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Abstract: In the Huang-Huai-Hai region, high-temperature events frequently occur during the
grain-filling stage, posing an increasing threat to winter wheat yield. Heat stress accelerates
flag-leaf senescence and impairs post-anthesis photosynthesis, thereby limiting assimilate
supply for grain filling. A two-year field experiment was conducted using the heat-tolerant
cultivar ‘Huaimai 33’ (HM33) and the heat-sensitive cultivar ‘Fanmai 5° (FM5). Trehalose
(TRE) at 10, 15, and 20 mmol L~%was foliar-applied at anthesis, and passive warming was
imposed from 15 days after anthesis for 5 consecutive days during grain filling. Grain yield,
dry matter accumulation and allocation, flag-leaf photosynthetic characteristics, chlorophyll
fluorescence, and sugar-related traits were determined. Heat stress markedly reduced grain
yield and flag-leaf photosynthetic performance in both cultivars, with FM5 showing greater
sensitivity than HM33. Among the TRE treatments, 15 mmol L~ XTRE showed the greatest
effect. Compared with the heat-stress treatment, 15 mmol L-XTRE increased grain yield by
5.40%-7.04% in HM33 and by 6.43%-9.76% in FM5 across the two growing seasons, mainly
through increasing thousand-grain weight. At 21 days after anthesis, this treatment increased
the net photosynthetic rate of flag leaves by 12.97% in HM33 and 19.08% in FMS5. It also
increased the proportion of dry matter allocated to grains at maturity from 42.56% to 46.28%
in HM33 and from 43.86% to 48.42% in FM5. These results indicate that foliar application of
15 mmol L~ RE alleviates terminal heat-induced yield loss by maintaining post-anthesis flag-
leaf photosynthetic capacity and promoting assimilate allocation to grains. TRE application
may provide a practical approach for improving wheat heat resilience during grain filling.
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1. Introduction

Wheat is a major staple crop in China, and winter wheat production in the Huang-
Huai-Hai region is important for national food security [1] (pp. 44-52). However,
frequent high-temperature events during the grain-filling period have severely
constrained wheat yield in this region [1,2] (pp. 44-52). To alleviate the adverse
effects of heat stress, the application of exogenous compounds to enhance plant heat
tolerance has emerged as a practical and promising strategy [3] (pp. 99-106). For
example, potassium dihydrogen phosphate (KH2PO.) and nitric oxide (NO) have been
used to alleviate heat-induced injury in wheat [2,4].
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TRE is highly hydrophilic and has a strong water-holding capacity, and its
endogenous content has been reported to increase significantly under stress conditions
[5,6] (pp. 265-274, pp. 1817—-1826). Previous studies have shown that TRE can protect
biomembrane systems and proteins in rice from high-temperature damage [7] (pp.
15898-15903). In wheat, exogenous TRE has also been reported to alleviate drought
and heat stress by modulating antioxidant defense systems and osmotic balance [8].
However, previous studies on TRE in wheat have predominantly focused on the
seedling stage or general physiological responses. The precise mechanisms by which
exogenous TRE regulates post-anthesis source-sink relationships, sugar partitioning,
and grain-filling dynamics under terminal heat stress remain poorly understood.

Wheat yield is primarily determined by three major components: spike number,
grain number per spike, and thousand-grain weight. Among these components, grain
filling is a critical developmental process that ultimately determines final yield [9] (pp.
2083). However, this pivotal stage is highly susceptible to elevated temperature. High-
temperature stress during anthesis and grain filling can impair wheat growth and
development, thereby reducing both grain yield and quality [10] (pp. 1). Heat stress
during the mid-grain-filling stage has been reported to cause greater yield losses than
stress occurring at other developmental stages [11] (pp. 739-749). Consistent with this
stage-specific sensitivity, heat stress during mid-to-late grain filling results in greater
reductions in grain number per spike, grain weight, and yield than heat stress during
early grain filling [12]. The magnitude of heat-induced yield loss is further modulated
by genotypic differences in heat tolerance [13,14] (pp. 1783-1795). In this context,
post-anthesis heat stress reduces thousand-grain weight, grain-filling rate, and grain-
filling duration, ultimately decreasing final grain weight and seed yield [15,16] (pp.
103408, pp. 335-344). This effect is particularly severe during the mid-to-late grain-
filling stage, when heat stress further reduces grain-filling rate, thousand-grain weight,
and overall yield under field conditions [17] (pp. 1239-1245). Moreover, heat
responses vary among genotypes: heat-tolerant cultivars are mainly affected at 30 days
after anthesis, whereas heat-sensitive cultivars show reduced grain-filling rates as
early as the rapid grain-filling stage [18] (pp. 747). Consequently, recurrent heat events
in the Huang-Huai wheat region of China cause yield losses of 9.5-28% [19] (pp. 615—
628). However, most previous studies employed field-based correlative approaches
under uncontrolled environmental conditions, making it difficult to isolate the specific
effects of terminal heat stress from confounding factors such as soil moisture
variability and nutrient availability. Moreover, these studies predominantly focused
on yield components (grain number, thousand-grain weight) as endpoints, but failed
to systematically quantify the relative contributions of photosynthetic capacity,
assimilate partitioning, and sugar metabolism to grain-filling dynamics.

Terminal heat stress impairs grain filling by disrupting the post-anthesis source-
flow-sink continuum. Flag leaves act as major source organs, supplying
photosynthetically derived assimilates to developing grains [20] (pp. 268). High
temperatures inhibit carbon assimilation both directly, through adverse effects on
photosynthetic enzymes, and indirectly, through alterations in transpiration and
stomatal conductance [21,22] (pp. 7351-7364, pp. 1452-1467). In particular, heat
stress accelerates chlorophyll degradation and chloroplast senescence in flag leaves,
thereby decreasing the photosynthetic rate [23-25] (pp. 1-11, pp. 476490, pp. 1196—
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1211). Because photochemical reactions and electron transport occur in thylakoid
membranes, Photosystem 11 (PSI1) is especially vulnerable to heat-induced disruption
of electron carriers and membrane fluidity [26]. Consequently, heat stress impairs
electron transport, reduces photochemical energy allocation and efficiency, and
promotes excess excitation energy accumulation, ultimately suppressing carbon
assimilation in wheat flag leaves [27-30] (pp. 616, pp. 1655-1660, pp. 185-192, pp.
2251). However, the quantitative links between chloroplast ultrastructural damage,
PSII efficiency loss, sugar synthesis and export, and subsequent assimilate allocation
to developing grains remain unclear, limiting the development of targeted heat-
mitigation strategies.

Sugar, the primary product of photosynthesis, is essential for plant growth and
has a major influence on plant quality and yield [31] (pp. 1-11). Heat-induced declines
in photosynthetic capacity restrict carbon assimilation and consequently disturb sugar
metabolism, the key link between source activity in flag leaves and sink demand in
developing grains. Trehalose-6-phosphate (T6P), a low-abundance metabolite closely
associated with sucrose status, coordinates carbon allocation and developmental
transitions [32]. Recent evidence further suggests that endogenous trehalose and
sucrose metabolism genes in wheat endosperm are transcriptionally regulated by
developmental factors, directly influencing grain weight and filling efficiency [33].
Thus, heat-induced disruption of sucrose homeostasis may impair grain filling through
T6P-mediated signaling. Sucrose synthesized in flag leaves is the major form of long-
distance carbon transport and a direct precursor for starch synthesis in developing
grains [34] (pp. 327-409). Trehalose, a non-reducing disaccharide, has been
extensively documented as a stress protectant [35,36] (pp. 37-56, pp. 311-319). It acts
both as an osmoprotectant that stabilizes membranes and as a signaling molecule
regulating stress responses [37]. Trehalose metabolism is closely linked to T6P
signaling: wheat TPP genes contribute to developmental regulation and stress
adaptation [38], whereas T6P interacts with hormone-signaling pathways to modulate
stress responses [39]. Under heat stress, exogenous trehalose reprograms
transcriptomic and metabolic responses, enhancing heat-responsive genes, antioxidant
metabolism, and stress signaling [40]. It also protects D1 protein integrity [41]. and
promotes cyclic electron flow to maintain PSII function under heat and drought stress
[42] (pp. 115-122). Moreover, trehalose may enhance photosynthetic carbon
assimilation in a species-dependent manner and facilitate abiotic-stress memory [43]
(pp. 770-776). These dynamic changes reflect disruptions in the source-sink-flow
continuum that governs yield formation. However, previous research has treated
photosynthesis (source), sugar metabolism (flow), and grain filling (sink) as isolated
processes, failing to elucidate their coupling mechanisms under heat stress. Critically,
the relative contributions of source capacity (photosynthetic rate), flow efficiency
(sugar partitioning and transport), and sink strength (grain-filling rate) to final yield
remain unquantified. Addressing this gap is essential for developing integrated
mitigation approaches.

However, previous studies on exogenous trehalose in wheat under heat stress
have predominantly focused on physiological responses at early developmental stages
or single-organ systems. For example, it has been demonstrated that exogenous
trehalose improves flag leaf physiological traits and yield under post-anthesis heat
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stress through enhanced antioxidant capacity and photosynthetic performance [44] (pp.
2210-2224). However, such studies typically examined either source organs (e.g., flag
leaves) or sink organs (e.g., grains) in isolation, without systematically investigating
the coordinated source-sink-flow dynamics that underpin yield formation. Moreover,
the underlying mechanisms linking trehalose-induced physiological changes to grain-
filling processes-particularly the role of sugar metabolism in mediating source-sink
communication-remain poorly understood.

