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Abstract
Cold stress disturbs numerous physiological and biochemical processes, restricting plant growth and productivity. In the cur-
rent study, the protective role of exogenous serotonin in alleviating cold stress was investigated in rapeseed (Brassica napus 
L.) seedlings.The rapeseed seedlings were pretreated with different concentrations (0, 0.01, 0.02, 0.03, and 0.04 g  L− 1) of 
serotonin solution and then were exposed to cold stress (4, 2, 0, and − 2 °C). The results indicated that the pretreatment of 
serotonin significantly increased the survival rate. Mainly, 0.03 g  L− 1 of serotonin increased the survival rate by 75% com-
pared to control conditions. The physiological and biochemical indexes and the expression of cold tolerance-related genes 
were analyzed in the seedlings pretreated with 0.03 g  L− 1 of serotonin. The contents of proline (PRO), soluble sugar (SS), 
and soluble protein (SP); and the activities of antioxidant defense such as catalase (CAT), peroxidase (POD), and superoxide 
dismutase (SOD) were significantly increased by exogenous serotonin under cold stress. Supplemented serotonin significantly 
increased the expression of SOD, COR6.6, COR15, and CBFs genes under cold stress.Overall, our results indicate that the 
optimal concentration (0.03 g  L− 1) of exogenous serotonin maintained the osmotic potential balance in cells under cold stress 
by increasing the content of osmotic regulatory substances (SS, SP, and PRO), improving the scavenging ability of reactive 
oxygen species (ROS), increasing the antioxidant enzyme activities (CAT, POD, and SOD) and the transcriptional level of 
cold stress-related genes, helping rapeseed seedlings to cope with the cold stress. Therefore, serotonin-induced regulatory 
interactions between physiological and biochemical processes and the elevated expression of stress-associated genes may 
be a beneficial technique for cold stress tolerance in plants.
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Introduction

Climate change gives rise to several abiotic stresses, includ-
ing extreme temperatures, heavy metals, drought, and soil 
salinity are major adverse environmental conditions that 
plants often encounter (Raza Ali et al. 2019, 2020a). Among 
them, cold stress or low temperature [(chilling (0–15°C) 
and freezing temperature (< 0°C)] meaningfully act as a 

significant threat to agricultural production (Agarwal et al. 
2006; Chinnusamy et al. 2006). Under the freezing stress, 
extracellular icicles induce cell water to convent to extracel-
lular space, causing cellular dehydration, mechanical dam-
age, and even death of plants (Pearce 2001; McCully et al. 
2004; Li et al. 2018a). Low-temperature stress disturbs the 
equilibrium between the production and scavenging of reac-
tive oxygen species (ROS) in plants (Miller et al. 2008; Has-
anuzzaman et al. 2020). Whereas the accumulation of ROS 
impaired large molecules such as proteins, lipids, DNA, and 
cell membrane, even leading to the permanent damage of 
cells (Miller et al. 2008; Hasanuzzaman et al. 2020). Cold 
stress not only reduces plant photosynthesis, cell membrane 
fluidity, and basal metabolism but also inhibits plant growth 
and development (Pearce 2001; Ding et al. 2019).

Over the past few years, several plant growth regulators 
were widely used to increase stress tolerance in plants (Li et al. 
2018b; Strydhorst et al. 2018). Serotonin has antioxidative and 
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growth-inducing properties, therefore demonstrating useful for 
stress adaptation and plant physiology. Complex molecular 
connections of serotonin and stress-responsive genes have 
proposed its antagonistic nature (Kaur et al. 2015). Serotonin 
was detected in plants’ vegetative and reproductive tissues 
(Mukherjee et al. 2014); the precursor substance of melatonin 
is widely found as an indole-tryptamine in plants and animals 
(Radhakrishnan and Lee 2013; Shi et al. 2016). Serotonin not 
only functions as neurotransmitters in animals but has also 
been reported to regulate many processes of growth and devel-
opment in plants (Mukherjee et al. 2014; Park and Back 2012; 
Pelagio-Flores et al. 2011). Csaba and Katalin (1982) found 
that serotonin promoted the growth of barley roots and coty-
ledons. Apart from the beneficial effects on plant growth and 
development, serotonin also serves as a defensive agent against 
several abiotic stresses such as drought, salinity, heavy met-
als, and high temperature (Arnao and Hernández-Ruiz 2014; 
Nawaz et al. 2016; Shi et al. 2016). For instance, exogenous 
application of melatonin improves the drought resistance of 
rapeseed by increasing scavenging of ROS (Tian et al. 2019). 
Under the stress conditions, it can regulate the cellular ROS 
levels, thus preventing oxidative damage. Exogenous seroto-
nin decreased the content of hydrogen peroxide  (H2O2) and 
malondialdehyde (MDA) (Arnao and Hernández-Ruiz 2014; 
Nawaz et al. 2016; Shi et al. 2016). Moreover, exogenous sero-
tonin alleviated seedling growth inhibition under salt stress 
and significantly increased fresh and dry weights of sunflower 
(Helianthus annuus L.) roots and shoots. It also promoted the 
root growth and hypocotyl elongation of sunflower seedlings 
under salt stress (Mukherjee et al. 2014).

