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Abstract
H2O2 is an important signaling molecule that involved in multiple physiological metabolic activities in
plants. Excess H2O2 can destroy biological macromolecules to poison the cell. Thioredoxin peroxidase
(Tpx) plays an important role in protecting plants from oxidative damage by clearing the H2O2. In this
study, tomato Tpx (SlTpx) gene was cloned and bioinformatic analysis was done. The mRNA transcript
level of SlTpx in tomato roots and leaves were increased signi�cantly after NaCl stress treatment. SlTpx
overexpression transgenic tobacco plants were obtained to study its function under NaCl stress. The seed
germination rate of SlTpx overexpression plants was higher than that in wild plants (WT) under NaCl
treatment. The ROS and NO accumulation in transgenic tobacco root tips were all less than in WT under
NaCl stress. Meanwhile,compared with salt stress, transgenic plants had low ROS accumulation, high
antioxidant enzyme activity and high proline and soluble sugar content. The Na+ metabolism genes
expression was higher in transgenic plants than the WT. The SlTpx transgenic plants showed higher
tolerance to H2O2 and MV treatment, compared with the WT. Besides, the growth of prokaryotic strain of
SlTpx was better than the pET28a strain with H2O2 treatment. The above results indicate that the SlTpx
gene improves the plant salt tolerance by scaveging H2O2.

1. Introduction
Salt stress is one of the most severe environmental challenges,which damages crop production and
quality (Munns and Gilliham, 2015). Plant cells and tissues were rapidly damaged within the few minutes
of exposure to salt stress. The harm of salt stress consists of two aspects. The �rst is a high osmotic
potential, leading to root water absorption disorders and osmotic stress (Miller et al., 2010). At this stage,
stress signals are rapidly transmitted from the root to the ground, leading to the initiation of salt
resistance mechanisms, such as reducing turgor pressure, impaired cell ductility, and inducing abscisic
acid biosynthesis, which in turn promotes stomatal closure to reduce transpiration (Cuadros-Rodriguez et
al., 2002). The second effect occurs in the long term, salt-induced ion imbalance due to high
concentrations of sodium (Na+) and chloride (Cl−), ultimately resulting in ion toxicity and nutritional
imbalance(Rana et al., 2008). Furthermore, both osmotic stress and ion toxicity can lead to the
accumulation of reactive oxygen species (ROS), thus causing oxidative damage to cellular
macromolecules (Miller et al., 2010). In response to salt stress, plants are equipped with effective
adaptation strategies such as morphological changes, osmomodulator biosynthesis, antioxidant
activation, ion homeostasis, plant hormone response and molecular mapping, with a serious impact on
plant growth.

While plants suffer from external stress, with the accumulation of ionic toxicity and the photosynthetic
rate decreasing, ROS in plants also begin to accumulate. ROS are highly active and toxic and can disrupt
biomolmolecular substances in vivo such as proteins, nucleic acids and lipid membranes (Nathan and
Cunningham-Bussel, 2013), and hydrogen peroxide (H2O2) is one of the components of intracellular ROS
(Kimoto et al., 2012). To remove excess ROS, organisms have developed an extremely effective set of
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antioxidant mechanisms involving multiple enzymes, such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), thioredoxin peroxidase (Tpx) (Corona and Robinson, 2010; Gui-Qin
et al., 2012). During the metabolism of antioxidant, these enzymes act together to maintain the balance
of the redox environment in vivo (Yz et al.).

