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The sweet sorghum SbBWRKY50 is negatively involved in salt response
by regulating ion homeostasis
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Abstract

The WRKY transcription factor family is involved in responding to biotic and abiotic stresses. Its members contain a typical
WRKY domain and can regulate plant physiological responses by binding to W-boxes in the promoter regions of downstream
target genes. We identified the sweet sorghum SOWRKY50 (Sb09g005700) gene, which encodes a typical class II of the
WRKY family protein that localizes to the nucleus and has transcriptional activation activity. The expression of SOWRKY50
in sweet sorghum was reduced by salt stress, and its ectopic expression reduced the salt tolerance of Arabidopsis thaliana
plants. Compared with the wild type, the germination rate, root length, biomass and potassium ion content of SbBWRKY50
over-expression plants decreased significantly under salt-stress conditions, while the hydrogen peroxide, superoxide anion
and sodium ion contents increased. Real-time PCR results showed that the expression levels of AzSOS1, AtHKTI and genes
related to osmotic and oxidative stresses in over-expression strains decreased under salt-stress conditions. Luciferase com-
plementation imaging and yeast one-hybrid assays confirmed that SbWRKY50 could directly bind to the upstream promoter
of the SOS1 gene in A. thaliana. However, in sweet sorghum, SbWRKYS50 could directly bind to the upstream promoters of
SOS1 and HKTI. These results suggest that the new WRKY transcription factor SbBWRKY50 participates in plant salt response
by controlling ion homeostasis. However, the regulatory mechanisms are different in sweet sorghum and Arabidopsis, which
may explain their different salt tolerance levels. The data provide information that can be applied to genetically modifying
salt tolerance in different crop varieties.

Key message

(1) Sweet sorghum SbBWRKY50 is negatively involved in salt response.

(2) Over-expression of SDWRKY50 in A. thaliana affects plant growth, ROS and the ioncontents.

(3) SbBWRKYS50 could directly bind to the upstream promoter of the SOSI gene in A. thaliana and the promoter of SOSI and
HKTI in sweet sorghum.
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Introduction

Salt stress is an important factor that seriously affects

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11103-020-00966-4) contains
supplementary material, which is available to authorized users.

Yushuang Song, Jinlu Li, and Yi Sui contributed equally to this
work.

< Na Sui
suina@sdnu.edu.cn

Extended author information available on the last page of the article

crop growth and yield (Asano et al. 2012; Liu et al. 2017a,
b). Salt stress can inhibit the growth and development of
plants, disrupt the permeability of cell membranes and
biologically functional molecules in cells, and seriously
affect the physiological and metabolic processes of plants
(Syvertsen and Garcia-Sanchez 2014; Reginato et al.
2014; Wu et al. 2014; Han et al. 2014; Liu et al. 2015;
Sui et al. 2017, 2018). Soil salinization is a worldwide
problem, especially in arid and semi-arid areas. China
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has severe soil salinization, affecting tens of millions
of hectares (Li et al. 2014a, b). Moreover, owing to the
improper development and utilization of irrigation meas-
ures, a large area of secondary salinized soil has been pro-
duced. Most crops do not grow normally on saline—alkali
soil (Li et al. 2012). Therefore, studying the molecular
mechanisms of salt resistance is necessary for increasing
salt tolerance and utilizing salinized soil.

To maintain the normal physiological metabolism of
cells under salt-stress conditions, plants undergo a series
of physiological and biochemical reactions, including ion
transport and absorption (Shao et al. 2014), the synthesis
of osmotic regulators (Li et al. 2014; Wei et al. 2017; You
et al. 2019) and the enhancement of antioxidant enzyme
levels (Guo et al. 2017). Additionally, plants induce the
expression levels of genes that have different functions in
response to salt stress. Regulating the expression levels
of functional genes through transcription factors is a key
mechanism of plant responses to stress. At present, there
are many transcription factor families responding to stress,
such as bZIP, WRKY, AP2/EREBP and MYB and so on.

