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Low spring temperatures often occur during the winter wheat booting stage, when
the young ears are very sensitive to cold. In this study, we used two wheat varieties
differing in cold sensitivity (sensitive variety Yangmai 18 and tolerant variety Yannong
19) to examine the effect of low temperature on wheat grain number at booting stage.
Low temperature stress was simulated in an artificial climate chamber at 4°C for 60 h
in 2016 and at 2, 0, or —2°C for 24 h in morphological assays, showing that the
development of wheat spikelets was inhibited and floret growth was delayed following
low temperature stress. However, an increase in the sucrose content of young panicles
was also observed, and the activity of enzymes involved in sucrose metabolism was
dynamically altered. Sucrose phosphate synthase activity was enhanced, and sucrose
synthase activity significantly increased after treatment at 4 and 2°C, respectively.
However, activities of sucrose synthase and invertase decreased with a reduction
in temperature. Gene expression assays further revealed downregulation of TaSuS7
expression and upregulation of TaSuS2, while expression of CWINV was inhibited.
Moreover, phytohormone content assays showed an increase in the content of abscisic
acid in young wheat ears, but a decrease in the content of auxin and gibberellins. The
grain number per spike and 1000-grain weight also showed a downward trend following
low temperature stress. Overall, these findings suggest that low temperature at booting
induces abscisic acid accumulation in winter wheat, altering the activity of the enzymes
involved in sucrose metabolism, which leads to an accumulation of sucrose in the young
ears, thereby having a negative effect on wheat production.

Keywords: wheat, spring low temperature, booting stage, sucrose metabolism, hormone content, yield

INTRODUCTION

Extreme climate events have increased significantly. As a result, low temperature in spring has
become a major constraint of winter wheat production, especially in southern Huanghuai and
the middle and lower reaches of the Yangtze River, China. Moreover, the increase in global
average winter temperatures promotes winter growth, increasing cold vulnerability in the spring
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(Lietal, 2016). Low temperatures in spring generally occur
between the end of March and beginning of April, during which
time wheat ears are in a critical period of meiosis and tetrad
formation and are, therefore, highly sensitive to temperature
stress. If exposed to low temperature at this time, the entire wheat
spike or parts of the spikelet will fail to set after tassel formation,
decreasing yield by 30-50% (Zhang et al., 2011).

From booting to anthesis, significant deterioration in the
wheat florets occurs, and pollen development enters the meiosis
stage, and the most cold-sensitive period (Slafer et al., 2001). Low
temperatures induce abnormal pollen and ovule development,
resulting in a reduction in anther size and fertile pollen grains,
thereby decreasing the rate of seed setting (Thakura et al., 2010).
In rice, cold damage during the reproductive stage results in
spikelet degradation and an increase in sterile spikelets (Wang
et al., 2013). In the early stages of pollen development, anthers
are the strongest metabolic pool, and large amounts of sugars
are therefore transported to the anthers to support development
(Castro and Clément, 2007). Serrago et al. (2008) revealed a
positive correlation between basal spikelet gestation floret and
the dry weight, as well as carbohydrate content at flowering,
suggesting that the supply of assimilates determines the number
of fertile florets.

Abnormal glucose metabolism, a lack of starch accumulation
in the pollen grains and abnormal degradation of the tapetum are
thought to be the main causes of floret abortion (Ji et al., 2013;
Niu et al., 2013). Low temperature stress also has a significant
effect on sugar metabolism (Wanner and Junttila, 1999). In
order to enhance membrane stability, plants accumulate a large
amount of carbohydrates under low temperature, inducing
stomatal closure, photosynthetic electron transport damage and
inhibiting carbon assimilation (Li et al., 2014). Low temperature
stress also reduces the supply of soluble carbohydrates to
reproductive tissues, leading to nutrient deficiencies in the
tapetum and endosperm (Nayyar et al., 2005). Sucrose is the main
form of sugar transported via the phloem. Sucrose phosphate
synthase (SPS, EC 2.4.1.14) is the key enzyme involved in
regulating sucrose synthesis (Sharma et al., 2010), while sucrose
synthase (SuS, EC 2.4.1.13) plays a major role in catalyzing
sucrose degradation in plant tissues. Invertase (Inv, EC 3.2.1.26)
degrades sucrose into fructose and glucose via acid invertase
(AI) or neutral invertase (NI) depending on the pH. In rice
pollen grains, Al activity is inhibited under low temperature
stress, and therefore, the amount of sucrose transported to the
tapetum and pollen grains decreases, resulting in pollen abortion
(Oliver et al., 2005).

Plant endogenous hormones act as signaling factors during
low temperature stress, with abscisic acid (ABA) and gibberellic
acid (GA) playing an important role in cold resistance (Sun et al.,
2009). Increased endogenous ABA levels induce upregulation of
stress response genes, thereby enhancing cold tolerance (Yang
et al., 2011). Oliver et al. (2007) further revealed that low
temperature stress induced an increase in ABA accumulation in
rice, causing a decrease in Inv activity in the cell wall of the
tapetum, which is the main cause of pollen abortion. GA also
plays an important role in initiating meiosis and development
of the tapetum in pollen mother cells. In rice pollen, for

example, high temperature stress was found to cause a decrease
in GA and a significant increase in the floret abortion rate
(Tang et al., 2008).

