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Abstract
Background: Although previous studies have found that melatonin can promote seed germination, the
phytohormone regulation mechanism by which exogenous melatonin mediates salt tolerance during
cotton seed germination is still largely unknown. We investigated the effect of melatonin on the
germination traits and physiological parameters of GXM9 cotton seeds (Gossypium hirsutum L.) under
three salt stress treatments (CK, germination of seeds pretreated with water alone; S, germination of
seeds pretreated in 150 mM NaCl under salt stress; SM, germination of seeds pretreated in 20 µM
melatonin under 150 mM NaCl solution) in the laboratory.
Results: We found that salt stress (150 mM) inhibited cotton seed germination and endogenous
melatonin accumulation, and pretreatment with 20 µM exogenous melatonin enhanced the cotton
germination rate and hypocotyl length as well as the content of endogenous melatonin during seed
germination. This suggests that exogenous melatonin promotes seed germination from a morphological
perspective. The contents of starch, α-amylase (EC3.3.1.1), β-galactosidase (EC3.2.1.23), abscisic acid
(ABA), and gibberellin (GA) were determined simultaneously. The results showed that the α-amylase and
β-galactosidase contents in the cotton seeds decreased by 56.97% and 20.18%, respectively, under salt
stress compared with the control, while the starch content increased by 11.53% compared with the control
at day 7. The ABA content increased by 25.18% and GA content decreased by 27.99% under salt stress
compared with the control at 24 h. When exogenous melatonin was applied to the cotton seeds, the
content of α-amylase and β-galactosidase increased by 121.77% and 32.76%, respectively, whereas the
starch contents decreased by 13.55% compared with the S treatment at day 7. Similarly, the ABA content
increased by 12.20% and the GA content increased by 4.77% at 24 h. To elucidate the molecular
mechanism by which melatonin promotes seed germination under salt stress, the effects of ABA- and GArelated genes on plant hormone signal transduction were analyzed by quantitative real-time PCR and RNA
sequencing. The results indicated that melatonin regulated the expression of ABA and GA genes in the
plant signal transduction pathway, induced embryo root development and seed germination, and
alleviated dormancy. We found that the expression of the ABA signaling gene GhABF2 was up-regulated
and GhDPBF2 was down-regulated, and the expression of GA signaling genes (e.g., GhGID1C and
GhGID1B) was up-regulated by melatonin.
Conclusions: We discovered that melatonin enhances salt tolerance in cotton seeds by regulating ABA
and GA and by mediating the expression of hormone-related genes in plant hormone signal transduction.
This should help us to explore the regulatory mechanisms of cotton resistance and provide a foundation
for the cultivation of new varieties.

