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Abstract: Bread wheat (Triticum aestivum) is less adaptable to high temperatures than other major
cereals. Previous studies of the effects of high temperature on wheat focused on the reproductive stage.
There are few reports on yield after high temperatures at other growth stages. Understanding growth-
stage-specific responses to heat stress will contribute to the development of tolerant lines suited to
high temperatures at various stages. We exposed wheat cultivar “Norin 61” to high temperature
at three growth stages: seedling—tillering (GS1), tillering—flowering (GS2), and flowering-maturity
(GS3). We compared each condition based on agronomical traits, seed maturity, and photosynthesis
results. Heat at GS2 reduced plant height and number of grains, and heat at GS3 reduced the grain
formation period and grain weight. However, heat at GS1 reduced senescence and prolonged grain
formation, increasing grain weight without reducing yield. These data provide fundamental insights
into the biochemical and molecular adaptations of bread wheat to high-temperature stresses and have
implications for the development of wheat lines that can respond to high temperatures at various
times of the year.
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1. Introduction

The world’s cereal production must continue to increase under global warming to
meet population increases. Rice, maize, and wheat account for 90% of the current total
cereal production. Of these, wheat is most susceptible to heat stress [1]. Asseng et al. [2]
reported a 6% reduction in yield for every 1 °C increase in temperature. From an anal-
ysis of temperatures and yields in Sudan, the hottest wheat-growing area in the world,
lizumi et al. [3] concluded that the development of heat-tolerant wheat cultivars is essential.

Plants show a variety of morphological, physiological, biochemical, and molecular
changes when exposed to high temperatures. Typical responses include growth disorders,
inhibition of photosynthesis, accumulation or reduction of plant hormones, production
of heat shock proteins, and accumulation of reactive oxygen species [4]. Wheat shows
such responses. Reduction of photosynthetic capacity caused by chlorophyll loss and
sterility caused by abnormal development of pollen grains or tubes greatly reduce grain
yield [5]. To overcome heat stress, wheat plants can lower canopy temperature by opening
stomata to activate transpiration [6]. Winter wheat grows where the temperature rises
with crop growth. Previous studies of the effect of high temperatures on wheat have
focused on the most sensitive stage, i.e., the reproductive stage. However, in future global
warming scenarios, temperatures will increase in all growth stages [7]. Heat-stress effects
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might depend on the growth stage [8]. Thus, it is necessary to consider responses to
high temperatures during other growth stages as well. To breed cultivars that maintain
yield even under warming conditions, it is necessary to analyze the effects of heat on
grain yield. However, few studies have comprehensively evaluated the morphological and
physiological responses of yield potential to high temperatures at the very hot temperatures
prevalent in some wheat cultivation areas.

Here, we observed morphological and physiological responses of the Japanese bread
wheat cultivar “Norin 61” exposed to high temperature at three growth stages: from
seedling to tillering (GS1), from tillering to flowering (GS2), and from flowering to maturity
(GS3). Our aim was to elucidate the effects of high-temperature stress on agronomic traits
and physiological responses during seed formation. The complete genome sequence of
“Norin 61” has been assembled in the 10+ Genome Decoding Project [9-11]. We used
“Norin 61” because, in our previous studies in Wad Medani, Sudan, the hottest wheat-
growing area in the world [12,13], we unexpectedly found that it was at least as tolerant to
high temperatures as current Sudanese cultivars.

2. Results
2.1. Stage-Specific Response to Heat on Grain Yield

After exposure of plants to high temperatures during GS1, GS2, GS3, or all stages
(GS1-3) (Figure 1), we investigated agricultural traits. We found stage-specific alterations
in plant and seed morphology (Figure 2); seed size of plants exposed to heat during
ripening (GS3 and GS1-3) was clearly reduced, while that of plants exposed during GS1
was increased (Figure 2C). The traits formed three clusters (Figure 3A): (1) those positively
affected by heat during GS1, (2) those negatively affected by heat during all stages, and (3)
those affected negatively by heat during GS1 and positively during GS3.
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Figure 1. Outline of heat stress experiment. Wheat plants were kept at 22 °C day/18 °C night (Normal, Control) or exposed

to transient high temperature (Heat) at 38/18 °C at each growth stage. (A) Arrows indicate the high-temperature treatment

and dashed lines indicate normal growth conditions. (B) Daily temperature variation. White background, day; gray, night.

Heat during GS1 increased harvest index (HI, by 12% relative to control), thousand-
kernel weight (TKW, by 7.5%), and fertility (FT, by 10%) (Figure 4A—C). Heat during GS2
increased HI (to the same level as in GS1), but did not affect TKW or FT. Heat during GS3,
on the other hand, reduced these values (HI, —15%; TKW, —30%; FT, —11%). Heat during
all three stages (GS1-3) decreased HI (by —5%) and TKW (by —27%), indicating that the
decreases caused by heat during GS3 canceled the increases caused by heat during GS1.
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Figure 2. Effect of high temperature during each growth stage on plant and seed morphology. (A,B) Each plant at (A)

anthesis and (B) 14 days post-anthesis. (C) Harvested seeds. Bars: plants, 50 cm; seeds, 1 cm.