A series of studies has shown that the photosynthetic rate
of functional wheat leaves decreases significantly under low
temperature stress at booting (Zhang et al., 2015, 2016), with an
accumulation of carbohydrates (Zeng et al., 2011) and changes in
endogenous hormone contents and antioxidant enzyme activity
(Sun et al.,, 2009; Li et al., 2014). However, few studies have
documented the effects of low temperature at booting on young
wheat ears. In this study, two wheat varieties differing in
cold sensitivity were selected to determine the effect of low
temperature at booting on sucrose metabolism and hormone
contents in young wheat ears. Physiological causes for the
resulting effects and the subsequent decrease in ear grain number
are also discussed.

MATERIALS AND METHODS

Experimental Design

This study was conducted at the Anhui Agricultural University,
Anhui, Hefei, China, from October 2015 to June 2017 (31.52°N,
117.17°E). Two wheat varieties differing in cold sensitivity were
selected: cold-tolerant Yannong 19 and cold-sensitive Yangmai
18. Plants were placed in pots 28 c¢cm in height and 30 cm in
diameter. Potting soil was obtained from the 0-20 cm tillage
layer and had an organic matter content of 15.80 g kg™ !, a total
nitrogen content of 0.78 g kg~ !, and available nitrogen, available
phosphorus and available potassium contents of 104.9, 22.8, and
150.5 mg kg~ !, respectively. The soil was sieved, then 8 kg was
placed in each pot. Wheat seeds were sowed on October 31, 2015
and October 28, 2016. Before planting, 75 g of organic fertilizer,
1.05 g of pure nitrogen, 1.25 g of P,O5 and 2.25 g of K,O were
applied to each pot, with an additional 1.05 g of pure nitrogen
applied at the jointing stage. The pots were then buried with the
soil surface flush to ground level in the experimental plots. Other
management measures were carried out in accordance with the
requirements for high-yield cultivation.

On April 2, 2016 and April 3, 2017, when the young ears
reached the meiosis stage, 60 pots per variety were placed in
an artificial climate chamber. In 2016, the temperature in the
chamber was maintained at 4°C, and the plots were moved back
to the field after 60 h treatment. In 2017, the temperature in the
chamber was set at —2, 0, or 2°C between 19:00 and 07:00 and
at 5°C between 07:00 and 19:00, and the pots were moved back
to the field after 24 h of treatment. Humidity in the chamber was
kept at 70% in both years. The wheat plants were then kept in the
field until maturity.

Sampling

At the end of each treatment, 10 young ears of similar size
were sampled. Three were used for morphological observations,
and the remainder were frozen in liquid nitrogen and stored
at —40°C for analysis of sucrose content, enzyme activity and
endogenous hormone content. The spikelet number per ear of
both varieties is generally about 18-20. In order to analyze the
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development between spikelets in different locations, the middle
6 spikelets are called middle spikelets, which are expressed by
MS, and the upper 6 to 7 spikelets are expressed by US. The
lower 6 to 7 spikelets are represented by LS. In this study, the
young ear represents the entire ear, including US, MS, and LS.
Yield traits including grain number per spike and the 1000-
grain weight were measured after harvest. Untreated plants were
used as controls.

Observation of Floret Morphology

Fresh wheat spikelets were sampled from control and low
temperature treatment. One to three basal florets were removed
from each spikelet, then the images were taken with a SZX16
stereo microscope (OLYMPUS, Japan).

Measurements of Sucrose Content

The young ears were incubated at 105°C for 15 min then dried
at 70°C to a constant weight. Four spikelets from each of US,
MS, and LS were ground into a powder, then 0.5 g samples were
placed in a 10 ml centrifuge tube, to which 4 ml of 80% ethanol
was added. The tubes were then incubated at 80°C for 40 min
in a water bath with shaking before centrifuging at 4000 rpm
for 5 min. The supernatant was collected, then 2 ml of 80%
ethanol was added to the residue for re-extraction. The resulting
supernatants were combined, then 10 mg of activated carbon was
added and decolorization at 80°C for 30 min was carried out. The
reaction mixture was made up to 10 ml with 80% ethanol. After
filtration, the obtained filtrate was used to determine the sucrose
content as described by Hendrix (1993).

SPS, SuS, and Inv Enzyme Activity

Fresh spikelet samples weighing 1.0 g were mixed with 10 ml of
Hepes-NaOH buffer (pH 7.5). After grinding on ice, the samples
were centrifuged at 10,000 rpm for 10 min at 4°C, and the
resulting supernatant was used to determine activities of SPS, Sus§,
and Inv as described below.

Sucrose phosphate synthase activity was determined
according to the method of Zhang et al. (2009). Briefly,
0.5 ml of crude enzyme solution was mixed with a reaction
solution consisting of 0.1 ml 50 mM fructose-6-phosphate, 0.1 ml
50 mM UDPG, 0.1 ml Hepes-NaOH buffer, and 0.05 ml 10 mM
MgCl,, then maintained at 30°C for 30 min. To terminate the
reaction, 200 pl of 40% NaOH was added, followed by 1.5 ml of
30% HCL and 0.5 ml of 1% resorcinol. The sucrose content was
then determined by measuring the absorbance at 480 nm using
a UV-8000 double beam ultraviolet visible spectrophotometer
(Shanghai Metash Instruments Co., Ltd., Shanghai, China). SuS
activity was determined using the same method except that
fructose was substituted for fructose 6-phosphate.