The WRKY transcription factor is a supergene family
named for a highly conserved WRKY domain consisting
of 60 amino acids that are found in the family members
(Rinerson et al. 2015). However, there are exceptions. In
some WRKY transcription factors, WRKY residues in the
WRKY domain are replaced by WRRY, WSKY, WKRY,
WVKY or WKKY motifs. The N-terminal of the domain
has a conservative WRKYGQK core sequence, and the
C-terminal has a zinc-finger structure, C,—H, or C,—HC.
WRKY domain proteins bind specifically to W-boxes. The
conserved sequence of the W-box is TTGACC or TTG
ACT, and the four middle bases TGAC are the core W-box
sequence. The selection of a W-box by a WRKY transcrip-
tion factor protein depends on the two flanking bases. At
present, WRKY transcription factors are divided into three
protein subfamilies, classes I, II and III.

Since the first WRKY gene was cloned in sweet pota-
toes (Ishiguro and Nakamura 1994), it has been found that
WRKY is a ubiquitous class of transcription factors in
plants especially in some important economic crops such
as soybean (Zhou 2008; Wang et al. 2015), potato (Liu
et al. 2017a, b), cotton (Si et al. 2017), tomato (Wang et al.
2017), maize (Zhang et al. 2017), rice (Lee et al. 2018) and
wheat (Gao et al. 2018). The WRKY protein is involved
in abiotic stress responses (Ali et al. 2018; Lopez-Galiano
et al. 2018), plant disease resistance (Lan et al. 2013),
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plant development and material metabolism (Yang et al.
2016; Sun et al. 2003), seed dormancy (Ding et al. 2014),
plant senescence (Potschin et al. 2014), hormone signal-
ing (Birkenbihl et al. 2015; Tian et al. 2017) and other
processes (Chen et al. 2012). WRKY transcription factor
is a new participant in signal transduction network. The
interaction between downstream target genes and upstream
regulators constitutes a complex WRKY transcription fac-
tor regulatory network, which is a new research field. At
present, the regulatory network of WRKY transcription
factors has been studied in some plant species (Zou et al.
2004; Kim et al. 2008; Jiang et al. 2016), but the regula-
tory network in sweet sorghum is the first introduction.

Sweet sorghum [Sorghum bicolor (L.) Moench], known
as the "second generation sugarcane", is a kind of crop with
high sugar content and high yield (Sui et al. 2015; Schnip-
penkoetter et al. 2017). It is an important food, feed and
energy crop in the world. Sweet sorghum not only has a
very high biomass but also has salt and alkali tolerant. Many
unique genes were found to be related to salt tolerance of
sweet sorghum (Zheng et al. 2011; Yang et al. 2018). There-
fore, research on these unique genes and the related char-
acteristics of sweet sorghum can be applied to the genetic
modification of other crops, allowing us to obtain stress-
tolerant crops, and manage the growth and development of
plants in saline environments.

In this study, we isolated SbBWRKY50 from our former
transcriptomic data, because the gene was down regulated
in M81-E and was not induced in Roma by salt stress (Yang
et al. 2017, 2018). We found that SOWRKY50 down-regu-
lated under salt treatment. After over-expressing SO WRKY50
in Arabidopsis thaliana, the related physiological indexes
were determined, and yeast one-hybrid and luciferase com-
plementation imaging assays were performed. SOWRKY50
can negatively regulate salt responses by altering ion home-
ostasis in both sweet sorghum and A. thaliana. But the
regulating mechanism is different in sweet sorghum and A.
thaliana.

Results

SbWRKY50 is a typical WRKY transcription factor,
containing the WRKYGQ(K)K motif

The coding sequence (CDS) of SOBWRKY50 contains
621 bases and encodes 206 amino acids. There is a
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typical WRKY domain between amino acids 109 and 168
in SbWRKY50, and a zinc-finger structure, C,H,, at the
C-terminus (Fig. S1A, B). Using the BLAST function of
NCBI, 14 sequences with high homology to SbBWRKY50
were identified (Fig. S1C). WRKYGQ(K)K and C,—H, are
highly conserved in the WRKY family. The phylogenetic
tree showed that the SO WRKY 50 protein had high homology
with Panicum hallii WRKYS51 (Fig. S1D).

