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Abstract: Due to global warming, late-spring coldness affecting wheat (LSCW) is one of the major
abiotic adversities affecting wheat production. A combination of field and pot trials were conducted
in this study. In the field experiment, 20 wheat varieties from the main wheat-producing areas in
China were selected as experimental materials. By exploring the effects of LSCW on the spikelet
characteristics and yields of different varieties, the evaluation methods and indexes of wheat varieties’
resistance to LSCW were established. Three varieties with strong resistance to LSCW (Yannong19,
Guomai9, and Shannong17) and five varieties sensitive to LSCW (Zhengmai895, Xinmai26, Zheng-
mai366, Zhengmai8329, and Fanmai5) were screened out. The wheat varieties Yannong19 (YN19),
with a strong resistance to LSCW, and Xinmai26 (XM26), with LSCW sensitivity, were selected
as the test materials for the pot experiment. The ultrastructure changes in the wheat in different
low-temperature treatments during the anther differentiation period were observed using an ultra-
low-temperature artificial climate incubator set to 4 ◦C and−4 ◦C for 4 h (1:00–5:00 a.m.). The average
temperature of the field during the low-temperature treatment was 10 ◦C, which was the control
temperature (CK). The results showed that the cell morphology and chloroplast and mitochondrial
structures of the functional leaves, young ears, and internodes below the ears were damaged, and
the degree of damage was related to the cell location, the extent of low-temperature stress, and
the resistance of the varieties. The degree of damage to the wheat cells was found to occur in the
following order: young ears > internode belove young ears > functional leaves. The degrees of
damage to the wheat cell, chloroplast, and mitochondrial structures increased with the intensification
of the low-temperature stress. The damage to the XM26 variety was obviously greater than that
inflicted on the YN19 variety. The anatomical mechanism of YN19 cells makes the cell structure more
stable during late-spring coldness.

Keywords: wheat; late-spring coldness affecting wheat; cell ultrastructure; varieties; yield

1. Introduction

Wheat (Triticum aestivum L.) is one of the three major grains in the world, and its
seeds contain a lot of nutrients needed by humans; about 60% of the world’s population
depends on wheat as a staple food [1–3]. Global warming has been an indisputable
fact since the Industrial Revolution. According to the United Nations Intergovernmental
Panel on Climate Change (IPCC)’s special report on Climate Change and Land, the global
average land temperature increased by about 1.53 ◦C from 2006 to 2015 compared to that in
1850–1900 and is expected to rise again by more than 1.5 ◦C by 2100 [4]. Extreme weather
caused by climate warming, such as late-spring coldness (LSC), poses serious challenges
regarding global food production [5–7].
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LSC has caused great losses in wheat production in several countries around the world.
It was reported that as many as 41 LSC events occurred in Kansas, USA, from 1995 to 2010,
resulting in a reduction in wheat yield by more than 538 kg/hm−2 [8]. In Queensland
and northern New South Wales, Australia, wheat production is being reduced by 10%
each year due to low-temperature disasters [9], with an average annual economic loss of
AUD 100 million [10]. China is currently the world’s largest wheat producer, with wheat
production exceeding 17.6% of global production [11]. Huanghuai is one of the main wheat-
producing areas in China, with its annual sown and wheat production areas accounting
for about 58% and 67% in the country [12]. From 1980 to 2023, nearly 20 large-scale LSC
events occurred in China. In Huanghuai, the most serious events occurred in 2009, 2013,
2015, 2018, and 2020, with an occurrence frequency of up to 40% [13].

LSCW mainly refers to a kind of agrometeorological disaster that occurs from jointing
to booting, causing the injury or death of young ears and some spikelets or even the whole
spike, resulting in wheat yield reduction [14].

Many studies have shown that wheat LSCW resistance is closely related to wheat
young ear differentiation. Li Chunyan et al. [15] found that an LSCW temperature of −2 ◦C
would freeze and kill the main stem and large tillers of wheat, affecting the formation
of grains, and the yield reduction rate was about 20%. Zheng et al. [11] concluded that
the freezing and injury of young spikes were greatly and negatively correlated with plant
height, spikelet number, grain numbers, and the grain weight of the main stem spike.
Zhang Wenjing et al. [16] showed that low-temperature stress at the booting stage resulted
in a decrease in the grain number per spike and the 1000 grain weight, among which the
grain weight per spike most obviously decreased. Kaznina et al. [17] found that the reason
behind the decrease in wheat yield caused by LSCW was that low-temperature stress
damages the functional leaves, thus affecting the synthesis and supply of carbohydrates,
leading to a decrease in wheat yield. Dolferus et al. [18] showed that wheat is very sensitive
to LSCW, and LSCW will lead to a significant decrease in pollen mother cells and pollen,
resulting in a serious yield reduction.

The low-temperature tolerance of plants is closely related to the ultrastructure of
the cells [19,20]. When plants experience LSC, first, the structure of the cell membrane
is damaged; then, the functional proteins on the cell membrane change from a liquid
crystal to a gel; and the accumulation of malondialdehyde, the product of membrane lipid
peroxidation, causes a series of physiological and biochemical changes. Previous studies
have found that abiotic stress results in plant cell wall material deposition; protoplasm
dehydration; plasmowall separation; the deformation of chloroplasts, mitochondria, and
other organelles; the decomposition of large vacuoles; the disappearance of the nuclear and
plasma membranes of cells; cell disintegration in a state of severe stress; and ultimately
plant death.

