
Wheat (Triticum aestivum L.) is a significant food 
crop widely grown globally for adaptability (Hassan 
et al. 2021). Global wheat production was 761 million 
tons and 219 million hectares in 2020 (FAOSTAT 
2022). The global mean surface temperature increased 
by 0.87 °C from 2006 to 2015 and is expected to rise 
by more than 1.5 °C by 2100 (Agnolucci et al. 2020). 
Global warming accelerated wheat fertility into the 
anther differentiation period, which was very sensi-
tive to low temperatures (Xiao et al. 2018). If wheat 
is exposed to sudden spring cooling at this time, it 
may cause damage to young spikes and reduce grain 
yield. Recent data showed that a series of frost events 
from 1960 to 2013 resulted in a 2% annual reduction 

during wheat maturity in Australia (Crimp et al. 
2016). Based on the projected climate for Europe in 
2060, extreme frost damage is likely to reduce wheat 
yields by 1/3 or even 1/2 from current levels (Asseng 
et al. 2015). Huang-Huai wheat region is the leading 
wheat-producing area in China, where spring low-
temperature stress (LTS) occurs to varying degrees 
almost every year (Xu et al. 2015b), the frequency 
of spring LTS is statistically 30% to 70% (Chen et al. 
2020). The spring LTS has seriously reduced China’s 
wheat yield, reaching 60% to 70% in the worst-hit 
areas (Assa et al. 2018). Therefore, spring LTS events 
caused by global warming pose a growing threat to 
global wheat production.
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The research on the effects of spring LTS on wheat’s 
morphological, physiological, and biochemical char-
acteristics has been widely carried out. LTS destroys 
the cellular structure of leaves and young spikes 
(Lorenzo et al. 2019), reduces the photosynthetic 
characteristics of major functional leaves (Xiao et 
al. 2022), and accumulates a large number of toxic 
substances such as reactive oxygen (Shah et al. 2019). 
This, in turn, reduces the number of grains and grain 
filling rate (Osman et al. 2020), ultimately leading to 
seed yield loss. Li et al. (2015) studied the effect of 
LTS on the photosynthetic physiology of wheat and 
found that spring LTS significantly decreased the gas 
exchange rate and maximum quantum efficiency of 
photosystem II in wheat leaves and, finally, led to 
a yield loss of 12% to 14%. Wang et al. (2021b) showed 
that LTS at the jointing stage significantly decreased 
the net photosynthetic rate, plant height, and bio-
mass of wheat, resulting in a decrease in grain yield. 
Many studies have focused on spring LTS’s effects 
on wheat physiology and yield (Vaitkevičiūtė et al. 
2022). However, few studies have focused on the 
changes in grain weight and the number of grains 
per spike at different grain positions (Liu et al. 2019). 
There are significant differences in grain number 
and weight among different spikelets in wheat due 
to the comprehensive influence of genetic factors, 
nutrient supply level, and external climatic conditions 
(Ferrante et al. 2015). In previous studies, the spatial 
distribution of grain number and weight was found to 
exhibit parabolic changes, and the middle spikelets 
tend to have more and heavier grains than the basal 
and top spikelets (Bustos et al. 2013). In the same 
spikelet, well-developed G1 and G2 are considered 
superior grains, while dysplastic G3 and above grains 
are considered inferior grains (Luo et al. 2019). The 
filling rate of inferior grains was worse than that of 
superior grains, and the superior grains had a strong 
grain position of dry matter accumulation (Baillot et 
al. 2018). Therefore, the superior grains were heavier 
than the inferior grains, and the number of superior 

grains accounted for a higher proportion of the total 
grain (Feng et al. 2018).

This research used a smart climate box to test 
different cold-sensitive wheat cultivars during the 
anther differentiation period. This period is very 
sensitive to LTS, which may cause damage to young 
spikes and reduce grain yield (Wu et al. 2022). Our 
primary objective was to investigate the effects of 
different LTS on grain number and grain weight 
of wheat at different spikelet and grain positions. 
Quantifying yield losses caused by spring LTS can 
provide theoretical support for the prevention of 
reduction in wheat production.

