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Abstract: Light, temperature, water, and fertilizer are arguably the most important environmental
factors regulating crop growth and productivity. Environmental stimuli, including low light, extreme
temperatures, and water stresses caused by climate change, affect crop growth and production
and pose a growing threat to sustainable agriculture. Furthermore, soil salinity is another major
environmental constraint affecting crop growth and threatening global food security. The grain filling
stage is the final stage of growth and is also the most important stage in cereals, directly determining
the grain weight and final yield. However, the grain filling process is extremely vulnerable to different
environmental stimuli, especially for inferior spikelets. Given the importance of grain filling in cereals
and the deterioration of environmental problems, understanding environmental stimuli and their
effects on grain filling constitutes a major focus of crop research. In recent years, significant advances
made in this field have led to a good description of the intricate mechanisms by which different
environmental stimuli regulate grain filling, as well as approaches to adapt cereals to changing climate
conditions and to give them better grain filling. In this review, the current environmental stimuli,
their dose-response effect on grain filling, and the physiological and molecular mechanisms involved
are discussed. Furthermore, what we can do to help cereal crops adapt to environmental stimuli is
elaborated. Overall, we call for future research to delve deeper into the gene function-related research
and the commercialization of gene-edited crops. Meanwhile, smart agriculture is the development
trend of the future agriculture under environmental stimuli.
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1. Introduction

Rice (Oryza sativa L.), maize (Zea mays L.), wheat (Triticum aestivum L.), barley (Hordeum
vulgare L.), and sorghum (Sorghum bicolor L.) are important cereal crops in most countries,
and they contribute over 50% of the world’s total production of cereals in millions of
tonnes [1]. As the number of people and livestock continues to increase, the demand
for food production has already outweighed cereal yield [2]. Grain filling refers to the
processes of cell proliferation and cell expansion, as well as the processes of photoassimilate
interconversion and starch accumulation. Grain filling, as the final stage of growth and also
the most important stage in cereals’ life cycles, directly determines the grain weight, grain
composition, and therefore quality and final yield [3-5].

Agriculture is one of the most vulnerable sectors to changes in the climate and is
inherently sensitive to climate conditions; therefore, agricultural production is easily af-
fected by climate variability [6]. For the growth process of cereal crops, grain filling is the
most sensitive stage to climate variability, which influences the qualitative and quantitative
traits of the final yield. The grain filling rate, grain filling percentage, grain weight, and
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grain quality are significantly limited by deterioration of the agricultural environment. The
factors affecting grain filling are low light, extreme temperatures, drought, flooding, and
soil salinity [7-12]. Therefore, minimizing the agricultural losses caused by the changing
climate is urgent and has become a major global concern to ensure food security.

There are two main sources of carbon during grain filling in cereals. One is current
carbohydrate production driven by photosynthesis and transported directly to the grain; the
other is assimilates redistributed from reserve pools in vegetative tissues [13,14]. Therefore,
both carbon sources are affected and hindered by environmental stimuli. Drought and heat
stress can reduce the accumulation of certain seed components, mainly starch and proteins,
by suppression of enzymatic reactions (starch and protein synthesis); in this way, these
factors have a strong influence on grain weight and quality [5]. Like drought and heat
stress, soil saline—alkali stress causes grain yield reduction mainly due to the limitation of
carbohydrate production and inhibition of activities of starch-synthesis-related enzymes
in grains [15,16]. Low light stress significantly reduces the photosynthetic rate, leading to
the inhibition of carbon metabolism in crops [17]. In addition, recent studies showed that
light is implicated in the regulation of starch synthesis in grains [18]. In the case of nitrogen
fertilizers, too much or too little nitrogen can have negative effects on grain filling. Too
much nitrogen results in unfavorably delayed senescence and poor grain filling, resulting
in a low grain weight and yield constraints. Conversely, a moderate nitrogen application
will balance grain filling between superior and inferior spikelets, thereby improving the
grain weight of both superior and inferior spikelets [19]. Mild soil drying can also enhance
plant senescence and faster and better remobilization of carbon from reserve pools to grains,
leading to faster grain filling of both superior and inferior spikelets [3]. It can be concluded
that these factors are multi-faceted and complicated in regulating grain filling.

The physiological and molecular mechanisms of grain filling have been studied inten-
sively in recent years, especially under different environmental stimuli. In this work, we
describe the current status of the agricultural environment and stress dose-response effect
on grain filling in cereals. We also illustrate how environmental stimuli, including low
light, extreme temperatures, drought, fertilizers, and saline-alkali conditions, impact grain
filling. At the end of this review, we give some advice in response to these environmental
stimuli. We hope that these efforts will provide useful information for researchers and
breeders to develop stress-tolerant crops and high-efficiency cultivation in the future.

2. Environmental Stimuli Influence Grain Filling in Cereals
2.1. Agricultural Production Is Taking on Challenges Imposed by Global Environmental Change

An adequate environment is required for normal plant growth. However, the agricul-
tural environment and ecosystems are changing, creating challenges in the development
of agricultural production. Environmental stimuli and their results are even more severe
during grain filling (Figure 1).

2.1.1. Light

Light is an essential environmental factor that impacts plant morphogenesis and
photosynthetic rate and regulates carbon metabolism in plants [9,18,20]. However, low
light caused by global dimming and environmental pollution has become a growing
worldwide phenomenon over the last few decades [21,22]. According to the United Nations
Intergovernmental Panel on Climate Change (IPCC), the global radiation reaching the
Earth’s surface increased by 1.3% on average per decade from 1960 to 2000 [23]. Worse still,
there has been a decline of more than 6% per decade in most parts of China [24]. Moreover,
a decreasing trend has also been observed in India and Southeast Asian countries, where
a decrease in irradiation of up to 40% to 60% is experienced during the wet season. Low
light intensity usually causes about 50% yield loss [25,26].
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2.1.2. Temperature

Extreme temperatures (heatwaves and low temperature) are one of the major chal-
lenges of climate change to agriculture and food security, increasing the risk of large-scale
crop failure [10,27,28]. Globally, hot temperature extremes have rapidly increased in distri-
bution, number, and size over the past several decades [29,30]. Further, hot temperature
extremes have been increasing continuously, and this upward trend shows a larger ten-
dency for the highest extreme events during the so-called hiatus of global warming [31].
This causes yield and quality declines, such as in the case of a wide-spread severe heat event
during the grain filling stage in many counties of South China in 2003 and 2013 [32,33]. In
recent years, during the flowering period of single-season rice, temperatures have been
reported to higher than 35 °C and last for over 20 days [34]. Similarly, low temperature
(freezing or chilling temperatures) is another significant environmental factor that can
severely impact crop yields and limit crop production in temperate and high-altitude
areas [35]; such temperatures are frequently expected in high-altitude areas and during
early spring [36,37].

2.1.3. Water

Water is critical to all stages of crop development that limit crop growth and reduce
their yield [38]. Nevertheless, flooding and extreme drought have occurred frequently in re-
cent years [12,39,40]. Drought and excessive rainfall were the first and second largest causes
of maize production loss in the United States from 1989 to 2016 [41]. Low temperature
and overcast weather generally appear together, while drought often occurs together with
high temperature. Such types of compound extreme events induce aggravated impacts on
agricultural production.

2.1.4. Soil

Soil is an important medium in which crops survive and grow. However, the quality of
cultivated soil is particularly concerning. Soil problems, such as soil nutrient loss [42], soil
acidity [43], soil salinization [8], and heavy metal pollution [44] threaten national food secu-
rity; they are also worsening with climate change and unsustainable cultivation practices.
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Figure 1. Environmental stimuli and cereal response during grain filling. Cereals are continuously
exposed to different environmental stimuli (e.g., light, heat, cold, drought, and soil salinity) above- and
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belowground. Stress dose-response relationships in grain filling are categorized based on their
responses to the stress dose level into linear nonthreshold stress response, threshold stress response,
and hormesis stress response [45,46]. The dashed line indicates the control. This figure was created
with the help of Figdraw (www.home-for-researchers.com, accessed on 1 November 2022).

2.2. Stress Dose—Response Relationships in Grain Filling

It is generally believed that the process of grain filling is synergically determined
by genetic and environmental factors, in which the latter are the key factors [3,47]. Fully
understanding the responses of grain filling under environmental stimuli might provide key
solutions to problems in agricultural production under unfavorable environments (Table 1).

Light, temperature, water, and fertilizer are the main environmental factors and have
adverse effects on grain filling, especially on inferior grains (Figure 1; Table 1). Superior
grains located on apical primary branches usually flower earlier and produce larger and
heavier grains, while inferior grains located on the proximal secondary branches are
pollinated later and generate smaller grains [48]. Compared with superior grains, inferior
grains need more time and energy for grain filling. It is for these reasons that inferior
grains are more sensitive to environmental stimuli (Figure 1) [49]. For example, low
light and shading inhibit starch synthesis in grains and thereby lead to poor grain filling,
particularly for the bottom part of the panicle [18,50]. Overuse of chemical fertilizer
(especially nitrogen fertilizer) highly influences the grain filling rate and quality of rice
grains [19,51]. Heat stress and water deficit stress reduce the grain weight through a
reduction in grain growth duration and grain growth rate, which is more serious in inferior
grains [27,52-55]. However, mild soil drying can enhance whole-plant senescence, lead
to the remobilization and transfer of assimilates pre-stored in vegetative tissues to grains,
increasing the grain filling rate and grain weight of inferior spikelets [3,56,57]. Poor grain
filling caused by saline—alkali stress is another key reason for yield loss in many rice
cultivars [15,16]. The inhibitory effect by NaCl is also greater in basal spikelets than in
apical spikelets [15]. These effects on inferior grain caused by environmental stimuli
notably vary from year to year and lead to variations in the grain weight of cereals. It is
therefore important to enhance inferior grain yield in adverse environments to improve
and stabilize yield.

Table 1. Cereal responses to environmental stimuli during grain filling.

Stress Type Species Name Dose/Concentration Results/Impacts References
Low light intensity, low Gs (stomatal
conductance) and chlorophyll content, and
100%, 40%, and 10% natural light damage to the ultrastructure of the chloroplast
were applied for 1, 3,5, and 7 days  and photosynthetic system. The grain number
Low light Wheat during the young microspore stage  in Henong825 and Kenong9204 was reduced by  [17]
of two wheat cultivars 3.6-33.3% and by 14.2-72.7%, respectively. The
(Henong825, Kenong9204). leaf photosynthetic rate (Pn) in Henong825 and
Kenong9204 was reduced by
4.5-93.9% and 26.4-99.0%.
Low light resulted in decreased activity of
ADP-glucose pyrophosphorylase (AGPase),
Control and 53% low light stress sucrose synthase (SuS), soluble starch synthase
. . (covered by a layer of white cotton  (SS), granule-bound starch synthase (GBSS),
Low light Rice yarn screer}:s) frgm and s%arch branching enzymz (SBE), eventually [18]
flowering to maturity. leading to reduced maximum and mean grain
filling rates. Inferior grains were more severely
affected than superior grains.
Heat stress caused by different Heat stress reduced both the grain growth
sowing periods. The late-sown duration and the grain growth rate. Starch and
Heat stress Wheat crop experienced 6 &= 8 °C warmer  protein synthesis were more thermotolerant in 52]

temperatures during grain
development than the crop sown
at the normal time.

developing grains of the heat-tolerant variety
(Hindi62) than in those of the
heat-sensitive variety (PBW154).
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Table 1. Cont.