Therefore, in this study, we established LSCW resistance evaluation methods and
evaluation indexes by comparing the changes in the ear-fruiting characteristics and yields
of 20 major wheat varieties in China after LSCW occurred naturally in a field. According
to the LSCW resistance evaluation indexes, different varieties with LSCW resistance were
classified. High-quality wheat varieties with stable yields and strong resistance to LSCW
in China’s main wheat-producing area were selected. Then, YN19, which has a strong
resistance to LSCW, and XM26, which is sensitive to LSCW, were taken as the research
objects to compare and observe the cell structures of wheat after LSCW. To investigate the
effect of LSCW on cell structures and its relationship with LSCW resistance, the anatomical
mechanisms of different wheat varieties’ resistance to LSCW were explored from the
perspective of the cell microstructure to provide a theoretical basis for LSCW resistance
breeding and LSCW prevention and control technology.
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2. Materials and Methods
2.1. Experimental Design
2.1.1. Field Experiment

From October 2017 to June 2018, this test was conducted in an Agricultural Science
and Technology Demonstration Field (33◦9′44′′ N, 116◦32′56′′ E) in Mengcheng County,
Anhui Province. This region has a warm, temperate, semi-humid, monsoon climate, with
an average annual temperature of 14.8 ◦C, 2410 h of sunshine per year, and an average
annual rainfall amount of 732.63 mm. The soil type is sandy ginger black soil, and the
previous crop was corn straw, which had returned to the field in full. The 0–20 cm soil layer
contained 12.46 g·kg−1 of organic matter, 0.99 g·kg−1 of total nitrogen, 80.20 mg·kg−1 of
alkali-hydrolytic nitrogen, 15.40 mg·kg−1 of available phosphorus, and 100.30 mg·kg−1 of
available potassium.

Twenty common wheat varieties from the main wheat-producing areas of China [21]
were used as the experimental materials. There were a total of 60 sowing plots, and each plot
was 12 m2 (4 m × 3 m). For each variety, 3 plots were randomly designated for repetition.
The seeds were sown on October 17, and the sowing density was 2.25 million/ha. A total
of 1.1 kg of compound fertilizer (N–P–K = 15–15–15) was applied as a base fertilizer to each
plot, and 1.8 kg of N per plot was applied at the jointing stage. The other management
techniques were the same as those for high-yield fields.

On 5–7 April 2018, a three-day late-spring coldness event occurred. Staring on
5 April 2018, while the daily average temperature gradually increased, the night aver-
age temperature gradually decreased, and the minimum temperatures dropped to 4.9 ◦C,
1 ◦C, and 3 ◦C, respectively, corresponding to a drop of 10–13 ◦C. At this time, the young ear
differentiation stage of wheat reflected the anther differentiation period (Figures 1 and 2).
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The most suitable range of effective growing degree days (GDDs) for wheat growth is
10–25 ◦C [22–24]. The GDD was less than 10 ◦C every day during the LSCW event (Table 1).

Table 1. GDDs before and after LSCW.

Date GDD (◦C)

4.1 18.5
4.2 19.5
4.3 19
4.4 10
4.5 5.45
4.6 6
4.7 7.5
4.8 15
4.9 17.5

4.10 19

Note: GDD = (Tmax + Tmin)/2 − Tb. Tmax is the highest temperature in one day (◦C), and Tmin is the lowest
temperature in one day (◦C). Tb is the base temperature of wheat development, which is an ecological parameter
identical for the same eco-type cultivars, and was set to 2 ◦C [7,25,26].

2.1.2. Pot Experiments

The experiment was conducted from 2020 to 2021 (sowing/harvesting time: 1 Novem-
ber 2020/18 May 2021) at the Nongcuiyuan Experimental Base of Anhui Agricultural
University (31◦52′ N, 117◦16′ E; altitude: 21.3 m). Two wheat cultivars, YN19 (strong LSCW
resistance; the main wheat variety planted in Anhui Province [21]) and XM26 (weak LSCW
resistance; suitable for planting in the south of Huang-huai winter wheat area, China [21]),
were planted in plastic pots (30 cm diameter × 35 cm height; 3 drainage holes), with
8 plants per pot. Yellow-brown soil with a pH of 6.5 was used, containing 16.3 g·kg−1 of
organic matter, 112.2 mg·kg−1 of available nitrogen, 23.0 mg·kg−1 of available phosphorus,
and 161.6 mg· kg−1 of available potassium. Each pot was filled with 8 kg of soil and covered
with 2 kg of soil after sowing. A total of 5.76 g of compound fertilizer (N–P–K = 15–15–15)
was applied to each pot as a base fertilizer before sowing, and 1.5 g of nitrogen fertilizer
was applied at the jointing stage per pot. The other cultivation methods were carried out in
accordance with the local field’s wheat-planting standards.

On 21 March 2021, when the spikes of wheat had basically reached the anther differ-
entiation period, as observed under a microscope (OLYMPUS SZ2-ILST; Tokyo, Japan),
except for the control treatments (CK), all the other pots were transferred to an artificial cli-
mate chamber (DGXM-1008; Ningbo Jiangnan Instrument Manufacturing Factory, Ningbo,
China; 1300 mm length × 630 mm width × 1305 mm height) with 75% humidity and
0 µmol·m−2 s−1·s light intensity at 21:00 on the same day for the LSCW treatment. Three
pots were selected for each treatment and CK for three replications.