Rapeseed (Brassica napus L.) is the largest oil crop in 
China and often experiences low-temperature stress in win-
ter (Raza 2020b). Rapeseed yield parameters have been 
changed owing to the augmented exposure to several abiotic 
stresses, mainly cold stress, reducing biomass production 
and seed yield (Raza 2020b). Therefore, to understand the 
protective role of serotonin on rapeseed under cold stress, 
this experiment studied the effect of different concentrations 
of exogenous serotonin on Guanyouza303 variety under 
cold stress. The physiological and biochemical indexes and 
expression levels of cold tolerance-related genes were inves-
tigated in the seedlings pretreated with serotonin. That is 
a meaningful approach for understanding the mechanism 
of serotonin improving cold tolerance in rapeseed and the 
application of serotonin in the production.

Materials and methods

Plant materials and growth conditions

The rapeseed seeds of GuanYouza303 [(GuanYouza303 is 
a hybrid and relatively cold-tolerant rapeseed variety based 

on our previous experiment (Yan et al. 2018)] were obtained 
from the Oil Crops Research Institute, Chinese Academy 
of Agricultural Sciences, Wuhan, China. The seedling was 
grown followed by the procedure of Yan et al. (2018).

Chemicals

The list of all the chemicals and their sources used in this 
study (Table 1).

The treatments

About 10 seeds were sown in a 10 cm pot containing a mix-
ture of vermiculite and nutrient soil (1:1). When the seed-
lings were grown to two leaves, they were thinned to 6–8 
seedlings per pot to make sure the seedlings were similar. 
A few days later, the uniform seedlings with three leaves 
were selected to make sure that each pot had four seedlings. 
Before exposed to cold stress, seedlings were pretreated with 
0.01, 0.02, 0.03, and 0.04 g  L− 1 of serotonin solutions. Each 
pot with four seedlings was sprayed with 10 mL (2.5 mL 
 plant− 1) of the above-mentioned serotonin solutions, and 
the seedlings of the control were sprayed with 10 mL of 
water. Each treatment set was repeated three times (4 pots 
per replication) and randomly arranged. One day after the 
pretreatment, all the seedlings were treated with cold stress 
following the method of Yan et al. (2019). Briefly, the seed-
lings were placed under 4 °C for 24 h for cold acclimation. 
Cold stress was imposed as a temperature of 2 °C for 1 h and 
then reduced gradually to 0 °C, and − 2 °C for 1 h, respec-
tively. After each temperature treatment, green leaves were 
harvested and immediately frozen in liquid nitrogen and then 
stored at − 80 °C for the next experiments.

Table 1  A list of all the chemicals used in this study

Chemicals Source

Serotonin hydrochloride Yuanye, China
Soluble sugar assay kit Solarbio, China
Soluble protein assay kit Solarbio, China
Proline assay kit Solarbio, China
Superoxide dismutase activity detection kit Solarbio, China
Catalase activity detection kit Solarbio, China
Peroxidase activity detection kit Solarbio, China
HiPure plant RNA Mini Kit Megan, China
Dnase I Ambion, USA
RevertAid First-Strand Synthesis Kit Thermo Fisher 

Scientific, 
USA

ChamQTMSYBR® color qPCR Master Mix (High 
ROX Premixed)

Vazyme, China
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Physiological analysis

After the treatment of cold stress, seedlings were incubated 
at 4 °C for 24 h, and then the survival rate was measured. 
The concentrations of soluble sugar (SS), soluble protein 
(SP), and proline (Pro) were determined using commercial 
kits according to the manufacturer’s instructions (Solarbio, 
China). The content of MDA was determined by the thio-
barbituric acid reaction (Hodges et al. 1999). The concen-
trations of superoxide dismutase (SOD), catalase (CAT), 
and peroxidase (POD) were determined using commercial 
kits according to the manufacturer’s instructions (Solarbio, 
China). All the biochemical indices were performed using 
Multiskan FC (Thermo Fisher Scientific, USA) microplate 
reader.