SbWRKY50 is a negative regulatory transcription
factor expressed in the nucleus

To test if SBWRKYS50 is located in the nucleus as a tran-
scription factor, we performed the transient transformation
in tobacco with SbWRKY50: GFP. GFP was expressed in cell
membrane and nucleus, but GFP fused with SbBWRKY50
was located in nucleus (Fig. 1A). This indicates that
SbWRKY50 is a nuclear localization protein.

To elucidate the function of SbWRKY50 under salt condi-
tion, we performed salt treatment experiments in sweet sor-
ghum. As shown in Fig. 1B, during the 50 mM NaCl treat-
ment, the expression of SOWRKY50 increased in shoot, but
decreased sharply during the 100 mM NaCl treatment, and
reached its lowest level during the 200 mM NaCl treatment.
In roots, its expression level significantly decreased with the
increase of salt concentration, reaching its lowest level dur-
ing the 200 mM NaCl treatment (Fig. 1B). Therefore, these
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Fig. 1 Subcellular localization, expression pattern and transcriptional
activity analyses of SbPWRKY50. A Localization of SBWRKYS50 in
tobacco cells (35S: GFP as control group, 35S:WRKYS50-GFP as
experimental group). B The expression levels of SbWRKY50 in roots

results support that SOWRKY50 can be induced by salt and
might be a negative regulatory transcription factor.

SbWRKY50 is a transcription factor
with transcriptional activity

We analyzed the transcriptional activity of SO WRKY50 using
a yeast system to investigate the potential role of SbBWRKY50.
On tryptophan deficient medium (SD/—Trp), both the exper-
imental and control groups grew normally. On tryptophan,
adenine and histidine (SD/—Trp — Ade — His) and the same
medium supplemented with 5-bromo-4-chloro-3-indole-a-
D-galactoside (X-a-gal; SD/—Trp — Ade — His + X-a-gal), the
control group did not grow normally, while the experimental
group grew normally and colonies turned blue (Fig. 1C).
These results indicate that SOWRKY50 has a transactiva-
tional capacity.

Over-expression of SOBWRKY50 enhances plant
sensitivity to salt stress

To further demonstrate that SOWRKY50 acts as a nega-
tively regulated transcription factor in salt tolerance,
SbWRKY50 was derived by CaMV35s promoter and was
transformed into A. thaliana. We generated two trans-
genic lines W50-12 and W50-13. The expression level of
SbWRKY50 was 7.84 (W50-12) and 9.67 (W50-13) times
higher than wild type (WT) Arabidopsis (Fig. 2A), which
proved that SOWRKY50 had been successfully transformed
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and leaves under 0-, 50-, 100-, 150- and 200 mM salt conditions. C
Analysis of transcriptional activity of SbPWRKY50 using a yeast sys-
tem
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into Arabidopsis. Furthermore, we measured the biomass of
over-expression and WT plants in the treatment of 0 and 100
mM NaCl. The dry weight and fresh weight of each Arabi-
dopsis line decreased significantly, but the decline degree
of over-expressed lines was significantly higher than that
of WT (Fig. 2B, C). This suggests that over-expression of
SbWRKY50 decreased plant biomass.