Therefore, this study aimed to evaluate the effects of exogenous TRE on yield
formation, photosynthetic characteristics, dry matter accumulation, and sugar
metabolism in winter wheat under heat stress during grain filling, with the goal of
providing a theoretical basis and practical guidance for mitigating terminal heat stress
in wheat production.

2. Materials and Methods

2.1. Overview of the Experimental Field

The experiment was conducted from 2020 to 2022 at the High-Tech Park of
Anhui Agricultural University, China (31.85N, 117.27E). The experimental site had
brown soil, and its pre-sowing nutrient status is presented in Table 1. Maize was
cultivated in the field during the preceding growing season.

Table 1. Nutrient content of the 0-20 ¢cm soil layer in the experimental field before sowing.

Organic Available Alkali Hydrolyzed  Rapidly-Available
Total N . .
Year (g kg™ Matter Phosphorous Nitrogen Potassium
(9 kg™) (mg kg™) (mg kg™) (mg kg™)
2020-2021 0.89 14.21 21.51 77.15 238.11
2021-2022 1.03 13.07 18.25 64.41 203.51

2.2. Materials and Experimental Design

The field experiment was carried out over two consecutive wheat growing
seasons (2020-2021 and 2021-2022). In the 2020-2021 season, seeds of eight
candidate wheat genotypes were sown on October 30, 2020. Anthesis occurred on
April 13, 2021, and plants were harvested at physiological maturity on May 25, 2021.
In the 2021-2022 season, the two representative winter wheat cultivars, ‘Huaimai 33’
(HM33, heat-tolerant, originated in Huai’an, China) and ‘Fanmai 5° (FM5, heat-
sensitive, originated in Zhoukou, China), were sown on October 30, 2021, reached
anthesis on April 11, 2022, and were harvested on May 22, 2022. The total growth
duration for both cultivars across the two seasons was approximately 205-207 days.
The two experimental wheat varieties, ‘Huaimai 33’ (HM33) and ‘Fanmai 5’ (FM5),
were selected from eight candidate genotypes based on a preliminary field screening
experiment conducted in 2020. To investigate the physiological responses of
genotypes with contrasting heat tolerance, we evaluated the 1000-grain weight (TGW)
and the Heat Susceptibility Index (HSI) of the eight candidates under post-anthesis
heat stress. Among these genotypes, HM33 was identified as the most heat-tolerant

20



Agriculture and Biology 2026, 2(2), 17-51.

cultivar, exhibiting the lowest TGW reduction (9.09%) and HSI (0.74). Conversely,
FM5 was identified as the most heat-sensitive cultivar, displaying the highest TGW
reduction (14.01%) and HSI (1.14). Based on these contrasting traits, HM33 and FM5
were selected as the experimental materials. A split-plot design was employed, with
varieties, TRE application (Dezhou Huiyang Biotechnology Co., Ltd., Dezhou,
Shandong, China), and warming treatment assigned to the main plots, subplots, and
split plots, respectively. A total of 5 treatments were set up: foliar spraying with clean
water (the volume was the same as that of the TRE solution for spraying) + non-
warming (CK); foliar spraying with clean water (the volume was the same as that of
the TRE solution for spraying) + warming (H); foliar spraying with 10 mmol L™ TRE
+ warming during grain filling (T1H); foliar spraying with 15 mmol L™ TRE +
warming during grain filling (TisH); and foliar spraying with 20 mmol L™ TRE +
warming during grain filling (T2oH). During anthesis, water and TRE solutions (99%
purity) were applied once daily at dusk for three consecutive days. Each application
was conducted at a rate of 100 mL m2, ensuring thorough wetting of both adaxial and
abaxial leaf surfaces. Plants in the CK treatment were sprayed with the same volume
of water used for the TRE treatments, as TRE was dissolved in water. Tween-20 was
added to the TRE solution at 0.002 mL per 100 mL to facilitate the adsorption of
exogenous substances on the leaf surface [24,45-47] (pp. 476-490, pp. 395-398, pp.
53, pp. 247-257). The area of each plot was 9 m? (3 m x3 m). Each treatment was
replicated 3 times. The treatments were randomly arranged. Furrowing and sowing
were performed manually, with a target seedling density of 3.75 million plants ha™.
During the growing season, nitrogen fertilizer was applied at 240 kg N ha™ in three
applications at a ratio of 5:3:2 (basal application: topdressing at the tillering stage:
topdressing at the booting stage). Phosphorus and potassium fertilizers were applied
entirely as basal fertilizers at rates of 100 kg P,Os ha* and 150 kg KO ha,
respectively. All other cultivation and field-management practices followed those used
for local high-yield wheat production.

A passive warming method was used to simulate the high-temperature
environment during the daytime. Warming treatment was initiated 15 days after
anthesis (DAA) and lasted for 5 consecutive days, with daily warming applied from
09:00 to 17:00 h. To monitor the microclimate, canopy air temperature and relative
humidity inside and outside the warming sheds were continuously recorded at 10-min
intervals. The average temperatures (Figures 1A,B) and representative diurnal
temperature dynamic profiles (Figures 1C,D) inside and outside the sheds during the
warming period (2020-2022) are shown in Figure 1. The mean increase in canopy air
temperature during the grain-filling stage under high-temperature stress was 5.13 °C.
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Figure 1. Average temperature (A,B) and dynamic diagram (C,D) of temperature changes inside and outside the shed
during the test (2020-2022). A and C represent data from the 2020-2021, while B and D represent the 2021-2022.

2.3. Methods of Determination
2.3.1. Determination of Grain Yield

At physiological maturity, all wheat plants within a designated 0.5m area in each
plot were harvested to determine the effective spike number. After threshing and air-
drying, the grains were weighed and their moisture content was measured to calculate
the actual grain yield adjusted to a standard 12.5% moisture content. For each plot, a
representative air-dried grain sample of over 1000 g was collected for bulk density
(test weight) determination, from which two subsamples of 1000 grains were
randomly selected and weighed to obtain the mean thousand-kernel weight (TKW). In
addition, 20 spikes were randomly selected per plot to measure spike length and count
the number of grains per spike. The theoretical yield was calculated based on the
effective spike number, grain number per spike, and thousand-kernel weight [48] (pp.
1-15).

At maturity, thirty wheat ears were randomly harvested from each treatment to
assess grain filling characteristics. To investigate the spatial variations across different
micro-positions on the spike, a two-dimensional classification was applied. First,
vertically, each ear was systematically divided into three equal sections (namely,
upper/apical, central, and lower/basal spikelets) along the rachis. Second, horizontally
within an individual spikelet from any of these sections, individual grains were
categorized based on their floret positions. Specifically, superior grains were defined
as the basal one or two grains (first and second florets) of each spikelet, whereas
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inferior grains comprised all remaining grains (third and subsequent florets) within the
corresponding spikelet. This classification yielded six sub-categories (e.g., central-
superior and central-inferior grains) for subsequent grain-weight analysis (Table 2).

Table 2. Effects of exogenous trehalose on the yield of wheat plants under heat stress during grain filling (2020-2022).

Time Cultivar Treatment Spikes Kernel Numbers 1000-Grains Grain Yield
(10* hm™) Per Spikes Weight (g) (kg hm™)
CK 603.33 +6.67°  41.67 +0.88% 48.69 +0.08? 8899.35 +28.62°
H 596.67 +£3.33*  39.67 +1.76% 44.26 +£0.07° 7939.33 +43.78°
HM33 TioH 600.00 +11.55*  40.00 +1.00° 45.18 +0.05¢ 8136.82 +20.67¢
TisH 593.33 +3.33%*  40.67 +0.67% 46.84 +0.07° 8498.10 +£31.79"
TaoH 603.33 +12.02  40.33 +1.33° 45.65 +0.03¢ 8240.58 +33.91°¢
CK 610.00 +15.28%  33.67 +0.33° 50.35 +0.02% 8792.43 +24.812
2020-2021 H 630.00 +5.77%  32.67 +0.33% 43.29 +0.10° 7560.66 +33.99°
FM5 TioH 623.33 £18.56*  33.00 +0.58° 45.55 +0.04¢ 7954.45 +24.80¢
TisH 623.33 £16.67°  33.33 +0.33° 47.52 +0.01° 8298.44 +28.98"
TaoH 620.00 +£10.00*  33.33 +0.67° 46.18 +0.03¢ 8064.43 +33.58°
F-cuttivar 9.32" 150.82"™ 154.86™ 307.89"
F‘\/alue F‘Treatment 012 073 281316** 95760**
F-cxr 0.44 0.11 134.59™ 14.51™
CK 610.00 +15.28%  33.67 +0.33° 49.24 +0.24? 8581.49 +71.06%
H 630.00 +5.77%  32.67 +0.33? 43.29 +0.10¢ 7544.60 +31.29¢
FM5 TioH 623.33 £18.56%  33.00 +0.58° 44.87 +£0.37° 7819.94 +112.52°
TisH 623.33 £16.67°  33.33 +0.33° 46.08 +0.23° 8029.47 +69.44°
2021-2022 TaoH 620.00 +£10.00*  33.33 +0.67° 44.34 +0.04° 7726.71 +33.85°
CK 603.33 +6.67°  38.33 +1.33? 48.74 +0.22° 8655.83 +72.63%
H 596.67 +3.33*  37.67 +0.67? 41.90 +0.22¢ 7833.72 +44.92¢
HM33
TioH 600.00 £11.55%  38.33 +0.67° 43.91 +0.21° 8041.02 +34.35°
TisH 593.33 +£3.33*  37.00 +0.00° 47.61 +0.25° 8257.04 +81.47°
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TaoH 603.33 £12.02*  38.67 +0.88° 43.20 +0.41° 8021.22 £43.82°

F-cultivar 2.81 187.57" 28.76 285.26™
F'\/alue F'Treatment 011 081 31805** 6425**
F-cxr 0.44 1.33 7.88™ 3.64"

Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray an equal amount of clean water + high
temperature; T1oH: spray 10 mmol L trehalose + high temperature stress during filling; T1sH: spray 15 mmol L™ trehalose + high temperature
stress during filling; T2oH: spray 20 mmol L trehalose + high temperature stress during filling. F-curivar represents the F value of the variety, and
F-Treatment represents the F value of the treatment; F-cxr represents the F value of interaction between the breed and the treatment. Different
lowercase letters indicate significant differences among treatments at P < 0.05. ™ Indicates reaching a significant level (P < 0.05), and ™ indicates
a very significant level (P < 0.01). Significant levels among different treatments in the same period were indicated by distinct lowercase letters (P
< 0.05). HM33: Huaimai 33; FM5: Fanmai 5.

