Each treatment had a 
larger compensation effect on the amount of HMW-GS.  The 
LMW-GS content of the sensitive cultivar (SY20) at 14 DAA 
was lower than that in control, while the HMW-GS content 
at 7 DAA was lower than in control, which indicated that 
HMW-GS decreases after heat stress.  The HMW-GS and 
LMW-GS contents were reduced rapidly, and the ratios of 
HMW-GS to LMW-GS were 0.96, 0.96, and 1 at 7, 14, and  
21 DAA, respectively, while it was 1.07 in the control 
treatment.

The minimum increase in GLI occurred in SY20 in the 7 
DAA treatment, while the maximum decrease also occurred 
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Fig. 5  Effect of heat stress on Glutenin content across different days after anthesis (DAA).  Average values for Glutenin content 
across three cultivars for each time treatment and control treatment.  The mean values for each time treatment (CK, 7, 14, and 
21 DAA) are shown with bars (SE), while the letters above bars show the significance of the differences among means based on 
the LSD test. 
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in SY20 but in the 21 DAA treatment (Fig. 6).  The difference 
in GLI content between the control and the 7 and 21 DAA 
treatments was 0.82 µg mg–1 flour representing an increase 
of 4.4%, and 2.79 µg mg–1 flour representing a decrease of 
15%, respectively.  By contrast, the GLU content increased 
by 1.94 µg mg–1 flour (9.6%) and 1.78 µg mg–1 flour (7.9%) 
in the 7 DAA treatment for the two stable cultivars GY2018 
and SL02-1, respectively, while it decreased by 0.31 µg 
mg–1 flour (1.5%) and 1 µg mg–1 flour (4.4%) for GY2018 

and SL02-1 in the 21 DAA treatment, respectively. 
We also examined the specific response of GLIs with 

RP-HPLC.  The γ-GLI content in SY20 showed the lowest 
proportion, 9%, with a minimum value of 1.72 µg mg–1 flour, 
but its value was 4.77 and 8.06 µg mg–1 flour in GY2018 
and SL02-1, representing the proportions of 23 and 36% 
respectively (Fig. 7).  The γ-GLI contents of GY2018 and 
SL02-1 subjected to heat stress decreased below that of 
the control treatment regardless of timing, while the γ-GLI 

Fig. 6  Effect of heat stress on Gliadin content across different days after anthesis (DAA).  Average values for Gliadin content 
across three cultivars for each time treatment and for the control treatment.  The mean values in each time treatment (CK, 7, 14, 
and 21 DAA) are shown with bars (SE), while the letters above bars show the significance of the differences among means based 
on the LSD test. 
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content of SY20 increased approximately 1.5-fold when 
induced by heat stress.  The GLI component that changed 
the least in response to heat stress was ω-GLI, and the 
ratios of ω-GLIs across the three cultivars were very similar.  
ω-GLIs are generally sulfur-poor and their proteins have 
no cysteine residues in their proteins (Shewry et al. 2003; 
Tatham and Shewry 2012).  The α-GLI content of SY20 
decreased below that of the control treatment under heat 
stress.  Though heat showed a negative trend for α-GLI  
content, the levels in GY2018 at 7 and 14 DAA, and in 
SL02-1 at 7 DAA, were all higher than that of the control.

3.3. Evaluation of preventive measures

In this study, we evaluated the effectiveness of preventive 
measures based on yield across time. Spray treatment 
with DTB at 7 DAA reduced the loss of yield by 23.53% 
on average, and by 29.97, 32.01, and 8.61%, for GY2018, 
SL02-1, and SY20, respectively.  Treatment with the spraying 
of KDP reduced the yield loss by 30.3% on average, with a 
protective effect of 35.36, 42.79, and 12.76% for GY2018, 
SL02-1, and SY20, respectively.

The regulator DTB had a better preventative effect on 
stabilizing yield and preserving stability over time, and the 
most effective spraying time for the reduction of yield loss 
occurred at 21 DAA (Fig. 8).  In GY2018, the average stable 
time was improved by 0.5 min (1.8%) and 1 min (3.6%) 
over that of the KDP treatments at 21 DAA.  For SL02-1, 
the average stable time improved by 5.4 min (23.4%) and 
2.3 min (10.1%) over that of the KDP treatments at 21 DAA.  
In SY20, the average stable time was by improved 2.4 min 
(26.4%) and 3.8 min (41.8%) compared to that of KDP 
treatments at 21 DAA.  DTB may promote the insolubilization 
of GLU polymers.  The other studied regulator, KDP, is a 
common foliage fertilizer, and did not have an obvious effect 
in the 7 and 14 DAA treatments.  However, the amplitude of 
change across replications was high at 21 DAA, especially 

with the stable cultivars, where it reached 15 and 17.2% for 
GY2018 and SL02-1, respectively.  For the sensitive cultivar, 
SY20, KDP treatment at 21 DAA reduced the stable time by 
15.4%, instead of having a positive effect.