Background
In recent years, abiotic stresses, such as salinity, low temperature, drought, and cold, have affected plant
growth and quality, which has signi cantly reduced agricultural production and crop yield [1–2]. Arid and
semi-arid climates are characterized by high soil salinity, and anthropogenic factors such as poor
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irrigation practices also contribute to increased salinity in agricultural land [3]. Salt stress is still a major
factor affecting crop production and plant development in rice, cabbage, Bixa orellana, and other crops
around the world [4–6]. Under salt stress, the seed germination, lateral root formation and biomass are
signi cantly inhibited [7–8]. High salinity has negative effects on various plant processes, causing cell
membrane damage and reducing antioxidant activity and osmotic regulation [9–13].
Plant hormones play a critical and even decisive role in regulating plant growth and development.
Different hormones interact with each other to exert their respective biological functions. Abscisic acid
(ABA) is a hormone that mediates the plant response to abiotic stress and is antagonistic to gibberellin
(GA). Salt stress may cause changes in ABA and GA by activating catabolism enzymes in seeds [14]. The
fundamental means by which stress affects plant morphology and physiology is by inducing gene
changes at the molecular level. The expression of salt tolerance genes is regulated by transcription
factors in the alkaline leucine zipper (bZIP), WRKY, MYB (v-myb avian myeloblastosis viral oncogene
homolog), and NAC families [15]. ABF2 is a key gene in the ABA signal transduction pathway and plays
an essential role in regulating downstream expression by reducing stress-responsive genes and improving
stress tolerance [16].
Cotton (Gossypium hirsutum L.) is an economic crop that has an important role in global economic
development [17]. Eighty-seven percent of the world’s cotton growing areas are in developing countries,
and China’s cotton planting area has reached 5.9 million hectares [18]. Seeds in the germination stage are
susceptible to abiotic (e.g., salinity stress, temperature stress) and biotic stresses (e.g., seed predators,
pathogens). When the root tips of the seeds appear through the seed coats during the germination
process, they are stimulated by the external environmental and initiate a series of rapid morphological
and physiological changes [19]. Research on cotton seed germination under stress is thus of great
signi cance to farming.
Melatonin (N-acetyl-5-methoxytryptamine) is widely found in plants and animals [12, 20, 21]. In 1958,
melatonin was rst discovered in the pineal gland [22]. The physiological functions of melatonin in
humans are widely understood and include the scavenging of reactive oxygen, regulation of circadian
rhythms, and the control of metastatic diseases [22–23]. In the following years, melatonin was rst
discovered in tomato fruits and ivy-leaved morning glory (Convolvulaceae) [24–27]. Over the years, the
application of melatonin in plants has become a pertinent topic in plant stress resistance research.
Recently, the alleviatory effect of melatonin on plants under vanadium stress [28], drought stress [29],
nano zinc oxide stress [30] and other conditions has been demonstrated. Melatonin may be a lipophilic
and hydrophilic compound that reacts with hydroxyl radicals and peroxyl radicals [31–32]. Melatonin
mediates seed germination, root length, antioxidant enzyme activity, leaf senescence, phytohormone
synthesis, and metabolism under stress [33–37]. Sharif et al [26] reported that melatonin serves as an
antioxidant, protecting cells and reducing ROS by repairing the mitochondria [26, 38]. With the growing
research on melatonin in plants, researchers have revealed the function of melatonin from different
aspects under stress, including at the phenotypic, physiological, and molecular levels.
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Under salt stress, exogenous melatonin treatment was found to signi cantly increase rice germination
index (GI), germination potential (GP), vital index (VI), and root vigor, and reduce relative electrolytic
leakage [39]. Similar results have been obtained in various plants, including in watermelon, tomato, and
rapeseed seedlings under different stresses [34, 35, 28]. Melatonin can promote the activity of α-amylase
and β-amylase in cotton seeds and reduce the inhibitory effect of sodium chloride stress on seed
germination [33]. The ABA level increased in tomato under drought stress through the high expression of
SlNCED in the roots and leaves [40], but an exogenous melatonin treatment down-regulated the
expression of ABA biosynthesis genes to avoid heat-induced leaf senescence in perennial ryegrass [41].
Melatonin treatment upregulated the expression of key genes involved in GA biosynthesis and
downregulated key genes involved in ABA biosynthesis to promote nutrient utilization, synthesize new
proteins, and enhance Limonium bicolor seed germination under salt stress [42]. Additionally, Ge et al
reported that GID1C had positive effects on the GA signaling pathway during seed germination [43].
Understanding the regulatory effects of melatonin on plants under stress is important. However, little is
known regarding the regulatory effect of melatonin on the germination of cotton seeds under salt stress,
and the molecular regulatory mechanism of melatonin on ABA and GA signal transduction during cotton
seed germination remains unclear. Therefore, in the present study, we analyzed the role of exogenous
melatonin in the salinity tolerance of cotton seeds by evaluating the germination traits, physiological
parameters, and associated molecular mechanisms. Our aims were to explore the regulatory effects of
melatonin on salt resistance in cotton and provide a foundation for the cultivation of new resistant
varieties.

Results

Melatonin pre-treatment promotes GR, GP, and GI in cotton
under salt stress
High concentrations of salt inhibit seed germination or promote dormancy [44]. Our results demonstrated
that melatonin has an unexpected role in cotton seed germination. As shown in Table 2, compared with
CK (control), GR was decreased signi cantly by 18.00% under salt stress, while pre-soaking with 20 µM
melatonin alleviated the inhibitory effects of salt stress. According to our data, the GR of cotton seed
pretreated with melatonin increased by 11.23% compared with that of salt stress after germination. The
seed GP under salt stress was 69.67%, which was 17.19% lower than CK. The GP of the seeds increased
signi cantly after adding melatonin. In the germination experiment, the number of germinated seedlings
was recorded daily to calculate GI. Similarly, signi cant differences between salt stress and pre-melatonin
were observed. Melatonin may promote seed germination when cotton seeds suffer from salt stress.
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Treatment

Germination rate
(%)

Germination
potential (%)

Germination
index

CK

89.63 ± 4.02a

84.13 ± 3.83a

1048.50 ± 41.26a

S

73.30 ± 1.86c

69.67 ± 2.30c

883.75 ± 20.03c

SM

81.53 ± 2.07b

75.53 ± 2.17b

959.23 ± 20.69b

Signi cant difference between different treatments at P < 0.05 based on Tukey’s multiple range test.
Different lowercase letters indicate signi cant differences at the 0.05 probability level (P < 0.05)
according to and Tukey’s multiple range tests. Values are the mean ± SEs, calculated for six
replications. CK: germination of seeds pretreated with water alone; S: germination of seeds pretreated
with 150 mM NaCl under salt stress; SM: germination of seeds pretreated with 20 μM melatonin under
150 mM NaCl solution.
Table 2
Effect of different treatments on the GR, GP, and GI of cotton seed.