We also measured seed germination and root length.
There were no differences in the seed germination rates and
root lengths of the lines not subjected to NaCl treatment.
As the salt concentration increased, the seed germination
rates and root length of each strain decreased significantly
(Fig. 2D). When treated with 50 and 100 mM NaCl, the
germination rates and root lengths of the over-expression
lines were significantly lower than those of the WT. When
germinated on 150 mM NaCl, reduction in seed germination
and root length was observed both in WT and over-expres-
sion plants, however reduction was significantly higher in
overexpression lines as compared to WT plants (Fig. 2E,
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Fig.2 The determination of physiological parameters in Arabidopsis
wild-type (WT) and SbWRKY50 over-expression lines. A Expression
of SOWRKYS50 in over-expression plants. B and C Fresh weights (B)
and dry weights (C) of WT and over-expression plants under differ-
ent salt conditions. D Under salt treatment, the phenotypes of WT
and over-expressed A. thaliana (W50-12, W50-13) at seedling stage,
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F). This indicates that the over-expression of SOWRKY50
affected seed germination and root length.

Under salt-stress conditions, sodium ions (Na") are the
main ions that cause plant salt damage, while potassium ions
(K™*) are an essential element and important osmotic adjust-
ment substance for plant growth. The level of Na* has a sig-
nificant inhibitory effect on the absorption of K*. To detect
ion metabolism in plants, we determined the contents of
Na* and K in over-expression and WT lines. Under 0 mM
NaCl conditions, there were no significant differences in the
Na* and K* contents in the leaves and roots of transgenic
Arabidopsis compared with WT plants. However, under 100
mM NaCl conditions, compared with WT plants, the Na*
content in SO WRKYS50 over-expression plants increased sig-
nificantly, while the K* content decreased significantly. As a
result, Na™/K* increased significantly in the over-expression
plants (Fig. 3A—C). This suggests that the over-expression
of SOWRKY50 reduces the ability of Arabidopsis to resist
salinity by increasing the Na*t content and decreasing the
K* content.
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with six seedlings in each group. E and F Germination rates (E) and
root lengths (F) of WT and over-expression plants under different salt
conditions. Each column represents the means + SDs of five measure-
ments. Means identified by different letters are significantly different
at P<0.05
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Under salt-stress conditions, plants can produce hydro-
gen peroxide (H,0,), superoxide anions (O, ) and other
substances owing to oxidation. DAB solution can react with
plant endogenous H,0, to form reddish brown spots, which
reflect the H,O, contents in plants. Similarly, nitro blue
tetrazolium (NBT) solution can be reduced to a water-insol-
uble blue substance under the action of O, ", which reflects
the O, contents in plants. Under 0 mM NacCl conditions,
the degrees of DAB and NBT staining of each strain were
not significantly different. However, under 100 mM NaCl
conditions, the degrees of both DAB and NBT staining in
over-expression strains were deeper than in WT (Fig. 3D,
E), which indicated that under saline conditions, the over-
expression of SOWRKY50 made Arabidopsis plants more
sensitive to oxidative stress than WT plants.

SbWRKY50 regulates the expression
of stress-related genes

To identify the target genes of SOWRKY50, we assessed
the transcriptional changes of some genes in response to

osmotic (SOD and APX), oxidative (RD29B and P5CS1)
and ion stresses (CLC-C, SOSI and HKT1) using qRT-PCR.
Under salt-stress conditions, the expression levels of these
genes were induced, but the levels of induction were less in
the SOWRKY50 over-expression strains than in WT strains
(Fig. 4A). Thus, SOWRKY50 may play an important role in
regulating the expression levels of stress-responsive genes.
WRKY transcription factors regulate downstream genes by
binding with W-boxes. To further screen the target genes
of SOWRKY50, we analyzed the promoters of these genes
(Table S1), and only the promoters of A. thaliana salt overly
sensitive 1 (AtSOS1, Nat/H" reverse transporter), sweet
sorghum SHSOSI and high-affinity potassium transporter
(SbHKTI) contained W-boxes. Therefore, we speculate that
the SOSI and HKTI genes might be targets of SO WKY50.

