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Thymol improves salinity tolerance 
of tobacco by increasing the sodium ion efflux 
and enhancing the content of nitric oxide 
and glutathione
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Abstract 

Background and objective:  Salt stress is one of the most important abiotic stresses affecting the yield and quality 
of tobacco (Nicotiana tabacum). Thymol (a natural medicine) has been widely used in medical research because of its 
antibacterial and anti-inflammatory activities. However, the influence of thymol on the root growth of tobacco is not 
fully elucidated. In this study, the regulatory effects of different concentrations of thymol were investigated.

Methodology:  Here, histochemical staining and biochemical methods, non-invasive micro-test technology (NMT), 
and qPCR assay were performed to investigate the effect of thymol and mechanism of it improving salinity tolerance 
in tobacco seedlings.

Results:  In this study, our results showed that thymol rescued root growth from salt stress by ameliorating ROS 
accumulation, lipid peroxidation, and cell death. Furthermore, thymol enhanced contents of NO and GSH to repress 
ROS accumulation, further protecting the stability of the cell membrane. And, thymol improved Na+ efflux and the 
expression of SOS1, HKT1, and NHX1, thus protecting the stability of Na+ and K+.

Conclusion:  Our study confirmed the protecting effect of thymol in tobacco under salt stress, and we also identified 
the mechanism of it, involving dynamic regulation of antioxidant system and the maintenance of Na+ homeostasis. It 
can be a new method to improve salinity tolerance in plants.
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Background
In recent years, soil salinization caused by natural and 
human factors has become a worldwide agroecological 

problem and continues to affect soil resources [1, 2]. 
More than one-fifth of the world’s arable land is currently 
under the threat of salt stress, which is a major challenge 
for plant growth [3, 4].

Salt stress affects the plant growth [5], with high salin-
ity resulting in a decrease in the germination rate of 
seeds, inhibition on the growth of primary root growth, 
decrease in the number of lateral roots, and withering 
and yellowing of leaves [6]. Salinity also accelerates chlo-
rophyll decomposition and decreases photosynthesis. In 
addition, salt stress causes osmotic stress, ion toxicity, 
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and oxidative stress in plants, which damaging cellu-
lar components such as membrane lipids, proteins, and 
nucleic acids and causing metabolic dysfunction [7, 8]. As 
a result, salinity stress decreases the yield and the quality 
of crops always decrease upon salinity stress. Under salt 
stress, plants have evolved sophisticated mechanisms to 
cope with salinity stress, including selective ion uptake/
exclusion, compartmentalization of toxic ions, synthesis 
of compatible products, adjustment of photosynthetic 
and energy metabolism, accumulation of antioxidative 
enzymes, regulation of hormones, and modification of 
cell structure [3, 5].

Preventing soil salinization and repairing saline soil 
may be the most fundamental approach to solving the 
salt stress problem; however, it has some limitations, such 
as difficult management, long period of application, and 
high cost. Therefore, it is important to find cheap, safe, 
effective, and practical regulators to alleviate salt stress. 
Exogenous regulation of plant salt tolerance is a kind of 
potential alternative. Presently, most of the exogenous 
substances are hormones, growth regulators, and signal 
substances. Therefore, it is essential to develop novel reg-
ulators with potential in field applications.

Thymol [5-methyl-2-(1-methylethyl) phenol] is an 
essential plant oil; it is a monoterpene phenol that is eas-
ily soluble in organic solvents. Thymol is widely used in 
medical research because of its relatively low price and 
low potential toxicity and risk. In addition, thymol has 
good antibacterial and anti-inflammatory activities, and 
can protect mouse livers by inhibiting lipid peroxidation 
[9]. In the food industry, thymol can be used as an anti-
oxidant and food additive to maintain the quality of fresh 
food [10–12]. In addition, many studies have found that 
thymol modulates intrinsic plant physiology against Cd 
(cadmium) stress [13] and rice tolerance to salinity stress 
[14].

Thymol may improve tobacco tolerance to salinity 
stress because of the oxidation resistance and protective 
effect against Cd. In this study, we observed the pheno-
type of tobacco roots and measured ROS accumulation, 
NO and GSH content, and Na+/K+ transportation. This 
study reveals the mechanisms and protective effects of 
thymol and provides a reference for applying thymol in 
tobacco against salt stress.

