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Abstract
Low temperature in later spring severely limits plant growth and causes considerable yield loss in wheat. In this study, the 
impacts of exogenous salicylic acid (SA) on plant growth, grain yield and key physiological parameters of wheat plants 
were investigated under field low-temperature conditions using a field air temperature control system (FATC). The results 
showed that low-temperature stress significantly decreased leaf net photosynthetic rate, plant height and biomass production 
of wheat plants at the jointing stage, resulting in a reduction in grain yield. Moreover, the growth period of wheat plants 
was prolonged by low-temperature stress. However, SA-treated plants significantly improved the photochemical efficiency 
of photosystem II, accumulation of osmo-protectants, activities of enzymatic antioxidants, and pool of non-enzymatic low 
molecular substances compared with non-SA-treated plants under low-temperature stress. Pretreatment with SA effectively 
alleviated low-temperature-induced reduction in leaf net photosynthetic rate, plant height, biomass production and grain 
yield as well as prolonging of growth period of wheat plants. However, SA-treated plants had no significant effects on the 
expression levels of cold-responsive genes compared with non-SA-treated plants under low-temperature stress. Our results 
demonstrated that exogenous application of SA is an appropriate strategy for wheat to resist late spring low-temperature 
stress under field conditions.

Keywords Antioxidant capacity · Field air temperature control system (FATC) · Low-temperature stress · Osmotic 
adjustment · Salicylic acid · Wheat

Introduction

Winter wheat acquires tolerance to freezing temperatures by 
cold acclimation. However, warm temperatures in the spring 
induce re-growth and development of cold acclimated plants 
and reduce freezing tolerance (Han et al. 2013). The growth 
and elongation of stem pushes the growing point above the 
insulating soil surface so that the growing point loses the 

protection of the soil and becomes more vulnerable to low 
temperatures (Zhong et al. 2008). Therefore, wheat plants 
at the jointing stage are highly sensitive to low temperature. 
The jointing stage is a critical period to determine the final 
grain yield due to the growing point switches to the produc-
tion of reproductive primordia (Zhong et al. 2008). Ji et al. 
(2017) investigated the effects of different low-temperature 
intensities at the jointing stage on wheat grain yield and 
found that the grain yield was reduced by 4.6%–56.4% under 
different low-temperature intensities (2 °C/12 °C/7 °C− 6 °
C/4 °C/–1 °C,  Tmin/Tmax/Tmean, 2 d-6 d). The reduction of 
grain yield caused by low temperature is mainly due to the 
inhibition of plant growth and young spike development, 
which is associated with the accumulation of reactive oxy-
gen species (ROS), dehydration of tissues and decrease of 
photosynthetic rate under low temperatures (Li et al. 2015a; 
Zhong et al. 2008).

The process of wheat growth and development has been 
accelerated by global warming, which leads to a signifi-
cant advancement of the low-temperature sensitive stage 
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of wheat and increasing the possibility of low-temperature 
injury (Wang et al. 2017). Li et al. (2015a) reported that 
winter warming exacerbated the negative effects of later 
spring freeze stress on wheat yield. In addition, unpredict-
able temperature fluctuations in the spring increase the fre-
quency of low-temperature events (Xiao et al. 2018). Over 
the past decade, low temperatures in the spring have caused 
severe losses in wheat grain production worldwide including 
in Australia, Europe, and China (Ji et al. 2017). Therefore, 
exploration of cultural practices for improving low-temper-
ature tolerance are vital to the security of wheat production.

Priming, defined as a temporally limited experience to 
an environmental stimulus, can enhance the plant’s level 
of resistance to a future environmental stress (Hilker et al. 
2015). Li et al. (2014) reported that cold priming signifi-
cantly increased tolerance to low temperature in wheat by 
improving antioxidant capacity and photosynthetic effi-
ciency. However, this approach is difficult to popularize 
in practical production due to its poor operability and high 
cost. An alternative way of improving low-temperature tol-
erance is through the exogenous application of chemicals 
such as hormones, amino acid and polyamines (Janda et al. 
1999; Nayyar and Chander 2004; Posmyk and Janas 2007), 
which could activate the plant resistance system similar to 
cold priming (Bruce et al. 2008). Exogenous application of 
chemical regulators is cheaper and easier to operate than 
cold priming and can be a feasible measure to increase wheat 
low-temperature tolerance under field conditions.

In our previous studies, we found that salicylic acid (SA) 
accumulated under cold priming treatment (unpublished) 
and exogenous application of SA could increase wheat seed-
lings tolerance to freezing stress (Wang et al. 2018; Wang 
et al. 2020). These findings suggested that exogenous SA 
plays a potential role in inducing wheat low-temperature 
tolerance in the field. SA is a naturally occurring phenolic 
compound in plants and plays an important role in plant 
response to biotic and abiotic stresses (Dong et al. 2014; 
Vlot et al. 2009). It has been documented that exogenous 
SA could improve plant low-temperature tolerance in many 
species (such as wheat, maize, and watermelon) through 
regulating the capacity of photosynthesis and antioxidants, 
accumulation of osmotic adjustment substances, and expres-
sion of cold-responsive genes (Cheng et al. 2016; Janda et al. 
1999; Luo et al. 2014; Tasgin et al. 2003; Wang et al. 2006). 
However, most of these studies were conducted in the labo-
ratory. The effects of SA on low-temperature tolerance in 
wheat under field conditions and its underlying mechanisms 
need further investigation.

