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Low-temperature at booting
reduces starch content and
yield of wheat by affecting
dry matter transportation
and starch synthesis

Wenjing Zhang'*', Anmin Zhang'*', Qirui Zhou'?,
Ranran Fang'?, Yan Zhao'?, Zihong Li*?, Jiawen Zhao™?,
Mengting Zhao'?, Shangyu Ma*?, Yonghui Fan*?

and Zhenglai Huang™**

'Key Laboratory of Wheat Biology and Genetic Improvement on South Yellow and Huai River Valley,
The Ministry of Agriculture, Hefei, Anhui, China, 2Department of Agronomy, Anhui Agricultural
University, Hefei, Anhui, China

With the continuous change of global climate, the frequency of low-temperature
stress (LTS) in spring increased greatly, which led to the increase of wheat yield
decline. The effects of LTS at booting on grain starch synthesis and yield were
examined in two wheat varieties with differing low-temperature sensitivities
(insensitive variety Yannong 19 and sensitive variety Wanmai 52). A
combination of potted and field planting was employed. For LTS treatment at
booting, the wheat plants were placed in a climate chamber for 24 h at —2°C, 0°C
or 2°C from 19:00 to 07:00 then 5°C from 07:00 to 19:00. They were then
returned to the experimental field. The effects of flag leaf photosynthetic
characteristics, the accumulation and distribution of photosynthetic products,
enzyme activity related to starch synthesis and relative expression, the starch
content, and grain yield were determined. LTS at booting caused a significant
reduction in the net photosynthetic rate (P,), stomatal conductance (G), and
transpiration rate (T,) of the flag leaves at filling. The development of starch grains
in the endosperm is also hindere, there are obvious equatorial grooves observed
on the surface of the A-type starch granules, and a reduction in the number of B-
type starch granules. The abundance of ¥*C in the flag leaves and grains
decreased significantly. LTS also caused a significant reduction in translocation
amount of pre-anthesis stored dry matte from vegetative organs to grains and
amount of post-anthesis transfer of accumulated dry matte into grains, and the
distribution rate of dry matter in the grains at maturity. The grain filling time was
shortened, and the grain filling rate decreased. A decrease in the activity and
relative expression of enzymes related to starch synthesis was also observed,
with a decrease in the total starch content. As a result, a decrease in the grain
number per panicle and 1000-grain weight were also observed. These findings
highlight the underlying physiological cause of decreased starch content and
grain weight after LTS in wheat.
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1 Introduction

LTS in spring is one of the main limiting factors affecting wheat
production. The frequent occurrence of extreme weather events and
climate warming is causing early onset of the wheat phenological
period, aggravating low-temperature damage in spring (Trnka et al.,
2014). In the Huanghuai region of China, LTS in spring lasts for a
long duration and is of high intensity, causing serious wheat yield
losses (Xiao et al., 2018). These low-temperatures typically occur
from the end of March to the beginning of April, and although the
young wheat panicle remains enclosed in the flag leaf sheath at this
time, it represents a critical and sensitive stage of meiosis and tetrad
formation. LTS affects wheat growth and development (Kumar
et al., 2018), reducing the photosynthetic capacity of functional
leaves (Gupta et al., 2016) and causing a decrease in the
carbohydrate content (Shahryar and Maali-Amiri, 2016),
ultimately leading to a decrease in yield (Obembe et al., 2021).

Photosynthesis is one of the basic processes to ensure stress of
plants (Kreslavski et al., 2013). Studies have shown that LTS leads to
adecrease in P, G, and T, in wheat (Yordanova and Popova, 2007).
Meanwhile, other studies have shown a reduction in photosynthetic
capacity under stress, as well as a decrease in glycogen supply to
source organs and subsequent transportation to sink organs
(Clusters et al.,, 2016), which in turn affect the accumulation and
distribution of dry matter. Drought stress was also found to cause a
decrease in dry matter distribution in wheat grains (Dhakal, 2021),
while waterlogging stress caused a 57% reduction in post-anthesis
dry matter accumulation (Palta et al., 1994).

Starch is the main component of the wheat endosperm, and is
synthesized via a series of coordinated enzymatic reactions (Panigrahi
et al, 2019). Starch phosphorylase (Phol, EC 2.4.1.1) is a
temperature-dependent enzyme, the main role of which is the
regulation of starch synthesis at low-temperature (Satoh et al,
2008). Recent studies have also revealed a role of
disproportionating enzyme (Dpel, EC 2.4.1.25) in starch synthesis
(Dong et al., 2015; Vinje et al., 2022). Moreover, Dpel was found to
participate in starch structure modification by transferring maltose to
amylopectin, with over-expression resulting in small starch granules,
and inhibition an increase in amylose content (Dong et al.,, 2015).

Moreover, both low- and high-temperature stress during grain
filling resulted in a reduction in the grain filling rate of wheat,
affecting the synthesis of amylopectin and total starch, and in turn
causing reductions in the grain starch content and weight (Zhao
etal., 2022). LTS resulted in a reduction in grain size and plumpness
during grain filling (Cromey et al., 1998), and a reduction in grain
number per spike and the 1000-grain weight (Kajla et al., 2015;
Zhang et al., 2021b).