The qRT‑PCR analysis

To analyze the expression of stress-related marker genes, 
total RNA was extracted using a HiPure plant RNA Mini 
Kit (Megan, China) and treated with DNase I (Ambion, 
Austin, TX, USA) to purify the RNA samples. The cDNA 
was subsequently synthesized using RevertAid First-Strand 
Synthesis Kit (Thermo, USA) according to the manufac-
turer’s instructions.

The quantitative real time-polymerase chain reaction 
(qRT-PCR) reaction was performed employing ChamQT-
MSYBR® color qPCR Master Mix (High ROX Premixed) 
(Vazyme, Nanjing, China). The sequences of all primers 
were listed in Table 2, and actin of B. napus was used as the 
internal reference gene to analyze the marker genes’ tran-
script levels. The conditions for PCR were as follows: 30 s 
at 95 °C, followed by 40 cycles of 95 °C for 10 s, and 60 °C 
for 30 s. Three technical replicates of each sample were ana-
lyzed, and the data was processed using the  2−ΔΔCT method. 

All the performance of qRT-PCR was conducted using a 
StepOnePlus Real-Time PCR System (Applied Biosystems, 
USA).

Statistical data analysis

All the experiments were performed following a completely 
randomized design, and three biological replicates were 
included. All the data were subjected to analysis of variance 
(ANOVA), and the mean differences were compared by a 
Duncan’s multiple range test (DMRT) test using SPSS Sta-
tistics 25.0 software (SPSS Inc., Chicago, IL). Graphs were 
plotted using GraphPad Prism 7.0. Differences at P < 0.05 
were considered significant.

Results

Effects of serotonin on the survival rate of rapeseed 
seedlings under cold stress

When the temperature dropped from 22 to − 2 °C, the 
freezing phenomenon occurred in rapeseed seedlings under 
stress. Upon recovery growth to room temperature, the stem 
and leaves began to lose water, leading to wilting. Necro-
sis spots gradually appeared, and some seedlings even died 
(Fig. 1a). The seedlings pretreated with serotonin showed 
a higher survival rate and less damage compared to the 
control seedlings. Therefore, the pretreatment with seroto-
nin could significantly alleviate the wilting in leaves and 
increase rapeseed seedlings’ survival rate under cold stress. 
The survival rate of the seedlings pretreated with different 
serotonin concentrations was statistically analyzed (Fig. 1b). 
Compared with that of the control (12.5%), the seedlings’ 
survival rate with the pretreatment of 0.01, 0.02, and 0.03 g 

Table 2  The list of primers used for the qRT-PCR analysis of rapeseed

Gene Genebank ID Forward primer (5′–3′) Reverse primer (5′–3′)

Actin BnaC02g00690D CTG GAA TTG CTG ACC GTA TGAG ATC TGT TGG AAA GTG CTG AGGG 
Cu-SOD-1-1 XM_013808924.1 CCA CAT TTC AAA AAT GAT GGTA AGT CAG TGA TTG TGA AGG TGGC 
Cu-SOD-1-2 XM_013808925.1 CAG CAG GTC CTA CAA AAG TGA GTG TGT TGT TAG GGT TGA AAT GTGGC 
COR6.6 BnaA02g02910D GGA GAA GGG TAA TGT GCT GATGG GCT ACT TGT TCA TGC CGG TCTT 
COR15 U14665.1 TCT CAT TGG GAT TGG TTC TTC TTT ATG TTG CCG TCA CCT TTA TCG 
CBF1-1 BnaC07g39680D CAC CCA GTT TAC AGA GGA GTTCG ATC TCG GCT GTT AGG AAA GTACC 
CBF1-2 BnaAnng34260D CGA TGT GTT TTA TAT GGA CGAGG GCA TCT CCG TCA AAG TCA TAGTT 
CBF1-3 BnaA08g30930D TTC TGA ACT GCT CTG CTC CGA CCT CAC AGC AGG TTT CTT GG
CBF1-4 BnaA08g30950D CAA TGA ACA CAT TCC CTG CG GGG ATA ATA ATC ACC TCC TGCTA 
CBF2-1 BnaA03g13620D TCT GAA ATG TTG GGC TCC GA CGC GTC TCC CGA AAC TTC TT
CBF2-2 BnaA08g30910D TGG TGA TTA CTG TCC CAT GTTG TCT TGT TTG GTT CCC TCA CTTC 
CBF4-1 BnaA10g07630D TTT CTC AGA CTC GTT CCT CTCG CTC CCT GCT CGT TTC TTC G
CBF4-2 BnaC09g28190D GAC GGC TAC GAC TGA GAC GA CGG CCA TAT AAA ACA CAC CG
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 L− 1 of serotonin was significantly increased by 29.2%, 
62.5%, and 75.5%, respectively. The results showed that 
with the increase of serotonin concentration in some range 
(0.01–0.03 g  L− 1), the survival rate of the seedlings under 
the cold stress was increased at the beginning and then was 
decreased. In the present study, the optimal concentration 
of serotonin was 0.03 g  L− 1, which had the highest survival 
rate (75.5%) under low-temperature.