The temperature in the artificial climate chamber gradually dropped from the normal
temperature in the natural field (14 ◦C) for 4 h to the two low-temperature treatment
temperatures of T1 (4 ◦C) and T2 (−4 ◦C), and the treatment was carried out from 1:00
to 5:00 a.m., amounting to 4 h; the average field temperature during low-temperature
treatment was 10 ◦C, which was the control temperature (CK). Immediately after the
treatment, the pots were moved back to their original positions at 5:00 and grew until
they matured. The changes in field temperature and treatment temperature during the
experiment are shown in Figures 3 and 4.
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Figure 4. Dynamics of ambient temperature (CK) and temperature in the smart climate box during
the experiment days (data obtained from 21 to 22 March 2021). Note: 21:00–1:00: from ambient
temperature (14 ◦C) to 4 ◦C, −4 ◦C, and ambient environment average temperature, i.e., 10 ◦C (CK);
1:00–5:00: low-temperature treatment was maintained at 4 ◦C, −4 ◦C, and ambient environment
average temperature, i.e., 10 ◦C (CK).

2.2. Sampling and Measurement
2.2.1. Field Experiment

Two one-meter rows were selected in each plot at the three-leaf stage. At the milk-
ripening stage, the numbers of damaged ears, grains per damaged ear, frozen ears, normal
ears, and grains per normal ear were calculated. The results were recollected three times
for each variety, and the yields were calculated after harvesting.

Measurement index:

1. LSCW-damaged spike rate: (number of damaged spikes in the sample/total number
of spikes in the sample) × 100%.

2. LSCW-damaged spike rate at different levels:

(1) Mildly LSCW-damaged spike rate: (the number of spikes with unproductive spikelets
for less than 1/3 of the sample/total number of spikes in the sample) × 100%;

(2) Moderately LSCW-damaged spike rate: (the number of spikes with unproductive
spikelets for more than 1/3 and less than 1/2 of the sample/total number of spikes in
the sample) × 100%;
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(3) Severely LSCW-damaged spike rate: (the number of spikes with unproductive spikelets
for more than 1/2 and less than 2/3 of the sample/total number of spikes in the
sample) × 100%;

(4) Extremely severely LSCW-damaged spike rate: (the number of spikes with unpro-
ductive spikelets for more than 2/3 of the sample/total number of spikes in the
sample) × 100%;

(5) Dead spike rate under LSCW: (the number of spikes wherein all the spikelets are
sterile in the sample/total number of spikes in the sample) × 100%.

3. Loss rate of grain number per spike (%): (the number of grains per damaged spike/the
number of grains per normal spike) × 100%.

4. Late-Spring Coldness Resistance Index: (LSCRI) = yield of one test variety/average
yield of all the test varieties.

2.2.2. Pot Experiment

After the treatment, the CK and treatment groups were immediately sampled. A
1 mm2 sample was cut from the top unfolding leaves of wheat, young ears, and the middle
part of the internode below the ear and quickly fixed with 2.5% glutaraldehyde fixing
solution (pH 7.2); the air in the bottle was pumped out until the sample was suspended
in the fixing solution, and the bottle was placed in a refrigerator at 4 ◦C for 4 h. After the
fixed sample had been placed in an environment at room temperature, it was cleaned with
0.1 mol/L sodium phosphate buffer 3 times and then fixed with 1% osmium tetroxide for
1.5 h. The material was washed with buffer 3 times, dehydrated with gradient ethanol,
and finally permeated into Epon812 neutral resin to obtain a sample embedding block.
The embedded blocks were sliced with an LKB-V ultra-thin microtome with a thickness of
60 nm. The ultra-thin slices were stained with uranyl acetate and lead citrate and observed
under a transmission electron microscope (JEOL-1200EX, Tokyo, Japan), and 3 samples
were randomly observed for each treatment.

2.3. Statistical Analysis

Microsoft Excel (version 2020; Microsoft, Inc., Redmond, WA, USA) was used for
data sorting and figure and table production. Comparisons were made via one-way
ANOVA using SPSS statistical software (version 19; SPSS, Inc., Chicago, IL, USA). Statistical
divergence among treatments was determined using Tukey’s honestly significant difference
(HSD) test. Correlation tests were processed using Pearson’s correlation coefficient, and
K-mean method was used in cluster analysis.

3. Results
3.1. Characterization of Morphological Damage to Wheat Spikes Caused by LSCW

LSCW caused different degrees of damage to the spikes of different varieties of wheat.
When Zhongmai895 (ZM895) and XM26 were affected by LSCW, the upper and lower

spikelets were seriously damaged, the spikes turned white, and some spikelets died. The
half spikes of Wanmai52 (WM52) and Lemai 598 (LM598) were the most affected (Figure 5).

While Liangxing66 (LX66) and Annong 0711 (AN0711) were affected by LSCW; the
degradation of the top and lower spikelets was obvious, but the extent of the damaged
spikelets generally did not exceed half of the spike. After the exposure of Guomai9 (GM9)
and YN19 to LSCW, the spike degree of degradation was light, mainly concentrated in the
top and base spikelets (Figure 6).
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3.2. Effect of LSCW on Damage to Spikes and Grain Number per Spike
3.2.1. Effect on Damage to Spikes and Spikelets

LSCW significantly affected the damaged spike rate of the test varieties. The rate
of damaged spikes and the degree of damage varied according to the varieties (Table 2).
ZM895, XM26, and Zhengmai366 (ZM366) had the most damaged spikes and many frozen
spikes. The total damaged spike rate was as high as 50~65%, and the damaged spike rates
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in the mild (1/3 of spikelets not fruiting), moderate (1/3-1/2 of spikelets not fruiting), and
severe (more than 1/2 of spikelets not fruiting) damage categories were 8~20%, 20~35%,
and 15~20%, respectively. zhoumai27 (ZM27), zhengmai8329 (ZM8329), Fanmai5(FM5),
WM52, and LM598 had damaged spike rates ranging from 20% to 50%. anke157(AK157),
Xumai35(XM35), Huaimai33(HM33), Huaimai28(HM28), AN0711, and LX66 had dam-
aged spike rates ranging from 6% to 10%. yn19, Shannong17 (SN17), GM9, Yannong5286
(YN5286), Yannong5158 (YN5158), and Jimai22 (JM22) had low damaged spike rates of less
than 5%.