In the present study, the responses of plant growth, grain 
yield and some important physiological attributes to SA and 
spring low-temperature stress were investigated using a field 
air temperature control system (FATC, Southeast Co. Ltd., 
Ningbo, China). Our main objectives were to (1) examine 

the effects of SA on low-temperature tolerance in wheat 
at the jointing stage under field conditions, (2) explore its 
underlying physiological mechanism. Our results indicated 
that SA effectively increased low-temperature tolerance in 
wheat under field conditions by improving photosynthetic 
efficiency, antioxidant capacity and osmotic adjustment.

Materials and Methods

Plant Material

This experiment was carried out at Tangquan Experimental 
Station (118°29′E, 32°07′N) of Nanjing Agricultural Uni-
versity, Nanjing, Jiangsu Province, China during the win-
ter wheat growing season in 2016–2017. Before sowing, 
120 kg N ha−1, 90 kg  P2O5  ha−1 and 150 kg  K2O  ha−1 were 
applied as basal fertilizer and a further 120 kg N ha−1 was 
used as a topdressing at the returning green stage. The basal 
fertilizer and topdressing were broadcast spread by hand. 
Winter wheat (Triticum aestivum L. cv. Yangmai 16) was 
used in this experiment. The sowing date was 1 November 
2016 with the seedling density of 240 m−2 and the row space 
of 25 cm. The seedlings were thinned out to maintain the 
same growth conditions at the two-leaf stage.

Experimental Design

To investigate the effects of SA on low-temperature toler-
ance in wheat, SA (100 μM, containing 0.1% ethanol and 
0.05% tween 20) was sprayed on wheat leaves at the joint-
ing stage (when the 1st node was detectable) three times, 
with an interval of 3 d between each application (17, 20 
and 23 March 2017, respectively). The concentration of 
SA was based on the grain yield data from 2015–2016 
(Table  S1). Due to the low solubility of SA (Sigma-
Aldrich, St. Louis, MO, USA) in water, 0.691 g SA was 
dissolved in 50 mL ethanol to prepare a stock solution 
(0.1 M). The stock solution was stored at 4 °C away from 
light and was diluted to the working solution (100 μM) by 
distilled water before using. Spraying treatment was con-
ducted at dusk and plots were separated with plastic film to 
protect from drift. The spray volume per square meter per 
time was approximately 62.5 mL, i.e., about 0.863 mg SA 
was used per square meter per time. Plants sprayed with 
water (containing 0.1% ethanol and 0.05% tween 20) were 
used as a control. One day after SA pretreatment, half of 
both the SA-pretreated and non-SA-pretreated plants were 
subjected to a low-temperature stress for 6 d (from 24 to 30 
March 2017). The other half continued to grow at ambient 
(control) temperature (Fig. 1a). Thus, four treatments were 
imposed: CC (non-SA pretreatment + non-low-temperature 
treatment), CL (non-SA pretreatment + low-temperature 
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treatment), SC (SA pretreatment + non-low-temperature 
treatment) and SL (SA pretreatment + low-temperature 
treatment).

Low temperatures were generated with FATC as 
described by Li et al. (2015a). Each 4 m × 4 m plots were 
temporarily surrounded by 180-cm-high plastic film to cre-
ate a more stable environment before the low-temperature 
treatment. The FATC mainly consists of control cabinet, 
compressor, blower, ducting and temperature sensor (Fig. 
S1). Air was cooled by a compressor, and then the cooled 
air was driven by an air blower into the contained plots 
through air ducting. The air ducting was covered with 
insulation film to mitigate temperature changes during 
FATC operation. Six temperature sensors were uniformly 
distributed in the plots to record the real-time tempera-
ture data. As shown in Fig. 1b, the mean daily canopy 
temperature in the low-temperature treatment was about 
5.3 °C, which was about 12.4 °C in the control temperature 
treatment. During the temperature treatment, the plants 
of low-temperature treatment suffered a total of about 
15 h of subzero temperatures and the lowest temperature 
recorded was − 7.0 °C, while the control temperature treat-
ment plants were always above zero. The experiment was 
a completely randomized block design with four replicates 
for each treatment (Fig. S2).

To determine the effects of exogenous SA on wheat 
freezing tolerance, plant height and single stem dry weight 
in each treatment were measured at 0 d, 20 d and 60 d after 
low-temperature treatment, and the grain yield of each 
treatment were determined at 60 d after low-temperature 
treatment. To investigate the mechanism of SA-induced 
freezing tolerance, the latest fully expanded leaves of each 
treatment were sampled and immediately put into liquid 
nitrogen and stored at −80 °C for further analysis.