Stress Type

Species Name

Dose/Concentration

Results/Impacts

References

High temperature
stress

Heat stress

Water stress

Water deficit stress

Water deficit stress

Nitrogen treatment

Excessive nitrogen

treatment

Salt stress

Saline-alkali stress

Wheat

Maize

Rice

Rice

Wheat

Rice

Rice

Rice

Rice

Moved pots to an artificial
intelligence greenhouse with daily
average temperatures of 25, 30, 35,
and 40 °C during different grain
filling periods.

Plants were moved to a
greenhouse for heat stress
treatment (35.0 °C in the day) after
artificial pollination.

Drought stress with different soil
water levels at the jointing-booting
stage was set as the whole-plot
factor with three levels: mild
drought stress (—10 kPa),
moderate drought stress (—25 kPa),
and severe drought

stress (—40 kPa).

From 9 days after anthesis to
maturity, two levels of soil water
potential (well-watered, WW =0
MPa; water deficit stressed,

WS = —0.05 MPa) were

imposed on plants.

From 9 days after anthesis to
maturity, three levels of soil water
potential (well-watered, WW =
—0.02 MPa; moderate water deficit,
MD = —0.04 MPa; severe water
deficit, SD = —0.06 MPa) were
imposed on plants.

Three nitrogen treatments, applied
at the stage of panicle initiation or
spikelet differentiation or both,
were adopted with no N
application during the mid-season
as a control.

Normal nitrogen (NN) and high
nitrogen (HN) application rates
were 120 kg N ha~! and 240 kg N
ha~! in the form of urea in a
paddy field.

Application of 0.75% NaCl to a
salt-sensitive rice cultivar at
late booting

Saline—alkali stress (0.6% sea salt
solution, pH 7.5 & 0.3) was started
from 6 to 30 days after anthesis by
using sundried sea salt dissolved
in tap water before treatment and
was maintained at a water depth
of 5-8 cm.

High temperature stress during grain filling
decreased the duration of grain filling and
grain weight, which increased the grain protein
content relatively. Heat damage led to a lower
quality of grain protein in wheat.

Grain weight and starch deposition were
suppressed by heat stress due to the decreased
activities of enzymes involved in starch
synthesis, and the increased protein content
was due to the enhanced activity of

glutamate synthase.

Drought stress significantly reduced dry matter
accumulation in the stems and leaves. Mild
and moderate drought increased dry matter
translocation efficiency. The decrease in dry
matter translocation after anthesis directly
caused a change in the grain-filling strategy.
The grain-filling rate decreased significantly
with an increase in the drought stress.

WS enhanced remobilization of carbon from
reserve pools to grains, increased the harvest
index, shortened the grain filling period, and
increased the grain filling rate at normal and
high nitrogen levels.

MD enhanced senescence by accelerating the
loss of leaf nitrogen and chlorophyll and
increasing lipid peroxidation. Soil drying
shortened the grain filling period, but the grain
filling rate was substantially increased by MD
and SD treatments.

Nitrogen application at the spikelet
differentiation stage significantly increased
NSC per spikelet at the heading time, sink
strength, grain filling rate, and grain weight of
inferior spikelets in super rice, whereas N
application at the panicle initiation stage or at
both the panicle initiation and spikelet
differentiation stages significantly

reduced these.

Excessive nitrogen application reduced the
grain filling rate and grain weight of inferior
spikelets but not those of superior spikelets by
suppressing the accumulation of starch.

Spikelets per panicle and the percentage of
filled grain decreased significantly in response
to NaCl application. Application of 0.75% NaCl
to a salt-sensitive rice cultivar at late booting
resulted in a >20% yield loss, and the inhibitory
effect on grain filling was greater in basal than
in apical spikelets.

Saline-alkali stress significantly reduced the
grain weight by decreasing the accumulation of
starch and NSC in grains.

[58]

[59]

[55]

[60]

[61,62]

[19]

[15]

[16]

There are a variety of dose-response models, mainly including the linear non-threshold

stress response model, threshold stress response model, and hormesis stress response model
(Figure 1) [46,64,65]. The former two have long dominated the field of dose-response
research, while the latter one was brought into mainstream research more recently [46].
Most of the environmental stress dose-response relationships relating to grain filling belong
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to the linear non-threshold stress responses and threshold stress responses (Figure 1). At
high doses beyond the threshold, adverse effects appear, including low grain filling rates,
poorly filled grains, and reduced crop yield and quality. There are, of course, exceptions.
Water stress shows a hormesis stress response. Severe drought limits crop production and
reduces the yield and quality of cereals [53,55], while moderate soil drying was found to
induce hormesis. Mild soil drying without affecting photosynthesis can enhance whole-
plant senescence, leading to an increased grain filling rate and grain weight [3,56,57].
Furthermore, alternate wetting and moderate soil drying significantly increased grain
weight and grain yield while reducing chalky grains and chalkiness degree under high
temperature [66,67].

3. Physiological, Molecular, and Biochemical Basis of Grain Filling Triggered by
Environmental Factors

Environmental factors are contributory factors that determine grain filling (Table 1).
Much is now known about the environmental factors that play important roles in grain
filling and about how these environmental factors act in grain filling.

3.1. Light as an Important Factor That Maintains the Activity of Starch Synthesis Enzymes
in Kernels

Light affects plant morphogenesis and regulates the carbon metabolism of crops by
influencing the photosynthetic rate, providing the necessary energy and organic building
blocks for almost all living beings on planet Earth. Low light during the developmental
stage substantially decreases leaf Pn, Gs, and chlorophyll content and hinders carbon
assimilation [17]. Another study also indicated that low light limits the diffusion of carbon
dioxide from the atmosphere into the leaves, resulting in reductions in Gs and Pn [68].
Over 90% of crop biomass is derived from photosynthetic products [69], stored in the stem
and leaves, and finally transported into the kernels to form starch [3].

Furthermore, light and the activities of enzymes involved in regulating starch synthesis
were shown to be relevant. Low light stress reduces the activities of GBSS and SBE during
grain filling, resulting in reduced starch accumulation, as well as a reduction in yield [70].
Most recently, it was proved that low light stress significantly decreases the activity of
AGPase, SuS, and SS at the early grain filling stage. Moreover, the activities of GBSS and
SBE are also suppressed in the late period of grain filling, leading to slower grain filling and
poorer grain fullness [18]. Therefore, low light not only interferes with the photosynthate
supply for grain filling but also decreases starch-synthesis-related activity, thus having
compounding effects on grain filling.

3.2. Temperature: Moderation Is Best

The optimum daily temperature for grain filling ranges from 22 to 27 °C for rice [71]
and from 17 to 23 °C for wheat [54]; temperatures outside of these ranges have negative
effects on grain filling.

On the one hand, extreme temperatures decrease the overall photosynthetic rate and
reduce carbohydrate accumulation [72]. Ribulose-1,5-bisphosphate carboxylase/oxygenase
acts as a key enzyme in regulating photosynthesis response to heat and low temperature
stress [73,74]. Extreme temperatures lead to the blocked synthesis of photosynthetic pig-
ments and membrane disruption, thus inhibiting the activities of enzymes and destroying
photosynthetic systems [75,76]. Furthermore, high and low temperature stress significantly
reduce the leaf area in rice [77] and wheat [78]. Ultimately, extreme temperatures reduce
both the photosynthesis rate and carbohydrate accumulation. On the other hand, extreme
temperatures decrease the key enzymes for starch synthesis, including AGPase, SS, SuS,
GBSS, and SBE [79,80], resulting in chalkiness of the rice grain and reduced starch ac-
cumulation, especially under high night time temperatures after anthesis [81]. In maize
grains, heat stress could interfere with sucrose degradation to hexose and reduce starch
biosynthesis in the endosperm by reducing vacuolar invertase activity [82].
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According to a study by Yamakawa et al. [83], under high temperatures, the down-
regulation of several genes for starch or storage protein synthesis and up-regulation of
genes for starch-degrading «-amylases are the main reasons for the inhibition of starch
accumulation and chalkiness of the rice grain. The soluble starch synthase I (SSI) gene is
important for amylopectin synthesis, while overexpression of the rice SSI gene in transgenic
wheat can significantly improve wheat productivity under heat stress, with the thousand-
kernel weight increased 21-34% compared with that of control plants [84]. OsbZIP58 could
bind to promoters of and regulate the expression of storage compound synthesis genes,
including OsAGPL3, Wx, OsSSlla, SBE1, OsBEIIb, a-globulin, and ISA2 [85,86]. OsbZIP583
with lower transcript activity by alternative splicing was induced by high temperature,
resulting in floury and shrunken endosperms and dramatically reduced storage materials
in the seeds [87]. Furthermore, impeded sucrose transportation might contribute to grain
weight reduction and grain chalkiness. Seed-specific NAM/ATAF/CUC (NAC) domain
transcription factors, ONAC127 and ONAC129, are responsive to heat stress and regulate
grain filling by binding promoters of and regulating the expression of sugar transporters
OsMST6 and OsSWEET4 [88]. OsSUT1 encodes a rice sucrose transport protein that is
highly expressed in developing grain, and antisense suppression of SUT1 decreased the
grain weight in the transgenic rice plant [89]. The expression of SUT1 was down-regulated
by high-temperature ripening, suggesting that high temperature may influence grain filling
by affecting sucrose transportation.

3.3. Water Conditions: Signal for Carbohydrate Remobilization

Water is essential for plant growth and is the most limiting factor for plant growth
and reproduction. Periods of water demand in cereals vary in their timing and intensity,
but available water is critical during grain filling [90]. However, water conditions are a
double-edged sword for grain filling. On the one hand, water stress occurring during
early grain development reduces the number of endosperm cells and amyloplasts formed,
thus curtailing the kernel sink potential and reducing the capacity for starch accumulation,
finally leading to a reduction in grain weight [91,92]. On the other hand, mild soil drying
after anthesis can significantly promote grain filling in many crops, such as rice and wheat.
This is achieved primarily by increasing the remobilization of nonstructural carbohydrates
(NSC) from the vegetative tissues to the grain and accelerating the grain filling rate by
enhancing the activities of key enzymes in the sucrose-to-starch catalytic pathway. The
physiological mechanisms of grain filling of cereals under soil drying were reviewed in our
previous review paper [3,93].

In recent years, the molecular basis of grain filling induced by moderate water stress
has been investigated, and most importantly, several key genes and their regulatory net-
works were identified [56,94-98]. In the stem, the expression of proteins involved in starch
degradation and the sucrose re-synthesis pathway was enhanced by moderate soil drying,
including -glucosidase and starch phosphorylase (SPS8 and SPP1). In addition, some
transporters related to carbon reserve remobilization, like monosaccharide transporters and
sucrose transporters, were also upregulated in the stem under moderate soil drying [99].
Sugars Will Eventually Be Exported Transporter6b (SWEET6D), an essential gene in car-
bon reserve remobilization in rice stems and grains, was demonstrated to be more highly
methylated with elevated transcript levels under moderate soil drying [95]. Most recently,
a field experiment demonstrated that post-anthesis mild soil drying can enhance source-to-
sink remobilization of nitrogen and synergistically increase grain yield and nitrogen use
efficiency via redistributing cytokinin (CK) from source to sink in rice [98].

