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Nitric oxide (NO) production via NO synthase (NOS) plays a vital role in plant tolerance
to salt stress. However, the factor(s) regulating NOS-like activity in plant salt stress
tolerance remains elusive. Here, we show that Arabidopsis SORTING NEXIN 1 (SNX1),
which can restore H2O2-induced NO accumulation in yeast 1snx4 mutant, functions
in plant salt stress tolerance. Salt stress induced NO accumulation through promoted
NOS-like activity in the wild type, but this induction was repressed in salt-stressed
snx1-2 mutant with the mutation of SNX1 because NOS-like activity was inhibited
in the mutant. Consistently, snx1-2 displayed reduced tolerance to high salinity with
decreased survival rate compared with the wild type, and exogenous treatment with NO
donor significantly rescued the hypersensitivity of the mutant to salt stress. In addition,
the snx1-2 mutant with reduced NOS-like activity repressed the expression of stress-
responsive genes, decreased proline accumulation and anti-oxidant ability compared
with wild-type plants when subjected to salt stress. Taken together with our finding that
salt induces the expression of SNX1, our results reveal that SNX1 plays a crucial role in
plant salt stress tolerance by regulating NOS-like activity and thus NO accumulation.

Keywords: SNX1, NO, NOS-like activity, salt stress, ROS

INTRODUCTION

High salinity severely affects plant growth and cause substantial crop losses, posing a serious threat
to global food security (Munns and Tester, 2008; Liu W. et al., 2015). Due to the sessile lifestyle,
plants cannot avoid salt stress-triggered damage by changing their location. Therefore, plants
have evolved sophisticated response mechanisms by perceiving the external sodium ion (Na+)
concentration and optimizing adaptive responses to enhance their tolerance to salt stress (Park
et al., 2016; Shi et al., 2017).

While the Salt Overly Sensitive (SOS) pathway has been well studied and recognized as an
important mechanism controlling sodium ion homeostasis under salinity stress by increasing Na+
efflux (Lin et al., 2009; Yang and Guo, 2018), other protective mechanisms including regulating the
expression of stress-responsive genes, accumulating proline and scavenging ROS also play crucial
roles in plant salt stress tolerance (Khedr et al., 2003; Das and Roychoudhury, 2014). Besides,
phytohormones also play roles in plant response and tolerance to salt stress (Xiong et al., 2002;
Raghavendra et al., 2010). ABA, a well-known stress phytohormone induced by high salt stress,
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upregulates a large number of salt stress-responsive genes with
various protective functions in tolerance (Fujita et al., 2009;
Yoshida et al., 2010). Other phytohormones such as indole-3-
acetic acid (IAA), gibberellic acid (GA) and ethylene are also
involved in plant salt stress response by coordinating plant
growth, development and stress tolerance (Achard et al., 2006;
Liu W. et al., 2015; Ryu and Cho, 2015; Shi et al., 2017).

Nitric oxide (NO) as an important signaling molecule is
also involved in diverse plant developmental processes and
environmental stress responses such as high salinity (Grun et al.,
2006; Del Rio, 2015). Exogenous treatment with NO donor,
sodium nitroprusside (SNP), can enhance plant tolerance to salt
stress by alleviating salt stress-induced oxidative damage and
increasing Na+ efflux while reducing NO content by applying NO
scavenger 2-(4-carboxyphenyl)-4,4,5,5- tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO) could severely reduce plant survival,
demonstrating that NO plays an important role in plant salt stress
response and tolerance (Shi et al., 2007; Ding, 2013; Dong et al.,
2014; Ahmad et al., 2016; Jian et al., 2016). Further, high salt
strongly induces NO accumulation in plant tissues by promoting
NO synthase (NOS)-like activity (Fernandez-Marcos et al., 2011;
Liu W. et al., 2015). While increasing NO accumulation by
overexpressing rat neuronal NO synthase (nNOS) significantly
enhances plant tolerance to salt stress (Shi et al., 2012; Cai et al.,
2015), both NOS inhibitor-treated wild type and the (Nitric Oxide
Associated 1) noa1 mutant with reduced NOS-like activity and
low NO accumulation displays hypersensitivity to high salinity
(Zhao et al., 2007; Lozano-Juste and Leon, 2010; Xie et al., 2013),
revealing the essential role of NOS-like activity in plant salt
tolerance. However, how the NOS-like activity is modulated in
plant salt stress response is unclear.