Plant Height, Dry Weight and Grain Yield

Ten labeled main stems from each treatment were randomly 
selected as one biological replicates for the measurement 
of plant height, which was measured from the base to the 
highest point of the plant. After measuring the plant height, 
the main stems were manually cut at the ground level using 
pruning-scissors and then killed at 105 °C for 30 min fol-
lowed by oven-drying at 70 °C to a constant weight for 
measuring the main stem dry mass. Grain yield was deter-
mined by harvesting a fixed double row (1 m in length) in 
each plot, threshing the grain, and weighing.

Leaf Gas Exchange and Chlorophyll Fluorescence

Leaf gas exchange measurements were conducted on the 
latest fully expanded leaf at the end of low-temperature 
treatment using a portable photosynthesis system (LI-6400, 
LI-COR, NE, USA) as described by Wang et al. (2020). 
Chlorophyll fluorescence (Fv/Fm, the maximum photochem-
istry efficiency of photosystem II (PSII); ϕPSII, the actual 
photochemical efficiency of PSII) was determined on the 
same leaves measured for the leaf gas exchange at the end 
of low-temperature treatment using a PAM-2000 portable 
chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Ger-
many) according to Cui et al. (2015).

Lipid Peroxidation and Antioxidants Contents

The lipid peroxidation level was estimated by quantifying 
the malondialdehyde (MDA) content according to Hodges 
et al. (1999). The contents of reduced glutathione (GSH) and 
ascorbic acid (ASA) were measured by the method described 
by Jiang and Zhang (2001). Total phenolics content was 

Fig. 1  Experimental design and canopy temperatures under the control and low-temperature treatment in 2016–2017. a, Experimental design; b, 
Canopy temperatures
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measured using the Folin–Ciocalteu (FC) colorimetric 
method as described by Meyers et al. (2003).

Antioxidant Enzyme Extraction and Activity Assays

The extraction and activity measurement of superoxide dis-
mutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), 
ascorbate peroxidase (APX; EC 1.11.1.11), glutathione 
reductase (GR; EC 1.6.4.2), guaiacol peroxidase (POD; EC 
1.11.1.7) and glutathione S-transferase (GST; EC 2.5.1.18) 
were carried out as described by Wang et al. (2020). The 
phenylalanine ammonia-lyase (PAL; EC 4.3.1.5) was 
extracted by 5 mL100 mM sodium borate buffer (pH 8.8, 
containing 1 mM EDTA, 5 mM β-mercaptoethanol, and 
0.1% polyvinylpyrrolidone), and its activity was measured 
according to the method of Kovacs et al. (2014). Soluble 
protein content was determined as described by Bradford 
(1976).

Total Soluble Sugars and Proline Content 
Measurements

Total soluble sugars content was determined as described by 
Sairam et al. (2002). Briefly, total soluble sugars in leaf sam-
ples (0.5 g) were extracted by 80% ethanol. About 0.2 mL 
of extract was mixed with 2 mL of anthrone reagent (0.2 g 
anthrone, 100 mL  H2SO4, made by adding 500 mL concen-
trated  H2SO4 to 200 mL of water), and incubated at 100 °C 
for 10 min and cooled to room temperature. The absorbance 
was measured at 620 nm, and the sugar content was deter-
mined using a sucrose standard. Free proline content was 
determined as described by Bates et al. (1973). Briefly, free 
proline in leaf samples (0.5 g) were extracted by 5 mL 3% 
sulfosalicylic acid. About 2 mL of extract was mixed with 
2 mL of glacial acetic acid and 2 mL of ninhydrin reagent 
(2.5%), and heated at 100 °C for 30 min. After cooling the 
reaction mixture, 6 mL of toluene was added and mixed. 
After standing, the absorbance of the chromophore contain-
ing toluene was measured at 520 nm, and the proline content 
was determined using a proline standard.

Total RNA Extraction and Gene Expression Analysis

The total RNA from leaves was isolated with RNAiso 
Plus (Takara, Dalian, China) following the manufacturer’s 
instruction. The cDNA was synthesized using the Prime-
Script™ II 1st Strand cDNA Synthesis Kit (Takara, Dalian, 
China) and qRT-PCR was performed using Bio-Rad iCy-
cler iQ5 fluorescence real-time PCR system (Bio-Rad, 
Hercules, CA, USA) and Power SYBR Green PCR Master 
Mix (Vazyme, Nanjing, China). Sequences and sources of 
the all specific primers are listed in Table S2. The relative 

expression levels of genes were calculated as described by 
Zhang et al. (2017b), using Actin as the reference gene.

Statistical Analysis

All the data were subjected to one-way analysis of variance 
(ANOVA) and mean values were compared by the Duncan’s 
multiple range test (Sigmaplot 10.0; Systat Software).