Results
Thymol mitigates Salt‑induced inhibition of tobacco root 
growth
To characterize the effect of salt on the growth of 
tobacco seedlings, 6-day-old seedlings were treated with 
0–200 mM NaCl for 72 h and the root length was meas-
ured. We found that 150 mM NaCl significantly inhibited 
root growth and reduced root length by 50% compared 

with the control (Fig.  1a). Then, the tobacco seed-
lings were allowed to grow in MS (Murashige & Skoog) 
medium containing 150 mM NaCl and different concen-
trations of thymol. Root length was slightly affected by 
thymol treatment alone (Fig.  1b). However, compared 
to NaCl treatment alone, the addition of thymol at 50 
and 100 mM remarkably increased root length (Fig. 1b). 
Finally, using a time-course experiment, we cultured the 
seedlings in MS medium containing water (C), 150 mM 
NaCl (S), 50 μM thymol (T), or a mixture of these (S + T). 
The results indicated that roots treated with S + T 
showed a higher root growth rate than those treated with 
S (Fig.  1c and d), further supporting that thymol miti-
gated salt-induced inhibition of tobacco root growth.

Thymol suppresses ROS accumulation in roots and leaves 
under Salt stress
Reactive oxygen species accumulation induced by salt 
stress is widely recognized as an important cause of dam-
age to plants [15]. We tested whether the H2O2 content 
in tobacco seedlings was regulated by thymol. Treatment 
with 150 mM NaCl resulted in a significant (P < 0.05) 
increase in H2O2 content; seedlings under S + T treatment 
had much lower H2O2 content, similar to the control group 
(Fig.  3 a). Then, endogenous H2O2 and O•−

2
 levels were 

evaluated in  situ in tobacco roots and leaves using DAB 
and NBT, respectively. The staining of seedlings grown on 
150 mM NaCl was darker than that of the control; seed-
lings treated with S + T showed minor staining (Fig. 2a, b, 
c, and d). These results suggest that thymol decreases salt-
induced ROS accumulation in tobacco seedlings.

ROS can act as a signal to activate the antioxidative sys-
tem under stress conditions in plants. Salt stress-induced 
ROS accumulation is accompanied by the enhancement 
of the activities of three antioxidative enzymes: SOD, 
POD, and CAT (Fig.  2e, f, and g). However, the addi-
tion of thymol decreased the activity of these enzymes in 
the salt-treated seedlings. This may be due to decreased 
endogenous ROS levels upon thymol application.

Thymol ameliorated salt‑induced lipid peroxidation 
and cell death in roots and leaves
MDA is the main product of lipid peroxidation. The 
increased MDA content and H2O2 content in tobacco 
seedlings showed a strong response to salt stress, which 
was repressed by applying thymol (Fig. 3a and b). Schiff’s 
reagent was used to measure lipid peroxidation in  situ. 
Under salt stress, the roots and leaves were stained 
pink, while those treated with S + T were stained lighter 
(Fig.  3c and e). Trypan blue was used to test cell death 
in tobacco roots and leaves. The results showed that 
root tips and leaves under salt stress showed extensive 
blue staining, while other seedlings were slightly stained 
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(Fig.  3d and f ). These results suggest that thymol could 
attenuate lipid oxidation and cell death in tobacco seed-
lings under salt stress.

Thymol increased the NO and GSH content in tobacco 
seedlings under salt stress
NO is an important defensive signaling molecule that helps 
combat salt stress [16]. Endogenous NO in tobacco roots was 

detected in situ using a specific fluorescent probe DAF-FM 
DA. In this study, we found that thymol enhanced endoge-
nous NO levels in roots under salt stress (Fig. 4a). Further-
more, GSH is a major antioxidant in plants, and the addition 
of thymol significantly increased the GSH content in tobacco 
seedlings in the presence or absence of NaCl (Fig. 4b). These 
results suggest that NO and GSH may be involved in thymol-
facilitated salt tolerance in tobacco seedlings.

