Wang et al. BMIC Genetics (2020) 21:103
https://doi.org/10.1186/s12863-020-00904-9

BMC Genetics

RESEARCH ARTICLE Open Access

Overexpression of transcription factor
SIWRKY28 improved the tolerance of

Check for
updates

Populus davidiana x P. bolleana to alkaline

salt stress

Xin Wang', Zainab Ajab, Chenxi Liu, Songmiao Hu, Jiali Liu and Qingjie Guan”

Abstract

transgenic (NT) plants.

regulation of alkaline salt tolerance.

Adversity stress

Background: WRKY transcription factors (TFs) have been suggested to play crucial roles in the response to biotic
and abiotic stresses. This study is the first to report the alkaline salt regulation of the WRKY gene.

Results: In this study, we cloned a WRKY gene (SIWRKY28) from the Salix linearistipularis and then transferred to the
Populus davidiana x P. bolleana for expression. Sequence analysis on the transcriptome of Salix linearistipular
showed the significant up-regulation of WRKY gene expression in response to salt-alkali stress in seedlings. Our data
showed that SIWRKY28 localized to the nucleus. Furthermore, the expression of the SIWRKY28 from female plants
increased with saline-alkali stress according to the northern blot analysis results. The results of 3,3"
Diaminobenzidine (DAB) staining showed that hydrogen peroxide (H,O,) concentration was lower under stress, but
ascorbate peroxidase (APX) enzyme activity was significantly higher in the overexpressed plants than that in non-

Conclusions: We found out the SIWRKY28 induced regulation of the enzyme gene in the reactive oxygen species
(ROS) scavenging pathway is a potential mechanism for transgenic lines to improve their resistance to alkaline salt.
This study shows theoretical and practical significance in determining SIWRKY28 transcription factors involved in the
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Background

Plants are constantly challenged by various factors that
affect plant growth and development throughout their
life cycle. Genetically engineered plants have been devel-
oped in a wide range of tree species, and numerous
transgenic clones with improved traits have been gener-
ated, some of which have undergone field trials to the
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environmental release stage; the genetic stability of gen-
etically modified forests has been verified in field trials
[1]. A saline-alkali meadow steppe has characteristics of
sparse vegetation and fragile plant ecosystem. Species
richness is a determining factor for the availability of
plant resources during vegetation restoration. Salix line-
aristipularis is a unique deciduous shrub growing in
saline-alkali meadow steppes [2-4]. and can endure a
soil habitat of above pH 9.2. S.linearistipularis nearly has
the same crude protein content as Melilotus suavcolen
and alfalfa. Salix linearistipularisis, an essential woody
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resource for ecological restoration and afforestation of
soda saline-alkali grassland 2. The growth and develop-
ment of forest trees are frequently challenged by biotic
(such as pests and diseases) and abiotic (such as drought,
soil salinity, and flooding) stresses, although natural for-
ests have evolved a certain ability to cope with these ad-
verse environmental factors. Sequence analysis of
transcriptional sets in S. linearistipularis under salt
stress showed agreement with 22 pathways regulated by
salt stress in Arabidopsis thaliana and node genes, in-
cluding 1397 up-regulated and 1637 down-regulated
genes. SIWRKY gene is one of the up-regulated genes 4.
WRKY protein is a specific transcription factor that can
be used to regulate biotic and abiotic stresses [5], includ-
ing responses to salt stress [6], drought stress [7], cold
stress [8], and injury response [9]. There are 74 mem-
bers of the WRKY protein family for A. thaliana [10],
102 members for rice [11], 136 members for corn [12],
and 104 members for poplar [13]. At present, the stress
responses of plants with WRKY proteins have been
widely reported [14]. WRKY protein binding reaction
element W-boxes [(T)(T)TGAC(C/T)] are located in the
upstream regulatory region of defense-related gene pro-
moters [15]. Therefore, the WRKY protein may regulate
downstream gene expression related to stress response
and potentially improve resistance through metabolic
component regulation. The expression of BCWRKY32
and BCWRKY35 genes in the adventitious roots of
Bupleurum are induced by NaCl [16]. In the transgenic
plants of A. thaliana overexpressing the AtMBF1 gene,
the expression of AtWRKY18, AtWRKY33, AtWRKY40,
and AtWRKY46 increased; heat tolerance was also sig-
nificantly higher than that of wild type plants [17]. The
WRKY family in grapes has 59 members, of which 36
have twofold up-regulated expression under low-
temperature stress. The overexpression of the WRKY43
gene increases the cold tolerance of transgenic plants;
thus, the gene is involved in the signal transduction
process of cold stress in grapes [18]. The WRKY gene of
Tamarix rubrum is induced by using high salt condi-
tions, drought, and exogenous ABA application. The
overexpression of WRKY4 gene increases the tolerance
of transgenic plants to saltation and abscisic acid (ABA)
[19]. A WRKY6 can bind to two W-boxes located at the
upstream of phosphate transport-related gene PHO1
promoter and negatively regulates AtPHO1 expression.
Transgenic plants overexpressing AtWRKY6 are sensitive
to phosphate deficiency and accumulate small amounts
of phosphorus in their stems [20, 21] found that
WRKY18, 38, 53, 54, 58, 59, 66, and 70 genes are directly
regulated by NPRI. WRKY TFs have been implicated in
the regulation of different metabolic pathways (e.g. bio-
synthesis of secondary metabolites, plant senescence and
signal molecule-delivery) under biotic and abiotic
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stresses in plants [22]. WRKY TFs are plant-specific pro-
teins and constitute one of the largest TF families in
plants. In A. thaliana, WRKY TFs can directly activate
genes related to salicylic (SA), jasmonic acid (JA), and
H,O, biosynthesis and improve stress tolerance by par-
ticipating in the metabolic regulation of ROS stress [23—
25]. A single WRKY TF can respond to multiple stress
factors simultaneously and contribute to the regulation
of other physiological processes. Currently, the potential
roles of the WRKY gene in the tolerance of plants to al-
kaline salt have not been reported.

