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Abstract

Heat stress has become more common in recent years, limiting wheat production in Huang-Huai-Hai plain in China.
To identify the effect of long-term heat stress on wheat production, two heat-resistant (JM44, JM23) and two heat-
sensitive (XM26, GC8901) wheat varieties were sown in heat tents and normal conditions, and heat stress (9 to
12°C higher than control) was imposed for seven days at post-anthesis. All varieties under heat stress exhibited
early senescence and reduced grain-filling rate, while the grain-filling period of heat-tolerant varieties was longer
than that of the heat-sensitive. Furthermore, long-term heat stress significantly reduced kernel mass, grain number,
harvest index, chlorophyll content, maximum quantum yield of PSII photochemistry, effective quantum yield of
PSII photochemistry, photosynthetic rate, and transpiration efficiency. In addition, the distribution of dry matter to
vegetative organs, catalase activity, and malondialdehyde content increased. These results indicated that the lesser
yield reduction of heat-resistant varieties (11-26%) than that of heat-sensitive (16-37%) is due to relatively higher
antioxidative and photosynthetic performance and higher assimilation in the grain from vegetative organs.
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Introduction (Ye et al. 2013, Tack et al. 2015). In addition, wheat, as one

of the important worldwide staple cereals is susceptible to
The regional high temperature has often occurred due heat stress during the vegetative and grain-filling phase
to global warming in recent years. The global mean (Farooq et al. 2011, Balla et al. 2019), and heat stress
temperature is predicted to increase 0.3—4.8°C by the end at these stages could limit wheat growth and grain yield
of the 21% century (IPCC 2018), damaging crop production (Wang et al. 2012, Bergkamp et al. 2018).
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The effects of high temperature on wheat growth and
yield vary with the duration of heat stress and genotypes
by differentially influencing photosynthetic performance,
grain-filling duration, dry matter accumulation, and
allocation to grain (Tahir and Nakata 2005, Fahad et al.
2016). It has been identified that heat stress at the
reproductive stage had a more significant impact on
grain yield than that at the vegetative stage (Farooq et al.
2011, Balla et al. 2019). It has been reported that the
wheat yield reduction under heat stress varied between
varieties ranging from 2 to 27% in the field conditions,
and the proportion of green crop area varied from 7 to 98%
(Schittenhelm ef al. 2020).

Heat stress at post-flowering accelerated the senescence
of the leaves and grain-filling process, resulting in a
shorter grain-filling period and early ripening (Dias and
Lidon 2009, Yin et al. 2009, Schittenhelm et al. 2020). It
has been reported that every 1°C increase in temperature
above the optimum growth temperature had shortened
the grain-filling period by 2.8 d (Streck 2005). The grain-
filling rate increases with increasing the temperature when
the temperature does not exceed 30°C (Wardlaw and
Moncur 1995, Yin et al. 2009), which could be expected to
compensate for the shorter grain-filling duration. Although
when the temperature exceeds 30°C, the grain-filling rate
decreases (Viswanathan and Khanna-Chopra 2001, Dias
and Lidon 2009).

Photosynthesis is one of the most sensitive physio-
logical processes to heat stress (Ristic et al. 2007, Wahid
et al. 2007, Wang et al. 2011). Numerous studies have
reported that the PSII activity of crops was inhibited
under heat stress which led to a reduction of chlorophyll
fluorescence parameters and photosynthetic rate (Dash
and Mohanty 2001, Camejo et al. 2005). The heat stress
at the flowering and grain-filling period of wheat damages
the structure and function of chloroplasts in wheat leaves
and hinders chlorophyll (Chl) biosynthesis, reducing Chl
content and photosynthetic rate and accelerating leaf
senescence (Feng ef al. 2014, Liu et al. 2017). Dry matter
accumulation and partitioning to grains are important
factors sensitive to heat stress that affect wheat yield
(Alvaro et al. 2008, Sanghera and Thind 2014).