Melatonin pre-treatment promotes the hypocotyl length of
the cotton seeds under salt Stress
The radicles of seeds that germinated at the same time were scanned at 2 d, 4 d, and 6 d. As shown in
Fig. 1A, melatonin pre-treatment signi cantly increased hypocotyl elongation. After treatment for 2 d, the
hypocotyl length in the CK group was signi cantly higher than that in the S and SM group, and the
hypocotyl diameter was slightly longer than that of the S group. On the fourth day of seed germination
following melatonin treatment, the cotyledons broke through the seed coat, while no cotyledons emerged
in CK and S. On day 6 of seed development in the S group, the cotyledons had broken through the seed
coat, but the hypocotyl was short and small, and the root tips were damaged. In contrast, pre-treatment
with melatonin promoted radicle growth, which was not observed in the S group. To further evaluate this
effect, the hypocotyl length at 7 d of seed germination was measured with a Vernier caliper (Fig. 1B). The
hypocotyl length under salt stress was 40.81% shorter than that of the control, whereas the hypocotyl
length of the melatonin pre-treatment group was 33.58% longer than that under salt stress. The hypocotyl
length and phenotype thus con rm the positive effect of melatonin on cotton seed germination under salt
stress.

Melatonin pre-treatment improves starch content, α-AMS,
and β-GAL in cotton under salt stress
As the main carbohydrate in plant seeds, starch provides signi cant nutrients for seed germination. To
investigate the effect of melatonin on the starch content of the cotton seeds under salt stress, various
cotton seed germination parameters were determined at 7 d. As indicated in Fig. 2A, the starch contents
of the seeds under the salt treatment were 11.53% higher than that of the control. During seed
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germination under salt stress, starch hydrolysis is inhibited, which makes it di cult to provide large
amounts of nutrients for the seeds, thus ultimately inhibiting seed germination. The starch content of the
melatonin treatment group decreased by 13.55% compared with the S treatment. This result indicated
that melatonin promoted starch hydrolysis, thus providing nutrients for the seeds and delaying the
inhibitory effect of salt stress on the cotton seeds.
α-AMS is the most important hydrolytic enzyme in the early stage of seed germination and directly
determines the germination rate of the seeds. β-GAL is an enzyme involved in cell wall degradation and
provides an essential energy source for seed germination. Therefore, we further determined the α-AMS
and β-GAL contents of the cotton seeds under the different treatments (Fig. 2B). The data showed that
the α-AMS content of the cotton seeds was signi cantly decreased by 56.97% under salt stress compared
with that of CK, while melatonin treatment signi cantly improved the content of α-AMS, although the
quantity was less than under normal conditions. The β-GAL content was signi cantly decreased by
20.18% under salt stress compared with that of the control. Melatonin pretreatment greatly increased the
content of β-GAL by 5.96% and 32.76% in comparison to CK and S, respectively (Fig. 2C). This
demonstrates that melatonin plays a key role in nutrient promotion in cotton seed metabolism.

Melatonin is involved in cotton seed germination
To investigate the effect of salt stress on melatonin concentration in cotton seeds during germination, we
analyzed the melatonin content in cotton seeds at different time points (0, 6, 12, 24 h) under different
treatments. As indicated in Fig. 3, under normal conditions, the melatonin content peaked (42.56 ng g− 1)
at 12 h and then tended to decline. Under salt stress, the melatonin content was signi cantly decreased
by 17.81%, 39.96%, 31.34%, and 16.63% at 0, 6, 12, and 24 h, respectively. This may be due to the
degradation of endogenous melatonin under salt stress. The melatonin content of the cotton seeds
pretreated with melatonin was signi cantly increased compared with CK and S. The melatonin content of
the seeds pretreated with 20 µM melatonin for 0 h (63.76 ng g− 1) was three times higher than that in the
control group. As the germination time of the cotton seeds was extended, melatonin was consumed
continuously to resist the inhibitory effect of the salt stress. Notably, the content of melatonin was
obviously increased at the early stage of seed germination under CK and S, especially at 12 h. The
melatonin content under CK and S reached 42.56 ng g− 1 and 32.41 ng g− 1, respectively, which is about
twice that at 0 h. This suggests that the metabolism of each treatment is very vigorous at the beginning
of germination and then tends to eventually stabilize. Similarly, at 6 h after germination, the melatonin
content of the seeds pre-treated with melatonin was signi cantly reduced, indicating that exogenous
melatonin played an additional role in seed germination.