Apart from the regulation of gene expression in the stem, the activities of the enzymes
and the expression of the genes involved in hormone concentrations/ratios and the sucrose—
starch metabolic pathway in the grains under mild soil drying also contribute to grain filling.
Plant hormones, such as abscisic acid (ABA), gibberellic acids (GA), auxin (IAA), and CK,
are involved in controlling grain filling in rice and wheat under soil drying [56,100]. Most
recently, our results showed that downregulation of the gene OsABA8ox2 under moderate
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soil drying resulted in increased ABA content in the inferior spikelets, leading to increased
enzyme activities and being responsible for the conversion of sucrose into starch [56,94].
Meanwhile, the IAA biosynthesis genes OsYUC11 and OsTAR2 were upregulated by
moderate soil drying and exogenous ABA application, leading to elevated IAA content
in the inferior spikelets. All the results above suggest that the synergistic interaction of
ABA-mediated accumulation of IAA promotes grain filling of inferior spikelets under
moderate soil drying [56]. The dynamic expression of various miRNAs during grain
filling suggests the involvement of miRNA in regulating this fundamental process [101].
Many miRNAs are differentially expressed under moderate soil drying treatment, some of
which have been reported to function in regulating grain size and grain weight. Notably,
three miRNA target pathways—the miR1861-OsSBDCP1-OsSSIlla pathway, miR397-OsLAC
module, and miR1432-OsACOT pathway—regulate grain filling in inferior spikelets of rice
by both starch synthesis and phytohormone biosynthesis under mild soil drying [96]. Like
miRNAs, alternative splicing (AS), another post-transcriptional regulation mechanism, was
identified in inferior spikelets under moderate soil drying treatment. Some of the splicing
factors and starch-synthesis-related genes, like SR protein, hnRNP protein, OsAGPL2,
OsAPS2, OsSSI1Va, OsSSIVh, OsGBSSII, and OsISA1, showed differential AS changes under
moderate soil drying, which provides a potential novel approach for the regulation of grain
filling in rice under moderate soil drying [97]. Based on the results of the above studies,
the regulatory mechanisms and genes are good resources to be used in rice breeding to
increase grain weight.

3.4. Fertilizer: Too Much of a Good Thing

Fertilizers are substances used to improve crop growth and yield, and they are also a
guarantee to achieve a good harvest, particularly nitrogen fertilizers. Nitrogen application
at the young panicle differentiation stage could increase not only the spikelet number
but also the ratio of NSC to spikelets, thus enhancing the sink strength and grain filling
of both superior and inferior spikelets in rice [63]. However, there can be too much of a
good thing. While overuse of nitrogen will increase the grain yield to some extent, the
grain filling rate and quality of rice grains, as well as the nitrogen use efficiency (NUE), are
significantly reduced by excessive nitrogen [19,102]. Meanwhile, there are side effects on
the environment, such as environmental pollution and eutrophication of water [103,104].
After years of research, the physiological and molecular mechanisms of excessive nitrogen
in grain filling are gradually becoming better understood.

On the one hand, the delay in the process of plant senescence caused by overuse of
nitrogen fertilizer will retard the remobilization of nutrients from vegetative tissues to
grains, lead to a low NUE and grain filling rate, and eventually result in many poorly filled
grains [3,105]. On the other hand, changes in key enzymes for starch biosynthesis and
concentrations/ratios of plant hormones under the overuse of nitrogen fertilizer are also
associated with grain filling [19,98,100]. SuS, AGPase, and StS were significantly suppressed
in inferior spikelets under high nitrogen application [19]. Under high nitrogen conditions,
GA was enhanced in the grains during grain filling, which resulted in a reduction in the
ABA-to-GA ratio [100]. This led to a low grain filling rate and poorly filled grains in
rice [106]. Unlike GA, both CK and IAA were reduced by excessive nitrogen fertilizer
mainly via the down-regulated expression of IAA biosynthesis genes and up-regulated
expression of CK oxidase genes [19]. The application of exogenous IAA or CK to the panicle
under excessive nitrogen fertilizer can significantly increase the enzyme activities of Sus,
AGPase, and StS and enhance source-to-sink remobilization of nitrogen, increasing the
grain yield and NUE [19,98]. Optimal application of nitrogen fertilizer is not only crucial
in increasing grain yield and NUE but also a benefit to the environment, which should be
widely promoted in agricultural production.
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3.5. Saline-Alkali Stress: Ongoing Challenges in Worldwide Agriculture

Soil salinity is one of the major environmental stresses causing a decrease in grain
weight, grain filling rate, grain number, and seed setting rate [15,16,107-109]. Firstly, salt
stress causes a grain yield reduction mainly by limiting carbohydrate production driven
by photosynthesis and the transport of this biomolecule to spikelets [110-113]. Secondly,
genes of the starch biosynthesis pathway, including OsSUS, OsAGPL, OsAGPS, OsSSI, and
OsSSllla, were found to be downregulated in saline—alkali-treated plants. In agreement,
the activities of SuS, AGPase, StS were suppressed, which may be a possible reason for
the poor grain filling in response to salt application [15,16]. One reason may be that SALT-
RESPONSIVE ERF1 (SERF1), involved in salt stress tolerance, negatively regulates grain
filling by directly binding to the promotor of GBSSI (Wx) and by storage protein synthesis
with RICE PROLAMIN BOX BINDING FACTOR (RPBF) in rice [114,115].

Plant hormones are critical in regulating plant growth and stress responses; the func-
tion of some of them in grain filling is discussed above. Unlike ABA, IAA, and CK, which
promote grain filling, ethylene inhibits grain filling and displays a negative correlation with
the grain filling process. Furthermore, exogenous spraying of ethylene significantly reduces
grain filling [116,117]. In recent years, studies have shown that salt-induced inhibition
of grain filling might be mediated by ethylene [15,16]. Several key genes involved in the
ethylene biosynthesis and signaling pathway, including the OsACS and OsACO genes,
were found to be upregulated under saline-alkali treatment [16]. Together, the increased
ethylene production and activated ethylene signaling and the salt-inhibited activities of
starch-metabolism-related enzymes in rice grains are the main reason for salt-induced poor
grain filling.

4. Adaptation Strategies in Response to Environmental Stimuli

In the face of the increasing food demand and the trend of environmental deterioration,
it is extremely urgent to adjust crop structures and determine appropriate agricultural
practices. Different approaches like modern breeding and better crop management practices
are used to help cereals cope with the changing climate [1,118-122]. Thus, in order to adapt
cereals to environmental stress conditions and have better grain filling under environmental
stimuli, the following approaches are mandatory.

4.1. Selection of Resistant Varieties and Plant Breeding

The breeding of improved and resistant varieties is a key strategy to adapt crops to
climate change, and it is also a viable way to minimize losses in cereal production. Crop
varieties originated through selection during early human civilization, which led to better
quality, higher yield, and enhanced environmental adaptability [123]. When faced with
growing environmental deterioration, these same principles apply. Indeed, much has been
done, including the development of some resistant varieties [124-131]. Improved varieties
with resistance and tolerance to environmental stresses for cereal crops can be applied
broadly in agricultural production in various countries.

By comparing the responses of different varieties under adversity, we can not only
obtain resistant varieties but also identify QTLs or genes which can be utilized for marker-
assisted resistance breeding. For example, Zhang et al. [132] obtained a heat-tolerant variety
(African rice CG14) and a heat-sensitive variety (Wuyunjing) through cultivar screening and
identified a quantitative trait locus, Thermo-tolerance 3 (TT3), consisting of two genes, TT3.1
and TT3.2, which interact with each other to enhance rice thermotolerance and reduce grain
yield losses caused by heat stress. Overexpressing TT3.1 or knocking out TT3.2 conferred
significant yield increases under heat stress, providing a strategy for breeding heat-tolerant
crops. Saito et al. mapped a quantitative trait locus for cold tolerance, Ctb1, from a
cold-tolerant variety (Norin-PL8) [133]. When Ctb1 was introduced into a cold-sensitive
variety, the degree of spikelet fertility and cold tolerance were significantly improved [134].
Overexpression of RBG1 enhanced tolerance to heat, osmotic, and salt stresses, as well as
rapid recovery from water deficit stress [130]. Through transcriptome analyses, Wei et al.
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found that ZmbHLH124 is expressed differently between drought-tolerant (RIL70 and
RIL73) and -sensitive lines (RIL44 and RIL93). Overexpression of ZmbHLH124 in the
drought-tolerant line in maize and rice enhanced plant drought tolerance [131]. These
studies represent a valuable resource for resistance breeding.

4.2. Crop Management Practices

Improved crop management practices can minimize the negative impacts of an adverse
environment and decrease crop production loss. Firstly, changing the sowing date to evade
the harmful influences of an adverse environment during the flowering and early grain
filling stages has been suggested as an adaptation tactic. For example, postponing the
sowing date of single-season rice in the middle and lower reaches of the Yangtze River
could avoid the high temperatures during late August [125]. However, for double-season
rice planting areas, earlier sowing of late rice could avoid low temperatures, overcast skies,
and rain. Similarly, it is also useful to escape hot and dry periods in the growing seasons
by earlier sowing of winter and spring cereal crops and delayed sowing of summer and
autumn cereals [1]. Inclusion of the regional environment in decision making and greater
consideration of genotype—environment interactions can be used to identify sowing dates
that are best adapted to the specific local environment.

Secondly, we can reduce the exacerbating effects of an adverse environment through
good agronomic management. For example, supplementary irrigation during stress-
sensitive periods, which can avoid crop exposure to lethal heat and drought stresses,
and frost in cooler areas, can enhance grain yield [135,136]. Deep-flood irrigation or contin-
uous irrigation with running water is effective in decreasing the soil and water temperature
and increasing the available assimilate supply per grain, thus leading to improved grain
quality [137,138]. However, many farmers cannot afford abundant or controlled irrigation.
In this context, one promising example is presented by Duan et al.: alternate wetting
and moderate soil drying significantly increased the seed setting rate, grain weight, and
grain yield, and consequently reduced chalky grains and chalkiness degree under high
temperature [66,67]. Similarly, parental drought priming plants had a higher ATP con-
centration and higher activity levels of the enzymes involved in sucrose biosynthesis and
starch metabolism, leading to induced low-temperature tolerance in offspring [139]. Soil
mulching, such as straw mulching and ridge-furrow plastic film mulching can improve
maize yield in semi-humid drought-prone regions [140]. In addition to water manage-
ment, a rational fertilization level also plays a key role in improving crop tolerance [19].
Meanwhile, a rationally increasing amount of fertilizer application may also promote plant
growth and mitigate the adverse effects of climate change [141]. Increased nitrogen appli-
cation at the late growth stage may alleviate the negative effects on grain filling caused by
high temperature [142-145]. Compared to inorganic amendment, poultry manure amend-
ment had a greater ameliorative capacity for grain yield under heat and moderate water
stress [146]. An optimized planting pattern with increased number of seedlings per hill and
a reduced number of hills can optimize the canopy structure and light utilization, leading
to decreased chalky grain rate and chalkiness degree under shading stress [147]. The
improved wide—-narrow row planting pattern is also a popular way to optimize the canopy
light environment [148]. It follows that good agronomic management is very important.

Thirdly, exogenous application of chemical compounds can be employed to mitigate
adverse environmental effects on grain filling. For example, exogenous silicon alleviates the
spikelet fertility reduction in hybrid rice induced by high temperature [149]. The same effect
was reported when spraying micronutrient fertilizers containing zinc nutrition, KH;POy,
a-tocopherol and glycine betaine, ascorbic acid, spermidine, brassinosteroids, and methyl
jasmonates under high temperature conditions [67,150-153]. Similarly, the application of
exogenous brassinosteroids mediated the effect of soil drying on spikelet degeneration [154]
and improved the photosynthetic performance of maize under combined mercury and
drought stress [155]. Exogenous IAA or CK treatment can also make up for the reduction
in inferior grain weight induced by excessive nitrogen application [19]. Meanwhile, the
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application of exogenous ABA and CK can overcome the adverse effects of unfavorably
delayed whole-plant senescence caused by the heavy use of nitrogen fertilizers, enhancing
the remobilization and transfer of assimilates, and promoting grain filling [3,156,157].

Thus, it is time to establish smart agriculture combining regional environment con-
siderations, cultivar selection, disaster warnings, and cultivation technology, which is the
trend of future agricultural practices.