Heat during GS1 had little or no effect on grain yield (GY), grain weight per spike
(GWS), grain number per spike (GNS), or spike length (SL). Heat during GS2, GS3, and
GS1-3, however, reduced these values (Figure 4D-G). Heat during GS2 and GS3 similarly
reduced GY (GS2, by —24%; GS3, by —28%) and SL (GS2, by —6%; GS3, by —9%), but
differentially reduced GWS (GS2, by —23%; GS3, by —43%) and GNS (GS2, by —26%; GS3,
by —15%). Thus, heat affected these traits during GS51-3. All growth stages had cumulative
effects on GY (—49%), but GS3 explained most of the effect on GWS (—46%), and GS2
explained most of the effect on GNS (—27%).

Heat during GS1, GS2, and GS1-3 reduced spikelet number per spike (SLNS), biomass
(BM), culm and leaf weight (CLW), plant height (PH), and grain number (GN), but heat
during GS3 did not (Figure 4H-L). The effect was greater during GS2 than during GS1. The
effects were additive. Heat during GS2 reduced SLNS by 27%, BM by 31%, CLW by 43%,
PH by 26%, and GN by 26%. Heat during GS1 also reduced SLNS, CLW, and PH. Heat
during GS1 and GS2 reduced PH, while heat during GS1-3 had an effect on heat during
GS2, as can be seen from plant morphology (Figure 2A). On the other hand, heat during
GS2 and GS3 reduced BM, with a multiplier effect during G51-3. Since CLM did not differ
significantly between GS3 and the control, BM decrease during GS3 is attributable to GY.
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Figure 3. Hierarchical clustering and heat map (A), principal component analysis (PCA) (B) and trait contribution to PC1
and PC2 (C) of agricultural traits in each growing condition (GS1, GS2, GS3, GS1-3 and control indicated by C). Colors in
(A) show increase (red) or decrease (blue) compared with the control. In (C), the strength of the contribution is indicated by
the size and intensity of each circle. In (B,C), BM, Biomass; CLW, Culm and leaf weight; FT, Fertility; FLL, Flag leaf length;
GN, Grain number; GNS, Grain number per spike; GWS, Grain weight per spike; GY, Grain yield; HI, Harvest index; NN,
Node number; PH, Plant height; SL, Spike length; SLNS, Spikelet number per spike; TKW, Thousand kernel weight; TN,

Tiller number.
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Figure 4. Differences in agricultural traits of heat-treated plants from the control. (A) Harvest index, (B) Thousand kernel
weight (g), (C) Fertility, (D) Grain yield (g), (E) Grain weight per spike (g), (F) Grain number per spike, (G) Spike length
(cm), (H) Spikelet number per spike, (I) Biomass (g), (J) Culm and leaf weight (g), (K) Plant height (cm), (L) Grain number,
(M) Flag leaf length (cm), (N) Node number and (O) Tiller number. The box plots are based on corrected data from two
seasons. Bars with the same letter are not significantly different by Tukey’s range test (p < 0.05). n = 12.
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Heat during GS3 increased flag leaf length (FLL) but not node number (NN) or tiller
number (IN). Heat during GS1 and GS2 reduced NN, and heat during GS2 reduced FLL
(Figure 4M,N) but had no significant effect on TN (Figure 40).

Principal component analysis (PCA) showed that each condition was separated, but
GS2 and GS1-3 were placed close to each other (Figure 3B). GS2 and other traits were
separated along with agronomic traits such as BM, GY, and GNS in PC1, and GS3 was
separated along with HI in PC2 (Figure 3C).

There were strong phenotypic correlations of GY with BM (r = 0.95) and GWS (0.82);
of PH with CLW (0.83) and FLL (0.85); of BM with CLW (0.93) and GN (0.91); and of
HI with TKW (0.83) (Figure 5). There were negative correlations of HI with FLL (—0.56),
and of FT with TN (—0.51). It is noteworthy that NN and HI were negatively correlated
(—0.66), though these two traits seem not to be directly related. Physiological traits related
to photosynthetic rate are also included in Figure 5 (See in Section 2.3).
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Figure 5. Heat map of correlation matrix of agricultural traits and physiological traits related to photosynthetic rate.

Correlation coefficients were calculated without separating growing conditions. The strength of the correlation is in-

dicated by the color, size, and intensity of each circle: red = positive, blue = negative; larger and darker = higher,

smaller and lighter = lower. A, photosynthetic CO, assimilation; Vcmax, the maximum carboxylation rate of rubisco;

J, the rate of photosynthetic electron transport; TPU, the triose phosphate utilization. Bar (-) indicates that the corresponding

data do not exist.
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Figure 6. Time-series transition of seed maturity every 10 days from flowering date based on fresh weight (- - -) and dry
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was applied to control p-values in multiple comparisons. The percentages indicate the proportion of dry weight at each
point calculated with an average dry weight at 50 DPA of 100%. (A) Control and (B-E) samples treated at high temperature

2.2. Effect of Heat on Seed Development

We measured both fresh and dry seed weight (FW, DW). FW of seeds on the control
plants increased up to 30 days post-anthesis (DPA) and then decreased until 50 DPA
(Figure 6A). The seeds gained 42% of the final DW between 10 and 20 DPA, and a further
16% between 30 and 40 DPA despite desiccation. This indicates that the translocation
of anabolic products continued into this period. FW equaled DW by 50 DPA with the

completion of desiccation.
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FW of seeds on plants exposed to heat during GS1 showed a similar trend to the
control (Figure 6B), but decreased between 40 and 50 DPA (Figure 6B). Heat during GS1
thus delayed the start of desiccation. This delay may cause the increase of HI, TKW, and FT
in those plants (Figure 4). As in the control, FW of seeds on plants exposed to heat during
GS2 increased till 30 DPA and began decreasing from 40 DPA (Figure 6C). Filling of seeds
continued even between 30 and 40 DPA.