In this study, we report that Arabidopsis SORTING NEXIN
1 (SNX1) has a novel role in regulating NOS-like activity and
thus salt-induced NO accumulation in plant stress tolerance.
SNX1, belongs to the sorting nexins family, is a part of retromer-
like protein complex (Jaillais et al., 2006). It is colocalized
with multivesicular body (MVB) markers in Arabidopsis root
meristems, retrieving PIN proteins from a late/pre-vacuolar
compartment back to the recycling pathways (Jaillais et al.,
2006; Kleine-Vehn et al., 2008). Further researches reveal that
SNX1 also localizes at the trans-Golgi network (TGN) (Niemes
et al., 2010; Stierhof et al., 2013). SNX1 has various functions
in plant growth and development, especially in responses to
multiple environmental stimuli (Brumbarova and Ivanov, 2016;
Heucken and Ivanov, 2018; Ivanov and Robinson, 2018). For
example, SNX1 regulates plant response to high temperature by
modulating auxin homeostasisis through PIN2 protein recycling
(Hanzawa et al., 2013). Further study showed that GA could
redirect PIN2 protein trafficking from the vacuolar pathway to
the PM via SNX1-dependent protein retrieval (Salanenka et al.,
2018). Also, SNX1 plays a role in iron homeostasis in plants
upon iron deficiency by modulating the recycling of the iron
transporter IRT1 (Blum et al., 2014; Ivanov et al., 2014). The
functions of SNX1-mediated protein sorting in responses to
environmental stimuli may be influenced by SNX1-interacting
proteins, which can be regulated at transcriptional or post-
transcriptional level (Brumbarova and Ivanov, 2016).

Our results show that salt-induced NOS-like activity and NO
accumulation were compromised in snx1-2 with the mutation of
SNX1 compared with those in the wild type, and thus the mutant
showed hypersensitivity to salt stress. Exogenous application with
NO donor sodium nitroprusside (SNP) or S-nitrosoglutathione
(GSNO) can significantly rescue the reduced tolerance of snx1-
2 to high salinity. Furthermore, the snx1-2 mutant with reduced
NOS-like activity repressed the expression of stress-responsive
genes, decreased proline accumulation and anti-oxidant ability.
Taken together, SNX1 acts in plant salt stress tolerance through
changes of NO accumulation by modulating NOS-like activity in
Arabidopsis.

MATERIALS AND METHODS

Strains, Media, and Treatments
The yeast Saccharomyces cerevisiae (S. cerevisiae) wild-type strain
BY4741 (MATα; his311; leu210; met10; ura310) and the
deletion mutant 1snx4 (YJL036W::kanMX4) were purchased
from EUROSCARF (Frankfurt, Germany).

For H2O2 treatment, yeast cells were grown until the early
stationary growth phase in liquid YPD medium containing
glucose (2%, w/v), yeast extract (0.5%, w/v) and peptone (1%,
w/v). Cells were harvested and suspended (107 cells/mL) in
fresh YPD medium followed by the addition of 4 mM H2O2,
then incubated for 30 min at 26◦C with stirring (150 r.p.m.) as
previously described (Almeida et al., 2007).

Plasmid Construction and
Transformation
The full length coding sequence of Arabidopsis SNX1 was
amplified using PCR and inserted into pYES260 vector
at NcoI site behind the GAL1 promoter, resulting in
pYES260-SNX1. The plasmid was then introduced into
yeast mutant 1snx4 according to our previously reported
method (Liu et al., 2017). Transformed cells were selected
on solid SD medium (plus histidine, leucine, methionine
and 1% galactose, without uracil and glucose). The
SNX1 specific primers used are listed in (Supplementary
Table S1).

