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Abstract
The plant-specific transcription factors NACs (NAM, ATAF1, 2, CUC), one major transcription factor family, play significant 
roles in various physiological processes including abiotic stresses. In our study, an NAC gene from potato (Solanum tuberosum 
L.) was cloned and named as StNAC1 for a high-sequence similarity to SlNAC1, a well-known tomato NAC gene regulating 
multiple stress responses and fruit ripening. StNAC1 gene was significantly induced under salt stress. Then, we constructed 
StNAC1-overexpressing transgenic Nicotiana benthamiana plants and obtained three homozygous transgenic lines. The 
phenotypic analysis results showed that StNAC1-overexpressing transgenic plants had not only higher seed germination and 
green leaf rates, but also accumulated less ROS and more proline than wide-type plants under salt stress, which resulted in 
improving transgenic plants salt tolerance. These suggested that StNAC1 gene might function as a positive regulator in plant 
response to salt stress.
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Introduction

Salt stress is one of major abiotic stresses limiting plant 
growth and crop productivity and has been aggravated by 
poor irrigation practices, rising population, and industrial 
pollution (Ouhibi et al. 2014; Yang and Guo 2018). High 
salinity can cause a serious decrease in photosynthetic effi-
ciency, destruction of ionic equilibrium, and excessive ROS 
accumulation, ultimately resulting in plant growth, develop-
ment and crop yield, even to death (Nakashima et al. 2012). 

Molecular regulation mechanisms in response to salt stress 
include salt-stress signal perception, transduction, and gene 
expression, metabolic change in plant and have been inten-
sively studied for improving plant salt tolerance (Agarwal 
and Jha 2010; Yoon et al. 2020). Increasing research evi-
dence indicated that transcription factors (TFs), such as 
bZIP, MYB, DREB, and NAC, were involved in plant salt 
response (Bouaziz et al. 2013; Cheng et al. 2013, 2020; Zhao 
et al. 2020).

NAC TFs belong to one of the largest plant-specific TF 
families, represented by 138 genes in Arabidopsis (Mizzotti 
et al. 2018), 151 genes in rice (Nuruzzaman et al. 2010), 
134 genes in wheat (Zhou et al. 2018), 148 genes in maize 
(Peng et al. 2015), and 180 genes in soybean (Melo et al. 
2018). Typically, NAC TFs were characterized for a highly 
conserved N-terminal region (NAM) and a alterable C-ter-
minus, which might functions as DNA binding and tran-
scriptional activation, respectively (Aida et al. 1997; Ren 
et al. 2000; Xie et al. 2000; Duval et al. 2002; Ooka et al. 
2003; Tran et al. 2004). The N-terminal region is further 
divided into five subdomains (A–E) (Kikuchi et al. 2000). 
Subdomains A, C, and D are high conserved and involved 
in the formation of dimeric domain and process of DNA 
binding, respectively (Ooka et al. 2003), while subdomains 
B and E are less conserved, which may indicate a functional 
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diversification of NAC genes. Based on N-terminal region 
differences, The NAC TF family is divided into three sub-
families, including no apical meristem (NAM), Arabidop-
sis transcription activation factor (ATAF), and Cup-shaped 
cotyledon (CUC) (Aida et al. 1997; Duval et al. 2002; Chris-
tianson et al. 2010;).