In contrast, seeds of plants exposed to heat during the seed formation stage (GS3 and
GS1-3) had the highest FW and DW at 20 DPA. In this short period (10-20 DPA), the seeds
gained as much as 76% and 57%, respectively, of the final DW at 50 DPA. DW increased
till 30 DPA, but FW decreased from 20 DPA (Figure 6D,E). We attribute the decrease of HI,
TKW, and FT to this short period.

2.3. Heat Treatment at Seedling Stage Increases Carbon Assimilation Period

The above results show that heat exposure during GS1 prolongs the seed maturation
period. To understand how, we measured photosynthetic CO, assimilation (A) at 14 DPA in
plants exposed at different stages (Figure 7A). Plants exposed to heat during GS1 tended to
have a higher A than the control at 400 ppm CO, (Figure 7B). Plants exposed during GS2 had
a similar A to the control. However, plants exposed during GS3 had extremely low A: two of
the three replicates reached complete leaf senescence (Figure 2B) and the other had extremely
low A at 14 DPA. Interestingly, plants exposed to heat during GS1-3 had similar A to the
control (Figure 7A) despite the measurement of photosynthesis in the hot chamber during
GS3. This trend was apparent under high CO, concentrations, and A of plants exposed to
heat during GS1 remained higher than the control at all concentrations (Figure 8).
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Figure 7. Photosynthetic rate measured at 14 DPA. (A) A-C; curve; (B) carbon assimilation rate, (C) TPU, (D) ], and (E)
Vemax at 400 ppm COy; (F) A at 400 ppm CO; at 7 and 14 DPA (* p = 0.01). n = 3. Bars with the same letters in B-F are not
significantly different by Tukey’s range test (p < 0.05).
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Figure 8. Carbon assimilation rate at CO, concentrations of (A) 500 ppm, (B) 800 ppm, (C) 1000 ppm, (D) 1500 ppm, and (E)
2000 ppm. Letters on the bars with the same alphabet indicate not significant difference by Tukey’s range test (p < 0.05).

We calculated the triose phosphate utilization (TPU), the rate of photosynthetic elec-
tron transport (), and the maximum carboxylation rate of rubisco (Vcmax) at 400 ppm [14]
from the photosynthetic values (Figure 7C-E). TPU and | were significantly higher than
the control in the GS1 sample. All three were zero in the GS3 sample. A was significantly
lower in the control and GS3 at 14 DPA than at 7 DPA, and GS2 also showed a decreasing
trend (Figure 7F). However, GS1 and GS1-3 maintained their photosynthetic activity.

This indicates that heat during GS1 and GS2 acclimatizes the plants to heat in the early
seed maturation stage.
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There were strong positive correlations in each physiological trait related to photosyn-
thetic rate (r > 0.8). Additionally, there were strong correlations of HI with A (r = 0.79) and
Vemax (0.72) and ] (0.85) and TPU (0.86); of TKW with | (0.72) and TPU (0.71) (Figure 5).

3. Discussion
3.1. Agronomic Traits Related to GY

GY was reduced by reduction of BM, PH, and GN due to heat during GS2 and by
reduction of GWS, GNS, FT, HI, and TKW due to heat during GS3 (Figures 2 and 3). The
similar losses caused by heat during GS2 and GS3 were additive; therefore, heat during
GS1-3 had a more severe effect. Most traits were positively correlated with each other such
as PH-SLNS, but some were negatively correlated, such as HI-NN (Figure 5).

“Norin 61” has the photoperiod-insensitive Ppd-D1a allele and the semi-dwarfing
Rht-D1b allele [11]. Rht-D1b is associated with high-temperature tolerance in Europe [15].
Gibberellic acid (GA)-sensitive (Rht8, Rht12, rht), semi-dwarf (Rht-D1b) plants at a high
temperature below 36 °C at booting and anthesis stages maintained grain number per
spikelet, while severely dwarf (Rht-D1c) plants had fewer grains [16]. However, heat
stress above 36 °C eroded tolerance regardless of Rht allele. Our heat stress condition
(38 °C) may erode the regulatory system for GA sensitivity of plant height and spikelet
number regardless of Rht allele. Genetic analyses of near-isogenic wheat lines differing in
plant height on account of Ppd1 and Rht alleles showed pleiotropic effects on SLNS and
PH [17,18]. The higher correlation between PH and SLNS obtained here suggests that the
same mechanism regulates both traits (Figure 5).

Vegetative growth was strongly suppressed, leading to a reduction of BM in plants
heat stressed during GS2. Decrease in vegetative BM limits source translocation to sink
tissue during seed development. However, heat stress during GS2 down-regulated the
volume of sink tissue by decreasing SLNS. As a result, TKW remained at the control level,
and HI was improved.

Heat treatment before anthesis reduced GN [19-21]. At the double-ridge stage (the
beginning of G52), primordial spikelets begin to form in each spike [22]. A longer double-
ridge phase increases SLNS, but increasing temperature above 19 °C decreases it [23,24].
GS1 does not span this period, which may be why GN was not reduced.

Heat treatment of 101 wheat cultivars at the booting stage decreased PH by about 10%,
but that at heading and later had a much smaller effect, and a great reduction of TKW by
heat stress after heading might decrease HI [25]. Other studies reported the reduction of HI,
GY, and FT by heat stress during anthesis and grain development in wheat and rice [26,27].
We saw similar behavior here: heat during GS2 (from double ridge to heading) reduced
PH, and heat during GS3 significantly decreased HI, TKW, FT, and GY (Figure 4A-D,K).