Fig. 1  The effect of NaCl and thymol on the growth of tobacco seedlings. (a) The 6-day-old tobacco seedlings were transferred to plates 
containing 0–200 mM NaCl to measure root length after 72 h. (b) The seedlings were treated with 0–200 μM thymol and 150 mM NaCl for 72 h 
before measuring root length. (c) Tobacco seedlings were treated with water (C), 150 mM NaCl (S), 50 μM thymol (T) or the mixture of both (S + T) 
separately for 72 h. The root length was measured each 12 h. (d) The seedlings were photographed after 72-h treatment. Different letters indicate 
significant differences between the treatments (p < 0.05, ANOVA, LSD)
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Thymol mediated Na+/K+ transportation in tobacco 
seedlings under salt stress
Maintaining a balanced cytosolic Na+/K+ ratio has 
become a key salinity tolerance mechanism. Achieving this 

homeostatic balance requires the modulation of Na+ and 
K+ transporters and/or channels. The Na+ and K+ fluxes in 
the root tips and leaves were measured using non-invasive 
micro-test technology (NMT). We found that Na+ influx in 

Fig. 2  The effect of thymol on the accumulation of ROS in tobacco leaves and roots under salt stress. Tobacco seedlings were treated with water 
(C), 150 mM NaCl (S), 50 μM thymol (T) or the mixture of both (S + T) separately for 72 h. The roots were stained with DAB (a) or NBT (b) for 20 min to 
indicate H2O2 and O•−

2
 content, respectively. The seedlings were stained with DAB (c) or NBT (d) for 6 h to indicate H2O2 and O•−

2
 content in leaves. 

The activities of (e) SOD, (f ) POD and (g) CAT. Different lowercase letters in e-g, indicated that the mean values of three replicates were significantly 
different between the treatments (P < 0.05, ANOVA, LSD)
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Fig. 3  H2O2 and MDA content in tobacco seedlings and the effect of thymol on the lipid peroxidation and cell death in tobacco leaves and roots 
under salt stress. Tobacco seedlings were treated with water (C), 150 mM NaCl (S), 50 μM thymol (T) or a mixture of both (S + T) separately for 72 h. 
H2O2 content (a) and MDA content (b) in tobacco seedlings were detected using the kit. (c) The roots were stained with Shiff’s reagent for 20 min 
to indicate lipid peroxidation. (d) The roots were stained with trypan blue for 20 min to indicate cell death. (e) The leaves were supplied with Shiff’s 
reagent for 6 h to indicate lipid peroxidation. (f) Leaves were supplied with trypan blue for 6 h to indicate cell death in the leaves. Different lowercase 
letters in a-b indicate that the mean values of three replicates were significantly different between the treatments (P < 0.05, ANOVA, LSD)
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the root tip was induced by salt while thymol caused Na+ 
efflux (Fig. 5a), suggesting that the absorption of Na+ was 
inhibited by thymol in the root tip. In contrast to that in the 
root tip, Na+ efflux was observed in leaves treated with salt 
or thymol (Fig. 5c). In addition, we measured Na+ content 

in seedlings and the expression of known Na+ transporter 
genes, including NtSOS1, NtHKT1, and NtNHX1. Thy-
mol decreased Na+ content in seedlings under salt stress 
(Fig.  5e). In addition, thymol enhanced the expression 
levels of NtSOS1, NtHKT1, and NtNHX1 as compared to 

Fig. 4  Effect of thymol on NO and antioxidant system in tobacco seedlings under salt stress. DAF-FM DA fluorescence indicates total NO level 
(a). (b) GSH content. Different lowercase letters in b, indicated that the mean values of three replicates were significantly different between the 
treatments (P < 0.05, ANOVA, LSD)
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those in the salt treatment (Fig. 5g). These results suggest 
that thymol modulates Na+ transporters to maintain K+/
Na+ homeostasis in tobacco seedlings under salt stress.

Discussion
Thymol has drawn great attention from scientific research-
ers because of its antioxidant properties [17]. In this study, 
we found that thymol enhanced plant tolerance by increas-
ing NO and GSH content, and modulating Na+/K+ home-
ostasis in tobacco seedlings.

