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Abstract
Plants have evolved a lot of strategies to improve salt tolerance to cope with salt stress. Recent studies
have suggested that thymol (a nature medicine) enhances the plant tolerance against abiotic stresses,
but the mechanisms are rarely known. Here, we found that thymol played an important role in
maintaining root growth under salt stress. Thymol rescued root growth from salt stress via ameliorating
ROS (reactive oxygen species) accumulation, lipid peroxidation, and cell death. In addition, thymol
enhanced the level of NO (nitric oxide) and GSH (glutathione) to repress ROS accumulation, further
protecting the stability of cell membrane. Thymol-induced Na+ e�ux in roots and leaves under salt stress
may depend on the upregulation of SOS1, HKT1 and NHX1. Consequently, all of these evidences
suggested that thymol improved tobacco salt tolerance via enhancing NO and GSH content as well as
inducing Na+ e�ux.

1. Introduction
In recent years, soil salinization caused by natural and human factors has been becoming increasingly
serious, and continuing to affect soil resources. It is one of the worldwide agroecological problems (Dong-
xue, 2005; Jia et al., 2015). More than one-�fth of the world’s arable land is currently under the threat of
salt stress, arising a big challenge for the growth of plants (Zhang et al., 2012).

Salt stress impacts the plant growth (Xie et al., 2011). High salinity results in a decrease in germination
rate of seeds, inhibition on the growth of primary root, decrease in the number of lateral roots, and
withering and yellowing of leaves (Ischiropoulos and Al-Mehdi, 1995; Zhu, 2001). Salinity also accelerates
chlorophyll decomposition and decreases photosynthesis. Salt stress has caused osmotic stress, ion-
toxicity effects and oxidative stress in plants, which can damage the cellular components such as
membrane lipids, proteins, and nucleic acids and cause metabolic dysfunction(Boudsocq and Lauriere,
2005; Munns and Tester, 2008; Suzuki et al., 2012; Zhu, 2016). As a result, the yield and the quality of
crops always decrease upon salinity stress. Under salt stress, To cope with salinity stress, plants have
evolved sophisticated mechanisms, including selective ion uptake/exclusion, compart-mentalization of
toxic ions, synthesis of compatible products, adjustment of photosynthetic and energy metabolism,
accumulation of antioxidative enzymes, regulation of hormones, and modi�cation of cell structure
(Zhang et al., 2012).

The most fundamental approach to solve salt stress problem is to prevent soil salinization and repair
saline soil, but it has some limitations, such as di�cult management, long period application, high cost,
etc. Exogenous regulation of plant salt tolerance is a kind of potential alternative. Therefore, it is
important to �nd cheap, safe, effective, and practical regulators to alleviate salt stress. At present, most
of the exogenous substances are hormones, growth regulators, and signal substances. It is essential to
develop novel regulators with potentiality in �eld application.
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Thymol [5-methyl-2-(1-methylethyl) phenol] is a kind of plant essential oil; it is a monoterpene phenol that
is easily soluble in organic solvents. Thymol is widely used in medical research because of the relatively
low price and the least potential toxicity and risk. Thymol has good antibacterial and anti-in�ammatory
activity, and can protect mice liver by inhibiting lipid peroxidation (Alam et al., 1999). In food industry,
thymol can be used as antioxidants and food additives to maintain the quality of fresh food (Castillo et
al., 2014; González-Aguilar et al., 2013; Guarda et al., 2011). However, the application of thymol in plants
is relatively rare. In this study, we investigated the effect of thymol on tobacco seedlings under salt stress
and discussed its internal mechanisms.

2. Results

2.1. Thymol Mitigates Salt-Induced Inhibition of Tobacco
Root Growth
To characterize the effect of salt on the growth of tobacco seedlings, the 6-day-old seedlings were treated
with 0-200 mM NaCl for 72 h and the root length was measured. We found that 150 mM NaCl
signi�cantly inhibited root growth, resulting in a degree about 50% (Fig. 1a). Then the tobacco seedlings
were allowed to grow in Murashige & Skoog (MS) medium containing 150 mM NaCl and different
concentrations of thymol. Root length was slightly affected by thymol treatment alone (Fig. 1b).
Compared to NaCl treatment alone, adding thymol at 50 and 100 mM remarkably increased root length
(Fig. 1b). Using a time-course experiment, we cultured the seedlings with MS medium containing water
(C), 150 mM NaCl (S),50 µM thymol (T), or a mixture of them (S + T), respectively. The results indicated
that roots treated with S + T showed higher root growth speed than that of S treatment (Fig. 1c and d),
further supporting that thymol mitigated salt-induced inhibition of tobacco root growth.