NN had a high negative correlation with HI. Nodes in grasses play the role of hubs in
distributing nutrients taken up by the roots to various organs [28], and thus control the
efficiency of translocation to grains. The reduction of NN might have eased the control of
translocation to the grain. To confirm the control of translocation by nodes, we need to
observe the distribution of element accumulation in plants.

3.1.1. Duration of Grain Development Affected by Different Heat Stress Periods

The grains in the control treatment started desiccating at a mean of 609.9 °C-d (cumu-
lative average daily temperature) (30 DPA) and were completely desiccated at 1016.5 °C-d
(50 DPA). Those in the GS3 and GS1-3 treatments started desiccating at 593.4 °C-d (20 DPA)
and were completely desiccated at 890.1 °C-d (30 DPA) [29]. The difference suggests that
the start of desiccation depends on the accumulated average temperature during seed
development. On the other hand, GS1 and GS2 extended the desiccation phase, even
though they had the same temperature during seed development as the control (Figure
6). We consider that the timing of seed desiccation in the GS1 and GS2 treatments is
regulated by mechanisms other than the cumulative average daily temperature. Previous
research shows that the difference in the starch accumulation period between two wheat
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cultivars was regulated by a difference in abscisic acid (ABA) sensitivity at the start of
desiccation [30]. In addition, epigenetic changes due to histone methylation and acetylation
and expression changes due to retrotransposon insertion can alter the regulation of heat
priming effects of heat [31-33]. For example, a heat-activated retrotransposon, ONSEN
(ATCOPIA78), in Arabidopsis, generated a mutation of an ABA-responsive gene, leading
to ABA insensitivity [34]. These studies suggest that heat stress treatment during GS1 and
GS2 can remodel phytohormone sensitivity, thus changing seed development.

3.1.2. Heat Treatment during GS1 Primed Later Grain Development

Heat stress during GS1 increased grain development duration and improved TKW
and HI (Figure 4A,B and Figure 6). Studies of stress-related priming showed a short-term
improvement by osmo-hardening, selenium, or salicylic acid treatment of germination and
emergence in rice and a long-term improvement of yield and grain development [35-37].
Mendanha et al. [37] showed that 48 h of heat priming at the 3- or 5-leaf stage improved
GY and TKW. lizumi et al. [3] predicted that the optimal wheat sowing date under future
global warming in Sudan is about 6 days earlier than at present. Our results show that
even if earlier sowing before winter increases the risk of exposure to high temperatures,
heat stress at the seedling stage does not significantly affect yield or yield-related traits, but
rather improves seed formation.

3.1.3. Improved Senescence of GS1 Heat-Primed Plants

As well as grain-filling in GS3 heat-treated plants, leaf senescence was accelerated,
resulting in significantly reduced carbon assimilation, J, and TPU during 7 to 14 DPA (Fig-
ure 7B-E). This phenomenon is well characterized by loss of chlorophyll, low PSII activity,
and reduced electron transport [38]. Control plants also reduced assimilation between 7
and 14 DPA, which accelerated leaf senescence. On the other hand, A was not significantly
different between Control and GS1, but TPU and | had the highest values at 14 DPA in
GS1 heat-treated plants. Time-series differences also suggest that senescence was delayed
in GS1 heat-treated plants (Figure 6F). Tobacco lines with delayed senescence maintained
significantly higher | and TPU and maintained rubisco activity [39]. This suggests that
heat priming during GS1 suppresses the decrease in the final carbon assimilation rate by
maintaining rubisco activity even at 14 DPA.

GS1-3 plants maintained higher photosynthetic activity than GS3 plants, maybe owing
to acclimatization to a high temperature by exposure before the ripening stage. A decreased
less in heat-primed plants than in unprimed plants [40], indicating that primed plants
retain higher photosynthetic capacity under stress.

These behaviors may have led to the delayed senescence and prolonged starch deposi-
tion of source tissues during grain formation of GS1 plants, and ultimately contributed to
the improvement of TKW.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

The bread wheat (Triticum aestivum L.) cultivar “Norin 61” is a facultative wheat grown
in Japan and is generally used as the standard check-in breeding programs there. It is
the genetic background of the “MSD” population that we extensively used for a series of
studies of heat tolerance in Sudan [12,41,42]. The fully matured seeds were harvested in
2016 in the field of the Agricultural Research Corporation, Wad Medani, Sudan, and had a
>99% germination rate.