Previous studies have shown that most of the northern
wheat-producing areas of China are at high-temperature
risk (Tao et al. 2012, Tian et al. 2012, Wang et al. 2012). It
has been estimated that every 1°C increase in temperature
above the optimum growth temperature would lead to
3—-10% grain yield losses (Tian et al. 2012, Ye et al. 2013).
Shandong province is the second largest wheat-producing
province in China, with a planting area of 3.7 million
hectares and a production of about 20 million tons (Cao
et al. 2015). During the wheat grain-filling period, high
temperature and hot and dry wind occurred for short to
moderate periods (< 5 d) and led to a reduction of wheat
grain yield (Feng et al. 2014, Cao et al. 2015). But the
duration of heat stress shows an increasing trend and
occurs for relatively longer periods (5-10 d). However,
previous studies mainly focused on the effects of short-
term (30 min) and moderate-term (< 5 d) heat stress
on wheat production (Feng et al. 2014, Talukder et al.
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2014, Shirdelmoghanloo et al. 2016, Rezaei et al. 2018).
Therefore, the effect of long-term heat stress should be
studied to provide new insights for wheat production under
long-term heat stress. Hence, the objectives of our studies
were to determine the genetic variability and response of
photosynthetic performance, chlorophyll fluorescence,
antioxidant enzyme activity, grain-filling rate, and grain
yield to prolonged post-flowering heat stress in field
conditions to investigate the most suitable winter wheat
variety for the long-lasting warm conditions in Shandong
province.

Materials and methods

Experimental setup and treatments: Field experiments
were carried out at the experimental station of Shandong
Academy of Agricultural Sciences in Jinan city in the
2017-2018 and 2018-2019 seasons. Four winter wheat
varieties, Jimai44 (JM44), Jimai23 (JM23), Gaocheng8901
(GC8901), and Ximai26 (XM26), were used for this study.
The four varieties had a similar phenological period and
are the main cultivars in Huang-Huai-Hai plain wheat
production area in China. Two-factor (varieties and heat
stress) randomized complete block design was used in the
experiment.

Seeds were sown at a density of 180 seeds m™ on
15 October 2017 and 20 October 2018. Each plot was
8 m in length and contained six rows of 1.5 m in width.
The soil was brown loam and contained an average
of 16.4 g(organic content) kg™' in two seasons. Fertilizer
with the rate of 120 kg(N) ha™!, 112.5 kg(P,Os) ha™!, and
112.5 kg(K,0) ha™! was applied as a basal fertilizer before
planting, with another 120 kg(N) ha™' as a top dressing at
the elongation stage of wheat in the spring.

The heat stress was imposed by the heat tents placed
on the established plots 10 d after flowering for a total
of 7 d in each season (Fig. 1S, supplement). The heat tents
(8 m length, 2.8 m width x 2 m in height) were constructed
of steel pipe framework and covered with transparent
polyethylene film (0.7 mm thick). The polyethylene
film covering the steel frame transmitted > 93% of solar
radiation, and therefore the internal temperature was not
affected by the solar radiation. Temperature for heat stress
was maintained each day from 8:00 to 18:00 h, and then
the heat stress was removed by rolling up the polyethylene
film. The temperature was recorded at 30-min intervals
for the duration of the experiment from inside and
outside the heat tents, using 4Z8808 temperature data
logger (AZ Instrument Crop, Inc., China). The sensors
of the temperature data logger were mounted on a pole
with appropriate shields to protect from direct sunlight
and placed 10 cm above the canopy level both inside
and outside the heat tents. During the heat stress period
of the two seasons (7-13 May in 2017-2018 and 10-16
May in 2018-2019), there was no rainfall so that the soil
moisture difference could be excluded between heat stress
and control spots. Fungicide and insecticides were used
to prevent stripe rust and aphid damage. Other cultural
practices used in the present study followed high-yielding
cultivation. From heat stress, the average day temperature
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from 8:00 to 18:00 h inside the tent was 9-12°C higher
than the outside control temperature in the 2017-2018
and 2018-2019 seasons, while the night temperature was
similar (Fig. 28, supplement).

Chl index and Chl fluorescence parameters: Chl index
of flag leaves from ten marked plants having the same
flowering time was measured using a hand-held Soil and
Plant Analyzer Development (SPAD) chlorophyll meter
(Model 502, Konica Minolta Sensing, Osaka, Japan). The
SPAD values of four varieties were taken weekly starting
from 7 d after anthesis until physiological maturity in the
2017-2018 and 2018-2019 seasons.

Chl fluorescence of the same leaves of marked plants
was measured using a portable Chl fluorescence spectro-
meter (FMS2 chlorophyll fluorescence system, Hansatech,
UK). The effective quantum yield of PSII photochemistry
(Dpsn) and maximum quantum yield of PSII photochemistry
(F\/Fw) of four varieties were measured after 5 d of heat
stress imposition in 2017-2018 and 1, 3, 7, and 15 d after
heat stress imposition in 2018-2019.