5. Conclusions and Future Perspectives

Grain filling, as an important growth process, is very sensitive to environmental varia-
tions, especially in the inferior spikelets. As shown in Figure 2, environmental stimuli affect
grain filling in three main ways. First is a direct decrease in photosynthetic parameters and
consequent limitations of carbohydrate accumulation in both the leaf and stem. Second is
the regulation of the key enzymes involved in carbon remobilization, thereby limiting the
transport of NSC from leaves and stems to spikelets. Thirdly, the key enzymes involved in
sugar-starch metabolism in grains are also inhibited under environmental stimuli directly
and indirectly through phytohormones. Therefore, future research should focus on investi-
gating the aspects that we can evaluate the impact of environmental stimuli on grain filling
and make recommendations to mitigate environmental impacts.

/Source:

photosynthetic

Directly: The decrease in the
parameters
(e.g. Fv/Fm, Pn, Tr, Ci, Gs).

Indirect:  Limitation  of
carbohydrate accumulation in
KbOth leaf and stem.

~ -0 Sink:

4 -4 — Inhibition of the key enzymes
; involved in  sugar-starch
metabolism in grains (e.g.
AGPase, SuS, SS, GBSS, SBE).

/ Transportation: \

# The regulation of the key enzymes
mnvolved in carbon remobilization,
mainly o/pB-amylases, a-glucosidase and
SPS.

» The transport of NSC from leaves and

K stems to spikelets. /

Figure 2. The effect of environmental stimuli on sources, transportation, and sinks during grain filling.
Fv/Fm: photosynthetic efficiency; Pn: photosynthetic rate; Tr: transpiration rate; Ci: intracellular CO2
concentration; Gs: stomatal conductance; AGPase: ADP-glucose pyrophosphorylase; SuS: sucrose
synthase; SS: soluble starch synthase; GBSS: granule-bound starch synthase; SBE: starch branching
enzyme; SPS: sucrose-phosphate synthase. This figure was created with the help of Figdraw (www.
home-for-researchers.com, accessed on 1 November 2022).

While efforts to implement sustainable agricultural development have led to an im-
proved agricultural environment, treatment outcomes remain unsatisfactory. Adaptation
strategies are the most important way to reduce the negative effects of environmental
stimuli on grain filling in cereals. We recommend that different adaptation approaches,
including the selection of resistant varieties, modern breeding and genetic modifications,
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better and improved crop management, and the application of exogenous chemical com-
pounds, should be used to increase plant tolerance for better growth and grain filling
against to unfavorable environmental conditions. Meanwhile, future endeavors should
also pay attention on addressing the growing demand for smart agriculture combining
regional environment considerations, cultivar selection, disaster warnings, and cultivation
technology. Moreover, we advance the gene function-related research and the commercial-
ization of gene-edited crops to improve sustainable agricultural practices. All in all, there
is still much work to do in order to tackle future food security challenges under increasing
environmental degradation.

Author Contributions: Conceptualization, J.Z. and N.Y;; literature search, Z.T. and Y.C.; writing—original
draft preparation, Z.T., Y.C. and N.Y.; figures, Z.T.; writing—review and editing, SM., M.D,, ].Z. and
N.Y.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (32171927,
31900219 and U21A20208), Natural Science Foundation of Hunan Province (2021JJ30349), Guang-
dong Basic and Applied Basic Research Foundation (2022A1515111230), Shenzhen Science and
Technology Program (JCYJ20220531103803008), Scientific Research Project of Education Department
of Hunan Province (19A245 and 19B273), and the Hong Kong Research Grant Council (AoE/M-05/12,
AoE/M-403/16, GRF12103219, 12103220, 14177617).

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

Data Availability Statement: All of the data generated or analyzed during this study are included in
this published article.

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

References

1. Fatima, Z.; Ahmed, M.; Hussain, M.; Abbas, G.; Ul-Allah, S.; Ahmad, S.; Ahmed, N.; Ali, M.A.; Sarwar, G.; Igbal, P. The
fingerprints of climate warming on cereal crops phenology and adaptation options. Sci. Rep. 2020, 10, 1-21. [CrossRef] [PubMed]

2. Ray, D.K; Mueller, N.D.; West, P.C.; Foley, J.A. Yield trends are insufficient to double global crop production by 2050. PLoS ONE
2013, 8, e66428. [CrossRef] [PubMed]

3.  Yang,].; Zhang, ]. Grain filling of cereals under soil drying. New Phytol. 2006, 169, 223-236. [CrossRef] [PubMed]

4. Yang, ].; Zhang, J. Grain-filling problem in ‘super rice. ]. Exp. Bot. 2010, 61, 1-5. [CrossRef] [PubMed]

5. Sehgal, A, Sita, K.; Siddique, K.H.; Kumar, R.; Bhogireddy, S.; Varshney, R.K.; HanumanthaRao, B.; Nair, R.M.; Prasad, P.V.;
Nayyar, H. Drought or/and heat-stress effects on seed filling in food crops: Impacts on functional biochemistry, seed yields, and
nutritional quality. Front. Plant Sci. 2018, 9, 1705. [CrossRef]

6.  Parker, L.; Bourgoin, C.; Martinez-Valle, A.; Laderach, P. Vulnerability of the agricultural sector to climate change: The de-
velopment of a pan-tropical Climate Risk Vulnerability Assessment to inform sub-national decision making. PLoS ONE 2019,
14, €0213641. [CrossRef]

7. Labuschagne, M.; Masci, S.; Tundo, S.; Muccilli, V.; Saletti, R.; van Biljon, A. Proteomic Analysis of Proteins Responsive to Drought
and Low Temperature Stress in a Hard Red Spring Wheat Cultivar. Molecules 2020, 25, 1366. [CrossRef]

8.  Aragliés, R,; Medina, E.; Zribi, W.; Claveria, L; Alvaro-Fuentes, J.; Faci, J. Soil salinization as a threat to the sustainability of deficit
irrigation under present and expected climate change scenarios. Irrig. Sci. 2015, 33, 67-79. [CrossRef]

9.  Shao, L.; Li, G.; Zhao, Q.; Li, Y,; Sun, Y,; Wang, W.; Cai, C.; Chen, W,; Liu, R.; Luo, W. The fertilization effect of global dimming on
crop yields is not attributed to an improved light interception. Glob. Chang. Biol. 2020, 26, 1697-1713. [CrossRef]

10. Piao, S.; Ciais, P; Huang, Y.; Shen, Z; Peng, S.; Li, ].; Zhou, L.; Liu, H.; Ma, Y.; Ding, Y. The impacts of climate change on water
resources and agriculture in China. Nature 2010, 467, 43-51. [CrossRef]

11. White-Newsome, ].L.; McCormick, S.; Sampson, N.; Buxton, M.A.; O'Neill, M.S.; Gronlund, C.J.; Catalano, L.; Conlon, K.C.;
Parker, E.A. Strategies to reduce the harmful effects of extreme heat events: A four-city study. Int. . Environ. Res. Public Health
2014, 11, 1960-1988. [CrossRef] [PubMed]

12.  Leon, J.; Castillo, M.C.; Gayubas, B. The hypoxia-reoxygenation stress in plants. J. Exp. Bot. 2021, 72, 5841-5856. [CrossRef]
[PubMed]

13.  Schnyder, H. The role of carbohydrate storage and redistribution in the source-sink relations of wheat and barley during grain
filling—A review. New Phytol. 1993, 123, 233-245. [CrossRef]

14. Pheloung, P,; Siddique, K. Contribution of stem dry matter to grain yield in wheat cultivars. Funct. Plant Biol. 1991, 18, 53-64.

[CrossRef]


http://doi.org/10.1038/s41598-020-74740-3
http://www.ncbi.nlm.nih.gov/pubmed/33093541
http://doi.org/10.1371/journal.pone.0066428
http://www.ncbi.nlm.nih.gov/pubmed/23840465
http://doi.org/10.1111/j.1469-8137.2005.01597.x
http://www.ncbi.nlm.nih.gov/pubmed/16411926
http://doi.org/10.1093/jxb/erp348
http://www.ncbi.nlm.nih.gov/pubmed/19959608
http://doi.org/10.3389/fpls.2018.01705
http://doi.org/10.1371/journal.pone.0213641
http://doi.org/10.3390/molecules25061366
http://doi.org/10.1007/s00271-014-0449-x
http://doi.org/10.1111/gcb.14822
http://doi.org/10.1038/nature09364
http://doi.org/10.3390/ijerph110201960
http://www.ncbi.nlm.nih.gov/pubmed/24531122
http://doi.org/10.1093/jxb/eraa591
http://www.ncbi.nlm.nih.gov/pubmed/33367851
http://doi.org/10.1111/j.1469-8137.1993.tb03731.x
http://doi.org/10.1071/PP9910053

Int. J. Mol. Sci. 2023, 24, 2255 13 0f 18

15.

16.

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.

42.
43.

Panda, B.B.; Badoghar, A.K.; Sekhar, S.; Kariali, E.; Mohapatra, PK.; Shaw, B.P. Biochemical and molecular characterisation of
salt-induced poor grain filling in a rice cultivar. Funct. Plant Biol. 2015, 43, 266-277. [CrossRef] [PubMed]

Peng, Y.; Chen, Y,; Yuan, Y,; Liu, B.; Yu, P; Song, S.; Yi, Y,; Teng, Z.; Yi, Z.; Zhang, J. Post-anthesis saline-alkali stress inhibits grain
filling by promoting ethylene production and signal transduction. Food Energy Secur. 2022, 11, e384. [CrossRef]

Yang, H.; Dong, B.; Wang, Y.; Qiao, Y.; Shi, C.; Jin, L.; Liu, M. Photosynthetic base of reduced grain yield by shading stress during
the early reproductive stage of two wheat cultivars. Sci. Rep. 2020, 10, 1-15. [CrossRef]

Li, Q.; Deng, F; Zeng, Y.; Li, B.; He, C.; Zhu, Y.; Zhou, X.; Zhang, Z.; Wang, L.; Tao, Y. Low Light Stress Increases Chalkiness by
Disturbing Starch Synthesis and Grain Filling of Rice. Int. J. Mol. Sci. 2022, 23, 9153. [CrossRef]

Chen, Y,; Teng, Z.; Yuan, Y.; Yi, Z.; Zheng, Q.; Yu, H.; Lv, J.; Wang, Y.; Duan, M.; Zhang, ]. Excessive nitrogen in field-grown
rice suppresses grain filling of inferior spikelets by reducing the accumulation of cytokinin and auxin. Field Crops Res. 2022,
283,108542. [CrossRef]

Shao, L.; Liu, Z,; Li, H.; Zhang, Y.; Dong, M.; Guo, X.; Zhang, H.; Huang, B.; Ni, R.; Li, G. The impact of global dimming on crop
yields is determined by the source-sink imbalance of carbon during grain filling. Glob. Chang. Biol. 2021, 27, 689-708. [CrossRef]
Wild, M.; Gilgen, H.; Roesch, A.; Ohmura, A.; Long, C.N.; Dutton, E.G.; Forgan, B.; Kallis, A.; Russak, V.; Tsvetkov, A. From
dimming to brightening: Decadal changes in solar radiation at Earth’s surface. Science 2005, 308, 847-850. [CrossRef] [PubMed]
Miiller, B.; Wild, M.; Driesse, A.; Behrens, K. Rethinking solar resource assessments in the context of global dimming and
brightening. Sol. Energy 2014, 99, 272-282. [CrossRef]

Solomon, S.; Qin, D.; Manning, M.; Averyt, K.; Marquis, M. Climate Change 2007-the Physical Science Basis: Working Group I
Contribution to the Fourth Assessment Report of the IPCC; Cambridge University Press: Cambridge, UK, 2007; Volume 4.