Plants were grown in climate chambers in which temperature, humidity, and light
were controlled as below (Espec, Japan: W 1800 mm x D 1800 mm x H 2500 mm) at
the Arid Land Research Center, Tottori University, Japan. Owing to limited space in the
chambers, plants were grown in two seasons (March-July 2019 and January-May 2020). In
the first experiment, one planter (46.5 cm x 23.7 cm x 17.5 cm) with six plants was used for
each heat treatment. In the second experiment, two planters with six plants each were used.
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A control treatment was used in both seasons to standardize experimental fluctuations.
Seeds were placed on a sheet of filter paper in Petri dishes and soaked in tap water. The
seeds were stratified at 4 °C for 7 days and incubated for germination at room temperature
for 72 h. Six 1-cm sprouts were transplanted into a planter filled with a commercial soil
mixture made of composted bark, granular clay-like mineral, pumice, peat moss, perlite,
and vermiculite (Cainz, Honjo City, Saitama, Japan). The planters were placed in the
growth chambers. In the control treatment, the air temperature was controlled at 22 °C
maximum in the daytime and 18 °C continuously at night. In the heat environments, it was
controlled at 38 °C maximum during the day and 18 °C continuously at night (Figure 1A).
The temperature shift slope was set at 4 °C per hour until these temperatures were reached.
The light duration was 14 h light and 10 h dark (Figure 1B). The relative humidity was 30%
day/50% night. The photosynthetic photon flux density was 1000 umol s~ m~2. Three
growth stages were designated: GS1, heat exposure from two-leaf to tillering (Zadoks’s
scale, Z12-719); GS2, heat exposure from budding to flowering (Z20-Z61), and GS3, from
flowering to full maturity (Z62-795) (Figure 2A) [43,44]. Plants were transferred from the
control chamber to the heating chamber during the respective periods. At the beginning
of GS3, we supplied 10 g of NPK fertilizer (MC Ferticom Co., Ltd., Chiyoda Ward, Tokyo,
Japan) containing 13% N, 16% P, and 16% K by total weight (present as water-soluble
ammonium phosphate dibasic and water-soluble potassium).

4.2. Measurement of Plant Traits

Plant height from the soil surface to the top of the spike, excluding awns, was mea-
sured as PH. The number of tillers with spikes was counted as TN. The dry weight of the
entire aboveground part was defined as BM, and that of the aboveground part without
spikes was defined as CLW. Total grain yield from one plant was defined as GY. GWS,
GNS, and SLNS were measured using five representative spikelets. HI was calculated as
GY + BM. FT was defined as GNS =- SLNS.

All six plants were measured independently in two experiments in the same condition.
Six plants in the same planter of the first and second experiments were measured separately.
After standardizing the values based on the average in the deferent experiments, the values
from the total 12 plants as the replications. PCA, heat map and barplot of agronomical traits
were created using R version 4.0.3 (https://www.R-project.org/, accessed on 5 April 2021).

To observe seed maturation, we excised seeds at 10, 20, 30, 40, and 50 DPA from the
first and second florets of the ten spikelets above four or six spikelets, which may contain
immature seeds, from the spike basal end. We measured FW immediately after collecting
immature seeds and DW after complete desiccation in an oven at 80 °C. One spike per
plant was collected from three of the six plants by random selection on each date. FW and
DW are presented as the average of the three spikes.

4.3. Gas Exchange Rate Measurements

We measured the CO; exchange rate of one flag leaf per plant selected from three of
the six plants with an LI-6800XT portable gas exchange system (Li-Cor, Lincoln, NE, USA)
at CO;, concentrations of 0, 50, 100, 200, 400, 500, 800, 1000, 1500, and 2000 ppm. The leaf
temperature was 22 °C in the control and 38 °C in the heat treatment. Other settings were
fixed: humidity, 18%; light intensity, 1000 pmol s~! m~2 with 90% red and 10% blue light
source; and flow rate, 500 umol s~!. Three biological replicates in each environment were
measured at 14 DPA. From the measurements, we plotted photosynthetic CO, assimilation
(A) and leaf intercellular CO; concentration (Ci) (A-Ci curve). Through curve fitting, we
obtained Vcmax, J, and TPU [14]. Data could not be collected from two GS3 replicates,
which had completely been senesced.

5. Conclusions

In this study, we found the stage-specific heat response in the Japanese wheat cultivar
“Norin 61”. Since the complete genome sequence of “Norin 61” was assembled, various


https://www.R-project.org/

Int. . Mol. Sci. 2021, 22, 6942 13 of 15

information is available in this wheat cultivar. To conduct advanced research in this
genetic background, many unique materials such as nested association mapping (NAM)
populations and mutant panels were developed. Additionally, we generated a diverse
wheat panel by incorporating the D genome from various Aegilops tauschii accessions into
this variety and identified unique genomic markers associated with important agronomical
traits. The findings in this study might give significant insights into the development of
heat-tolerant wheat cultivars.

Author Contributions: H.T. and Y.Y. proposed the research idea; S.M. performed all experiments;
Y.T. performed statistical analysis; S.M. wrote the manuscript with input from H.T;; Y.T,, Y.Y,, RM.,,
K.A. and H.T. critically reviewed the manuscript; H.T. supervised the research; All authors have read
and agreed to the published version of the manuscript.

Funding: This study was partly funded by the Science and Technology Research Partnership for
Sustainable Development (SATREPS, JPMJSA1805,) by JST and JICA.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors are thankful to Masako Iwashita and Ryosuke Kuramasu, Technical
Department, Tottori University, for the chamber setting.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. FAOSTAT. Available online: http:/ /www.fao.org/faostat/en/#home (accessed on 5 April 2021).