Results

Plant Growth and Grain Yield

As shown in Fig. 2, SA treatment under control condition 
(SC) had no significant effects on plant height and single 
stem dry weight at 0 d, 20 d and 60 d after temperature 
treatment compared with control treatment (CC). Low-
temperature treatment (CL) induced a significant reduction 
in plant height and single stem dry weight at 0 d and 20 d 
after temperature treatment, but not at 60 d compared to 
the CC treatment (Fig. 2). However, SA treatment under 
low temperature (SL) enhanced plant height at 0 d and 20 d 
after temperature treatment, and significantly increased sin-
gle stem dry weight at 0 d, 20 d and 60 d after temperature 
treatment compared to the CC treatment (Fig. 2). Compared 
with the CL treatment, the plant height and single stem dry 
weight were increased by 5.7% and 9.1% under the SL treat-
ment at 0 d after temperature treatment, by 3.4% and 16.5% 
at 20 d after temperature treatment, respectively. At 20 d 
after temperature treatment, the plants in the CC and SC 
treatments were in full-flowering stage, while the internode 
below the spike of plants in the CL treatment had not yet 
elongated (Fig. 3). This might be the cause of the higher 
plant height of the CC treatment than the CL treatment 
(Fig. 3). The internode below the spike of plants in the SL 
treatment began to elongate and the plants were in flowering 
at 20 d after temperature treatment (Fig. 3).

The SC treatment slightly increased grain yield and grain 
weight compared to the CC treatment (Table 1). Although 
the effects of low-temperature treatment on grain yield and 
yield components were not statistically significant, the CL 
treatment resulted in a reduction in grain yield (8.0%), ker-
nels per spike (4.4%) and grain weight (3.9%) compared to 
the CC treatment (Table 1). However, the decrease in grain 
yield, kernels per spike and grain weight was lower in the SL 
treatment than the CL treatment (Table 1). The grain yield, 
kernels per spike and grain weight were increased by 7.9%, 
4.9% and 3.3% under SL treatment compared to the CL treat-
ment, respectively. There was no difference in spike num-
ber between CL and SL treatment, suggesting the improved 
kernels per spike and grain weight contributed to increased 
grain yield by SA treatment under low-temperature stress.
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Photosynthetic Capacity and Osmotic Adjustment

Photosynthesis is one of the most sensitive processes 
affected by low temperature (Li et al. 2014). There were no 
significant differences in Fv/Fm, ϕPSII, Pn and gs between 
CC and SC treatment (Fig. 4). The CL treatment induced a 
significant reduction in Fv/Fm, ϕPSII, Pn and gs of wheat 

leaves compared to the CC treatment (Fig. 4). However, 
the SL treatment relatively enhanced Fv/Fm (4.9%), ϕPSII 
(5.9%), Pn (9.6%) and gs (10.7%) of wheat leaves compared 
to the CL treatment (Fig. 4).

In this study, plants in low-temperature treatment were 
subjected to a subzero temperatures stress for 15 h during 
temperature treatment (Fig. 1b). It has been documented that 

Fig. 2  Effects of SA pretreatment on plant height and biomass accu-
mulation of wheat under low-temperature stress. The measurements 
were taken at 0 d (30th Mar), 20 d (20th Apr) and 60 d (30th May) 
after temperature treatment. 0 d indicates the end of temperature 
treatment. CC refers to non-SA pretreatment + non-low-temperature 
treatment, SC refers to SA pretreatment + non-low-temperature treat-

ment, CL refers to non-SA pretreatment + low-temperature treatment, 
SL refers to SA pretreatment + low-temperature treatment. Data are 
means ± SE of three biological replicates. Different letters atop bars 
indicate significant differences at P < 0.05 level under the same deter-
mination period

Fig. 3  Phenotype of plants of 
each treatment at 20 d after tem-
perature treatment (20th Apr). 
CC refers to non-SA pretreat-
ment + non-low-temperature 
treatment, SC refers to SA 
pretreatment + non-low-tem-
perature treatment, CL refers 
to non-SA pretreatment + low-
temperature treatment, SL refers 
to SA pretreatment + low-tem-
perature treatment. Red arrow 
indicates flowing plants of SL 
treatment
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subzero temperatures could induce extracellular ice crystal 
formation leading to the migration of water from intracel-
lular space to extracellular space and causing cell dehydra-
tion and shrinkage (Ruellan et al. 2009). Soluble sugar and 
free proline play important roles in plant osmotic adjust-
ment under stress conditions (Sairam et al. 2002). In this 
study, the SC treatment significantly increased the levels of 
total soluble sugar (9.8%) and free proline (50.0%) in wheat 
leaves compared to the CC treatment (Fig. 5). The CL treat-
ment induced the accumulation of total soluble sugar and 

free proline in wheat leaves compared to the CC treatment 
(Fig. 5). However, the SL treatment showed significantly 
higher total soluble sugar (13.6%) and free proline (31.8%) 
contents than the CL treatment (Fig. 5).