MATERIAL AND METHODS

Plant material and experimental designs. The 
experiment was carried out from 2021 to 2022 in the 
Agricultural Extraction Garden of Anhui Agricultural 
University (31°86'N, 117°26'E; 30 m a.s.l.), which is 
in Hefei, Anhui Province, China. Through the pre-
screening of the experimental team (Zheng et al. 
2020), the main cultivars in Anhui Province were 
used as experimental materials. Two wheat cultivars 
(Table 1), Xinmai26 (cold-responsive cultivar, referred 
to as XM26) and Yannong19 (cold-tolerant cultivar, 
referred to as YN19), were sown in the test pots 
(30 cm diameter × 35 cm height; 3 drainage holes).

The pot soil was taken from the 0~20 cm tillage 
layer of the field soil (pH 6.5; organic carbon 9.45 g/kg; 
available nitrogen 112.2 mg/kg; available phosphorus 
23.0 mg/kg; available potassium 161.6 mg/kg; yellow-
brown soil.). Each pot was filled with 10 kg of the soil 
before sowing, and the wheat seeds were covered with 
3 cm of the soil. 11.52 g of compound fertiliser 
(N : P : K = 15 : 15 : 15) was applied per pot before plant-
ing, and 0.87 g urea was applied to each pot during 
the wheat jointing stage. 18 seeds were planted in 
each pot, and 9 seedlings were maintained at the 
three-leaf stage. Then, all the potted plants were 
buried in the soil of the experimental field, and the 

Table 1. Information about the two cultivars

Cultivar Breeding unit Certification unit Information

XM26 Xinxiang Academy of Agricultural 
Sciences, Henan Province, China

China National Crop Variety 
Examination and Approving 

Committee

super stringy 
semi-winter wheat 

cultivar

YN19 Yantai Academy of Agricultural Sciences, 
Shandong Province, China

Shandong Provincial Crop Variety 
Certification Committee, China

medium-gluten winter 
wheat cultivar
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pots were kept at the same level as the ground. At the 
mature stage, a total of 56 pots of the two cultivars 
(4 pots for each treatment) were left for seed testing. 
The basic meteorological data for the entire grow-
ing season of this experiment is shown in Figure 1.

Based on previous experiments (Liu et al. 2023), 
six LTS levels of 4, 2, 0, −2, −4, −6 °C and a control 
CK (10 °C) were set. At the end of the regreening 
stage, three spikes were randomly selected daily to 
observe the differentiation process under a micro-
scope (Olympus SZ2-ILST, Tokyo, Japan). When the 
young spikes reached the anther differentiation stage 
(50% of the wheat ears partly form a longitudinal 
split septum, dividing the anthers into four pollen 
bundles, 21 March 2022), all the pots were transferred 

to smart climate box (DGXM-1008; Ningbo Jiangnan 
Instrument Manufacturing Factory, Ningbo, China; 
1 300 mm length × 630 mm width × 1 305 mm height) 
for LTS simulation experiment, with humidity 70% 
and light 17 000 LX during the day and 0 LX at night. 
The treatment time was 01:00 A.M. to 05:00 A.M., 
with continuous LTS treatment for 4 h (Figure 2). 
Immediately after the treatment, the pots were moved 
back to the field and continued to grow until maturity.

Grain yield and yield components. After the wheat 
reached maturity, ten wheat plants were randomly 
selected from each treatment to analyse the spike 
number per plant (SNPP), grain number per spike 
(GNPS), 1 000-grain weight (TGW), and the grain 
yield per plant (GYPP).
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The spatial distribution of grain number and 
grain weight. Ten single-stem spikes were randomly 
selected from different pots to measure the grain 
number, average grain weight, and grain yield in dif-
ferent parts of spikelets. The grains of the different 
spikelet positions are bagged and counted (ten single-
stemmed spikes were selected for each treatment, 
and the average was calculated), and the dry weight 
of the grains of each spikelet position was weighed 
separately and marked as G1, G2, G3, and G4 for 
position 1, 2, 3, and 4, respectively (Mirosavljević 
et al. 2021) (Figure 3).