Previously, it has been reported that LTS at booting will
adversely affect wheat yield, and wheat grain development mainly
depends on the process of starch synthesis and accumulation (Liu
etal, 2019; Xiao et al., 2022). Therefore, studying the effect of LTS at
booting on grain weight formation is necessary. Although
numerous reports have documented the effects of LTS in spring
on photosynthetic characteristics and yield in wheat, few reports
have examined the effect of LTS at booting on grain starch content
and yield from the perspective of dry matter transportation and

Frontiers in Plant Science

10.3389/fpls.2023.1207518

starch synthesis. In this study, we selected the varieties whose yield
and its components decreased slightly and greatly in the spring LTS
test of wheat varieties planted in a large area in this area as the
experimental materials (the data has not been published yet). And
wheat varieties with differing low-temperature sensitivities were
subjected to LTS at booting. Photosynthetic characteristics of flag
leaves, the accumulation and transportation of photosynthetic
products, the activity and relative expression of starch synthesis
related enzymes in grains, the starch content and yield in grains
were determined. The findings provide a physiological basis for the
reduction in starch content and grain weight resulting from LTS
at booting.

2 Materials and methods
2.1 Plant materials

Two wheat varieties with differing sensitivities to LTS were
selected based on the degree of decrease of grain number per spike
and grain weight: insensitive variety Yannong 19 (bred by the
Wheat Research Institute, Yantai Academy of Agricultural
Sciences, Shandong Province, China) and sensitive variety
Wanmai 52 (bred by Suzhou Seed Company, Anhui
Province, China).

2.2 Experimental design

The experiments were carried out at the on-campus
experimental base of Anhui Agricultural University (Hefei, Anhui
Province, China; 31.52°N, 117.17°E) from November 2018 to June
2019, and November 2020 to June 2021. Seeds were sown on 6
November 2018 and 5 November 2020, respectively. The
experiments used a combination of potted and field planting
methods. Pots were 30 cm high and 30 cm in diameter, and were
potted with soil taken from the 0-20 c¢m layer of the experimental
field. The nutrient content of the experimental field before sowing is
shown in Table 1. Each pot was filled with 10 kg of sifted soil plus
75 g of organic fertilizer, 8 g of compound fertilizer (N: P: K = 17:
17:17),and 4.91 g of urea. An additional 2.28 g of urea was added to
each pot as topdressing at jointing. A total of 120 pots were planted
per variety. They were then buried in the experimental field, with
the upper edge of the pots flush with the ground. Emerging
seedlings showing uniform growth were thinned to 10 seedlings
per pot. All other field management measures were in accordance
with the requirements of high-yield cultivation.

The differentiation process of the young wheat ears was
observed using a microscope (SZX16, Olympus, Japan). After
differentiation of the young ears to the anther separation stage, 90
pots per variety were moved from the experimental field and placed
in an artificial climate chamber for LTS treatment at booting. LTS
treatment was carried out for 24 h on 3 April 2019 and 28 March
2021, respectively, as follows: at 2°C, 0°C or —2°C from 19:00 to
07:00 followed by 5°C from 07:00 to 19:00. Humidity was
maintained at 70%. Pots were then returned to the field and
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TABLE 1 The nutrient content of the experimental field before sowing.

10.3389/fpls.2023.1207518

Organic matter Total N Erileie W (e derd) Available P Available K

(gkg™) (gkg™") 9%g (mgkg™) (mgkg™)
2018—2019 14.8 1.09 90.6 16.5 79.6 6.15
2020—2021 17.4 091 87.5 14.8 80.7 6.19

Before sowing, the soil in the experimental field was sampled, and the related indexes of the soil were measured and analyzed in the laboratory environment.

reburied. Pots of each variety that remained in the field and did not
undergo LTS treatment at booting were used as a control. Diurnal
changes in the wheat canopy temperature of the field control group
in 2019 and 2021 are shown in Figure 1.

2.3 Measurements

2.3.1 Photosynthetic parameters of the
flag leaves

For analysis of photosynthetic parameters in the flag leaves, 10
pots showing consistent growth and development were randomly
selected from each treatment between 09:00 to 11:00 in the morning
on a clear and cloudless day. Samples were obtained at the heading
stage, anthesis stage and filling stage then P,,, G, and T, of the flag
leaves were measured using a Photosynthesis-Fluorescence system
(Li-6400XT, Li-Cor Inc, USA) with a 2x3 cm standard leaf
chamber. Leaf chamber parameters were set as follows: an
ambient atmospheric CO, concentration (C,) of 400 p-mol %,
light intensity of 1200 pumol-m *s™', temperature of 20°C, and
vapor pressure deficit (VPD) of 1.5 kPa.

2.3.2 Starch granules morphology

Wheat ears showing anthesis on the same date, and consistent
growth and development were marked. At maturity, 5 to 10 of the
marked ears showing consistent growth were then sampled. From

these, six to seven grains from the middle of the ear and one to two
grains from the base of the spikelet were harvested then dissected
down the central axis with a razor blade to obtain a cross section of
the grain endosperm. The samples were then fixed on a copper
column using double-sided carbon glue and gold-plated using an
ion sputtering device. The ultrastructure of the endosperm starch
granules was then observed using a scanning electron microscope
(S-4800, Hitachi, Japan).