Acid invertase activity was measured as described by Shu
et al. (2009). Briefly, the extraction mixture was incubated
at 45°C for 1 h, then 1 ml of solution obtained before and
after transformation was added to a 25-ml volumetric bottle,
to which 2 ml of 3,5-dinitrosalicylic acid solution (DNS) was
added. The color was allowed to develop in a boiling water
bath for 3 min; then, after cooling, the volume was increased to

25 mL, and the resulting glucose content was determined by the
absorbance at 540 nm.

Quantitative Assays of TaSUS1, TaSUS2,
and TaCWI Expression

To determine expression levels of the genes involved in sucrose
metabolism under cold stress, three genes, TaSuS1, TaSuS2, and
TaCWI, were selected (Oliver et al., 2005; Ji et al., 2011). Gene-
specific primers were designed according to the cDNA gene
sequences published in the NCBI and synthesized by Sangon
Biotechnology Co., Ltd. (Shanghai, China). Primer sequences
are listed in Table 1. Total RNA was extracted using Trizol
(Invitrogen, Carlsbad, CA, United States, SK1321) according
to the manufacturer’s instructions. Reverse transcription was
then carried out using a cDNA synthesis kit (Thermo Fisher
Scientific™, EP0733). Gene transcription levels in the wheat
ears were determined using an ABI Prism 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA, United States)
and SG Fast qPCR Master Mix (2X) (Roche, B639271). PCR
was carried out as follows: pre-denaturation at 95°C for 3 min
followed by 45 cycles of denaturation at 95°C for 7 s, annealing at
57°C for 10 s, and extension at 72°C for 15 s. Relative expression
levels of the target genes were calculated using the 27 A4ACt
method (Livak and Schmittgen, 2001).

Measurements of Endogenous

Phytohormone Contents

Endogenous hormone contents were determined by enzyme-
linked immunosorbent assay (ELISA) as described by Han
et al. (2015). Fresh wheat spikelets (0.5 g) were ground into
a homogenate on ice using extraction buffer (80% methanol
containing 1 mM di-tert-butyl-p-cresol BHT). The obtained
samples were then transferred to a 10 ml centrifuge tube and
incubated at 4°C in a shaker overnight. The mortar was then
rinsed with 3 ml of extract, transferred to a test tube, shaken,
then placed in a refrigerator at 4°C overnight. The samples were
then centrifuged at 3500 rpm for 8 min and the supernatant was
filtrated with a C-18 solid phase extraction column. The resulting
sample was transferred to a small 25 ml beaker and the methanol
in the extract removed by vacuum freeze drying. The final volume
was then adjusted to 1 ml with sample dilution buffer. All kits
were provided by China Agricultural University.

TABLE 1 | Primers used to detect differential gene expression using
quantitative PCR.

Gene Primer sequence (5'-3') Production size (bp)
TaSuS1 F: TGAAGTGTCGGCTGCGTTAT 162
R: ATGGGCAGGCGTTTATTCC
TaSuS2 F: CCGAGCCACTGGAACAAGAT 174
R: GGCGTAGAGCATTTCAAGGTAG
TaCWi F: GGACCTGCATCCTATCGAGAGT 110
R: TGCCGTTAGTTTGGACACCTT
18s F: TTAACGAACGAGACCTCAGCC

R: TGCCGTTAGTTTGGACACCT
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Measurements of Grain Number per
Spike and 1000-Grain Weight

After reaching maturation, 20 pots were randomly selected from
the remaining unsampled pots and used to calculate the grain
number per spike and 1000-grain weight. Both measurements
were repeated in triplicate.

Statistical Analysis

All data presented represent the mean value &= SE of three
independent duplications. Data were subjected to analysis of
variance (ANOVA), and statistical divergence among treatments
was determined using Duncan’s multiple range test (P < 0.05).
Coefficients and p-values of the correlations were calculated
using Pearson’s correlation coefficient. Statistical analyses were
conducted using SPSS statistical software (version 10; SPSS, Inc.,
Chicago, IL, United States).

RESULTS
Young Ear and Floret Morphology

Low temperature (LT) stress at booting had multiple effects
on the wheat spikelets and florets (Figure 1). The untreated
control ears were full, and the awns were firm and upright;
however, in contrast, the young ears were smaller, and the top and
basal spikelets were not fully developed after LT treatment. The
wheat awns were also deformed and uneven. The smallest ears
were observed after treatment at —2°C. Overall, these findings
suggest that LT stress at booting hinders the development of
wheat spikelets.

After treatment at 4°C for 60 h, the first floret of the MS
was less affected than the second and third florets in Yangmai
18, while in Yannong 19 the third floret was more affected
(Figure 2A). Moreover, floret development was significantly
delayed in both varieties relative to the controls. Treatment
at 2°C for 24 h had less effect on the first floret of the
MS; however, after 0°C treatment, a decrease in floret volume
was observed and development was slower compared to the
controls. Similarly, after —2°C treatment, floret development was
slow, and they were lighter in color compared to the controls
(Figure 2B). These findings suggest that LT stress inhibited
development of the florets.