SbWRKY50 directly binds to the AtSOS1, SbSOS1
and SbHKT1 promoters

To determine whether SOWRKYS50 binds with the pro-
moters of AtSOSI, SbSOSI and ShHKTI, we performed
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Fig.3 Changes in ions and reactive oxygen species. A—~C The Na*
and K* contents and Na*/K* ratio in roots of WT and over-expres-
sion plants during different salt treatments. Each column represents

the means + SDs of five measurements. Means identified by different
letters are significantly different at P<0.05. D DAB staining. E NBT
staining. Each staining experiment was repeated five times
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Fig.4 Expression levels of stress-related genes and interactions
between SOWRKY50 and its downstream target genes. A The expres-
sion levels of genes responding to osmotic, stress and ionic stresses in
SbWRKY50 over-expression strains compared with wild-type strains
under salt-stress conditions. Each column represents the means + SDs

yeast one-hybrid and luciferase complementation imag-
ing assays. The yeast one-hybrid assays showed that only
when proAtSOS1-pLacZi2u, proSbSOS1-pLacZi2u and
proSbHKT1-pLacZi2u were independently co-transformed
with GAD-SbWRKY50, LacZ expression was activated
and colonies appeared blue on SD/—Trp — Ura + X-a-
gal (Figs. 4B, 5A). Similarly, when proAtSOS1-pGree-
nlI-0800, proSbSOS1-pGreenll-0800 and proSbHKT1-
pGreenlI-0800 were independently co-transformed
with SbBWRKYS50-pMWB110, strong in vivo fluores-
cence signals were observed using the imaging system
(Figs. 4C, 5B). No fluorescence signals were observed
in the co-transformation of SbWRKY50-pMWB110
and proAtHKT1-pGreenlI-0800. This indicates that
SbWRKY50 can regulate plant salt tolerance by interact-
ing directly with AzSOSI. However, in sweet sorghum,
SbWRKY50 can regulate salt tolerance by directly bind-
ing the promoters of SbSOSI and SbHKTI.
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of five measurements. Means identified by different letters are signifi-
cantly different at P<0.05. B and C The interactions of SbWRKY50
with proAtSOS1 and proAtHKT1 were validated using yeast one-
hybrid and luciferase complementation imaging assays

Discussion

SbWRKY50 protein belongs to class II of the WRKY family
with the N-terminus containing a conserved WRKY domain,
and the C-terminus containing a C,—H, zinc-finger struc-
ture (Fig. S1A-C). The transient transformation of tobacco
indicated that WRKY50 was expressed in the nucleus, and
the transcriptional activity of WRKYS50 was verified using
a yeast system (Fig. 1A, C). Under salt-stress conditions,
the transcriptional level of WRKY50 in sweet sorghum
decreased with the increase of salt concentration (Fig. 1B).
These results suggest that the SO WRKY50 gene is consti-
tutively expressed, and its expression is inhibited by salt
stress, which indicate that SbBWRKY50 might be a negatively
regulation factor.

Seed germination is the first stage of plant growth, and
roots are the main organ involved in plants perceiving envi-
ronmental changes (Almansouri et al. 2001; Guo et al. 2018;
Li et al. 2018). When plants are subjected to adverse condi-
tions, germination rate and root length are the first charac-
teristics to be affected. Jafarzadeh and Aliasgharzad (2007)
found that with an increasing salt content, the yield of sugar
beet decreased. The salt level had a significant effect on
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Fig.5 The interactions of SbBWRKY50 with proSbSOS1 and proSbHKT1 were validated using yeast one-hybrid and luciferase complementation
imaging assays. A Yeast one-hybrid. B Luciferase complementation imaging assays

the seed germination rates and root lengths of four sugar
beet varieties (pp22, ic2, pP36 and 7233). Cai et al. (2014)
showed that the over-expression of WRKY5S in rice results in
delayed germination and inhibited post-germination devel-
opment. Xu et al. (2018a, b) found that the over-expression
of Glycine max WRKY49 significantly increased the germi-
nation rates, survival rates, root lengths, rosette diameters,
relative electrolyte leakage levels and proline contents in
composite seedlings and transgenic Arabidopsis than in
WT. In this study, the germination rate, root length and
the biomass were significantly inhibited in over-expression
SbWRKY50 plants than in WT.