Populus davidiana x P. bolleana is an artificial hybrid
combination of Populus davidiana as the female parent
and Populus bolleana Lauche as the male parent, which
was further selected and bred [26]. The trunk is straight,
the petiole and leaf backs are silver-white downy, the leaf
surface is dark green, and the branches and leaves are
shaken by the wind, adding to its beauty. The inflores-
cence falls off nature ally without flying flocculent, which
does not cause environmental pollution. Populus davidi-
ana x P. bolleana has a strong cold wintering ability, but
also very drought-resistant, and rapid growth, the tree
posture is beautiful and neat, suitable for the northern
drought and cold natural conditions, is China’s northern
narrow-crowned poplar in the most cold, the most beau-
tiful of the preferred species of landscaping and protec-
tion [27]. At present, the Populus davidiana x P.
bolleana tissue culture propagation technology has been
quite mature, the tissue culture expansion can get a
large number of seedlings, and has the characteristics of
rapid growth, beautiful tree shape, has become a good
model of research woody plants .

In this study, SIWRKY28 from S. linearistipularis was
cloned and comfirmed to be associated with the saline-
alkali stress response. The expression of SIWRKY28 in
Populus davidiana x P. bolleana improved the tolerance
to saline-alkali stress.

Results

Bioinformatics analysis of SIWRKY28

The sequence analysis results showed that SIWRKY28
contained a 1468-bp ORF, encoding 475 amino acids.
The predicted protein isoelectric point was 7.62, average
hydrophilicity was — 0.653, the aliphatic index was 62.22,
stability index was 52.8, and the molecular weight was
52 kDa. The WRKY domain (Fig. 1a) contained a highly
conserved motif with the sequence WRKYGQK and a
C2H2 zinc finger motif fold at a position of 256—356 bp,
which is a two-type WRKY TFs. Results showed that the
homology of the NCBI amino acid BLAST was 92%. The
putative WRKY clone from S. linearistipularisis was
highly homologous to WRKY28 of Populus davidiana x
P. bolleana (Fig. 1b) and it was designated as SIWRKY28
(GenBank: MH223643).
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Fig. 1 Conserved domains and phylogenetic tree of SIWRKY28. a The conserved retrotransposon gag and WRKY domain were found in the
amino acid sequence. WRKYGQK was between 296 and 356 amino acids. b Phylogenetic trees based on the amino acid sequence of SIWRKY28
and homologous sequences from the GenBank database. The representative sequences reported in this study is marked with a black dot (e), as
determined by a neighbor-joining analysis. The source of the sequence was indicated after each protein name

SIWRKY28 localizes to the nucleus

Consistent with the identified NLS sequence, the subcel-
lular location prediction software Plant-mPloc (http://
www.csbio.sjtu.edu.cn/bioinf/plant-multi/) predicted that
the SIWRKY28 protein localizes to the nucleus. To con-
firm our prediction, the 35S5-SIWRKY28::GEP vector was
constructed and transferred into onion epidermal cells.
The 35S:GFP construct served as a control. The onion
epidermal cells harboring the 35S-SIWRKY28:GFP con-
struct emitted green fluorescence predominantly in nu-
clei (Fig. 2), whereas 35S:GFP fluorescence occurred
widely throughout the cell [28].

W-box DNA binding characteristics of SIWRKY28

To detect the cloned SIWRKY28 encoding protein can
bind to DNA cis-element W-box with binding charac-
teristic of WRKY TF, the prokaryotic expression vec-
tor pGEX-6p-3-SIWRKY28 was constructed, and GST-

SIWRKY28 fusion protein was expressed and purified
using E. coli BL21 cells through IPTG induction. The
gel blocking signal of GST-SIWRKY28 fusion protein
and biotin-labeled probe were detected using the
EMSA kit (Fig. 3). The swimming lane with only GST
protein showed a free probe signal but no complex
signal. This result indicated that the GST protein did
not bind to the DNA probe. The complex of GST-
SIWRKY28 fusion protein and Biotin-Pr produced the
signal, whereas the complex signal was weak when a
cold competitive probe was added. The fusion protein
binds to the TTGAC amino acid of the DNA probe.
The fusion protein could not bind to the cis-element
W-box, indicating that the expressed SIWRKY28
could bind to a specific probe. The results revealed
that the SIWRKY28 encoding protein has the func-
tional characteristics of the WRKY transcription
factor binding to the W-box.
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Fig. 2 Subcellular localization of the 35S-SIWRKY28-GFP fusion protein. Merged, green fluorescence, and bright field superposition. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article)
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Analysis of mRNA expression characteristics of SIWRKY28

The expression of SIWRKY28 in the leaves, flowers, stem epi-
dermis, anthers, and roots of male and female plants of the
three-year-old S. linearistipularis was analyzed by qRT-PCR
(Fig. 4a). Altogether, the expression level of female plants are
higher than of male plants. The expression level of

Protein 1] 2 3
Biotin-Pr + +
Cold-Pr =— —_— 4

— - -

= > »

Fig. 3 Combination of GST-SIWRKY28 fusion protein with W-box
element. In the gel block, the lanes were followed by GST + protein
and biotin-labeled oligonucleotide probe (Biotin-Pr); GST-SIWRKY28
fusion protein and Biotin-Pr were added:; also undiluted
oligonucleotide probe (Cold-Pr) diluted 10-fold; added GST-
SIWRKY28 fusion protein and Biotin-Pr, and 50-fold diluted unlabeled
oligonucleotide probe (Cold-Pr). The thin arrow refers to the DNA
and protein complex; the thick arrow refers to the free probe

SIWRKY28 increased with the prolongation of treatment
time. Furthermore, expression of SIWRKY28 was induced
12h after 150 mM NaCl stress, and increased up to 48 h
(Fig. 4b); in contrast, the response of SIWRKY28 started 24 h
after 30 mM NaHCOs;, and increased significantly at 48 h
(Fig. 4c). Those results indicated that SIWRKY28 had a stron-
ger response to NaHCOj stress than to NaCl stress, and its
response need a certain process.