Melatonin pre-treatment increases phytohormones under
salt stress in cotton
Page 6/29

The phytohormones ABA and GA are necessary regulators of seed germination. To further study the
effect of melatonin on plant hormones, we measured the content of ABA and GA at 0, 6, 12, and 24 h
under different treatments. As shown in Fig. 4A, under control conditions, the ABA content gradually
decreased with the seed germination process, indicating that ABA compounds are inhibited during seed
germination and that seed dormancy is also broken. However, salt stress led to an increase in ABA
content. The ABA content under salt stress increased by 6.93%, 65.08%, 49.81%, and 25.13% at 0, 6, 12,
and 24 h, respectively, compared with CK, indicating that the synthesis pathway of ABA was activated, or
its degradation pathway was inhibited under salt stress. It was also observed that ABA content peaked at
6 h after germination under salt stress, at which point it was 65.06% higher than that of the control.
Exogenous melatonin decreased the ABA content in the cotton seeds, exhibiting a trend of rst rising and
then falling at the germination stage. ABA content also peaked at 6 h and decreased at 12 h after
germination, indicating that cotton seed dormancy was broken, and seed germination was promoted by
melatonin pretreatment.
ABA and GA are classical plant hormones that have antagonistic effects on seed germination. With the
extension of the seed germination time, the GA content increased constantly under the different
treatments, showing that GA level is a key factor affecting seed germination (Fig. 4B). Salt treatment
signi cantly inhibited GA3 synthesis during the seed germination phase. GA3 content was signi cantly
decreased by 32.38%, 33.40%, and 27.99% at 6, 12, and 24 h, respectively, compared to that of the control.
As expected, melatonin treatment signi cantly increased the GA3 content during cotton seed germination.
The GA3 content was 23.80%, 13.70%, 78.39%, and 4.77% higher, respectively, compared with that of the S
treatments seeds. In addition, the content of GA3 increased sharply at 12 h after germination, showing
that seed germination was accelerated by melatonin. Meanwhile, only melatonin pretreatment had a
33.43% higher GA3 content than CK at 0 h. Therefore, melatonin can promote GA3 accumulation and
reduce salt damage to cotton seed.

Melatonin pre-treatment regulates phytohormone signal
transduction genes under salt stress
To further prove that melatonin promotes germination under salt stress by regulating the expression of
hormone signal transduction genes, we used GhHIS as the housekeeping gene and analyzed the
expression of key genes using qRT-PCR, including the ABA genes GhABF2 (Gh-A03G2095), GhDPBF2 (GhA09G0901) and GA genes GhGID1C (Gh-A13G1518) and GhGID1B (Gh-D11G1242). As indicated in
Fig. 5A, GhABF2 was generally down-regulated in the control and up-regulated under salt stress and premelatonin during germination; however, GhDPBF2 was generally down-regulated in all treatments during
germination. When salt stress was administered, the expression level of GhABF2 and GhDPBF2 was
signi cantly increased at 6, 12, and 24 h of seed germination. These changes in GhABF2 and GhDPBF2
expression levels may be related to the increased content of ABA caused by salt stress. Melatoninpretreated seeds had lower expression levels of GhABF2 at 6 h and higher expression levels of GhABF2 at
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12 and 24 h than those of S at 1.70- and 1.56-fold, respectively. Melatonin-pretreated seeds had lower
expression levels of GhDPBF2 at 6, 12, and 24 h than those of S at 1.30-, 1.06-, and 1.19-fold, respectively.
This suggests that melatonin up-regulated the expression of GhABF2 and down-regulated the expression
of GhDPBF2 in the ABA signaling pathway under salt stress, which may be related to the decreased ABA
levels caused by melatonin (Fig. 5A-B).
We again analyzed the expression of key genes in the GA signaling pathway during seed germination. An
upward trend in the expression levels of GhGID1C and GhGID1B in the GA signaling pathway was
observed during seed germination. When salt stress was administered, the expression levels of GhGID1C
and GhGID1B decreased during seed germination, except at 24 h. These changes in GhGID1C and
GhGID1B expression levels may be related to the down-regulation of GA biosynthesis. Melatoninpretreated seeds had higher expression levels of GhGID1C and GhGID1B at 12 h (38.54% and 25.73%) and
at 24 h (140.08% and 84.22%), respectively, than S. This suggests that melatonin increased the content of
GA and mediated the up-regulated expression of GhGID1B and GhGID1C genes in the GA signaling
pathway under salt stress during seed germination (Fig. 5C-D).
In addition, the GhABF2, GhDPBF2, GhGID1C, and GhGID1B genes were veri ed by RNA-Seq (Fig. 6). The
changes in gene expression at different germination time points were consistent with those of the qRTPCR data. The results indicated that all changes were related to melatonin, which regulated the
expression of related genes at the molecular level.