2.3.3 Isotopic *C abundance

For each treatment, 10 single wheat stems showing consistent
growth were selected then the upper three leaves on the main stem of
single plants were marked between 10:00-11:00 am on the same day
as LTS treatment. Before 13C02 labeling, the marked unfolded leaves
were sealed in a polyvinyl chloride transparent plastic film bag, which
was then injected with 5 mL of *CO, using a medical injector. The
sealed bag was removed after photosynthetic assimilation under
natural light for 60 min. The marked flag leaves were then sampled
three days later, while the grains from the marked plants were
sampled at maturity. The samples were ground using an analytical
grinder (A1l basic, IKA, Germany) after de-enzyming and drying
then passed through a 100-mesh sieve. An elemental analysis-stable
isotope ratio mass spectrometer (EA-IRMS) (Integra 2, Sercon, UK)
was then used to determine the abundance of '>C in 50 mg leaf and
grain samples, with three repetitions per measurement. '*C
abundance was then calculated as follows:
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Diurnal variation in canopy temperature in the control group during the two-year field study. The wheat reached another separation stage on 3 April
2019 and 28 March 2021. Canopy temperature was recorded at 80-minute intervals.
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R(C13 / Cusample)

813C abundance (%0) :[m

-1]x1000 (1)
where R (**C/**Cyppp) is the carbon isotope abundance ratio of

the international standard Vienna Pee Dee Belemnite (VPDB). The

analytical precision of *C abundance was set at + 0.2%o.

2.3.4 Dry matter accumulation and distribution

After anthesis, wheat ears that bloomed on the same day were
marked. At anthesis and maturity, 30 ears showing consistent
growth were then selected from each plot. At anthesis, the
samples were divided into the stem sheath, leaf and ear, while at
maturity, they were divided into the stem sheath, leaf, glume of the
leaf rachis, and grain. The samples were fixed at 105°C for 30 min
then dried at 75°C to a constant weight. The dry matter distribution
of each organ was then weighed, and dry matter accumulation was
calculated as follows:

Translocation amount of pre — anthesis stored dry matterfrom vegetative organs to grains
(g-pot™!) = amount of dry matter in the vegetative organs at anthesis — amount of dry matter

in the vegetative organs at maturity

2

Contribution rate of pre — anthesis stored dry matter to grains (%) = translocation amount of
pre — anthesis stored dry matte from vegetative organs to grains / amount of dry matter in the

grains at maturity x 100

(©)

Amount of post — anthesis transfer of accumulated dry matterinto grains (g - pot ') = amount of
dry matter in thegrainsat maturity — translocation amount of pre — anthesis stored dry matte

from vegetative organs to grains

(4)

Contribution rate of post — anthesis accumulated dry matter to grains (%) = amount of post—
anthesis transfer of dry matterinto grains / amount of accumulated dry matter in the grains at

maturity x 100

©)

From 10 days after anthesis to maturity, 15-20 wheat ears
showing uniform growth were selected every five days then the
grains were removed. The seeds were fixed at 105°C for 30 min then
dried at 75°C to a constant weight, weighed and converted into the
1000-grain weight. The logistic equation Y = K/(1+e*"*”) was used
to associate the variation in grain weight (Y) with the number of
days after anthesis (¢), where K is the fitted maximum grain weight,
and a and b are parameters (Darroch and Baker, 1990). The first
and second derivations of the equation were then used to derive
the following:

Duration of the incremental filling period (T7):

a-1.317

T=— % 6
== ©

Duration of the rapid filling period (T5):
_a+l.317 a-1.317 @)

> b b

Duration of the slow filling period (T5):

T;=T-T,-T, (®)
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Appearance time of maximum grain filling (T\ay):

a
Tmax=_ E (9)
Number of filling days (T):
In % -a
T= (10)
Mean filling rate (R):
R= % (11)
Maximum filling rate (Rp.y):
Kb
Rpax==—~ (12)

2.3.5 Activities of Starch Phosphorylase (Phol)
and Disproportionating Enzyme (Dpel)

Fresh grain samples (1 g) were obtained from 10 to 20 d after
anthesis then ground into pulp in a freezing grinder. Next, 1 ml of
80% methanol was added then the samples were incubated
overnight at —20°C. They were then centrifuged at 8000 xg at 4°C
for 15 min. The supernatant was then passed through a C-18 solid
phase extraction column, and dried in vacuum. PBS buffer (pH7.4)
was added before loading to a final volume of 1 ml. After mixing,
the samples were placed at room temperature for 30 min. They were
then centrifuged at 10,000 xg for 10 min at 4°C before storing at 4°C
until use.

The activity of Pholactivity was determined according to the
method of Hwang et al. (2010). Briefly, the crude enzyme solution
was mixed with 100 mmolL™" Mes-NaOH (pH6.5) and 20 mmol
L™ Glc-1-P to prepare the reaction solution. Two-parts solution A
(12% w/v L- ascorbic acid in 1 mol-L™" HCI) and one-part solution
B (2% w/v ammonium molybdate tetrahydrate in deionized water)
were then mixed to make solution C. Next, 0.2 mL of solution C was
added to the reaction solution to stop the enzyme reaction. After
5 min at room temperature, 0.2 ml of solution F (2% w/v sodium
citrate trihydrate and 2% v/v acetic acid in deionized water solution)
was added to stop color development. The absorbance at 650 nm
was then determined.

The activity of Dpel enzyme was determined according to the
method of Akdogan et al. (2011) with slight modifications. Briefly,
50 uL of crude enzyme extract was mixed with 50 puL of maltotriose
then placed in a water bath at 30°C for 30 min. The reaction was
terminated by placing the sample in a boiling water bath for 10 min.
The activity of Dpel was calculated by measuring the release of Glc.