Increased Accumulation of Sucrose in
Ears of the Cold Tolerant Variety

Low temperature stress at booting increased in the sucrose
content of the wheat spikes, and this increase was greater
with decreasing temperature (Figure 3). In spikelets of cold-
sensitive Yangmai 18, a significant increase in sucrose content was
observed at all temperatures compared with the control, while
the in cold-tolerant variety Yannong 19 a significant difference
was observed in the US only at all temperatures (P < 0.05). The
differences in sucrose content among spikelet locations were also
significant (Table 2). In the US of Yangmai 18, increases of 15.90,
34.49, and 74.36% were observed, after 2, 0, and —2°C treatment
for 24 h, respectively. Meanwhile, in the MS and LS, increases of

6.66, 16.94, and 62.37% as well as 3.87, 5.80, and 20.10% were
observed, respectively. In the US of Yannong 19, increases in
sucrose content of 35.91, 51.54, and 53.71% were observed, after
2, 0, —2°C treatment for 24 h, respectively. Meanwhile, in MS
and LS increases of 18.17, 20.99, and 41.23 %, and 14.22, 20.76,
and 29.21 % were observed, respectively. These findings suggest
that the increase in sucrose content was greater in young ears of
Yannong 19 than those of Yangmai 18 (Table 2).

Sucrose Metabolism-Related Enzyme
Activity

Increased SPS Activity After LT Stress

As shown in Figure 4A, SPS activity was enhanced in the
wheat spikes following LT stress, and this increase increased
with reducing temperature. Significant differences were observed
between treated and control plants of both varieties after 4°C
treatment for 60 h and at 0 and —2°C treatment for 24 h
(P < 0.05). However, no significant differences in SPS activity
were observed after treatment at 2°C. In Yangmai 18, SPS activity
increased by 53.38% after treatment at 4°C for 60 h, while in
Yannong 19 an increase of 197.03% was observed. After treatment
at 2, 0, and —2°C for 24 h, SPS activity increased by 12.28, 32.62,
and 49.30% in Yangmai 18, respectively, while in Yannong 19
increases of 9.35, 45.45, and 97.66% were observed. Overall, the
increase in SPS activity was greater in young ears of Yannong
19 than those of Yangmai 18 under the same LT treatment
(Figure 4A and Table 2).

SuS Activity Fluctuated With Temperature

The effects of LT stress at booting on SuS activity varied between
treatments (Figure 4B). After treatment at 4°C for 60 h and 2°C
for 24 h, SuS activity increased in spike of both varieties, and
the differences between treatments and controls were significant
(P < 0.05). Meanwhile, after 0 and —2°C treatment for 24 h, SuS
activity decreased compared to 2°C treatment in both varieties,
while at 0°C, activity was higher than that of the controls by
3.42 and 3.78%, respectively, in Yangmai 18 and Yannong 19.
In contrast, following treatment at —2°C, SuS activity decreased
in both varieties compared to the control by 1.32 and 7.91%,
respectively. Despite these findings, none of the differences
in SuS activity between varieties and among treatments were
significant (Table 2).

LT Stress Decreased Inv Activity

Low temperature stress at booting caused a decrease in
Inv activity, and this decrease increased with temperature
(Figure 4C). Significant differences in Inv activity were observed
among treatments and spikelet locations (P < 0.05, Table 2).
In Yangmai 18, treatment at 2, 0, and —2°C for 24 h caused
reductions in Inv activity in the US of 3.22, 3.97, and 30.90%,
respectively, while in the MS and LS, decreases of 9.13, 12.79, and
11.36%, and 12.17, 16.19, and 23.35% were observed, respectively.
In Yannong 19, treatment at 2, 0, and —2°C for 24 h caused
reductions in Inv activity in the US of 13.02, 24.17, and 33.41%,
respectively, while in the MS and LS, decreases of 7.64, 7.77, and
8.14%, and 3.17, 9.38, and 37.38% were observed, respectively.
Moreover, a significant decrease in Inv activity with decreasing
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Yangmai 18

\

Yannong 19

Control

FIGURE 1 | Effect of low temperature on the morphology of wheat ears at booting stage in 2017. Wheat plants (cold-sensitive variety Yangmai 18 and more tolerant
variety Yannong 19) were placed under 2, O, or —2°C for 24 h, then morphological observations of the young ears were made. As a control, plants were grown

without cold stress.

temperature was observed in the US and LS compared with the
MS (Figure 4C and Table 2).

Expression of Genes Implicated in

Sucrose Metabolism

After treatment at —2°C for 24 h, TaSUS| expression in the wheat
ears was upregulated, while expression of TuSUS2 and TaCWI was
downregulated (Figure 5). In Yangmai 18 (Figure 5A), significant
differences in TaSUSI expression were observed in different parts
of the young ears compared with the control (P < 0.05). However,
in Yannong 19 (Figure 5B), only expression of TaSUSI in the
LS was significantly different than the control, with a 2.02-fold
increase. Expression of TaSUS2 in the MS and LS was significantly
different from that of the controls in both varieties, with decreases
0f59.99 and 76.06% in Yangmai 18 and Yannong 19, respectively.
Expression of TaCWI was significantly reduced in Yangmai 18
compared to Yannong 19 after LT stress. The expression of
TaCWI was significantly reduced in Yangmai 18 compared to
Yannong 19 after LT stress.