Statistical analysis. Data were analysed by one-
way ANOVA using SPSS 21.0 (SPSS Inc., Chicago, 
USA), and statistical divergence among treatments 
was determined using Tukey’s honestly significant 
difference test. The data were expressed as mean 
± standard error (SE) triplicates.

RESULTS

Effect of spring LTS on yield and its components. 
Different levels of LTS could significantly reduce 
wheat yield and its components in both cultivars 
(Table 2). When the temperature level decreased 
(from CK to −6 °C), SNPP, SSN, GNPS, and TGW 
yield components tended to decrease. LTS signifi-
cantly reduced GYPP, GNPS and TGW in wheat, 
for GYPP, compared to CK cv. XM26 decreased by 
27.15, 36.54, 39.66, 55.20, 66.59 and 80.89%, while 
cv. YN19 decreased by 20.78, 33.00, 37.44, 47.22, 62.44 
and 75.44% at 4, 2, 0, −2, −4 and −6 °C, respectively. 

This showed that the effect of LTS on the yield of 
cv. XM26 was greater than that of cv. YN19. Table 1 
also showed the effects of different cultivars (C), 
temperature (T), and their interaction (C × T) on 
SNPP, SSN, GNPS, TGW and GYPP. For SNPP, SSN, 
and GYPP, the effect of T reached a highly significant 
level (P < 0.01), while C and C × T did not affect 
them. For GNPS, the effects of C and T reached 
a highly significant level, while C × T had no effect. 
For TGW, the effects of C, T and C × T reached 
a highly significant level.

Effect of spring LTS on the spatial distribution 
of grain number at different spikelet positions. 
The number of grains per spikelet increased and 
then decreased from the bottom to the top spike-
lets, showing a quadratic curve trend (Figure 4). 
The results indicated that the quadratic equation 
could well reflect the change of grain number at the 
spikelet position. However, the spatial distribution 
of the grain number of the two wheat cultivars was 
not symmetrical. There was a linear increase in the 
grain number from the bottom to the middle of the 
spikelet and then a slow decrease from the middle to 
the top. Cv. XM26 had the highest number of grains 
at the 6–12 spikelet position, while cv. YN19 had 
the highest number of grains at the 5–11 spikelet 
position. This showed that both wheat cultivars had 
a higher grain number at the central spikelet posi-
tion. In addition, spring LTS significantly reduced 
the grain number in different spikelet positions.

Effect of spring LTS on the spatial distribution 
of grain number at different grain positions. The 

  

Central spikelet 

Basal spikelet 

Apical spikelet 

G2 

G3 

G1 

G2 G1 

G3 G4 

1st spikelet position 

Figure 3. Diagram 
of different spikelet 
positions and grain 
positions in wheat. 
G2 – 2nd grain posi-
tion; G1 – 1st grain 
position;  G3 – 3rd 

grain position; G4 – 
4th grain position
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response of grain number percentage to spring LTS 
at different grain positions is shown in Figure 5. 
At the same temperature level, the percentage of 

grain number at different grain positions all showed 
a pattern of G2 ≥ G1 > G3 > G4. For cv. XM26, the 
spikelets treated with CK, 4 °C and 2 °C had G4 

Table 2. Effects of spring low-temperature stress (LTS) on grain yield and yield components during the anther 
differentiation period

Cultivar Temperature 
(°C) SNPP SSN GNPS TGW 

(g)
GYPP 

(g/stem)
 YRR 
(%)

XM26

CK 4.67 ± 0.33a 18.50 ± 0.87a 46.83 ± 1.17a 48.37 ± 2.12a 8.95 ± 0.56a –
4 4.33 ± 0.33ab 17.17 ± 0.60ab 41.75 ± 2.74b 46.34 ± 1.09a 6.52 ± 0.56b 27.15
2 4.67 ± 0.33a 16.33 ± 0.33ab 37.50 ± 1.26b 38.22 ± 0.92b 5.68 ± 0.24c 36.54
0 4.33 ± 0.17ab 16.17 ± 1.01b 38.00 ± 1.59b 38.05 ± 0.98b 5.40 ± 0.15c 39.66