Net photosynthetic rate and transpiration rate: The
net photosynthetic rate (Pn) and transpiration rate (E)
of four varieties of the flag leaf were measured between
9:00-11:00 h on 10 May (5 d after heat stress) on a clear
day in the 2017-2018 season and of JM44 and XM26
were measured on 11 May (1 d after heat stress) and then
3, 7, and 15 d after heat stress in the 2018-2019 season
using a Li-Cor 6400 portable photosynthesis system
(Li-Cor Inc., Lincoln, NE, USA). Measurements were
taken on ten plants that were tagged on the day of anthesis
in both seasons. Parameters of the measuring system were
set as follows: PPFD was 1,200 umol m s!; ambient CO,
was according to the atmospheric environment, and the
flow speed was 500 umol s! (Urban et al. 2018).

Transpiration efficiency (TE) was calculated as: TE =
photosynthetic rate/transpiration rate.

Assays of antioxidant enzyme activities and lipid
peroxidation: The flag leaves of all four varieties were
collected after 1, 3, 7, and 15 d of heat stress in 2018—
2019 and frozen in liquid nitrogen. Then 0.4 g of fresh
leaves were weighed and ground into a fine powder
and homogenized in 50 mM sodium phosphate buffer
(pH 7.0). The homogenate was centrifuged at 10,000 x g
for 20 min at 4°C, and the supernatant/extract was isolated
and stored in aliquots at —20°C for enzyme determinations.
The activity of superoxide dismutase (SOD, EC 1.15.1.1)
was determined by monitoring the decrease at 560 nm in
absorbance of nitroblue tetrazolium dye (Dhindsa ef al.
1981) using UV-visible spectrophotometer (UV-2600,
Shimadzu, Japan). One unit of SOD activity was defined
as the amount of enzyme causing a 50% inhibition in the
absence of an enzyme under these conditions. Catalase
(CAT, EC 1.11.1.6) activity was determined by monitoring
the decrease in absorbance at 240 nm following the
addition of the plant extract to 50 mM phosphate buffer
(pH 7.5) containing 20 mM H,O, (Dhindsa et al. 1981).
One enzyme unit of CAT activity was defined as the
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amount of enzyme consuming 1 nmol(H,O,) per min.

Lipid peroxidation (MDA) was measured according
to Dhindsa ef al. (1981) method with some modifications.
Fresh flag leaves (0.5 g) frozen in liquid nitrogen were
ground into a fine powder and then homogenized in 2 ml
of 5% trichloroacetic acid (TCA). The homogenates were
centrifuged at 10,000 x g for 15 min at 4°C. The reaction
mixture contained 2 ml of supernatant, 1 ml of 20% (v/v)
TCA, and 0.5% (w/v) thiobarbituric acid. The reaction
mixture was incubated in a water bath at 100°C for 30 min
and then quickly cooled in running water. The solution was
centrifuged at 10,000 x g for 10 min, and the absorbance
of the supernatants was measured at 450, 532, and 600 nm
(UV-2600, Shimadzu, Japan). MDA content was calculated
using the following formula: MDA [nmol g'(FM)] = 3 x
[645 X (A532 _A(,O()) —0.56 x A450].

Dry matter accumulation and partitioning at maturity:
Three groups were harvested from the 30 marked plants at
physiological maturity in each treatment and divided into
the ear, stem + sheath, and leaf, dried in an oven at 75°C
and weighed. Grains were threshed manually from ears and
weighed to calculate grain mass. Dry matter partitioning
among different winter wheat organs at maturity was
calculated.

Grain filling characteristics: Thirty ears of marked stems
at the same anthesis stage were taken weekly after anthesis
until maturity. Ears were dried in an oven at 75°C until
the constant mass and then grains were threshed manually
from ears and weighed to calculate the grain-filling rate.
Cubic polynomial equation, y = ¢ + bt + byt* + bst®> was
used to simulate grain increasing dynamic characteristics;
by, b, and b; were constants and were determined according
to different varieties, y and t were grain mass and days
after anthesis, respectively. Grain-filling rate equation
y'=b;+ 2b,t + 3bst> was a derivation of a cubic polynomial
equation, maximum grain-filling rate was calculated from
the formula: y' = b; — b,%/3b;, at the time of t = —b,/3bs,
and the duration of maximum grain filling was calculated
as the following formula: t' = —2(b,> — 3b;by)"?/3b; (Li
et al. 2003).

Grain yield and yield reduction rate: At maturity, ears
of wheat plants were hand-harvested from the area of
1.5 m? and were air-dried, threshed, and grain dry mass
was recorded. The heat resistance index for grain yield
was calculated using the following formula: heat resistant
index = (grain yield of control — grain yield under heat
stress)/grain yield of control x 100%.