Antioxidant Capacity

In this study, the CL treatment significantly increased MDA 
content (34.5%) in wheat leaves compared to the CC treat-
ment (Fig. 6), indicating low-temperature treatment induced 

Table 1  Effects of SA 
pretreatment on wheat yield 
under low-temperature stress

The measurements were taken at 60 d after temperature treatment (30th May). CC refers to non-SA pre-
treatment + non-low-temperature treatment, SC refers to SA pretreatment + non-low-temperature treatment, 
CL refers to non-SA pretreatment + low-temperature treatment, SL refers to SA pretreatment + low-temper-
ature treatment. Data are means ± SE of three biological replicates. Different letters at the same column 
indicate significant differences at P < 0.05 level

Treatment Spikes(× 104/ha) Kernels per spike 1000-kernel weight (g) Yield (kg/ha)

CC 289 ± 11.0a 42.8 ± 0.504a 44.0 ± 0.388ab 5245 ± 105ab

SC 295 ± 13.4a 43.1 ± 0.636a 44.4 ± 0.365a 5339 ± 105a

CL 287 ± 7.84a 40.9 ± 0.433a 42.3 ± 0.434b 4826 ± 108b

SL 290 ± 12.4a 42.9 ± 0.696a 43.7 ± 0.389ab 5207 ± 101ab

Fig. 4  Effects of SA pretreatment on net photosynthetic rate (Pn), sto-
matal conductance (gs), maximum quantum efficiency of PSII  (Fv/
Fm) and actual quantum efficiency of PSII (ϕPSII) of wheat leaves 
under low-temperature stress. The measurements were taken at the 
end of temperature treatment (30th Mar). CC refers to non-SA pre-
treatment + non-low-temperature treatment, SC refers to SA pretreat-

ment + non-low-temperature treatment, CL refers to non-SA pretreat-
ment +  low-temperature treatment, SL refers to SA pretreatment + 
low-temperature treatment. Data are means ± SE of three biological 
replicates. Different letters atop bars indicate significant differences 
at P < 0.05 level
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Fig. 5  Effects of SA pretreatment on total soluble sugar and free pro-
line contents of wheat leaves under low-temperature stress. The meas-
urements were taken at the end of temperature treatment (30th Mar). 
CC refers to non-SA pretreatment + non-low-temperature treatment, 
SC refers to SA pretreatment + non-low-temperature treatment, CL 

refers to non-SA pretreatment + low-temperature treatment, SL refers 
to SA pretreatment + low-temperature treatment. Data are means ± SE 
of three biological replicates. Different letters atop bars indicate sig-
nificant differences at P < 0.05 level

Fig. 6  Effects of SA pretreatment on malondialdehyde (MDA), total 
phenolics, ascorbic acid (ASA) and reduced glutathione (GSH) con-
tents of wheat leaves under low-temperature stress. The measure-
ments were taken at the end of temperature treatment (30th Mar). CC 
refers to non-SA pretreatment + non-low-temperature treatment, SC 

refers to SA pretreatment + non-low-temperature treatment, CL refers 
to non-SA pretreatment + low-temperature treatment, SL refers to SA 
pretreatment + low-temperature treatment. Data are means ± SE of 
three biological replicates. Different letters atop bars indicate signifi-
cant differences at P < 0.05 level
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oxidative injury. However, SL treatment effectively allevi-
ated low-temperature-induced increase of MDA content 
compared to the CL treatment (Fig. 6). As shown in Table 2 
and Fig. 6, the SC treatment significantly increased GSH 
content (9.9%) and POD activity (43.0%), slightly increased 
ASA content (14.8%) and CAT activity (7.9%), while having 
no effects on total phenolics content and activities of SOD, 
APX, GR, GST and PAL compared to the CC treatment. The 
CL treatment increased the levels of ASA, GSH and total 
phenolics, and decreased the activities of PAL, POD, CAT 
and GR, while having no effects on the activities of SOD, 
APX and GST as compared to the CC treatment (Table 2 and 
Fig. 6). However, the SL treatment significantly increased 
the levels of ASA (30.2%), GSH (7.2%) and total phenolics 
(13.1%) and the activities of POD (56.2%), CAT (11.8%), 
GR (25.6%) and PAL (19.3%), while having no effects on 
the activities of SOD, APX and GST compared to the CL 
treatment. These results indicated that SA could alleviate 
low-temperature-induced oxidative damage by increasing 
antioxidant capacity.

Cold‑Responsive Gene Expression

To further investigate the underlying mechanism of SA 
inducing freezing tolerance in wheat, we analyzed the 
expression levels of six cold-responsive genes, includ-
ing the WRKY-type transcription factor (WRKY19), ice 
recrystallization inhibition (IRI2), C-repeat binding fac-
tor (CBF3), cold-regulated (COR410), heat shock protein 
(HSP70) and alternative oxidase (AOX1a). As shown in 
Fig. 7, the SC treatment slightly upregulated the expression 
of CBF3, HSP70 and WRKY19, while having no effects on 
expression of COR410, AOX1a and HSP70. The CL treat-
ment significantly upregulated the expression of COR410, 
AOX1a and IRI2, and slightly upregulated the expression 
of CBF3 and WRKY19, while having no effect on expres-
sion of HSP70 compared to the CC treatment (Fig. 7). The 
SL treatment slightly upregulated the expression of CBF3 

and WRKY19, while having no effects on the expression 
of COR410, AOX1a, HSP70 and IRI2 compared to the CL 
treatment (Fig. 7).