4. Discussion

4.1. Effect of heat stress on winter wheat across 
different DAA

Sissons et al. (2018) studied the effects of heat exposure 
from late sowing on the agronomic and technological 
qualities of tetraploid wheat and found that heat stress 
caused enhanced dough and pasta quality. Hernández-
Espinosa et al. (2018) also found that most of the 54 
genotypes they examined showed improved traits under 
heat stress conditions.  In our experiment, the trait of stable 
time showed a trend of first increasing and then decreasing 
for all three cultivars experiencing heat stress across time 
(7, 14, and 21 DAA).  The 21 DAA heat treatment had the 
strongest negative effect on quality, which is consistent with 
Blumenthal et al. (1995) who studied heat stress at 29 DAA 
and demonstrated that the effect of heat stress becomes 
stronger with increasing post-anthesis time.  However, 
the 14 DAA heat treatment in the current study had the 
weakest effect, regardless of whether stable or sensitive 
cultivars were used.  The stable time for GY2018 in the  
14 DAA treatment showed almost no change from the 
control, which is consistent with the results found by Guzmán 
et al. (2016), but the results of the 7 and 21 DAA treatments 
were lower than those of the control.  Results for the stable 
cultivar SL02-1, in which stable time increased only slightly 
at 14 DAA, are also in agreement with those of Guzmán 
et al. (2016) and Hernández-Espinosa et al. (2018).  For the 
sensitive cultivar SY20, stable time was reduced following 
heat stress, even at 14 DAA.  This discrepancy indicated 
that studies of the heat effect on wheat quality might produce 
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different results, even for the same heat treatments, if 
cultivars of differing sensitivities are used.

Li et al. (2013a) found that flour protein content and 
SDS sedimentation volume increased in plants subjected 
to heat stress.  Guzmán et al. (2016), in a similar heat 
stress experiment with late planting, found that there were 
no changes in flour SDS sedimentation volume following 
severe heat stress.  In the current study, protein content 
had a downward trend under heat stress, with higher 
protein content under 7 DAA treatment than in the control 
treatment, which agrees with the findings of Li et al. (2013a).  
However, the protein content of SY20 decreased when the 
heat was applied at 21 DAA, which is inconsistent with those 
findings.  The SDS sedimentation volumes changed among 
the different cultivars or different treatment times.  The 
stable cultivar SL02-1, for which flour SDS sedimentation 
volumes showed almost no changes across different heat 
treatment times, showed higher values than the control 
treatment, which is consistent with Li et al. (2013a).  The 
stable type GY2018 showed higher values of flour SDS 
sedimentation, with almost no changes between the 7 and 
14 DAA treatments but had a lower value in the 21 DAA 
treatment.  For the sensitive cultivar SY20, we found that 
the SDS sedimentation volume decreased with heat stress 
from 7 to 21 DAA, which does not agree with the findings 
of Li et al. (2013a).  Moreover, the SDS sedimentation 
volume for SY20 at 14 DAA was nearly equal to that of the 
control treatment, which is similar to the results of Guzmán 
et al. (2016), but the other results all showed differences 
between the heat and control treatments.  These differences 
between the results reported from studies carried out under 
heat stress could be due to differences in cultivars or in the 
timing of the heat treatments. 

Hernández-Espinosa et al. (2018) found that medium 
heat stress (planted in January) and severe heat stress 
(planted in February) led to a high ratios of GLI/GLU.  In our 
case, the heat treatments applied at three different times 
after anthesis all resulted in a higher ratio of GLI/GLU, in 
agreement with the changes described by Hernández-
Espinosa et al. (2018).  Further, the ratio of GLI/GLU under 
heat stress at 21 DAA was the highest among the three heat 
treatments, though it was the lowest in the 7 DAA treatment.

Insoluble GLU (IG) formation determines the quality and 
content of GLU, and the maximum IG change under heat 
stress occurred in the 21 DAA treatment.  High-temperature 
stress later in development may destroy the IG insoluble 
polymer and decrease qualities such as stable time and 
sedimentation volume (Ferrise et al. 2015).  Heat stress at 
7 DAA had the least influence when IG was just formed, and 
the polymerization interaction was relatively rare.

In conclusion, 21 DAA heat stress had the maximum 
negative effects on quality traits, while heat stress at 14 DAA 

had a minimal effects, and 7 DAA heat stress had a strong 
positive effects on several traits including protein content, 
sedimentation volume, and GLU and GLI contents. Changes 
in GLI/GLU also supported this finding.