Expression analysis of SIWRKY28 under NaHCO; stress
The seedlings expressed SIWRKY28 (TO -#1,-#3) and NT
was incubated on the 1/2 Murashige and Skoog (MS)
medium with various concentrations of NaHCO; (0, 2.5, 5,
and 7.5 mmol/L), and phenotypes were investigated 72 h after
the stresses (Fig. 5a). The phenotypes changed significantly
under 5 and 7.5 mmol/L NaHCQOs, and tolerance of overex-
pressing SIWRKY28 plants to NaHCO3 was superior to NT.
Under 5 and 7.5 mmol/L NaHCOj;, malonic dialdehyde
(MDA) concentration of overexpression SIWRKY28 plants
was significantly lower than NT (Fig. 5b), and the green con-
tent of leaves was higher than NT (Fig. 5¢). Moreover, APX
activity increased with the concentration of NaHCOs;, and
was significantly higher than NT plants (Fig. 5d).

The content of active oxygen species (O, and H,O,) in
Populus davidiana x P. bolleana treated with NaHCO; (0,
2.5, 5, and 7.5 mmol/L) was expressed by nitro blue tetrazo-
lium (NBT) and DAB. The results showed that the NT and
transgenic plants deepened gradually with the increase of the
stress concentration, the color of NT was darker than trans-
genic plants (Fig. 5e, f). These results showed that the con-
tent of O, and H,O, was lower than transgenic plants,
which suggested the tolerance of SIWRKY28 was increased
to oxidative injury by NaHCOj stress. Together, these results
imply that SIWRKY28 TF may play an important role in
gene expression regulation to anti-oxidative stress.
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Potential roles of SIWRKY28 in regulating the expression
of alkaline salt stress

In this study, PtAPX, PtEnolase, PtSOD, PtSPDS, PtP5CS
genes in overexpressed lines TO-#1 and NT were further
examined. These results show that the expression of

PtAPX, PtEnolase and PtSPDS was increased of induced
transcription, and the transgenic plants were signifi-
cantly higher than those of NT plants. The transcription
and expression levels of PtSOD increased under 2.5 mM
NaHCO3;, but when NaHCO; concentration up to 5.0
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mM, and the transcription expression of PtP5CS de-
creased rapidly under NaHCOj stress. Those results sug-
gest that SIWRKY28 TF may up-regulate the expression
of PtAPX, PtSOD, PtEnolase and PtSPDS genes under
the NaHCOj stress, and down-regulate or not partici-
pate in the regulation of PtP5CS gene expression
(Fig. 6).

Analysis of photosynthetic characteristics of transgenic
plants under NaHCO;3 conditions

Top leaves of NT plants turned yellow, whereas trans-
genic plants were bright green, (Fig. 7a) which have a
significant difference intolerance of the parietal leaves to
NaHCO;3 stress. The chlorophyll concentration of trans-
genic plants was higher than NT (Fig. 7b). FluorCam
chlorophyll fluorescence imaging system showed that
the fluorescence intensity of NT gradually decreased

from the third parietal leaf to the first one (Fig. 7c), indi-
cate that photosynthetic capacity (Fv/Fm) has a down-
ward trend. The photosynthetic capacity of transgenic
plants was higher than NT, which indicates that overex-
pression of SIWRKY28 can alleviate the damage caused
by stress on photosynthesis and could improve tolerance
of alkaline salt (Fig. 7d).

Obtaining SIWRKY28 transgenic plant

The resistant transformants were obtained using A.
tumefaciens to infect and transform leaves of Populus
davidiana x P. bolleana in Hygromycin (Hyg) culture
medium. The leaves of control soaked in Hyg 35 mg/L
solution became white and the green recedes, but the
transformed leaves (T -# 1, —# 3, —# 5) were still green
(Fig. 8a). The targeted band via PCR indicated that
SIWRKY28 has been integrated into the chromosome of
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Populus davidiana x P. bolleana (Fig. 8b). Southern blot
showed that T-#1 was a single copy insertion, T-#3, T-
#5 lines were multi-copy insertions (Fig. 8c), strong
hybridization signals were detected in TO-#1, —#3, —-#5
lines and no signal in NT plant by Northern blot, those
data confirmed SIWRKY28 expressed (Fig. 8d).

Discussion

The WRKY TF is known as the largest superfamilies
which participate in the regulation of proteins in plants
[29]. In the past several years, growing evidence has
shown that members of the WRKY gene family mainly
participate in stress responses, plant growth and devel-
opment and leaf senescence [30]. WRKY as an