Thioredoxin peroxidase (Tpx) is a member of the peroxidase (Prx) family, which lacks the metal ion
auxiliary group required for the catalytic reaction (Corona et al., 2010), and has 1–2 conserved cysteine
(Cys) residues to replace the function of the metal ion auxiliary and remove various peroxides to improve
the resistance of the plant itself. It is an important link in ROS metabolism (Circu and Aw, 2010). It not
only reduces H2O2, but also participates in DNA synthesis, gene expression, etc. There are two ways of
Tpx reducing the substrate to H2O, one directly catalyzing H2O2 to H2O and another catalyzing the
reduction of alkyl H2O2 to the corresponding alcohol and H2O by thioredoxin to the electron donor
(Barranco-Medina et al., 2007; Woo et al., 2010). Several studies have explored the role of Tpx genes in
peroxide clearance, and the redox regulation of different species under stress conditions (Kim et al.,
2018). For example, the Tpx gene of BvM14 in beets enhances the resistance of S. cerevisiae in addition
to NaCl resistance in E. coli (Zhao et al., 2015).In the cyanobacteria PCC 6803, Tpx acts as a clearance
system for H2O2 and alkyl hydroperoxide (Gaber et al., 2004). Human Tpx gene protects cells from H2O2

induced damage (Berggren et al., 2001). In tomato, the role of the Tpx gene has not been extensively
studied under salt stress.

To further investigate the potential roles of Tpx of tomato (SlTpx), we ampli�ed the SlTpx gene and found
that SlTpx was induced by NaCl treatment. Functional analysis in transgenic tobacco plants revealed that
overexpression of SlTpx in tobacco enhanced the salt stress tolerance by scavenging H2O2. The growth
of prokaryotic recombinant strain of pET28a-SlTpx was better than pET28a strain in medium with H2O2.

2. Materials And Methods

2.1 Plant materials and stress treatment
Tomato (Solamum lycopersicum L.) seeds were germinated in vermiculate and hydroponically grown in a
greenhouse under normal growth conditions of about a 16 h/8 h (light/dark) photoperiod at 28 ℃/20 ℃
(day/night) (Siddiqi et al., 2002). The 6-week-old tomato seedlings were treated with 100 mM NaCl for
0,3,6,12 and 24 h. The collected samples were immediately placed in liquid nitrogen and stored at -80 ℃
until use.

2.2 Gene cloning, structure and phylogenetic analysis
The cDNA sequence of SlTpx was found by NCBI (https://www.ncbi.nlm.nih.gov/) (GenBank No.
NM_001247242.1), with a sequence size of 489 bp. To further understand the relationship between SlTpx
and other Tpxs, the deduced amino acid sequence of SlTpx was compared with other protein sequences
by Genbank. The phylogenetic tree was constructed using MEGA 7.0 software (Sudhir et al., 2016).
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2.3 Analysis of oxidative stress tolerance in recombinant
pET28a-SlTpx bacteria
The tomato cDNA template was obtained by reverse transcription, and the SlTpx gene was ampli�ed and
recombinate into the pET28a vector. Recombinant plasmids were transformed into E.coli DH5α
competent cells, after which prokaryotic expression vector was transformed into BL21 expressing strains.
These strain were seeded in 5 ml liquid kanamycin-containing LB and incubated in 37℃, 200 rpm/min
rocking incubated overnight. The next day it was transferred to new kanamycin liquid LB medium at
1:100, induced expression with IPTG of 0.5 mM at 37 ℃, while adding 100 and 200 µM H2O2 for
oxidative stress tolerance analysis. The LB medium without H2O2 as a control. The absorbance values
was measured at 650 nm. The experiment was repeated 3 times (Guo et al., 2015).

2.4 Construction of overexpression plasmid and plant
transformation
The full-length sequence of SlTpx was ampli�ed with speci�c primers(SlTpx-BamHI-
F:cgggggtaccggatccATGGCTCCAATCGCCG;SlTpx-BamHI-R:cgatgaattcggatccAAGAGCATTGACGATTTC).
The 489 bp open reading fragments were cloned into pRI101-6�ag (Takara, China) using the ClonExpress
II one-step cloning kit. The recombinant plasmids were transformed into the Agrobacterium LBA4404
strain. Transgenic plants were obtained using the leaf plate method (Sankara and Rohini, 1999). The
transgenic plants were identi�ed by genomic PCR, Western blot and qPCR. T2-generation transgenic
plants were used for further stress treatment.