−2 4.33 ± 0.33ab 15.33 ± 0.83b 31.49 ± 1.00c 33.64 ± 5.22c 4.01 ± 0.47d 55.20
−4 3.67 ± 0.33ab 13.00 ± 0.58c 30.83 ± 0.38c 30.74 ± 1.06c 2.99 ± 0.36d 66.59
−6 3.33 ± 0.33b 12.00 ± 0.29c 22.00 ± 0.68d 29.30 ± 1.03c 1.71 ± 0.19e 80.89

YN19

CK 5.67 ± 0.38a 18.83 ± 0.17a 37.84 ± 0.73a 48.89 ± 0.43a 9.00 ± 0.52a –
4 4.67 ± 0.33ab 17.00 ± 0.58a 33.83 ± 0.73b 48.56 ± 0.37a 7.13 ± 0.57b 20.78
2 4.33 ± 0.33ab 17.33 ± 0.83a 33.17 ± 0.60b 48.64 ± 0.89a 6.03 ± 0.49b 33.00
0 4.67 ± 0.33ab 15.67 ± 0.44ab 29.84 ± 1.01b 44.74 ± 0.88b 5.63 ± 0.49bc 37.44

−2 4.33 ± 0.67ab 12.83 ± 1.86bc 28.17 ± 1.17b 42.36 ± 0.39c 4.75 ± 0.88bc 47.22
−4 4.00 ± 0.00b 12.00 ± 1.04cd 24.50 ± 2.47c 40.08 ± 0.50c 3.38 ± 0.36cd 62.44
−6 3.33 ± 0.33b 9.33 ± 1.45d 20.33 ± 0.52d 37.39 ± 1.42d 2.21 ± 0.16d 75.44

ANOVA
cultivar (C) 1.563 3.967 55.479** 153.129** 0.518 –

temperature (T) 5.313** 23.15** 53.778** 70.913** 34.83** –
C × T 0.688 1.07 2.327 8.205** 0.357 –

In each column, data represented mean ± standard error (n = 3). Different lowercase letters indicated a statistically 
significant difference (Tukey’s test, P ≤ 0.05) between different LTS treatments of two wheat cultivars. The value in the 
ANOVA row indicated the F-values. **indicated significance at the level of 0.01. SN PP – number of spikes per plant; 
SSN – number of fertile spikelets per spike; GNPS – grain number per spike; TGW – 1 000-grain weight; GYPP – grain 
yield per plant; YRR – yield reduction rate; CK – control

Figure 4. Effects of spring  low-temperature stress on the spatial distribution of grain number at different spikelet 
positions in (A) cv. XM26 and (B) cv. YN19. The legend represents the mean (n = 3)
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grains, while other treatments only had grains at 
G1–G3 position. For cv. YN19, only the spikelets 
treated with CK had G4 grains. As the temperature 
level decreased, grain number percentage at different 
grain positions showed a decreased trend in both 
cultivars. In addition, the percentage reduction in 
grain number at different grain positions was higher 
in cv. XM26 than in cv. YN19 under different spring 
LTS, indicating that cv. XM26 was more sensitive to 
spring low-temperature stress.

Effects of spring LTS on the spatial distribution of 
average grain weight at different spikelet positions. 
Average grain weight per spikelet position varied 
parabolic trend from lower to upper spikelet posi-
tion, first increasing and then decreasing (Figure 6). 
The results indicated that the spatial distribution 
of grain weight of the two wheat cultivars was not 
symmetrical. The grain weight increased linearly 
from the bottom to the middle of the spikelet and then 
decreased slightly from the middle to the top of the 

Figure 5. Effects of spring low-temperature stress on the percentage of grain number at different grain positions 
in (A) cv. XM26 and (B) cv. YN19. The same grain position on a spike is solid, and the percentage of grain in this 
grain position reaches 100%. The legend represents the mean ± standard error (n = 3). Different letters indicated 
significant differences (Tukey’s test, P ≤ 0.05). CK – control