Increased ROS formation was observed in plants in 
response to both osmotic and ionic stresses associated 
with soil salinity, further resulting in oxidative stress and 
cell damage [18]. ROS (H2O2 and superoxide anion), can 
directly damage most cellular macromolecules and cause 
irreversible damage [8]. In contrast, ROS have also been 
proposed to act as signaling mediators of plant salinity tol-
erance. Plants scavenge excess ROS through the antioxi-
dant system to maintain cell homeostasis and reduce the 
harm caused by oxidative stress.

In the present study, we found that the growth of tobacco 
seedlings was strongly affected by salt stress. Salt stress sig-
nificantly inhibited the root growth of tobacco seedlings, 
which was attenuated by thymol treatment (Fig.  1). Under 
salt stress, H2O2 and O•−

2
 both in leaves and roots were 

decreased by thymol, suggesting that thymol effectively pre-
vented the over-accumulation of ROS in tobacco leaves and 
roots (Fig. 2). Furthermore, thymol led to a decrease in MDA 
content and the lighter staining of Schiff’s reagent in tobacco 
seedlings under salt stress, suggesting that lipid peroxidation 
and oxidative injury caused by salt stress were ameliorated 
by thymol (Fig. 3). ROS directly affects normal cellular func-
tioning and leads to cell death [19]. Therefore, our experi-
ments proposed that the decrease in ROS accumulation 
caused by thymol resulted in the mitigation of lipid peroxi-
dation and cell death in salt-treated tobacco seedlings.

Plants scavenge excess ROS through the antioxidant 
system to maintain cell homeostasis and reduce the harm 
caused by oxidative stress. Antioxidant systems include 
enzymes such as SOD, POD, and CAT and non-enzy-
matic antioxidants, such as glutathione, ascorbic acid, and 
carotenoids, which are important mechanisms for plants 
to resist salt stress [20]. Under salt stress, the activities of 
SOD, POD, and CAT were increased to scavenge the over-
accumulation of ROS. Furthermore, it was significantly 
increased when treated with thymol, suggesting that thy-
mol is an active antioxidant system that modulates ROS 
homeostasis (Fig. 2).

NO, an essential messenger that exists widely in plants, 
regulates multiple plant growth and development pro-
cesses. NO also modulates plant responses to various 
abiotic stresses, including salt, drought, and heavy met-
als. NO helps eliminate ROS through two pathways. First, 
NO can regulate ROS levels [21–23] by regulating O•−

2
 

and H2O2 production [21]. Second, nitroso glutathione 
(GSNO), generated via the reversible reaction of NO and 
GSH, is an endogenous regulator of NO and GSH home-
ostasis [24]. GSH reacts directly with ROS species [25], 
and participates in the ASA-GSH cycle to scavenge ROS 
[26, 27]. In this study, we found that thymol enhanced 
endogenous NO and GSH content in tobacco seedlings 
under salt stress. This may explain the decreased ROS 
content in the salt-treated seedlings in the presence of 
thymol. However, further studies are needed to deter-
mine whether thymol modulates GSNO to maintain the 
homeostasis of NO, GSH, and ROS upon salt stress.

Ionic stress, caused by excess Na+ accumulation, is an 
important component of salt stress. To relieve Na+ tox-
icity, some strategies have been developed to decrease 
Na+ content in the cytosol of plant cells, including sup-
pression of Na+ uptake and enhancement of Na+ com-
partmentalization [28]. The plasmalemma Na+/H+ 
antiporter, SOS1, transports Na+ out of the cell; high-
affinity K+ transporter, HKT, transports Na+ from stems 
to xylem; sodium-hydrogen exchanger, NHX, trans-
ports Na+ into the vacuole [29, 30]. In this study, Na+ 
influx was observed in roots treated with salt, which was 
repressed by the addition of thymol due to the activation 
of NtSOS1 by thymol. Thymol also induced the expres-
sion of NtHKT1, which is responsible for the tissue distri-
bution of Na+, which may also contribute to the decrease 
in total Na+ content in roots. K+ in tobacco seedlings was 
not significantly affected. Thus, thymol seems to main-
tain Na+ / K+ balance, likely through the regulation of 
Na+ transportation. In addition, NtNHX1 was induced by 
thymol, which may help root cells compartmentalize Na+ 
inside the vacuole to avoid Na+ toxicity in the cytosol. 
However, the subcellular distribution of Na+ in thymol-
treated tobacco seedlings requires further investigation 
(Fig. 6).