Under salt stress, Na* enters cells in large quantities,
resulting in the reduction in K* uptake by cells and the
destruction of the ion balance in plant cells (Wei et al. 2015).
High salt concentrations also destroy plant defense systems,
and the accumulation of reactive oxygen species (H,0O, and
0, 7) leads to membrane lipid peroxidation, which results in
a series of physiological metabolic disorders (Li et al. 2000;
Song et al. 2019). In this study, the K* content of SbPWRKY50
over-expression plants were significantly decreased under
high-salt conditions compared with WT, while the Na* con-
tent and reactive oxygen species accumulation increased,
affecting the ion homeostasis. These results indicate that
the over-expression of SbDWRKY50 in A. thaliana can inhibit
plant growth, and dry matter and reactive oxygen species
accumulation, leading to oxidative stress, and reduce the
abilities of plants to maintain their ion balance. Thus, plant
salt tolerance was reduced.

Salt stress also can induce some stress related genes
expression. In this study, we determined the expression

levels of some stress-related genes, RD29B, P5CS1, SOD,
APX, CLC-C, SOSI and HKT . Previous research shows that
the osmotic stress-related gene RD29B is induced by salt and
drought and activates the Arabidopsis MAKK or MAPK
protein (Hu et al. 2006). Deletions of the P5CSI gene in
A. thaliana result in accumulations of reactive oxygen spe-
cies (Szekely et al. 2008). The over-expression of P5CS1
results in a higher biomass and a higher root growth rate
during early development (Ibragimova et al. 2015). Oxida-
tive stress-related genes SOD, APX are induced by salt and
play key roles in preventing excessive ROS accumulation
and protecting cells against ROS caused by salt stress (Ma
2002; Wang et al. 2004; Pedro et al. 2013). OsCLC] plays
an important role in regulating C1™ homeostasis in rice under
salt stress (Diedhiou and Golldack 2006). SOS! can regu-
late the excretion of Na* in root cells (Ding and Zhu 1997;
Shi et al. 2002, 2003). HKT1 plays an important role in ion
redistribution. Our results also show that the over-expression
of SbWRKY50 can reduce the expression levels of RD29B,
P5CS1, SOD, APX, CLC-C, SOSI and HKT1 under salt
stress conditions.

The WRKY transcription factor usually combines with
the W-box in the promoters of target genes (Bakshi and
Oelmiiller 2014). In this study, we identified W-boxes only
in the promoters of Arabidopsis SOS1 and sweet sorghum
SOSI and HKTI, while there were no binding sites in the
promoters of RD29B, P5CS1, SOD, APX and CLC-C. Fur-
thermore, luciferase complementation and yeast one-hybrid
assays showed that SbWRKY50 directly binds to the pro-
moters of AtSOS1, SbSOS1 and SPHKTI. SOSI is mainly
responsible for the efflux of Na* from roots (Wu et al. 1996).
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The over-expression of SOS/ results in an increase in the salt
tolerance of A. thaliana (Yang et al. 2009) and decreases
the Na™ accumulation and increases K* in tobacco (Yue
et al. 2012). Soybean SOSI improves salt tolerance by lim-
iting the accumulation of Na* and increasing the activity of
antioxidant enzymes (Zhao et al. 2017). Similarly, HKTI is
a high affinity K* transporter responsible for transporting
aboveground Na* back to the root. The over-expression of
the soybean HKTI gene in tobacco can increase the K* con-
tent in transgenic plants and decrease the Na™ content under
salt-stress conditions. Thus, it plays an important role in
regulating the Na*/K* ratio in roots (Chen et al. 2014). After
silencing the HKT1 in tomato, the Na*/K™ ratio in the leaves
changed, and the plants were susceptible to salt-related dam-
age (Jaime-Pérez et al. 2017). In this study, the expression
of SOSI and HKTI decreased more in transgenic plants.
Corresponding with this result, the content of Na™ increased
and the K* content deceased in over-expression SbWRKY50
plants relative to WT under salt stress. This suggests that
over-expression of SO WRKY50 can change ion homeostasis
by directly regulating the expression of SOS/ and HKT].