2.2 Thymol suppresses ROS accumulation in Roots and
Leaves under Salt Stress
Reactive oxygen species (ROS) accumulation, induced by salt stress, is widely recognized as an
important cause of damage (Zhu, 2001). We tested whether the H2O2 content in tobacco seedlings was
regulated by thymol. Treatment with 150 mM NaCl resulted in signi�cant increase in H2O2 content;
seedlings under S + T treatment had much lower H2O2 content, similar to the control group (Fig. S1 a).

Then the 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 control;
seedlings treated with S + T showed slight staining (Fig. 2a, b, c and d). These results suggested that
thymol decreased salt-induced ROS accumulation in tobacco seedlings.

In plants, ROS can act as signal to activate antioxidative system under stress conditions. Salt stress
induced ROS accumulation, accompanying with the enhancement of three antioxidative enzymes, such
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as SOD, POD, and CAT (Fig. 2e, f and g). Adding thymol decreased the activity of these enzymes in salt-
treated seedlings. This may due to the decrease in endogenous ROS level upon thymol application.

2.3 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 in tobacco seedlings showed
a strong response to salt stress (Fig. S1 b), which was repressed by the application of thymol (Fig. S1 b).
Shiff’s Reagent was used to indicate lipid peroxidation in situ. Under salt stress, the roots and leaves were
stained pink, while those treated with S + T were stained lighter (Fig. 3a and c). 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 while other seedlings were stained slightly (Fig. 3b and d). These results
suggested that thymol was able to attenuate lipid oxidation and cell death in tobacco seedlings upon salt
stress.

2.4 Thymol increased the NO and GSH content in tobacco
seedlings under salt stress
NO is an important defensive signaling molecule helping combat salt stress (Bai et al., 2011). The
endogenous NO in tobacco roots was detected in situ by using speci�c �uorescent probe DAF-FM DA.
Here we found that thymol enhanced endogenous NO level in roots under salt stress (Fig. 4a). GSH is one
of the major antioxidants in plants. The addition of thymol signi�cantly increased GSH content in
tobacco seedlings in the presence of NaCl or not (Fig. 4b). These results suggested that NO and GSH may
be involved in thymol-facilitated salt tolerance in tobacco seedlings.

2.5 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+ �ux in root tip and leaves was measured by using Non-invasive Micro-test Technology
(NMT). We found that the Na+ in�ux in root tip was induced by salt while thymol caused Na+ e�ux
(Fig. 5a), suggesting that the absorption of Na+ was inhibited by thymol in root tip. Different with that in
root tip, the Na+ e�ux was observed in leaves treated by salt or thymol (Fig. 5c). In addition, we measured
Na+ content in seedlings and expression levels of the known Na+ transporter genes, including NtSOS1,
NtHKT1 and NtNHX1. Thymol decreased Na+ content in seedlings under salt stress (Fig. 5e). And thymol
enhanced the expression levels of NtSOS1, NtHKT1 and NtNHX1 as compared to that in salt treatment
(Fig. 5g). These results suggested that thymol modulated Na+ transporters to maintain K+/Na+

homeostasis in tobacco seedling under salt stress.
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3. Discussion
A growing body of evidence suggests that thymol plays a role in the tolerance of plant stress resistance.
In this study, we found that thymol enhanced plant tolerance via increasing NO and GSH content, and
modulating Na+/K+ homeostasis in tobacco seedlings.

Increased ROS formation is observed in plants in response to both osmotic and ionic stresses associated
with soil salinity, which further results in oxidative stress and cell damage(Flowers, 2004; Miller et al.,
2010; Xie et al., 2011). ROS (e.g. H2O2 and superoxide anion), can damage most cellular macromolecules
directly and cause irreversible damage (Apel and Hirt, 2004; Kovtun et al., 2000). On the other hand, ROS
have also been proposed to act as a signaling mediator of plant salinity tolerance. Plants scavenge
excess ROS through antioxidant system in order to maintain cell homeostasis and reduce the harm of
oxidative stress.

In the present study, we found that the growth of tobacco seedlings was strongly affected by salt stress.
Salt stress signi�cantly inhibited the root growth of tobacco seedlings, which was attenuated by thymol
(Fig. 1). Under salt stress, H2O2 and O2^•- both in leaves and roots were decreased by thymol, suggesting
that thymol effectively prevented the over-accumulation of ROS in tobacco leaves and roots (Fig. 2).
Thymol led to the decrease in the content of MDA and the lighter staining of shiff’s reagent in tobacco
seedlings under salt stress, suggesting that the lipid peroxidation and oxidative injury caused by salt
stress were ameliorated by thymol (Fig. 3). ROS not only directly affect normal cellular functioning, but
also lead to cell death (Van Breusegem and Dat, 2006). In our experiments, it could be suggested that the
decrease in ROS accumulation caused by thymol resulted in the mitigation of lipid peroxidation and cell
death in salt-treated tobacco seedlings.