Conclusion
In this study, histochemical detection, histochemi-
cal staining, qPCR assay, and NMT were performed to 
demonstrate the protective effect of thymol in tobacco 

Fig. 5  Effect of thymol on Na+ and K+ content and the expression of Na+ transporter genes in tobacco seedlings under salt stress. Na+ and K+ flux 
in tobacco roots and leaves (a-d). Na+ and K+ content in tobacco seedlings (e and f). Relative expression level of NtSOS1, NtHKT1 and NtNHX1 (g). 
Different lowercase letters indicated that the mean values of three replicates were significantly different between the treatments (P < 0.05, ANOVA, 
LSD). The expression levels of NtSOS1, NtSOS1 and NtSOS1 in control were defined as “1”. Data are means ± SE (n = 3)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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seedlings against salt stress. Our results indicated that 
the application of thymol increased SOD, POD, and 
CAT activities for scavenging O•−

2
 and H2O2; hence, the 

stability of the membrane system was maintained, and 
cell death decreased in tobacco seedlings. Addition-
ally, it increased NO and GSH contents by promoting 
the decomposition of GSNO to scavenge the excessive 
accumulation of ROS. Furthermore, thymol activated 
NtNHX1, NtSOS1, and NtHKT1, which caused the reten-
tion of Na+ in vacuole, promotion of Na+ rejection, and 
promotion of the transfer of Na+ to xylem and phloem, 
respectively, thus decreasing the Na+ content to relieve 
ion toxicity in tobacco under salt stress. The detailed 
molecular mechanisms are still elusive, but these results 
provide a certain understanding of the physiological 
functions of thymol regarding to salt tolerance.

Methods
Plant culture, treatment, and chemicals
The tobacco seeds (K326) were washed ten times with dis-
tilled water and sown on the surface of the culture medium 
in a petri dish after being disinfected with 0.2% potassium 
permanganate solution for 30 min. (The tobacco seeds were 
provided by Yuxi Zhong Yan Seed Co., Ltd) They were cul-
tivated for 6–7 days in a plant growth cabinet with a light 
intensity of 5000 lx, air relative humidity of 50%, photoperiod 

of 12 h, and temperature of 26 °C. Then, seedlings with a root 
length of 0.5 cm were selected and transplanted into a new 
Petri dish containing NaCl and thymol alone or in com-
bination for 72 h. NaCl (0–200 mM) was added to the MS 
medium before sterilization. Thymol (0 - 200 μM) was mixed 
into 10,000 times mother liquor with alcohol, and then filter 
sterilized mother liquor was added to sterilized MS medium. 
The root length was measured every 12 h. After 72 h of incu-
bation, the plants were harvested for histochemical, physi-
ological, and biochemical analyses.

Histochemical detection
The DAB, NBT, Schiff’s reagent and trypan blue were 
used for the detection of H2O2, O•−

2
 , lipid peroxidation 

and cell death in roots and leaves, according to our previ-
ous publication [13].

To detect indicators in roots, 6-day-old seedlings 
treated for 72 h were transferred to different solutions 
at 25 °C for 20 min under a light. Then, the roots were 
washed with deionized water until apical discolora-
tion was observed, and the root tips were photographed 
under a stereoscopic microscope (SteREO Discovery.V8, 
ZEISS, Oberkochen, Germany).

The seedlings were excised at the base of the stem and 
stained with DAB, NBT, trypan blue, or Schiff’s reagent 

Fig. 6  Schematic model for thymol-induced salt tolerance in tobacco seedlings. Thymol deploys two strategies to increase the salt tolerance of 
tobacco seedlings. First, thymol promotes the scavenging of ROS by promoting the decomposition of GSNO and increasing the content of NO and 
GSH. Second, thymol activates NtNHX1 to stimulate vacuole retention of Na+, NtSOS1 to promote Na+ rejection, and NtHKT1 to promote the transfer 
of Na+ to xylem and phloem, thus helping to reduce the level of Na+ in leaves and roots. (Created with BioRe​nder.​com)

http://biorender.com
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for 6 h to indicate H2O2, O•−

2
 content, lipid peroxidation, 

and cell death in leaves. The leaves were then washed and 
boiled with 95% alcohol for 20 min and photographed 
using a stereomicroscope.