Statistical analyses: Bartlett test of variance for all the
measured parameters in two seasons was firstly performed
using SPSS software (version 18). The result of the Bartlett
test indicated that it meets the homogeneity of variance
(Table 1S, supplement). Analysis of variance (ANOVA)
for all the measured parameters was then performed.
Differences between heat, genotypes, seasons, and inter-
action between them were compared using Tuke)'s least
significant difference (LSD) at the 5% probability level.
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Results

Grain yield and yield reduction rate: In both field
experiments (2017-2018 and 2018-2019), thousand
kernel mass, grain numbers, grain yield, and harvest
index (HI) were significantly affected by heat stress, and
also affected by the interaction of season x variety and
season x heat stress (Table 1). Heat stress reduced the
thousand kernel mass compared to control. The reduction
in thousand kernel mass, grain number per spike, and grain
yield of heat-sensitive varieties were higher than that of
the resistant varieties. The average of both seasons showed
that a thousand kernel mass was reduced by 21, 19, 13, and
12% in GC8901, XM26, IM44, and IM23, respectively, by
heat stress compared to control. Similarly, GC8901 showed
the highest reduction (9.1%) in grain number per spike,
followed by XM26 (8.6%), IM44 (7%), and IM23 (6.7%).
The grain yield of all wheat varieties was significantly
reduced by heat stress in both seasons. Furthermore, heat
stress caused 28.3,26.2, 17.6, and 18.8% reduction in grain
yield of GC8901, XM26, JM44, and IM23, respectively,
compared with control. The HI was significantly reduced
by heat stress by 29% in GC8901, 29% in XM26, 17.7%
in JM23, and 9.1% in JM44 in 2017-2018, while was not
affected in 2018-2019.

Crop phenology: Days to physiological maturity were
significantly affected by heat stress (Fig. 3S, supplement).
Heat stress induced the early maturity while it decreased
the grain-filling period of all varieties in both seasons.
Among the four varieties, grain-filling duration was
reduced by 2, 2, 4-5, and 4 d in JM23, JM44, GC8901,
and XM26, respectively.

Antioxidant enzyme activities and lipid peroxidation:
In the 2018-2019 experiments, SOD activity in flag leaves
of four varieties showed a decreasing trend after heat
stress (Fig. 14). The SOD activities of JM44 and JM23
were both increased by heat stress as compared to control,
especially at 1 and 3 d after heat stress. SOD activities of
XM26 and GC8901 increased at 1 and 3 d after heat stress
imposition, while decreased at 7 and 15 d after heat stress
compared with control.

Catalase (CAT) activities of four varieties significantly
increased by heat stress (Fig. 1B). The CAT activity
first increased and then showed a decreasing trend with
7 d after heat stress imposition. CAT activities differed
between varieties, and the increase in CAT activity was
higher in JM44 and JM23 than that in XM26 and GC8901
all days after heat stress imposition.

MDA contents of all varieties increased with the heat
stress and showed an increasing trend with time after
heat stress, reaching a maximum at 15 d after heat stress
imposition (Fig. 1C). Among varieties, the increase of
MDA was higher in heat-sensitive (XM26 and GC8901)
than that of heat-resistant (JM44 and JM23) varieties
under heat stress.

Net photosynthetic rate and transpiration rate of flag
leaves: Py of flag leaves of all varieties decreased by heat
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stress compared with control in 2017-2018 (Fig. 2B).
The decrease of Py in JM44 (27%) and IM23 (24%) was
lower than that in XM26 (36%), and GC8901 (39%)
(Fig. 2B). Then Py was further checked in JM44 and
XM26 after 1, 3, 7, and 15 d of heat stress in 2018-2019
(Fig. 24,C). The Py of heat-stressed JM44 and XM26 were
significantly lower at 1, 3, 7, and 15 d after heat stress
imposition compared with control, and more reduction
was observed in XM26 (Fig. 24,C).

Heat stress significantly increased the transpiration rate
(E) (Fig. 34) while reducing the transpiration efficiency
(TE) (Fig. 3B) of four varieties compared with control in
2017-2018. The increase in £ in JM23 (99%) and JM44
(112%) was lower than that in GC8901 (139%) and
XM26 (148%) under heat stress (Fig. 34), whereas JM23
and JM44 had higher transpiration efficiencies than that
of XM26 and GC8901 under heat treatment (Fig. 3B).
The E of XM26 and JM44 increased after 1, 3, and 7 d
of heat stress imposition and then remained unaffected
after 15 d of heat imposition in 2018-2019 (Fig. 3C). The
increase in E was 62, 63, and 71% in XM26, and 73, 77,
and 126% in JM44 after 1, 3, and 7 d of heat, respectively.
Transpiration efficiencies decreased by 64, 52, 60, and
39% in XM26, and 61, 54, 70, and 31% in IM44 after 1, 3,
7, and 15 d of heat stress imposition compared with their
respective control (Fig. 3D).