Discussion

Low temperature causes multiple detrimental effects on crop 
physiological and metabolic processes, including inhibi-
tion of electron transfer in mitochondria and chloroplasts, 
inactivation of metabolic enzymes, and extracellular ice 
crystallization. These effects lead to the inhibition of plant 
growth and development, and ultimately grain yield loss 
(Ji et al. 2017; Li et al. 2014; Ruellan et al. 2009). In this 
study, low-temperature stress significantly inhibited plant 
growth and development (Figs. 2 and 3), which were well in 
accordance with previous findings (Li et al. 2015b; Zhong 
et al. 2008). It is worthy of noting that the mean daytime 
canopy temperature (7 a.m.–7 p.m.) in the low-temperature 
treatment was about 8.1 °C during temperature treatment 
(Fig. 1b), which had little adverse effect on wheat plants, 
while the mean nighttime canopy temperature (7 p.m.–7 
a.m.) was about 2.4 °C (the total time of subzero temperature 
was about 15 h and the lowest temperature was − 7.0 °C). 
Therefore, the frigid temperature in the nighttime might 
be primarily responsible for the low-temperature treatment 
induced inhibition of wheat growth and development in 
this study. However, low-temperature stress insignificantly 
decreased grain yield and grain components in the present 
study (Table 1). Li et al. (2015b) reported that low tempera-
ture (8 °C lower temperature than ambient temperature, 5 d) 
at the jointing stage significantly decreased the grain yield 
of low-temperature sensitive wheat cultivar, but not low-
temperature resistant cultivar. Ji et al. (2017) showed that 
low temperature (2 °C/12 °C/7 °C,  Tmin/Tmax/Tmean, 6 d) at 
the jointing stage had no significant effect on grain yield 
of wheat plants, whereas the grain yield was significantly 
decreased under higher intensity of low-temperature stress 

Table 2  Effects of SA 
pretreatment on the activities of 
antioxidant enzymes of wheat 
leaves under low-temperature 
stress

The measurements were taken at the end of temperature treatment (30th Mar). CC refers to non-SA pre-
treatment + non-low-temperature treatment, SC refers to SA pretreatment + non-low-temperature treatment, 
CL refers to non-SA pretreatment + low-temperature treatment, SL refers to SA pretreatment + low-temper-
ature treatment. Data are means ± SE of three biological replicates. Different letters at the same row indi-
cate significant differences at P < 0.05 level

Enzyme CC SC CL SL

SOD (U  mg−1 protein) 7.68 ± 0.306a 7.56 ± 0.381a 6.96 ± 0.351a 7.51 ± 0.417a

POD (∆470 mg−1 min−1 protein) 2.32 ± 0.110bc 3.32 ± 0.289a 1.88 ± 0.146c 2.93 ± 0.200ab

CAT (μmol  mg−1 min−1 protein) 7.39 ± 0.089bc 7.98 ± 0.203ab 7.19 ± 0.208c 8.03 ± 0.199a

APX (μmol  mg−1 min−1 protein) 5.10 ± 0.113a 4.90 ± 0.157a 4.79 ± 0.226a 5.13 ± 0.221a

GR (μmol  mg−1 min−1 protein) 0.144 ± 0.008ab 0.137 ± 0.006ab 0.124 ± 0.007b 0.156 ± 0.002a

GST (μmol  mg−1 min−1 protein) 0.134 ± 0.005a 0.138 ± 0.005a 0.149 ± 0.007a 0.147 ± 0.005a

PAL (U  g−1 protein) 17.2 ± 0.309a 18.3 ± 0.630a 12.6 ± 0.509c 15.0 ± 0.476b
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(−2 °C/8 °C/3 °C,  Tmin/Tmax/Tmean, 6 d). These findings indi-
cated that the extent of grain yield reduction was determined 
by both low-temperature intensity and cultivar.

In this study, exogenous application of SA effectively 
alleviated low-temperature-induced growth and development 
inhibition, as manifested by significantly higher plant height, 

stem dry weight and grain yield, and early flowering time 
in the SA-treated plants compared to the non-SA-treated 
plants under low-temperature stress (Table 1, Figs. 2 and 
3). These results were consistent with findings in previous 
studies that SA could induce tolerance to low-temperature 
stress in wheat and maize seedlings grown in greenhouse 

Fig. 7  Effects of SA pretreatment on the expression of cold-respon-
sive genes of wheat leaves under low-temperature stress. The meas-
urements were taken at the end of temperature treatment (30th Mar). 
CC refers to non-SA pretreatment + non-low-temperature treatment, 
SC refers to SA pretreatment + non-low-temperature treatment, CL 

refers to non-SA pretreatment + low-temperature treatment, SL refers 
to SA pretreatment + low-temperature treatment. Data are means ± SE 
of three biological replicates, and each biological replicate has three 
technical replicates. Different letters atop bars indicate significant dif-
ferences at P < 0.05 level
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(Tasgin et al. 2003; Farooq et al. 2008; Wang et al. 2018). 
SA could regulate cell growth by specifically affecting cell 
enlargement and division, protecting the cell structure (Kang 
et al. 2007; Vanacker et al. 2010), which might cause an 
increase in plant growth under low temperature.