Plant Materials and Growth Conditions
Arabidopsis thaliana ecotype Columbia was used in this study.
snx1-2 (T-DNA mutant, SALK_033351) and SNX1::SNX1-mRFP
transgenic line were described in previous report (Jaillais et al.,
2006). Arabidopsis seeds were surface sterilized for 5 min with 5%
(w/v) bleach, washed three times with sterile water, incubated for
3 days at 4◦C in the dark, and plated onto 1/2 MS agar medium
(Sigma-Aldrich) 1% (w/v) Sucrose. Seedlings were grown in a
growth chamber maintained at 23◦C, 100 µmol m−2s−1 light
under a 16 h-light/8 h-dark cycle.

NO Detection
Free intracellular NO content was detected with the NO
specific fluorescence dye DAF-FM DA (diaminofluorescein-FM
diacetate, Sigma).
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FIGURE 1 | Yeast SNX4 and Arabidopsis SNX1 conservatively act in the regulation of NO synthesis. (A) NO production was shown by NO-specific dye DAF-FM DA
fluorescence staining in wild type yeast and 1snx4 treated with or without 4 mM H2O2 for 30 min. Scale bars = 50 µm. (B) NO content in (A) was expressed using
the fluorescence from DAF-FM DA staining. DAF-FM DA fluorescence is indicated as pixel intensity arbitrary units (AU). Data shown are means ± SEM. Different
letters indicate significant differences between treatments (P < 0.05 by one-way ANOVA with Tukey’s multiple comparison test). (C) Protein sequences alignment of
Arabidopsis SNX1 and Yeast SNX4. The identical amino acid residues are colored with red. (D) The wild-type yeast, 1snx4 and pGAL::SNX11snx4 cells were
cultured in SD medium (+Glu), and pGAL::SNX11snx4 cells were induced with SD medium (−Glu + Gal). NO production was shown by DAF-FM DA staining in the
indicated yeast cells with or without 4 mM H2O2 treatment for 30 min. Scale bars = 50 µm. (E) NO content in (D) was expressed using the fluorescence from
DAF-FM DA staining. DAF-FM DA fluorescence is indicated as pixel intensity arbitrary units (AU). Data shown are means ± SEM. Different letters indicate significant
differences between treatments (P < 0.05 by one-way ANOVA with Tukey’s multiple comparison test).

For NO detection in yeast cell, treated or untreated
yeast cells were incubated in 50 mM potassium phosphate
buffer (pH7.4) with 5 µM DAF-FM DA in the dark for
30 min. Then the yeast cells were rinsed and suspended
in potassium phosphate buffer. For the visualization of NO
florescence in yeast, the fluorescence images were taken under
the fluorescence microscope (BX60, Olympus) equipped with
a charge-coupled device (CCD) camera (Liu W.C. et al., 2015;

Liu et al., 2017). NO content was represented by the
fluorescence brightness, and the relative accumulation of NO
was expressed in units of luminance (AU) in the Photograph
histogram.

For NO detection in Arabidopsis roots, seedlings treated with
or without 100 mM NaCl for 24 h were incubated in 50 mM
potassium phosphate buffer (pH7.4) with 5 µM DAF-FM DA
in the dark for 30 min. Then the seedlings were rinsed and
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FIGURE 2 | Arabidopsis SNX1 functions in salt stress tolerance by regulating NOS-like activity and NO accumulation. (A) NO accumulation was shown by DAF-FM
DA staining in wild-type and snx1-2 mutant seedlings with or without 100 mM NaCl treatment for 24 h. Scale bars = 50 µm. (B) NO content in (A) was expressed
using the fluorescence from DAF-FM DA staining. DAF-FM DA fluorescence is indicated as pixel intensity arbitrary unit(AU). At least 12 seedlings were imaged per
treatment for each of the three replicates. Data shown are means ± SEM. Different letters indicate significant differences between treatments (P < 0.05 by one-way
ANOVA with Tukey’s multiple comparison test). (C) The wild-type and snx1-2 mutant plants were treated with 100 mM NaCl for 24 h in the presence of 1 mM
L-NAME or not, and then assayed NOS-like activity. Data shown are means ± SEM.Different letters indicate significant differences between treatments (P < 0.05 by
one-way ANOVA with Tukey’smultiple comparison test). (D) Survival rate of the wild-type and snx1-2 mutant plants in the present or absence of SNP under salt
stress. Survival phenotypes of the wild-type and snx1-2 mutant seedlings grown on 1/2MS medium containing 5 µM SNP, 125 mM NaCl or 5 µM SNP + 125 mM
NaCl. Scale bars = 1cm. (E) Survival rate analysis in (D). At least 100 seedlings were counted per treatment for each of the three replicates. Data shown are
means ± SEM. Different letters indicate significant differences between treatments (P < 0.05 by one-way ANOVA with Tukey’s multiple comparison test). (F) Survival
rate of the wild-type and snx1-2 mutant plants in the present or absence of GSNO under salt stress. Survival phenotypes of the wild-type and snx1-2 mutant
seedlings grown on 1/2MS medium containing 50 µM GSNO, 125 mM NaCl or 50 µM GSNO + 125 mM NaCl. Scale bars = 1 cm. (G) Survival rate analysis in (F).
At least 100 seedlings were counted per treatment for each of the three replicates. Data shown are means ± SEM. Different letters indicate significant differences
between treatments (P < 0.05 by one-way ANOVA with Tukey’s multiple comparison test).