Figure 6. Effects of spring low-temperature stress on the spatial distribution of average grain weight at differ-
ent spikelet positions in (A) cv. XM26 and (B) cv. YN19. The legend represents the mean (n = 3); CK – control
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spikelet. The inflection points of the fitted equation 
indicated the maximum grain weight at the spikelet 
position. The maximum grain weight was found in 
cv. XM26 at the 7–11 spikelet position, whereas the 
highest grain weight was found in cv. YN19 at the 5–10 
spikelet position. It can be seen that the central spikelet 
grain weights were higher in both wheat cultivars. In 
addition, average grain weight at different spikelet 
positions of cv. XM26 showed a greater decline under 
spring LTS compared to cv. YN19. 

Effects of spring LTS on the spatial distribution 
of average grain weight at different grain positions. 
The average weight of the G1 and G2 grains was 
higher than that of the G3 and G4 grains (Figure 7). 
While the grain weight of G2 was the highest. Spring 
LTS could reduce the grain weight of different grain 
positions to various degrees. The sensitivity of two 
wheat cultivars’ G3 and G4 grain weights to LTS was 
higher than that of other grain positions. Moreover, 
the reduction of grain weight at each grain position 
was significantly greater in cv. XM26 than in cv. YN19 
under LTS, which indicated that the average grain 
weight of cv. XM26 was more sensitive.

DISCUSSION

The effect of LTS on yield has been widely reported. 
Previous studies have shown that spring LTS at jointing 
significantly reduced the number of spikes and grains 
per spike in wheat, resulting in 3.1–56.4% grain yield 

reduction (Ji et al. 2017). Nuttall et al. (2018) found 
that grain number and yield decreased by 8.8% and 
7.2% for every 1 °C reduction in LTS treatment at 
anthesis. The results of this study indicated that LTS 
significantly reduced GNPS, TGW, and GYPP in both 
wheat cultivars. The GYPP of cv. XM26 and cv. YN19 
showed the greatest decrease at –6 °C stress compared 
to CK, reaching 80.89% and 75.44%, respectively. It can 
be seen that cv. XM26 was more sensitive to spring 
low-temperature stress.

The number of spikelets depends on the fertility 
of the spikelets, while the grain number per spike 
is mainly related to the development of the florets 
(Bustos et al. 2013). The spikelets and florets of the 
wheat spike do not develop synchronously, with the 
central spikelets developing first, followed by the apical 
and basal spikelets (Li et al. 2013). Numerous studies 
have shown that the grain number of wheat tends to 
increase and then decrease as spikelet position rises 
(Mirosavljević et al. 2021). The results showed that the 
distribution of grain number at each spikelet showed 
a quadratic curve under different LTS. The inflexion 
points of grain number distribution of XM26 were at 
6–12 spikelet positions in the central spikelet position, 
while cv. YN19 was at a 5–11 spikelet position. This 
study is consistent with the results of previous studies, 
showing near-medium dominance. This is because 
the apical and basal spikelets and florets develop later 
than the central spikelets and florets; they are more 
susceptible to LTS, leading to florets’ abortion and 

Figure 7. Effects of spring low-temperature stress (LTS) on average grain weight at different grain positions in (A) 
cv. XM26 and (B) cv. YN19. The legend represents the mean ± standard error (n = 3). Different letters indicated 
significant differences (Tukey’s test, P ≤ 0.05). CK – control
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degeneration (Liang et al. 2021). The grain number in 
different spikelets varies due to uneven distribution 
of anther development and nutrient supply. Previous 
studies showed that G1 and G2 accounted for a higher 
proportion of the total grains at different positions in 
the spikelet (Leske and Biddulp 2022). This study is 
consistent with the previous results; the percentage 
of grains at different grain positions showed a pattern 
of G2 ≥ G1 > G3 > G4 at the same temperature level. 
Among cultivars, cv. XM26 had a higher percentage 
drop in grain number at different grain positions than 
cv. YN19. Generally speaking, LTS reduced the grain 
number per spike in wheat mainly by reducing the grain 
number of G1 and G2 and that in the basal spikelet.