2.3.2. Determination of Dry Matter-Related Items

At both flowering and maturity stages, 30 representative single culms per plot
were randomly sampled (avoiding the designated yield-determination areas) and
separated into stems-leaves and spikes (no separation was performed at the jointing
stage). The samples were heat-killed at 105 <C for 30 min, and then dried at 75 <T to
a constant weight to determine the dry matter weight per culm. Based on the
population dry matter accumulation at heading and maturity, the pre- and post-anthesis
dry matter accumulation and translocation indices were calculated. Specifically, pre-
anthesis measurements included dry matter accumulation, translocation amount,
translocation efficiency, and its contribution rate to grain yield. Post-anthesis
measurements included dry matter accumulation and its contribution rate to grain yield.
The population dry matter accumulation was converted from the single-culm dry
weight and the tiller density (number of stems and tillers per unit area) at the
corresponding growth stages [42] (pp. 1-15).

2.3.3. Determination of the Net Photosynthetic Rate (Pn)

The net photosynthetic rate of flag leaves was determined at 21 and 28 days after
anthesis (DAA). To ensure data reliability and minimize spatial variance, 12
representative flag leaves per treatment, characterized by uniform developmental
stages and consistent light-receiving orientations within the canopy, were randomly
selected for in vivo measurements. A LI-6400 portable photosynthesis system (LI-
COR Biosciences, Lincoln, NE, USA) was used to determine the P,. To avoid the
midday depression of photosynthesis, all measurements were strictly conducted
between 09:00 and 11:00 on clear, cloudless days. A leaf chamber equipped with a
red/blue LED light source was used. All measurements were recorded at a constant
flow rate of 500 mL min™* and CO, concentration of ca. 380 pmol mol*, under a
photosynthetically active radiation of 1000 umol m % s™* and relative humidity of 60%.

2.3.4. Determination of Chlorophyll Fluorescence-Related Parameters

The maximum photochemical efficiency of photosystem Il (Fv/Fn) was measured
on the same flag leaf using a PAM-2500 chlorophyll fluorometer (Heinz Walz GmbH,
Effeltrich, Germany). The minimum and maximum chlorophyll fluorescence values
(Fo and Fnm, respectively) were determined, and F./Fmn was calculated as follows: Fv/Fn
= (Fm — Fo)/Fm [49] (pp. 87-92).
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2.3.5. Transmission Electron Microscopy Observation of Chloroplasts

Central segments of flag leaves were excised and cut into 1 mm=pieces with a
razor blade. Samples were pre-fixed in glutaraldehyde fixative for 4 h, rinsed three
times with phosphate buffer, then post-fixed in 1% osmium tetroxide (OsO4, prepared
with the same phosphate buffer) for 2-3 h, followed by identical buffer rinsing. Fixed
specimens were dehydrated in a graded acetone series for 15 min per step. Infiltration
was performed sequentially with mixtures of Epon 812 resin and acetone at volume
ratios of 1:3, 1:1, and 3:1. Samples were embedded in 100% Epon 812 resin for 5 h at
30 <C, followed by polymerization at 60 <C for 3648 h. Ultrathin sections were cut
using an LKB V ultramicrotome (LKB, Bromma, Sweden), stained with uranyl acetate
and lead citrate, and observed and photographed under a JEM-100CX II
transmission electron microscope (TEM JEOL Ltd., Tokyo, Japan).

2.3.6. Determination of Soluble Sugar, Sucrose, and Starch Contents

Soluble sugar content was determined by the anthrone colorimetric method [50]
(pp. 772-777). A 0.1 g pulverized sample was suspended in 8 mL of distilled water
and extracted in a boiling water bath for 20 min. After cooling, the homogenate was
filtered, and the residue was washed repeatedly with distilled water to a final filtrate
volume of 10 mL. A 0.2 mL aliquot was then diluted with 0.8 mL of distilled water,
mixed with 5 mL of anthrone reagent, and incubated in a boiling water bath for 10 min.
Upon rapid cooling, absorbance was measured at 620 nm against a reagent blank.

The sucrose content was determined using a resorcinol test [51] (pp. 60-70). A
0.1 g homogenized sample was extracted in distilled water in a boiling water bath for
30 min. The mixture was cooled, filtered, and the residue was re-extracted for 10 min.
Both filtrates were pooled and adjusted to a final volume of 100 mL. A 0.5 mL aliquot
of this extract was diluted with 1.5 mL of distilled water, followed by the sequential
addition of phenol and concentrated sulfuric acid for color development. Absorbance
was then recorded based on the standard curve protocol.

Starch content was determined using the anthrone colorimetric method [52] (pp.
34-36). The insoluble residue from the soluble sugar extraction was suspended in 20
mL of distilled water and gelatinized in a boiling water bath for 30 min. For hydrolysis,
9.2 mol L™ perchloric acid was added, and the extraction continued for 15 min. After
centrifugation, the remaining residue was repeatedly re-extracted with 10 mL of
distilled water until the iodine test confirmed complete hydrolysis (absence of blue
coloration). All supernatants were pooled and diluted to 100 mL. An aliquot was
subsequently processed for starch quantification using the standard curve.

2.3.7. Starch Granule Morphology

Well-filled grains were selected and notched at the middle with a single-edged
blade, perpendicular to the longitudinal axis. The grains were then held at both ends
with forceps and gently fractured along the notch. Subsequently, a transverse section
was made parallel to the fracture surface at approximately 2 mm from the initial cross-
section. Sections with an intact central endosperm transverse surface were selected for
observation and imaging using a scanning electron microscope (Philips XL-30 ESEM,
Philips, Amsterdam, the Netherlands).
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2.4. Statistical Analysis

All data are expressed as the mean =standard deviation (SD) of three independent
replicates. Differences among treatment groups within each experimental year were
assessed using one-way analysis of variance (ANOVA), followed by Duncan’s
multiple range test. Statistical significance was defined at P < 0.05. Redundancy
analysis (RDA) was conducted to evaluate relationships between environmental
variables and response variables, while partial least squares regression (PLSR) was
used to identify the major variables contributing to the observed responses. All
statistical analyses were performed using SPSS Statistics (version 26.0; IBM Corp.,
Armonk, NY, USA), OriginPro 2026 (OriginLab Corp., Northampton, MA, USA),
and Canoco 5 (Biometris, Wageningen, the Netherlands).

3. Results

3.1. Effect of Exogenous TRE on Wheat Yield and Its Components under
Heat Stress

As shown in Table 2, heat stress (treatment H) significantly reduced grain yield
in both wheat cultivars compared with the control (CK). Among the eight candidate
genotypes, the heat-tolerant cultivar ‘Huaimai 33’ (HM33) exhibited the lowest yield
reduction (9.09%), whereas the heat-sensitive cultivar ‘Fanmai 5> (FM5) showed the
greatest yield reduction (14.01%). This response was consistent with the contrasting
heat tolerance of the two cultivars reported by previous studies [44] (pp. 2210-2224).
Compared with the H treatment, foliar application of TRE increased grain yield in both
cultivars. Application of 10, 15, and 20 mmol L™ TRE increased grain yield by 2.28%,
5.47%, and 2.70%, respectively, in HM33, and by 4.43%, 8.09%, and 4.54%,
respectively, in FM5. The greatest increase in grain yield was observed under the 15
mmol L' TRE treatment in both cultivars. The variation in thousand-grain weight was
generally consistent with that in grain yield. Relative to the H treatment, thousand-
grain weight increased by 2.28%, 5.46%, and 2.70% in HM33 and by 4.43%, 8.00%,
and 4.53% in FM5 following the application of 10, 15, and 20 mmol L' TRE,
respectively. In contrast, spike number and grain number per spike were not
significantly affected by TRE application in either cultivar. Thus, the increase in grain
yield following TRE application was primarily associated with the increase in
thousand-grain weight. This result agrees with previous findings [44] (pp. 2210-2224).
Notably, the TRE-induced improvement in grain yield was mainly associated with the
maintenance of grain filling rather than with changes in sink number. Spike number
and grain number per spike showed limited responses to TRE application, whereas
thousand-grain weight and grain yield responded more clearly. These results indicate
that the primary yield-related effect of exogenous TRE under terminal heat stress was
the alleviation of heat-induced impairment of grain filling and grain weight formation.