Che, H;; Shi, G.; Zhang, X.; Arimoto, R.; Zhao, J.; Xu, L.; Wang, B.; Chen, Z. Analysis of 40 years of solar radiation data from
China, 1961-2000. Geophys. Res. Lett. 2005, 32, 1-5. [CrossRef]

Venkateswarlu, B. Influence of low light intensity on growth and productivity of rice, Oryza sativa L. Plant Soil 1977, 46, 713-719.
[CrossRef]

Viji, M.; Thangaraj, M.; Jayapragasam, M. Low irradiance stress tolerance in rice (Oryza sativa L.). Biol. Plant. 1997, 39, 251-256.
[CrossRef]

Mitsui, T.; Yamakawa, H.; Kobata, T. Molecular physiological aspects of chalking mechanism in rice grains under high-temperature
stress. Plant Prod. Sci. 2016, 19, 22-29. [CrossRef]

Horton, D.E.; Johnson, N.C.; Singh, D.; Swain, D.L.; Rajaratnam, B.; Diffenbaugh, N.S. Contribution of changes in atmospheric
circulation patterns to extreme temperature trends. Nature 2015, 522, 465-469. [CrossRef]

Easterling, D.R.; Meehl, G.A.; Parmesan, C.; Changnon, S.A.; Karl, T.R.; Mearns, L.O. Climate extremes: Observations, modeling,
and impacts. Science 2000, 289, 2068-2074. [CrossRef]

Masson-Delmotte, V.; Zhai, P.; Pirani, A.; Connors, S.L.; Péan, C.; Berger, S.; Caud, N.; Chen, Y.; Goldfarb, L.; Gomis, M. Climate
change 2021: The physical science basis. In Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2021; Volume 2.

Seneviratne, S.; Donat, M.G.; Mueller, B.; Alexander, L.V. No pause in the increase of hot temperature extremes (vol 4, pg 161,
2014). Nat. Clim. Chang. 2014, 4, 320. [CrossRef]

Shi, P; Tang, L.; Wang, L.; Sun, T.; Liu, L.; Cao, W.; Zhu, Y. Post-Heading heat stress in Rice of South China during 1981-2010.
PLoS ONE 2015, 10, e0130642. [CrossRef]

Longxing, T.; Huijuan, T.; Xi, W.; Liyong, C.; Shihua, C. Effects of High Temperature Stress on Super Hybrid Rice Guodao 6
during Flowering and Filling Phases. Chin. J. Rice Sci. 2007, 21, 518-524.

Wang, P.; Zhang, Z.; Chen, Y.; Wei, X,; Feng, B.; Tao, F. How much yield loss has been caused by extreme temperature stress to the
irrigated rice production in China? Clim. Chang. 2016, 134, 635-650. [CrossRef]

Korner, C. Plant adaptation to cold climates. F1000Research 2016, 5, 2769. [CrossRef] [PubMed]

Yang, L.; Chi, Y.X.; Wang, Y.E; Zeeshan, M.; Zhou, X.B. Gradual application of potassium fertilizer elevated the sugar conversion
mechanism and yield of waxy and sweet fresh-eaten maize in the semiarid cold region. J. Food Qual. 2021, 2021, 1-11. [CrossRef]
Zhang, T.; Zhao, X.; Wang, W.; Pan, Y.; Huang, L.; Liu, X.; Zong, Y.; Zhu, L.; Yang, D.; Fu, B. Comparative transcriptome profiling
of chilling stress responsiveness in two contrasting rice genotypes. PLoS ONE 2012, 7, e43274. [CrossRef] [PubMed]

Xu, Q.; Yang, L.; Zhou, Z.; Mei, F,; Qu, L.; Zhou, G. Process of aerenchyma formation and reactive oxygen species induced by
waterlogging in wheat seminal roots. Planta 2013, 238, 969-982. [CrossRef]

Lesk, C.; Rowhani, P.; Ramankutty, N. Influence of extreme weather disasters on global crop production. Nature 2016, 529, 84-87.
[CrossRef]

Liu, S.; Xiao, L.; Sun, J.; Yang, P; Yang, X.; Wu, W. Probability of maize yield failure increases with drought occurrence but
partially depends on local conditions in China. Eur. J. Agron. 2022, 139, 126552. [CrossRef]

Li, Y;; Guan, K,; Schnitkey, G.D.; DeLucia, E.; Peng, B. Excessive rainfall leads to maize yield loss of a comparable magnitude to
extreme drought in the United States. Glob. Chang. Biol. 2019, 25, 2325-2337. [CrossRef]

Maikhuri, R K.; Rao, K.S. Soil quality and soil health: A review. Int. ]. Ecol. Environ. Sci. 2012, 38, 19-37.

Guo, J.H,; Liu, X.J.; Zhang, Y.; Shen, J.; Han, W.; Zhang, W.; Christie, P.; Goulding, K.; Vitousek, P.; Zhang, F. Significant
acidification in major Chinese croplands. Science 2010, 327, 1008-1010. [CrossRef] [PubMed]


http://doi.org/10.1071/FP15229
http://www.ncbi.nlm.nih.gov/pubmed/32480459
http://doi.org/10.1002/fes3.384
http://doi.org/10.1038/s41598-020-71268-4
http://doi.org/10.3390/ijms23169153
http://doi.org/10.1016/j.fcr.2022.108542
http://doi.org/10.1111/gcb.15453
http://doi.org/10.1126/science.1103215
http://www.ncbi.nlm.nih.gov/pubmed/15879214
http://doi.org/10.1016/j.solener.2013.11.013
http://doi.org/10.1029/2004GL022322
http://doi.org/10.1007/BF00015937
http://doi.org/10.1023/A:1000353206366
http://doi.org/10.1080/1343943X.2015.1128112
http://doi.org/10.1038/nature14550
http://doi.org/10.1126/science.289.5487.2068
http://doi.org/10.1038/nclimate2145
http://doi.org/10.1371/journal.pone.0130642
http://doi.org/10.1007/s10584-015-1545-5
http://doi.org/10.12688/f1000research.9107.1
http://www.ncbi.nlm.nih.gov/pubmed/27990251
http://doi.org/10.1155/2021/6611124
http://doi.org/10.1371/journal.pone.0043274
http://www.ncbi.nlm.nih.gov/pubmed/22912843
http://doi.org/10.1007/s00425-013-1947-4
http://doi.org/10.1038/nature16467
http://doi.org/10.1016/j.eja.2022.126552
http://doi.org/10.1111/gcb.14628
http://doi.org/10.1126/science.1182570
http://www.ncbi.nlm.nih.gov/pubmed/20150447

Int. J. Mol. Sci. 2023, 24, 2255 14 0f 18

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

Cheng, S. Heavy metal pollution in China: Origin, pattern and control. Environ. Sci. Pollut. Res. 2003, 10, 192-198. [CrossRef]
[PubMed]

Agathokleous, E.; Kitao, M.; Calabrese, E.J. Hormesis: A Compelling Platform for Sophisticated Plant Science. Trends Plant Sci.
2019, 24, 318-327. [CrossRef]

Agathokleous, E.; Kitao, M.; Calabrese, E.J. Hormesis: Highly generalizable and beyond laboratory. Trends Plant Sci. 2020,
25,1076-1086. [CrossRef] [PubMed]

Yoshida, S. Physiological aspects of grain yield. Annu. Rev. Plant Physiol. 1972, 23, 437-464. [CrossRef]

Mohapatra, P.; Patel, R.; Sahu, S. Time of flowering affects grain quality and spikelet partitioning within the rice panicle. Funct.
Plant Biol. 1993, 20, 231-241. [CrossRef]

Luo, J.; Wei, B.; Han, J.; Liao, Y.; Liu, Y. Spermidine increases the sucrose content in inferior grain of wheat and thereby promotes
its grain filling. Front. Plant Sci. 2019, 10, 1309. [CrossRef]

Kennedy, S.; Lynch, J.; Spink, J.; Bingham, I. Grain number and grain filling of two-row malting barley in response to variation in
post-anthesis radiation: Analysis by grain position on the ear and its implications for yield improvement and quality. Field Crops
Res. 2018, 225, 74-82. [CrossRef]

Cao, C.; Li, K; Cui, Y;; Ma, ].; Zheng, C. Modeling the effect of long-term fertilization on grain filling of summer maize. Plant
Nutr. Fertil. Sci. 2008, 14, 48-53.

Viswanathan, C.; Khanna-Chopra, R. Effect of heat stress on grain growth, starch synthesis and protein synthesis in grains of
wheat (Triticum aestivum L.) varieties differing in grain weight stability. |. Agron. Crop Sci. 2001, 186, 1-7. [CrossRef]

Luo, Y;; Pang, D.; Jin, M.; Chen, J.; Kong, X.; Li, W,; Chang, Y.; Li, Y.; Wang, Z. Identification of plant hormones and candidate
hub genes regulating flag leaf senescence in wheat response to water deficit stress at the grain-filling stage. Plant Direct 2019,
3, e00152. [CrossRef]

Jing, J.; Guo, S.; Li, Y.; Li, W. The alleviating effect of exogenous polyamines on heat stress susceptibility of different heat resistant
wheat (Triticum aestivum L.) varieties. Sci. Rep. 2020, 10, 7467. [CrossRef] [PubMed]

Wang, X.; Fu, J.; Min, Z.; Zou, D.; Liu, H.; Wang, J.; Zheng, H.; Jia, Y.; Yang, L.; Xin, W. Response of Rice with Overlapping Growth
Stages to Water Stress by Assimilates Accumulation and Transport and Starch Synthesis of Superior and Inferior Grains. Int. J.
Mol. Sci. 2022, 23, 11157. [CrossRef] [PubMed]

Teng, Z.; Yu, H.; Wang, G.; Meng, S.; Liu, B.; Yi, Y,; Chen, Y.; Zheng, Q.; Liu, L.; Yang, J. Synergistic interaction between ABA
and TAA due to moderate soil drying promotes grain filling of inferior spikelets in rice. Plant J. 2022, 109, 1457-1472. [CrossRef]
[PubMed]

Wang, G.-Q.; Hao, S.-S.; Gao, B.; Chen, M.-X; Liu, Y.-G,; Yang, ].-C.; Ye, N.-H.; Zhang, ].-H. Regulation of gene expression in the
remobilization of carbon reserves in rice stems during grain filling. Plant Cell Physiol. 2017, 58, 1391-1404. [CrossRef]

Ping, L.; Wenshan, G.; Hanchun, P.; Chaonian, F.; Xinkai, Z.; Yongxin, P. Effects of transient high temperature after anthesis on
grain protein content and physiological mechanism in wheat Triticum aestivum L. J. Agric. Sci. 2010, 149, 159-169.