2. Asseng, S.; Foster, I.; Turner, N.C. The Impact of Temperature Variability on Wheat Yields. Glob. Chang. Biol. 2011, 17, 997-1012.
[CrossRef]

3. lizumi, T,; Ali-Babiker, I.-E.A.; Tsubo, M.; Tahir, .S.A.; Kurosaki, Y.; Kim, W.; Gorafi, Y.S.A; Idris, A.A.M.; Tsujimoto, H. Rising
Temperatures and Increasing Demand Challenge Wheat Supply in Sudan. Nat. Food 2021, 2, 19-27. [CrossRef]

4. Qu, AL;Ding, Y.F; Jiang, Q.; Zhu, C. Molecular Mechanisms of the Plant Heat Stress Response. Biochem. Biophys. Res. Commun.
2013, 432, 203-207. [CrossRef] [PubMed]

5. Abdelrahman, M.; Burritt, D.J.; Gupta, A.; Tsujimoto, H.; Tran, L.S.P.; Foyer, C. Heat Stress Effects on Source-Sink Relationships
and Metabolome Dynamics in Wheat. J. Exp. Bot. 2020, 71, 543-554. [CrossRef] [PubMed]

6.  Fischer, R.A.; Rees, D.; Sayre, K.D.; Lu, ZM.; Condon, A.G.; Larque Saavedra, A. Wheat Yield Progress Associated with Higher
Stomatal Conductance and Photosynthetic Rate, and Cooler Canopies. Crop. Sci. 1998, 38, 1467-1475. [CrossRef]

7. Stocker, T.E; Qin, D.; Plattner, G.-K.; Tignor, M.; Allen, S.K.; Boschung, J.; Nauels, A.; Xia, Y.; Bex, V.; Midgley, PM. AR5 Climate
Change 2013: The Physical Science Basis—IPCC; Cambridge University Press: Cambridge, UK, 2021; p. 1585.

8. Wahid, A,; Gelani, S.; Ashraf, M.; Foolad, M.R. Heat Tolerance in Plants: An Overview. Environ. Exp. Bot. 2007, 61, 199-223.
[CrossRef]

9.  Walkowiak, S.; Gao, L.; Monat, C.; Haberer, G.; Kassa, M.T.; Brinton, J.; Ramirez-Gonzalez, R.H.; Kolodziej, M.C.; Delorean,
E.; Thambugala, D.; et al. Multiple Wheat Genomes Reveal Global Variation in Modern Breeding. Nature 2020, 588, 277-283.
[CrossRef]

10.  Shimizu, K.K; Copetti, D.; Okada, M.; Wicker, T.; Tameshige, T.; Hatakeyama, M.; Shimizu-Inatsugi, R.; Aquino, C.; Nishimura,
K.; Kobayashi, F; et al. De Novo Genome Assembly of the Japanese Wheat Cultivar Norin 61 Highlights Functional Variation in
Flowering Time and Fusarium Resistance Genes in East Asian Genotypes. Plant Cell Physiol. 2020, 62, 8-27. [CrossRef] [PubMed]

11.  Tsujimoto, H. Gene-Mining Asian Wheat to Feed the Population in the 21st Century. Plant Cell Physiol. 2021, 62, 1-2. [CrossRef]

12.  Elbashir, A.A.E.; Gorafi, Y.S.A.; Tahir, I.S.A.; Elhashimi, A.M.A.; Abdalla, M.G.A.; Tsujimoto, H. Genetic Variation in Heat
Tolerance-Related Traits in a Population of Wheat Multiple Synthetic Derivatives. Breed. Sci. 2017, 67, 483—492. [CrossRef]

13. Elbashir, A.A.E.; Gorafi, Y.5.A.; Tahir, L.S.A.; Kim, ].-S.; Tsujimoto, H. Wheat Multiple Synthetic Derivatives: A New Source for
Heat Stress Tolerance Adaptive Traits. Breed. Sci. 2017, 67, 248-256. [CrossRef]

14. Sharkey, T.D.; Bernacchi, C.J.; Farquhar, G.D.; Singsaas, E.L. Fitting Photosynthetic Carbon Dioxide Response Curves for C3
Leaves. Plant Cell Environ. 2007, 30, 1035-1040. [CrossRef]

15. Barber, HM.; Lukac, M.; Simmonds, J.; Semenov, M.A.; Gooding, M.]. Temporally and Genetically Discrete Periods of Wheat
Sensitivity to High Temperature. Front. Plant Sci. 2017, 8, 51. [CrossRef]

16.  Alghabari, F.; Lukac, M.; Jones, H.E.; Gooding, M.J. Effect of Rht Alleles on the Tolerance of Wheat Grain Set to High Temperature

and Drought Stress During Booting and Anthesis. . Agron. Crop Sci. 2014, 200, 36-45. [CrossRef]


http://www.fao.org/faostat/en/#home
http://doi.org/10.1111/j.1365-2486.2010.02262.x
http://doi.org/10.1038/s43016-020-00214-4
http://doi.org/10.1016/j.bbrc.2013.01.104
http://www.ncbi.nlm.nih.gov/pubmed/23395681
http://doi.org/10.1093/jxb/erz296
http://www.ncbi.nlm.nih.gov/pubmed/31232445
http://doi.org/10.2135/cropsci1998.0011183X003800060011x
http://doi.org/10.1016/j.envexpbot.2007.05.011
http://doi.org/10.1038/s41586-020-2961-x
http://doi.org/10.1093/pcp/pcaa152
http://www.ncbi.nlm.nih.gov/pubmed/33244607
http://doi.org/10.1093/pcp/pcaa158
http://doi.org/10.1270/jsbbs.17048
http://doi.org/10.1270/jsbbs.16204
http://doi.org/10.1111/j.1365-3040.2007.01710.x
http://doi.org/10.3389/fpls.2017.00051
http://doi.org/10.1111/jac.12038

Int. . Mol. Sci. 2021, 22, 6942 14 of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Worland, A.].; Borner, A.; Korzun, V.; Li, WM.; Petrovic, S.; Sayers, E.J. The Influence of Photoperiod Genes on the Adaptability
of European Winter Wheats. Euphytica 1998, 100, 385-394. [CrossRef]