3.2. Effect of Exogenous TRE on the Weight of Superior and Inferior
Grains at Different Spike Positions under Heat Stress

The data in Table 3 show that heat stress treatment significantly decreased the
grain weight of both superior and inferior grain of heat-sensitive variety FM5
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compared to the CK group, compared with the CK group (the same reference applies
throughout this section unless otherwise stated). At the central spikelet position, the
weights of superior and inferior grains decreased by 5.96% and 24.30%, respectively,
under heat stress. Across all spikelet positions (upper, central, and lower), superior
grains generally exhibited smaller weight reductions compared to inferior grains. For
spikelets at the lower position of the spike, the weights of superior and inferior grains
decreased by 29.70% and 7.45%, respectively. Overall, under heat stress, superior
grains of the heat-tolerant variety HM33 exhibited slightly larger weight reduction
percentages than inferior grains within each corresponding spikelet position. However,
across the vertical spikelet positions, the grain weight reduction followed the order of
upper > lower > middle for both grain types. The overall reduction in the grain weight
was greater in FM5 than in HM33. In both FM5 and HM33, the greatest difference in
grain weight reduction occurred between superior grains located at the upper and
lower positions of the spike, reaching 54.97% and 68.77%, respectively. Under the 10,
15, and 20 mmol L™ TRE treatments, the weight of superior grains at both the upper
and lower spike positions in FM5 was significantly higher than that under treatment
H. The greatest increase was observed in superior grains at the lower spike position,
with increases of 8.44%, 13.34%, and 6.14%, respectively. Compared to treatment H,
10, 15, and 20 mmol L™ TRE applications increased the weight of both superior and
inferior grain in all positions on the spikes of HM33, and this increase for inferior
grain was significantly higher than that for superior grain, with inferior grain in the
lower positions showing the greatest increase (9.48, 9.80, and 2.91%, respectively).
After TRE application, the increase in the weight of both superior and inferior grain
in all positions on the spikes of FM5 was higher than that of HM33.

Table 3. Effects of exogenous trehalose on the weight of superior and inferior grains at the upper, central, and lower
spikelet positions of wheat under heat stress during grain filling.

Upper Spikelet Central Spikelet Lower Spikelet

Cultivar Treatment Superior Inferior Superior Inferior Superior Inferior

CK 50.31 +0.10°  41.07 +£0.21* 53.38 +0.67* 47.00 +0.47* 55.59 +0.88" 36.76 +0.75"

H 37.55+0.16° 30.33 £0.19° 50.20 +0.88" 35.58 +0.69° 39.08 +0.09° 34.02 +0.38°

FM5 TioH 40.71 £0.54° 3250 +0.06" 46.10 +0.34° 36.36 +0.11° 46.77 £0.77° 31.17 +0.10°
TisH 43.33 £0.31" 31.43 +£0.33° 48.81 +0.29° 36.19 +0.38° 46.95 +0.70° 35.61 +0.50"

TaoH 40.21 £0.06° 26.11 +£0.17° 50.07 +£0.92° 39.13 +0.07" 51.04 +0.37° 42.10 +0.39"

CK 44.48 £0.41* 34.73 £0.28*° 56.55 +0.40*° 42.49 +0.20* 54.25+1.19° 38.83 +0.59*

H 39.40 £0.36° 32.60 +0.41° 48.91 +0.26° 37.24 +£0.53" 48.47 +0.78" 35.33 +0.26"

HM33 T1oH 41.76 £0.61° 33.98 £0.42%® 51.20 +0.23" 43.06 +0.30* 48.65 +0.37" 38.68 +2.90°
TisH 38.57 £0.17° 34.88 £0.51° 49.05 +0.12° 37.35+0.27" 49.28 +0.62" 39.17 +0.63"

TaoH 39.87 £0.03°  34.27 £0.53* 46.17 +0.80" 36.10 +0.80° 47.00 +0.36" 36.47 +1.39°
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F-cultivar 18.96™ 320.71" 13.16™ 102.29™ 143.27" 10.72"
F'\/a|ue F'Treatment 2198** 2736** 2762** 2318** 1912** 575**
F-cxr 74.82" 27.80™ 29.11" 49.84™ 64.86" 9.91"

Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray an equal amount of clean water + high
temperature; T1oH: spray 10 mmol L™ trehalose + high temperature stress during filling; T1sH: spray 15 mmol L trehalose + high temperature
stress during filling; T2oH: spray 20 mmol L™ trehalose + high temperature stress during filling. F-curivar represents the F value of the variety, and
F-Treatment represents the F value of the treatment; F-cxr represents the F value of interaction between the breed and the treatment. * Indicates
reaching a significant level (P < 0.05), and ™ indicates a very significant level (P < 0.01). Significant levels among different treatments in the same
period were indicated by distinct lowercase letters (P < 0.05). HM33: Huaimai 33; FM5: Fanmai 5.

3.3. Effect of Exogenous TRE on Dry Matter Accumulation and
Allocation of Wheat under Heat Stress

Dry matter accumulation at 21 DAA was higher in the heat-tolerant cultivar
HM33 than in the heat-sensitive cultivar FM5 in both 2021 and 2022 (Figure 2A).
Heat stress during grain filling reduced dry matter accumulation in both cultivars, with
greater reductions in total dry matter and organ dry matter observed in FM5 than in
HM33. The total dry matter accumulation and dry matter accumulation in individual
organs of FM5 were 37.09% lower than those of HM33. TRE application alleviated
the heat-induced reduction in dry matter accumulation. Relative to the H treatment,
TioH, TisH, and TyoH increased leaf dry matter accumulation in HM33 by 0.89%,
2.19%, and 1.74%, respectively, and in FM5 by 12.39%, 14.89%, and 10.85%,
respectively. In HM33, TisH increased dry matter accumulation in the upper three
leaves relative to the H treatment, with a significant increase observed in the flag leaf.

At maturity, total dry matter accumulation remained higher in HM33 than in FM5
(Figure 2B). Heat stress significantly reduced total dry matter accumulation and dry
matter accumulation in individual organs in both cultivars, and the reductions were
more pronounced in FM5. Spike dry matter showed the greatest reduction, being 59.0%
lower in FM5 than in HM33. Across the two growing seasons, heat stress caused a
greater reduction in dry matter accumulation in the upper three leaves of FM5 than in
HM33, particularly in the second leaf from the top. TRE application mitigated these
reductions. Compared with the H treatment, T1oH, T1sH, and TooH increased dry matter
accumulation in the upper three leaves by 2.01%, 11.35%, and 1.93%, respectively, in
HM33, and by 7.43%, 20.34%, and 2.44%, respectively, in FM5. The effects of TRE
on dry matter accumulation followed the order TisH > T1oH > T2oH. Under TisH, the
increase in dry matter accumulation was 38.06% greater in FM5 than in HM33.
However, the increase in flag-leaf dry matter did not differ significantly between the
two cultivars.

At maturity, the H treatment significantly increased both the amount and
proportion of dry matter allocated to stems, leaf sheaths, and leaves in FM5 and HM33
relative to the CK treatment, whereas both the amount and proportion of dry matter
allocated to grains were significantly reduced (Table 4). Under TRE application, dry
matter allocation to stems, leaf sheaths, and leaves followed the order TxH > TioH >
TisH in both cultivars. In contrast, all TRE treatments increased the amount and
proportion of dry matter allocated to grains relative to the H treatment. Compared with
T1oH and T2oH, T1sH increased the proportion of dry matter allocated to grains by 2.28%
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and 4.89%, respectively, in FM5 and by 2.78% and 4.56%, respectively, in HM33.
Overall, TRE increased dry matter accumulation per plant and dry matter allocation to
grains while reducing the proportion of dry matter retained in vegetative organs. The
enhancement of post-anthesis dry matter accumulation and grain dry matter allocation
under TRE treatment was consistent with the increases in thousand-grain weight and
grain yield. These results suggest that TRE may alleviate heat-induced impairment of
grain filling by promoting the utilization and redistribution of post-anthesis assimilates
toward developing grains.
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Figure 2. Effects of exogenous trehalose on dry matter accumulation in FM5 and HM33 under heat stress during grain
filling at 21 d after flowering and at the maturity stage. Note: CK: spray an equal amount of clean water on the leaf
surface + no high temperature; H: spray an equal amount of clean water + high temperature; T1oH: spray 10 mmol L™
trehalose + high temperature stress during filling; T1sH: spray 15 mmol L™ trehalose + high temperature stress during
filling; T20H: spray 20 mmol L™ trehalose + high temperature stress during filling. Different lowercase letters represent
significant levels among different treatments in the same period (P < 0.05). FM5: Fanmai 5; HM33: Huaimai 33; A: 21
DAA; B: Maturity stage.
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Table 4. Effects of exogenous trehalose on the amount and proportion of dry matter allocation to different organs at the
maturity stage of FM5 and HM33 plants under heat stress during grain filling.