important TF can rapidly increase its family members to
establish a signal transduction network in adversity,
which may optimise plant adapt-ability [31]. In this
study, we isolated a gene from Salix linearistipularis and
characterized its functional roles. Many TFs families,
such as WRKY, AP2 (APETALA2)/ERF (ethylene-re-
sponsive factor) and NAC (NAM, ATAF1/2, CUC1/2),
are plant-specific transcription regulators [32]. zZWRKY
is not only involved in carbohydrate and secondary me-
tabolite synthesis, senescence, and development but also
plays an essential role in plant responses to biotic and
abiotic stresses [33]. S. linearistipularis is an important
salt and alkaline tolerant plant resource. In this study,
the WRKY gene was cloned from S.linearistipularis,
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which encodes 475 amino acids with WRKY motif and a
C2H2 zinc finger folding to form the WRKY domain
(Fig. 1a). WRKY gene clone also accords with the char-
acteristics of the IId and Ile subfamilies [34]. EMSA
assay showed that encoding protein binds to TTAGC
amino acids, and the binding characteristics of W-box
cis-element also confirmed the function of WRKY TFs.
The coding proteins of plant genes are based on the
localization information contained in amino acid se-
quences specific parts mapping of the cell by precise
guidance mechanism [35]. The PSORT analysis of bio-
logical software predicts that 73.9% of the SIWRKY28
protein is located in the nucleus; the verification experi-
ment by gene gun bombarded the onion epidermal cells,
which also confirmed that the fusion protein of 35S-
SIWRKY?28-GFP emitted green fluorescence in the nu-
cleus (Fig. 2). The results of this study are consistent
with the subcellular localization of WRKY TF studied
using other species [36]. TFs and its structural gene
jointly control growth and development traits, the
WRKY TF may be involved in the regulation and re-
sponses of plants to drought and salt stress through
pathways like other members of the WRKY TFs family
[37, 38]. Northern blot analysis showed that the expres-
sion of SIWRKY28 increased significantly with the pro-
longation of treatment time. Our findings indicate that
SIWRKY28 is a responsive gene to saline-alkali stress.
The expression pattern was also found in BCWRKY16,
BCWRKY32, and BCWRKY35 in roots under NaCl and
PEG6000 stress [39], as well as expression of
OsWRKY24, OsWRKY51, OsWRKY 71, and OsWRKY72
TFs under ABA, NaCl, PEG, cold and heat stress [40].
Various TFs are involved in modulating leaf senescence,
and 1533 TFs have been identified via leaf senescence
transcriptome analyses in Arabidopsis rice and cotton
[41-43]. At present, studies on WRKYs in different spe-
cies mainly focus on its roles in the signal transduction
mechanism. In our study, S. linearistipularis has grown
in a soda saline-alkali environment with a high pH value
was selected. Our data showed that overexpression
SIWRKY28 was more resistant to NaHCO; stress than
NT plants, as indicated by higher green content of leaves
and APX activity, with lower MDA concentration in the
transgenic plants than NT. From the results, it can be
inferred that SIWRKY28 is potentially involved in the
scavenging regulation of ROS and improvements in
plant growth under alkaline salt stress. NBT and DAB
staining showed that the color reaction in the third leaf
was gradually deepened under NaHCOj; stress (Fig. 5e,
f), and was lighter in the transgenic plants than in the
NT plants. This result is consistent with changing pat-
terns of POD, SOD, and Catalase (CAT) activities
caused by overexpression of DgWRKY3 in tobacco [44].
It is hypothesized that the SIWRKY28 TF may be
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involved in the regulation of the expression of anti-
oxidative stress -related genes. qRT-PCR analysis indi-
cated that the expression of APX, Enolase and SPDS
were increased under NaHCOj; treatment, with expres-
sion levels significantly higher in transgenic plants than
in NT. Moreover, the expression of the SOD gene in-
creased under 2.5mM NaHCO; stress but decreased
when the stress increased to 5.0mM NaHCOs;. The
transcriptional expression of the P5CS gene decreased
rapidly under NaHCOj; stress, which suggests that
SIWRKY28 TF may up-regulate the expression of APX,
SOD, enolase and SPDS genes under alkaline salt stress,
and down-regulate or not contribute in the regulation of
PtP5CS gene expression (Fig. 9).

These results suggest that SIWRKY28 may play a sig-
nificant role in the regulation of alkaline and salt stress
tolerance. Moreover, SIWRKY28 TFs may be involved in
the regulation of photosynthetic electron transport path-
way, which contributes to the improvement in plant tol-
erance to alkaline salts. The present study showed a
theoretical and practical basis in potential pathways of
SIWRKY28 TFs in the regulation of plant tolerance to al-
kaline salt stress. However, further studies are needed to
elucidate the pathways involved in the SIWRKY28 medi-
ated mechanism.

Conclusions

In this research work, we carried out the structure
and functional characterization of the SIWRKY28 in
Populus davidiana x P. bolleana. SIWRKY28 was in-
volved in the regulation of alkali-resistant salt stress
by regulating the downstream target genes associated
with the ROS pathway. Our results provide a theor-
etic basis for investigating the functional mechanisms
of exogenous genes in transgenic plants. However,
other functions of the SIWRKY28 gene require further
study and clarification. Our work can further study
the response of the over-expression of WRKY to the
conditions of saline-alkali stress.

Methods

Plant materials and growth conditions

The seeds of S. linearistipularis were collected from
Anda Experimental Base (46° 27’ N, 125° 22" E) and
stored in — 20 °C refrigerator at the Center for Research
on Biological Resources and Environment of Saline-
alkali Land, Northeast Forestry University, China.
Leaves, stems (epidermis and xylem), flowers, and roots
of three-year-old male and female S. linearistipularis
plants were collected. The wild seedlings of Populus
davidiana x P. bolleana were preserved at the Center
for Research on Biological Resources and Environment
of Saline-Alkali Land, Northeast Forestry University,
China. Escherichia coli (E.coli) J]M109 and Agrobacterium
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tumefaciens (A.tumefaciens) EHA105 were used for
transformation experiments. Gene cloning vector
pMD18-T, plant expression vector PBI121-MCS-GFP,
and pGWB11 were purchased from Dalian Baobao Co.,
Ltd., China.