Matsuyama, H.; Fujita, M.; Masako, S.; Hisayo, K.; Shimazaki, Y.; Matsunaka, H.; Chono, M.; Hatta, K.; Kubo, K.; Takayama, T.;
et al. Growth and Yield Properties of Near-Isogenic Wheat Lines Carrying Different Photoperiodic Response Genes. Plant Prod.
Sci. 2015, 18, 57-68. [CrossRef]

Fischer, R.A. Number of Kernels in Wheat Crops and the Influence of Solar Radiation and Temperature. ]. Agric. Sci. 1985, 105,
447-461. [CrossRef]

Wheeler, T.R.; Hong, T.D.; Ellis, R.H.; Batts, G.R.; Morison, ].L.L.; Hadley, P. The Duration and Rate of Grain Growth, and Harvest
Index, of Wheat (Triticum aestivum L.) in Response to Temperature and CO,. J. Exp. Bot. 1996, 47, 623-630. [CrossRef]

Wheeler, TR ; Batts, G.R.; Ellis, R.H.; Hadley, P.; Morison, J.I.L. Growth and Yield of Winter Wheat (Triticum aestivum) Crops in
Response to CO2 and Temperature. J. Agric. Sci. 1996, 127, 37-48. [CrossRef]

Hyles, J.; Bloomfield, M.T.; Hunt, J.R.; Trethowan, R.M.; Trevaskis, B. Phenology and Related Traits for Wheat Adaptation.
Heredity 2020, 125, 417-430. [CrossRef]

Rawson, HM. An Upper Limit for Spikelet Number per Ear in Wheat as Controlled by Photoperiod. Aust. J. Agric. Res. 1971, 22,
537-546. [CrossRef]

Slafer, G.A.; Rawson, H.M. Does Temperature Affect Final Numbers of Primordia in Wheat? Field Crop. Res. 1994, 39, 111-117.
[CrossRef]

Balla, K.; Karsai, 1.; Bonis, P; Kiss, T.; Berki, Z.; Horvath, A.; Mayer, M.; Bencze, S.; Veisz, O. Heat Stress Responses in a Large Set
of Winter Wheat Cultivars (Triticum aestivum L.) Depend on the Timing and Duration of Stress. PLoS ONE 2019, 14, e0222639.
[CrossRef] [PubMed]

Ferris, R.; Ellis, R.H.; Wheeler, T.R.; Hadley, P. Effect of High Temperature Stress at Anthesis on Grain Yield and Biomass of
Field-Grown Crops of Wheat. Ann. Bot. 1998, 82, 631-639. [CrossRef]

Hasegawa, T.; Kuwagata, T.; Yoshimoto, M.; Fukuoka, M.; Ishimaru, T.; Kondo, M. Spikelet Sterility of Rice Observed in the
Record Hot Summer of 2007 and the Factors Associated with Its Variation. J. Agric. Meteorol. 2011, 67, 225-232. [CrossRef]
Yamaji, N.; Ma, ].F. The Node, a Hub for Mineral Nutrient Distribution in Graminaceous Plants. Trends Plant Sci. 2014, 19, 556-563.
[CrossRef]

Soltani, A.; Sinclair, T.R. Modeling Physiology of Crop Development, Growth and Yield; CABI: Wallingford, UK, 2012; ISBN
9781845939700.

Yamasaki, Y.; Gao, F; Jordan, M.C.; Ayele, B.T. Seed Maturation Associated Transcriptional Programs and Regulatory Networks
Underlying Genotypic Difference in Seed Dormancy and Size/Weight in Wheat (Triticum aestivum L.). BMC Plant Biol. 2017, 17,
154. [CrossRef] [PubMed]

Wang, X.; Xin, C.; Cai, J.; Zhou, Q.; Dai, T.; Cao, W,; Jiang, D. Heat Priming Induces Trans-Generational Tolerance to High
Temperature Stress in Wheat. Front. Plant Sci. 2016, 7, 501. [CrossRef] [PubMed]

Hu, Z.; Song, N.; Zheng, M.; Liu, X,; Liu, Z.; Xing, J.; Ma, J.; Guo, W.; Yao, Y.; Peng, H.; et al. Histone Acetyltransferase GCN5
Is Essential for Heat Stress-Responsive Gene Activation and Thermotolerance in Arabidopsis. Plant ]. 2015, 84, 1178-1191.
[CrossRef]

Ito, H.; Gaubert, H.; Bucher, E.; Mirouze, M.; Vaillant, I.; Paszkowski, J. An SIRNA Pathway Prevents Transgenerational
Retrotransposition in Plants Subjected to Stress. Nature 2011, 472, 115-120. [CrossRef]

Ito, H.; Kim, ].M.; Matsunaga, W.; Saze, H.; Matsui, A.; Endo, T.A.; Harukawa, Y.; Takagi, H.; Yaegashi, H.; Masuta, Y.; et al.
A Stress-Activated Transposon in Arabidopsis Induces Transgenerational Abscisic Acid Insensitivity. Sci. Rep. 2016, 6, 1-12.
[CrossRef]

Farooq, M.; Barsa, S.M.A.; Wahid, A. Priming of Field-Sown Rice Seed Enhances Germination, Seedling Establishment, Allometry
and Yield. Plant Growth Regul. 2006, 49, 285-294. [CrossRef]