Effects of serotonin on physiological 
and biochemical indexes under cold stress

Effects of exogenous serotonin on the level of osmolytes 
under cold stress

The osmolytes’ content showed similar change trends in the 
seedlings pretreated with 0.03 g  L− 1 serotonin and water 
(CK) when the temperature dropped from 22 to − 2 °C. 
The proline content was significantly increased under 0 and 
− 2 °C in the seedlings pretreated with 0.03 g  L− 1 seroto-
nin and water (CK) (Fig. 2a). Under cold stress, the soluble 
sugar content was gradually decreased when the tempera-
ture slowly dropped to − 2 °C (Fig. 2b). The content of 
soluble protein was reduced when exposed to 4 °C. Subse-
quently, it was slightly increased when the temperature was 
dropped to 2 °C, and it decreased as the temperature con-
tinued to decline (Fig. 2c). Exogenous serotonin increased 
the content of soluble sugar, soluble protein, and proline 
by 37–65%, 1–16%, and 7–38%, respectively, compared to 
that of the control. The content of soluble sugar was signifi-
cantly increased by exogenous serotonin under 22 °C, while 

the content of soluble protein and proline was significantly 
increased with the serotonin treatment under cold stress.

Effects of exogenous serotonin on the level of MDA content 
under cold stress

The level of MDA content is a negative symbol indicating 
the degree of membrane structural integrity (Janero 1990), 
and it is was investigated in rapeseed seedlings under cold 
stress. Under cold stress, the MDA content increased first 
and then decreased to rise again in both control and seroto-
nin pretreated seedlings (Fig. 3). Mainly, 4 °C and 0 °C tem-
perature were two main inflection points for MDA content 
under cold stress. Compared with the control, the MDA con-
tent in the seedlings pretreated with serotonin was decreased 
by 13–30% (Fig. 3). The pretreatment of serotonin signifi-
cantly reduced MDA content under 22, 4, 2, 0, and − 2 °C.

Effects of exogenous serotonin on the antioxidative 
enzyme activities under cold stress

Under cold stress, ROS accumulation is increased in plants 
compared with that under normal growth conditions. Anti-
oxidant enzymes, such as POD, CAT, and SOD, regulate the 
balance of ROS under stress conditions. In this study, the 
activities of CAT, POD, and SOD in leaves were detected. 
With the temperature dropped, CAT activity was decreased at 
first and then was increased (Fig. 4a). Simultaneously, POD 
and SOD activity was augmented at first and then was reduced 
in both the seedlings of the control and that pretreated with 
serotonin (Fig. 4b, c). The pretreatment of serotonin increased 
POD, CAT, and SOD activities by 10–31%, 4–42%, 9–27%, 

Fig. 1  The morphology and survival rate of rapeseed pretreated with 
serotonin under cold stress. a Morphology of the seedlings pretreated 
with different serotonin concentrations under cold stress. Red arrows 

indicate necrosis spot; b the survival rate of rapeseed pretreated with 
serotonin under cold stress. Error bars represent SD (n = 3). Different 
letters indicate significant differences (P < 0.05)
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respectively. Under normal conditions, the activities of POD 
and CAT were significantly increased by exogenous serotonin. 
Under − 2 °C, CAT, POD, and SOD activities were increased 
dramatically by exogenous serotonin. The highest activity of 
POD and SOD were recorded in the seedlings pretreated with 
serotonin under 2 °C.