2.3.6 Quantitative assays of AGPase, GBSSI, SSSI,
SSSIl and Phol expression

Total RNA was extracted from each sample using a RNAprep Pure
Plant Plus Kit (Tiangen Biotech, China). cDNA was then synthesized
using 12 UL samples of the obtained RNA. HiScript IIQ RT SuperMix
was used for gPCR (+gDNA wiper) (Vazyme Biotechnology, China).
The synthesized cDNA was then detected using a real-time quantitative
per detecting system (Gentier 96E, Tianlong technology, China). qRT-
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PCR was selected using a Hieff UNICON® Universal Blue qPCR SYBR
Green Master Mix test kit (Yeasen, China), with three technical repeats
per sample. The data were analyzed using the 2™**“* method. The
wheat ACTIN gene was selected as a reference gene, and the detection
primers were Fyy:5-CTCCTCTCTGCGCCAATCGT and R.:5-
TCAGCCGAGCGGGAAATTGT. See Table 2 for details of the gene
and detection primers (Sangon Biotechnology, China).

2.3.7 Starch content

From 10 to 35 days after anthesis, 15-20 wheat ears from each
treatment were selected and threshed every 5 days. The seeds were
fixed at 105°C for 30 min then dried at 75°C to a constant weight.
They were then ground using an analytical grinder (IKA A11 basic),
passed through a 100-mesh sieve then weighted into 0.1g samples.
The precipitate remaining after the extraction of total soluble sugars
was dried at 60°C then shaken with 2 ml of distilled water. The
solution was then boiled for 20 min, cooled before adding 2 mL of
9.2 mol-L! HCIO,. The samples were then shaken for 10 min,
mixed with 6 mL of distilled water then centrifuged at 5,000
rpm-min~' for 15 min. The supernatant samples were then
decanted into a 50 mL volumetric flask. The process was repeated
three times to a constant volume each time. A 0.1 mL sample of
extract was then added to 4 mL 0.2% anthrone, and boiled for
15 min. The OD at 620 nm was then measured after cooling.

2.3.8 Number of grains per spike and the 1000-
grain weight

After maturity, ears were sampled from 20 random pots
previously unsampled. The number of grains per spike and the
1000-grain weight were then determined.

2.4 Data analysis

Excel 2019 was used for data sorting, and statistical significance
was determined using SPSS 26.0 software. Duncan’s method was
used for multiple comparisons between treatments, and Origin
2017 was used to generate graphs.

10.3389/fpls.2023.1207518

3 Results

3.1 LTS decreased photosynthetic
parameters of the flag leaves

LTS at booting significantly reduced the P, of the flag leaves at
heading, anthesis and grain filling, as well as the G and T, at grain
filling (P< 0.05, Table 3). The P,,, G, and T, of the flag leaves of both
varieties decreased at each growth stage with decreasing
temperature, and were lowest at —2°C. At the grain filling stage,
P,, Gs and T, decreased by 52.13%, 53.85% and 55.85% in low-
temperature slow variety Yannong 19, compared with the control,
respectively, after LTS treatment at —2°C.

3.2 LTS hindered the development of
starch granules in endosperm

LTS at booting affected the development of starch granules in
the endosperm (Figure 2). In control treatment, the cross-section of
the wheat endosperm was plump, while under —2°C LTS, the cross-
section was shrunken, and the volume reduced. The plumpness of
both A- and B-type starch granules decreased, and obvious
equatorial grooves were observed on the surface of the A-type
granules. Meanwhile, the number of B-type starch granules
decreased. LTS treatment at —2°C also resulted in the appearance
of micropores in the equatorial grooves of the A-type starch
granules in Wanmai 52, but not Yannong 19.

3.3 LTS reduced *C abundance

LTS at booting also affected the distribution of photosynthetic
carbon products, with a significant decrease in the abundance of '>C in
the flag leaves and wheat grains at maturity according to ?CO, labeling
(P< 0.05, Figure 3). Compared with the control, the abundance of 3¢
in the flag leaves decreased by 10.79% in Yannong 19 and 14.69% in
Wanmai 52 after LTS treatment at —2°C, while the abundance of '*C in

TABLE 2 qRT-PCR was used to detect the primer information corresponding to the gene.

Gene name NCBI accession number
AGPase 721969
GBSSI AF286320
§SSI AF091803
SSSII AF155217
Phol EU595762
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qRT-PCR primer bp
F: GCGAACTCAAGAACGCGATG
R: TCTTTGTGTTCTCCCCGACG 114
F: CGTCTCCGAGATCAAGGTCG
R: AAGCGTAGCTGGTTGTCCTC "
F: TGCTCGAAGGGATTGCTGAG
R: GCTTGAGGTTGCTCATTCGC 7
F: CTCCCAGGCTGGACATTGAC
R: TTCAAAGGAGCCCGCATCAT e
F: ACGGGGAAGTTGCTTGTTCA
109

R: CGCCCTTTTTCTCTGCTGTC
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TABLE 3 Effect of LTS at booting on photosynthetic parameters of wheat flag leaf.
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Control: wheat that was not exposed to low-temperature stress (LTS) treatment at booting and remained in the field; 2, 0 and —2°C: wheat placed in an artificial climate chamber at booting and treated for 24 h at 2, 0 or —2°C from 19:00 until 07:00 then at 5°C from 07:00 to

19:00. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05). The number after “+”indicates the standard error.
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the grains decreased by 13.95% and 16.58%, respectively. LTS
treatment at booting caused a greater decrease in °C abundance in
the grains of Wanmai 52 compared to Yannong 19.