Table 2. Effect of LSCW on damaged spike rates of different varieties.

Variety Total Damaged
Spike Rate (%)

Mild LSCW-
Damaged

Spike Rate (%)

Moderate
LSCW-Damaged
Spike Rate (%)

Severely
LSCW-Damaged
Spike Rate (%)

Extremely Severely
LSCW-Damaged
Spike Rate (%)

Dead Spike
Rate under
LSCW (%)

ZM895 62.22 a 8.33 ef 22.22 b 12.78 b 7.78 a 11.11 c
XM26 61.11 a 18.89 a 6.11 d 15.56 a 2.78 c 17.7 a

ZM366 53.89 b 14.45 b 6.11 d 15.00 a 3.89 c 14.4 b
ZM27 48.33 c 13.33 bc 27.78 a 3.33 e 2.78 c 1.11 e

ZM8329 43.89 c 11.11 cd 1.67 ef 12.22 bc 3.33 c 15.5 ab
WM52 36.11 d 20.56 a 5.56 d 3.33 e 2.78 c 3.89 d
LM598 36.11 d 8.33 ef 11.11 c 6.67 d 5.56 b 4.45 d

FM5 28.33 e 10.00 de 2.78 e 11.11 c 3.89 c 0.56 e
AN0711 9.45 f 5.00 ghi 2.22 ef 2.22 ef 0 d 0 e

LX66 9.45 f 7.22 fg 1.67 ef 0 g 0 d 0.56 e
HM33 7.22 fg 4.45 hi 1.11 ef 0.56 g 0 d 0.56 e
HM28 7.22 fg 3.33 ijk 2.78 e 1.11 fg 0 d 0 e
AK157 6.67 fgh 3.89 hij 1.67 ef 1.11 fg 0 d 0 e
XM35 6.11 fghi 6.11 fgh 0 f 0 g 0 d 0 e
JM22 3.33 ghi 3.33 ijk 0 f 0 g 0 d 0 e

YN5286 2.78 ghi 1.67 jk 1.11 ef 0 g 0 d 0 e
YN5158 1.67 ghi 1.67 jk 0 f 0 g 0 d 0 e

GM9 1.11 hi 1.11 jk 0 f 0 g 0 d 0 e
SN17 1.11 hi 1.11 jk 0 f 0 g 0 d 0 e
YN19 0.56 i 0.56 k 0 f 0 g 0 d 0 e

Note: Different letters following the data within each column indicate significant difference at p < 0.05 (n = 3).

3.2.2. Effects on Damage Rate in Spikelet Setting

LSCW significantly affected the damage to the spikelets of the test varieties, and there
were significant differences in their damage (Table 3).

The rate of damage to the ZM8329, ZM895, XM26, ZM366, and WM52 spikelets was as
high as 65~75%. The rate of damage to the LM598, FM5, AK157, ZM27, HM28, XM35, and
HM33 spikelets was higher, reaching 55~65%. The rate of damage to the JM22, YN5158,
LX66, AN0711, and YN5286 spikelets was greater than 50% but not more than 55%. The
rate of damage to the YN19, GM9, and SN17 spikelets was the lowest, amounting to less
than 30%.

Table 3. Effects of LSCW on damage rates in spikelet setting of different varieties.

Variety Damage Rates in Spikelet Setting (%)

ZM8329 73.59 a
ZM895 69.64 ab
ZM366 65.42 bc
XM26 65.42 bc
WM52 65.38 bc
LM598 60.32 cd
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Table 3. Cont.

Variety Damage Rates in Spikelet Setting (%)

FM5 59.39 cde
AK157 58.48 cde
ZM27 58.49 cde
HM28 56.86 cde
XM35 55.46 de
HM33 55.06 de
JM22 54.88 de

YN5158 54.37 de
LX66 53.57 de

AN0711 52.05 de
YN5286 51.49 e

YN19 25.21 f
WM9 22.76 f
SN17 19.79 f

Note: Different letters following the data within each column indicate significant difference at p < 0.05 (n = 3).

3.2.3. Effect of LSCW on Seed Yield

LSCW significantly affected the seed yields of the test varieties. The variation in seed
yield varied among the different varieties of wheat (Table 4).

The seed yield of ZM895 was significantly lower than that of the other varieties,
amounting to only 294.8 kg/ha. ZM366, FM5, XM26, WM52, AK157, and ZM8329 yielded
between 350 kg and 380 kg/ha. The ZM27 and XM35 seed yields per hectare were at the
lower-middle level, below 400 kg/ha. The HM33, HM28, JM22, and AN0711 seed yields
were moderate, amounting to 400~450 kg/ha.

Several varieties, namely, LX66, YN5158, YN19, YN5286, and GM9, had higher yields
between 450 kg and 500 kg/ha. The SN17 variety had the highest seed yield and the best
steady yield performance of up to 511.5 kg/ha.

Table 4. Effect of LSCW on yield and TLSCI of different varieties.