2.5 Western blot analysis
Western blot analysis was performed according to the procedure of Bai et al (Bai et al., 2016). Proteins
were subjected to SDS-PAGE and then transferred to a PVDF membrane using a microtrans-blotted
electrophoresis transfer system. Membranes were blocked with 5% skim milk (PBS dilution containing
0.1% Tween-20) and incubated for 2 h at room temperature, then incubated with anti-�ag tag antibody
(5% 1:5000 dilution in skim milk) at 4 ℃ for 8 h and washed with PBST for 5 min each. Horseradish
peroxidase-labeled sheep anti-mouse IGG (H + L) was incubated with membrane room temperature for 1 h
and gently shaken. Finally, the membrane was washed three times with 0.1 M PBST for 10 min each, and
colored with ECL (Beijing Kangwei Century Biotechnology Co.Ltd.), and the immunoreactive bands were
visible.

2.6 RNA extraction and RT-qPCR analysis
Total plant RNA was extracted with TRIzol reagent (China, Takara) and reverse transcribed into cDNA
using the Hieff Clone Plus One Step (YEASEN) kit. mRNA transcripts of SlTpx and several antioxidant and
defense-related genes were detected by real-time quantitative PCR (qPCR) using gene-speci�c primers.
qPCR was performed in a 96-well whiteboard each containing 20 µL reaction mixture in triplicate for gene
expression level analysis using a Hieff qPCR SYBR Green Master Mix kit (YEASEN) using a BioRad CFX
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96™ real-time quanti�cation system. The relative transcript level was calculated for each gene according
to the method reported by Livaka (Livak and Schmittgen, 2013). In addition, each qPCR experiment was
performed in three biological replicates. The primer sequences used for the qRT-PCR analysis are listed in
Table S1.

2.7 Analysis of transgenic plants under salt stress
Seeds from transgenic and WT tobacco were soaked in 55 ℃ sterile water for 30 min, sterilized with
4%NaClO for 20 min, and rinsed three times in sterile water. The seeds were then seeded on MS agar
plates containing 0 mM and 100 mM NaCl, and their daily germination rate was recorded. Seedlings were
grown vertically for 12 d on MS solid medium containing 0 mM and 100 mM NaCl.

To determine the salt tolerance of tobacco seedlings, transgenic tobacco and WT tobacco were placed in
the soil and grown to the appropriate size for stress treatment. The plants was watered with 50 mL water
per basin (control group) or 50 mL 150 mM NaCl solution (NaCl treatment)every 2 d for 2 weeks (Qi et al.,
2020).

2.8 Visualization of endogenous ROS and NO
The root tips of the experimental and control groups were taken with scissors, each with a length of about
1 cm. After the tips were washed with clean water, placed into EP tubes containing the 5 µM DAF-FMDA
probe and resting in the dark for 30 min. The root tips were removed and placed in 20 mM HEPES-KOH
(pH 7.8) buffer and washed three times for 15min. The sed samples were placed under a �uorescence
microscope to observe the apical NO content and photographed (M.-G. et al., 2009).

To observe ROS in the tips, the washed tips were placed into EP tubes containing 2 µM H2DCF-DA dye,
stained for 30 min, then washed three times with 20 mM HEPES-KOH (pH 7.8) buffer for a total of 45 min
and photographed with a �uorescence microscope (A. and Mazel, 2004).

2.9 Determination of the soluble sugar and proline content
The determination of soluble sugar content was modi�ed based on the Yemm method (Yemm and Willis,
1954). 0.3 g fresh leaves were put into the scale tube, adding 5 mL of distilled water, sealed and boiled for
30 min, and the extract was collected. The extract was absorbed at 0.5 mL, 1.5 mL of water, 0.5 mL
anthractrone ethyl acetate and 5 mL concentrated sulfuric acid, boiled for 1min, controlled in blank, and
the absorbance was measured at 630 nm.