Discussion
In addition to being a critical stage in the initiation of the plant life cycle, seed germination is also the
stage most sensitive to environmental factors during the plant growth process [45]. Salt stress has been
found to reduce the GP, GI, and antioxidant enzyme activity in seedlings [46, 47, 48, 35]. Pre-treatment with
melatonin not only promotes germination but also signi cantly improves the growth of young roots and
the accumulation of nutrients [41]. Suitable melatonin concentrations can effectively alleviate the impact
of salt stress on seed germination [49]. In this study, we found that melatonin enhanced cotton seed
germination under typical salinity stress conditions. The data are consistent with previous reports on
cucumber seedlings [49, 33].
Arnao et al. [50] determined the endogenous melatonin level under different stresses in lupin plants, and
the results showed that the endogenous melatonin levels were the product of environmental stress. High
levels of melatonin are also essential components for cucumber seed germination [49]. During the cotton
seed germination process in the present study, the melatonin content in the seedlings pre-treated with
melatonin showed a decreased trend. This may be due to the degradation of melatonin under salt stress,
as melatonin plays a key role in the perception of external stimuli by the cells and the adaptation to salt
stress [51, 52].
It is well known that starch provides energy for seed germination and is the main carbohydrate storage
organ for seed growth. Starch biosynthesis is closely related to photosynthesis, and α-AMS and β-GAL are
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important hydrolytic enzymes in seed germination that can induce the body to hydrolyze starch and
provide the energy required for seed germination, playing an important role in plant growth [53, 54]. Salt
stress stimulates electron transport in photosynthesis, which signi cantly increases the number of
chloroplasts and starch accumulation in the chloroplasts [55–57]. The activity of α-AMS and β-GAL
decreased under salt stress, thus reducing the hydrolysis of starch, as veri ed in our cotton experiment.
Previous results have revealed that melatonin is closely structurally associated with indole-3-acetic acid
[58], as are their metabolic pathways, promoting the activity of various enzymes and the expansion of
cells, as also determined in Lupinus micranthus [59–60]. Proteomics data suggest that melatonin
upregulates enzyme (α-amylase) activity in related metabolic pathways and promotes starch metabolism
to produce ATP [33]. Our results showed that melatonin pre-treatment enhanced the activity of α-AMS and
β-GAL and promoted starch hydrolysis, thus providing nutrients for seed germination and promoting
cotton seed germination under salt stress. However, no further complex regulatory mechanism associated
with synthesis and metabolism was observed.
ABA and GA are classic plant hormones that regulate plant growth and abiotic stress and have
antagonistic effects on seed germination and dormancy [61]. The content of GA and ABA in cucumber
seeds changed signi cantly within 24 h after germination [52], which was consistent with our results
(Fig. 5). The roles of ABA and GA in plant hormone signal transduction were analyzed using RNA-Seq
(Fig. 6). The receptor signal in the ABA-activated membrane is transferred to the receptor protein
PYR/PYL (Fig. 7A). ABA rst binds to PYR1 and then binds to PP2C to inhibit PP2C. PP2C maintains the
activity of the SnRK2 receptor protein through dephosphorylation, and the active SnRK2 further activates
the downstream transcription factor ABF, thereby initiating gene expression and leading to seed
dormancy and stomatal closure [62–63]. In addition, under the same conditions, GAs sense external
signals and enter the nuclear membrane through the cell membrane. Previous studies have proved that
the GID1 protein is a soluble GA receptor [64]. After the activation of the GID1 protein, the N-terminal
domain of the DELLA protein interacts with the GID1 protein [65–66]. GID1 mediates DELLA protein
degradation, and the DELLA protein acts as a repressor and inhibits plant development. Finally, GA
promotes seed germination and plant growth by degrading the DELLA protein [67] (Fig. 7B).
Through comprehensive analysis, we found that there were signi cant differences in the expression of
genes related to the ABA and GA signaling pathways (Fig. 8). The changes in gene expression, including
GhABF2, GhDPBF2, GhGID1C, and GhGID1B, in the cotton seeds were veri ed by qRT-PCR, the results of
which were consistent with the RNA-Seq data at the different germination times. Salt stress signi cantly
upregulated the expression of the GhDPBF2 gene. Melatonin thus inhibits the expression of the GhDPBF2
gene and induces the expression of the GhGID1B gene in response to salt stress. Therefore, melatonin
may interact with other plant hormones to regulate gene expression (Fig. 8). Melatonin plays a key role
via two aspects (Fig. 9). Firstly, it induces a decrease in ABA content during seed germination, which
downregulates the expression of GhDPBF2 and upregulates the expression of the GhGID1B and GhGID1C
genes in the GID1 receptor protein of the GA signaling pathway. It is also involved in the regulation of
genes and proteins for improving seed germination and salt tolerance [68].
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Conclusions
We comprehensively assessed the in uence of melatonin on cotton seed germination under salinity
stress in an economically valuable crop plant. Exogenous melatonin promoted seed germination by
mediating the expression of plant hormone signal transduction genes, thus inducing metabolic changes
(e.g., starch, α-AMS, and β-GAL). As indicated by the phenotypic data, melatonin can reduce salt stress
damage to the cotton seeds and promote seed germination. Our study is the rst to explore the effects of
melatonin on cotton germination and has implications for the breeding and engineering of resilient cotton
seeds. Future research should explore the mechanism by which melatonin reduces salt stress and
promotes plant growth. Our ndings provide a foundation for the breeding of new and high-yield cotton
varieties.