Variety Yield (kg/ha) TLSCI

ZM895 294.8 j 0.722 j
LM598 335.8 i 0.822 i
ZM366 355.7 h 0.871 h

FM5 359.4 gh 0.88 gh
XM26 367.0 gh 0.898 gh
WM52 370.8 gh 0.908 gh
AK157 371.4 gh 0.909 gh

ZM8329 377.9 fg 0.925 fg
ZM27 396.5 ef 0.971 ef
XM35 400.2 e 0.98 e
HM33 419.5 d 1.027 d
HM28 424.6 d 1.04 d
JM22 427.6 d 1.047 d

AN0711 439.4 cd 1.076 cd
LX66 454.5 bc 1.113 bc

YN5158 455.2 bc 1.114 bc
YN19 467.1 b 1.144 b

YN5286 468.6 b 1.147 b
GM9 471.9 b 1.155 b
SN17 511.5 a 1.252 a

Note: Different letters following the data within each column indicate significant difference at p < 0.05 (n = 3).
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3.3. Comprehensive Evaluation of Resistance of Wheat Varieties to LSCW
3.3.1. Effects of LSCW on TLSCI

From Tables 2 and 3, it can be seen that the combined rates of damage to the spikes
and spikelets determine the degree of damage to the wheat spike, which ultimately leads
to a reduction in wheat yield.

A comparison of the TLSCIs of different varieties after the LSCW event (Table 4)
showed that the ZM895 TLSCI had the lowest value, amounting to only 0.722, followed
by LM598, with a TLSCI of only 0.822. The ZM366, ZM8329, ZM26, WM52, FM5, and
AK157 TLSCIs ranged from 0.85 to 0.95; the ZM27, XM35, HM33, HM28, JM22, and AN0711
TLSCIs reached 0.95~1.1; the LX66, YN5158, YN19, YN5286, and GM9 TLSCIs were higher,
all exceeding 1.1; and the SN17 TLSCI was the largest, reaching 1.252.

The sizes of the TLSCI values of different wheat varieties under LSCW damage reflect
the degree of spike damage, and the larger the TLSCI, the smaller the degree of spike loss.

3.3.2. Principal Component Analysis of Rates of Damaged Spikes, Damaged Spikelets,
and TLSCI

According to the principal component analysis results of eight indexes of the tested
materials shown in Table 5, principal component 1 mainly describes the yield, total dam-
aged spikes, mildly LSCW-damaged spikes, moderately LSCW-damaged spikes, severely
LSCW-damaged spikes, extremely severely LSCW-damaged spikes, and dead spike rates
during the LSCW event. The absolute eigenvector value is the largest, and the contribution
rate is 72.0410%. In principal component 2, the moderately LSCW-damaged spike rate
had a larger feature vector, with a contribution rate of 10.9613%, while principal com-
ponent 3 mainly represented the rate of damage to the spikelets, contributing 7.56672%.
The cumulative contribution of the three principal components reached 90.5695%, which
comprehensively summarized most of the data.

Therefore, by analyzing the principal component structure and selecting the output,
the rates of total damaged spikes, mildly LSCW-damaged spikes, severely LSCW-damaged
spikes, and damage to the spikelets were further analyzed as indicators related to LSCW
resistance.

Table 5. The results of principal component analysis.

Index/Unit
Principal Component

1 2 3

Eigenvalue λ 5.7633 0.8769 0.6054
Variance contribution (%) 72.0410 10.9613 7.5672

Cumulative Contribution (%) 72.0410 83.0023 90.5695
Total damaged spike rate 0.9799 0.0493 –0.1438

Mildly LSCW-damaged spike rate 0.8203 –0.1450 0.1322
Moderately LSCW-damaged spike rate 0.6441 0.7249 –0.0897

Severely LSCW-damaged spike rate 0.9022 –0.2718 –0.2408
Extremely severely LSCW-damaged spike rate 0.8909 0.2435 –0.1659

Damage rate in spikelet setting 0.8290 –0.4226 –0.2638
Damage rate in spikelet setting 0.7733 –0.1061 0.5879

Yield –0.9068 –0.0709 –0.2418

3.3.3. Euclidean Clustering Method for Analyzing LSCW Resistance Traits in 20 Varieties

The Euclidean distance K-means method was used to cluster analyze the 20 wheat
varieties experiencing LSCW and to study the degree of proximity among the LSCW
resistance indexes of each variety. As can be seen from Table 6, the strength in LSCW
resistance of the different varieties can be evaluated by the degree of proximity between
the LSCW resistance indexes, the yield, the spike damage, and the size of the TLSCI.
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Strong LSCW resistance: YN19, GM9, and SN17;
Slightly strong LSCW resistance: AN0711, LX66, HM28, AK157, HM33, XM35, YN5286,
YN5158, and JM22;
Moderate LSCW resistance: ZM27, WM52, and LM598;
Weak LSCW resistance: ZM895, XM26, ZM366, ZM8329, and FM5.

Table 6. The results of cluster analysis.

Class-Number Group Classification Sum of Squares of
Deviation within Class

1 GM9, SN17, YN19 0.4910
2 AN0711, LX66, HM28, AK157, HM33, XM35, YN5286, YN5158, JM22 2.9416
3 ZM27, WM52, LM598 6.1600
4 ZM895, XM26, ZM366, ZM8329, FM5 9.1626

Statistical analysis
Total sum of squares of deviation within the class 18.7552
Total sum of squares of deviation between classes 81.2448

Pseudo-f-value (inter-class/intra-class) 23.1032

3.4. Effects of LSCW on Cell Ultrastructure of Different Wheat Varieties
3.4.1. Effect of LSCW on Morphology and Structure of Mesophyll Cells
Effect of LSCW on Morphology and Structure of Functional Leaf Cells

In the functional leaf blades, the chloroplasts of the two varieties of wheat tested
(Figure 7A,D) were clearly structured and elliptical under the normal temperature treatment
(CK, about 10 ◦C); most of them were very neatly arranged near the cell wall, and all of
them had a large vesicle in the centers of their cells.