The determination of free proline content was improved according to Gay method (Gay and Gebicki,
2003). Weigh 0.5 g of leaves of samples to be tested with different treatments, add 5 mL of 3%
sulfosalicylic acid for boiling water extraction for 10 min, �lter, add 2 mL of glacial acetic acid and acidic
ninhydrin respectively, heat for 30 min, add 4 mL of toluene for cooling, and centrifuge to get the
supernatant, the absorbance was measured at 520 nm.

2.10 Determination of antioxidant enzyme activity
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Leaf samples were ground and homogenized in the indicated extraction buffer, then the homogenates
were centrifuged. The resulting supernatant was �nally collected for enzymatic activity analysis. The
SOD enzyme activity was analyzed according to the method of Madhava Rao (K.V et al., 2000). The CAT
activity was determined at 240 nm according to the procedure described by Cakmak (Cakmak and
Marschner, 1992). The APX activity was determined at 290 nm according to the Kang method (Kang et
al., 2016). POD activity was determined spectrophotometrically at 470 nm using guaiacol as substrate
and was reported as Ug− 1min− 1FW, which corresponded to a change in absorbance in 1 min/g of FW (Cui
et al., 1999).

2.11 Histochemical staining of O 2 
− and H 2 O 2

Overexpressed transgenic and WT plants were treated with 200 mM NaCl for 4 h. The H2O2 accumulation
in plants was observed with 3,3′-diaminobenzidine (DAB) staining. The transgenic plants were treated
with 24 mg/mL DAB in the dark at 22 ℃, followed by �xation, staining and removal (Qi et al., 2020). To
test the O2

− content in the plant, transgenic plants were stained with 0.1 mg/mL nitroblue tetrazole (NBT)
and treated in darkness for 8 h at room temperature and decolorized with 80% ethanol (He et al., 2016).

2.12 Statistical analysis

Each sample was repeated 3 times for statistical analysis. The data were tested by student t test, and the
signi�cance level was *P < 0.1 and **P < 0.05, respectively. Data were expressed as mean ± standard
deviation (SE) of three independent experiments.

3. Results

3.1 Isolation and sequence analysis of SlTpx
The identi�ed full-length cDNA of SlTpx was 489 bp. The SlTpx gene encodes a 162-amino-acid protein
with a molecular mass of 17.4 kDa. A phylogenetic tree was constructed using SlTpx proteins with other
proteins of tobacco, Arabidopsis, potato and pepper (Fig. 1A). SlTpx is closely related to Tpx in potato.
SlTpx protein showed a high sequence identity with Tpx proteins in Arabidopsis thaliana (NM_105270.3,
82%), Nicotiana tabacum L (KJ874387.1, 90.12%), Capsicum annuum L (AF442385.2, 90.74%), Solanum
tuberosum L (NM_001288326.1, 98.77%) (Fig. 1B). SlTpx showed highest similarity with Tpx protein of
potato. The SlTpx sequence contains a cysteine-dependent peroxidase (PRX5) domain (Fig. 1C).

3.2 Expression pro�les of SlTpx in response to NaCl stress
qPCR analysis of SlTpx transcript levels after NaCl treatment for 2, 4, 6, 8, 10, 12, and 24 h in the roots
and leaves of tomato plants showed that SlTpx in the leaves and roots were increased gradually from 0
to 12 h and then decreased after 24h treatment (Fig. 2). The expression of SlTpx was increased 12.85 and
5.47 times after 12 h treatment in leaves and roots, respectively.
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3.3 Characterization of SlTpx overexpression transgenic
tobacco
To investigate the function of SlTpx, overexpression vector of SlTpx-pRI101-Flag was constructed and
transformed into tobacco by the Agrobacterium-mediated method. DNA was extracted from obtained
tobacco plants for genomic PCR. The result showed that the expected fragment was detected in the
transgenic plants, while this gene was not detected in the WT plants (Fig. 3A). Analysis of SlTpx gene
expression by qPCR showed that the SlTpx gene expression was higher than WT signi�cantly (Fig. 3B).
Western blot was performed and incubated with the Flag antibody. The result showed that the protein
expression of transgenic plants was dramatically higher than the WT (Fig. 3C). These results
demonstrated that the three lines were transgenic lines and were selected for further analysis.