Yang, H.; Gu, X,; Ding, M.; Lu, W.; Lu, D. Heat stress during grain filling affects activities of enzymes involved in grain protein
and starch synthesis in waxy maize. Sci. Rep. 2018, 8, 1-9. [CrossRef]

Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q.; Wang, W. Remobilization of carbon reserves in response to water deficit during grain filling
of rice. Field Crops Res. 2001, 71, 47-55. [CrossRef]

Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q.; Liu, L. Water deficit-induced senescence and its relationship to the remobilization of
pre-stored carbon in wheat during grain filling. Agron. J. 2001, 93, 196-206. [CrossRef]

Yang, J.; Zhang, J.; Huang, Z.; Zhu, Q.; Wang, L. Remobilization of carbon reserves is improved by controlled soil-drying during
grain filling of wheat. Crop Sci. 2000, 40, 1645-1655. [CrossRef]

Fu, ].; Huang, Z.; Wang, Z.; Yang, J.; Zhang, J. Pre-anthesis non-structural carbohydrate reserve in the stem enhances the sink
strength of inferior spikelets during grain filling of rice. Field Crops Res. 2011, 123, 170-182. [CrossRef]

Agathokleous, E.; Belz, R.G.; Kitao, M.; Koike, T.; Calabrese, E.J. Does the root to shoot ratio show a hormetic response to stress?
An ecological and environmental perspective. J. For. Res. 2019, 30, 1569-1580. [CrossRef]

Lederer, S.; Dijkstra, T.M.; Heskes, T. Additive dose response models: Defining synergy. Front. Pharmacol. 2019, 10, 1384.
[CrossRef] [PubMed]

Duan, H.; Yu, Z.; Xu, Y.; Wang, Z.; Liu, L.; Yang, J. Role of irrigation patterns in reducing harms of high temperature to rice. Acta
Agron. Sin. 2012, 38, 107-120. [CrossRef]

Zhang, W.; Huang, H.; Zhou, Y.; Zhu, K.; Wu, Y.; Xu, Y.; Wang, W.; Zhang, H.; Gu, ].; Xiong, F. Brassinosteroids mediate moderate
soil-drying to alleviate spikelet degeneration under high temperature during meiosis of rice. Plant Cell Environ. 2022; in press.
[CrossRef] [PubMed]

Wu, Y.; Gong, W.; Wang, Y.; Yong, T.; Yang, E; Liu, W.; Wu, X,; Du, J; Shu, K.; Liu, J. Leaf area and photosynthesis of newly
emerged trifoliolate leaves are regulated by mature leaves in soybean. J. Plant Res. 2018, 131, 671-680. [CrossRef] [PubMed]
Makino, A. Photosynthesis, grain yield, and nitrogen utilization in rice and wheat. Plant Physiol. 2011, 155, 125-129. [CrossRef]
Shi, K.; Gu, X,; Lu, W,; Lu, D. Effects of weak-light stress during grain filling on the physicochemical properties of normal maize
starch. Carbohydr. Polym. 2018, 202, 47-55. [CrossRef]

Deng, N,; Ling, X.; Sun, Y.; Zhang, C.; Fahad, S.; Peng, S.; Cui, K.; Nie, L.; Huang, ]. Influence of temperature and solar radiation
on grain yield and quality in irrigated rice system. Eur. |. Agron. 2015, 64, 37-46. [CrossRef]


http://doi.org/10.1065/espr2002.11.141.1
http://www.ncbi.nlm.nih.gov/pubmed/12846382
http://doi.org/10.1016/j.tplants.2019.01.004
http://doi.org/10.1016/j.tplants.2020.05.006
http://www.ncbi.nlm.nih.gov/pubmed/32546350
http://doi.org/10.1146/annurev.pp.23.060172.002253
http://doi.org/10.1071/PP9930231
http://doi.org/10.3389/fpls.2019.01309
http://doi.org/10.1016/j.fcr.2018.06.004
http://doi.org/10.1046/j.1439-037x.2001.00432.x
http://doi.org/10.1002/pld3.152
http://doi.org/10.1038/s41598-020-64468-5
http://www.ncbi.nlm.nih.gov/pubmed/32366860
http://doi.org/10.3390/ijms231911157
http://www.ncbi.nlm.nih.gov/pubmed/36232457
http://doi.org/10.1111/tpj.15642
http://www.ncbi.nlm.nih.gov/pubmed/34921476
http://doi.org/10.1093/pcp/pcx072
http://doi.org/10.1038/s41598-018-33644-z
http://doi.org/10.1016/S0378-4290(01)00147-2
http://doi.org/10.2134/agronj2001.931196x
http://doi.org/10.2135/cropsci2000.4061645x
http://doi.org/10.1016/j.fcr.2011.05.015
http://doi.org/10.1007/s11676-018-0863-7
http://doi.org/10.3389/fphar.2019.01384
http://www.ncbi.nlm.nih.gov/pubmed/31849651
http://doi.org/10.3724/SP.J.1006.2012.00107
http://doi.org/10.1111/pce.14436
http://www.ncbi.nlm.nih.gov/pubmed/36097648
http://doi.org/10.1007/s10265-018-1027-8
http://www.ncbi.nlm.nih.gov/pubmed/29600314
http://doi.org/10.1104/pp.110.165076
http://doi.org/10.1016/j.carbpol.2018.08.114
http://doi.org/10.1016/j.eja.2014.12.008

Int. J. Mol. Sci. 2023, 24, 2255 150f18

72.
73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

Sage, R.F.; Kubien, D.S. The temperature response of C3 and C4 photosynthesis. Plant Cell Environ. 2007, 30, 1086-1106. [CrossRef]
Peng, X.; Teng, L.; Yan, X.; Zhao, M.; Shen, S. The cold responsive mechanism of the paper mulberry: Decreased photosynthesis
capacity and increased starch accumulation. BMC Genom. 2015, 16, 898. [CrossRef] [PubMed]

Kumar, R.R.; Goswami, S.; Dubey, K.; Singh, K.; Singh, J.P.; Kumar, A.; Rai, G.K; Singh, S.D.; Bakshi, S.; Singh, B. RuBisCo
activase—A catalytic chaperone involved in modulating the RuBisCo activity and heat stress-tolerance in wheat. J. Plant Biochem.
Biotechnol. 2019, 28, 63-75. [CrossRef]

Ristic, Z.; Bukovnik, U.; Mom¢ilovi¢, I; Fu, J.; Prasad, P.V. Heat-induced accumulation of chloroplast protein synthesis elongation
factor, EF-Tu, in winter wheat. J. Plant Physiol. 2008, 165, 192-202. [CrossRef] [PubMed]

Ashraf, M.; Harris, PJ. Photosynthesis under stressful environments: An overview. Photosynthetica 2013, 51, 163-190. [CrossRef]
Zhou, Y; Li, X.; Cao, J.; Li, Y.; Huang, J.; Peng, S. High nitrogen input reduces yield loss from low temperature during the seedling
stage in early-season rice. Field Crops Res. 2018, 228, 68-75. [CrossRef]

Shah, N.; Paulsen, G. Interaction of drought and high temperature on photosynthesis and grain-filling of wheat. Plant Soil 2003,
257,219-226. [CrossRef]

Hawker, J.; Jenner, C. High temperature affects the activity of enzymes in the committed pathway of starch synthesis in developing
wheat endosperm. Funct. Plant Biol. 1993, 20, 197-209. [CrossRef]

Yan, S; Yin, Y.; Li, W,; Liang, T.; Li, Y.; Wu, Y.; Wang, P.; Geng, Q.; Dai, Z.; Wang, Z. Effect of high temperature during grain
filling on starch accumulation, starch granule distribution, and activities of related enzymes in wheat grains. Acta Agron Sin 2008,
34, 1092-1096. [CrossRef]

Garcia, G.A.; Serrago, R.A.; Dreccer, M.E; Miralles, D.J. Post-anthesis warm nights reduce grain weight in field-grown wheat and
barley. Field Crops Res. 2016, 195, 50-59. [CrossRef]

Cheikh, N.; Jones, R.J. Heat stress effects on sink activity of developing maize kernels grown in vitro. Physiol. Plant. 1995,
95, 59-66. [CrossRef]

Yamakawa, H.; Hirose, T.; Kuroda, M.; Yamaguchi, T. Comprehensive expression profiling of rice grain filling-related genes under
high temperature using DNA microarray. Plant Physiol. 2007, 144, 258-277. [CrossRef]

Tian, B.; Talukder, S.K.; Fu, J.; Fritz, AK,; Trick, HN. Expression of a rice soluble starch synthase gene in transgenic wheat
improves the grain yield under heat stress conditions. In Vitro Cell. Dev. Biol. Plant 2018, 54, 216-227. [CrossRef]

Wang, ].C.; Xu, H.; Zhu, Y;; Liu, Q.Q.; Cai, X.L. OsbZIP58, a basic leucine zipper transcription factor, regulates starch biosynthesis
in rice endosperm. J. Exp. Bot. 2013, 64, 3453-3466. [CrossRef] [PubMed]

Kim, J.S.; Chae, S.; Jun, KM,; Pahk, YM.; Lee, TH.; Chung, PJ.; Kim, Y.K.; Nahm, B.H. Genome-wide identification of grain filling
genes regulated by the OsSMF1 transcription factor in rice. Rice 2017, 10, 15. [CrossRef] [PubMed]

Xu, H.; Li, X.; Zhang, H.; Wang, L.; Zhu, Z.; Gao, J.; Li, C.; Zhu, Y. High temperature inhibits the accumulation of storage materials
by inducing alternative splicing of OsbZIP58 during filling stage in rice. Plant Cell Environ. 2020, 43, 1879-1896. [CrossRef]
[PubMed]

Ren, Y.; Huang, Z.; Jiang, H.; Wang, Z.; Wu, F,; Xiong, Y.; Yao, J. A heat stress responsive NAC transcription factor heterodimer
plays key roles in rice grain filling. J. Exp. Bot. 2021, 72, 2947-2964. [CrossRef] [PubMed]

Scofield, G.N.; Hirose, T.; Gaudron, J.A.; Furbank, R.T.; Upadhyaya, N.M.; Ohsugi, R. Antisense suppression of the rice
transporter gene, OsSUT], leads to impaired grain filling and germination but does not affect photosynthesis. Funct. Plant Biol.
2002, 29, 815-826. [CrossRef]

Vadez, V.; Kholova, J.; Yadav, R.S.; Hash, C.T. Small temporal differences in water uptake among varieties of pearl millet
(Pennisetum glaucum (L.) R. Br.) are critical for grain yield under terminal drought. Plant Soil 2013, 371, 447-462. [CrossRef]
Saini, H.S.; Westgate, M.E. Reproductive development in grain crops during drought. Adv. Agron. 1999, 68, 59-96.

Farooq, M.; Gogoi, N.; Barthakur, S.; Baroowa, B.; Bharadwaj, N.; Alghamdi, S.S.; Siddique, K.H. Drought stress in grain legumes
during reproduction and grain filling. J. Agron. Crop Sci. 2017, 203, 81-102. [CrossRef]

Wang, G.; Zhang, J. Carbohydrate, hormone and enzyme regulations of rice grain filling under post-anthesis soil drying. Environ.
Exp. Bot. 2020, 178, 104165. [CrossRef]

Wang, g.; Li, H.; Feng, L.; Chen, M.; Meng, S.; Ye, N.; Zhang, ]. Transcriptomic analysis of grain filling in rice inferior grains under
moderate soil drying. J. Exp. Bot. 2019, 70, 1597-1611. [CrossRef] [PubMed]

Wang, G.; Li, H,; Meng, S.; Yang, ].; Ye, N.; Zhang, ]. Analysis of global methylome and gene expression during carbon reserve
mobilization in stems under soil drying. Plant Physiol. 2020, 183, 1809-1824. [CrossRef] [PubMed]

Teng, Z.; Chen, Y.; Yuan, Y,; Peng, Y.; Yi, Y;; Yu, H, Yi, Z.; Yang, ].; Peng, Y.; Duan, M. Identification of microRNAs regulating
grain filling of rice inferior spikelets in response to moderate soil drying post-anthesis. Crop J. 2022, 10, 962-971. [CrossRef]
Teng, Z.; Zheng, Q.; Liu, B.; Meng, S.; Zhang, ].; Ye, N. Moderate Soil Drying-Induced Alternative Splicing Provides a Potential
Novel Approach for the Regulation of Grain Filling in Rice Inferior Spikelets. Int. J. Mol. Sci. 2022, 23, 7770. [CrossRef] [PubMed]
Zhang, W.; Zhou, Y.; Li, C,; Zhu, K; Xu, Y,; Wang, W.; Liu, L.; Zhang, H.; Gu, J.; Wang, Z. Post-anthesis moderate soil-drying
facilitates source-to-sink remobilization of nitrogen via redistributing cytokinins in rice. Field Crops Res. 2022, 288, 108692.
[CrossRef]