Stem+Sheath+Leaf Spike-Stalk+Glume
Cultivar  Treatment Amount Rate Amount Rate Amount Rate
(kg hm™) (%) (kg hm™) (%) (kg hm™) (%)
5961.73 + 34.66 + 8581.49 + 50.90 +
+ e + e
CK 30 57 0.19° 2315.55 +£27.04° 13.73 +£0.13 71.06° 096"
6801.53 + 40.35 + 7544.60 + 43.86 +
+ a + a
H 27 08" 0.22° 2853.86 £16.21°  16.59 +0.07 31 29" 0.17¢
6248.23 + 37.33 + 7819.94 + 47.34 +
FM5 A4 +24.22° .84 +0.16°
TioH 14.51¢ 0.08° 2451.44 +24.22 14.84 +0.16 112 52¢ 0.30°
6177.17 + 37.39 + 8029.47 + 48.42 +
TisH 2376.69 +£4.42%  14.33 +0.03¢
1 9.36¢ 0.07° 376.69 33 +0.03 69.44° 0.10°
6471.80 + 39.03 + 7726.71 + 46.16 +
TaoH 2539.30 +£13.06° 15.17 +0.06"
2 7.35 0.14 539.30+1306" 15 0.06 33.85°¢ 0.10¢
6624.89 + 36.93 + 8655.83 + 48.26 +
+ e + e
CK £3 08" 0.16° 2656.65 £26.07°  14.81 +0.16 16.60° 0.03°
7440.42 + 40.42 = 7833.72 + 4256 +
+ a + a
H 45 03° 0.20° 3132.14 £22.20°  17.02 +0.14 2882 0.16°
6982.34 + 39.10 + 8041.02 + 45.03 +
HM33 .95 +25.32°¢ .86 +0.12°
T1oH 26.24° 013" 2832.95 £25.32°  15.86 +0.12 2 04° 0.20°
6868.27 + 38.50 + g d 8257.04 + 46.28 +
+ +
T1sH 21 65° 0.17° 2715.33 £15.34°  15.22 +0.09 59 o7 0,265
+ + + +
TaoH 714574532% * 38"3; 2946.66 +21.87°  16.26 =0.09° 802281'12120 + 43??;
F-cuttivar 9.47™ 134.30™ 171.71" 75.22™ 441.91" 21.36"
F-value F-Treatment 4.65" 9.07™ 9.22™ 18.85™ 97.15™ 47.01"
F-cxar 5.01" 5.32™ 6.98™ 4.92™ 7.22™ 1.44

Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray equal amount of clean water + high temperature;
T1oH: spray 10 mmol L trehalose + high temperature stress during filling; T1sH: spray 15 mmol L™ trehalose + high temperature stress during
filling; T20H: spray 20 mmol L trehalose + high temperature stress during filling. F-curivar represents the F value of the variety, and F-Treatment
represents the F value of the treatment; F-cxr represents the F value of interaction between the breed and the treatment. ™ Indicates reaching a
significant level (P < 0.05), and ™ indicates a very significant level (P < 0.01). Significant levels among different treatments in the same period

were indicated by distinct lowercase letters (P < 0.05). HM33: Huaimai 33; FM5: Fanmai 5.

3.4. Effect of Exogenous TRE on Net Photosynthetic Rate and Maximum
Photochemical Efficiency of Flag Leaves under Heat Stress

Under heat stress during grain filling, the net photosynthetic rate (P,) of the heat-

tolerant cultivar HM33 and the heat-sensitive cultivar FM5 decreased by 20.19% and
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27.40%, respectively, at 21 DAA, and by 55.27% and 61.54%, respectively, at 28
DAA, relative to the CK treatment (Figure 3). The heat-induced reduction in P, was
more pronounced at 28 DAA than at 21 DAA and was consistently greater in FM5
than in HM33. TRE application significantly increased P, relative to the H treatment.
At 21 DAA, TioH, TisH, and TxH increased P, by 2.05%, 12.97%, and 1.44%,
respectively, in HM33 and by 13.83%, 19.08%, and 11.69%, respectively, in FM5. At
28 DAA, P, under TisH was significantly higher than that under TioH and TazoH,
whereas no significant difference was observed between TioH and T»H. Overall, the
effectiveness of TRE treatments in alleviating heat-induced photosynthetic inhibition
followed the order TisH > T1oH > TaoH.

The maximum photochemical efficiency of PSII (F./Fm) was significantly higher
at 21 DAA than at 28 DAA in both cultivars under all treatments (Figure 3). Heat
stress significantly decreased F./Fn relative to the CK treatment. In HM33, Fu/Fn
under the H treatment decreased by 9.06% and 14.94% at 21 and 28 DAA, respectively,
whereas the corresponding reductions in FM5 were 10.58% and 20.03%. Thus, HM33
exhibited a smaller heat-induced reduction in F./Fn than FM5. TRE application
alleviated the decline in F./Fn. Compared with the H treatment, T1oH, T1sH, and T2oH
increased Fv/Frn in HM33 by 3.97%, 4.55%, and 2.11%, respectively, at 21 DAA and
by 3.22%, 6.25%, and 0.78%, respectively, at 28 DAA. The effectiveness of TRE
treatments in mitigating the reduction in F./Fn followed the order T1sH > T1gH > TooH.
Compared with HM33, the mitigating effects of TioH, T1sH, and TooH on the Fu/Fn,
reduction in FM5 were 2.97%, 4.56%, and 3.88% greater, respectively, at 21 DAA,
and 3.13%, 5.89%, and 0.76% greater, respectively, at 28 DAA.

The maintenance of flag-leaf photosynthetic capacity under TRE treatment
constituted the source basis for the subsequent improvement in dry matter
accumulation, assimilate allocation, and grain filling. The alleviation of heat-induced
declines in P, and F./Fn indicates that TRE helped preserve carbon assimilation
capacity and PSII photochemical activity during grain filling. This improved source
activity was consistent with the subsequent changes in dry matter accumulation and
grain-related traits, supporting a coordinated relationship between source maintenance
and sink filling under terminal heat stress.
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Figure 3. Effects of exogenous trehalose on the flag leaf net photosynthetic rate (P,) and maximum photochemical
efficiency (Fu/Fm) of FM5 and HM33 under heat stress during grain filling. Note: CK: spray an equal amount of clean
water on the leaf surface + no high temperature; H: spray an equal amount of clean water + high temperature; TioH:
spray 10 mmol L trehalose + high temperature stress during filling; TisH: spray 15 mmol L™ trehalose + high
temperature stress during filling; T2oH: spray 20 mmol L * trehalose + high temperature stress during filling. Different
lowercase letters represent significant levels among different treatments in the same period (P < 0.05). FM5: Fanmai 5;
HM33: Huaimai 33.

3.5. Effect of Exogenous TRE on Chloroplast Ultrastructure of Flag
Leaves under Heat Stress

Relative to the CK, heat stress during grain filling induced pronounced
ultrastructural damage to chloroplasts (Figure 4). Chloroplasts became swollen, and
partial disruption of the plasma membrane and chloroplast envelope was observed.
The grana lamellae were deformed, curved, and discontinuous, accompanied by an
increased number of osmiophilic granules. In contrast, under TRE treatments,
chloroplasts were more closely appressed to the cell wall than those under the H
treatment, while the plasma membrane and chloroplast envelope remained relatively
intact. Only occasional discontinuities were observed in the grana lamellae, and the
number of osmiophilic granules gradually decreased. Among the TRE treatments,
T1sH most effectively alleviated heat stress-induced chloroplast damage.
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Figure 4. Effects of exogenous trehalose on the chloroplasts in the flag leaves of FM5 under heat stress during grain
filling. Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray an equal
amount of clean water + high temperature; T1oH: spray 10 mmol L trehalose + high temperature stress during filling;
TisH: spray 15 mmol L trehalose + high temperature stress during filling; T»H: spray 20 mmol L™ trehalose + high
temperature stress during filling. Different lowercase letters represent significant levels among different treatments in
the same period (P < 0.05). Chl: Chloroplast; CM: Cell membrane; CHM: Chloroplast membrane; GL: Substrate sheet
layer; SL: Substrate layer; Pi: Osmiophilic granules; ST: Starch granules; A: CK processing; B: H treatment; C: TioH
treatment; D: TisH treatment; E: TxoH treatment; F: The number of Osmiophilic granules in chloroplasts. Scale bar =
2.0 um
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3.6. Effect of Exogenous TRE on the Contents of Trehalose, Soluble
Sugar, Sucrose, and Starch in Flag Leaves under Heat Stress

TRE treatments in flag leaves were significantly lower at 28 DAA than at 21 DAA
across all treatments in both cultivars (Figure 5). Heat stress during grain filling
significantly increased endogenous TRE treatments relative to the CK. Compared with
CK, TRE treatments in the heat-tolerant cultivar HM33 increased by 13.34% and
10.01% at 21 and 28 DAA, respectively, whereas the corresponding increases in the
heat-sensitive cultivar FM5 were 16.55% and 11.59%. Thus, the heat-induced increase
in TRE treatments was smaller in HM33 than in FM5. Exogenous TRE application
further increased TRE treatments under heat stress. In HM33, compared with the H
treatment, T1oH, T1sH, and TaH increased TRE treatments by 18.53%, 27.37%, and
8.74%, respectively, at 21 DAA and by 10.66%, 21.04%, and 5.12%, respectively, at
28 DAA. In FM5, the corresponding increases were 28.79%, 39.61%, and 18.11% at
21 DAA and 23.49%, 29.32%, and 14.55% at 28 DAA. The effects of the TRE
treatments on increasing TRE treatments followed the order TisH > TioH > ToH in
both cultivars. Moreover, the increase in TRE treatments induced by exogenous TRE
was greater in FM5 than in HM33 and was more pronounced at 21 DAA than at 28
DAA. The changes in carbohydrate metabolism further support the connection
between source activity, assimilate flow, and sink filling. The maintenance of soluble
sugar, sucrose, and starch metabolism in flag leaves under TRE treatment indicates
that carbon assimilation products remained metabolically available during grain filling.
As sucrose is the main transport form of photoassimilates and starch serves as an
important transient carbon reserve, the maintenance of carbohydrate metabolism may
have facilitated the subsequent utilization and allocation of assimilates for grain filling.
This interpretation is consistent with the improvement in grain weight and final grain
yield observed under TRE treatment.
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Figure 5. Effects of exogenous trehalose on trehalose content in flag leaves of Fanmai
5 and Huaimai 33 under high temperature stress during the grain filling period. Note:
CK: spray an equal amount of clean water on the leaf surface + no high temperature;
H: spray an equal amount of clean water + high temperature; T1oH: spray 10 mmol L™
trehalose + high temperature stress during filling; TisH: spray 15 mmol L™ trehalose
+ high temperature stress during filling; TH: spray 20 mmol L™ trehalose + high
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Soluble sugar content

temperature stress during filling. Different lowercase letters represent significant
levels among different treatments in the same period (P < 0.05). FM5: Fanmai 5;
HM33: Huaimai 33.