NO, an essential messenger existing widely in plants, regulates multiple processes of plant growth and
development. NO also modulates plant resistant responses against various abiotic stresses, including
salt, drought, and heavy metals. NO helps to eliminate ROS likely through two kinds of pathway. First, NO
can regulate ROS levels (Ischiropoulos and Al-Mehdi, 1995; Radi, 2004; Romero-Puertas and Sandalio,
2016). NO is not only able to regulate O2^•- production but also H2O2 as it has been shown that the S-
nitrosylation pattern of glycolate oxidase (GOX), one of the main H2O2 sources in the peroxisome,
changes in response to Cd (Romero-Puertas and Sandalio, 2016). Second, nitroso glutathione (GSNO),
generated by the reversibly reaction of NO and GSH, is an endogenous regulator of NO and GSH
homeostasis (Noctor et al., 2012). GSH not only reacts directly with ROS species (Hernandez et al., 2010),
but also participates in ASA-GSH cycle to scavenge ROS (Gill and Tuteja, 2010; Mittler, 2002). Here we
found that thymol enhanced endogenous NO and GSH content in tobacco seedlings under salt stress.
This may explain the decrease ROS content in salt-treated seedlings in the presence of thymol. However,
further studies are need to �nd out whether and how thymol modulates GSNO to maintain the
homeostasis of NO, GSH, and ROS upon salt stress.
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Ionic stress, caused by excess Na+ accumulation, is an important component of salt stress. To relieve Na+

toxicity, some strategies have been developed decrease Na+ content in the cytosol of plant cells, including
suppressing the Na+ uptake and enhancing the Na+ compartmentalization (Tian et al., 2010). SOS1,
plasmalemma Na+/H+ antiporter, transport Na+ out of the cell; HKT, high a�nity K+ transporter, transports
Na+ from stems to xylem; NHX, sodium-hydrogen exchanger, transports Na+ into the vacuole (Apse et al.,
1999; Shi et al., 2002). In this study, Na+ in�ux was observed in roots treated by salt, which was repressed
by the addition of thymol. This may due to the activation of NtSOS1 by thymol. Thymol also induced the
expression of NtHKT1 that is responsible for the tissue distribution of Na+, which may also contribute to
the decrease in the total Na+ content in roots. K+ in tobacco seedlings were not affected signi�cantly.
Thus, thymol seems to maintain 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 of
vacuole to avoid Na+ toxicity in cytosol. However, the subcellular distribution of Na+ in thymol-treated
tobacco seedlings needs further investigation.

In summary, application of thymol not only increased the NO and GSH content to scavenge the excessive
accumulated ROS, but also decreased the Na+ content to relieve ion toxicity in tobacco under salt stress.
Finally, the action of thymol maintains the stability of tobacco seedling membrane system and reduced
cell death to resist salt stress (Fig. 6). The detailed molecular mechanisms are still elusive, but these
results provide a certain understanding of the physiological functions of thymol related to salt tolerance.

4. Materials And Methods

4.1. Plant culture, treatment, and chemicals
The tobacco seeds(K326)were washed for 10 times by using distilled water and sown on the surface of
the culture medium in the petri dish after being disinfected with 0.2% potassium permanganate solution
for 30 minutes. They were cultivated for 6–7 days in plant growth cabinet with a light intensity of
5000Lux, an air relative humidity of 50%, a photoperiod of 12 h, and the temperature at 26℃. Then the
seedlings with a root length of 0.5 cm were selected and transplanted in the new petri dish with NaCl (0-
200 mM) and thymol (0- 200µM) alone or their combinations, for up to 72 h. The root length was
measured every 12 h. After 72 h incubation, the plants were harvested for histochemical, physiological,
and biochemical analysis.

4.2. Histochemical detection
The DAB, NBT, Shiff’s reagent and trypan blue were used for the detection of H2O2, O2^•-, lipid
peroxidation and cell death in roots and leaves, according to our previous publication (Ye et al., 2016).
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For the detection of indicators in roots, the 6-day-old seedlings treated for 72 h were transferred to
different solutions at 25 ℃ for 20 minutes under light. Then the roots were washed with deionized water
until apical discoloration was observed, and the root tip was photographed under stereoscopic
microscope (SteREO Discovery.V8, ZEISS, Oberkochen, Germany).