Determination of H2O2, MDA, GSH, NO content 
and enzymatic activity
The harvested plants were collected and ground to 
powder in a mortar containing liquid nitrogen by 
spectrophotometric method to detect H2O2 (hydro-
gen peroxide), malondialdehyde (MDA), reduced 
glutathione (GSH), peroxidase (POD), superoxide dis-
mutase (SOD), and catalase (CAT). All kits were man-
ufactured by the Suzhou Comin Biotechnology Co., 
Ltd., China. The subsequent measurement and data 
analysis were conducted following the operational 
manuals of the kits. The amount of NO was analyzed 
using DAF-FM DA staining and confocal laser scan-
ning microscopy, and the kits were manufactured by 
the Beyotime Biotechnology Co. Ltd., China.

K+ and Na+ flux assays
The 6-day-old seedlings treated for 12 h were used for K+ and 
Na+ determination. K+ and Na+ efflux in tobacco leaves and 
roots were detected using non-invasive micro-test technol-
ogy (NMT; Younger LLC) as previously described [31].

Gene expression analysis
Total RNA was isolated from tobacco seedlings using 
an RNA extraction kit (Takara, Japan) and reverse-tran-
scribed using the Prime Script TM RT-PCR Kit (Takara, 
Japan), following the manufacturer’s instructions. The 
qPCR assay was performed on a Quant Studio 5 Real-
Time PCR system (Applied Biosystems, CA, USA) using 
SYBR Green PCR Master Mix (Takara, Japan). The 
PCR conditions were 95 °C for 15 s and 60 °C for 1 min 
for 40 cycles. Relative gene expression of the NtSOS1, 
NtHKT1 and NtNHX1 transcripts was calculated using 
the 2-△△CT method. All qPCR analyses were performed 
using three independent biological replicates.

The sequences of these genes were retrieved from the 
National Center for Biotechnology Information (https://​
www.​ncbi.​nlm.​nih.​gov/) for primer design. Primers for 
each gene used in this study are presented in Table S1.

Statistical analysis
The mean ± standard deviation (SD) of ten replications was 
used to present the data. After ANOVA, Student’s t-test 
was used to identify significant differences (P < 0.05) among 
treatment means. In addition, LSD (least significant differ-
ence test) was used to test for significant differences (P < 0.05) 
among the different treatments in one experiment.

Abbreviations
ROS: Reactive oxygen species; NO: Nitric oxide; GSH: Glutathione; MS: 
Murashige & Skoog; DAB: Diaminobenzidine; NBT: Nitro blue tetrazolium chlo‑
ride; H2O2: Hydrogen peroxide; MDA: Malondialdehyde; POD: Peroxidase; SOD: 
Superoxide dismutase; CAT​: catalase; DAF-FM DA: 3-Amino,4-aminomethyl-
2′,7′-difluorescein, diacetate; GSNO: S-nitrosoglutathione; ASA: Ascorbic acid.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12870-​021-​03395-7.

Additional file 1. Primers used for qPCR (Table S1).

Acknowledgements
We thank Jian Chen (Institute of Food Quality and Safety, Jiangsu Academy of 
Agricultural Sciences, Nanjing 210014, China) for their help with experiments.

Authors’ contributions
XFY, JW, PW and LX conceived the research; JQS and YLW prepared the plant 
materials; XHL and XLL performed the experiments and data analysis; BZ and 
AJL conducted the data analysis. LX wrote the manuscript. XFY revised the 
manuscript. All authors have read and approved the manuscript.

Funding
This research was financially supported by the National Natural Science 
Foundation of China (Grant No.41907076). The funding bodies played no role 
in the design of the study, collection, analysis, and interpretation of data and 
in writing the manuscript.

Availability of data and materials
All of the data and materials supporting our research findings are contained 
in the Methods section of the manuscript. The details are provided in the 
attached supplementary files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interest.