Grain weight is one of the important components 
of wheat grain yield, which depends on the matter ac-
cumulation in the spikelet. The lack of carbohydrate 
supply and the limitation of storage capacity resulted 
in differences in grain weight at different spikelet 
positions. In spikelets, the first and second well-
developed grains are considered superior grains, while 
three or more maldeveloped grains are considered to 
be inferior grains (Wang et al. 2021a). The superior 
grains flowered early and were located in the middle 
of the spikelet, while the inferior grains flowered later 
and were mainly located at the bottom and top of the 
spikelet. Compared with inferior grains, superior 
grains usually have a greater filling rate and grain 
weight (Luo et al. 2019). In this study, the distribution 
of grain weight at different spikelet positions showed 
a quadratic curve under different LTS – the grain 
weight of cv. XM26 was the highest at 7–11 in the 
central spikelet position, while that of cv. YN19 was 
the highest at 5–10 spikelet position. It can be seen 
that the photosynthetic products of wheat under LTS 
are mainly transported to the central spikelets. The 
accumulation and transport of assimilates in wheat is 
the material basis for grain weight formation, and the 
position of wheat seeds determines the difference in 
the spatial distribution of grain transport processes 
and dry matter accumulation (Liu et al. 2016). In this 
experiment, the single grain weight in each spikelet 
was analysed, which showed that the grain weight of 
G1 and G2 was higher than that of G3 and G4, and G2 
had the highest individual grain weight. Both wheat 
cultivars’ G3 and G4 grain weights were more sensi-
tive to LTS than other grain positions. In spring, LTS 
affects photosynthesis and assimilate transport to the 
grains in wheat, resulting in an uneven distribution 
of assimilates among the grains. This impediment 
limits the filling and enrichment of the inferior grains 

and, finally, affects the grain development of inferior 
grains (Xu et al. 2015a).

In conclusion, the results showed that LTS sig-
nificantly decreased the two wheat cultivars’ GNPS, 
TGW, and GYPP significantly. The distribution of 
grain number and grain weight at each spikelet posi-
tion varied in a quadratic curve; the inflection point 
of both grain number and grain weight was at the 
central spikelet position. Within the same spikelet, 
the percentage of grain number and single grain 
weight at different grain positions were G2 ≥ G1 > 
G3 > G4. The grain positions of G3 and G4 showed 
higher sensitivity to LTS. Therefore, the grain yield 
can be increased by increasing the grain number and 
weight in G3 and G4 while maintaining the yield in 
G1 and G2.

REFERENCES 

Agnolucci P., Rapti C., Alexander P., De L.V., Holland R.A., Eigen-
brod F., Ekins P. (2020): Impacts of rising temperatures and farm 
management practices on global yields of 18 crops. Nature Food, 
1: 562–571.

Assa H., Wang M., Pantelous A.A. (2018): Modeling frost losses: 
application to pricing frost insurance. North American Actuarial 
Journal, 22: 137–159.

Asseng S., Ewert F., Martre P., Rötter R.P., Lobell D.B., Cammarano 
D., Kimball B.A., Zhao Z., Zhu Y. (2015): Rising temperatures 
reduce global wheat production. Nature Climate Change, 5: 
143–147.

Baillot N., Girousse C., Allard V., Piquet-Pissaloux A., Le Gouis J. 
(2018): Different grain-filling rates explain grain-weight differ-
ences along the wheat ear. Plos One, 13: e0209597.

Bustos D.V., Hasan A.K., Reynolds M.P., Calderini D.F. (2013): 
Combining high grain number and weight through a DH-popu-
lation to improve grain yield potential of wheat in high-yielding 
environments. Field Crops Research, 145: 106–115.

Chen X., Lin T., Lin F.F., Zhang Y., Su H., Hu Y.M., Song Y.H., Wei 
F.Z., Li J.C. (2020): Research progress on damage mechanism and 
prevention and control measures of late spring coldness of wheat 
in Huanghuai region. Journal of Triticeae Crops, 40: 243–250.