The seedings were excised at the base of the stem and supplied DAB, NBT, trypan blue or Shiff’s reagent
for 6 h to indicated H2O2, O2^•- content, lipid peroxidation and cell death in leaves. Then the leaves were
washed and boiled with 95% alcohol for 20 minutes and photographed with stereomicroscope.

4.3. 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 for the detection of hydrogen peroxide (H2O2), malondialdehyde (MDA),
reduced glutathione (GSH), peroxidase (POD), superoxide dismutase (SOD) and catalase (CAT). All kits
were manufactured 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 scanning microscope and the kits were
manufactured by the Beyotime Biotechnology Co.Ltd, China.

4.4 K+ and Na+ �ux assays
The 6-day-old seedlings treated for 12 h were used for the K+ and Na+ determination. K+ and Na+ e�ux in
tobacco leaves and roots were detected using non-invasive micro-test technology (NMT; Younger LLC) as
previously described (Chen et al., 2015).

4.5 Gene expression analysis
Total RNA extracted from root tips was used to analyze the relative gene expression level by using qRT-
PCR (real-time quantitative reverse transcription polymerase chain reaction) according to our previous
publication (Norling et al., 2017). Data were collected and analyzed by using ABI 7500 software (v. 2.0.6,
Applied Biosystems) based on 2−ΔΔCT threshold cycle method. Primers for each gene in this study were
presented in Table S1.

4.6 Statistical analysis
The mean ± standard deviation (SD) of ten replications was selected to present the data. After ANOVA,
Student’s t-test were used to identify signi�cant differences (P < 0.05) among treatment means. LSD
(least signi�cant difference test) was used to test for signi�cant difference (P < 0.05) among any different
treatments in one experiment.
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Figure 1

The effect of NaCl and thymol on the growth of tobacco seedings. (a) The 6-day-old tobacco seedings
were transferred to plates containing 0-200 mM NaCl for the measurement of root length after 72 h. (b)
The seedings were treated with 0-200 μM thymol and 150 mM NaCl for 72 h before the measurement of
root length. (c) Tobacco seedings were treated with water (C), 150 mM NaCl (S), 50 μM thymol (T) or the
mixture of them (S+T) separately for 72 h. The root length was measured each 12 h. (d) The seedings
were photographed after 72-h treatment. Different letters indicate the signi�cantly different between the
treatments (p < 0.05, ANOVA, LSD).

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 12/16

Figure 2

The effect of thymol on the accumulation of ROS in tobacco leaves and roots under salt stress. Tobacco
seedings were treated with water (C), 150 mM NaCl (S), 50 μM thymol (T) or the mixture of them (S+T)
separately for 72 h. The roots were stained with DAB (a) or NBT (b) for 20 minutes to indicated H2O2 and
O_2^(•-) content, respectively. The seedings were supplied DAB (c) or NBT (d) for 6 h to indicated H2O2
and O_2^(•-) content in leaves. The activity of (e) SOD, (f) POD and (g) CAT. Different lowercase letters inLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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e-g, indicated that the mean values of three replicates were signi�cantly different between the treatments
(P< 0.05, ANOVA, LSD).

Figure 3

The effect of thymol on the lipid peroxidation and cell death in tobacco leaves and roots under salt
stress. Tobacco seedings were treated with water (C), 150 mM NaCl (S), 50 μM thymol (T) or the mixture
of them (S+T) separately for 72 h. The roots were stained with Shiff’s Reagent (a) or Trypan Blue (b) for
20 minutes to indicated lipid peroxidation and cell death, respectively. The seedlings were supplied with
Shiff’s Reagent (c) or Trypan Blue (d) for 6 h to indicated lipid peroxidation and cell death in leaves.
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Figure 4

Effect of thymol on NO and antioxidant system in tobacco seedlings under salt stress. DAF-FM DA
�uorescence indicating total NO level (a). (b) GSH content.. Different lowercase letters in b, indicated that
the mean values of three replicates were signi�cantly different between the treatments (P< 0.05, ANOVA,
LSD).
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Figure 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+ �ux 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 signi�cantly different between
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the treatments (P< 0.05, ANOVA, LSD). The expression levels of NtSOS1, NtSOS1 and NtSOS1 in control
were de�ned as “1”. Data are means ± SE (n=3).

Figure 6

Schematic model for thymol-induced salt tolerance in tobacco seedlings. Basically, thymol mainly
deploys two strategies to increase the salt tolerance of tobacco seedlings. First of all, thymol promoted
the scavenging of ROS by promoting the decomposition of GSNO and increasing the content of NO and
GSH. Secondly, activate NtNHX1 to stimulate vacuole retention of Na+, activate NtSOS1 to promote Na+
rejection, and activate 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 BioRender.com)
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