Wang; Li, H.; Wang, K,; Yang, J.; Duan, M.; Zhang, J.; Ye, N. Regulation of gene expression involved in the remobilization of rice
straw carbon reserves results from moderate soil drying during grain filling. Plant J. 2019, 101, 604-618. [CrossRef]


http://doi.org/10.1111/j.1365-3040.2007.01682.x
http://doi.org/10.1186/s12864-015-2047-6
http://www.ncbi.nlm.nih.gov/pubmed/26537770
http://doi.org/10.1007/s13562-018-0463-9
http://doi.org/10.1016/j.jplph.2007.03.003
http://www.ncbi.nlm.nih.gov/pubmed/17498838
http://doi.org/10.1007/s11099-013-0021-6
http://doi.org/10.1016/j.fcr.2018.08.018
http://doi.org/10.1023/A:1026237816578
http://doi.org/10.1071/PP9930197
http://doi.org/10.3724/SP.J.1006.2008.01092
http://doi.org/10.1016/j.fcr.2016.06.002
http://doi.org/10.1111/j.1399-3054.1995.tb00808.x
http://doi.org/10.1104/pp.107.098665
http://doi.org/10.1007/s11627-018-9893-2
http://doi.org/10.1093/jxb/ert187
http://www.ncbi.nlm.nih.gov/pubmed/23846875
http://doi.org/10.1186/s12284-017-0155-4
http://www.ncbi.nlm.nih.gov/pubmed/28444616
http://doi.org/10.1111/pce.13779
http://www.ncbi.nlm.nih.gov/pubmed/32335936
http://doi.org/10.1093/jxb/erab027
http://www.ncbi.nlm.nih.gov/pubmed/33476364
http://doi.org/10.1071/PP01204
http://doi.org/10.1007/s11104-013-1706-0
http://doi.org/10.1111/jac.12169
http://doi.org/10.1016/j.envexpbot.2020.104165
http://doi.org/10.1093/jxb/erz010
http://www.ncbi.nlm.nih.gov/pubmed/30690492
http://doi.org/10.1104/pp.20.00141
http://www.ncbi.nlm.nih.gov/pubmed/32513834
http://doi.org/10.1016/j.cj.2021.11.004
http://doi.org/10.3390/ijms23147770
http://www.ncbi.nlm.nih.gov/pubmed/35887118
http://doi.org/10.1016/j.fcr.2022.108692
http://doi.org/10.1111/tpj.14565

Int. J. Mol. Sci. 2023, 24, 2255 16 of 18

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q.; Wang, W. Hormonal changes in the grains of rice subjected to water stress during grain
filling. Plant Physiol. 2001, 127, 315-323. [CrossRef]

Yi, R; Zhu, Z.; Huy, J.; Qian, Q.; Dai, J.; Ding, Y. Identification and expression analysis of microRNAs at the grain filling stage in
rice (Oryza sativa L.) via deep sequencing. PLoS ONE 2013, 8, e57863. [CrossRef]

Wang, Z.; Zhang, W.; Beebout, S.S.; Zhang, H.; Liu, L.; Yang, J.; Zhang, J. Grain yield, water and nitrogen use efficiencies of rice as
influenced by irrigation regimes and their interaction with nitrogen rates. Field Crops Res. 2016, 193, 54-69. [CrossRef]

Ju, X.-T.; Xing, G.-X.; Chen, X.-P; Zhang, S.-L.; Zhang, L.-].; Liu, X.-J.; Cui, Z.-L.; Yin, B.; Christie, P.; Zhu, Z.-L. Reducing
environmental risk by improving N management in intensive Chinese agricultural systems. Proc. Natl. Acad. Sci. USA 2009,
106, 3041-3046. [CrossRef] [PubMed]

Coskun, D.; Britto, D.T.; Shi, W.; Kronzucker, H.J. Nitrogen transformations in modern agriculture and the role of biological
nitrification inhibition. Nat. Plants 2017, 3, 17074. [CrossRef] [PubMed]

Yang, J.; Zhang, ]. Crop management techniques to enhance harvest index in rice. J. Exp. Bot. 2010, 61, 3177-3189. [CrossRef]
[PubMed]

Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q. Hormones in the grains in relation to sink strength and postanthesis development of
spikelets in rice. Plant Growth Regul. 2003, 41, 185-195. [CrossRef]

Zeng, L.; Shannon, M.C.; Lesch, S.M. Timing of salinity stress affects rice growth and yield components. Agric. Water Manag.
2001, 48, 191-206. [CrossRef]

Thitisaksakul, M.; Tananuwong, K.; Shoemaker, C.E; Chun, A.; Tanadul, O.U.; Labavitch, ].M.; Beckles, D.M. Effects of timing
and severity of salinity stress on rice (Oryza sativa L.) yield, grain composition, and starch functionality. J. Agric. Food Chem. 2015,
63,2296-2304. [CrossRef]

Lekklar, C.; Suriya-Arunroj, D.; Pongpanich, M.; Comai, L.; Kositsup, B.; Chadchawan, S.; Buaboocha, T. Comparative genomic
analysis of rice with contrasting photosynthesis and grain production under salt stress. Genes 2019, 10, 562. [CrossRef]
Hussain, S.; Zhang, J.-H.; Zhong, C.; Zhu, L.-F,; Cao, X.-C.; Yu, S.-M.; Bohr, J.A.; Hu, J.-J; Jin, Q.-Y. Effects of salt stress on rice
growth, development characteristics, and the regulating ways: A review. J. Integr. Agric. 2017, 16, 2357-2374. [CrossRef]

Garcia Morales, S.; Trejo-Téllez, L.I.; Gomez Merino, F.C.; Caldana, C.; Espinosa-Victoria, D.; Herrera Cabrera, B.E. Growth,
photosynthetic activity, and potassium and sodium concentration in rice plants under salt stress. Acta Scientiarum. Agron. 2012,
34, 317-324.

Ghosh, B.; Md, N.A,; Gantait, S. Response of rice under salinity stress: A review update. Rice Res. Open Access 2016, 4, 1-8.
[CrossRef]

Hussain, M.; Ahmad, S.; Hussain, S.; Lal, R.; Ul-Allah, S.; Nawaz, A. Rice in saline soils: Physiology, biochemistry, genetics, and
management. Adv. Agron. 2018, 148, 231-287.

Kawakatsu, T.; Yamamoto, M.P,; Touno, S.M.; Yasuda, H.; Takaiwa, F. Compensation and interaction between RISBZ1 and RPBF
during grain filling in rice. Plant J. 2009, 59, 908-920. [CrossRef] [PubMed]

Schmidt, R.; Schippers, ].H.; Mieulet, D.; Watanabe, M.; Hoefgen, R.; Guiderdoni, E.; Mueller-Roeber, B. SALT-RESPONSIVE
ERF1 is a negative regulator of grain filling and gibberellin-mediated seedling establishment in rice. Mol. Plant 2014, 7, 404-421.
[CrossRef] [PubMed]

Yang, J.; Zhang, J.; Ye, Y.; Wang, Z.; Zhu, Q.; Liu, L. Involvement of abscisic acid and ethylene in the responses of rice grains to
water stress during filling. Plant Cell Environ. 2004, 27, 1055-1064. [CrossRef]

Chen, T;; Xu, Y.; Wang, J.; Wang, Z.; Yang, J.; Zhang, J. Polyamines and ethylene interact in rice grains in response to soil drying
during grain filling. J. Exp. Bot. 2013, 64, 2523-2538. [CrossRef]

Xiao, D.; Qi, Y.; Shen, Y.; Tao, F.; Moiwo, ].P; Liu, J.; Wang, R.; Zhang, H.; Liu, F. Impact of warming climate and cultivar change
on maize phenology in the last three decades in North China Plain. Theor. Appl. Climatol. 2016, 124, 653—-661. [CrossRef]

Xiao, D.; Li Liu, D.; Wang, B.; Feng, P.; Waters, C. Designing high-yielding maize ideotypes to adapt changing climate in the
North China Plain. Agric. Syst. 2020, 181, 102805. [CrossRef]

Jagadish, S.; Septiningsih, E.; Kohli, A.; Thomson, M.; Ye, C.; Redona, E.; Kumar, A.; Gregorio, G.; Wassmann, R.; Ismail, A.
Genetic advances in adapting rice to a rapidly changing climate. . Agron. Crop Sci. 2012, 198, 360-373. [CrossRef]

Das, S.K. Rice cultivation under changing climate with mitigation practices: A mini review. Univ. J. Agric. Res. 2017, 5, 333-337.
[CrossRef]

EL Sabagh, A.; Islam, M.S.; Skalicky, M.; Ali Raza, M.; Singh, K.; Anwar Hossain, M.; Hossain, A.; Mahboob, W.; Igbal, M. A ;
Ratnasekera, D. Salinity stress in wheat (Triticum aestivum L.) in the changing climate: Adaptation and management strategies.
Front. Agron. 2021, 3, 661932. [CrossRef]

Xu, Y. Molecular Plant Breeding; Cabi: Wallingford, UK, 2010.

Juraev, D.T.; Amanov, O.A.; Dilmurodov, S.D.; Boysunov, N.B.; Odirovich, J.F. To study the heat resistance features of bread wheat
varieties and species for the southern regions of the republic of Uzbekistan. Eur. ]. Mol. Clin. Med. 2020, 7, 2254-2270.

Wang, Y.; Wang, L.; Zhou, J.; Hu, S.; Chen, H.; Xiang, J.; Zhang, Y.; Zeng, Y.; Shi, Q.; Zhu, D. Research progress on heat stress of
rice at flowering stage. Rice Sci. 2019, 26, 1-10. [CrossRef]

Matsui, T.; Omasa, K.; Horie, T. The difference in sterility due to high temperatures during the flowering period among
japonica-rice varieties. Plant Prod. Sci. 2001, 4, 90-93. [CrossRef]


http://doi.org/10.1104/pp.127.1.315
http://doi.org/10.1371/journal.pone.0057863
http://doi.org/10.1016/j.fcr.2016.03.006
http://doi.org/10.1073/pnas.0813417106
http://www.ncbi.nlm.nih.gov/pubmed/19223587
http://doi.org/10.1038/nplants.2017.74
http://www.ncbi.nlm.nih.gov/pubmed/28585561
http://doi.org/10.1093/jxb/erq112
http://www.ncbi.nlm.nih.gov/pubmed/20421195
http://doi.org/10.1023/B:GROW.0000007503.95391.38
http://doi.org/10.1016/S0378-3774(00)00146-3
http://doi.org/10.1021/jf503948p
http://doi.org/10.3390/genes10080562
http://doi.org/10.1016/S2095-3119(16)61608-8
http://doi.org/10.4172/2375-4338.1000167
http://doi.org/10.1111/j.1365-313X.2009.03925.x
http://www.ncbi.nlm.nih.gov/pubmed/19473328
http://doi.org/10.1093/mp/sst131
http://www.ncbi.nlm.nih.gov/pubmed/24046061
http://doi.org/10.1111/j.1365-3040.2004.01210.x
http://doi.org/10.1093/jxb/ert115
http://doi.org/10.1007/s00704-015-1450-x
http://doi.org/10.1016/j.agsy.2020.102805
http://doi.org/10.1111/j.1439-037X.2012.00525.x
http://doi.org/10.13189/ujar.2017.050603
http://doi.org/10.3389/fagro.2021.661932
http://doi.org/10.1016/j.rsci.2018.06.009
http://doi.org/10.1626/pps.4.90