Although NAC genes were initially discovered for their 
functions in plant growth and development, their roles in 
plant responses to abiotic and biotic stresses are draw-
ing an increasing amount of attention (Jensen and Skriver 
2014; Shao et al. 2015). The AtNAC019, AtNAC055, and 
AtNAC072 genes in Arabidopsis were significantly induced 
by salt and drought stresses. Overexpressing these genes 
could enhance salt and drought tolerance of transgenic plants 
(Tran et al. 2004; Hu et al. 2006; Hickman et al. 2013). 
Overexpressing NAC13 gene in poplars conferred enhanced 
tolerance to salt significantly, while silencing its expression 
impaired salt tolerance (Zhang et al. 2019). Overexpres-
sion of OsNAC5, OsNAC6, OsNAC045, SNAC1, SNAC2, 
and SNAC3 genes in rice enhanced drought and salt toler-
ance of transgenic plants via up-regulating stress-respon-
sive genes such as POD, LEA3, and PM1, respectively (Hu 
et al. 2006, 2008; Nakashima et al. 2007; Zheng et al. 2009; 
Takasaki et al. 2010; Fang et al. 2015;). Soybean NAC TFs 
GmNAC11, GmNAC20, and GmNAC085 have been char-
acterized as important transcription regulators in elevating 
tolerance to salt, drought, and cold stress via glutathione bio-
synthesis and redox balance (Hao et al. 2011; Nguyen et al. 
2018). MbNAC25 and MbNAC29 genes from Malus bac-
cata (L.) increased the activities of ROS-scavenging enzyme 
POD, SOD, and CAT in transgenic Arabidopsis resulting in 
enhanced cold and salt tolerance (Han et al. 2020a, b). Wheat 
TaNAC2, TaNAC67 and maize ZmSNAC1, ZmNAC55 were 
highly induced under drought, salt, and low-temperature, 
and transgenic plants overexpressing these genes showed 
an increased drought, salt, or low-temperature tolerance (Lu 
et al. 2012; Mao et al. 2012, 2016). Furthermore, a lot of 
studies have suggested that NACs was involved in response 
to abiotic stresses via hormones including ABA and ethyl-
ene. Overexpression of these NAC genes (ATAF1, OsNAC2, 
TIP, and ZmNAC071) results in enhanced sensitivity to ABA 
via down-regulating stress-responsive genes under abiotic 
stresses in transgenic plants (Kim et al. 2009; Marques et al. 
2017; Shen et al. 2017; He et al. 2019). ATAF1 and OsNAC2 
could directly bind the promoters of ABA biosynthesis-rel-
ative genes, such as NCED3, OsAP37, and OsCOX11, for 
regulating plant response to abiotic stresses (Jensen et al. 
2013; Mao et al. 2017, 2018).

Potato (Solanum tuberosum L.) is the world’s fourth 
most important food crop but moderately sensitive to salt 
stress which limits its economic yield (Jaarsma et al. 2013; 
Jaarsma and Boer 2018). So far, 110 NAC genes have been 
identified in potato via bioinformatic approaches, and some 

of them were showed to be induced by salt stress by Illu-
mina RNA-seq data (Singh et al. 2013). However, none of 
potato NAC genes has been verified for their functions in 
response to salt stress except for StNAC2 (Xu et al. 2014). 
In this work, we isolated a potato NAC gene from the Kang-
Qing cultivar and named it as StNAC1 for a high-sequence 
similarity to SlNAC1 gene in tomato (Solanum lycopersi-
cum), which was well known to regulate plant responses 
to multiple biotic and abiotic stresses, including salt stress. 
Furthermore, StNAC1 has been proved to be significantly 
induced by pathogen Phytophthora infestans caused late 
blight agent in potato (Collinge and Boller 2001). For this 
sake, we speculated that StNAC1 might be also involved in 
plant response to multiple stresses, including salt stress. In 
this study, the expressions of StNAC1 in potato tissues and 
under NaCl treatments were analyzed, followed by morpho-
logical and physiological analysis of StNAC1-overexpressing 
transgenic Nicotiana benthamiana under salt stress. Finally, 
our transgenic lines displayed significantly enhanced salt tol-
erance, which could provide a potential candidate to improve 
potato salt tolerance.

Materials and methods

Plant materials and treatments

The 10-day test-tube seedlings of Solanum tuberosum potato 
from a KangQing cultivar provided by Sichuan Academy 
of Agricultural Sciences were grown in nutritional soil 
for 28 days at temperature of 23 ± 1℃ (light/dark,16/8 h), 
250  μmol·m−2·s−1. The plants were irrigated with dif-
ferent concentrations of salt solutions for different times, 
respectively.

The wild-type tobacco (Nicotiana benthamiana) and 
transgenic seeds were sterilized with 75% ethanol for 5 min, 
followed by 5% NaClO for 5 min, and then washed 3–5 times 
with sterile water. The seeds were sowed on MS/2 medium 
with or without salt stress in greenhouse at temperature of 
23 ± 1℃ (light/dark, 16/8 h), 250 μmol·m−2·s−1. After grown 
on MS/2 medium for about 10 days, the seedlings were 
transferred to grow on nutritional soil for about 25 days in 
greenhouse at temperature of 28 ± 1℃. The healthy leaves of 
all plants were picked and immersed into different concen-
trations (0, 50, 100, 150, and 200 mM NaCl) of salt solution 
for 7 days.