3.4 LTS reduced dry matter accumulation
and distribution to the grains

LTS at booting caused a significant reduction in translocation
amount of pre-anthesis stored dry matte from vegetative organs to
grains and amount of post-anthesis transfer of accumulated dry
matte into grains (P< 0.05, Figure 4). Moreover, with decreasing
temperature, the greater the decrease in the contribution rate of
post-anthesis accumulated dry matter to grains decreased, with
lowest values observed at —2°C. Compared with the control, amount
of post-anthesis transfer of accumulated dry matte into grains
decreased by 72.25%, 85.57%, and 92.39% in low-temperature
sensitive variety Wanmai 52, while the contribution rate of post-
anthesis accumulated dry matter to grains decreased by 28.39%,
49.17%, and 62.71%, respectively, following LTS treatment at 2°C,
0°C, and —2°C.

LTS at booting also caused a significant reduction in the
distribution rate of dry matter in the grains at maturity (P< 0.05,
Table 4), while the distribution of dry matter in the stem, sheath and
leaf at maturity increased significantly (P< 0.05). Moreover, the
distribution rate of dry matter in the grains at maturity decreased
continuously with decreasing temperature at booting.

3.5 Grain filling parameters changed
after LTS

A logistic equation was used to fit the grain-filling dynamics
of wheat under LTS treatment (Table 5). LTS at booting reduced
the maximum theoretical 1000-grain weight and, compared with
the control, caused a decrease in the duration of rapid (7,) and
slow filling (T5). The effective number of filling days also
decreased (T), while the appearance time of the maximum
grain filling rate was advanced (Ty,.,). LTS at booting also
caused a reduction in the mean (R) and maximum filling rate
(Rimax) compared with the control, and the lower the temperature,
the smaller the value.

3.6 The activities of Phol and Dpel
decreased after LTS

The activities of Phol (Figure 5A) and Dpel (Figure 5B) first
increased and then decreased within 10-20 d after anthesis,
reaching a maximum at about 15 d after anthesis. Compared with
the control, the activities of Phol and Dpel in the treated decreased
significantly with decreasing temperature (P< 0.05). Taking the 15 d
after anthesis of Yannong 19 as an example, treatment at 2°C, 0°C
and —2°C resulted in a reduction in the Phol activity of 4.57%,
22.96%, and 34.17%, respectively, and the Dpel enzyme activity
decreased by 4.12%, 8.14%, and 15.04%, respectively.
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Yannong19 control Yannongl9 -2°C
X30
X2.00K
X5.00
T Pointing to A-type starch granules
FIGURE 2
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Wanmai52 control Wanmai52 -2°C

B-Type

T Pointing to B-type starch granules

Effect of LTS at booting on the starch grain morphology of mature wheat grains. Morphological changes were observed under a scanning electron
microscope at X 30, x 2.00K, and X5.00K. A-Type: a-type starch granules; B-Type: b-type starch granules. Control: wheat that was not exposed to
LTS treatment at booting and remained in the field; —2°C: wheat placed in an artificial climate chamber at booting and treated for 24 h at —2°C from

19:00 until 07:00 then at 5°C from 07:00 to 19:00.

3.7 LTS reduced expression of genes
related to starch synthesis

q-PCR was used to determine the effect of LTS on gene expression
of enzymes related to starch synthesis in wheat grains 20 d after anthesis
(Figure 6). LTS treatment at —2°C resulted in down-regulation of
AGPase, GBSSI, SSSI, SSSII and Phol expression in both wheat
varieties. Compared with the control, Compared with the control, the
relative expression levels of these genes in sensitive variety Wanmai 52
decreased by 14.84%, 64.32%, 48.87%, 56.41% and 50.46%, respectively.

3.8 LTS decreased starch content of
the grains

During the grain filling process, a gradual increase in the starch
content was observed with time, in accordance with the logistic
regression model. A rapid increase was observed from 15 to 25 d
after anthesis followed by a more gradual increase thereafter then a
gradual plateau (Figure 7). LTS at booting caused a significant
decrease in the starch content of the wheat grains 25 d after anthesis
(P< 0.05), and the lower the temperature, the greater the decrease.

60
Yannong 19 Wanmai 52 RO control
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Flag leaf Grain

FIGURE 3

Flag leaf Grain

Effect of LTS at booting on the abundance of **C in the flag leaves and grains. Control and —2°C treatment are as in Figure 2. Flag leaves were
labeled with **CO, then sampled three days later, while grains were sampled at maturity. Different lowercase letters indicate a significant difference

between treatments according to Duncan’s multiple range test (P< 0.05).
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FIGURE 4

Translocation amount of pre-anthesis stored dry matter from vegetative organs to grains (A) and amount of post-anthesis transfer of accumulated
dry matter into grains (B), and the contribution rate to the grains following LTS at booting. The histogram shows translocation amount of pre-
anthesis stored dry matter from vegetative organs to grains (A) and amount of post-anthesis transfer of accumulated dry matter into grains (B). The
line chart shows the contribution rates of the above two indexes to mature grains. Control: wheat that was not exposed to LTS treatment at booting
and remained in the field; 2, 0 and —2°C: wheat placed in an artificial climate chamber at booting and treated for 24 h at 2, 0 or —2°C from 19:00
until 07:00 then at 5°C from 07:00 to 19:00. Different lowercase letters indicate a significant difference between treatments according to Duncan'’s

multiple range test (P< 0.05).
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At 35 d after anthesis, the starch content of the grains reached a
significant level between treatments in Wanmai 52. Take the
Wanmai 52 in 2021 year results as an example, compared with
the control, the starch content of the grains decreased by 10.20%,
18.80%, and 24.74% at 35 d after anthesis, respectively, following
LTS treatment at 2°C, 0°C, and —2°C.