suspended in potassium phosphate buffer. For the visualization
of NO florescence in roots, the fluorescence images were taken
under the fluorescence microscope (BX60, Olympus) equipped
with a charge-coupled device (CCD) camera (Liu W.C. et al.,
2015; Liu et al., 2017). NO content was represented by the
fluorescence brightness, and the relative accumulation of NO

was expressed in units of luminance (AU) in the Photograph
histogram.

Measurement of NOS-Like Activity
For NOS-like activity detection in plants, treated or untreated
Arabidopsis seedlings were ground with liquid nitrogen and
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FIGURE 3 | Expression of salt-responsive genes in the wild type and snx1-2 plants treated with or without salt stress. (A–D) Five days old wild-type and snx1-2
mutant seedings were treated with 100 mM NaCl for 24 h, and then assayed the expression of salt-responsive genes RD22 (A), RD29B (B), KIN2 (C), COR15A (D).
Data shown are means ± SEM. Different letters indicate significant differences between treatments (P < 0.05 by one-way ANOVA with Tukey’s multiple comparison
test).

then resuspended in the extraction buffer (50 mM Tris-HCl,
pH 7.4, 1 mM EDTA, 1 mM dithiothreitol, 1 mM leupeptin,
1 mM pepstatin, and 1 mM phenylmethylsulfonyl fluoride). The
mixture was vortexed and centrifuged at 12,000 rpm for 15 min
at 4◦C. The supernatant was used for NOS activity determination
with a NOS assay kit (Beyotime, Haimen, China) as previously
described reports (Shi et al., 2012). Briefly, 0.1 mL supernatant
was added into 0.1 mL reactio mixture (containing NADPH,
L-Arg, NOS assay buffer and DAF-FM DA) and reacted at 37◦C
in the dark for 1 h. The production of NO was measured using a
fluoremeter with 488 nm excitation and 510 nm emission filters.

RNA Extraction and Expression Analysis
RNA extraction and quantitative real-time PCR (qRT-PCR) were
performed according to our previously described method (Liu
et al., 2017; Yuan et al., 2017). Total RNA extraction was
performed using PureLinkTM Plant RNA Reagent (Invitrogen)
according to the manufacturer’s instruction. RNA samples were
then treated with RQ1 RNase-free DNase I (Promega) to
remove DNA. The reverse transcription was carried out by
using ReverTra Ace R© (Toyobo). qRT-PCR assay was performed
by using a CFX96TM Real-Time PCR Detection System (Bio-
Rad) with ACT2/8 (AT3G18780, AT1G49240) as the reference
gene. All experiments were performed with three independent
biological replicates and three technical repetitions. The primers
used are listed in Supplementary Table S1.

Immunoblot Analysis
Total proteins extracted from 5 days old seedlings treated with or
without 100 mM NaCl for 6 h were separated by 12% SDS–PAGE.

Immunoblotting was carried out on PVDF membranes with
anti-mRFP antibody (D110087, BBI Life Sciences). Coomassie
Brilliant Blue staining (CBB) indicates equal total protein loading.