4.2. Analysis of sensitive cultivars under heat stress

Jiang et al. (2018) found that high temperature could 
improve the soluble protein content in flag leaves.  The 
heat stabilities of Jimai 22 and Shimai 19 were better, but 
the effects of high temperature on grain yield and quality 
were not studied, and the heat stability of quality was not 
analyzed.  Li et al. (2016) used two wheat materials to study 
the changes in wet gluten content, sedimentation value, 
protein content, and gelatinization characteristics at 5 and 
15 DAA under heat stress, and found that the wet gluten 
content and protein contents increased at 15 DAA.  Wu et al. 
(2015) used Yannong 19 as material to study the effects of 
high temperature on yield and quality at 5 and 15 DAA, and 
found that high temperature increased protein content and 
stability time.  However, these studies did not focus on the 
late grain filling stage which is closer to the actual production, 
and they did not analyze the heat stability of quality.

According to the yield results, heat tolerance of the 
cultivars varied across different DAA heat treatments.  When 
the heat stress was provided at 7 DAA, the heat tolerance 
of GY2018 was the best, while it was at 14 DAA, the heat 
tolerance of SY20 was the best, and at 21 DAA, SL02-1 
was the best and SY20 was the worst.

Studies on the effect of heat on wheat quality should 
first be classified into two categories based on the results, 
from little change (tolerance to heat stress) to considerable 
change (susceptible to heat stress), and should then be 
examined individually in more detail.  Blumenthal et al. 
(1995) created a screening test for tolerance or susceptibility 
in a set of 45 genotypes.  Despite the considerable size of 
that experiment, it provided only one instance of heat stress, 
which occurred as three 10-h (day) exposures to 40°C at 
29 DAA.  In this study, we identified several indicators of 
stability under heat stress based on significant differences 
between the control and heat treatments at different times.  
The stable time at 14 DAA and protein content at 21 DAA 
can be used as critical key stress treatment periods for 
detecting sensitivity to heat stress (Figs. 2 and 3).  Several 
other indicators of stability under heat stress, though not 
based on significant differences between the control and 
heat treatments, can be considered.  For example, protein 
content at 14 DAA (Fig. 3), sedimentation volume at 14 
DAA (Fig. 4), and GLU content at 7 DAA (Fig. 5) can be 
used to detect sensitivity to heat stress (Fig. 5).  With these 
indicators, protein content detection with NRI can be used for 
rapid, effective, and non-destructive sampling.  Therefore, it 
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can be used to detect traits in a single plant or in lines of the 
third or later generations.  The IG test requires only a few 
seeds.  A decrease of more than 50% at 21 DAA under heat 
stress may be a much more rapid measure for the detection 
of sensitivity in the second generation.  In subsequent 
studies, we will increase the number of cultivars with different 
quality sensitivities to check these indicators across various 
detection times, consequently marking them as potentially 
useful screening methods for breeding programs which aim 
to stabilize commercial cultivars against a major effect of 
environmental variation on grain quality.

In this study, we evaluated relevant characteristics of 
stable and sensitive cultivars under heat stress.  The GLU 
content of SY20 under heat treatment was lower than 
the GLU contents of the two stable cultivars at the same 
treatment time, while the result was the same for GLI 
content.  The GLU content of the sensitive cultivar SY20 
in the control treatment was approximately equal to that 
of GY2018, but the GLU content of SY20 under the 7 DAA 
heat treatment increased much less than that of GY2018, 
showing almost no change.  The GLU contents of SY20 
under the 14 and 21 DAA heat treatments decreased much 
more than the GLU contents of the two stable cultivars.  The 
HMW-GS content of SY20 decreased more than it did in 
GY2018 and SL02-1, decreasing 4% at 7 DAA, 16.2% at 
14 DAA, and 24% at 21 DAA. 

Interestingly, the HMW-GS content of SY20 in the 7 DAA 
heat treatment decreased, while for GY2018 it increased and 
for SL02-1 it showed almost had no change.  In response 
to heat, GY2018 and SL02-1 increased gene expression 
as much as possible to increase or maintain relatively more 
GLI or GLU content than SY20.  Although the polymerization 
was damaged by heat stress, other mechanisms might have 
been compensating for the content of Gluten, especially 
in HMW-GS.  Nevertheless, SY20 lacked the “increasing 
gene expression”, which increased the content of GLI and 
GLU at 7 DAA and decreased the content of GLI and GLU 
more than it did in the other cultivars.  SY20 either lacked 
the compensation mechanism for the content of Gluten, or 
it was very weak. 