Author details
1 College of Tobacco Science, Henan Agricultural University, Zheng‑
zhou 450002, China. 2 Guangdong Shaoguan Tobacco Recuring Co., LTD., 
Shaoguan 512000, China. 3 China Tobacco Corporation Staff Training College, 
Zhengzhou 450008, China. 4 Joint Center for Biomedical Innovation, Henan 
University, Kaifeng 475000, China. 5 Wuhan Cigarette Factory of Hubei China 
Tobacco Industry Limited Liability Company, Wuhan 430051, China. 

Received: 28 August 2021   Accepted: 10 December 2021

References
	1.	 Jia F, Wang C, Huang J, Yang G, Wu C, Zheng C. SCF E3 ligase PP2-B11 

plays a positive role in response to salt stress in Arabidopsis. J Exp Bot. 
2015;66(15):4683–97.

	2.	 Shao ZF, Cai JJ, Fu P, Hu LQ, Liu T. Deep learning-based fusion of Landsat-8 
and Sentinel-2 images for a harmonized surface reflectance product. 
Remote Sens Environ. 2019;235.

	3.	 Zhang H, Han B, Wang T, Chen S, Li H, Zhang Y, et al. Mechanisms of plant 
salt response: insights from proteomics. J Proteome Res. 2012;11(1):49–67.

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1186/s12870-021-03395-7
https://doi.org/10.1186/s12870-021-03395-7


Page 11 of 11Xu et al. BMC Plant Biology           (2022) 22:31 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	4.	 Qadir M. QE, Nangia V., Murtaza G., Singh M., Thomas R.J., Drechsel P., 
Noble A.D. : Economics of salt-induced land degradation and restoration. 
Nat Resour Forum 2014.

	5.	 Zhao SS, Zhang QK, Liu MY, Zhou HP, Ma CL, Wang PP. Regulation of Plant 
Responses to Salt Stress. Int J Mol Sci. 2021;22:9.

	6.	 Park HJ, Kim WY, DJ Y: A role for GIGANTEA: keeping the balance between 
flowering and salinity stress tolerance. Plant Signal Behav 2013.

	7.	 Zhu JK. Abiotic stress signaling and responses in plants. Cell. 
2016;167(2):313–24.

	8.	 van Zelm E, Zhang Y, Testerink C. Salt tolerance mechanisms of plants. 
Annu Rev Plant Biol. 2020;71:403–33.

	9.	 Gong Z. Plant abiotic stress: new insights into the factors that activate 
and modulate plant responses. J Integr Plant Biol. 2021.

	10.	 Guarda A, Rubilar JF, Miltz J, Galotto MJ. The antimicrobial activity 
of microencapsulated thymol and carvacrol. Int J Food Microbiol. 
2011;146(2):144–50.

	11.	 Castillo S, Pérez-Alfonso C, Martínez-Romero D, Guillén F, Serrano M, 
Valero D. The essential oils thymol and carvacrol applied in the packing 
lines avoid lemon spoilage and maintain quality during storage. Food 
Control. 2014;35:132–6.

	12.	 González-Aguilar G, Ansorena MR, Viacava G, Roura S, Ayala-Zavala JF. 
Plant essential oils as antifungal treatments on the postharvest of fruit 
and vegetables. In. 2013.

	13.	 Ye X, Tianxiao L, Yanfeng X, Cunfa X, Wei Z, Liangbin H, et al. Thymol 
Mitigates Cadmium Stress by Regulating Glutathione Levels and Reac‑
tive Oxygen Species Homeostasis in Tobacco Seedlings. Molecules. 
2016;21:10.

	14.	 Cheng YW, Kong XW, Wang N, Wang TT, Chen J, Shi ZQ. Thymol con‑
fers tolerance to salt stress by activating anti-oxidative defense and 
modulating Na(+) homeostasis in rice root. Ecotoxicol Environ Saf. 
2020;188:109894.

	15.	 Zhu JK. Plant salt tolerance. Trends Plant Sci. 2001;6(2):66–71.
	16.	 Bai X, Yang L, Yang Y, Ahmad P, Yang Y, Hu X. Deciphering the protective 

role of nitric oxide against salt stress at the physiological and proteomic 
levels in maize. J Proteome Res. 2011;10(10):4349–64.