Cloning and characterization of StNAC1 gene 
in Solanum tuberosum

The total RNAs from leaves of potato KangQing cultivar 
were extracted using total RNA isolation Kit (FOREGENE, 
RE-05021) and were quantified using a Nanodrop (Life 
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Real, FC-1100). 1.0 μg RNA was employed for reverse 
transcription into cDNA using TransScript All-in-one First-
Strand cDNA Synthesis SuperMix qPCR (One-Step gDNA 
Removal) Kit (TransGen Biotech, AT341-02). StNAC1 cod-
ing sequence (CDS) was then amplified with above cDNA 
as template and primers StNAC1-Forward and StNAC1-
Reverse (Supplemental Table  1) designed from potato 
genome sequence (Gene ID: PGSC0003DMG400032555 
[AJ401151/NP_001305595.1]).

The nucleotide and amino acid sequence of StNAC1 
protein in solanum tuberosum were aligned with SlNAC1 
protein in Solanum lycopersicum L. using DNAMAN soft-
ware. The SMART (http:// smart. embl- heide lberg. de/) was 
employed for prediction of conservative domains in StNAC1 
protein.

Expression analysis of StNAC1 gene

The leaves, roots, and stems of all healthy plants (Solanum 
tuberosum and Nicotiana benthamiana) were separately col-
lected and frozen in liquid nitrogen for total RNA extrac-
tion and cDNA transcription as described above. Then, the 
PerfectStart Green qPCR SuperMix Kit (TransGen Biotech, 
AQ601-02) was used for real-time fluorescence quantitative 
PCR (RT-qPCR). The reaction system as below: ① 95℃ for 
5 min, ② 95℃ for 15 s, ③ 60℃ for 30 s, and ② ~ ③ for 40 
cycles. The RT-qPCR was performed using the Ultra SYBR 
Mixture (CWbiotech, CW0957M) and Bio-Rad CFX96 
real-time system (Thermol Fisher scientific, USA) by gene-
specific primers (Supplemental Table 1). The results from 
RT-qPCR were calculated out using  2−ΔΔCt method ((Livak 
and Schmittgen 2001). The Actin gene was employed as a 
reference gene for target gene expression. All experiments 
were performed with three biological replicates and techni-
cal replicates.

Construction and identification 
of StNAC1 transgenic plants

The StNAC1 gene CDS amplified were inserted into plant 
binary vector pBI121 using restriction enzymes XbaI and 
SpeI (Thermo Scientific) via double enzyme digestion. The 
recombinant vector (pBI121-CaMV35S:: StNAC1-GFP) 
contained StNAC1 gene under the control of CaMV35S con-
stitutive promoter and fused in-frame with C-terminal of the 
Green Fluorescent Protein (GFP). And then, all recombinant 
plasmids were sequenced by Tsingke Biotech (ChengDu) to 
confirm the correct insertion of CaMV35S:: StNAC1-GFP 
fragments in constructed vectors. The true recons were 
transformed into Agrobacterium EHA105; following intro-
duced into Nicotiana benthamiana tobacco calluses. Finally, 
all positive plants obtained were identified via RT-qPCR.

The insertion sites of CaMV35S:: StNAC1-GFP frag-
ments on chromosomes in positive transgenic plants were 
further confirmed for homozygous plants using Thermal 
Asymmetric Interlaced (TAIL-PCR). The sequencing results 
of PCR products were aligned with Nicotiana benthamiana 
genome from Sol Genomics network (https:// solge nomics. 
net/ organ ism/ Nicot iana_ benth amiana/ genome). All primers 
used for TAIL-PCR are listed in Supplemental Table 1.

Measurement of chlorophyll content

For chlorophyll measurement, all tested leaves from wide-
type and transgenic plants with or without salt treatment 
homogenized by liquid nitrogen and extracted via 80% 
acetone. The extractions were centrifuged for 5 min at 
15,000 × g, and then, the supernatant was immediately 
subjected to spectrophotometric measurement at 663 and 
645 nm by a spectrophotometer (Thermo Fisher Scien-
tific, Varioskan LUX, USA), respectively (Lichtenthaler 
1987). Statistical analyses were carried out via Duncan’s 
test. Means and standard deviations were calculated from 
three independent experiments.