Plant RNA extraction kit (Beijing Kangwei Century
Biotechnology Co., Ltd.), Blend Taqg-Plus, and qRT-PCR
fluorescent dye (2 x Brilliant III SYBR Green qPCR Mas-
ter Mix) were purchased from TOYOBO Co., Ltd.
GoTaq® Green Master Mix (Promega (Beijing) Biotech-
nology Co., Ltd.). Digoxigenin markers and CDP-Star
chromogenic agents (Roche, Inc.), Electrophoretic mo-
bility shift assay (EMSA) and BeyoECL kits (Biyuntian
Biology Co., Ltd.), Cetyltrimethylammonium bromide
(hexadecyl trimethyl ammonium bromide, CTAB; Har-
bin Nanchuan Biotechnology Co., Ltd.), hygromycin B
(Hyg), rifampicin, and Carbapenem (Sigma Aldrich,
USA) were purchased from the supplier. All analytical
reagents of molecular grade or high purity were pur-
chased from China and used in all experiments.

Gene cloning and sequence analysis

To amplify the full-length ¢cDNA and genomic se-
quences of SIWRKY28 primers were designed based on
the coding sequence of SIWRKY28 submitted to NCBIL.
Under saline-alkali stress, the up-regulated expression of
the SIWRKY28 gene assessed based on RNA-Sequence
in S.linearistipularis. SIWRKY28 (SI28-F, R) was cloned
by RT-PCR. The protein domains [45], molecular

weights, and isoelectric points and amino acid sequences
of SIWRKY28 protein were analyzed by using Protparam
Software. The subcellular localization of SIWRKY28 was
predicted through PSORT, whereas the comparison of
proteins sequence homology, online NCBI was used for
the construction of the phylogenetic tree by Neighbor-
Joining method in MAGA software.

Subcellular localization of SIWRKY28
pMD18-T-SIWRKY28 plasmid DNA was used as a tem-
plate, and Kpnl/Spel site primers were added and
inserted into T-vector via PCR and ligated into pBI121-
MCS-GFP vector through enzyme digestion, which ob-
tained pBI121-SIWRKY28-GFP plant localization expres-
sion vector. The green fluorescent expression of the 35S-
SIWRKY28-GFP fusion protein in the epidermal cells of
the onion was detected under Olympus laser confocal
microscope using a gene gun to bombard the onion bulb
method and expression of subcellular localization was
identified [46].

Analysis of W-box binding characteristics of SIWRKY28
protein

The binding characteristics of the SIWRKY28 protein to
W-box element was investigated with EMSA. The fusion
protein (GST-SIWRKY28) was expressed in and purified
from prokaryotic expression system as reported by Shan
et al. (2014). The correct pMDI18-T-SIWRKY28 plasmid
was digested with restriction endonuclease Notl and
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BamHI, and the target fragment was recovered. The
SIWRKY28 was constructed into the pGEX-6p-3-
SIWRKY?28 expression vector with GST tag and digested
using the same enzyme, and transformed into E. coli
BL21 (DE3) cells. The expressed GST-SIWRKY28 fusion
protein was purified through Glutathione Sepharose 4B
(GE company) GST affinity chromatography. The puri-
fied fusion protein was used for gel block detection.

Preparation of oligonucleotide probe (Biotin-Pr): Probe
primer for W-box was synthesize by Doctor Biology Co.,
Ltd., which were W-box F1: 5'-ggaacttgaccttgaccttagggctg-
caggaattcg-3'; and reverse complementary sequence W-
box R2: 5'-cgaattcctgcagecctaaggtcaaggtcaagttec-3°. Each
pair of primers for each probe combined two reverse com-
plementary DNA sequences on a 1:1 scale which followed
by denaturation at 100 °C for 10-min, synthesis of double-
stranded DNA through gradually cooling to room
temperature. An oligonucleotide probe (Biotin-Pr) was ob-
tained by labeling two probes with biotin, and the unlabeled
reverse complementary DNA was used as a cold competi-
tive probe (Cold-Pr). According to the EMSA kit (Biyuntian
Biological Co., Ltd.) instructions for EMSA slightly changed
for optimizing conditions in our Laboratory.

Negative control reaction 0 consists of nuclease-free
water, 7 uL; EMSA/gel-shift binding buffer, (5x) 2 pL;
GST-SIWRKY28 fusion protein 0 pL; Biotin-Pr, 1 pL.

Sample reaction 1 includes nuclease-free water, 5 pL;
EMSA/gel-shift binding buffer (5x) 2pL; GST-
SIWRKY28 fusion protein 2 pL; Biotin-Pr 1 pL.

Probe cold competition reaction 2 has mixture of
nuclease-free water, 4 uL; EMSA/gel-shift binding buffer,
(5%) 2 uL; GST-SIWRKY28 fusion protein, 2 puL; Biotin-
Pr, 1 pL; 10 x Cold-Pr, 1 pL.

Probe cold competition reaction 3 was performed with
nuclease-free water 4 pL; EMSA/gel-shift binding buffer
(5%) 2 puL; GST-SIWRKY28 fusion protein 2 pL; Biotin-
Pr 1 uL; 50 x Cold-Pr 1 pL.

Mix properly and react at room temperature 25 °C for
20 min, 1uL EMSA/gel-shift sample buffer was added
for SDS-PAGE gel electrophoresis and the membrane
was transferred. Purple diplomatic union (UV-light
cross-linker 254 nm), BeyoECL moon A and B solution
(Biyuntian Biological Co., Ltd.) was used to mix for color
and combined with imaging detection on LAV4000.

Page 11 of 13

Analysis of mRNA expression characteristics of SIWRKY28
For analysis of expression characteristics of tissues and
organs, male and female flowers, terminal buds, tuck
buds, leaves, and stem segments (epidermis and xylem)
were collected from three-year-old S. linearistipularis.
RNA was extracted from the roots of the plant and
rverse-transcribed into cDNA. The Actinl gene was used
as an internal reference to normalize the gene expression
of all samples. The control group was set with plain
water. The data acquisition was completed on the
MxPro-Mx3000P system, and each response was re-
peated three times. At the end of the reaction, the rela-
tive expression of the gene was calculated using relative
quantitative method. The output was analyzed in Excel
format, and a column graph was constructed according
to the change of expression quantity.