Methods

Reagents
All chemicals used in the experiments were of analytical grade. Melatonin (N-acetyl-5-methoxytryptamine)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents were purchased from
Sinopharm Chemical Reagent Beijing Co., Ltd, (Beijing, China).

Plant materials
The following experiments were conducted in the laboratory at Hebei Agricultural University, Baoding
(38.85°N, 115.30°E), China. GXM9 (Gossypium hirsutum L.), a commercial cotton cultivar used locally,
was used in this study. This cultivar was developed by the Guoxin Rural Technical Service Association of
Hejian Co., Ltd, (Hebei, China ). Brie y, similar seeds were screened according to their size and mass.

Germination tests
A NaCl concentration of 150 mM and melatonin concentration of 20 µM were selected for seed
germination [69]. Five hundred cotton seeds were sterilized with 75% ethanol for 17 min and rinsed in
distilled water four times. They were then divided into three treatment groups: CK (germination of seeds
pretreated with just water); S (germination of seeds pretreated in 150 mM NaCl under salt stress); and SM
(germination of seeds pretreated in 20 µM melatonin under 150 mM NaCl solution). Each group was
soaked in the different solutions for 24 h and then placed onto an ultra-clean table to dry. One hundred
cotton seeds were spread across a total of ve Petri dishes (15 cm × 15 cm) with lter paper (Whatman
International Ltd.) and cultured at 25 °C and 50% humidity for 7 d in an incubator in the dark. Seed
germination was characterized by the emergence of the germinating root tip through the seed coat and
the appearance of a visible radicle. Seed germination potential and germination rate were recorded on the
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third and seventh day, respectively. All phenotypic measurements included six independent biological
repeats.

Germination rate (%) = (number of germinated seeds by day 7/ total number of test seeds) x100
Germination potential (%) = (number of germinated seeds by day 3/ total number of test seeds) x100
Germination index = ∑(Gi / Ti), where Gi is the germination percentage of the ith day, and Ti is the day of
the germination test.

Morphological observation and determination of hypocotyl
length
Cotton seeds from the three treatments (CK, S, SM) were placed in incubators (25 °C and 50% humidity)
for 7 d. Cotton seed morphology was observed at 2, 4, and 6 d. The hypocotyl length of 20 cotton seeds
was measured on day 7 with a Vernier caliper. Six independent biological repeats were measured.

Determination of α-amylase, β-galactosidase, and starch
content
Cotton seeds from the three treatments (CK, S, SM) were placed in incubators for 7 d. The activity of αamylase (α-AMS) and β-galactosidase (β-GAL) in the cotton seeds was measured on the 7th day of
cotton seed germination according to the manufacturer’s protocol of the kit from the Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Six independent biological repeats were measured. All samples
were rapidly frozen in liquid nitrogen and stored at − 80 °C before analysis.
Fresh germinating seed samples of 0.3 g were weighed and combined with 2.7 mL of phosphate buffer.
The mixture was ground thoroughly at a low temperature (0–4 °C), swirled, and mixed for 3 min, following
which it was centrifuged at 3500 g for 10 min. The supernatant was collected and stored at − 80 °C until
analysis by the Nanjing Jiancheng Bioengineering Institute. The starch content was measured on the 7th
day of cotton seed germination using a starch kit from the Nanjing Jiancheng Bioengineering Institute.

Extraction and determination of melatonin
Melatonin was extracted from 20 cotton seeds at four time points (0, 6, 12, 24 h) from the beginning of
the seed germination trial according to Pothinuch et al. [70], with slight modi cations. Three independent
biological repeats were assessed. All samples were rapidly frozen in liquid nitrogen and stored at − 80 °C
before analysis.
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Cotton seeds (0.3 g) were ground in liquid nitrogen, combined with 2 mL sample extract, ground into a
homogenate in an ice bath, and extracted for 4 h. The solution was then centrifuged at 1000 g at 4 °C for
15 min, following which the supernatant was transferred to a 10 mL Eppendorf tube for storage at 4 °C.
This process was repeated three times. The supernatants were applied to C-18 cartridges (Sep-Pak Vac
3 cc, C18 Cartridges, Ireland), and the eluate was collected. The collected samples were dried under a
nitrogen stream to remove the methanol, and a certain volume of diluent was added for sample
determination. The melatonin content was determined by enzyme linked immunosorbent assay (ELISA)
using the Plant MT ELISA KIT produced by Shanghai MLBIO Biotechnology Co. Ltd (Shanghai, China).
Data were analyzed using a microplate reader (Bio Tek Instruments, Inc, USA) following the
manufacturer’s instructions.