Histochemical and quantitative determination 
of ROS accumulation

Histochemical assays of ROS accumulation in Nicotiana 
benthamiana tobacco were conducted as described previ-
ously (Bindschedler et al. 2006). The 8-day healthy plants 
from wide-type and transgenic plants with or without 150 
mM NaCl for different times (0, 0.5, 3, and 24 h) were incu-
bated in 1 mg·ml−1 DAB staining buffer solution (Biosharp, 
D5637) at pH5.5 (vacuum for 15 min) for overnight at room 
temperature, respectively. Leaves were decolored in boiled 
bleaching solution (acetic acid:ethanol:glycerol = 1:3:1) for 
15 min and then immersed in 95% ethanol until the green 
color in leaves was completely faded. The quantitative detec-
tion of ROS in leaves from all lines was performed using 
hydrogen peroxide  (H2O2) detection kit (Solarbio Life Sci-
ences, BC3595) as previously described (Chen et al. 2019). 
Statistical analyses were carried out via Duncan’s test. 
Means and standard deviations were calculated from three 
independent experiments.

Quantitative analysis of proline in leaf

Proline content in leaf with or without salt stress (0, 0.5, 
3, and 24 h) was measured via reaction with ninhydrin 
(Bates et al. 1973). The leaves frozen in liquid nitrogen 
were ground into powders, and then mixed with 3% (w/v) 
sulfosalicylic acid. The samples were boiled for 30 min, 
followed by a centrifugation for 10 min at 3000 rpm. For 
colorimetric determinations, the mixed reaction solutions 

http://smart.embl-heidelberg.de/
https://solgenomics.net/organism/Nicotiana_benthamiana/genome
https://solgenomics.net/organism/Nicotiana_benthamiana/genome


534 Journal of Plant Biology (2021) 64:531–542

1 3

(supernatants:ninhydrin acid:glacial acetic acid = 1:1:1) 
were incubated at 100℃ for 1 h and cooled in an iced bath. 
The chromophore was extracted using 2 ml toluene and its 
absorbance at 520 nm was detected by a spectrophotometer 
(Thermo Fisher Scientific, Varioskan Lux, USA). All experi-
ments were performed with three biological replicates and 
technical replicates. Statistical analyses were carried out via 
Duncan’s test.

Results

Characterization of StNAC1 gene in Solanum 
tuberosum

In this  work,  we cloned a gene (Gene ID: 
PGSC0003DMG400032555 [AJ401151/NP_001305595.1] 
in potato, which is annotated as a putative NAC domain 
containing protein. StNAC1 protein shared 96.37% amino 
acid identity with tomato SlNAC1 protein (Fig. 1a). For a 
high-sequence similarity to SlNAC1, we named this gene 

as StNAC1. An amino acid domain prediction of StNAC1 
protein showed that StNAC1 protein had two NAM domains 
(14-137aa, 157-282aa) for protein–DNA binding and a 
KNOX1 domain (11-55aa) playing a role in suppressing 
target gene expression and homo-dimerization (Fig. 1b). 
Besides, 3D-spatial structure model simulation obviously 
showed an interaction between double-stranded DNA and 
StNAC1 protein (Fig. 1c). Together, these results indicated 
that StNAC1 gene in Solanum tuberosum L. might act as a 
transcription factor most and possibly play similar biological 
functions to tomato SlNAC1gene.

Expression of StNAC1 in Solanum tuberosum

As it has been clarified that SlNAC1 gene was induced dis-
tinctly under salt stress (Yang et al. 2011), so we detected 
whether StNAC1 gene was also induced in potato under salt 
stress. First, we detected StNAC1 expression patterns in 
potato tissues. The results showed that that StNAC1 gene 
was mainly expressed in potato leaf comparing to roots 
and stems via qPCR (Fig. 2a). Furthermore, StNAC1 gene 