NBT Staining
Superoxide free radicals were detected as described previously
with minor modifications (Guan et al., 2013). Briefly, 5 days
old seedlings grown on 1/2 MS medium were treated with or
without 100 mM NaCl for 24 h, then the seedlings were vacuum-
infiltrated with 0.1 mg/mL nitroblue tetrazolium (Sigma1) in
25 mM HEPES buffer (pH 7.6) for 2 h in darkness. Chlorophyll
was removed using 70% ethanol and then plants tissues were
photographed.

Measurement of Proline Content
Proline content in salt-treated or untreated seedlings was
performed according to our previous reports with L-proline as
the standard. In brief, proline content in Arabidopsis seedling
was measured according to a previously described method
(Zhu et al., 2016). About 0.5 g of Arabidopsis seedlings were
ground into powder with liquid nitrogen and extracted in 3%
sulfosalicylic acid. After centrifuging at 12,000 g for 10 min,
the supernatant (2 mL) was mixed with 2 mL of ninhydrin
reagent (2.5% (w/v) ninhydrin, 60% (v/v) glacial acetic acid, 40%
6 M phosphoric acid) and 2 mL of glacial acetic acid. After
incubation at 100◦C for 40 min, the reaction was terminated in
an ice bath. Then 5 mL toluene was added, followed by vortex.
Finally, the absorbance was measured at 520 nm with a UV-5200
spectrophotometer.

1www.sigmaaldrich.com
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FIGURE 4 | Proline content and expression of proline synthetic genes in the wild-type and snx1-2 mutant seedlings treated with or without salt stress. (A) Proline
content in wild type and snx1-2 mutant seedlings under salt stress. Five days old seedlings of wild type Arabidopsis thaliana or snx1-2 mutant were treated with
125 mM NaCl for 3 days or not, and assayed the proline content in seedlings. Data shown are means ± SEM. Different letters indicate significant differences
between treatments (P < 0.05 by one-way ANOVA with Tukey’s multiple comparison test). (B–D) Expression of proline synthetic genes in the wild type and snx1-2
mutant seedlings treated with or without 100 mM NaCl treatment for 24 h P5CS1 (B), P5CS2 (C), P5CR (D). Data shown are means ± SEM. Different letters
indicate significant differences between treatments (P < 0.05 by one-way ANOVA with Tukey’s multiple comparison test).

Confocal Microscopy
Confocal microscopy was performed using a FluoView
1000 Confocal Laser-scanning Microscope according to the
manufactuer’s instructions and our previously described method
(Liu W.C. et al., 2015). mRFP was excited with 561 nm,
and its emissions were detected between 580 and 620 nm.
Two objectives (20× and 40×) were used for magnification
micrographs. Twelve seedlings treated with or without
100 mM NaCl for 6 h were analyzed. The signal intensity
was analyzed using Photoshop CS5 (Adobe, San Jose, CA,
United States).

RESULTS

Yeast SNX4 and Arabidopsis SNX1
Conservatively Act in the Regulation of
NO Accumulation
NOS-dependent NO synthesis plays a vital role in plant response
and tolerance to salt stress, whereas the factor(s) regulating
NOS-like activity in plant salt stress response is unknown. Our
previous study identified several genes probably involved in the
regulation of NOS-like activity in yeast when treated with H2O2
by screening for the mutants with lower NO accumulation from
a collection of about 7800 yeast deletion mutants because H2O2
activates NOS-dependent NO accumulation (Almeida et al.,
2007). Here, we focused on one of these yeast mutants, 1snx4

(YJL036W) with the mutation of Sorting Nexin 4 (SNX4). NO
accumulation in 1snx4 mutant was much lower than that in
wild-type cells upon H2O2 exposure (Figures 1A,B), revealing
the involvement of SNX4 in the regulation of H2O2-induced NO
accumulation in yeast.

To search for the homolog of yeast SNX4, the identified
Arabidopsis SNX1 which shares 25% identity with yeast SNX4
had been found (Figure 1C). This plant protein is a part of
a retromer-like protein complex and involved in endosome to
lysosome protein transport (Jaillais et al., 2006; Ambrose et al.,
2013; Ivanov et al., 2014). However, the role of SNX1 in the
regulation of NO accumulation in plants remains unknown.
To assess whether SNX1 plays a role in the regulation of NO
accumulation as yeast SNX4, we transformed pYES260-AtSNX1
plasmid into 1snx4, where the expression of AtSNX1 is driven
by galactose-induced yeast GAL1 promoter. When subjected
to H2O2 treatment, the reduced NO accumulation in 1snx4
is rescued by AtSNX1 expression in pGAL1-AtSNX11snx4 in
the presence of galactose (Figures 1D,E), demonstrating that
Arabidopsis SNX1 and yeast SNX4 play a conserved role in
H2O2-induced NO accumulation.