After the T1 treatment, there was no obvious plasmolysis in the YN19 cells, and the
protoplasm of the XM26 cells was wrinkled. The chloroplasts of the two varieties of wheat
swelled slightly and were no longer neatly arranged close to the cell wall (Figure 7B,E).

After the T2 treatment of XM26, wheat leaf thin-walled-cell deformation and intra-
cellular vacuolization occurred, most of the chloroplasts’ double membrane structure
disappeared, and the contents leaked; the YN19 wheat leaf cell’s shape began to deform,
the chloroplasts arranged in a chaotic position, and parts of the chloroplasts began to
disintegrate (Figure 7C,F). It can be seen that 4 h of low-temperature stress caused damage
to the structure of the wheat cell membrane and organelle membrane, and the degree of
damage to XM26, a variety with weak resistance to LSCW, was greater than that of YN19, a
variety with strong resistance to LSCW.

Effect of LSCW on Chloroplast Morphology and Structure

The chloroplast structures of the two tested varieties’ wheat leaf blades (Figure 8) in
the normal temperature treatment (CK), according to the basal arrangement rules, include
close basal lamellae, structural integrity, and neat stomping along the long axis; among
these elements, there are a small number of osmiophilic particles within the chloroplasts of
the XM26 wheat leaf blades.

After the T1 treatment, the two varieties of wheat chloroplast were slightly swollen,
the arrangement of the cysts became chaotic, and osmiophilic particles appeared in the
chloroplasts. (Figure 8B,E).

After the T2 treatment, the chloroplasts of the YN19 wheat leaves were swollen and
cracked, with cavities appearing inside; the bilayer membrane structure disappeared; and
the basal lamellae loosened (Figure 8F); for the XM26 wheat leaves, most of the chloroplasts’
bilayer membrane structure disappeared, and chloroplast and basal lamellae disintegration
occurred (Figure 8C). Comparative observations of the chloroplast structures of the two
varieties showed that YN19, a strong LSCW-resistant variety, could more easily maintain a
relatively stable chloroplast structure after exposure to low temperatures compared with
XM26, a variety with weak LSCW resistance.
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Figure 7. Effect of LSCW on mesophyll cell structure of wheat functional leaves. Note: (A–C) show
the mesophyll cell structure of XM26 at CK, 4 ◦C, and −4 ◦C, respectively (bar = 5 µm). (D–F) show
the mesophyll cell structure of YN19 at CK, 4 ◦C, and −4 ◦C, respectively (bar = 5 µm). W: cell wall;
IS: intercellular space; Ch: chloroplast; V: vacuole; N: nucleus.
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Figure 8. Effect of LSCW on chloroplast structure of wheat functional leaves. Note: (A–C) show
chloroplast structures of XM26 treated at CK, 4 ◦C, and −4 ◦C, respectively (bar = 2 µm). (D–F) show
chloroplast structures of YN19 treated at CK, 4 ◦C, and −4 ◦C, respectively (bar =2 µm). G: grana;
OG: osmophilic granules.
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Effect of LSCW on Mitochondrial Morphology and Structure

As can be gleaned from Figure 9, the mitochondria of the two wheat varieties’ func-
tional leaves under the normal temperature treatment (CK) were ellipsoidal, with an
obvious double-membrane structure, a large number of cristae uniformly distributed in
the inner part, and clear and regular cristae, and the mitochondria were mostly distributed
between the two chloroplasts.

After the T1 treatment, the outer membranes of the mitochondria of the YN19 leaves
became blurred (Figure 9E), and those of the XM26 wheat leaves showed no obvious
changes compared with those in the CK treatment (Figure 9B).

After the T2 treatment, the mitochondria of the XM26 functional leaves were swollen
and rounded, with blurred mitochondrial membranes and cristae (Figure 9C), and the
cristae of those of the YN19 functional leaves completely disappeared (Figure 9F).

3.4.2. Effect of LSCW on Morphology and Structure of Young Ear Cells

As shown in Figure 10, treatment temperatures above and below 0 ◦C caused different
degrees of damage to the ultrastructure of the cells in the young ears of the two varieties
of wheat.

After the T1 treatment, the chloroplast plasma membrane of the YN19 young ears
had ruptured, the basal lamellae were blurred, and the mitochondria were deformed
(Figure 10); in XM26, the large vesicles were deformed; the chloroplast plasma membranes
had completely disappeared; the basal lamellae were swollen, blurred, and scattered; and
the mitochondria were swollen and rounded (Figure 10B).

After the T2 treatment, both the YN19 and XM26 cell morphologies were severely
damaged, and the cell and organelle membrane structures completely disappeared; in
YN19, the large vesicles disintegrated into small vesicles; in XM26, the large vesicles were
concave. The chloroplast inclusions of both species spilled out in a state of disorder, and
the mitochondrial cristae disappeared and became flat and smooth (Figure 10C,F).
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at CK, 4 ◦C, and −4 ◦C, respectively. M: mitochondria. Bar = 0.5 µm.

3.4.3. Effect of LSCW on Morphology and Structure of Cells from Internode below
Young Ear

Figure 11 shows that LSCW caused different degrees of damage to the morphology
of the cells from the internodes below the young ears in the two varieties. The cells in
the internodes below the young ears of YN19, a variety with strong resistance to LSCW,
were more stable in terms of cell structure and showed almost no significant damage to the
organelles after exposure to low-temperature stress compared with XM26, a variety with
weak resistance to LSCW. This difference was more pronounced in the T2 treatment.