Effect of LT Stress on the Hormone
Contents of the Wheat Ears

LT Stress Induced the ABA Content

Abscisic acid plays an important role in the response to LT
stress (Mittler and Blumwald, 2015). In this study, LT stress

at booting caused an increase in ABA content in the wheat
ears, except in the MS of Yannong 19, in which the ABA
content decreased slightly (Figure 6A). Significant differences
in ABA content were observed among temperature treatments
and spikelet locations (Table 2). After treatment at 2°C for
24 h, the ABA content in the US, MS, and LS of Yangmai
18 increased by 1.78, 4.98, and 15.66%, respectively, while in
Yannong 19 increases of 5.72 and 15.94% were observed in the
US and LS, respectively. After —2°C treatment for 24 h, the
ABA contents in the US, MS, and LS of Yangmai 18 increased
by 52.48, 51.21, and 58.57%, respectively, while in Yannong 19
increases of 38.98, 43.94, and 54.20% were observed, respectively.
Moreover, a significant increase in ABA content was observed in
the LS compared to the MS and US. In the US and MS, the ABA
content increased significantly after —2°C treatment for 24 h.
Moreover, the ABA content in the Yannong 19 spikelets remained
at a relatively low level compared with Yangmai 18 (Figure 6A
and Table 2).

LT Stress Reduced the IAA Content

Low temperature stress at booting caused a decrease in IAA
content in the spikelets of both varieties (Figure 6B) and the
differences among temperature treatments and spikelet locations
were all significant (Table 2). Taking Yangmai 18 as an example,
treatment at 2°C for 24 h caused a decrease in IAA content
in the US, MS, and LS of 29.89, 1.63, and 26.24%, respectively.
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A Yangmai 18

control

the first floret
B

Yangmai 18

Yannong 19

control

the third floret

FIGURE 2 | Effect of low temperature on the morphology of wheat florets at booting stage in 2016 and 2017 (x4 magnification). Wheat plants were placed under
4°C for 60 h. Wheat plants were placed under 2, 0, or —=2°C for 24 h, then morphological observations of the florets were made. As a control, plants were grown
without cold stress. (A) Florets in the middle spikelet. (B) First florets in the middle spikelet.

Yannong 19

the first floret the second floret the third floret

0RE

Meanwhile, treatment at 0°C and —2°C for 24 h caused decreases
of 43.3, 25.76, and 42.15%, and 66.66, 30.73, and 48.39%,
respectively. A significant decrease in the IAA content in the
US and LS was therefore observed compared to that in the MS
(Table 2). Overall, the IAA content was higher in the Yannong
19 spikelets than in Yangmai 18 under all temperature treatments
(Figure 6B and Table 2).

LT Stress Reduced the GA Content

Inhibition of endogenous growth-promoting GA signaling
pathways significantly increases plant survival under stress
(Achard et al., 2006). In this study, LT treatment at booting
caused a decrease in GA content in the spikes of both varieties
(Figure 6C), and the differences among temperature treatments
and spikelet locations were all significant (Table 2). Taking

Yannong 19 as an example, treatment at 2°C for 24 h caused
decreases in GA content in the US, MS and LS of 1.59, 17.93,
and 10.42%, respectively. Meanwhile, treatment at 0°C and —2°C
for 24 h caused decreases of 16.66, 30.32, and 36.26, and 46.97,
34.83, and 55.65%, respectively. Overall, a significant decrease
in GA contents was observed in the US and LS compared with
the MS, and the content was higher in the Yannong 19 spikelets
than in Yangmai 18 under all temperature treatments (Figure 6C
and Table 2).

LT Stress Reduced Grain Yield

As shown in Table 3, LT stress caused a decrease in the final
grain number and 1000-grain weight. After treatment at 4°C for
60 h, a significant difference in grain number and 1000-grain
weight was observed between LT treated plants and controls
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FIGURE 3 | Effect of low temperature on the sucrose content of wheat ears at booting stage in 2017. US, upper spikelets; MS, middle spikelets; LS, lower spikelets.
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(P < 0.05). In contrast, treatment at 2°C and 0°C for 24 h
caused no significant differences in the number of grains per ear.
However, further reductions in temperature to —2°C for 24 h
caused a significant difference in the number of grains per ear
compared with the control. Moreover, the 1000-grain weights
of both Yangmai 18 and Yannong 19 were significantly reduced
compared to the controls.

Analysis of the relationships between yield factors and sucrose
metabolism-related enzyme activity and hormone content
revealed a negative correlation between sucrose content, SPS

TABLE 2 | ANOVA of enzyme activities and hormone contents relative to cultivar,
temperature treatment, spikelet location, and
cultivar+temperature/cultivar+temperature+location.

SC SPS SuS Inv ABA IAA GA
Source of variation
¢} nd o o nd nd nd nd
2015-2016 T *k ok
L
CxT/ICxTxL o ns
C *k *% ns * % *% *ok *%
2016-2017 T ok ok ok ok . ok .
L ok ok ok ok .
CxT/CxTxL ** ok ns ok . . ok

SC, sucrose content (mg/g FW); SPS, phosphosucrose synthase activity (U/mg
pro); SuS, sucrose synthase activity (U/mg pro); Inv, invertase activity (U/mg pro);
ABA, abscisic acid content (ng/g FW); IAA, indoleacetic acid content (ng/g FW);
GA, gibberellic acid content (ng/g FW). nd, no data;, ns, not significant; **Significant
differences at 0.01.

activity and ABA content and grain number per ear and the 1000-
grain weight following LT stress (Table 4). Positive correlations
between yield factor and SuS activity, Inv activity, [AA content
and GA content were also observed as well as significant negative
correlations (P < 0.05) between grain number per ear, the
1000-grain weight and sucrose and ABA content. Significant
negative correlations were also observed between 1000-grain
weight and Inv activity, IAA content and GA content in
Yangmai 18. A significant negative correlation between 1000-
grain weight and sucrose content, and a significant negative
correlation between grain number per ear and ABA content was
observed in Yannong 19.