Extraction and assay of phytohormone ABA and gibberellin
(GA3)
ABA and GA in the seeds were determined at different time points (0, 6, 12, 24 h) during the germination
phase using an ELISA kit provided by China Agricultural University and included three independent
biological repeats. All samples were rapidly frozen in liquid nitrogen and stored at − 80 °C before analysis.
Cotton seeds weighing 0.3 g were combined with 2 mL of sample extract, ground into a homogenate in
an ice bath, and transferred to a 10-mL test tube. The mortar was rinsed with 2 mL of extract, and the
solution was transferred to a test tube and shaken well, following which it was placed into a refrigerator
at 4 °C. The extract was extracted at 4 °C for 4 h and then centrifuged at 1000 g for 15 min. The
supernatant was obtained, and 1 mL of the extract was added to the pellet, stirred evenly, and then
extracted at 4 °C for 1 h. The mixture was then centrifuged for 15 min, mixed with the supernatant, and
the volume recorded. The supernatant was passed through C-18 (Sep-Pak Vac 3 cc, C18 Cartridges,
Ireland) solid-phase extraction columns and then transferred to a 5-mL plastic centrifuge tube,
concentrated under vacuum or dried under nitrogen to remove the methanol, and then diluted to a
constant volume in accordance with the protocol of the China Agricultural University Kit. The samples
were incubated with antibodies and measured at 492 nm with a microplate reader (Bio Tek Instruments
Inc., USA).

RNA isolation and quantitative real-Time PCR (qRT-PCR)
analysis
The total RNA of the cotton seeds at different time points (0, 6, 12, 24 h) was extracted using an
EASYspin Plus Kit (Alidlab company USA) according to the manufacturer’s protocol. About 100 mg of
each sample was extracted after germination by the liquid nitrogen grinding method. The RNA
concentration and purity were assessed on a NanoDrop 2000 spectrophotometer, and only RNA samples
with A260/A280 > 1.8 and A260/A230 > 2.0 were used for cDNA synthesis. Total RNA of 2 µg was reverse
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transcribed using a PrimeScript 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China). The primer
sequences used for the qRT-PCR analysis were designed by Primer Premier 6.0 software (Primer Premier,
Canada). The qRT-PCR reaction mixture was composed of 10 µL of AceQ qPCR SYBR Green Master Mix
(Vazyme, Nanjing, China), 8.5 µL of deionized water, 1 µL of ve-fold diluted template, and 0.5 µL of each
ampli cation primer. The cycling conditions were set as follows: initial denaturation of 95 °C for 5 min,
followed by 40 cycles of denaturation at 95 °C for 10 s and annealing at 60 °C for 30 s. Relative
expression levels were calculated according to the 2−△△CT method [71]. GhHIS was used as an internal
reference gene. The primer sequences for qRT-PCR of the signal transduction genes in cotton are shown
in Table 1.
gene name

Primer sequences (5’-3’)

GhHIS

F: ATACCGTCCTGGAACTGTTGCTCT
R: TTCAAAAAGACCCACAAGGTATGC

GhABF2

F: CCAATTTGCTGGGAAGGATAA
R: GGTAACTGGTGCTGGTTTGATT

GhDPBF2

F: CAAACTTCGGGATGGGACA
R: TCTAACAGGCGGTTGGTGC

GhGID1C

F: TCGCAAAGTCCCTGCTAATG
R: AGCTTCCACCGTGAAAGAAAA

GhGID1B

F: GTTCGGTGGGCAGATGAGA
R: TGAGACCTTCGAGGGTTCG

Table 1
Primers designed by qRT-PCR.

RNA-Seq quantitative analysis
Quantitative RNA-Seq analysis of the cotton seeds at different time points (0, 6, 12, 24 h) was performed
by Beijing Nuohe Zhiyuan Tech Co. Ltd. (Beijing, China). Total RNA was extracted with TRIzol and the
concentration of RNA was accurately determined using a Qubit2.0 uorometer. The integrity of the RNA
was detected by an Agilent 2100 bioanalyzer.
The library was constructed using the NEBNNext RNA Library Prep Kit from Illumina, and the starting RNA
of the library was total RNA. After the library was constructed, a preliminary quanti cation was performed
using a Qubit 2.0 uorometer. The insert size of the library was then detected by an Agilent 2100
bioanalyzer, and the effective concentration of the library was quanti ed by qRT-PCR.
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Differential expression analysis of the two comparisons was performed using DESeq2 software (1.16.1).
Cluster pro ler software was used to perform Gene Ontology (GO) enrichment analysis of the
differentially expressed genes and to statistically analyze the differentially expressed genes in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways.