Chl content and Chl fluorescence parameters: Chl
contents (SPAD values) of all four varieties were
significantly affected by season, wvariety, heat, and
interaction between them (Table 2S, supplement). It
showed decreasing trends by increasing time after heat
stress in both seasons (Fig. 4). SPAD values of four
varieties significantly decreased by heat stress at 14 (3 d
after heat stress imposition), 21, 28, and 35 d after anthesis
(Fig. 4). GC8901 had the highest reduction in SPAD,
followed by XM26, JM44, and IM23.

The heat stress significantly decreased the effective
quantum yield of PSII photochemistry (®psp) of flag leaves
in four varieties, while it had no significant effect on the
maximum quantum yield of PSII photochemistry (F./F.)
in JM23 and JM44 as compared with control in 2017-2018
(Fig. 54,B). The F,/F, of XM26 and JM44 both decreased
at1,3,7,and 15 d after heat stress in 2018-2019 (Fig. 5C).
The decrease rate of F,/F,, under heat stress was higher
in XM26 than that in JM44 in all stages after heat stress
(Fig. 5C). The @psi of XM26 significantly decreased after
1, 3,7, and 15 d of heat stress imposition, whereas @ps;; of
JM44 showed only a significant decrease after 1 and 15 d
of heat stress imposition (Fig. 5D), and the decrease rate
of JM44 was lower than that in XM26 at 15 d after heat
stress.

Grain-filling rate: The maximum grain-filling rate of all
varieties decreased by heat stress compared with control,
but a higher reduction was observed in the 2018-2019
season than in the 2017-2018 season (Table 2). The
heat-resistant varieties, JM44 and JM23, showed higher
maximum grain-filling rates than the heat-sensitive
varieties, XM26 and GC8901, averaging two seasons.
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Fig. 1. Changes in superoxide dismutase (SOD) (4) and catalase (CAT) (B) activities and malondialdehyde (MDA) content (C) of
flag leaves in different wheat varieties in 2018-2019 field experiment. CK — control treatment; H — heat stress treatment. Values are
means + SD, n = 3. Different lowercase letters indicate significant differences at P<0.05.
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Fig. 3. Effect of heat stress on transpiration rate (£) (4,C) and transpiration efficiency (TE) (B,D) of flag leaves in different wheat
varieties. CK — control treatment; GC8901 — Gaocheng8901; H — heat stress treatment; JM44 — Jimai44; JM23 — Jimai23; XM26 —
Xinmai26. Values are means + SD, n = 3. Different lowercase letters indicate significant differences at P<0.05.
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Fig. 4. Effect of heat stress on chlorophyll
content of flag leaves in two seasons. CK —
control treatment; GC8901 — Gaocheng8901;
H — heat stress treatment; JM44 — Jimai44;
JM23 —Jimai23; SPAD —chlorophyll content;
. XM26 — Xinmai26. Values are means + SD,
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The heat treatment decreased the maximum grain-filling
rate but brought forward the time of the maximum grain-
filling rate, especially in heat-resistant varieties (JM44
and JM23) (Table 2). The duration of the maximum
grain-filling rate of four varieties increased by heat stress
except for GC8901 in 2018-2019.

646

28 35 n = 3. Different lowercase letters indicate
significant differences at P<0.05.

Dry matter and partitioning at maturity: The plant
mass and dry matter partitioning in different plant organs
differed with heat treatment, seasons, and varieties
(Table 3S, supplement). Under heat stress, the reduction in
plant mass in XM26, GC8901, IM23, and JM44 was 11.6,
12.2, 9.0, and 7.1%, respectively, as compared to control
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(Fig. 6). The grain mass decreased by 33.6, 34.6, 26.9, and stem + sheath and spike axis + glume increased by heat
25.1% in XM26, GC8901, JM23, and JM44, respectively, stress. The leaf mass of JM23 was not affected by heat.
averaging two seasons. Inversely, the dry masses of The heat stress significantly increased the leaf mass of

Fig. 5. Effect of heat stress on chlorophyll fluorescence parameters of flag leaves in different wheat varieties. CK — control treatment;
F./F, — maximum quantum yield of PSII photochemistry; GC8901 — Gaocheng8901; H — heat stress treatment; JM44 — Jimaid4; IM23 —
Jimai23; XM26 — Xinmai26; ®pgy; — effective quantum yield of PSII photochemistry. Values are means + SD, n = 3. Different lowercase
letters indicate significant differences at P<0.05.