DISCUSSION

Jointing to booting are key stages in terms of the differentiation
and development of wheat spikes. At this time, LT stress inhibits
the supply of sucrose and limits the development of pollen (Oliver
etal.,, 2005), resulting in floret abortion and a decrease in the seed
setting rate (Thakura et al., 2010).

Effects of LT at Booting on Sucrose
Metabolism in Wheat Ears

Carbohydrate metabolism is not only crucial to plant
development but is also an essential component of the response
to abiotic stress. Serrago et al. (2008) found a positive correlation
between the number of spikelets, number of grains and dry
weight and the carbohydrate content at flowering. In the
early stage of microspore development, anthers are the most
important component of the flower, and a large amount of
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sugar is therefore transported to the anthers to support the
development of microspores (Wang et al., 2013). LT stress
reduces the supply of soluble carbohydrates to the reproductive
tissues, leading to nutrient deficiencies in the tapetum and
endosperm (Nayyar et al., 2005). It is generally believed that
abnormal sucrose metabolism under LT stress, a lack of starch
accumulation in the pollen grains and abnormal degradation
of the tapetum are the main causes of floret abortion (Ji et al.,
2013; Niu et al.,, 2013). The accumulation of sucrose plays an
essential role in cold adaptation in wheat (Zeng et al., 2011).
Moreover, Sakata et al. (2014) found that application of sucrose
greatly improved the fertility of rice pollen under LT stress,
increasing the seed setting rate. In this study, we found that
sucrose accumulation in the wheat spikelets continued to
increase under LT stress at booting, and moreover, this increase
increased with decreasing temperature, especially in the MS and
LS. These findings suggest that sucrose accumulation helps wheat
adapt to cold stress.

Sucrose phosphate synthase is a key enzyme of sucrose
synthesis in plants. Accumulating evidence suggests that the ratio
of sucrose to starch is positively correlated with SPS activity
in the leaves (Ono et al, 1999). When plants are exposed to
LT, drought or high salt stress, SPS activity tends to increase,

thereby increasing the contents of soluble sugars such as sucrose
and altering the osmotic pressure of the cells, allowing them
to resist the stressful environment. It was previously revealed
that LT treatment causes a significant increase in transcription
levels of the SPS gene in kiwi fruit (Langenkdmper et al., 1998).
In this study, a similar increase in SPS activity in the wheat
spikes was observed following LT stress at booting, and moreover,
this increase increased with decreasing temperature. Except for
treatment at 2°C for 24 h, the differences between treatments
and controls were significant. In a previous study, LT stress
caused a similar accumulation of sucrose in wheat ears, and
this was positively correlated with the increase in SPS activity
(Yang et al., 2001).

SuS and Inv are both implicated in the degradation of
sucrose. SuS$ is responsible for catalyzing the reversible reaction
of sucrose decomposition and synthesis as follows, sucrose +
uridine diphosphate <> fructose + uridine diphosphate glucose
(UDPG), playing a major role in catalyzing sucrose degradation.
SuS can also catalyze the breakdown of sucrose into glucose and
fructose during starch synthesis. In this study, Su$ activity in the
wheat ears increased significantly after treatment at 4°C for 60 h,
possibly due to the effect of LT on sucrose accumulation, and with
increasing SuS$ activity the decomposition of sucrose increased.
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Previous studies have also shown a significant increase in SuS
decomposition activity under salt stress, LT and dehydration,
when the demand for sugar decomposition increases (Romer
et al, 2004; Haagenson et al, 2006; Klotz and Haagenson,
2008). Similarly, SuS activity was previously found to increase in
wheat plants under LT stress and continued to increase with the
accumulation of sucrose (Crespi et al., 1991; Gordon et al., 1999).
In this study, decreasing temperature to —2°C for 24 h caused a
decrease in SuS$ activity in spikelets of Yangmai 18 and Yannong
19. These findings suggest that the decrease in SuS activity under
LT stress has a beneficial effect on sucrose accumulation and cold

resistance in wheat, with a sacrifice to overall growth. In rice, LT
at booting caused a decrease in the activity of sucrose-degrading
enzyme in the anthers, with downregulation of monosaccharide
transporter expression, resulting in insufficient sucrose supply to
the tapetum and pollen grains and subsequent pollen abortion
(Oliver et al., 2005, 2007).

Under LT stress, the apoplast transport pathway involved in
Inv and monosaccharide protein transport is inhibited, affecting
the transport of sucrose to the anthers (Sherson et al., 2003).
Pollen sterility therefore occurs due to an increase in cell
wall-bound AI activity, inhibiting the supply of sucrose, and
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TABLE 3 | Grain number and grain weight of Yangmai-18 and Yannong-19 after
low temperature treatment at booting stage in the 2015-2017 growing seasons.