Effects of exogenous serotonin on the expression 
of cold‐responsive genes under cold stress

In this study, exogenous serotonin improved the activity 
of SOD under cold stress. Therefore, the expression of the 
Cu/Zn-SOD genes was assayed by qRT-PCR. The results 
indicated that exogenous serotonin increased the expression 
of Cu/Zn-SOD-1-1 by 0.9–2.2 folds in the seedlings under 
cold stress (Fig. 5a). When the temperature dropped to − 2 
°C, exogenous serotonin increased the expression of Cu/Zn-
SOD-1-2 by 36.5 folds in the seedlings (Fig. 5b).

The expression of two cold-responsive marker genes 
(COR15 and COR6.6) was measured in this study. Exog-
enous serotonin increased the expression levels of COR6.6 
by 218.2, 426.3, 312.9 and 231.2 folds compared to that in 
control under 4, 2, 0, and − 2 °C (Fig. 6a). Likewise, the 
expression level of COR15 in the seedlings pretreated with 
serotonin was 1137.4-1571.4 folds higher compared to that 
in control (Fig. 6b).

Previously, it has been reported that the promoter region 
of COR6.6 and COR15 genes contain CRT/DRE (C-repeat/
Responsive Element), which is regulated by the CBF gene 
(Shengty, 2014). To determine whether CBF genes’ expres-
sions were regulated by exogenous serotonin, the expression 
of CBF1, CBF2, and CBF4 were quantitatively analyzed 
in this study. After the cold treatment, exogenous serotonin 
increased the expression of CBF1-1, CBF1-2, CBF1-3, CBF1-
4 by 195.5, 461.0, 87.0, 23.2 folds under 4 °C, 14.3, 63.0, 
13.4, 17.8 folds under 2 °C, 82.2, 302.8, 2519.4, 732.4 folds 
under 0 °C, and 114.8, 281.0, 2019.3, 317.1 folds under − 2 
°C, respectively (Fig. 7a, b, c, d). Similarly, under cold stress, 
exogenous serotonin increased the expression of the CBF2-1 
gene by 203.9, 51.2, 488.8, 362.3 -folds under 4, 2, 0, and 
− 2 °C, and the CBF2-2 gene by 22.4, 14.2, 739.8, 2698.1 
folds under 4, 2, 0, and − 2 °C (Fig. 7e, f). Moreover, it also 

Fig. 2  Effect of serotonin (0.03  g  L− 1) on the osmotic adjustment 
substances in rapeseed seedlings under cold stress. a The content of 
proline, b the content of soluble sugar, c the soluble protein content 
under 4, 2, 0, and − 2 °C compared to the control. Error bars rep-
resent SD. (n = 3) Different letters indicate significant differences 
(P < 0.05)

Fig. 3  Effect of serotonin (0.03  g  L− 1) on malondialdehyde content 
changes in rapeseed seedlings under 4, 2, 0, and − 2 °C with control. 
Error bars represent SD (n = 3). Different letters indicate significant 
differences (P < 0.05)
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increased the expression of CBF4-1 by 14.5, 1.9, 146.8, 188.5 
folds under 4, 2, 0, and − 2 °C (Fig. 7g). Compared to the con-
trol, exogenous serotonin increased the expression of CBF4-2 
by 538.7 fold under 0 °C, while the expression of CBF4-2 was 
increased 273.3 fold under − 2 °C, respectively (Fig. 7h). Thus, 
serotonin significantly increased the expression level of CBF1, 
CBF2, and CBF4 in rapeseed under cold stress.