Fig.1  Amino acid sequence analysis of StNAC1 protein in Solanum 
tuberosum. a Amino acid sequence alignment of NAC1 gene in Sola-
num tuberosum and Solanum lycopersicum. SLNAC1 and StNAC1 
correspond to accessions Solanum lycopersicum NP_001234482 
and Solanum tuberosum NP_001305595. b Schematic diagram of 

StNAC1 protein amino acid domains predicted by SMART. The Sub-
domains (A–E) are shown in white box areas. c Schematic diagram 
of a 3D-spatial structure model simulation for StNAC1 protein and 
double-stranded DNA
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expression level in leaf was detected under salt stress. The 
results showed that StNAC1 gene expression was signifi-
cantly induced in leaf under different salt concentrations 
(50 mM, 150 mM, and 250 mM), and especially the highest 
level at 150 mM NaCl (Fig. 2b). However, StNAC1 gene 
expression level induced at 150 mM NaCl for 3 h was more 
significantly higher than those at 150 Mm NaCl for 0.5 h 
and 24 h (Fig. 2c). Together, these results suggested that 
StNAC1 gene might play important roles in potato response 
to salt stress.

Construction and identification of StNAC1 gene 
transgenic plants

To investigate the functional roles of StNAC1 gene in 
response to salt stress, the CaMV35S promoter-derived 
StNAC1-overexpressing transgenic N. benthamiana plants 
were constructed by Agrobacterium-mediated transforma-
tion (Fig. 3a). The several positive transgenic plants were 
examined in DNA and RNA levels (Fig. 3b, c). The StNAC1 
gene expression in transgenic plants were significantly 
higher than wide type (Fig. 3d). The total NAC1 mRNA 
expression levels including StNAC1 and NbNAC1 (Nico-
tiana benthamiana) in transgenic plants were also distinctly 
higher than wide type (Fig. 3e). Therefore, we obtained three 
independent transgenic lines OE-1, OE-2, and OE-3. The 
insertion sites of StNAC1 gene via Tail-PCR sequencing 
were further performed for homozygous transgenic plants 
(Fig. 4a, b). The insertion sites of StNAC1 expression box 
in these three transgenic lines were shown in supplementary 
materials (Supplemental Fig. 1).

Germination rate test of transgenic seeds under salt 
stress

To test whether StNAC1 overexpression could affect salt 
tolerance in transgenic plants, we conducted seed germi-
nation experiments under salt stress. The phenotype and 
statistical analysis results of seed germination showed that 
comparing to normal condition, the seed germinations of 
all lines were suppressed at 100 mM and 150 mM NaCl 
(Fig. 5). A prominent difference appeared between trans-
genic lines and wide type after 100 mM NaCl. The seed 
germination rates of transgenic lines are significantly higher 
than those of wide type at both 100 mM and 150 mM NaCl, 
particularly 100 mM NaCl (Fig. 5a). The seed germination 
rates (69.39%, 71.43%, and 73.47%) of OE-1, 2, 3 trans-
genic plants were more significantly than that (28.57%) of 
wide type under 100 mM NaCl comparing to 150 mM NaCl 
(Fig. 5b). These suggested that overexpressing StNAC1 gene 
could confer an enhancing salt tolerance in tobacco.

Leaf phenotypic analysis of transgenic plants 
under salt stress

The tissue expression profile above showed that StNAC1 
gene mRNA expression in potato leaf exhibited a higher 
level than those of root and stem (Fig. 2a). Therefore, we 
further tested StNAC1 gene functional role in response to 
salt stress in leaf. As phenotypic experimental results shown, 
more and more green leaves in both transgenic and wide type 
plants were gradually turned yellow with an increasing salt 
concentration (Fig. 6a). However, a visible difference was 