Analysis of expression characteristics after stress treat-
ment. Extraction of total RNA from S. linearistipularis
under NaCl and NaHCOj; using RNA Kit. Agarose
(1.2%) denatured gel electrophoresis (15 V/cm) was run
for 4 h, then transferred RNA on membrane. SIWRKY28
specific probe (qQRT-F/R 496 bp) labeled with DIG was
hybridized and then washing the membrane. The CDP-
Star color-developing agent was used to detect signals
on the Image Quant LAS 4000 imaging analyzer [47].

Growth tolerance of overexpressed SIWRKY28 seedlings
to NaHCOj; stress

The growth-consistent overexpressing plants of
SIWRKY28 and NT (TO / 1, # 3 lines) were inoculated
into 1/2 MS medium containing 0, 2.5, 5, and 7.5 mM
NaHCOj (three replications per treatment). Plants were
grown at 22°C room temperature, 16/8h light/dark
period, and growth parameters of the plants were inves-
tigated under stress. Concentrations of chlorophyll and
MDA in the third parietal leaf and the activity of APX in
the whole plant were measured.

Detection of photosynthesis ability of overexpressed
SIWRKY28 under NaHCO3 stress

Transgenic plants were cultured in a pot of 5cm x 5 cm for
1 month under 600 umol m™*s™ ' light intensity. Selecting
healthy NT and overexpressing SIWRKY28 plants, the
phenotype was observed for 7 days with a 0.1mol/ L
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NaHCOj solution (3 replicates). The content of chlorophyll
and the ability of photosynthesis Fv/Fm in the third parietal
leaf were detected by FluorCam open chlorophyll fluores-
cence imaging system [48].

Vector construction and plant transformation

The binary plant expression vector pGWBI11-SIWRKY28
(Fig. 10) was connected, through the gateway system
and electro-transformation into A.tumefaciens EHA105.
Genomic DNA from pot-transformed plants was ex-
tracted through CTAB. The target gene was aligned for
PCR detection. The inserted copy number in this gener-
ation strains was detected by Southern blot [49].
SIWRKY?28 expression in transgenic plants was detected
by northern blot [47].

Statistical analyses

Microsoft Excel 2010 (Microsoft Corp., Redmond, WA)
and Statistical Product and Service Solutions v. 20.0
(SPSS, Chicago, IL) were used to analyze the experimen-
tal data. Both one-way analyses of variance and two-way
analysis of variance were used to determine the signifi-
cance of the differences among treatments. Student’s t-
test was run to calculate P-values (*P < 0.05; **P < 0.01).
The data were normalized, and all samples were nor-
mally distributed in terms of homogeneity of variance.

Abbreviations

APX: Ascorbate peroxidase; ABA: Abscisic acid; CAT: Catalase; DAB: 3,3"
Diaminobenzidine; H,0,: Hydrogen peroxide; Hyg: Hygromycin B;

JA: Jasmonic acid; MS: Murashige and Skoog; MDA: Malonic dialdehyde;
NT: Non-transgenic; NBT: Nitro blue tetrazolium; ROS: Reactive oxygen
species; SA: Salicylic acid; TFs: Transcription factors

Acknowledgements
We thank all authors for their contributions to the article. We also appreciate
the reviewers and editors for their patience regarding this work.

Authors’ contributions

XW designed the research program. XW and QG conceived and designed
the experiments. XW, ZA, CL, SH, JL, QG and XW performed the experiments
and analyzed the data. XW, ZA and QG contributed reagents and materials.
XW and QG wrote the paper. The authors have read and approved the final
manuscript.

Funding

This work was supported by the National Key Research and Development
Program of China (Grant No. 2016YFC0501203), Natural Science Foundation
of Heilongjiang Province (Grant No. C2017009), and the Heilongjiang
Postdoctoral Scientific Research Developmental Fund (Grant No. LBH-
Q15004). The funders had no role in the design of the study and collection,a-
nalysis,and interpretation of data and in writing the manuscript.

Availability of data and materials
The datasets generated and analysed during the current study are available
in the [GenBank: MH223643] https://www.ncbi.nlm.nih.gov/ repository.

Ethics approval and consent to participate

The experimental research on plants (either cultivated or wild), including
collection of plant material, complied with institutional, national, or
international guidelines.

Page 12 of 13

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 December 2019 Accepted: 20 August 2020
Published online: 14 September 2020

References

1. Zhang WX, Chu YG, Ding CJ, Zhang BY, Huang QJ, Hu ZM, Huang RF, Tian
YC, Su XH. Transcriptome sequencing of transgenic poplar (Populus x
euramericana ‘Guariento’) expressing multiple resistance genes. BMC Genet.
2014;15(57):1-2.

2. Takahide Al, Kazuhide N, Shurong M, Tetsuo T, Liu SK. Ectomycorrhizal
fungal community in alkaline-saline soil in northeastern China. Mycorrhiza.
2008;19(5):329-35.

3. Jiang DM, Cao CY, Li XH, Zhou QL, Li M. Vegetation restoration and its
effects on soil improvement in Horgin sandy land. Ecol Env Sci. 2008;17(3):
1135-9.

4. Nan GX, Zhang Y, Li S, Lee |, Takano T, Liu SK. NaCl stress-induced
transcriptomics analysis of Salix linearistipularis (syn. Salix mongolica). J Biol
Res-Thessalon. 2016;23(1):1-14.

5. Schluttenhofer C, Yuan L. Regulation of specialized metabolism by WRKY
transcription factors. Plant Physiol. 2015;167(2):295-306.

6. Wu XL, Shiroto Y, Kishitani S, Ito Y, Toriyama K. Enhanced heat and drought
tolerance in transgenic rice seedlings overexpressing OsWRKY11 under the
control of HSP101 promoter. Plant Cell Rep. 2009;28(1):21-30.