3.9 LTS decreased the number of grains
per spike and the 1000-grain weight

LTS at booting resulted in a significant reduction in the number
of grains per spike and the 1000-grain weight (P< 0.05). In contrast,
no significant differences in the effective panicle number were
observed between treatments (Table 6). Take the results of the
Wanmai 52in the wheat growing season from 2020 to 2021 as an

example, compared with the control, the number of grains per spike
decreased by 17.85%, 29.00%, and 36.05% in Wanmai 52, while the
1000-grain weight decreased by 17.91%, 22.87%, and 32.60%,
respectively, following LTS treatment at booting of 2°C, 0°C and
-2°C.

4 Discussion

4.1 Effects of LTS at booting on the
accumulation and transportation of
photosynthetic dry matter

Leaf photosynthesis is the main source of wheat grain
assimilates. The accumulation of assimilates in the wheat grains
then determines the final yield (Plaut et al., 2004; Grzebisz and

TABLE 4 Effect of LTS at booting on the distribution ratio of dry matter in different organs of wheat.

Anthesis stage

Variety Treatment

Maturity stage

Stem-sheath Leaf Spike Stem-sheath Leaf Spike-stalk+glume Grain
(%) (%) (%) (%) (%) (%) (%)
control 61.78a + 0.25 1845¢ +0.28 | 19.77a +033 | 31.59b + 0.29 8.44c + 0.74 1421b + 0.45 45.76a = 1.19
2°C 60.65ab + 1.17 | 20.19bc +0.99 | 19.16ab + 0.80 | 36.47a + 0.57 9.99b + 0.24 15.01b + 0.38 38.52b + 0.84
Yannong 19
0°C 60.12ab + 0.63 2140b + 0.60 | 1848ab 033 = 3502a+095  11.8%a +0.24 17.67a  0.75 35.42¢ 033
-2°C 58.37b % 0.57 23650 £049 | 1798b+021 | 3682a+019  13.19a =027 17.80a % 0.11 32.19d + 0.39
control 66.46a + 0.19 16.69c +0.33 | 16.85a +0.18 = 3235d * 0.24 9.67b + 0.21 14.37a + 0.45 43.61a %071
2°C 6532ab+0.79 | 1837bc £0.70 = 163lab* 051 = 37.63c+0.51  11.65a + 0.27 15.25a + 0.45 35.47b + 0.28
Wanmai 52
0°C 64.52b +0.56 | 19.40ab + 0.88 | 16.08ab + 047 = 40.50b + 034  11.56a + 0.20 15.50a + 0.41 32.44c + 028
-2°C 63.91b + 0.31 2049a+027 | 1560b+0.18 | 42.87a+041 | 11.15a+0.30 15.47a + 0.29 30.51d + 0.23

Control and 2, 0 and —2°C treatments are as in Table 3. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05). The

number after “+”indicates the standard error.
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TABLE 5 Summary of the dry matter accumulation model and the parameters of wheat grain after LTS treatment during the booting.

. I R
. Decision coef- T T, e
Variety = Treatment Model ficient (R?) (d1) (’ga)" (g-1000 (g-1000
grain~'.d™") | grain"'-d™")
Y=47.5044/(1
control +e<3-“’79’°-”2/9(72'>) 0.9961** 10.6988 152254 50880 31.0123 183116 13573 2.0546
Y=41.1449/(1
2°C +e<3-‘7‘3*°-”55(5"'>) 0.9974** 105000 149151 | 4.9843 303993 | 17.9575 1.1756 1.8165
Yannong
19 Y=37.0516/(1
0°C 4e32136-01843700) 0.9976** 102852 142842 | 47735 293429 | 17.4273 1.0586 1.7081
Y=33.8635/(1
-2°C +e<3-“76-°-‘939(“”) 0.9955* 10.8794 | 135773 | 45372 | 289939 = 17.6680 0.9675 1.6424
Y=47.6889/(1
control +e<3-7151-°-‘98/5(75'>) 0.9947%* 12.0800 132628 44321 297750 187115 13625 2.3678
Y=40.6325/(1
2°C (37941—02048(160 0.9933** 120952 128613 | 42980  29.2545 | 18.5259 1.1609 2.0804
. +e : )
‘Wanmai
52 Y=35.0907/(1
0°C 4e39W10-02202570) 0.9978** 120380  11.9024 | 3.9775 279179 | 17.9892 1.0026 1.9414
Y=32.7670/(1
-2°C +e<4-°7°7'°-2“9(2°”) 0.9970* 124096 11.8702 = 3.9668 | 282466 = 18.3447 0.9362 1.8177

Control and 2, 0 and —2°C treatments are as in Table 3. Y: the weight of 1000 grains; t: the day after anthesis; T}, T, and Ts: the duration of grain filling increasing period, the fast increasing
period, and slow increasing period; Ty, the time of maximum grain filling rate; T: the duration of grain filling; R: average grain filling rate; R, maximum grain filling rate. **indicate significant
differences at the 0.01 level.
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FIGURE 5
Effects of LTS at booting on the activities of Phol (A) and Dpel (B) in the wheat grains. Control, and 2, 0 and —2°C treatment are as in Figure 4.
Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05).
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FIGURE 6

Effect of LTS at booting on the relative expression of starch synthase genes (AGPase, GBSSI, SSSI, SSSII, and Phol) in the wheat grains. Control and
—2°C treatment are as in Figure 2.