Biochemically, α- and γ-GLIs are sulfur-rich, and their 
proteins carry six and eight cysteine residues, respectively 
(Shewry et al. 2003; Qi et al. 2006; Anderson et al. 2012; 
Wan et al. 2013; Huo et al. 2017).  These cysteine residues 
are involved in the formation of intra-molecular disulfide 
bonds, thus preventing typical α- and γ-GLIs from interacting 
with GLU proteins through intermolecular disulfide bonds.  
In this study, we found that the γ-GLI content of SY20 
was 1.72 μg mg–1 flour, much less than for the stable 
cultivars GY2018 and SL02-1 (4.77 and 8.06 μg mg–1 flour, 
respectively), and in SY20 it increased under the three heat 

treatments, perhaps as a compensatory response to heat 
stress.  Meanwhile, the α-GLI content in SY20 was 14.49 
μg mg–1 flour, more than in GY2018 and SL02-1 (13.20 and 
11.65 μg mg–1 flour, respectively), and in SY20 it decreased 
under heat treatment.  The proportions of ω-GLI of the three 
cultivars were very similar.  The ω-GLIs are generally sulfur-
poor and their proteins carry no cysteine residues (Shewry 
et al. 2003; Tatham and Shewry 2012). 

Several hypotheses to characterize the change in dough-
protein function due to heat stress during the grain filling 
stage were proposed by Blumenthal et al. (1998).  Briefly, 
these include: (i) the reduction in the GLU to GLI ratio due 
to GLI synthesis being maintained while GLU synthesis 
decreased, during heat stress, which translates to weaker 
dough properties; (ii) the proportion of larger sized GLU 
polymers in the mature grain, which is correlated with 
dough strength, is reduced since the heat stress limits the 
enzymes supporting the disulfide bonding and GLU polymer 
size accordingly; (iii) the synthesis of heat shock proteins 
(HSP), which could prevail in the mature grain, weakens 
the dough structure; and (iv) the polymerization process 
of Gluten proteins is disrupted due to HSP induction of 
disaggregation and the hydrolysis of proteins under heat 
stress conditions.  According to the experimental results, 
we put forward a hypothesis to explain the effect of heat on 
wheat quality stability.  The sensitivity of quality under heat 
stress for SY20 was partly due to the poor content of the 
γ-GLIs involved in the formation of intra-molecular disulfide 
bonding, which led to weaker interactions with GLU proteins 
through intermolecular disulfide bonds.  Therefore, when 
heat stress was applied to SY20, the interactions between 
α-GLIs and GLU proteins were negatively affected, and 
the content of γ-GLIs was up-regulated to compensate for 
this negative effect (Fig. 7), but it had a reduced effect on 
the re-interaction under heat stress, and thus consequently 
affected the stability of SY20. 

4.3. Measures for maintaining quality under heat 
stress after anthesis

DTB had superior effect on stabilizing and improving stable 
time, relative to KDP, and the best spraying time for DTB 
was at 21 DAA.  To reduce the effect of heat after anthesis 
on wheat, the following method can be implemented: Spray 
KDP in the early stage of grain filling, reducing the effect of 
heat stress on yield, and then spray DTB in the middle and 
late stages of grain filling, reducing the effect on quality.
 
5. Conclusion

Heat treatment at 7 DAA produced the most significant 
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reduction of yield while GY2018 had the best heat stability 
with respect to yield, and it had the most positive effects of 
heat treatment on several traits including protein content, 
sedimentation volume, and GLU and GLI contents.  Heat 
treatment at 14 DAA showed the least reduction of yield 
while SY20 had the best heat stability with respect to yield, 
and it had the lowest effects on quality.  Heat treatment at 
21 DAA had a modest effect on yield while SL02-1 had the 
best heat stability with respect to yield, and it had the most 
strongly negative effects on quality.  Stable time at 14 DAA 
and protein content at 21 DAA can be used as indicators 
for detecting the stability of quality to heat stress.  Among 
the three studied cultivars, SY20 was the most sensitive to 
heat stress, with the stable time decreasing from 26.4 to 
9.1 min, and it was characterized by a higher sedimentation 
volume at 7 DAA, and lower γ-GLI content, which increased 
2.4-fold under high-temperature treatment.  In subsequent 
studies, we will test recombinant inbred lines (RIL), which 
were designed to study related genes, in order to explain 
the mechanisms of the effects of heat stress.

Additional regulators had different effects: KDP was more 
protective of yield with heat stress at 7 DAA, while DTB had 
better effects on quality with heat stress at 21 DAA.  In future 
studies, we will test the effects of additional regulators.  
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