Arabidopsis SNX1 Functions in Salt
Stress Tolerance by Regulating NOS-Like
Activity and Thus NO Accumulation
Since NO plays a vital role in plant response and tolerance
to high salinity and SNX1 modulate NO accumulation in
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FIGURE 5 | SNX1 modulates ROS homeostasis in plant tolerance to salt stress. (A) The wild-type and snx1-2 seedlings were treated with 100 mM NaCl for 24 h,
and then superoxide anions were visualized NBT staining. At least 12 seedlings were imaged per treatment for each of the three replicates. Scale bars = 50 µm.
(B–G) Five days old seedlings of wild type and snx1-2 mutant were treated with or without 100 mM NaCl for 24 h, and then the expression of ROS-scavenging
genes were assayed. Data shown are means ± SEM. Different letters indicate significant differences between treatments (P < 0.05 by one-way ANOVA with Tukey’s
multiple comparison test).

yeast, we investigated whether SNX1 affects salt stress-induced
NO accumulation in plant salt stress response with snx1-2.
The snx1-2, a T-DNA insertion null mutant of SNX1, has
been used to indicate its role in modulating PIN2 endosomal
transport in pleiotropic auxin related defects (Jaillais et al.,
2006). We examined NO accumulation in the roots of wild-
type and snx1-2 seedlings treated with salt stress. Our results
showed that salt stress significantly induced NO accumulation
in the roots of wild-type seedling as previously reported
(Liu W. et al., 2015; Figures 2A,B). This induction of NO
accumulation in snx1-2 was repressed (Figures 2A,B), supporting
that SNX1 functions in salt-induced NO accumulation in
plants. This repression of NO accumulation is due to the
inhibited NOS-like activity in snx1-2 because snx1-2 seedlings
had lower NOS-like activity than wild-type plants and increased
NOS-like activity in wild-type plants was inhibited by NOS
specific inhibitor, L-NAME when challenged with high salt
(Figure 2C).

To further assess whether changes in NO accumulation
in snx1-2 affect plant salt stress tolerance, we assayed the
sensitivity of snx1-2 to high salinity in terms of survival
rate of the salt-stressed mutant. The survival rate of snx1-2
was much lower than that in the wild type after salt stress
treatment (Figures 2D–G), suggesting that the reduced NO
accumulation of snx1-2 results in its hypersensitivity to salt
stress. To further support it, we examined whether NO donor
can rescue the reduced survival rate of snx1-2 compared with
the wild type treated with high salinity. We found that both
SNP and GSNO can significantly enhance the survival rate of
snx1-2 compared with untreated control (Figures 2D–G). Taken
together, Arabidopsis SNX1 functions in salt stress tolerance by
change of NO accumulation through its regulation of NOS-like
activity.

SNX1 Acts in Plant Salt Stress Tolerance
by Regulating the Expression of
Salt-Responsive Genes and Proline
Synthesis
It is well-known that NO plays its role in environmental
stresses including salt or drought stress by activating the
expression of many stress-responsive genes and promoting
proline accumulation (Shi et al., 2012; Cai et al., 2015). Thus,
we also examined whether changes of NO accumulation in
snx1-2 with reduced survival rate affect the expression of stress-
responsive genes by RT-qPCR. When subjected to high salinity.
The stress-responsive genes such as RD22, RD29B, KIN2, and
COR15A were significantly induced by salt stress in the wild
type, but the increased expression of these genes were repressed
in salt-treated snx1-2 seedlings (Figures 3A–D). Similarly, the
increased proline accumulation in the wild type was also reduced
in snx1-2 when subjected to salt stress (Figure 4A). Reduced
proline content could be due to decreased expression of proline
biosynthetic genes, thus we further investigated the expression
of P5CR1, P5CS2, and P5CR involved in proline biosynthesis.
Indeed, when challenged with high salt, the expressions of these
genes were significantly induced in wild type but this induction
was suppressed snx1-2 (Figures 4B–D). These results suggest
that SNX1 acts in plant salt stress tolerance by regulating the
expression of salt-responsive genes and proline biosynthesis.