Table 2. Grain-filling characteristics of different wheat varieties under heat stress and control conditions.

Season Variety Treatment Time of maximum Maximum grain- Duration of R
filling rate [d] filling rate maximum grain
[mg grain™' d'] filling [d]

2017-2018 XM26 Control 15.73 1.72 12.36 0.9967
Heat 15.03 1.55 12.60 0.9940

GC8901 Control 14.64 1.68 12.21 0.9921

Heat 13.92 1.47 12.78 0.9935

IM44 Control 13.31 1.69 13.71 0.9820

Heat 11.71 1.49 15.77 0.9836

IM23 Control 13.67 1.94 13.15 0.9788

Heat 12.08 1.78 14.05 0.9780

2018-2019 XM26 Control 14.41 1.50 12.38 0.9947
Heat 12.89 1.18 13.23 0.9934

GC8901 Control 13.87 1.48 14.03 0.9911

Heat 12.60 1.28 13.06 0.9869

IM44 Control 16.07 2.01 11.88 0.9867

Heat 15.15 1.48 13.37 0.9903

IM23 Control 15.96 2.00 12.17 0.9879

Heat 12.60 1.53 14.28 0.9880
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GC8901 in both seasons and the leaf mass of XM26 and
JM44 significantly increased in 2017-2018 and 2018—
2019, respectively.

Correlation analysis: Grain yield (GY) was significantly
related to the effective quantum yield of PSII photo-
chemistry (®pgy), dry mass (DM), thousand kernel mass
(TKM), and net photosynthetic rate (Px) under control
(Fig. 4S, supplement). Under heat stress, grain yield was
significantly related to thousand kernel mass (TKM),
grain number per panicle (GN), and transpiration rate ()
(Fig. 4S). The correlation coefficient of grain yield (GY)
with dry mass (DM) at maturity stage, and net photo-
synthetic rate (Py) decreased under heat stress as compared
to control.

Discussion

This experiment studies the effects of long-term heat
stress by imposing a high temperature (9—12°C higher
than the control) for 7 d starting at 10 d after the anthesis
stage of four wheat varieties with different heat tolerance
in 2017-2018 and 2018-2019 seasons. Changes in
photosynthesis parameters under high-temperature stress
are good indicators of plant heat resistance (Wahid et al.
2007). Chl fluorescence is used to assess the effects of
environmental changes on photosynthesis indirectly.
It has been reported that PSII has high thermal sensitivity
(Dash and Mohanty 2001, Sharkey 2005, Correia et al.
2021), but high temperatures below 40°C do not seriously
affect PSII activity (Allakhverdiev ez al. 2008). The
ratio of variable fluorescence to maximum fluorescence
(F\/Fn) determines the maximum quantum efficiency
of PSII, while low F./F,, under stress indicates damage

to the PSII reaction center. In the present study, F./F
of four varieties was measured after 5 d of heat stress
in 2017-2018, and JM44 and XM26 were measured
after 1, 3, 7, and 15 d of heat stress in 2018-2019. The
F./F.. decreased significantly in heat-sensitive varieties
(GC8901 and XM26), while heat-resistant varieties (JM44
and JM23) did not show any significant reduction in
2017-2018, indicating that the heat-resistant varieties still
had a high photon energy conversion efficiency under
thermal stress. The low F./F,, values indicated damage
to the thylakoid membranes (Kadir ef al. 2007). The less
damage to the PSII may be related to higher antioxidant
activity in heat-resistant varieties. The F./F,, and ®psy; of
XM26 and JM44 showed a downward trend after thermal
stress, especially the heat-sensitive species XM26 in 2018—
2019. Thus, it is shown that the heat-resistant varieties
have a high PSII regulation ability to heat stress and can
maintain a higher activity of PSII. Previous studies have
also shown that the F,/F, and ®pgy of wheat are associated
with heat resistance and are significantly reduced under
thermal stress (Dash and Mohanty 2001). Furthermore, the
heat-resistant variety (JM44) showed less damage to PSII
after heat stress than the heat-sensitive XM26.

The rate of flag leaf photosynthesis of all four varieties
decreased after thermal stress in a range between 23.8 and
39.5%. The previous studies also showed that temperatures
above 40°C might cause damage to the photosynthetic
apparatus (Liu ef al. 2017, Balla et al. 2019), which in the
present study reached > 40°C at midday. The decline in
photosynthesis depends on the variety and the time and
duration of heat stress (Feng et al. 2014, Balla et al. 2019).
The rate of photosynthesis increased after 3 d of heat stress
and gradually decreased with the increase of stress time
indicating that the damage to photosynthetic apparatus or
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Fig. 6. Dry matter accumulation and partitioning of aboveground plants at maturity in two seasons of four wheat varieties. CK — control
treatment; GC8901 — Gaocheng8901; H — heat stress treatment; JM44 — Jimai44; JM23 — Jimai23; XM26 — Xinmai26. Values are
means + SD, n = 3. Different lowercase letters indicate significant differences at P<0.05.
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enzymes increased with the extension of thermal stress
time. Thus, the photosynthesis system had a specific
regulatory capacity for thermal stress.