Discussion

In this study, rapeseed seedlings suffered from freezing 
stress when the temperature dropped to − 2 °C. Freez-
ing stress has many deleterious effects on plants, such as 
disrupting the plasma membrane’s stability and flexibility, 
inducing intracellular water into the intercellular space, 
and forming ice crystals (Pearce 2001; McCully et al. 
2004; Li et al. 2018a). Under freezing stress, plant cells 
not only lead to excessive dehydration of cells and tissue 
necrosis but also causes lytic damage to rapeseed cells in 
the process of ice crystal melting, which directly leads to 
wilting and death in plants (Becketal 1984). In the current 
study, when the seedlings recovered to grow at room tem-
perature, the leaves gradually turned yellow and withered. 
This study showed that serotonin alleviates the severe 
wilting in stems and leaves caused by cold stress, and the 
concentration of 0.01 g  L− 1 nearly avoided the wilting 
compared to the control. Results indicated that exogenous 
application of serotonin might play an important role in 
maintaining the stability of cell membranes and enhancing 
cold tolerance in rapeseed. Applied serotonin showed an 
increase in rapeseed survival rate with a 0.01–0.03 g  L− 1 
serotonin, and a significant decrease was observed with a 
low-temperature of 0.04 g  L− 1 serotonin. Under low con-
centration, the effect was less and not prominent, whereas, 
under higher concentration, it would have an inhibitory 
effect, which was consistent with previous studies’ results 
(Bajwa et al. 2014; Tian et al. 2019). Therefore, it is essen-
tial to choose an appropriate concentration in the applica-
tion of serotonin.

Additionally, cold stress also changed the protein 
structure and activity in the cells, decreased enzymes’ 
activity, and disturbed normal metabolic activities such 
as photosynthesis and respiration, affecting the normal 
growth and development in a plant and leading to wilt-
ing (Kodama et al. 1995). Altering the osmotic balance is 
proposed to be efficient to maintain the integrity and sta-
bility of the cell membrane for plant adaption under stress 
conditions. With the decreasing temperature, the content 
of SP increased at first and then decreased, which was 
consistent with the results of previous studies (Yan et al. 
2019). Upon exposure to cold stress, the proline content 
increased and decreased with the decrease in the tempera-
ture. When the temperature dropped to − 2 °C, the proline 
content sharply increased, which may be due to different 
mechanisms in response to chilling and freezing stress 
(Wang et al. 2013). Besides, studies have also suggested 
that elevated proline content manifests plant cell damage 
(Jia et al. 2016). In this study, it was found that serotonin 
significantly increased the content of osmotic regulating 
substances (SS, SP, and proline), which was essential to 

Fig. 4  Effect of serotonin (0.03 g  L− 1) on antioxidant enzymes’ activ-
ity in rapeseed seedlings under cold stress. a The activity of CAT, b 
the activity of POD, and c the activity of SOD under 4, 2, 0, and − 2 
°C with control. Error bars represent SD (n = 3). Different letters indi-
cate significant differences (P < 0.05)
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alleviate the damage of cold stress in rapeseed. Tian et al. 
(2019) found that melatonin increases SS, SP, and proline 
content in drought-stressed rapeseed seedlings.

MDA is a common product of lipid peroxidation, and 
the content of MDA reveals the level of oxidative injury 
in plants. GuanYouza303, the variety used in this study, is 
a moderate cold-tolerant one (Yan et al. 2018). The MDA 
content was increased at 4 °C and then was decreased 
with the gradual decrease in the temperature. Notably, 
MDA content was raised under 0 °C and decreased again 
when the temperature continued to reduce. The changing 
trend of the MDA content in Guanyouza303 suggested 
that the level of MDA was closely related to the extent 
of cold stress and act as a negative symbol of cold toler-
ance (Zhang et al. 2016; Li et al. 2018c). In this study, 
the pretreatment of serotonin reduced MDA content by 
6–15% under cold stress. Tian et al. (2019) found that ser-
otonin reduced MDA content and alleviated the drought 
stress-induced damage in rapeseed seedlings. However, 
there were no differences in the MDA content’s changing 
trend between the seedlings with the pretreatment and the 
control.

Cold stress leads to an accumulation of ROS in plants, 
and the protective enzyme system plays an important role in 
ROS elimination. The activities of CAT, POD, and SOD in 
the protective system are commonly regarded as indicators 
of cold tolerance (Yan et al. 2018, 2019). In this study, CAT 
activity decreased gradually with the decrease in tempera-
ture and increased under − 2 °C. POD and SOD activities 
increased at first and then reduced; nonetheless, both reached 
a peak under 2 °C. The results indicated that POD and SOD 
activities were induced by chilling stress, while CAT activ-
ity was sensitive to freezing stress. Tian et al. (2019) found 
that CAT activity decreased gradually in drought stressed-
rapeseed plants, while POD and SOD activities increased at 
first and then reduced under stress conditions compared to 
control plants. Yan et al. (2019) found that the CAT activity 
of C18 under freezing stress was higher than that under chill-
ing stress, but that of SOD had no differences. In addition, 
this study also found that exogenous serotonin increased 
CAT activities, POD, and SOD under cold stress. Serotonin 
was considered free radical scavengers and antioxidants, 
removing ROS (Soumya 2018). The previous findings have 
shown that serotonin can alleviate ROS damage to plants 