Potarzycki, 2022). Photosynthesis is also one of the most sensitive  to decrease significantly after LTS treatment at jointing (Liu et al,
physiological processes to LTS, because it maintains the balance  2019), as well as at the anther separation stage (Zhang et al., 2022).
between the light energy absorbed by plant photosystem and the  In line with this, this study showed that LTS at booting caused a
energy consumed by various metabolic pathways (Ensminger et al,,  significant reduction in P,, G and T, in the flag leaves at grain
2006). For example, the P, of wheat flag leaves was previously found  filling. This may have been due to damage of functional leaves under
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FIGURE 7

Effect of LTS at booting on the starch content of the grains in 2018-2019 (A) and 2020-2021 (B). Control and 2, 0 and —2°C treatment are as in
Figure 4. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05).
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TABLE 6 Effect of LTS at booting on yield components of wheat.

Number of productive ears

10.3389/fpls.2023.1207518

Grain number per ear

1000-grain weight (g)

Variety Treatment

2018-2019 2020-2021 2018-2019 2020-2021 2018-2019 2020-2021
control 30.33a + 0.88 31.20a + 1.16 46.50a + 0.43 46.50a + 1.26 45.51a + 0.49 45.60a + 0.12
2°C 23.67a + 0.88 22.20b £ 0.73 38.00a + 0.45 36.83b + 1.14 41.36b + 0.21 39.88b + 0.13

Yannogl9
0°C 21.67a + 0.88 19.00c + 1.05 34.83a + 0.54 33.00c + 0.58 38.34c + 0.55 36.25¢ + 0.34
-2°C 23.00a + 0.58 18.20c + 0.66 33.17b + 0.40 29.17d + 0.75 35.64d + 0.62 32.92d + 0.59
control 30.67a + 1.45 31.40a + 0.81 45.50a + 0.76 44.83a + 1.54 46.54a + 0.53 46.57a + 0.38
2°C 21.33a + 1.76 18.40b + 0.93 37.67a + 0.67 36.83b + 1.11 36.39b £ 0.35 38.23b + 0.27

‘Wanmai52
0°C 19.33a + 0.67 16.80b + 0.80 34.33a + 0.42 31.83¢ + 0.87 34.63¢ + 0.60 35.92¢ + 0.30
-2°C 17.67a + 0.67 14.20c + 0.58 31.50b + 0.76 28.67d £ 0.49 31.25d + 0.32 31.39d £ 0.56

Control and 2, 0 and —2°C treatments are as in Table 3. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05). The

number after “+”indicates the standard error.

LTS, thereby inhibiting carbon assimilation, and reducing the
photosynthetic capacity of the flag leaves (Mousavi et al., 2019).

In wheat, LTS causes stomata to close, which affects the
absorption of CO,, reducing the supply of photosynthetic raw
material (CO,), and thereby the photosynthetic rate, assimilate
accumulation and dry matter accumulation (Agurla et al., 2018;
Liu et al,, 2019). Studies have also shown that LTS will affect the
distribution and transfer of photosynthetic fixed carbon in plants,
resulting in a significant decrease in '>C in leaves. (Zhang et al,,
2021a). In this study, a significant decrease in '>C abundance in the
flag leaves and grains was observed compared with the control,
suggesting that LTS at booting hinders the synthesis of
photosynthetic products and the transport of assimilates to the
grains (Liu et al,, 2019).

About 1/3 of the dry matter of wheat grains is obtained via
transportation from vegetative organs before anthesis, while the
remainder is composed of the accumulation of photosynthetic dry
matter from functional leaves after anthesis (Sanchez-Bragado et al.,
2014). Wheat grain yield therefore relies on the balance between the
supply of photoassimilates for grain filling (source) and the ability
of the grains to accumulate these photoassimilates (sink) (Herzog,
1982). LTS leads to imbalance in the source-sink relationship
(Saleem et al., 2021), affecting the transport of dry matter from
the source to the sink organs, which results in an insufficient
nutrient supply to the ears, and an ultimate reduction in wheat
yield (Ke et al., 2021). Moreover, with decreasing temperature, the
contribution rate of pre-anthesis stored dry matter to grains
increased gradually, while the contribution rate of post-anthesis
accumulated dry matter to grains decreased gradually. This may be
due to the fact that the damaged functional leaves could not carry
out normal photosynthesis after LTS at booting, resulting in a
reduction in the accumulation of post-anthesis photosynthetic dry
matter, and thus, a reduction in the contribution rate of post-
anthesis accumulated dry matter to grains.

Frontiers in Plant Science

4.2 Effect of LTS at booting
on starch synthesis

Starch biosynthesis and deposition play a leading role in the
process of starch accumulation in the wheat grains (Bahaji et al,
2014). A number of studies have revealed the role of Phol and
dpel in starch synthesis. For example, Phol plays a key role in
starch initiation by prolonging the chain length of initial primers
(Satoh et al,, 2008), as well as acting as an active protein at the
beginning of starch biosynthesis in barley (Cuesta-Seijo et al,
2017). Meanwhile, the main function of Dpel during the synthesis
of storage starch is to reshape the amylose and amylopectin
molecules in cereal crops (van der Maarel and Leemhuis, 2013).
Related studies have also shown that activity of Phol reaches a
maximum at 12 d after anthesis in barley, while Dpel expression is
high in the very early stage of rice development, and at
approximately 14 d after anthesis in wheat (Ohdan et al., 2005;
Tickle et al., 2009; Cuesta-Seijo et al., 2017). In this study, activities
of phol and dpel reached a peak at about 15 d after anthesis. Phol
is greatly influenced by temperature change, and when
temperatures drop below 20°C, starch synthesis in the mutant
endosperm of rice Phol was found to be significantly damaged,
resulting in atrophy of most seeds (Hwang et al., 2016). Changes
in Dpelgene expression not only affect the content of amylopectin,
but they also alter its fine structure (Seung, 2020). In addition,
genes related to the key enzymes of wheat starch synthesis (GBSS],
AGPase and Phol) were found to be down-regulated under
drought stress (Lu et al., 2019). Meanwhile, in this study,
decreasing LTS treatment at booting caused a decrease in the
activities of both starch synthesis-related enzymes, Phol and
Dpel, while the relative expression levels of AGPase, GBSSI,
SSSI, SSSII and Phol in the grains 20 d after anthesis also
decreased. These results are thought to highlight the reason for
the reduction in starch content in the wheat grains under LTS.
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4.3 Effects of LTS at booting on the starch
content of the grains