Wang, W.; Chen, Q.; Hussain, S.; Mei, ].; Dong, H.; Peng, S.; Huang, J.; Cui, K.; Nie, L. Pre-Sowing Seed Treatments in Direct-
Seeded Early Rice: Consequences for Emergence, Seedling Growth and Associated Metabolic Events under Chilling Stress. Sci.
Rep. 2016, 6, 1-10. [CrossRef]

Mendanha, T.; Rosenqvist, E.; Hyldgaard, B.; Ottosen, C.O. Heat Priming Effects on Anthesis Heat Stress in Wheat Cultivars
(Triticum aestivum L.) with Contrasting Tolerance to Heat Stress. Plant Physiol. Biochem. 2018, 132, 213-221. [CrossRef] [PubMed]
Harding, S.A.; Guikema, J.A.; Paulsen, G.M. Photosynthetic Decline from High Temperature Stress during Maturation of Wheat:
I. Interaction with Senescence Processes. Plant Physiol. 1990, 92, 648-653. [CrossRef] [PubMed]

Rivero, R.M.; Shulaev, V.; Blumwald, E. Cytokinin-Dependent Photorespiration and the Protection of Photosynthesis during
Water Deficit. Plant Physiol. 2009, 150, 1530-1540. [CrossRef] [PubMed]

Fan, Y,; Ma, C.; Huang, Z.; Abid, M,; Jiang, S.; Dai, T.; Zhang, W.; Ma, S.; Jiang, D.; Han, x. Heat Priming during Early Reproductive
Stages Enhances Thermo-Tolerance to Post-Anthesis Heat Stress via Improving Photosynthesis and Plant Productivity in Winter
Wheat (Triticum aestivum L.). Front. Plant Sci. 2018, 9, 1-17. [CrossRef]

Gorafi, Y.S.A,; Kim, ].S.; Elbashir, A.A.E.; Tsujimoto, H. A Population of Wheat Multiple Synthetic Derivatives: An Effective
Platform to Explore, Harness and Utilize Genetic Diversity of Aegilops tauschii for Wheat Improvement. Theor. Appl. Genet. 2018,
131, 1615-1626. [CrossRef]


http://doi.org/10.1023/A:1018327700985
http://doi.org/10.1626/pps.18.57
http://doi.org/10.1017/S0021859600056495
http://doi.org/10.1093/jxb/47.5.623
http://doi.org/10.1017/S0021859600077352
http://doi.org/10.1038/s41437-020-0320-1
http://doi.org/10.1071/AR9710537
http://doi.org/10.1016/0378-4290(94)90013-2
http://doi.org/10.1371/journal.pone.0222639
http://www.ncbi.nlm.nih.gov/pubmed/31539409
http://doi.org/10.1006/anbo.1998.0740
http://doi.org/10.2480/agrmet.67.4.3
http://doi.org/10.1016/j.tplants.2014.05.007
http://doi.org/10.1186/s12870-017-1104-5
http://www.ncbi.nlm.nih.gov/pubmed/28915785
http://doi.org/10.3389/fpls.2016.00501
http://www.ncbi.nlm.nih.gov/pubmed/27148324
http://doi.org/10.1111/tpj.13076
http://doi.org/10.1038/nature09861
http://doi.org/10.1038/srep23181
http://doi.org/10.1007/s10725-006-9138-y
http://doi.org/10.1038/srep19637
http://doi.org/10.1016/j.plaphy.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30216779
http://doi.org/10.1104/pp.92.3.648
http://www.ncbi.nlm.nih.gov/pubmed/16667329
http://doi.org/10.1104/pp.109.139378
http://www.ncbi.nlm.nih.gov/pubmed/19411371
http://doi.org/10.3389/fpls.2018.00805
http://doi.org/10.1007/s00122-018-3102-x

Int. . Mol. Sci. 2021, 22, 6942 15 of 15

42.

43.

44.

Itam, M.; Abdelrahman, M.; Yamasaki, Y.; Mega, R.; Gorafi, Y.; Akashi, K.; Tsujimoto, H. Aegilops tauschii Introgressions Improve
Physio-Biochemical Traits and Metabolite Plasticity in Bread Wheat under Drought Stress. Agronomy 2020, 10, 1588. [CrossRef]

Acevedo, E; Silva, P; Silva, H. Wheat Growth and Physiology; Curtis, B.C., Rajaram, S., Gémez Macpherson, H., Eds.; FAO Plant
Production and Protection Series No. 30; Food and Agriculture Organization of the United Nations: Rome, Italy, 2002; pp. 1-31;
ISBN 92-5-104809-6.

Zadoks, ].C.; Chang, T.T.; Konzak, C.F. A Decimal Code for the Growth Stages of Cereals. Weed Res. 1974, 14, 415-421. [CrossRef]


http://doi.org/10.3390/agronomy10101588
http://doi.org/10.1111/j.1365-3180.1974.tb01084.x

	Introduction 
	Results 
	Stage-Specific Response to Heat on Grain Yield 
	Effect of Heat on Seed Development 
	Heat Treatment at Seedling Stage Increases Carbon Assimilation Period 

	Discussion 
	Agronomic Traits Related to GY 
	Duration of Grain Development Affected by Different Heat Stress Periods 
	Heat Treatment during GS1 Primed Later Grain Development 
	Improved Senescence of GS1 Heat-Primed Plants 


	Materials and Methods 
	Plant Material and Growth Conditions 
	Measurement of Plant Traits 
	Gas Exchange Rate Measurements 

	Conclusions 
	References