Previous studies have shown that the photosynthesis
of plants recovers fast after the release of thermal stress
of 38°C (Correia et al. 2021). Our research shows that
after removing 10 d of thermal stress, the photosynthesis
of plants did not recover but showed a further reduction,
especially in heat-sensitive variety. This indicates irre-
versible damage to the structure of the chloroplast
thylakoid membrane and photosynthesis-related proteins
when the maximum temperature of thermal stress exceeds
38°C (Feng et al. 2014). Further research is needed to
study the effects of relatively long-term thermal stress on
the structure of the thylakoid membrane and its associated
proteins.

In this study, the transpiration rate increased signifi-
cantly at all stages of thermal stress, indicating that the
stomatal pores did not exhibit significant closure to limit
the transpiration rate. This also shows that the decrease
in photosynthesis was not caused by thermally induced
closure of stomata (Feng et al. 2014). Furthermore,
transpiration efficiency significantly decreased even when
the heat stress was removed. However, the heat-resistant
variety (JM44) showed higher recovery after heat stress
by maintaining higher transpiration efficiency at 1, 3, and
15 d of heat stress. Thus, maintaining high transpiration
efficiency under heat stress would be an important
characteristic of heat resistance.

It has been reported that thermal stress accelerates the
grain-filling rate of seeds (Yin et al. 2009, Fischer 2011),
while severe heat stress could reduce it (Elia et al. 2018).
In the present study, we did not find the positive effect of
heat stress on grain-filling rate showing that the relative
long-term heat stress had decreased the grain-filling rates
of four varieties and accelerated the grain-filling process.
These results indicated that the effect of heat depends on
the timing, temperature, and duration of heat stress (Rezaei
et al. 2018, Balla et al. 2019). We also found that the
magnitude of reduction in grain-filling rate varied between
varieties. The heat-resistant varieties (JM44 and JM23)
had higher grain-filling rates than that of the heat-sensitive
varieties (XM26 and GC8901), which was consistent with
that the heat tolerant cultivars could maintain a high grain-
filling rate under heat stress (Dias and Lidon 2009). The
grain-filling rate is a useful trait to improve tolerance to
heat stress during the grain-filling stage. The maximum
grain-filling rate decreased in all varieties under heat
stress over control, whereas the duration of maximum
grain-filling rates increased in all varieties, especially in
heat-resistant varieties (JM44 and JM23). This can be a
self-regulation pathway response to long-term heat stress
to compensate for the reduction in the duration of grain
filling.

Plant tolerance to thermal stress is associated with
increased antioxidant capacity (Goyal e al. 2010, Zhang
et al. 2016). Previous studies have shown that the produc-
tion of hydrogen peroxide and activities of peroxidase
and superoxide dismutase are related to thermal stress
tolerance during grain filling and the ability to obtain
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heat resistance (Zhao et al. 2007, Almeselmani et al.
2006, 2009). This study shows that the flag leaves of
JM44 and JM23 maintained high activity of superoxide
dismutase and catalase under thermal stress to remove and
decompose excess reactive oxygen and hydrogen peroxide
caused by thermal stress and maintain high photosynthesis
ability. Furthermore, the MDA content in JM44 and JM23
flag leaves was lesser than that of GC8901 and XM26
which indicated that JM44 and JM23 suffer from minor
damage to the structure and function of cell membranes
under thermal stress, which is one of the reasons for IM44
and JM23 having high photosynthesis and heat resistance.

Heat stress can inhibit Chl biosynthesis and cause
a decline in Chl content due to heat-induced damage to
thylakoids (Ristic et al. 2007). Our study found that
heat stress significantly affected the Chl contents of four
varieties, and chlorophyll was severely damaged even
after the end of heat stress. This indicated that heat stress
irreversibly damaged the Chl biosynthesis, particularly in
heat-sensitive varieties.