Starch is an important component of wheat grains, accounting
for about 70% of the dry weight. It is composed of amylose and
amylopectin, and its accumulation has a direct impact on wheat yield
(Mukherjee et al., 2015; Cornejo-Ramirez et al., 2018; Bhalla and
Garg, 2021). Under stress such as high temperatures and drought, the
production of photosynthetic products is impaired, restricting the
entry of photosynthetic carbon products into the sink organs (grains).
The grain filling stage is shortened, and causing a reduction in starch
accumulation (Barnabas et al., 2008; Dolferus et al.,, 2011). Abiotic
stress also affects starch granule formation. For example, numerous
cracks and holes were observed on the surface of A-type starch
granules in wheat grains following acid rain and waterlogging stress
(Cornejo-Ramirez et al., 2018), while a decrease in the proportion of
B-type starch granules at maturity was observed after LTS treatment
(Yu et al,, 2020). High-temperature and drought stress were also
found to cause a significant reduction in the proportion of A- and B-
type starch granules in winter wheat grains (Zahra et al, 2021).
Similarly, in this study, LTS at booting caused a significant reduction
in the total soluble sugar content of the wheat grains at filling, and
obvious equatorial grooves were observed on the surface of the A-
type starch granules. Meanwhile, the number of B-type starch
granules decreased, affecting the formation of grain starch.

The biosynthesis and accumulation of starch are affected by
external environmental factors (Golfam et al., 2021). For example,
studies have shown a decrease in the total starch content of wheat
grains following low- and high-temperature stress during grain
filling (Zhao et al., 2022), while drought stress decreased the content
of total starch and amylose in the grains (Bala et al, 2018).
Moreover, another study found that LTS during grain filling had

Low-temperature

10.3389/fpls.2023.1207518

no significant effect on the total starch content of rice, but increased
the amylose content (Ahmed et al., 2008; Baek et al., 2018). Drought
stress at grain filling was also found to result in an increase in starch
and amylopectin in developing rice grains (Prathap et al., 2019). In
this study, LTS at booting caused a significant reduction in the total
starch content of the grains at filling, with the largest reduction at
-2°C. This may have been due to the effect of impaired
photosynthesis caused by LTS at booting on carbon accumulation
and transportation, and the subsequent decrease in the content of
starch synthesis sources (soluble sugars) in the grains, which in turn
inhibits the synthesis and accumulation of starch.

4.4 Effects of LTS at booting on grain filling
and yield

The most sensitive indicators of natural freezing damage are the
number of grains per spike, followed by the number of ears and the
1000-grain weight (Wu et al., 2022). Studies have shown that climate
changes, such as increases in CO,, temperature, and water stress,
shorten the duration of wheat growth stages, resulting in reduced
carbohydrate assimilation, and a subsequent reduction in the size of
the ears, grain diameter and yield (Asif et al., 2019). Studies have also
shown that LTS at booting affects final wheat yield by reducing the
rate of grain filling (Zhang et al., 2021b), while high-temperature and
drought stress resulted in a reduction in grain shrinkage (Vikender
etal,, 2016) and grain weight (Hlavacova et al., 2018). LTS at booting
was also found to cause a reduction in the number of grains per spike
and grain weight (Ji et al., 2017). Similarly, in this study, LTS at
booting shortened the filling time, reduced the mean and maximum
filling rate, and significantly decreased the number of grains per spike
and the 1000-grain weight.
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Overall, LTS at booting damaged the photosynthetic
capacity of the functional leaves, causing a decrease in dry
matter accumulation and weakening the transport capacity of
photosynthetic products to the grains, which led to the decrease of
grain number per spike. The grain filling time was shortened, and
the grain filling rate decreased. Moreover, the activity and relative
expression of enzymes related to starch synthesis decreased,
inhibiting the formation of grain starch granules and reducing
the grain starch content. The number of grain number per spike
and the 1000-grain weight decreased, leading to a reduction in
wheat yield (Figure 8).

5 Conclusions

To summarize, LTS at booting reduced starch content and yield
of wheat. P,,, G, and T, of flag leaf decreased. The accumulation of
photosynthates in the flag leaves and transportation to the grains
decreased, causing a significant reduction in the contribution rate of
photosynthetic products to the grains after anthesis and the
distribution ratio of dry matter to the grains at maturity. The
development of starch grains in the endosperm is also hindered. In
the early stage of starch synthesis, the activities of key enzymes
(Phol and Dpel) decreased, and the relative expression levels of key
enzymes (AGPase, GBSSI, SSSI, SSSII, and Phol) decreased. The
grain filling time and grain filling rate decreased, causing a
reduction in the number of grains per spike and the 1000-
grain weight.
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