Fig.2  Fluorescence quantitative 
PCR (QPCR) analysis of NAC1 
gene in Solanum tuberosum L. 
under salt. a Relative expres-
sion analysis of StNAC1 in 
root, stem, and leaf of Solanum 
tuberosum. b and c Relative 
expression analysis of StNAC1 
in Solanum tuberosum. Leaf 
treated with different salt con-
centrations for different time, 
respectively. The salt treat-
ments: roots, stems, and leaves 
of Solanum tuberosum. Plants 
grown in nutritional soil for 
4 weeks were irrigated for 0 h, 
0.5 h, 3 h, and 24 h with differ-
ent salt concentrations (0 mM, 
50 mM, 150 mM, and 250 mM 
NaCl), and then picked for total 
RNA extraction and qPCR, 
respectively. The experiments 
were repeated three times for 
each  (nSD ≥ 6)
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beginning to appear between wide type and transgenic lines 
after 100 mM NaCl, and especially, it was the most obvious 
at 150 mM NaCl (Fig. 6a). The green leaf rates (76.67%, 
71.67%, and 73.33%) from all transgenic plants were sig-
nificantly more than that (23.33%) of wide type plants at 
150 mM NaCl (Fig. 6a, b). All leaves were turned yellow at 
200 mM NaCl (Fig. 6a). It was also confirmed from chloro-
phyll content (mg/g) (Fig. 6c). Together, these results sug-
gested that StNAC1gene might act as a positive regulator in 
plant response to salt stress.

ROS accumulation detection of transgenic tobacco 
under salt stress

To clarify the possible mechanisms of StNAC1 gene in 
enhancing salt tolerance in transgenic plants, we further 
determined ROS accumulation in both wide-type and all 
transgenic plants under salt stress. As a result in general, 
DAB staining intensities for  H2O2 in all lines plants were 
significantly deepened under salt stress (Fig. 7a). Although 
there was no difference between wide type and transgenic 

lines plants after150 mM NaCl for 0.5 h, a change appeared 
after salt treatment for 3 and 24 h (Fig. 7a). The DAB stain-
ing intensities in transgenic plants were distinctly shallower 
than wide-type plants after 150 mM NaCl for 3 and 24 h 
(Fig. 7a). For NBT staining experiment, we obtained an 
almost similar result under salt stress (Fig. 7a). These phe-
notypes were identical to  H2O2 and  O2•− content detection 
results, respectively (Fig. 7b, c). Together, all above results 
suggested that StNAC1 gene might involve in response to 
enhancing salt tolerance via decreasing ROS accumulation 
induced under salt stress in transgenic tobacco plants.

Quantitative analysis of proline in transgenic plants 
under salt stress

Proline, as an excellent antioxidative osmolyte, plays a 
beneficial role in response to high salt stress (Szabados 
and Savouré 2010; Slama et al. 2015). In this study, we 
also detected proline contents in transgenic and wild-type 
plants under salt stress. As results shown, proline contents 
increased almost in all transgenic and wild-type plants at 

Fig.3  Construction and identification of StNAC1transgenic plants 
in Nicotiana benthamiana. a Schematic diagram of construction 
of StNAC1-overexpression vector. b Identification of StNAC1trans-
genic plants in DNA levels. c, d and e Semi-quantitative PCR (c) 

and qPCR analysis of S.tNAC1 (d) and NAC1 (including StNAC1 and 
NbNAC1) (e) in transgenic plants. All lines grown in nutritional soil 
for 28 days were used for total RNA extraction and expression analy-
sis, respectively



537Journal of Plant Biology (2021) 64:531–542 

1 3

Fig.4  Identification of insertion 
sites on chromosomes in three 
StNAC1 transgenic plants. a 
Identification of homozygous 
transgenic plants by PCR elec-
trophoresis in three transgenic 
plants. The leaves of StNAC1 
transgenic plants in Nicotiana 
benthamiana grown in MS/2 
medium for 10 days were picked 
for total RNA extraction and 
qPCR, respectively. b Sche-
matic diagram of insertion sites 
on chromosomes in StNAC1 
transgenic plants. LB: left bor-
der. RB: right border

Fig.5  StNAC1 gene could 
increase germination abilities of 
OE transgenic plants under salt 
stress. a Phenotypes of wide-
type and OE transgenic seeds 
under different concentrations 
of salt stress. Bar = 2 mm. b 
Germination rates (%) of wide-
type and OE transgenic seeds 
sowed in MS/2 medium with 
or without 100 mM NaCl for 
9 days, respectively. The experi-
ments were repeated three times 
for each  (nSD ≥ 49). Duncan’s 
test, ***P < 0.01
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150 mM NaCl compared to control (Fig. 8). However, it 
was beginning to appear an obvious difference after 150 mM 
NaCl for 0.5 h, 3 h, and 24 h, respectively (Fig. 8). Proline 
contents in all transgenic plants were significantly more than 
those of wide type at 150 mM NaCl (Fig. 8). These indicated 
a positive role of overexpressing StNAC1 gene in enhanc-
ing salt tolerance of transgenic N. benthamiana plants via 
proline accumulation.