Global warming has accelerated crop development
and shortened the reproductive period of crops (Tao et al.
2012). It has been reported that increasing the temperature
of the wheat canopy by 1.5°C during the entire fertility
period resulted in a 10-d reduction in the length of the
whole reproductive period (Tian ef al. 2012). Heat stress
after flowering significantly reduces reproductive growth
time (Bergkamp et al. 2018, Chen et al. 2018). In this
study, thermal stress shortens the number of days from
flowering to maturity and the varieties vary greatly in this
parameter. Heat-resistant varieties (JM44 and JM23) show
more extended reproductive periods than that of heat-
sensitive varieties (XM26 and GC8901) under long-term
thermal stress. The long seed-filling time of heat-resistant
varieties may be related to the high antioxidant ability
and photosynthesis output capacity under thermal stress,
which is the basis for heat-resistant varieties to obtain
higher grain mass.

The heat resistance is related to the genotype with
stable photosynthesis and the high storage capacity. Grain
yield reduction under heat stress is mainly associated
with reduced photosynthesis and stem reserve (Blum
1998, Yang et al. 2002). The study found that dry matter
accumulation decreased during the whole ripening period
under long-term thermal stress, which also reduced grain
quality. This indicated that the transport of nutrients and
reserves from vegetative organs to seeds is significantly
reduced (Farooq et al. 2011). The contribution of stem
reserve to seed filling is genotype-dependent (Yang et al.
2002). The results showed that the seed assimilation rate
of heat-sensitive varieties (XM26 and GC8901) is lesser
than that of heat-resistant varieties (JM44 and JM23),
which indicates that heat-resistant varieties have a higher
ability to convert assimilation material stored in nutritional
organs into grains. Temperatures above 30°C are reported
to reduce significantly the assimilation of the flag leaves to
the grain but the temperature does not affect the transport
in the stems (Wardlaw and Moncur 1995). This study
found that the effect of thermal stress on the assimilation
of nutritional organs was in the order of spike axis and
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glume > leaves > stem and sheath, indicating that thermal
stress had a more significant effect on the distribution
of assimilation in spike axis and glume than in stem.
Therefore, it may be an essential way to improve grain
yield and heat resistance by increasing the transport of
spike axis and glume to grain.

Our study showed that thermal stress had significant
adverse effects on seed yield and yield-related factors
(Table 1). The average interannual and intervarietal
reduction in grain yield by long-term heat stress was
23%. The average yield reduction in the present study
was relatively higher than the reduction (8.9%) under
short-term thermal stress for 3 d (Feng et al. 2014) and
lower than the reduction (57.3%) under long-term post-
flower thermal stress for 14 d (Schittenhelm et al. 2020).
The maximum temperature in the above studies was
47.2°C while the maximum temperature attained in the
present study was 48.8°C, i.e., a 1.6°C difference from
the previous. The reduction in yield by heat stress varies
with the temperature and the length of heat stress duration.
Furthermore, the duration of thermal stress is one of the
critical factors in determining the reduction of grain yield
and could explain 51.6% of plant phenotype variation
(Balla et al. 2019).

The mass of thousand grains under high-temperature
stress is associated with grain yield (Mondal ez al. 2020)
and is used as a heat-resistance indicator for wheat varieties
(Feng et al. 2014, Cao et al. 2015). The experimental
study shows that the decrease in the yield of winter wheat
varieties under the long-term thermal stress is mainly
related to the reduction in the number of spike grains and
the reduction of thousand kernel mass because the grain
number is determined by grain growth rate and duration
of the grain-filling period (Zhang et al. 2019). The average
decrease of grain mass between years and varieties is
15.6%. After thermal stress, the decrease of thousand
kernel mass is higher than the decrease of the number
of spike grains, which indicates that the main reason for
reducing grain yield by thermal stress is the reduction in
grain-filling rate and time (Feng et al. 2014). There were
significant differences in the response of different varieties
to long-term thermal stress and the yield of JM23 and
IM44 decreased comparatively less, mainly because they
maintained a higher number of spikes and thousand kernel
mass than that of XM26 and GC8901 after thermal stress.

In conclusion, long-term heat stress decreased the
maximum quantum yield of PSII photochemistry (F./F),
the effective quantum yield of PSII photochemistry (Dps),
and the net photosynthetic rate, which resulted in low
photosynthetic performance and grain-filling rates. It
also increased the antioxidant ability and MDA content,
resulting in low chlorophyll content and a short filling
period (Fig. 5S, supplement). The lower filling rates
and short filling period under heat stress caused lesser
assimilation transport to grain, resulting in reduced grain
mass, spike number, and grain yield. Thus, heat-sensitive
varieties (XM26 and GC8901) exhibited more damage to
the parameters mentioned above under heat stress than
heat-resistant varieties (JM44 and JM23), so they showed
higher yield reduction.
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