3.4 The seed germination of SlTpx overexpression tobacco
plants under salt stress
Seeds of transgenic lines (OE-1, OE-2, OE-3) and WT were grown on MS medium containing 0 or 100 mM
NaCl for 12 d, respectively. There is no difference in the germination rate of transgenic and WT plants on
MS medium (Fig. 4A). The germination rate in overexpression plants was higher than in WT plants under
100 mM NaCl stress (Fig. 4B). The three transgenic lines were also subjected to vertical plate growth
experiments on MS medium with 0 or 100 mM NaCl (Fig. 4C), and the root length in transgenic plants
were longer than WT. The root length of OE-1, OE-2, OE-3 was 1.7 times, 1.35 times and 1.9 times longer
than WT plants, respectively (Fig. 4D). DAB and NBT staining result showed that H2O2 and O2

− content in
WT leaves was signi�cantly higher than the three transgenic plants (Fig. 4E, F). These results suggested
that overexpression of SlTpx increased the salt stress tolerance.

3.5 Effect of salt stress on MDA and ROS contents in SlTpx
transgenic tobacco seedlings
To investigate the effect of salt tolerance on SlTpx overexpression transgenic plants, 6-week-old WT and
transgenic seedlings were treated with 150 mM NaCl for 10 d. In the control, there is no signi�cant
difference in the growth between WT and OE plants. After NaCl treatment, the growth of WT and
transgenic plants seedlings were all inhibited and the inhibition of WT plants was more than the
transgenic plants (Fig. 5A). The membrane lipid peroxidation between WT and transgenic plants were
then analyzed. After salt stress, malledialdehyde (MDA) of WT was signi�cantly higher than the three
transgenic lines (Fig. 5B), indicating less membrane lipid peroxidation in transgenic plants than WT. Then
the ROS contents in roots were determined. As shown in Fig. 5C, the ROS contents in roots of WT plants
were higher than in transgenic plants under NaCl stress (Fig. 5C), indicating that transgenic tobacco have
less oxidative damage by NaCl treatment.

3.6 Effect of salt stress on the antioxidant enzyme activities and osmotic substrance in SlTpx transgenic
tobacco seedlings
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Under normal conditions, the SOD, POD, APX activities of the transgenic plants were similar to the WT and
the CAT activity of transgenic plants was signi�cantly higher than that of WT. After salt stress treatment,
the SOD, POD, CAT, and APX activities were signi�cantly higher in the transgenic plants, compared with
the WT (Fig. 6). We then determined the soluble sugar and proline contents in the leaves. The soluble
sugar and proline contents in the transgenic leaves were much higher than the WT after NaCl stress
treatment. These results suggest that the transgenic plants under NaCl stress may regulate the osmotic
pressure by increasing the soluble sugar and proline contents under salt stress.

We also analyzed the gene expression of some genes related to the synthesis of osmotic substances,
including LEA5, P5CS and Osmotin. Under normal treatment, the gene expression in transgenic plants
was similar to that in WT plants. After NaCl treatment, the gene expression of transgenic plants was
dramatically higher than the WT plants.

3.7 Effect of salt stress on Na+ transport related gene
expression in SlTpx transgenic tobacco seedlings
The expression levels of several Na+ transport-related genes were analyzed by qRT-PCR. These genes
include the tonoplast Na+/H+ antiporters gene NtNHX1, NtSOS1 and high a�nity potassium transporter
(HKT) gene of NtHKT555 and NtHKT586. The results showed that the overexpressed transgenic plants
had higher expression of NtNHX1, NtHKT555 and NtHKT586, NtSOS1 compared with WT plants after salt
stress treatment (Fig. 7).