Int. J. Mol. Sci. 2023, 24, 2255 17 of 18

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Ganie, S.A.; Wani, S.H.; Henry, R.; Hensel, G. Improving rice salt tolerance by precision breeding in a new era. Curr. Opin. Plant
Biol. 2021, 60, 101996. [CrossRef]

Zhang, Z.; Wang, Q.; Lang, Y.; Wang, C.; Zhu, Q.; Yang, J. Effects of high temperature stress at heading stage on pollination and
fertilization of different types of rice variety. Acta Agron. Sin. 2014, 40, 273-282. [CrossRef]

Wang, X.; Dinler, B.S.; Vignjevic, M.; Jacobsen, S.; Wollenweber, B. Physiological and proteome studies of responses to heat stress
during grain filling in contrasting wheat cultivars. Plant Sci. 2015, 230, 33-50. [CrossRef] [PubMed]

Lo, S.F; Cheng, M.L.; Hsing, Y.i.C.; Chen, Y.S.; Lee, KW.; Hong, Y.F.,; Hsiao, Y.; Hsiao, A.S.; Chen, PJ.; Wong, L.I. Rice Big Grain 1
promotes cell division to enhance organ development, stress tolerance and grain yield. Plant Biotechnol. ]. 2020, 18, 1969-1983.
[CrossRef]

Wei, S.; Xia, R.; Chen, C.; Shang, X.; Ge, F.; Wei, H.; Chen, H.; Wu, Y,; Xie, Q. ZmbHLH124 identified in maize recombinant inbred
lines contributes to drought tolerance in crops. Plant Biotechnol. J. 2021, 19, 2069-2081. [CrossRef]

Zhang, H.; Zhou, ] .-F,; Kan, Y;; Shan, ].-X,; Ye, W.-W.; Dong, N.-Q.; Guo, T,; Xiang, Y.-H.; Yang, Y.-B.; Li, Y.-C. A genetic module at
one locus in rice protects chloroplasts to enhance thermotolerance. Science 2022, 376, 1293-1300. [CrossRef]

Saito, K.; Miura, K.; Nagano, K.; Hayano-Saito, Y.; Araki, H.; Kato, A. Identification of two closely linked quantitative trait loci for
cold tolerance on chromosome 4 of rice and their association with anther length. Theor. Appl. Genet. 2001, 103, 862—-868. [CrossRef]
Saito, K.; Hayano-Saito, Y.; Kuroki, M.; Sato, Y. Map-based cloning of the rice cold tolerance gene Ctb1. Plant Sci. 2010, 179, 97-102.
[CrossRef]

Bigelow, D.P,; Zhang, H. Supplemental irrigation water rights and climate change adaptation. Ecol. Econ. 2018, 154, 156-167.
[CrossRef]

Wada, Y.; Oozeki, F; Kobayashi, T.; Kumekawa, H. Effects of cool water irrigation on reduction of grain quality of rice by high air
temperatures during the ripening period. Jpn. J. Crop Sci. 2013, 82, 360-368. [CrossRef]

Morita, S.; Wada, H.; Matsue, Y. Countermeasures for heat damage in rice grain quality under climate change. Plant Prod. Sci.
2016, 19, 1-11. [CrossRef]

Zhang, B.; Zheng, ].; Huang, S.; Tian, Y.; Peng, L.; Bian, X.; Zhang, W. Temperature differences of air-rice plant under different
irrigated water depths at spiking stage. Ying Yong Sheng Tai Xue Bao J. Appl. Ecol. 2008, 19, 87-92.

Guo, J.; Wang, H; Liu, S.; Wang, Y; Liu, F,; Li, X. Parental drought priming enhances tolerance to low temperature in wheat
(Triticum aestivum) offspring. Funct. Plant Biol. 2022, 49, 946-957. [CrossRef]

Zheng, |J.; Fan, J.; Zhou, M.; Zhang, E; Liao, Z.; Lai, Z.; Yan, S.; Guo, ].; Li, Z.; Xiang, Y. Ridge-furrow plastic film mulching
enhances grain yield and yield stability of rainfed maize by improving resources capture and use efficiency in a semi-humid
drought-prone region. Agric. Water Manag. 2022, 269, 107654. [CrossRef]

He, W.; Liu, Y.; Sun, H.; Taghizadeh-Hesary, F. How does climate change affect rice yield in China? Agriculture 2020, 10, 441.
[CrossRef]

Duan, H,; Fu, L.; Ju, C; Liu, L.; Yang, J. Effects of application of nitrogen as panicle-promoting fertilizer on seed setting and grain
quality of rice under high temperature stress. Chin. J. Rice Sci. 2013, 27, 591-602.

Ding, Y.; Wang, Q.; Li, G.; Liu, Z.; Wang, S. Effect of high day-time temperature on rice quality under different panicle nitrogen
treatments. Plant Nutr. Fertil. Sci. 2009, 15, 276-282.

Yang, J.; Chen, X.; Zhu, C.; Peng, X.; He, X,; Fu, J.; Ouyang, L.; Bian, J.; Hu, L.; He, H. Effects of nitrogen level and high temperature
at late booting stage on yield and physiological characteristics of two early rice cultivars. Chin. J. Rice Sci. 2014, 28, 523-533.
Yang, J.; Shi, W.; Xiao, G.; Zhang, X.; Wang, D.; Xu, H.; Wu, J.; Yang, Z.; Lai, Y.; Duan, M. Optimum total nitrogen application is
required to reduce the yield loss of hybrid rice to high temperature. Field Crops Res. 2022, 288, 108696. [CrossRef]

Chukwudi, U.P; Mavengahama, S.; Kutu, ER. Variation in Maize Grain Yield Indices When Exposed to Combined Heat and
Water Stress Conditions under Different Soil Amendments. Sustainability 2022, 14, 5150. [CrossRef]

Deng, F; Li, B.; Yuan, Y.; He, C.; Zhou, X,; Li, Q.; Zhu, Y.; Huang, X.; He, Y; Ai, X. Increasing the number of seedlings per hill with
reduced number of hills improves rice grain quality by optimizing canopy structure and light utilization under shading stress.
Field Crops Res. 2022, 287, 108668. [CrossRef]

Ge, X.; Chen, Y.; Wang, Y.; Wang, B.; Chao, Q.; Yu, Y.; Gong, X.; Hao, Y.; LI, L.; Jiang, Y. Photosynthetic mechanism of high yield
under an improved wide-narrow row planting pattern in maize. Photosynthetica 2022, 60, 465—475. [CrossRef]

Chen-yang, W.; Dan, C.; Hai-wei, L.; Yi-min, Y.; Zhi-wei, W.; Matsui, T.; Xiao-hai, T. Effects of exogenous silicon on the pollination
and fertility characteristics of hybrid rice under heat stress during anthesis. Yingyong Shengtai Xuebao 2013, 24, 3113-3122.
Graham, A.W. Effects of Zinc Nutrition and High Temperature on the Growth, Yield and Grain Quality of Wheat (Triticum
aestivum L.). Ph.D. Thesis, School of Agriculture and Wine, Adelaide, Australia, 2004.

Mohammed, A.; Tarpley, L. High night temperature and plant growth regulator effects on spikelet sterility, grain characteristics
and yield of rice (Oryza sativa L.) plants. Can. J. Plant Sci. 2011, 91, 283-291. [CrossRef]

Fahad, S.; Hussain, S.; Saud, S.; Khan, F,; Hassan, S.; Nasim, W.; Arif, M.; Wang, F; Huang, J. Exogenously applied plant growth
regulators affect heat-stressed rice pollens. J. Agron. Crop Sci. 2016, 202, 139-150. [CrossRef]

Fu, Y,; Gu, Q.; Dong, Q.; Zhang, Z.; Lin, C.; Hu, W,; Pan, R.; Guan, Y.; Hu, J. Spermidine enhances heat tolerance of rice seeds by
modulating endogenous starch and polyamine metabolism. Molecules 2019, 24, 1395. [CrossRef]

Zhang, W.; Sheng, J.; Fu, L.; Xu, Y; Xiong, E; Wu, Y.; Wang, W.; Wang, Z.; Zhang, J.; Yang, J. Brassinosteroids mediate the effect of
soil-drying during meiosis on spikelet degeneration in rice. Environ. Exp. Bot. 2020, 169, 103887. [CrossRef]


http://doi.org/10.1016/j.pbi.2020.101996
http://doi.org/10.3724/SP.J.1006.2014.00273
http://doi.org/10.1016/j.plantsci.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25480006
http://doi.org/10.1111/pbi.13357
http://doi.org/10.1111/pbi.13637
http://doi.org/10.1126/science.abo5721
http://doi.org/10.1007/s001220100661
http://doi.org/10.1016/j.plantsci.2010.04.004
http://doi.org/10.1016/j.ecolecon.2018.07.015
http://doi.org/10.1626/jcs.82.360
http://doi.org/10.1080/1343943X.2015.1128114
http://doi.org/10.1071/FP22043
http://doi.org/10.1016/j.agwat.2022.107654
http://doi.org/10.3390/agriculture10100441
http://doi.org/10.1016/j.fcr.2022.108696
http://doi.org/10.3390/su14095150
http://doi.org/10.1016/j.fcr.2022.108668
http://doi.org/10.32615/ps.2022.032
http://doi.org/10.4141/CJPS10038
http://doi.org/10.1111/jac.12148
http://doi.org/10.3390/molecules24071395
http://doi.org/10.1016/j.envexpbot.2019.103887

Int. J. Mol. Sci. 2023, 24, 2255 18 of 18

155. Tang, Y.; Zhang, J.; Wang, L.; Wang, H.; Long, H.; Yang, L.; Li, G.; Guo, J.; Wang, Y.; Li, Y. Water deficit aggravated the inhibition
of photosynthetic performance of maize under mercury stress but is alleviated by brassinosteroids. ]J. Hazard. Mater. 2022,
443,130365. [CrossRef] [PubMed]

156. Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q.; Liu, L. Abscisic acid and cytokinins in the root exudates and leaves and their relationship to
senescence and remobilization of carbon reserves in rice subjected to water stress during grain filling. Planta 2002, 215, 645-652.
[CrossRef] [PubMed]

157. Yang, J.; Zhang, ].; Wang, Z.; Zhu, Q.; Liu, L. Involvement of abscisic acid and cytokinins in the senescence and remobilization of
carbon reserves in wheat subjected to water stress during grain filling. Plant Cell Environ. 2003, 26, 1621-1631. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jhazmat.2022.130365
http://www.ncbi.nlm.nih.gov/pubmed/36444077
http://doi.org/10.1007/s00425-002-0789-2
http://www.ncbi.nlm.nih.gov/pubmed/12172848
http://doi.org/10.1046/j.1365-3040.2003.01081.x

	Introduction 
	Environmental Stimuli Influence Grain Filling in Cereals 
	Agricultural Production Is Taking on Challenges Imposed by Global Environmental Change 
	Light 
	Temperature 
	Water 
	Soil 

	Stress Dose–Response Relationships in Grain Filling 

	Physiological, Molecular, and Biochemical Basis of Grain Filling Triggered by Environmental Factors 
	Light as an Important Factor That Maintains the Activity of Starch Synthesis Enzymes in Kernels 
	Temperature: Moderation Is Best 
	Water Conditions: Signal for Carbohydrate Remobilization 
	Fertilizer: Too Much of a Good Thing 
	Saline–Alkali Stress: Ongoing Challenges in Worldwide Agriculture 

	Adaptation Strategies in Response to Environmental Stimuli 
	Selection of Resistant Varieties and Plant Breeding 
	Crop Management Practices 

	Conclusions and Future Perspectives 
	References