Discussion

Due to a long-term selection, the modern potato cultivars 
exhibit much more sensitive to salt stress compared to wild 
potato species with a relatively salt tolerance (Efimova 
et al. 2019). It is of great significance to study mechanism 
of potato in response to salt tolerance. Transcription factors 
such as WRKY, NAC, bZIP, and MYB play significant roles 
in salt stress responses (Lata et al. 2011). Therefore, NAC 
TFs were good candidates for genetically improving salt tol-
erance in crops because of their roles as important regulators 
of many stress-responsive genes to influence plant salt-stress 
tolerance (Wang et al. 2016). So far, several genes from 110 
NACs previously identified in potato could be significantly 
induced under salt stress (Singh et al. 2013). However, only 
one potato NAC gene, StNAC2, has been described in detail 

involving in salt tolerance (Xu et al. 2014). In this work, 
we cloned and characterized a potato NAC gene from the 
KangQing cultivar, which showed a high-sequence similar-
ity (96.37% amino acid identity) to tomato SlNAC1 gene 
encoding an NAC transcription factor. The phylogenetic 
tree results suggested that StNAC1 was an ATAF subfamily 
member rather than NAP subfamily to which StNAC2 gene 
belonged (Xu et al. 2014). It implied that StNAC1 gene was 
an SlNAC-like gene, which was independent of StNAC2 in 
potato. The StNAC1 protein contained an N-terminal highly 
conserved NAM domain for DNA binding and a C-terminus 
variable NAM domain for transcriptional activation, respec-
tively. In combination with 3D-spatial structure model simu-
lation of an interaction between StNAC1 protein and double-
stranded DNA, it indicated that StNAC1 might act as an 
NAC transcription factor.

In this work, StNAC1 expression was detected in all three 
tested tissues, though with much higher expression level in 
leaf than in root and stem, indicating that StNAC1 might per-
form some basic functions in potato cells. This tissue expres-
sion pattern is very similar to that of SlNAC1 regulating salt 
stress responses in tomato (Yang et al. 2011; Ma et al. 2014). 
As StNAC1 gene was significantly induced under NaCl treat-
ments, we presumed that StNAC1 might play a role in plant 
response to salt stress. A membrane-bound NAC gene NTL8 
was verified to involving in regulating seed germination via 

Fig.6  StNAC1 gene could regulate the salt tolerance of leaves in 
Nicotiana benthamiana. a Phenotype of leaves of wide-type and 
OE transgenic plants under different concentrations of salt stress. 
Bar = 5  cm. b and c Green leaves rate (%) and chlorophyll content 
(mg/g) of wide-type and OE transgenic plant leaves treated with or 

without 150 mM NaCl, respectively. The salt treatment: after wide-
type and OE transgenic plants were grown for 3  weeks, the leaves 
were picked and immersed in different concentrations of salt solu-
tion for 7 days. The experiments were repeated three times for each 
 (nSD ≥ 10). Duncan’s test, ***P < 0.01
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salt signaling (Kim et al. 2008). Our results from seed ger-
mination experiments under salt stress showed, though there 
were no significant differences of seed germination rates 
between wild-type and transgenic plants under low salinity 

(50 mM NaCl), the germination rates of three transgenic 
plant seeds were significantly higher than wide-type plants 
under higher salt concentrations (100 mM and 150 mM 
NaCl). This suggested that StNAC1 gene was involved in 
improving germination rates of transgenic plant seeds. Simi-
lar results of leaf with salt treatment were also observed, and 
transgenic plants leaves could delay salt-induced senescence. 
These lines of evidences suggested that StNAC1 gene was 
involved in regulating salt tolerance and played a positive 
role in response to salt stress.