As shown in Figure 6, at 21 DAA, the soluble sugar content of both HM33 and
FM5 was significantly higher under T1sH than under TioH and TooH. Across all TRE
treatments, the soluble sugar content at 21 DAA was 9.33% and 34.27% higher than
that at 28 DAA in HM33 and FMD5, respectively. At both 21 and 28 DAA, the soluble
sugar content of FM5 under TioH, TisH, and ToH was 9.02%, 11.63%, and 2.84%
higher, respectively, than that of HM33. The effectiveness of the TRE treatments in
alleviating the reduction in soluble sugar content followed the order: T1sH > TioH >
TooH.
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Figure 6. Effects of exogenous trehalose on the soluble sugar content of the flag leaf in FM5 and HM33 under heat
stress during grain filling. Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature;
H: spray an equal amount of clean water + high temperature; T1oH: spray 10 mmol L™ trehalose + high temperature
stress during filling; TisH: spray 15 mmol L trehalose + high temperature stress during filling; TH: spray 20 mmol
L trehalose + high temperature stress during filling. Different lowercase letters represent significant levels among
different treatments in the same period (P < 0.05). FM5: Fanmai 5; HM33: Huaimai 33.

As shown in Figure 7, sucrose content in flag leaves was significantly lower at
28 DAA than at 21 DAA. Under heat stress during grain filling, sucrose content
decreased significantly relative to the CK. In the heat-tolerant cultivar HM33, sucrose
content decreased by 26.72% and 22.62% at 21 and 28 DAA, respectively, whereas
the corresponding decreases in the heat-sensitive cultivar FM5 were 33.68% and
30.14%. Exogenous TRE application alleviated the heat stress-induced reduction in
sucrose content. Compared with the H treatment, sucrose content in HM33 under T1oH,
TisH, and TooH increased by 5.11%, 15.82%, and 8.56%, respectively, at 21 DAA, and
by 3.57%, 9.15%, and 5.37%, respectively, at 28 DAA. Overall, the increase in sucrose
content was greater at 28 DAA than at 21 DAA. In FM5, sucrose content under T1oH,
TisH, and TooH increased by 9.76%, 20.47%, and 8.29%, respectively, at 21 DAA, and
by 8.39%, 7.11%, and 1.99%, respectively, at 28 DAA, compared with that in HM33.
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Figure 7. Effects of exogenous trehalose on the sucrose content of the flag leaf in FM5 and HM33 under heat stress
during grain filling. Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray
an equal amount of clean water + high temperature; T1oH: spray 10 mmol L™ trehalose + high temperature stress during
filling; T1sH: spray 15 mmol L™ trehalose + high temperature stress during filling; TaH: spray 20 mmol L trehalose
+ high temperature stress during filling. Different lowercase letters represent significant levels among different
treatments in the same period (P < 0.05). FM5: Fanmai 5; HM33: Huaimai 33.

3.7. Effect of Exogenous TRE on Soluble Sugar Content in Wheat Grains
under Heat Stress

As shown in Figure 8, grain soluble sugar content was significantly lower at 28
DAA than at 21 DAA. Under heat stress during grain filling, grain soluble sugar
content decreased significantly relative to the CK. In the heat-tolerant cultivar HM33,
the reductions were 18.09% and 15.38% at 21 and 28 DAA, respectively, while the
corresponding reductions in the heat-sensitive cultivar FM5 were 21.88% and 16.46%.
Exogenous TRE application alleviated the heat stress-induced reduction in grain
soluble sugar content. Compared with the H treatment, grain soluble sugar content in
HM33 under TioH, TisH, and TyH increased by 8.17%, 11.25%, and 5.02%,
respectively, at 21 DAA, and by 4.92%, 8.62%, and 3.79%, respectively, at 28 DAA.
In FM5, grain soluble sugar content under T1oH, T1sH, and TooH increased by 3.84%,
4.27%, and 3.85%, respectively, at 21 DAA, and by 6.85%, 4.39%, and 3.28%,
respectively, at 28 DAA, compared with that in HM33. Overall, the effectiveness of
TRE treatments in mitigating the reduction in grain soluble sugar content followed the
order: TisH > T1oH > TooH.

36



Agriculture and Biology 2026, 2(2), 17-51.

100

CK
FM5 HM33 H
i 2 TmH
§ 80 i a - TISH
g b Tt
g a d bc -:--C_d a
3 ~ 60 L b - : be b
5 ‘oo c —d d Bt ..cd
&0 e a | = ‘
= éﬂ o, bc b o
o € 4 d
E 7
(=3
(7] 20 L
0 L .
21 28 21 28
Day after anthesis (d)

Figure 8. Effects of exogenous trehalose on the soluble sugar content of the grain in FM5 and HM33 under heat stress
during grain filling. Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray
an equal amount of clean water + high temperature; T1oH: spray 10 mmol L™ trehalose + high temperature stress during
filling; T1sH: spray 15 mmol L™ trehalose + high temperature stress during filling; T2H: spray 20 mmol L trehalose
+ high temperature stress during filling. Different lowercase letters represent significant levels among different
treatments in the same period (P < 0.05). FM5: Fanmai 5; HM33: Huaimai 33.

3.8. Effect of Exogenous TRE on Sucrose Content in Wheat Grains under
Heat Stress

As shown in Figure 9, grain sucrose content in both HM33 and FM5 was
significantly lower at 28 DAA than at 21 DAA under all treatments. Heat stress during
grain filling (H treatment) significantly reduced grain sucrose content relative to the
CK. Specifically, grain sucrose content in the heat-tolerant cultivar HM33 decreased
by 19.98% and 18.93% at 21 and 28 DAA, respectively, whereas the corresponding
reductions in the heat-sensitive cultivar FM5 were 24.72% and 23.10%. Thus, the heat
stress-induced reduction in grain sucrose content was greater in FM5 than in HM33.
Exogenous TRE application alleviated the heat stress-induced reduction in grain
sucrose content. Compared with the H treatment, grain sucrose content in HM33 under
TioH, TisH, and TxoH increased by 9.16%, 15.89%, and 7.22%, respectively, at 21
DAA, and by 7.01%, 14.02%, and 3.64%, respectively, at 28 DAA. The effectiveness
of the TRE treatments in mitigating the reduction in grain sucrose content followed
the order: TisH > TooH > TioH. Similarly, in FM5, grain sucrose content under TioH,
TisH, and TaoH increased by 15.94%, 20.66%, and 10.36%, respectively, at 21 DAA,
and by 7.01%, 14.02%, and 3.64%, respectively, at 28 DAA, compared with the H
treatment. The ranking of the TRE treatments in FM5 was consistent with that
observed in HM33: TisH > TaoH > TyoH.
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Figure 9. Effects of exogenous trehalose on the sucrose content of the grain in FM5 and HM33 under heat stress during
grain filling. Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray an
equal amount of clean water + high temperature; T1oH: spray 10 mmol L trehalose + high temperature stress during
filling; T1sH: spray 15 mmol L™ trehalose + high temperature stress during filling; T2H: spray 20 mmol L trehalose
+ high temperature stress during filling. Different lowercase letters represent significant levels among different
treatments in the same period (P < 0.05). FM5: Fanmai 5; HM33: Huaimai 33.

3.9. Effect of Exogenous TRE on Starch Content in Wheat Grains under
Heat Stress

As shown in Figure 10, grain starch content was significantly higher at 28 DAA
than at 21 DAA. Heat stress during grain filling significantly reduced grain starch
content relative to the CK. In the heat-tolerant cultivar HM33, grain starch content
decreased by 14.31% and 13.08% at 21 and 28 DAA, respectively. In the heat-
sensitive cultivar FM5, the corresponding reductions were 23.74% and 18.43%.
Overall, the heat stress-induced reduction in grain starch content was lower in HM33
than in FM5. Exogenous TRE application alleviated the reduction in grain starch
content caused by heat stress. Compared with the H treatment, grain starch content in
HM33 under TioH, TisH, and TxH increased by 5.72%, 9.02%, and 2.71%,
respectively, at 21 DAA, and by 4.40%, 8.58%, and 1.59%, respectively, at 28 DAA.
In FM5, grain starch content under T1oH, T1sH, and T2oH increased by 12.62%, 14.66%,
and 9.78%, respectively, at 21 DAA, and by 4.47%, 5.68%, and 4.99%, respectively,
at 28 DAA, compared with that in HM33.
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Figure 10. Effects of exogenous trehalose on the starch content of grain in FM5 and HM33 under heat stress during
grain filling. Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray an
equal amount of clean water + high temperature; T1oH: spray 10 mmol L™ trehalose + high temperature stress during
filling; T1sH: spray 15 mmol L™ trehalose + high temperature stress during filling; TaH: spray 20 mmol L trehalose
+ high temperature stress during filling. Different lowercase letters represent significant levels among different
treatments in the same period (P < 0.05). FM5: Fanmai 5; HM33: Huaimai 33.