SNX1 Modulates ROS Homeostasis in
Plant Tolerance to Salt Stress
Salt stress causes production of reactive oxygen species (ROS)
including superoxide anion, causing oxidative damage to
plant cells (Apel and Hirt, 2004; Foyer and Noctor, 2005;
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FIGURE 6 | Salt induces the expression of SNX1. (A) The wild-type seedlings were treated with or without 100 mM NaCl for 6 h, and then SNX1 expression was
assayed. (B) Five days old seedlings of SNX1::SNX1-mRFP treated with or without 100 mM NaCl for 6 h were used to assay the fluorescence of mRFP. Scale
bars = 50 µm. High magnification micrographs of the area outline with a yellow asterisks in low magnification micrographs. Scale bars = 10 µm. (C) Quantified
fluorescence intensities in (B). At least 12 seedlings were imaged per treatment for each of the three replicates. Data shown are means ± SEM. Asterisks indicate
significant differences with respect to each control (Student’s t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). (D) SNX1 Protein in 5 days old SNX1::SNX1-mRFP
seedlings treated with or without 100 mM NaCl for 6 h were assayed by western blot with anti-mRFP antibody.

Das and Roychoudhury, 2014; Del Rio, 2015). Thus, we explored
whether snx1-2 mutant with reduced NO accumulation has
higher accumulation of superoxide anion, leading to sensitivity
to salt stress. For this purpose, we assayed the accumulation
of superoxide anion in wild-type and snx1-2 seedlings treated
with high salinity using nitrotetrazolium blue (NBT) staining.
Our results showed that NBT staining in the roots of snx1-2
seedlings were darker than that in the wild type, either with or
without salt stress treatment (Figure 5A), indicating that the
superoxide anion accumulation is higher in snx1-2. Then, we
examined the expression of genes encoding superoxide dismutase
(SOD), which can detoxify superoxide radicals. We found that all
tested SOD genes (CSD1, CSD3, CCS, MSD1, FSD1, and FSD2)
were induced by salt stress in the wild type, but this induction
were significantly repressed in snx1-2, indicating a role of SNX1
in regulating superoxide accumulation by changes of SODs
expression in plant salt stress tolerance (Figures 5B–G). These
data indicates that SNX1 plays an important role in modulating
ROS homeostasis in plant tolerance to salt stress.

Salt Induces the Expression of SNX1
Our above results showed that SNX1 is a novel factor regulating
salt stress tolerance through changes of NO accumulation in
plants, we further explored whether the expression of SNX1
was influenced by salt stress. Our qRT-PCR analyses indicated
that the expression of SNX1 was significantly induced by salt
(Figure 6A). We also assessed the accumulation of SNX1 protein
in plants challenged with high salinity using SNX1::SNX1-mRFP
transgenic plant as previously reported (Jaillais et al., 2006).
We found that RFP fluorescence in the roots of salt-treated
SNX1::SNX1-mRFP seedlings was higher than that in untreated
control (Figures 6B,C). Consistently, higher SNX1-mRFP protein
accumulation was detected in salt-treated SNX1::SNX1-mRFP
seedlings (Figure 6D). These results indicate that plants increase
SNX1 protein accumulation in response to salt stress.

Taken together, our results revealed that plant upregulates
SNX1 to modulate NO accumulation through changes of NOS-
like activity in response to salt stress.

DISCUSSION

As an important bioactive molecule, the biosynthesis of NO has
always been a concern. In mammals, NO is synthesized by NOS
with L-Arg as substrate (Gupta et al., 2011). In plants, NOS and
nitrate reductase (NR) have been known as two major sources of
NO production (Wilson et al., 2008; Gupta et al., 2011). However,
the gene encoding NOS in plants has not been identified so
far, and thus the mechanism underlying the regulation of NOS-
like activity is poorly understood. To search for new factors
involved in modulating NOS-like activity in Arabidopsis, we
carried out the experiment to screen for possible players in
yeast first, and then identify their homologs in Arabidopsis.
Using this method, we show that expression of Arabidopsis
SNX1 restores H2O2-indcued NO accumulation in yeast mutant
1snx4, indicating that Arabidopsis SNX1 and yeast SNX4 are
homologous genes and play a conserved role in regulating NO
accumulation.