Many evidences showed overexpressing stress-induci-
ble NAC genes could improve salt tolerance in plants via 
scavenging ROS and/or up-regulating osmolyte accumu-
lation. Overexpression of chrysanthemum DgNAC1 gene 
could enhance salt tolerance in tobacco through regulat-
ing ROS accumulation and proline contents (Wang et al. 
2017). TaNAC29 overexpression transgenic plants accu-
mulated less malondialdehyde (MDA) and hydrogen per-
oxide  (H2O2) through significantly improving activities of 
superoxide dismutase (SOD) and catalase (CAT) under salt 
and drought stresses (Huang et al. 2015). Overexpress-
ing GmNAC06 could lead to proline and glycine betaine 
accumulations in transgenic plants to alleviate or avoid 

Fig.7  Detection of ROS  (H2O2 and  O2•-) accumulations in wide-type 
and transgenic plants under salt stress. a DAB and NBT staining of 
transgenic lines and wide-type seedlings with or without 150  mM 
NaCl for different times (0, 0.5, 3, and 24 h). Bars = 2 mm. b and c 
Detection of ROS accumulations in transgenic lines and wide-type 

seedlings with or without 150 mM NaCl for different times (0, 0.5, 
3, and 24  h). The salt treatments: 8-day seedlings grown in MS/2 
medium were transferred to 150 mM NaCl solution for 0 h, 0.5 h, 3 h, 
and 24 h, respectively. The experiments were repeated three times for 
each (n ≥ 10). Duncan’s test, ***P < 0.01

Fig.8  Detection of proline contents (µg.g−1Fw) in wide-type and 
transgenic plants under salt stress. The salt treatments: 10 day seed-
lings grown in MS/2 medium were transferred to MS/2 medium with 
150 mM NaCl for 0 h, 0.5 h, 3 h, and 24 h, respectively. The experi-
ments were repeated three times for each  (nSD ≥ 30).). Duncan’s test, 
***P < 0.01
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the negative effects of ROS caused by salt stress (Li et al. 
2020). Studies suggested that overexpressing OsNAC45 
gene in transgenic plants could more efficiently scavenge 
superoxide under salt stress (Yu et al. 2018). Overexpress-
ing ThNAC7 transgenic plants in Arabidopsis showed 
an increased reactive oxygen species (ROS) scavenging 
capabilities and proline accumulation, accomplished by 
enhancing the activities of superoxide dismutase and per-
oxidase (He et al. 2019). NAC13 overexpression transgenic 
poplars showed lower ROS accumulation and increased 
proline contents in compared to wide type under salt stress 
(Zhang et al. 2019).

In this work, we showed that transgenic plants accu-
mulated less  H2O2 and  O2•− than wide-type plants by 
histochemical and quantitative assays, indicating that 
overexpressing StNAC1 could enhanced salt tolerance in 
transgenic plants by decreasing ROS accumulation. These 
results indicated that overexpressing StNAC1 gene could 
be contributed to removing ROS accumulation induced 
by salt stress. Meanwhile, our results also showed proline 
contents in transgenic plants were significantly higher than 
that in wild-type plants under 150 mM NaCl treatment for 
different time points. However, quite different from that 
ROS accumulated continually, proline in wild-type plants 
did not accumulate significantly at 0.5 h compared to 0 h, 
and both proline contents in transgenic plants and wide-type 
plants did not increase significantly at 24 h compared to 
at 3 h. Nevertheless, it was quite clear that overexpressing 
StNAC1 enhanced salt tolerance of transgenic plants also by 
up-regulating proline contents. Besides, proline could play 
an excellently beneficial role as an osmolyte in maintaining 
cell osmotic balance and antioxidant to stabilize membrane 
lipid oxidation and regulate ROS levels under environmental 
stresses (Delauney and Verma 1993; Hayat et al. 2012). It 
remains to be further clarified how StNAC1 gene regulates 
ROS accumulation and proline contents or proline-meditated 
ROS scavenging under salt stress in plants.

Conclusions

In this study, we isolated and characterized a potato NAC 
gene, StNAC1. StNAC1 was induced by salt stress, and over-
expressing StNAC1 in Nicotiana benthamiana could signifi-
cantly improve plant salt tolerance, which provided a new 
candidate for genetically improving crop stress tolerance. 
In future, it is interesting to study whether StNAC1 is also 
responsive to other stresses, except for salt, wounding, and 
Phytophthora infestans infection. Most importantly, it is nec-
essary to identify the target genes of StNAC1, which will 
help us understanding molecular mechanisms of StNAC1 in 
response to stresses.
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