Photosynthesis is the primary metabolic sink for plant 
growth and development (Ruellan et al. 2009). Low tem-
perature suppresses photosynthetic rate through stomatal and 
non-stomatal limitation (Li et al. 2014). Fv/Fm and ϕPSII 
can reflect the photochemical activity of PSII (Cui et al. 
2015). In this study, low-temperature treatment significantly 
decreased Pn of wheat leaves, accompanied by decreased gs, 
Fv/Fm and ϕPSII (Fig. 4). These results further suggested 
that the reduced photosynthetic rate under low temperature 
was due to both stomatal and non-stomatal factors. Previous 
studies showed that the effects of SA on the photosynthetic 
apparatus and photosynthetic activity are concentration-
dependent under both optimal and stressful environmental 
conditions (Janda et al. 2014; Jayakannan et al. 2015). For 
instance, Poór et al. (2011) found that treatment of tomato 
plants with lower concentration SA  (10–7 M) increased pho-
tosynthesis as compared with non-SA-treated plants under 
no stress condition, while the plants treated with higher con-
centration SA  (10–4-10–3 M) showed relatively lower photo-
synthesis than non-SA-treated plants. However, the tomato 
plants pretreated with  10–4 M SA had a better photosynthetic 
performance than non-SA-treated plants under salt stress, 
while lower concentration SA  (10–7 M) pretreatment had no 
positive effect on photosynthesis under salt stress. In this 
study, foliar application 100 μM SA had no negative effect 
on photosynthetic performance of wheat plants under con-
trol temperature, and significantly improved photosynthetic 
performance (higher Pn) under low-temperature stress as 
compared with control treatment (Fig. 4). This was consist-
ent with enhanced plant growth under the SL treatment as 
compared with CL treatment (Fig. 2). In addition, the SL 
treatment significantly increased Fv/Fm and ϕPSII, and 
slightly increased gs of wheat leaves compared to the CL 
treatment (Fig. 4), suggesting that SA mitigated low-tem-
perature-induced photoinhibition was dependent on stomata 
and photochemical.

Low temperatures induce accumulation of ROS in chlo-
roplast by inhibiting thylakoid electron transport, reducing 
enzymatic activities such as Calvin cycle enzymes and ROS 
scavenging activities (Li et al. 2014; Ruellan et al. 2009). 
In addition, the sustained low-temperature stress can seri-
ously affect the development of chloroplast, such as chang-
ing its shape and destroying its membrane structure, which 
aggravates the production of ROS in organelles (Peng et al. 
2015). The accumulation of ROS can lead to peroxidation 
of plasma membrane and degradation of D1 proteins in PSII 
and stromal enzymes such as ribulose-1,5-bisphosphate car-
boxylase oxygenase (Rubisco), which results in more ROS 

production and further inhibition of photosynthesis (Ens-
minger et al. 2006; Ruellan et al. 2009). Thus, photosyn-
thetic capacity of plants under low temperature is closely 
correlated to the generation and elimination of ROS in 
chloroplasts. ASA, GSH, APX and GR are important com-
ponents of ASA-GSH cycle, which plays an important role 
in scavenging ROS in organelles, especially in chloroplasts 
(Huang and Shan 2018). The positive effects of exogenous 
SA on levels of ASA and GSH and activities of APX and GR 
under low-temperature stress had been well recorded (Wang 
et al. 2006; Duan et al. 2012). In this study, the SL treat-
ment obviously increased the activity of GR and the content 
of ASA and GSH compared to the CL treatment, but had 
no significant effect on APX activity (Table 2 and Fig. 6). 
These results suggested that the SL treatment promoted 
elimination of ROS in chloroplast by improving ASA-GSH 
cycle under low-temperature stress. In addition, SA treat-
ment could increase electron transport rate, and upregulate 
the expression of genes encoding carbonic anhydrase and 
Rubisco under low-temperature stress (Dong et al. 2014; 
Wang et al. 2018), indicating that SA could alleviate low 
temperature-induced an over-reduction of electron transport 
chain and ROS generation. All together, these findings sug-
gested that SA could protect photosynthetic apparatus under 
low-temperature stress by increasing antioxidant contents, 
which might explain the higher photochemical efficiency and 
photosynthetic rate of SA-treated plants than non-SA-treated 
plants under low-temperature stress.

In this study, in addition to increasing the activity of GR 
and the content of ASA and GSH, the SL treatment sig-
nificantly increased the activities of PAL, CAT, POD and 
the content of total phenolics compared to the CL treatment 
(Table 2). These results were consistent with lower MDA 
content in the SL treatment when compared with the CL 
treatment (Fig. 6), indicating that SA could alleviate low-
temperature-induced oxidative damage by increasing the 
activities of enzymatic antioxidants and the pool of non-
enzymatic low molecular substances in wheat under field 
conditions. Our study was in agreement with other studies 
showing that improving antioxidant capacity is an impor-
tant mechanism of SA enhancing plant tolerance to abiotic 
stresses (Kang et al. 2013; Zhang et al. 2011). Siboza et al. 
(2014) reported that SA enhanced total phenolics contents 
by regulating phenolic metabolism, including increasing 
PAL activity and decreasing polyphenol oxidase activity. SA 
could upregulate the expression of genes encoding antioxi-
dant enzymes such as CAT , GR and PAL (Chen et al. 2006, 
2011; Ding et al. 2002), suggesting that SA could increase 
antioxidant enzymes activity by upregulating expression 
levels of their encoding genes.