The membrane systems of the internode cells of the CK were intact (Figure 11A,D).
After the T1 treatment, there was no obvious damage to the membrane structure of

the internode cells of YN19 (Figure 11E), whereas in XM26, the rupturing of the membrane
of the internode cells had disappeared, starch grains appeared, and the mitochondrial
membrane and cristae disappeared (Figure 11B).

After the T2 treatment, the cell membrane system of YN19 remained intact, the mito-
chondria exhibited no obvious deformations, and a small number of starch grains appeared
in the cytosol (Figure 11F), whereas the cell and organelle membranes of XM26 were all rup-
tured, the contents were discharged, and a large number of starch grains had accumulated
(Figure 11C).
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Figure 10. Effect of LSCW on mesophyll cell structure of wheat young ears. Note: (A–C) show the
mitochondrial structures of XM26 treated at CK, 4 ◦C, and −4 ◦C, respectively. (D–F) show YN19 at
CK, 4 ◦C, and −4 ◦C, respectively. M: Mitochondria; G: grana; V: vacuole. Bar = 1 µm.
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Figure 11. Effect of LSCW on mesophyll cell structure of wheat internode below young ears.
Note: (A–C) show the mitochondrial structures of XM26 treated at CK, 4 ◦C, and −4 ◦C, respectively.
(D–F) show YN19 at CK, 4 ◦C, and −4 ◦C, respectively. Ch: chloroplast; M: mitochondria; G: grana;
V: vacuole; SG: starch granule. Bar = 1 µm.
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4. Discussion
4.1. The Advantages and Disadvantages of Identification Methods Used to Study Resistance to
LSCW and the Basis for Establishing Evaluation Indexes

The resistance of wheat to LSCW is a complex biological characteristic that is deter-
mined by many factors [27]. By investigating the spikelet loss and yield changes in different
wheat varieties after an LSCW event, this experiment identified the LSCW resistance of
the main wheat varieties grown in 20 major wheat-producing areas in China. From the
perspective of field cultivation, the cold resistance of different wheat varieties can be easily
and quickly investigated. This is an easy method used to identify wheat resistance to
LSCW. But there are limitations to this approach. First, the wheat cultivated under natural
conditions in a field may suffer from diseases, insect pests, droughts, dry hot air, and
other natural disasters, in addition to the harm caused by cold during the spring. The
influence of yield on this evaluation index may be the result of compounded disasters,
and the accuracy of LSCW resistance identification will be affected only by the yield loss
rate. Therefore, evaluating the LSCW resistance of different varieties according to the total
number of damaged spikes, spikelets, and the TLSCI is a simple and reliable method. In
addition, the effects of LSCW on the agronomic traits and physiological and biochemical
response mechanisms were combined to evaluate the resistance of different varieties to
cold spring reversion, the results of which could be used to more accurately identify and
evaluate the resistance of wheat to LSCW.

4.2. Classification of Different Varieties into LSCW-Resistant Phenotypes for Application in Wheat
Breeding and Production

The classification of wheat varieties according to this evaluation index can aid studies on
the molecular mechanism of resistance to LSCW and breeding new wheat varieties that are
resistant to LSCW. In wheat production, the varieties can be divided according to their different
cold-resistance capacities, and the varieties with different resistance levels to LSCW can be
selected according to their locations. This process can also be used to adjust the sowing date
and density, the provision of water, fertilizer operations, and technical measures for preventing
and controlling LSCW damage [28,29]; realizing disaster prevention, resistance, and reduction;
and ensuring high yields and quality and the efficient development of wheat [14].

4.3. The Ultrastructural Changes in Wheat Cells under LSCW Stress Are Important Indicators of
Resistance to LSCW

Other studies have found that the destruction of the cell membrane structure under
low-temperature stress is the root cause of physiological and metabolic abnormalities
and the death of crops; first, the membrane structure of chloroplasts is destroyed at low
temperatures [30]. When the external ambient temperature drops to the critical temperature
for plants, the result is a phase change in cell membrane lipids, transforming from a flowing
liquid-crystal state to a solidified gel state, inhibiting the flow of protoplasm, resulting in
the contraction of the membrane, which leads to the appearance of cracks or channels [31].
This change not only increases membrane permeability and promotes intracellular solute
extravasation but also destroys the membrane-bound enzyme system and breaks its balance
with the non-membrane-bound enzyme system, leading to cellular metabolic disorders
and functional disorders, ultimately causing irreversible damage to plants [32]. Wang X.N.
et al. [33] showed that the leaf sheath plasma membrane of wheat varieties with strong
resistance to cold is more stable than that of the varieties with weak cold resistance, and the
stabilization of the leaf sheath plasma membrane in cold-region wheat during the freezing
period helps to improve its cold resistance. Triene fatty acids (TAs) are the main unsaturated
fatty acids in plant membrane lipids. Routaboul et al. [34] found that increasing the content
of TAs in the chloroplast membranes enhanced cold tolerance in the early stage of plant
growth. It has been suggested that the larger the proportion of unsaturated fatty acids in the
membrane lipid composition of plant cells, the higher the fatty acid unsaturation index, the
lower the temperature at which the membrane lipid undergoes a phase transition, and the
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higher the cold stability of the membrane and the greater its cold resistance [35,36]. In this
study, we found that the cell and organelle membranes of YN19, which is highly resistant
to LSCW, were more stable under low-temperature stress than those of XM26, which is
weakly resistant to LSCW. Therefore, improving the cold stability of cell membranes is a
fundamental way of enhancing the LSCW resistance ability of wheat.