3.8 Overexpression SlTpx transgenic tobacco enhances MV
and H2O2 stress tolerance
Then we performed a tobacco germination rate test in MS medium containing 15 µM MV and 100 µM
H2O2. As shown in Fig. 8A and C,the transgenic tobacco seed germinate earlier and have higher
germination rate than WT. In MV treatment, the germination rate of WT seeds was 76%, while the
germination rate of OE-1, OE-2 and OE-3 were 92%, 96% and 100% respectively (Fig. 8B). In H2O2

treatment, the germination rate of WT seeds was 80%, and that of OE-1, OE-2 and OE-3were 92%, 96% and
96% respectively (Fig. 8D). As expected, transgenic tobacco greatly improved resistance to MV and H2O2

compared to WT.

3.9 Analysis of the oxidative stress tolerance of the SlTpx
recombinant bacteria
Oxidative stress analysis with 100 and 200 µM H2O2 was externally applied at 37 ℃, at an IPTG �nal
concentration of 0.5 mM. In normal LB medium, the growth rate of pET-28a-SlTpx,and pET-28a empty
vectorwas similar. After exogenous application of 100 and 200 µM H2O2, the pET-28a-SlTpx recombinant
consistently grew faster than the pET-28a empty vector. At 540 min, the absorbance values of the
recombinant pET28a-SlTpx at 100 µM and 200 µM were 1.03 and 0.733, respectively, and the absorbance
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values of the empty vector at 100 µM and 200 µM were 0.691 and 0.529, respectively.(Fig. 9). The results
showed that the tolerance to oxidative stress was enhanced by the pET-28a-SlTpx recombinant bacteria.

4. Discussion
Amiotic stresses from the outside world can produce large amounts of ROS in the plants, destroy the
macromolecular material in the organism, and thus affect the plant growth and development. We cloned
an antioxidant-related gene Tpx. Under salt stress, the speci�c mechanism of Tpx under salt stress is still
unclear. This study explored the role of tomato Tpx in salt stress response. The results of multiple
sequence alignment showed that tomato Tpx had high sequence similarity with potato and tobacco
(Fig. 1).

Tpx is an important enzyme that improves the antioxidant capacity of plants by removing excess H2O2 in
plants. Many studies have been shown the effect of overexpression of Tpx genes on cellular metabolism
of multiple organisms (Broin and M., 2003). Under environmental pressure, Tpx plays an important role.
Increasing evidence suggests that overexpression of Tpx enhances plant tolerance to methyldopsin-
induced oxidative stress and salt-induced osmotic stress (Dietz et al., 2002). In this study, the level and
activity of Tpx transcripts increased signi�cantly after NaCl treatment (Fig. 2).

We transformed tobacco through Agrobacterium-mediated transformation, and analyzed the obtained
plants by genomic PCR, western blot and qPCR, and obtained three transgenic plants(Fig. 3). After
collecting the offspring, the germination rate of the overexpressed tobacco seeds was higher than that of
the WT tobacco seeds after the tobacco seed germination test was carried out in the medium containing
NaCl(Fig. 4A-D). The results showed that overexpression of Tpx from transgenic tobacco seeds played an
important role in improving the germination rate of tobacco seeds under NaCl stress. At the same time,
we also did a tobacco germination test under H2O2 and MV stress(Fig. 8), and the germination rate of the
transgenic plants was also higher than that of the WT plants, indicating that the antioxidant capacity of
the transgenic plants was improved. Signi�cant reduced ROS and superoxide anion content in transgenic
plants by DAB and NBT staining indicate that overexpressed transgenic plants have a stronger ability to
remove ROS than WT plants and can effectively alleviate oxidative damage in tobacco plants upon
stress(Fig. 4E and F).