Year Cultivar Treatment Grain number 1000-grain
per ear weight (g)
Yangmai 18  control 47.60a + 1.52 45.09a + 0.21
4°C 45.00b £ 1.00 39.66b + 0.59
Yannong 19  control 42.40a + 0.89 39.02a £+ 0.64
2015-2016 4°C 38.40b + 1.52 35.82b + 0.52
F-value F-cuttivar () 136.51** 147.745%*
F~Treatment (T) 42.706** 104.068**
FcxTt 1.922 0.123
Yangmai 18  control 48.33a + 2.08 42.94a + 0.32
2°C 46.33a + 2.52 41.15b £+ 0.06
0°C 46.67a + 1.53 40.86b £+ 0.19
—2°C 41.67b £1.53 38.89¢c + 0.26
Yannong 19  control 41.33a + 0.58 38.89a + 0.30
2016-2017 2°C 38.67a +2.08 36.46b + 0.35
0°C 39.33a + 2.52 34.89c + 0.30
—2°C 32.33b + 0.58 34.41c £ 0.10
F-value F-cultivar (C) 98.648** 1971.18**
F-Treatment (T) 18.309** 276.745%*
FcxT 0.432 14.672**

Wheat plants were placed under 4°C for 60 h in the 2015-2016 growing season
and at 2, 0, or —2°C for 24 h in the 2016-2017 growing season. F-¢c « T refers
to F-values of the interaction between cultivar and treatment. Data represent
means + SE (n = 3). Lowercase letters following data within the same column
refer to significant differences (P < 0.05). **Significant differences at 0.01.

TABLE 4 | Correlation coefficients between yield factors, enzyme activities, and
hormone contents under low temperature stress.

Yield SC
factors

Cultivar SPS SuS Inv ABA 1AA GA

Yangmai 18 ~ GW  —0.953* —0.949 0.133 0.967* —0.952* 0.966* 0.964*
GN  -0.975* —0.878 0.251 0.873 —0.969* 0.867 0.841

Yannong 19 GW  —0.985* —0.844 0.176 0.916
GN  -0.842 -0.917 0.365 0.938

—0.817 0.942 0.935
—0.953* 0.920 0.870

SC, sucrose content (mg/g FW); SPS, phosphosucrose synthase activity (U/mg
pro); SuS, sucrose synthase activity (U/mg pro); Inv, invertase activity (U/mg pro);
ABA, abscisic acid content (ng/g FW); IAA, indoleacetic acid content (ng/g FW);
GA, gibberellic acid content (ng/g FW),GW, 1000-grain weight (g); GN, Grain
number per ear. *Significant differences at 0.05, Ry 05 = 0.950, Rp,07 = 0.990.

limiting and disrupting pollen development (Oliver et al., 2005;
Gothandam et al., 2007). As a result, microspore development
is hindered because of the reduced levels of glucose, sucrose
and fructose, thereby resulting in infertile pollen (Arshad
et al, 2017). In this study, AI activity in the wheat ears
decreased after LT treatment, and this decrease increased
with decreasing temperature. Al activity also differed between
spikelets, with significant differences in the US and LS under all
temperature treatments. Meanwhile, the decrease in AT activity
in the MS was relatively lower, suggesting that AI activity
in the MS is less affected by LT stress, facilitating sucrose
transport to the pollen.

Although the changes in SPS, SuS and, Inv activity in relation
to sucrose metabolism under cold stress are not completely
consistent between studies, our findings suggest that wheat ears
accumulate a large amount of sucrose during adaptation to
adapt to LT stress. Activity of the main enzymes involved in
sucrose metabolism was significantly affected by the variety,
temperature treatment and spikelet location. These findings
suggest that alterations in activity of these enzymes affect the
decomposition and transport of sucrose, leading to abnormal
development of florets.

Effects of LT at Booting on the
Expression of Genes Involved in Sucrose

Metabolism

Inhibition of sucrose degradation leads to failure of plant
reproductive function under abiotic stress (Ruan, 2014). In
line with this, Zeng et al. (2011) revealed that LT stress
leads to upregulation of the genes involved in sugar synthesis,
metabolism and transport. Cold treatment in sugar beet caused
upregulation of the sucrose synthase gene, and expression was
twice that of the control group after 7 days of treatment
(Klotz and Haagenson, 2008). Moreover, transcriptional levels
of sucrose synthase in alfalfa were found to decrease under
LT (Bertrand et al., 2017). LT stress was also found to cause
differential changes in the expression of sucrose synthase genes
in different winter wheat organs. Expression was found to
decrease gradually in tillering nodes, while in leaves, an initial
increase followed by a decrease was observed (Zeng et al., 2011).
Activity of the main enzymes involved in sucrose metabolism was
significantly affected by the variety, temperature treatment, and
spikelet location.

In monocotyledonous plants, SuS is encoded by two non-
allele genes, SUSI and SUS2. In this study, expression of TaSUSI
was upregulated, while expression of TaSUS2 was reduced in
wheat ears following treatment at —2°C for 24 h. The change in
SuS activity suggests that TaSUSI and TaSUS2 co-regulate SuS
activity under LT stress at booting. The findings also suggest
that TaSUS2 plays a greater role in the response to LT stress.
Abiotic stress inhibits photosynthesis, reducing sucrose transfer
and leading to inhibition of Inv gene expression (Boyer and
McLaughlin, 2007). Moreover, there is convincing evidence
that male sterility and resulting grain or fruit abortion occur
as a result of reduced expression of cell wall invertase and
vacuolar invertase in anthers and pollen of wheat under drought
conditions (Koonjul et al., 2005). In this study, expression of
TaCWI in wheat ears was significantly downregulated after
—2°C treatment for 24 h, especially in the cold-sensitive
variety Yangmai 18.

Effects of LT Stress on Endogenous

Hormone Contents

Phytohormones are important growth regulators, playing
important roles in regulating balance and inducing stress
resistance in plants under LT and other stress conditions.
Increased endogenous ABA levels can induce expression of stress
genes and enhance cold tolerance (Yang et al., 2011). Moreover,

Frontiers in Plant Science | www.frontiersin.org

April 2019 | Volume 10 | Article 498


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zhang et al.