In yeast, SNX4 has been reported to involve in the retrieval
of late-Golgi from post-Golgi endosomes to the trans-Golgi
network and the transport from cytoplasm to vacuole in yeast
(Hettema et al., 2003; Bean et al., 2017). In Arabidopsis,
SNX1, which has 25% identity with yeast SNX4 protein
sequence, participates in endosome to lysosome protein transport
(Ambrose et al., 2013; Ivanov et al., 2014).

In this study, we uncover a novel role of SNX1 in NO
accumulation by changes of NOS-like activity. But, how SNX1
modulates NOS-like activity remains unknown. The SNX1
may affect NOS-like activity through its interaction with NOS.
However, we could not identify any of these proteins to be
NOS candidate. A previous report demonstrates that NOA1
functions as a modulator of NOS-like activity that mediates
changes in NO accumulation (Guo et al., 2003). Recently, WD40-
REPEAT 5a has been reported to regulate NOS-like activity
with unknown mechanism (Liu et al., 2017). Therefore, we
further speculate that SNX1 may affect NOS-like activity as a
secondary effect, by interacting with and affecting the direct NOS
regulators.
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The stress-responsive genes, proline biosynthetic genes and
SOD genes were significantly induced by salt stress in the
wild type, but the increased expression of these genes was
repressed in salt-treated snx1-2 seedlings (Figures 3–5). These
results suggest that SNX1 acts in plant salt stress tolerance
by regulating the expression of salt-responsive genes, proline
biosynthesis genes and SOD genes. Thus, we further investigated
whether the expression of these genes induce by NO. When
treated with NO donor SNP, RD22, KIN2, COR15A, P5CS1,
P5CS2, and P5CR were significantly induced by SNP in both
wild-type and snx1-2 seedlings (Supplementary Figures S1A–
D, S2A–C), suggesting that these genes could induced by
SNP. These results were consistent with previous studies that
many stress-response genes are regulated by NO (Shi et al.,
2012; Hussain et al., 2016). However, we found that SNP
could not enhance the expression of SOD genes in both
wild-type and snx1-2 seedlings (Supplementary Figures S3A–F),
suggesting SNP could not affect the expression of SOD
genes.

As a key signaling molecule, NO plays essential roles in
various plant physiological and developmental processes as well
as plant responses to biotic and abiotic stresses, including
salt stress. High salinity strongly induces NO accumulation in
plant tissues (Fernandez-Marcos et al., 2011; Liu W. et al.,
2015), and NOS-dependent NO synthesis plays an essential
role in plant tolerance to high salinity (Zhao et al., 2007;
Lozano-Juste and Leon, 2010; Shi et al., 2012; Xie et al.,
2013; Cai et al., 2015). However, how the NOS-like activity
is modulated in plant salt stress response is unclear. Here,
we show that the snx1-2 mutant with lower NOS-like activity
and thereby less NO accumulation is hypersensitive to high
salinity. Since NO is involved in diverse plant developmental
processes and environmental responses, whether SNX1 also acts
in such processes and responses is, therefore, worthy of further
exploration.

While NO donor can significantly enhance the survival
rate of snx1-2 mutant compared with untreated control, NO
donor cannot completely rescue the reduced survival rate of

snx1-2 mutant compared with the wild type when treated with
high salinity (Figures 2D–G), indicating that there is another
mechanism that SNX1 functions in salt stress tolerance. It has
been demonstrated that SNX1 interacts with sodium-proton
exchanger 6 (NHX6), which could enhance salt tolerance in
a variety of species (Ashnest et al., 2015). SNX1 may affect
the salt tolerance though interacting with NHX6 and therefore
enhance plant salt tolerance. In conclusion, our results reveal
that SNX1 is a novel factor in plant salt stress tolerance through
changes of NOS-like ability and thereby NO accumulation in
Arabidopsis.
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