In an organism, free radicals act on lipid peroxidation reaction. The oxidation end product is
maldialaldehyde, which will cause crosslinking polymerization of vital macromolecules such as proteins
and nucleic acids, and is cytotoxic (Hongbo et al., 2005). When the ROS content increases in plants, it is
usually accompanied by an increased MDA content. MDA content is an important parameter to re�ect the
body's potential ability to resist oxidation, which can re�ect the body's lipid peroxidation rate and
intensity, and can also indirectly re�ect the degree of tissue peroxidation damage (Alessio et al., 1988;
Huang et al., 2009). We determined MDA content and found less MDA in transgenic overexpression after
stress than WT plants(Fig. 5B), meeting our expectations, further validating the ability of Tpx to clear
H2O2.
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Heterologous expressed Tpx can also increased salt and low temperature tolerance in Arabidopsis (Jing
et al., 2006). Tpx, a key component of H2O2 clearance in the Trx system (Adriani et al., 2021), its
transgenic lines suggest that Tpx increases the clear e�ciency of ROS by regulating antioxidant enzyme
activity, maintains ROS homeostasis, and subsequently plays a key role in stress regulation (Kowaltowski
et al., 2000).In this study, after NaCl stress on the obtained Tpx transgenic tobacco, it showed an
improved activity of SOD, POD, CAT, and APX as compared to the WT plants(Fig. 6A-D).

As osmoprotective substances, proline and soluble sugars are important components of increasing
permeability solutes and play an important role in the resistance physiology of plants (Xiao et al., 2005).
Sugars are small molecules that regulate osmotic stress as an important member of increased
permeability solutes when plants subjected to stress (Berkowitz and Masmoudi, 2007). Proline, however,
is involved in the synthesis by sugar and phosphorylation under stress (Roger, 2001), and the glutamate
pathway is the main pathway of proline synthesis under osmotic stress (Delauney and Verma, 1993).
This paper studied the soluble sugar and proline content of transgenic tobacco under salt stress(Fig. 6E-
F), which higher than wild plants, and the results showed that the overexpression of Tpx gene improved
the synthesis of soluble sugar and proline, and then stabilized the osmotic pressure of plants, and
parodied the growth of transgenic plants under salt stress. At the same time, we also measured the gene
expression levels of P5CS, LEA5 and Osmotin(Fig. 6G-I), three proteins related to osmoregulation, and
found that the gene expression levels in transgenic plants were higher than those in WT. This indicated
that the Tpx transgenic plants had improved salt tolerance. At the same time, we also constructed a Tpx
prokaryotic expression vector(Fig. 9), and analyzed the oxidative stress tolerance of the recombinant
bacteria to further verify the function of the Tpx protein.

In recent years, studies of gene-regulated plants improving resistance under stress have gradually
matured, and reports of redox homeostatic balance have gradually increased.Tpx is involved in the
regulation of the antioxidant system by clearing H2O2 and is an important enzyme for maintaining redox
homeostasis in plants (Koh et al., 2007). Here, by measuring the ROS in the roots after stress, we found
that the ROS in the root tips of the overexpressing transgenic plants were signi�cantly smaller than in the
WT, and it is speculated that ROS metabolism may be related to the antioxidant system. It has been
shown that heterologous expression of Tpx can improve the photosynthesis e�ciency of cyanobacteria
(Kim et al., 2018), but no studies has been investigated in tomato and tobacco.
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Figure 1

Main structural analysis of Tpx.

(A)Phylogenetic tree analysis of SlTpx with other organisms, Tpx.(B)Tpx multiple sequence alignment
analysis.Solanum lycopersicum Sl NM_001247242.1 ; Solanum tuberosum St NM_001288326.1 ;
Nicotiana tabacum Nt KJ874387.1 ; Capsicum annuum Ca XM_016684704.1 ; Arabidopsis thaliana
At NM_105270.3 Leymus chinensis Lc GQ397275.1 Same color indicates the same domain.