Fig. 5  The effects of serotonin on the relative expression of SOD-related genes in rapeseed under cold stress. a Relative expression of Cu/Zn-
SOD-1-1; b relative expression of Cu/Zn-SOD-1-2. Error bars represent SD (n = 3)

Fig. 6  The effects of serotonin on the relative expression of COR genes in rapeseed under cold stress. a Relative expression of COR6.6; b rela-
tive expression of COR15. Error bars represent SD. (n = 3)
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under abiotic stress by increasing the activity of antioxidant 
enzymes (Soumya 2018; Tian et al. 2019). Interestingly, it 
has been found that serotonin can directly regulate the tran-
scription level of antioxidant enzymes and improve tolerance 
of abiotic stress in the plant (Sharma et al. 2020; Mervat and 
Ahmed 2020).

Cu/Zn-SOD accounts for the largest proportion of SOD 
enzymes, and it plays a key role in scavenging ROS. Cu/
Zn-SOD is closely related to cold, salt, and other abiotic 
stress tolerance in plants (Song et al. 2006). In the present 
study, qRT-PCR results showed that exogenous serotonin 
significantly increased Cu/Zn-SOD genes’ expression under 
cold stress, especially when the temperature was below 0 

°C. Indicating that serotonin could increase the transcrip-
tion level of SOD related genes, which explained the rise in 
the activity of SOD enzymes. Cen et al. (2020) also found 
that the metabolite of serotonin (melatonin) could increase 
the expression of Cu/Zn-SOD enzyme-related gene under 
salt stress (Cen et al. 2020). Several researches indicated 
that melatonin increased antioxidant enzymes’ activity and 
transcriptional level of antioxidant enzyme-encoding genes 
under drought, salt, and low-temperature stress (Yu et al. 
2018; Sharma et al. 2020).

The signal pathway of an inducer of CBF expression 
(ICE), C-repeat binding factor(CBF), and cold-respon-
sive (COR) genes plays a vital role under cold stress in 

Fig. 7  The effects of serotonin on the relative expression of CBF 
genes in rapeseed under cold stress. a–d relative expression of CBF1 
(CBF1-1, CBF1-2, CBF1-3, CBF1-4); e,  f relative expression of 

CBF2 (CBF2-1, CBF2-2); g, h relative expression of CBF4 (CBF4-1, 
CBF4-2). Error bars represent SD (n = 3)
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plants (Yan et  al. 2019). Therefore, the expression of 
some genes in this pathway was analyzed in this study. 
The results found that the pretreatment of serotonin signifi-
cantly increased the expression levels of COR6.6, COR15, 
CBF1, CBF2, and CBF4 genes in rapeseed compared with 
CK under cold stress. It was indicated that serotonin was 
involved in the transcription network of rapeseed under 
cold stress by regulating COR and CBF genes’ expres-
sion. Shi et al. (2015) also found that the metabolite of 
serotonin (melatonin) can improve tolerance to salt dam-
age, drought, and low-temperature stress by regulating the 
expression of AtCBF1, AtCBF2, AtCBF3, and COR15a in 
Arabidopsis (Shi et al. 2015). Moreover, the expression 
of genes related to the ABA-dependent signaling pathway 
under cold stress was also analyzed. The results showed 
that serotonin did not affect gene expression related to the 
ABA-dependent signaling pathway under cold stress. This 
indicated that serotonin did not increase cold tolerance 
through the ABA-dependent pathway in rapeseed.

Conclusions

In conclusion, exogenous serotonin improved cold toler-
ance by maintaining the osmotic potential balance in cells 
under cold stress by increasing osmolytes’ content (SS, SP, 
and proline). On the other hand, serotonin also advances 
ROS scavenging by increasing the activity of antioxidant 
enzymes (CAT, POD, and SOD) and the transcriptional 
level of stress-related genes in rapeseed. Besides, sero-
tonin also participated in the signaling network of cold 
tolerance by promoting the expression of CBFs and CORs. 
Therefore, future research should focus on how serotonin 
regulated CBFs and CORs genes and how to apply seroto-
nin in rapeseed production under adverse stress.
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