3.10. Effect of Exogenous TRE on Starch Granule Morphology of Wheat
Grains under Heat Stress

As shown in Figure 11, compared with the CK, heat stress induced varying
degrees of deformation in wheat starch granules. Specifically, A-type starch granules
exhibited reduced size, more pronounced surface indentations, and enlarged cracks
and micropores. B-type starch granules changed from having smooth surfaces to
irregular polygonal shapes, while C-type starch granules also became irregularly
polygonal. Under TRE treatment, A-type starch granules were predominantly
spherical or elliptical, with increased size and abundance, although micropores were
observed on their surfaces. In contrast, B- and C-type starch granules exhibited only
slight surface shrinkage.
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Figure 11. Effects of exogenous trehalose on starch granule morphology at the maturity stage in FM5 under heat stress
during grain filling. Note: CK: spray an equal amount of clean water on the leaf surface + no high temperature; H: spray
an equal amount of clean water + high temperature; TisH: spray 15 mmol L™ trehalose + high temperature stress during
filling. FM5: Fanmai 5.

3.11. Quantitative Relationships among Source-Sink-Flow Traits and
Yield

To systematically elucidate the coupling relationships among photosynthetic
capacity (source), sugar metabolism (flow), dry matter accumulation (sink), and final
yield, Redundancy Analysis (RDA) and Partial Least Squares Regression (PLSR)
were conducted (Figure 12).

The RDA biplot (Figure 12A) captured a high proportion of the total variance,
with the model explaining 97.0% of the variation (RDA1 = 99.1%). The acute angles
between the red arrows (yield and TGW) and the blue arrows (physiological predictor
traits) indicated strong positive correlations between the maintenance of physiological
activities and yield formation. More importantly, the sample distribution clearly
visualized the treatment effects. Heat stress (H) shifted the samples to the far right, in
the opposite direction of the yield and physiological vectors, demonstrating severe
impairment. In contrast, the application of exogenous TRE, particularly the TisH
treatment, markedly shifted the sample clusters back towards the CK along the RDA1
axis. This provides direct multivariate evidence that 15 mmol L™ TRE effectively
restored the source-sink-flow balance under heat stress.

To further quantify the relative contributions of these individual traits to yield,
Variable Importance in Projection (VIP) scores were extracted from the PLSR model
(Figure 12B). Variables with a VIP score > 1.0 are considered to have a highly
significant driving contribution. The analysis revealed that flag-leaf soluble sugar at
21 DAA (LSS21) had the highest relative contribution (VIP > 1.6), followed by late-
stage flag-leaf soluble sugar (LSS28) and photosynthetic parameters. These
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quantitative findings confirm that exogenous TRE mitigates heat-induced yield loss
primarily by sustaining the “source” carbon assimilation capacity and ensuring the
continuous “flow” of soluble sugars during the critical grain-filling windows.
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Figure 12. Quantitative relationships among source-sink-flow traits and yield components. Note: (A) Redundancy
analysis (RDA) biplot showing the multidimensional correlations and treatment separations. Red arrows represent the
response variables (Yield and TGW), while blue arrows represent the physiological predictor traits. The angle between
arrows indicates the degree of correlation (acute angles represent positive correlations). Points represent individual
samples, with shapes indicating different cultivars (circles for HM33, triangles for FM5). Dashed ellipses outline the
95% confidence intervals for each treatment group (CK, H, TioH, TisH, and TxoH), and the large stars represent the
group centroids. (B) Variable Importance in Projection (VIP) scores derived from the Partial Least Squares Regression
(PLSR) model. The red dashed line indicates the baseline threshold of VIP = 0.8, and variables with VIP > 1.0 are
considered to have a highly significant driving contribution to grain yield. Abbreviations: The numbers 21 and 28
indicate 21 and 28 days after anthesis (DAA), respectively. Pn: net photosynthetic rate (Pn); Fv: maximum
photochemical efficiency (Fv/Fn); LSS: leaf soluble sugar; LS: leaf sucrose; LST: leaf starch; GSS: grain soluble sugar;
GS: grain sucrose; GST: grain starch; TGW: 1000-grain weight; Yield: grain yield.

4. Discussion

4.1. Exogenous TRE Alleviates Heat-Induced Yield Loss by Stabilizing

Grain Weight

In the present study, heat stress during grain filling significantly reduced yield in
both wheat varieties, with grain weight identified as the principal factor driving yield
loss, consistent with previous reports [53,54] (pp. 1379, pp. 739-749). Heat stress has
also been reported to markedly reduce grain weight, thereby further contributing to
yield loss [55]. Consistent with these findings, our results further demonstrate that the
reduction in grain weight was the principal factor underlying yield loss under heat
stress [56] (pp. 823-832). This may be attributed to the high sensitivity of grain filling
to temperature fluctuations. Heat stress reduces the number of endosperm cells in
developing grains, thereby inhibiting endosperm cell proliferation and decreasing
grain sink capacity, i.e., the potential for assimilate accumulation [57] (pp. 729-745).
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In our study, both wheat varieties experienced yield reductions under heat stress,
though to differing extents, likely reflecting differences in heat tolerance. Notably, the
heat-tolerant variety HM33 exhibited a smaller yield decline than the heat-sensitive
FM5, potentially due to a stronger post-stress recovery ability, making HM33 less
susceptible to heat exposure. Intriguingly, under heat stress, the grain weight reduction
across different spikelet positions in HM33 followed the order of upper > lower >
middle. This spatial variation is closely related to vascular bundle anatomy and sink
priority. The middle spikelets, being physically closer to the major vascular
connections of the rachis, experience lower resistance to assimilate transport.
Combined with their earlier anthesis, middle spikelets establish a stronger sink
demand and temporary priority for carbon partitioning under stress-induced source
limitations, resulting in the smallest weight reduction. Evidence from prior work also
supports that external interventions to enhance heat resistance can be transformative
[58] (pp. 1144). TRE treatment has been shown to significantly increase yield under
heat stress [59], which is consistent with our findings. In the present study, TRE
application markedly improved wheat yield under heat stress, and foliar application of
15 mmol L 2TRE most effectively alleviated heat stress-induced yield loss during
grain filling. Heat stress also significantly reduced dry matter accumulation in
different wheat organs, suggesting that heat stress during grain filling impairs yield
formation by limiting dry matter accumulation in these organs. This reduction may
result from heat-induced damage to photosynthetic organs and excessive accumulation
of reactive oxygen species, which inhibit photosynthetic nutrient assimilation and
conversion in vegetative organs, such as leaves and stems. In the present study, the
heat stress-induced reduction in dry matter at maturity was greater in the heat-sensitive
cultivar FM5 than in the heat-tolerant cultivar HM33. The greatest reductions were
observed in the upper three leaves, particularly in the second leaf from the top. TRE
treatment most effectively alleviated the decline in dry matter accumulation in flag
leaves. This finding may be associated with the high susceptibility of chlorophyll
contents in the flag leaf and the second leaf from the top to heat stress during grain
filling, which can subsequently affect yield-related traits [60] (pp. 317-320). Our
results further indicate that the application of 15 mmol L-2TRE at flowering enhanced
dry matter accumulation in reproductive organs, thereby alleviating grain weight
reduction and subsequent yield loss under heat stress.

4.2. Mitigation of Photosynthetic Degradation and Chloroplast Damage
by TRE

Moreover, photosynthetic efficiency has been identified as a key indicator of crop
yield [61] (pp. 380-388). Heat stress suppresses plant growth, accelerates chlorophyll
degradation, damages the photosynthetic system, induces premature aging of
functional leaves, and reduces photosynthetic rate. TRE treatment has been reported
to protect the photosynthetic system of wheat seedlings under heat stress [42] (pp.
770-776). In our study, Transmission electron microscopy (TEM) of flag leaves
showed that TRE treatment effectively mitigated heat-induced damage. Specifically,
TRE application preserved the integrity of cellular and chloroplast membranes, and
prevented the deformation of grana lamellae. Ultimately, these protective effects on
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the photosynthetic ultrastructure contributed to the enhanced heat tolerance of flag
leaves. We also found that TRE treatment significantly improved the net
photosynthetic rate (P,), which might play a role in modulating plant water status,
potentially by influencing stomatal behavior or transpiration to sustain photosynthesis
under heat stress. However, direct physiological parameters such as stomatal
conductance (gs), transpiration rate (E), and leaf water potential (W) were not
measured in this study and require further verification. Existing literature shows that
heat stress causes stomatal closure, disrupts chloroplast structures, and reduces
chlorophyll content [62-64] (pp. 45-55, pp. 143-155). Based on the literature, TRE is
widely reported to promote heat shock protein production and enhance antioxidant
enzyme activity, thereby reducing heat-induced oxidative damage and stabilizing
biological membranes [65] (pp. 1-16). In our study, TRE application effectively
maintained chloroplast ultrastructural integrity (Figure 4) and improved chlorophyli
fluorescence parameters (Figure 3), suggesting that TRE helps chloroplasts better
capture and utilize light energy. This protective effect, which might be associated with
the maintenance of cellular homeostasis under high-temperature stress, collectively
contributed to reduced heat damage and improved heat tolerance in wheat flag leaves.
Foliar application of TRE at the flowering stage increased the potential photosynthetic
capacity and light-use efficiency of flag leaves, thereby maintaining normal
photosynthetic function, promoting the formation and translocation of photosynthates,
and enhancing dry matter accumulation. These effects ultimately alleviated yield loss
under heat stress, with the optimal response observed at 15 mmol L-2TRE. The
preservation of chloroplast ultrastructure and the maintenance of higher P, and F./Fn,
values under heat stress may be attributed to the unique biophysical properties of TRE.
As a typical osmoprotectant and chemical chaperone, TRE can replace water
molecules on the surfaces of lipid bilayers and proteins, such as Rubisco and the D1
protein of PSII, through hydrogen bonding, thereby preventing heat-induced protein
denaturation and membrane fluidization [66] (pp. 417-441). Furthermore, exogenous
TRE might alleviate oxidative damage by acting as a signaling molecule to upregulate
the activities of ROS-scavenging enzymes, which explains the delayed senescence and
sustained photochemical efficiency in flag leaves. Moreover, following TRE
application, the heat-sensitive cultivar FM5 exhibited greater recovery of
photosynthetic capacity than HM33. This response may be attributable to the weaker
inherent stress resistance of FM5, for which exogenous TRE may provide greater
protection of the physiological functions of photosynthetic organs.