(C)Analysis of the active domains in the SlTpx amino acid sequence identi�ed by NCBI Blast.
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Figure 2

Analysis of gene expression of tomato leaves and roots under salt stress.

(A)Gene expression of SlTpx in leaves under 100 mM NaCl stress.(B)Gene expression of SlTpx in the
roots.All the results represented mean ± standard deviation (SD) of three biological replicates. Data were
analysed with Student'st-test compared with WT plants under similar conditions and indicated by *P< 0.1;
**P< 0.05.
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Figure 3

Identi�cation of SlTpx overexpression transgenic tobacco.

WT: wild type. OE-1, 2, 3: four different transgenic lines. (A) Genomic PCR. (B) The relative expression
level of SlTpx in transgenic plants. (C) Western blot analysis of the SlTpx transgenic plants.All the results
represented mean ± standard deviation (SD) of three biological replicates. Data were analysed with
Student'st-test compared with WT plants under similar conditions and indicated by *P< 0.1; **P< 0.05.
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Figure 4

Germinrate of transgenic tobacco and H2O2, O2
-content determination.

(A)Phenotypes of tobacco seeds were grown in 0 mM with 100 mM NaCl of MS medium for 12 d.(B)Seed
germination rate statistics in 12 d.(C)Growth phenotype and root length of tobacco seeds were observed
by vertical plate.(D)Root length statistics of tobacco in the vertical plate.(E)Leaf H2O2 content was

observed by DAB staining.(F)The O2
- content in the leaves was visualized by NBT staining.
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Figure 5

Effect of Nacl stress on the phenotype.

 (A)Tobacco phenotype after two weeks of 150 mM NaCl treatment.(B)Tobacco leaves were taken for the
determination of the MDA content.(C)Apical ROS accumulation in tobacco.All the results represented
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mean ± standard deviation (SD) of three biological replicates. Data were analysed with Student'st-test
compared with WT plants under similar conditions and indicated by *P< 0.1; **P< 0.05.

Figure 6

Nacl stress on overexpressing plant antioxidase activity and transcript levels of salt stress responsive
genes in SlTpx overexpressing and WT plants.

(A-D)SOD, POD, CAT and APX.(E-F)Measurement of soluble sugar and proline content. All the results
represented mean ± standard deviation (SD) of three biological replicates. (G)NtP5CS.(H)NtLEA5.
(I)NtOsmotin.The transcript levels were normalized to NtACTIN.Data were analysed with Student'st-test
compared with WT plants under similar conditions and indicated by *P< 0.1; **P< 0.05.
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Figure 7

Transcript levels of salt stress responsive genes.

(A)NtHKT555.(B)NtHKT586.(C)NtNHX1.(D)NtSOS1.The transcript levels were normalized to NtACTIN. All
the results represented mean ± standard deviation (SD) of three biological replicates. Data were analysed
with Student'st-test compared with WT plants under similar conditions and indicated by *P< 0.1;**P<
0.05.  
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Figure 8

Germination rate experiments of transgenic tobacco in MV versus H2O2.

(A)Phenotypes of tobacco seeds were grown in 0 mM with 15 μM MV of MS medium for 12 d.
(B)Phenotypes of tobacco seeds were grown in 0 mM with 100 μM H2O2 of MS medium for 12 d.
(C)Germination rate statistics of tobacco seeds in MV stress at 12 days, respectively.(D)Germination rate
statistics of tobacco seeds in H2O2 stress at 12 days, respectively.
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Figure 9

Growth curves of pET-28a-SlTpx recombinants under H2O2 stress.

All the results represented mean ± standard deviation (SD) of three biological replicates. Data were
analysed with Student'st-test compared with WT plants under similar conditions and indicated by *P< 0.1;
**P< 0.05.                                                      
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