7. Ren XZ, Chen ZZ, Liu Y, Zhang HR, Zhang M, Liu Q, Hong XH, Zhu JK, Gong
ZZ. ABO3, a WRKY transcription factor, mediates plant responses to abscisic
acid and drought tolerance in Arabidopsis. Plant J. 2010,63(3):417-29.

8. Zou G, Jiang W, Yu D. Male gametophyte-specific WRKY34 transcription
factor mediates cold sensitivity of mature pollen in Arabidopsis. J Exp Bot.
2010,61(14):3901-14.

9. Chen LG, Zhang LP, Yu DQ. Wounding-induced WRKY8 is involved in basal
defense in Arabidopsis. Mol Plant Microbe In. 2010;23(23):558-65.

10.  Ulker B, Somssich IE. WRKY transcription factors: from DNA binding towards
biological function. Curr Opin Plant Biol. 2004;7(5):491-8.

11. Song Y, Ai CR, Jing SJ, Yu DQ. Research Progress on functional analysis of
Rice WRKY genes. Ric Sci. 2010;17(1):60-72.

12. Wei KF, Chen J, Chen YF, Wu LJ, Xie DX. Molecular phylogenetic and
expression analysis of the complete WRKY transcription factor family in
maize. DNA Res. 2012;19(2):153-64.

13. He HS, Dong Q, Shao YH, Jiang HY, Zhu SW, Cheng BJ, Xiang Y. Genome-
wide survey and characterization of the WRKY gene family in Populus
trichocarpa. Plant Cell Rep. 2012;31(7):1199-217.

14. Phukan UJ, Jeena GS, Shukla RK. WRKY transcription factors: molecular
regulation and stress responses in plants. Front Plant Sci. 2016;7:
e00760.

15. Eulgem T, Rushton PJ, Robatzek S, Somssich IE. The WRKY superfamily of
plant transcription factors. Trends Plant Sci. 2000;5(5):199-206.

16. Wu SR, Gao K, Liu X, Xu J, Wei JH. Identification of WRKY transcription
factors related to saikosaponin biosynthesis in adventitious roots of
bupleurum chinense. Chin herbal Med. 2017,9(2):153-60.

17. Suzuki N, Rizhsky L, Liang HJ, Shuman J, Shulaev V, Mittler R. Enhanced
tolerance to environmental stress in transgenic plants expressing the
transcriptional coactivator multiprotein bridging factor 1c. Plant Physiol.
2005;139(3):1313-22.

18. Wang LN, Zhu W, Fang LC, Sun XM, Su LY, Liang ZH, Wang N, Londo JP, Li
SH. Genome-wide identification of WRKY family genes and their response to
cold stress in Vitis vinifera. BMC Plant Biol. 2014;14(1):160-2.

19.  Zheng L, Liu GF, Meng XN, Liu YJ, Ji XY, Li YB, Nie XG, Wang YC. A WRKY
gene from Tamarix hispida, ThHWRKY4, mediates abiotic stress responses by
modulating reactive oxygen species and expression of stress-responsive
genes. Plant Mol Biol. 2013;82(4):303-20.

20. Chen YF, Li LQ, Xu Q, Kong YH, Wang H, Wu WH. The WRKY6 transcription
factor modulates PHOSPHATET expression in response to low pi stress in
Arabidopsis. Plant Cell. 2009;21(11):3554-66.

21. Wang D, Amornsiripanitch N, Dong XN. A genomic approach to identify
regulatory nodes in the transcriptional network of systemic acquired
resistance in plants. PLoS Pathog. 2006;2(11):123-6.


https://www.ncbi.nlm.nih.gov/

Wang et al. BMIC Genetics

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2020) 21:103

Muhammad W, Muhammad TA, Igrar AR, Farrukh A. Genome-wide
identification and expression analyses of WRKY transcription factor family
members from chickpea (Cicer arietinum L.) reveal their role in abiotic stress-
responses. Genes & Genomics. 2019;41:467-81.

Verk MCV, Bol JF, Linthorst HIM. WRKY transcription factors involved in
activation of SA biosynthesis genes. BMC Plant Biol. 2011;11(1):51-7.

Xu XP, Chen CH, Fan BF, Chen ZX. Physical and functional interactions
between pathogen-induced Arabidopsis WRKY18, WRKY40, and WRKY60
transcription factors. Plant Cell. 2006;18(5):1310-26.

Davletova S, Rizhsky L, Liang HJ, Zhong SQ, Oliver DJ, Coutu J, Shulaev V,
Schlauch K, Mittler R. Cytosolic ascorbate peroxidase 1 is a central
component of the reactive oxygen gene network of Arabidopsis. Plant Cell.
2005;17(1):268-81.

Li SH, Miao R, Chang Y, Li JN, Yan XJ, Liu ZY, Zhang RS. Differential
expression of PodaPIN9 gene in tissues of Populus davidianaxP. alba var.
pyramidlis induced by Trichoderma. Bull Botanical Res. 2019;39(2):267-75.
Liu WP, Han YQ, Nan XR, Zhu C. Study on rapid multiplication techniques
by tissue culture in Shanxinyang (Populus davidianaxP.bollena)lJ]. Chin Agric
Sci Bull. 2005;21(2):101-2.

Gu L, Li L, Wei H, Wang H, Su J, Guo Y, Yu S. Identification of the group lia
WRKY subfamily and the functional analysis of GhWRKY17 in upland cotton
(Gossypium hirsutum L.). PLoS One. 2018;13(1):e 0191681.

Gu LJ, Wei HL, Wang HT, Su JJ, Yu SX. Characterization and functional
analysis of GhWRKY42, a group lid WRKY gene, in upload cotton (Gossypium
hirsutum L.). BMC Genet. 2018;19(48):6-14.