In conclusion, SbWRKY50 can regulate plant salt toler-
ance mainly by adjusting the Na* and K* content in roots. In
A. thaliana, SbWRKY50 can bind to the promoter of AtSOS],
while in sweet sorghum, SOWRKY50 can directly bind to the
promoters of SHSOSI and SbHKTI, which might explain
why sweet sorghum is more tolerant to salt stress than A.
thaliana. In addition, we speculate that SbBWRKY50 regulates
the expression of osmotic stress- and oxidative stress-related
genes by some indirectly pathways.

Materials and methods
Plant materials

Seeds of sweet sorghum M-81E were rinsed with running
water for 2 h and placed in a wet dish for germination. After
germination, the seedlings were transferred to a hydroponic
pot and irrigated with 1/2 Hoagland’s nutrient solution.
When sorghum had grown to the three-leaf stage, they were
treated with 0, 50, 100, 150 mM NaCl in Hoagland’s nutri-
ent solution for 48 h, and then the root tissues was removed
and stored at — 80°C.

Full-length CDS cloning and bioinformatics analysis
of the SOWRKY50 gene

The primers SbW50 (Table S2) were designed using the
CDS of SbBWRKY50 found on NCBI. The total RNA of the
sweet sorghum root was extracted and reverse transcribed.
The obtained cDNA was subjected to PCR amplification
to obtain the desired target fragment. The ligation reaction

@ Springer

was performed using the pEASY-Blunt Simple Cloning Kit
Vector, and then positive clones were screened for sequenc-
ing. Bioinformatics analyses of SO WRKY50 were performed
using NCBI databases, DNAMAN and MEGAS.0.

Expression pattern of the SOBWRKY50 gene

The primers WRKYS50 (Table S2) were designed according
to the sequence of SBWRKY50. The shoot and root RNA of
sweet sorghum were used independently as templates for
real-time PCR.

The subcellular localization of SBWRKY50

The target fragment and 1300-GFP vector were double-
digested with Kpnl and BamHI and ligated. The ligation
was verified to be correct, and the resulting plasmid was
transformed into Agrobacterium tumefaciens EHA105.
Then, the Agrobacterium transformation with WRKY50-
1300-GFP was used to infect tobacco. An Agrobacterium
transformation with only 1300-GFP was used as the control.
After 2 days under normal culture conditions, the transfor-
mants were observed and photographed using two-photon
confocal microscopy.

Transcriptional activation analysis in yeast cells

The target fragment and the pGBKT?7 vector were digested
with EcoRI and BamHI, then ligated and transformed into
Escherichia coli. The AH109 yeast strain was transformed
after correct digestion. The yeast strain transformed into
pGBKT7 was used as the control. The transformed yeast
solution was diluted by 1x, 10 xand 100x. Then, 10 pL of
solution was dropped on SD/—Trp, SD/—Trp — Ade — His
and SD/—Trp — Ade — His + X-a-gal, respectively. The sam-
ples were cultured at 28°C for 48-96 h for observation and
imaging.

Expression of SOWRKY50 in transgenic Arabidopsis

The target fragment and pROKII vector were double diges-
tion with Kpnl and BamHI, ligated, and then transformed
into E. coli. After confirming the correct construction, A.
tumefaciens strain GV3101 was transformed. Homozy-
gous Arabidopsis strains over-expressing SbWRKY50 were
obtained by infecting the inflorescence of Arabidopsis
with Agrobacterium GV3101 transformed with WRKY50-
pROKII. RNA was extracted from the roots of homozygous
plants for reverse transcription, and the cDNA was used as
the template for quantitative fluorescence PCR. The actin2
gene in Arabidopsis was used as an internal reference. The
primer sequences are shown in Table S2.
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Determination of the seed germination rates
and main root length