Low Temperature Effects on Winter Wheat

Lalk and Dorftling (1985) revealed an increase in ABA content
during cold acclimation in winter wheat, inducing expression of
stress genes and improving cold tolerance. In this study, a similar
increase in ABA content was observed following LT stress.
Significant inhibition of invertase gene expression in the spikes
was previously observed under ABA treatment, affecting sugar
metabolism and the source-sink relationship in the panicles (Ji
et al,, 2011). In general, an increase in ABA content under LT
stress might amplify ABA signaling and initiate changes in the
expression of low-temperature-related genes in downstream
ABA responses, thereby enhancing tolerance to cold. However,
plant adaptation to stress and growth involves two conflicting
processes, adaptation to adversity, which negatively affects
growth, and vice versa (Scheres and van der Putten, 2017). Under
persistent LT stress, plants need to maintain balance between
normal growth and adaptive stress to avoid over-amplification
of stress signals (Zong et al., 2016). Maintaining a relatively low
level of ABA under LT stress within a certain threshold range
is therefore conducive to increasing tolerance to LT. In this
study, the ABA content of young ears of the cold-tolerant variety
Yannong 19 was lower than that of the cold-sensitive cultivar
Yangmai 18, suggesting that Yannong 19 is able to keep growing
under such stress conditions.

Growth delay is a common phenomenon in plants during
adaptation to environmental stress (Scottin et al, 2004).
Inhibition of the endogenous growth-promoting GA signaling
pathway significantly increases plant survival under stress
(Achard et al., 2006). Moreover, under LT stress, the content of
IAA in Davidia involucrata and wheat were found to decrease
with decreasing temperature (Kosova et al., 2010). LT treatment
of tobacco also caused a significant decrease in the active
gibberellin GA; content (Niu et al,, 2013). LT at booting also
caused a reduction in the endogenous GA content of rice,
while GA treatment restored pollen fertility of the GA synthesis
mutant under LT stress, thereby restoring the seed setting rate
(Sakata et al., 2014). In this study, the contents of IAA and GA
decreased significantly under LT stress at booting, resulting in
insufficient nutrient input. Moreover, the decrease was greater
in the US and LS than the MS, suggesting that the late-
developing upper and lower florets are more affected by LT
stress. Overall, IAA and GA contents in young ears of the cold-
sensitive cultivar Yangmai 18 were lower than those of the cold-
tolerant cultivar Yannong 19 under each temperature treatment,
suggesting that growth inhibition was more severe in Yangmai 18
than Yannong 19.

Relationships Among Sucrose
Metabolism, Endogenous Hormone
Content and Yield Under LT Stress

At booting, wheat is very sensitive to LT stress, resulting
in a large reduction in pollen mother cells and pollen, and
subsequently, a serious decline in yield (Dolferus et al., 2011;
Barton et al, 2014). Early temperature stress was previously
found to have a significant effect on the final grain weight,
with larger negative effects observed when temperature stress
was close to the anthesis (Calderini et al., 2001; Ugarte et al.,

2007). The results of this study suggests that LT stress at booting
caused a decrease in the grain number per ear and 1000-grain
weight, most notably the latter. LT stress reduces the supply
of soluble sugars to reproductive tissue (Nayyar et al., 2005).
Endogenous hormones are used as a signal during the LT
stress response, affecting sucrose metabolism in the spikes by
regulating expression of the genes related to sucrose metabolism-
related enzymes (Ji et al, 2011). Analysis of the correlation
between sucrose metabolism-related enzyme activity, hormone
content and yield (1000-grain weight and grain number per
ear) revealed a negative correlation between sucrose content,
SPS activity, ABA content and yield. Moreover, the correlation
between sucrose content, ABA content and yield was significant
in Yangmai 18. The correlation coefficient between Su$ activity
and yield (1000-grain weight, grain number per ear) was lower
than that between SPS activity, Inv activity and yield. The
results also revealed that the changes in Su$ activity and gene
expression were complicated by LT stress, suggesting that the
response of Su$ is more complex and requires further study. The
correlation coefficients between sucrose metabolizing enzyme
activity, hormone content and 1000-grain weight were higher
in cold-sensitive variety Yangmai 18 than cold-tolerant cultivar
Yannong 19. Comparisons between the two varieties revealed
significant positive correlations between 1000-grain weight and
Inv, TAA, GA in Yangmai 18 but not Yannong 19. These
findings suggest that under LT stress, the response of the cold-
sensitive variety is understandably more affected, having a greater
effect on growth and development of the spikes. However, the
response in the cold-tolerant variety was relatively slow, and the
negative effects of hormone and enzyme activity on yield were
relatively weak.

CONCLUSION

Our findings suggest that LT stress at booting delays the
development of wheat spikelets and florets by increasing
the sucrose content of the young ears and altering sucrose
metabolism-related enzyme activity and gene expression. Activity
of SPS was enhanced, while that of Inv and SuS were reduced,
and expression of CWINV was inhibited. Moreover, the contents
of TAA and GA, which promote the growth of young ears,
decreased, while that of ABA, which hinders growth, increased.
In addition, even after only a short period of LT stress at
booting, the number of spikelets and 1000-grain weight decreased
as a result of these changes in hormone content and sucrose
metabolism. In conclusion, therefore, LT stress at booting alters
the hormone content of young spikes, affecting the transport
and metabolism of sucrose and hindering spikelet development,
thereby decreasing yield.
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