Crimp S.J., Zheng B.Y., Khimashia N., Gobbett D.L., Chapman S.C., 
Howden M., Nicholls N. (2016): Recent changes in southern 
Australian frost occurrence: implications for wheat production 
risk. Crop and Pasture Science, 67: 801–811.

FAOSTAT (2022): Statistical Database. Rome, Food and Agricul-
ture Organisation of the United Nations. Available at: http://
www.fao.org/faostat/en/#data.(accessed on September 2022).

Feng F., Han Y., Wang S., Yin S., Peng Z., Zhou M., Gao W., Wen 
X., Qin X., Siddique K.H.M. (2018): The effect of grain position 
on genetic improvement of grain number and thousand grain 

91

Plant, Soil and Environment, 70, 2024 (2): 84–92	 Original Paper

https://doi.org/10.17221/313/2023-PSE



weight in winter wheat in north China. Frontiers in Plant Sci-
ence, 9: 129.

Ferrante A., Savin R., Slafer G.A. (2015): Relationship between 
fruiting efficiency and grain weight in durum wheat. Field Crops 
Research, 177: 109–116.

Hassan M.A., Chen X., Farooq M., Muhammad N., Zhang Y., Xu 
H., Ke Y.Y., Bruno A.K., Zhang L.L., Li J.C. (2021): Cold stress in 
wheat: plant acclimation responses and management strategies. 
Frontiers in Plant Science, 12: 676884.

Ji H.T., Xiao L.J., Xia Y.C., Song H., Liu B., Tang L.B., Cao W.X., 
Zhu Y., Liu L.L. (2017): Effects of jointing and booting low tem-
perature stresses on grain yield and yield components in wheat. 
Agricultural and Forest Meteorology, 243: 33–42.

Leske B.A., Biddulp T.B. (2022): Estimating effects of radiation 
frost on wheat using a field-based frost control treatment to stop 
freezing damage. Genes (Basel), 13: 578.

Li W., Yan S.X., Wang Z. (2013): Effect of spikelet position on starch 
proportion, granule distribution and related enzymes activity in 
wheat grain. Plant, Soil and Environment, 59: 568–574.

Li X.N., Pu H.C., Liu F.L., Zhou Q., Cai J., Dai T.B., Cao W.X., Jiang 
D. (2015): Winter wheat photosynthesis and grain yield respons-
es to spring freeze. Agronomy Journal, 107: 1002–1010.

Liang Z.M., Luo J., Wei B.Q., Liao Y., Liu Y. (2021): Trehalose can 
alleviate decreases in grain number per spike caused by low-tem-
perature stress at the booting stage by promoting floret fertility 
in wheat. Journal of Agronomy and Crop Science, 207: 717–732.

Liu L.Z., Zhang Y., Zhang L., Cai H.M., Yu M., Wei F.Z., Chen X., 
Li J.C. (2023): Effects of low temperature stress during the anther 
differentiation period on leaf anatomical structure and photo-
synthetic characteristics of wheat. Chinese Journal of Agrome-
teorology, 44: 58–70.

Liu Y., Liang H., Lv X., Liu D., Wen X., Liao Y. (2016): Effect of poly-
amines on the grain filling of wheat under drought stress. Plant 
Physiology and Biochemistry, 100: 113–129.

Liu L., Ji H., An J.H., Shi K., Ma J., Liu B., Tang L.B., Cao W., Zhu 
Y. (2019): Response of biomass accumulation in wheat to low-
temperature stress at jointing and booting stages. Environmental 
and Experimental Botany, 157: 46–57.

Lorenzo M., Pinedo M., Equiza M.A., Fernández P.V., Ciancia M., 
Ganem D., Tognetti J.A. (2019): Changes in apoplastic peroxidase 
activity and cell wall composition are associated with cold-induced 
morpho-anatomical plasticity of wheat leaves. Plant Biology, 21: 
84–94.