	17.	 Yu YM, Chao TY, Chang WC, Chang MJ, Lee MF. Thymol reduces oxidative 
stress, aortic intimal thickening, and inflammation-related gene expres‑
sion in hyperlipidemic rabbits. J Food Drug Anal. 2016;24(3):556–63.

	18.	 Park HJ, Kim WY, Yun DJ. A new insight of Salt stress signaling in plant. 
Mol Cells. 2016;39(6):447–59.

	19.	 Van Breusegem F, Dat JF. Reactive oxygen species in plant cell death. 
Plant Physiol. 2006;141(2):384–90.

	20.	 Bobrovskikh A, Zubairova U, Kolodkin A. Doroshkov: subcellular compart‑
mentalization of the plant antioxidant system: an integrated overview; 
2020.

	21.	 Romero-Puertas MC, Sandalio LM. Nitric oxide level is self-regulating and 
also regulates its ROS Partners. Front Plant Sci. 2016;7:316.

	22.	 Ischiropoulos H, Al-Mehdi A. Peroxynitrit … mediated oxidative protein 
modifications. FEBS Lett. 1995;364.

	23.	 Radi R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc Natl 
Acad Sci U S A. 2004;101(12):4003–8.

	24.	 Noctor G, Mhamdi A, Chaouch S, Han Y, Neukermans J, Marquez-Garcia 
B, et al. Glutathione in plants: an integrated overview. Plant Cell Environ. 
2012;35(2):454–84.

	25.	 Hernandez M, Fernandez-Garcia N, Diaz-Vivancos P, Olmos E. A different 
role for hydrogen peroxide and the antioxidative system under short and 
long salt stress in Brassica oleracea roots. J Exp Bot. 2010;61(2):521–35.

	26.	 Gill SS, Tuteja N. Reactive oxygen species and antioxidant machinery in 
abiotic stress tolerance in crop plants. Plant physiology and biochemistry 
: PPB. 2010;48(12):909–30.

	27.	 Mittler R. Oxidative stress, antioxidants and stress tolerance. Trends Plant 
Sci. 2002;7(9):405–10.

	28.	 Tian H, Baxter IR, Lahner B, Reinders A, Salt DE, Ward JM. Arabidopsis 
NPCC6/NaKR1 is a phloem mobile metal binding protein neces‑
sary for phloem function and root meristem maintenance. Plant Cell. 
2010;22(12):3963–79.

	29.	 Shi H, Quintero FJ, Pardo JM, Zhu JK. The putative plasma membrane 
Na(+)/H(+) antiporter SOS1 controls long-distance Na(+) transport in 
plants. Plant Cell. 2002;14(2):465–77.

	30.	 Apse MP, Aharon GS, Snedden WA, Blumwald E. Salt tolerance conferred 
by overexpression of a vacuolar Na+/H+ antiport in Arabidopsis. Sci‑
ence. 1999;285(5431):1256–8.

	31.	 Chen J, Wang WH, Wu FH, He EM, Liu X, Shangguan ZP, et al. Hydrogen 
sulfide enhances salt tolerance through nitric oxide-mediated mainte‑
nance of ion homeostasis in barley seedling roots. Sci Rep. 2015;5:12516.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Thymol improves salinity tolerance of tobacco by increasing the sodium ion efflux and enhancing the content of nitric oxide and glutathione
	Abstract 
	Background and objective: 
	Methodology: 
	Results: 
	Conclusion: 

	Background
	Results
	Thymol mitigates Salt-induced inhibition of tobacco root growth
	Thymol suppresses ROS accumulation in roots and leaves under Salt stress
	Thymol ameliorated salt-induced lipid peroxidation and cell death in roots and leaves
	Thymol increased the NO and GSH content in tobacco seedlings under salt stress
	Thymol mediated Na+K+ transportation in tobacco seedlings under salt stress

	Discussion
	Conclusion
	Methods
	Plant culture, treatment, and chemicals
	Histochemical detection
	Determination of H2O2, MDA, GSH, NO content and enzymatic activity
	K+ and Na+ flux assays
	Gene expression analysis
	Statistical analysis

	Acknowledgements
	References