Statistical analysis
The experiment was conducted according to a completely randomized design with six replications per
treatment group. The data were expr essed as the mean ± standard error, and statistical analysis was
conducted with SPSS software 22.0 (IBM Corp, Armonk, NY, USA). Tukey’s post-hoc tests were used to
determine which means differed signi cantly. A P-value of < 0.05 indicated a signi cant difference.
Graphs were drawn using GraphPad Prism 5.0 (GraphPad Software, Inc. USA).

Abbreviations
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Figures

Figure 1
Effects of melatonin on seed morphology under salt stress in cotton. (A) Phenotypes of the different
treatments at 2, 4, and 6 d. (B) Hypocotyl length of the cotton seedlings under different treatments at 7 d.
Different lowercase letters indicate signi cant differences at the 0.05 probability level (P <0.05) according
to Tukey’s multiple range tests. Vertical bars indicate the mean ± standard errors (SEs) calculated for six
replications. CK: germination of seeds pretreated with water alone; S: germination of seeds pretreated
with 150 mM NaCl under salt stress; SM: germination of seeds pretreated with 20 μM melatonin under
150 mM NaCl solution.
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Figure 2
Effects of melatonin on starch content (A), α-amylase (α-AMS) content (B), and β-galactosidase (β-GAL)
content (C) at 7 d under salt stress in cotton seeds. Different lowercase letters indicate signi cant
differences at the 0.05 probability level (P <0.05) according to Tukey’s multiple range tests. Vertical bars
indicate the mean ± SEs calculated for six replications. CK: germination of seeds pretreated with water
alone; S: germination of seeds pretreated with 150 mM NaCl under salt stress; SM: germination of seeds
pretreated with 20 μM melatonin under 150 mM NaCl solution.
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Figure 3
The melatonin content of the cotton seeds at different germination times under salt stress. Different
lowercase letters indicate signi cant differences at the 0.05 probability level (P <0.05) according to
Tukey’s multiple range tests. Vertical bars indicate the mean ± SEs calculated for three replications. CK:
germination of seeds pretreated with water alone; S: germination of seeds pretreated with 150 mM NaCl
under salt stress; SM: germination of seeds pretreated with 20 μM melatonin under 150 mM NaCl
solution.
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Figure 4
Effects of melatonin on phytohormones under salt stress in cotton seeds. (A) Abscisic acid content
(ABA). (B) Gibberellin (GA) content. Different lowercase letters indicate signi cant differences at the 0.05
probability level (P <0.05) according to Tukey’s multiple range tests. Vertical bars indicate the mean ± SEs
calculated for three replications. CK: germination of seeds pretreated with water alone; S: germination of
seeds pretreated with 150 mM NaCl under salt stress; SM: germination of seeds pretreated with 20 μM
melatonin under 150 mM NaCl solution.
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Figure 5
Effects of melatonin on the expression levels of key genes involved in the signaling of ABA and GA plant
hormones under salt stress in cotton seed by qRT-PCR. Single (*P < 0.05) asterisks denote statistically
signi cant differences between CK and S. (A) GhABF2, (B) GhDPBF2, (C) GhGID1C, and (D) GhGID1B. CK:
germination of seeds pretreated with water alone; S: germination of seeds pretreated with 150 mM NaCl
under salt stress; SM: germination of seeds pretreated with 20 μM melatonin under 150 mM NaCl
solution.
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Figure 6
Effects of melatonin on the transcript levels of ABA and GA genes in cotton seeds under salt stress.
Single (*P < 0.05) asterisks denote statistically signi cant differences between CK and S. (A) GhABF2, (B)
GhDPBF2, (C) GhGID1C, and (D) GhGID1B. CK: germination of seeds pretreated with water alone; S:
germination of seeds pretreated in 150 mM NaCl under salt stress; SM: germination of seeds pretreated
with 20 μM melatonin under 150 mM NaCl solution.
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Figure 7
Plant hormone signaling pathway-related gene expression. (A) Represents the change in genes involved
in the ABA signaling pathway. (B) Represents the change in genes involved in the GA signaling pathway.
The red frame represents up-regulated genes in the receptor, and the yellow frame represents downregulated genes in the receptor.
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Figure 8
Heatmap showing the DEGs involved in ABA (A) and GA (B) signaling pathways in cotton seeds under
salt stress. The colored bars represent the value [log2 (fold change)] of the change in gene expression of
the different stress treatments. Red represents up-regulated DEGs, and blue represents down-regulated
DEGs.
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Figure 9
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Schematic diagram of salt tolerance in melatonin-pretreated cotton seed. Salt stress regulates the
expression of plant signaling genes and reduces melatonin levels. Additionally, the signal gene induces
plant tolerance, mainly in terms of radical length, metabolite content, and phytohormone content. The
genes in red and blue are up-and down-regulated by melatonin, respectively.
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