Previous studies have shown that the levels of total solu-
ble sugar and free proline were positively correlated with 
wheat low-temperature tolerance (Dörffling et al. 1990; 
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Vágújfalvi et al. 1999). Exogenous SA could increase solu-
ble sugar and free proline contents by regulating the activi-
ties of their metabolism-related enzymes such as sucrose 
phosphate synthase, sucrose synthase, pyrroline-5-carbox-
ylate synthetase and proline dehydrogenase (Dong et al. 
2011; Kaur and Asthir 2015). In this study, SA-treated plants 
significantly enhanced total soluble sugar and free proline 
contents under normal and low-temperature conditions 
(Fig. 5), which was consistent with the stronger tolerance to 
low temperature compared to their non-SA-treated counter-
parts. In addition to their role in osmotic regulation, soluble 
sugar and free proline could influence stress tolerance in 
multiple ways such as acting as an ROS scavenger and as 
nutrient and metabolic signals (Dong et al. 2011; Keunen 
et al. 2013; Szabados and Savourcb 2010). Intriguingly, 
the accumulated proline under stress can act as a substrate 
for mitochondrial respiration to supply energy for resumed 
growth after released from stress (Szabados and Savourcb 
2010). This might the reason why the SL treatment increased 
the single stem dry weight by 9.1% at the end of temperature 
treatment but increased by 16.1% at 20 d after temperature 
treatment compared to the CL treatment (Fig. 2). Our results 
indicated that the accumulation of soluble sugar and free 
proline play important roles in SA-induced low-temperature 
tolerance in wheat under field conditions.

CBF transcription factors can bind to the promoters of 
CORs and activate their expression (Ruellan et al. 2009). 
COR410 is a dehydrin that is localized in the vicinity of the 
plasma membrane (Ganeshan et al. 2008). The regulation 
roles of SA on the expression of CBFs and CORs are con-
troversial. Dong et al. (2014) reported that SA could remark-
ably upregulate the expression levels of CBF and COR genes 
in cucumber under low temperature. However, SA might 
play a role in negatively regulating CBF and COR genes 
expression in watermelon and Arabidopsis under low tem-
perature (Kurepin et al. 2013; Cheng et al. 2016). AOX plays 
a crucial role in restraining ROS production in mitochondria 
and protecting photosynthetic apparatus under low tempera-
ture (Sugie et al. 2006; Zhang et al. 2012). The expression 
level of AOX is highly regulated by SA under both opti-
mal and stressful environmental conditions (Rhoads et al. 
1993; Lei et al. 2010; Poór 2020). HSP70 is an important 
molecular chaperone that is able to protect protein integrity 
under low temperature (Colinet et al. 2010). Previous studies 
indicated that exogenous SA could upregulate the expression 
level of HSP70 under environmental stresses (Wang et al. 
2006; Wang et al. 2020). IRI2 is an antifreeze protein which 
participates in inhibiting extracellular ice recrystallization 
under freezing stress (Tremblay et al. 2005), and WRKY19 
is involved in regulating antioxidant capacity and carbohy-
drate metabolism under low temperature (Niu et al. 2012). 
Our previous studies found that exogenous SA could signifi-
cantly improve the expression levels of IR2 and WRKY19 

under freezing stress in wheat plants (Wang et al. 2020). In 
this study, the CL treatment upregulated the expression of 
CBF3, COR410, AOX1a, IRI2 and WRKY19 compared to the 
CC treatment (Fig. 7), further indicating their important role 
in plant response to low temperature. However, there was no 
significant difference in expression of these genes between 
SA-treated and non-SA-treated plants under normal and low-
temperature conditions (Fig. 7). Previous studies showed 
that SA pretreatment could upregulate the expression levels 
of CBF and COR genes within a 24 h low-temperature treat-
ment (Wang et al. 2018; Zhang et al. 2017a), and upregu-
late expression levels of AOX1a, HSP70, IRI2 and WRKY19 
within a 48 h low-temperature treatment (Wang et al. 2020). 
In the present study, the expression level of these genes was 
analyzed at 6 d of low-temperature treatment. It is likely that 
the regulation of SA on these genes’ expression was time 
dependent, but this requires further investigation.

In summary, low-temperature stress at the jointing stage 
induced severe oxidative damage and significantly sup-
pressed photosynthesis of wheat plants, resulting in the 
inhibition of plant growth and the prolongation of growth 
period as well as the reduction of grain yield. Exogenous 
application of SA significantly improved the capacity of 
photosynthesis, antioxidants and osmotic adjustment under 
low temperature, hereby conferring tolerance to low temper-
ature in wheat plants and effectively alleviating the adverse 
effects of low temperature on plant growth, development and 
grain yield. This study contributes to physiological under-
standing of SA-induced tolerance to low temperature and 
provides appropriate strategies to improve tolerance to low 
temperature in wheat plants under field conditions.
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