Luo J., Wei B.Q., Han J., Liao Y., Liu Y. (2019): Spermidine increases 
the sucrose content in inferior grain of wheat and thereby pro-
motes its grain filling. Frontiers in Plant Science, 10: 1309.

Mirosavljević M., Mikić S., Špika A.K., Župunski V., Zhou R., Ab-
delhakim L.O., Ottosen C. (2021): The effect of heat stress on 

some main spike traits in 12 wheat cultivars at anthesis and mid-
grain filling stage. Plant, Soil and Environment, 67: 71–76.

Nuttall J.G., Perry E.M., Delahunty A.J., O’Leary G.J., Barlow K.M., 
Wallace A.J. (2018): Frost response in wheat and early detection 
using proximal sensors. Journal of Agronomy and Crop Science, 
205: 220–234.

Osman R., Zhu Y., Ma W., Zhang D.Z., Ding Z.F., Liu L.L., Tang L., 
Liu B., Cao W.X. (2020): Comparison of wheat simulation mod-
els for impacts of extreme temperature stress on grain quality. 
Agricultural and Forest Meteorology, 288: 107995.

Shah T., Latif S., Khan H., Munsif F., Nie L.X. (2019): Ascorbic acid 
priming enhances seed germination and seedling growth of win-
ter wheat under low temperature due to late sowing in Pakistan. 
Agronomy, 9: 757.

Vaitkevičiūtė G., Aleliūnas A., Gibon Y., Armonienė R. (2022): The 
effect of cold acclimation, deacclimation and reacclimation on 
metabolite profiles and freezing tolerance in winter wheat. Fron-
tiers in Plant Science, 13: 959118.

Wang L.L., Xu Z.S., Zhang Y., Du Y.R., Zhang Y.M., Wu Y.F., Yu X.R., 
Chen G., Xiong F. (2021a): Agronomic traits and physicochemi-
cal properties of starch of different grain positions in wheat spike 
under nitrogen treatment. Starch – Starke, 74: 2100190.

Wang W.L., Wang X., Huang M., Cai J., Zhou Q., Dai T.B., Jiang 
D. (2021b): Alleviation of field low-temperature stress in winter 
wheat by exogenous application of salicylic acid. Journal of Plant 
Growth Regulation, 40: 811–823.

Wu Y.F., Liu B.H., Gong Z.H., Hu X., Ma J.C., Ren D.C., Liu H.J., 
Ni Y.J. (2022): Predicting yield loss in winter wheat due to frost 
damage during stem elongation in the central area of Huang-
huai plain in China. Field Crops Research, 276: 108399.

Xiao L., Asseng S., Wang X., Xia J., Zhang P., Liu L., Tang L., Cao 
W., Zhu Y., Liu B. (2022): Simulating the effects of low-tempera-
ture stress on wheat biomass growth and yield. Agricultural and 
Forest Meteorology, 326: 109191.

Xiao L., Liu L., Asseng S., Xia Y., Tang L., Liu B., Cao W., Zhu Y. (2018): 
Estimating spring frost and its impact on yield across winter wheat 
in China. Agricultural and Forest Meteorology, 260: 154–164.

Xu H., Cai T., Wang Z., He M. (2015a): Physiological basis for the 
differences of productive capacity among tillers in winter wheat. 
Journal of Integrative Agriculture, 14: 1958– 1970.

Xu L., Gao Z.F., An W., Yuan Y.Q., Li Y.L. (2015b): Low-tempera-
ture response and cold tolerance at spike differentiation stage of 
winter wheat varieties sowed in spring. The Journal of Applied 
Ecology, 26: 1679–1686.

Zheng J.C., Ding L., Zheng Q., Li J.Q., Qian Y.C., Li J.C., Zhan Q.W. 
(2020): Identification of cold tolerance and analysis of genetic 
diversity for major wheat varieties in Jianghuai region of China. 
Pakistan Journal of Botany, 52: 839–849.

Received on: August 1, 2023
Accepted on: December 29, 2023

Published online: February 12, 2024

92

Original Paper	 Plant, Soil and Environment, 70, 2024 (2): 84–92

https://doi.org/10.17221/313/2023-PSE