The integrity of plants’ morphology and structure is the prerequisite for maintaining
plant growth and development, and the change in plants’ ultrastructure under stress is
an important indicator of the plants’ stress resistance [37,38]. Lei Bin et al. [39] found that
in uncoated cotton seedlings kept at a low temperature of 5 ◦C, the chloroplasts in their
leaves expanded into spheroids, the structure of the grana lamella became loose, and the
chloroplasts scattered in the cells, while the other organelles such as the mitochondria
exhibited relatively stable performance. In this study, it was found that the shape and
structure of the two wheat varieties’ chloroplasts changed in the LSCW treatment at 4 ◦C,
and osmiophilic particles acting as lipid reservoirs of the chloroplasts began to appear,
indicating that they began to senesce; the bilayer membrane structure of the chloroplasts
was dissolved, the basal lamellar structure of basal lamellae was dispersed in the LSCW
treatment at −4 ◦C, and the structure of the functional leaf chloroplasts was completely
destroyed. Fu Lianshuang et al. [40] showed that compared with chloroplasts, mitochondria
are more stable under low-temperature stress. The results of their experiment are consistent
with the results of this study. When chloroplast disintegration occurs, the mitochondria are
only blurred by the inner cristae but are still able to keep their structures intact.

Previous studies showed that most of the functional leaves and internodes below the
young ears of strongly LSCW-resistant wheat varieties did not undergo morphological
changes after stress occurred [41], whereas the cellular structure of the functional leaves of
the weakly LSCW-resistant wheat varieties was severely damaged [42]. Furthermore, the
cell walls were decomposed; the cytoplasm appeared to be vacuolated; the chloroplasts
were broken; the vesicle-like system was scattered; and the cristae of the inner mitochon-
drion were also destroyed. These cytoskeletal alterations are irreversible, and they have a
serious impact on the growth and development of plant [43].

Photosynthetic capacity is determined by the structure of mesophyll cells, in which
the chloroplasts are the sites of photosynthesis in higher plants, and the closely arranged
chloroplast grana lamella can improve the photosynthetic rate of leaves [44]. Liu et al. [45]
studied the effects of low-temperature stress and low-temperature stress + cadmium
stress on the chloroplast ultrastructure of wheat leaves. The results showed that the
chloroplast structures were distorted by the low-temperature treatments, as exemplified
by the disappearance of the chloroplast membrane, enlarged starch grains, and greater
number of osmiophilic lipid droplets. The XM26 chloroplasts decreased at a much higher
rate than those of YN19 under LCSW, suggesting that the chloroplast structure of YN19
was more stable and could still maintain a relatively dense light-trapping structure under
stress. In addition, the chloroplasts swelled and changed from an ellipsoid to globular form
after the LSCW event at 4 ◦C, but this did not occur under LCSW at −4 ◦C, which might be
due to the disassembly of the chloroplasts at −4 ◦C [46,47].

Low-temperature stress at−4 ◦C resulted in severe damage to the internodes below the
young ears of XM26, a variety with weak LSCW resistance, which hindered the transport
of photosynthetic products to the reproductive organs [48], affected the accumulation of
osmotic-regulatory substances in the ears resistant to LSCW, led to the degeneration of the
spikelets and the abortion of florets, and, finally, affected the grain yield [49]. After the
LSCW event, maintaining the stability of the cells from the internodes below the young
ears may be one of the reasons why wheat becomes more resistant to LSCW.

This study demonstrates that, using 0 ◦C as the threshold, subzero-temperature
stress hinders wheat growth and development by causing irreversible damage, such as
plasmalemma–wall separation and the destruction of biofilm structures. The stability of
the cell structure of the LSCW-resistant varieties is stronger than that of the LSCW-sensitive
varieties, which facilitates the recovery of photosynthesis and the ability of internodes
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below the young ears to transport photosynthetic products [50–52] and accelerate the
remanufacturing of photosynthetic products in order to ultimately continue the growth
and development of wheat [53–56].

5. Conclusions

The disruption of the ultrastructure of wheat cells is the root cause of the decline in
wheat yield and quality due to LSCW. LSCW directly affects the synthesis and storage of
photosynthesis products in wheat and hinders their transportation to reproductive organs
by destroying the cellular ultrastructure of the wheat leaves, young ears, and internodes
below the young ears, ultimately leading to the degeneration of spikelets and floret abortion
and reducing grain yield and quality.

This study indicates that the change in grain number per spike is the main reason
behind the yield reduction caused by LSCW, and the indicators of resistance to LSCW can
be constructed on the basis of spikelet characteristics. Pertinent to China’s main wheat-
producing regions, SN17, YN19, and GM9 have strong LSCW resistance and a stable yield,
which are suitable for promotion and planting. However, ZM895, XM26, ZM366, ZM8329,
and FM5 are sensitive to LSCW. We should pay close attention to the effect of climate change
on wheat at the anther differentiation stage and take preventive and control measures,
such as cultivating strong seedlings to resist disasters, irrigating to prevent disasters before
cooling, and spraying foliar fertilizers after disasters to alleviate damage to wheat.

The natural environment is complex and variable, and its impact on wheat cultiva-
tion is also different in various regions, so the simulation of a meteorological disaster
such as LSC cannot be fully replicated in a laboratory. Wheat’s resistance to LSCW is
closely related to its growing environment. In a field trial study, besides the uncontrollable
intensity and duration of the LSCW event, environmental factors, such as drought, water-
logging, diseases, and insect pests, all have an impact on the normal development of wheat.
Therefore, more in-depth research is needed to better explore the effects and mechanisms
of the multiple biotic and abiotic stresses occurring under imposed adversity stress to
carry out targeted research that comprehensively considers the growth and development
characteristics of wheat and the growth environment and to more accurately combine
different LSCW-resistant morphologies and physiological indexes for the evaluation and
identification of wheat varieties that are resistant to LSCW.
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