4.3. Regulation of Sugar Metabolism and Translocation under Heat
Stress

Sugars are essential for plant growth, serving not only as energy sources but also
as important determinants of plant quality and yield. Sugar metabolism is a
fundamental biological process involved in protein composition, lipid degradation,
nucleic acid synthesis, and secondary metabolism. In addition to providing energy,
sugars function as signaling molecules that regulate plant growth, development, and
responses to environmental stimuli. Soluble sugars are major components of plant
carbohydrates, and their concentrations reflect the capacity for photosynthetic
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assimilation as well as the transport and utilization of photoassimilates; therefore, they
are widely regarded as reliable indicators of photosynthetic performance [67] (pp.
388-393). Previous studies have demonstrated that soluble sugar contents increase
under stress conditions, thereby alleviating ionic stress, stabilizing cellular structures,
and enhancing stress tolerance [68—70] (pp. 89-96, pp. 359). Consistent with these
findings, our study showed that appropriate concentrations of exogenous TRE
significantly increased soluble sugar contents in flag leaves and grains under heat
stress during grain filling. These treatments promoted sugar metabolism, increased
endogenous sugar synthesis, enhanced soluble sugar accumulation, improved water
uptake, stabilized cellular osmotic potential, and maintained photosynthetic stability,
thereby enhancing wheat heat tolerance.

Sucrose is a major carbohydrate source and serves as the primary transport and
storage form of assimilated carbon in plants. After flowering, wheat leaves synthesize
sucrose and export it to developing grains, where it is cleaved, thereby completing the
sucrose metabolic process. Grain development is strongly constrained by
photosynthetic capacity. Sucrose synthesis in leaves reflects the development and
functional status of “source” organs, whereas sucrose cleavage in grains reflects the
development of “sink” organs. Previous studies have suggested that exogenous TRE
promotes sugar accumulation, maintains relatively high respiratory activity, reduces
starch accumulation in vegetative organs, alleviates photosynthetic feedback
inhibition, and facilitates starch partitioning between “source” and “sink” organs.
These effects ultimately enhance photosynthesis and assimilate accumulation [71] (pp.
544-567). Mechanistically, the regulation of sugar metabolism by TRE is closely
linked to the trehalose-6-phosphate (T6P) signaling pathway. T6P serves as a critical
sensor of sucrose status. Exogenous TRE application likely alters the endogenous
T6P/sucrose ratio, which subsequently modulates the activity of SnRK1 (sucrose non-
fermenting-1-related protein kinase 1), a central master regulator of carbon and energy
metabolism [72] (pp. 7-27). This regulatory mechanism is strongly supported by
evidence showing that chemical intervention in the T6P-SnRK1 pathway in wheat
directly coordinates source-sink relationships, thereby enhancing photosynthetic
enzyme activity (such as Rubisco) in source leaves and promoting starch biosynthetic
enzymes (such as AGPase) in sink organs, leading to increased grain yield and stress
resilience [73] (pp. 574-578). Under heat stress, this T6P-SnRK1 signaling cascade
can upregulate the activities of key sucrose-cleaving enzymes (such as invertases and
sucrose synthase) in sink organs (grains), while maintaining sucrose-phosphate
synthase (SPS) activity in source organs (flag leaves) [74] (pp. 2623-2638). This
sustained source-to-sink assimilate flow is consistent with our observation that TRE-
treated wheat maintained higher sucrose and starch contents in both flag leaves and
developing grains. These results suggest that TRE enhanced photosynthate
translocation and starch biosynthesis, which may have contributed to alleviating the
heat-induced reduction in 1000-grain weight. In the present study, TRE application at
the flowering stage increased sucrose and starch contents in flag leaves and grains,
possibly because TRE enhanced sucrose metabolism in source organs and promoted
the translocation of photosynthates to sink organs. However, owing to limitations in
assimilate transport, sugars produced in flag leaves may not be rapidly loaded into the
grains, resulting in starch accumulation in the leaves. Meanwhile, an adequate sucrose
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supply and active sucrose cleavage in sink organs supported rapid starch accumulation
in the grains. Notably, this physiological enhancement in starch accumulation was
structurally supported by the preserved morphology of starch granules (Section 3.10).
In the present study, heat stress during grain filling impaired starch granule
development, leading to deformed structures and loose packing, which directly
restricted the starch accumulation space in the endosperm and led to the observed
decrease in 1000-grain weight (Table 2). In contrast, the application of 15 mmol L™
TRE effectively protected the structural integrity of both A-type and B-type starch
granules and maintained their tight arrangement. This micro-structural preservation
facilitated efficient physical packing of starch in endosperm cells, thereby securing
grain weight and mitigating final yield loss.

Starch occurs as aggregated granules that are classified into A-, B-, and C-type
granules according to their diameter. Compared with early grain filling, heat stress
causes a more pronounced decline in the proportion of B-type starch granules during
mid-grain filling, whereas the proportion of A-type starch granules shows the opposite
trend [75] (pp. 363-375). In the present study, heat stress caused pronounced
deformation of all starch granule types and markedly increased surface microporosity,
which may alter the internal structure of starch and adversely affect processing quality.
These heat stress-induced morphological alterations were partially alleviated by
exogenous TRE application, although the underlying mechanisms require further
investigation. Nevertheless, TRE application could not fully compensate for the losses
induced by high temperature.

Crucially, previous studies have often treated photosynthesis and sugar
accumulation as isolated physiological responses. In the present study, by integrating
RDA and PLSR models based on the source-sink-flow concept, we quantitatively
identified the hierarchical contributions of these traits to yield recovery. Our PLSR
analysis confirmed that the relative contribution of flag-leaf soluble sugar (LSS) and
late-stage photosynthetic efficiency (F./Fn 28, P, 28) significantly outweighed other
parameters (VIP > 1.0). This provides robust statistical evidence that exogenous TRE
mitigates heat-induced yield loss not merely by acting as a general osmoprotectant,
but specifically by sustaining the “source” carbon assimilation capacity and ensuring
the continuous “flow” of soluble sugars from flag leaves to developing grains during
critical heat-stress windows. Although our physiological data highlight the prominent
role of TRE in sugar allocation, future molecular studies focusing on the
transcriptomic profiling of sucrose transporters and the T6P-SnRK1 signaling cascade
are required to fully unravel these precise mechanisms. Indeed, our previous
physiological and transcriptomic analysis of wheat under temperature warming
revealed that temperature shifts drastically regulate candidate genes associated with
starch and sucrose metabolism, plant hormone transduction, and carbohydrate
biosynthesis [76] (pp. 1044-1064), suggesting a highly complex regulatory network
that warrants further molecular investigation under post-anthesis terminal heat stress.

4.4. Study Limitations

In the present study, passive warming plastic sheds were utilized to simulate post-
anthesis heat stress during the grain-filling stage of wheat. Although this method
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effectively elevated the canopy temperature to evaluate the protective role of
exogenous TRE, certain microclimatic limitations exist compared with active open-
field warming systems, such as Free-Air Temperature Increase (FATI) infrared arrays.
Passive plastic sheds inevitably block natural wind flow, which reduces wind speed
inside the canopy, thereby increasing boundary layer resistance on wheat flag leaves
and potentially reducing their natural transpiration rates. Furthermore, passive
warming sheds may slightly increase relative humidity and alter the solar radiation
spectrum reaching the crop canopy due to film filtration. These microclimatic
variations can affect the canopy energy balance and source-sink relations differently
than under natural, open-field conditions. Therefore, while our study provides valuable
physiological, ultrastructural, and biochemical insights, future research utilizing open-
field FATI systems is recommended to validate the field-scale agronomic performance
and practical application rates of exogenous TRE under natural meteorological
conditions.

5. Conclusion

Terminal heat stress during the grain-filling stage significantly reduces winter
wheat yield, primarily by decreasing the thousand-grain weight, with the heat-
sensitive cultivar (FM5) suffering greater losses than the heat-tolerant cultivar (HM33).
Our results demonstrate that foliar application of 15 mmol L™ exogenous trehalose
(TRE) at anthesis serves as an effective agronomic strategy to mitigate this heat-
induced yield penalty. By integrating physiological data with RDA and PLSR models
based on a “source-flow-sink” framework, we quantitatively established the
coordinated regulatory pathways of TRE. Specifically, TRE effectively preserves
chloroplast ultrastructural integrity and late-stage photosynthetic capacity (source
maintenance), ensuring the continuous synthesis and transport of flag-leaf soluble
sugars and sucrose (flow efficiency). The PLSR analysis quantitatively identified that
the maintenance of flag-leaf soluble sugar at 21 DAA and late-stage photosynthetic
performance were the dominant drivers (VIP > 1.0) for yield recovery. This robust
assimilate supply ultimately facilitated starch accumulation and grain filling (sink
strength). Despite these clear physiological benefits, the present study has certain
limitations. The passive plastic warming sheds utilized herein may introduce
microclimatic artifacts, such as reduced canopy wind speed and altered relative
humidity, compared to natural open-field conditions. Furthermore, the precise
molecular regulatory networks require further exploration. Future studies utilizing
open-field active warming systems (e.g., FATI) combined with transcriptomic
profiling of the T6P-SnRK1 signaling cascade are warranted to fully validate the field-
scale performance and elucidate the underlying molecular mechanisms of TRE-
mediated heat resilience.
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