Bakshi M, Oelmdiller R. WRKY transcription factors. Plant Signal Behav. 2014;
9(2):227700.

Li YX, Zhang L, Zhu PP, Cao QH, Sun J, Li ZY, Xu T. Genome-wide
identification,characterisation and functional evaluation of WRKY genes in
the sweet potato wild ancester lpomoea trifida (HBK) G. Don. under abiotic
stresses. BMC Genet. 2019;20(90):7-15.

Jiang Y, Zeng B, Zhao HN, Zhang M, Xie SJ, Lai JS. Genome-wide
transcription factor gene prediction and their expressional tissue-specificities
in maize. J Integr Plant Biol. 2012;54:616-30.

Jiang JJ, Ma SH, Ye NH, Jiang M, Cao JS, Zhang ZH. WRKY transcription
factors in plant responses to stresses. J Integr Plant Biol. 2017;2:86-101.
Chen F, Hu Y, Vannozzi A, Wu KC, Cai HY, Qin Y, Mullis A, Lin ZJ, Zhang LS.
The WRKY transcription factor family in model plants and crops. Crit Rev
Plant Sci. 2018;36(5):1-25.

Emanuelsson O, Heijene GV. Prediction of organellar targeting signals. BBA-
Mol Cell Res. 2001;1541(1):114-9.

Wang C, Deng PY, Wang XT, Hu W, Li KX, Chang JL, Chen MJ, Wang YS,
Yang GX, He GY. A wheat WRKY transcription factor TaWRKY10 confers
tolerance to multiple abiotic stresses in transgenic tobacco. PLoS One. 2013;
8(6):265120.

Bartels D, Sunkar R. Drought and salt tolerance in plants. Crit Rev Plant Sci.
2005;24(1):23-58.

Miller G, Suzuki N, Ciftci S, Mittler R. Reactive oxygen species homeostasis
and signalling during drought and salinity stresses. Plant Cell Environ. 2010;
33(4):453-67.

Wu SR, Gao K, Liu X, Xu J, Wei JH, Sui C. Identification of WRKY transcription
factors related to saikosaponin biosynthesis in adventitious roots of bupleurum
chinense. Chinese Herbal Med (English version). 2017,9(2):153-60.

Xie Z, Zhang ZL, Zou XL, Huang J, Ruas P, Thompson D, Shen QX.
Annotations and functional analyses of the rice WRKY gene superfamily
reveal positive and negative regulators of abscisic acid signaling in aleurone
cells. Plant Physiol. 2005;37(1):176-89.

Ay N, Irmerler K, Fischer A, Uhlemann R, Reuter G, Humbeck K. Epigenetic
programming via histone methylation at WRKY53 controls leaf senescence
in Arabidopsis thaliana. Plant J. 2015;58(2):333-46.

Besseau S, Li J, Palva ET. WRKY54 and WRKY 70 co-operate as negative
regulators of leaf senescence in Arabidopsis thaliana. J Exp Bot. 2012;63(7):
2667-79.

Koyama T. The roles of ethylene and transcription factors in the regulation
of onset of leaf senescence. Front Plant Sci. 2014;5:650.

Liu QL, Zhong M, Li S, Pan YZ, Jiang BB, Jia Y, Zhang HQ. Overexpression of
a chrysanthemum transcription factor gene, DgWRKY3, in tobacco enhances
tolerance to salt stress. Plant Physiol Biochem. 2013;69(8):27-33.

Guan QJ, Wang LF, Bu QY, Wang ZY. The rice gene OsZFP6 functions in
multiple stress tolerance responses in yeast and Arabidopsis. Plant Physiol
Biochem. 2014;82(3):1-8.

46.

47.

48.

49.

Page 13 of 13

Alinsug MV, Chen FF, Luo M, Tai R, Jiang L, Wu K. Subcellular localization of
class I HDAs in Arabidopsis thaliana: nucleocytoplasmic shuttling of HDA15
is driven by light. PLoS One. 2012;7:230846.

Guan QJ, Ma HY, Wang ZJ, Wang ZY, Bu QY, Liu SK. A rice LSD1-like-type
ZFP gene OsLOL5 enhances saline-alkaline tolerance in transgenic
Arabidopsis thaliana, yeast and rice. BMC Genomics. 2016;17(1):1-11.

Miura E, Kato Y, Matsushima R, Albrecht V, Laalami S, Sakamoto W. The
balance between protein synthesis and degradation in chloroplasts
determines leaf variegation in Arabidopsis yellow variegated mutants. Plant
Cell. 2007;19(4):1313-8.

Agrawal GK, Jwa NS, Rakwal R. A novel rice (Oryza sativa L) acidic PR1 gene
highly responsive to cut, phytohormones, and protein phosphatase
inhibitors. Biochem. Bioph Res Co. 2000;274(1):157-65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Bioinformatics analysis of SlWRKY28
	SlWRKY28 localizes to the nucleus
	W-box DNA binding characteristics of SlWRKY28
	Analysis of mRNA expression characteristics of SlWRKY28
	Expression analysis of SlWRKY28 under NaHCO3 stress
	Potential roles of SlWRKY28 in regulating the expression of alkaline salt stress
	Analysis of photosynthetic characteristics of transgenic plants under NaHCO3 conditions
	Obtaining SlWRKY28 transgenic plant

	Discussion
	Conclusions
	Methods
	Plant materials and growth conditions
	Gene cloning and sequence analysis
	Subcellular localization of SlWRKY28
	Analysis of W-box binding characteristics of SlWRKY28 protein
	Analysis of mRNA expression characteristics of SlWRKY28
	Growth tolerance of overexpressed SlWRKY28 seedlings to NaHCO3 stress
	Detection of photosynthesis ability of overexpressed SlWRKY28 under NaHCO3 stress
	Vector construction and plant transformation
	Statistical analyses
	Abbreviations

	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