The seeds of WT and over-expression plants were washed
three times with 75% alcohol for 3 to 4 min each time. They
were sown on medium containing 1/2 MS, 1/2 MS + 50 mM
NaCl, 1/2 MS + 100 mM NacCl and 1/2 MS + 150 mM NaCl.
After vernalization at a low temperature for 3 days, seeds
were cultured in a tissue culture room. After 24 h, the ger-
mination rate was calculated using the following formula:

taken. The experimental group receiving DAB staining was
treated with 2 mL 10 mM Na,HPO, as the control group,
and the experimental group receiving NBT staining was
treated with 2 mL 10 mM phosphate buffer as the control
group. There were three repetitions in each group.

Quantitative real-time PCR of stress-related genes

To assess the effects of SbBWRKY50 expression, we investi-
gated the expression profiles of several stress-response genes

Germination rate = (number of seeds germinated/total number of seeds) x 100%.

Then, the lengths of the main roots were photographed
and measured.

Biomass determination

The seedlings of WT, W50-12 and W50-13 were indepen-
dently treated with 0 and 100 mM NaCl in Hoagland’s nutrient
solution for 7 days. Then, the seedlings were removed from
the soil, and washed with clean water and deionized water.
The weights of the seedlings were recorded as fresh weights.
The seedlings were then placed in an oven at 70°C until their
weight did not change. These weights were recorded as the
dry weights. There were five replicates per treatment.

Determination of sodium ions (Na*) and potassium
ions (K*) Contents

The seedlings of WT and over-expression plants were treated
with 0 and 100 mM NaCl in Hoagland’s nutrient solution.
After 7 days, 0.1 g leaves and 0.1 g roots were sampled and
placed into test tubes. Then, 5 mL of ddH,O was added,
and tubes were placed in boiling water for 3 h. Afterward,
samples were filtered and brought to 10 mL. Then, the Na*
and K* contents in leaves and roots were determined using
a flame spectrophotometer. Each strain had six replicates
per treatment.

DAB and NBT staining

The rosette leaves of WT and SbWRKY50 over-expression
plants of similar size were cut into EP tubes, and 2 mL. DAB
or NBT staining solution was added to the tubes to soak
the leaves. Samples were placed in the dark for more than
12 h. Diaminobenzidine (DAB) or NBT dyes were replaced
with bleaching solution (3:1:1 ethanol:acetic acid:glycerol).
Bathed in boiling water for 10-15 min, then the bleaching
solution was replaced and samples were incubated for 30
min. The color changes of leaves were observed and images

in WT and over-expression lines after 48 h of salt stress.
Real-time PCR analyses were performed using cDNAs of
WT and over-expression plants as templates. We studied
the expression levels of the stress-related genes AtfRD29B,
AtP5CS1, AtSOD, AtAPX, AtCLC-C, AtSOSI and AtHKT]I.
Primers are shown in Table S2.

Yeast one-hybrid assays

In the pLacZi2u vector, EcoRI and Xhol sites were used for
the insertion of promoter sequences. Full-length SbBWRKY50
was ligated into the EcoRI and Xhol sites of the GAD vec-
tor. The co-transformation of the two plasmids into yeast
strain EGY48 were cultured on a SD/—Trp — Ura. The posi-
tive clones were cultured on SD/—Trp — Ura+ X-a-gal. The
results were observed and photographed after 3 to 5 days.

Luciferase complementation imaging assays

The target promoter and pGreen II-0800 vector were double-
digested with Kpnl and Xhol, and transformed into E. coli.
The correct construct was transformed into A. tumefaciens
GV3103 (psoup). The Agrobacterium solution contain-
ing pGreenlI-0800 vector with a promoter and pMWB110
vector harboring SOWRKY50 were mixed one to one and
injected into the back of tobacco leaves. Agrobacterium con-
taining pGreenII-0800 with a promoter and pMWB110 were
mixed as the control. After 2 days of culturing under normal
conditions, transformants were observed and live imaged by
Lumina II (Xenogen, America).
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