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Abstract WRKY transcription factors have been suggested
to play crucial roles in the response to biotic and abiotic
stresses. However, previous studies concerning WRKY's have
primarily focused on model plants, and fairly limited research
has been performed with cotton. In the present study, we
functionally characterized a stress-responsive I[ld WRKY gene
(GhWRKY39) from cotton. GRWRKY39 is present as a single
copy gene, and subcellular localization analysis indicated that
GhWRKY39 localizes to the nucleus. Additionally, some cis-
acting elements associated with the environmental stress
response were observed in the promoter region of this gene.
Consistently, a B-glucuronidase activity assay and quantitative
PCR analysis revealed that GRWRKY39 expression could be
induced by bacterial and fungal infection or NaCl treatment.
Furthermore, the constitutive overexpression of GhWRKY39
in Nicotiana benthamiana conferred greater resistance to
bacterial and fungal pathogen infections, and the expression of
several pathogenesis-related (PR) genes was significantly
increased. The transgenic plants also exhibited less H,O,
accumulation than wild-type plants following pathogen
infection. Moreover, GhWRKY39-overexpressing plants
displayed enhanced tolerance to salt and oxidative stress
and increased transcription of antioxidant enzyme genes,
including ascorbate peroxidase (APX), catalase (CAT),
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glutathione-S-transferase (GS7) and superoxide dismutase
(SOD). Importantly, overexpression of GhWRKY39 improved
the activities of the antioxidant enzymes SOD, POD and CAT
after pathogen infection and salt stress treatment. Overall, our
data suggest that the overexpression of GhWRKY39 may
positively regulate the plant response against pathogen infec-
tion and salt stress, likely through the regulation of the reactive

oxygen species system via multiple signaling pathway.
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Abbreviations

APX Ascorbate peroxidase

CAT Catalase

Ca Capsicum annuum

CTAB Cetyltrimethyl ammonium bromide
DAB 3,3’-Diaminobenzidine

GFP Green fluorescent protein

Gh Gossypium hirsutum

GST Glutathione-S-transferase
hiTAIL-PCR High-efficiency TAIL-PCR

MeJA Methyl jasmonate

MS medium Murashige and Skoog medium
MV Methyl viologen

Nb Nicotiana benthamiana

NPR1 Non-expression of PR1

OE Overexpression

ORF Open reading frame

PR Pathogenesis-related

RACE Rapid amplification of cDNA ends
ROS Reactive oxygen species

R. solanacearum

R. solani
gPCR

Ralstonia solanacearum
Rhizoctonia solani
Quantitative PCR
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SA Salicylic acid

SOD Superoxide dismutase
UTR Untranslated region
WT Wild-type
Introduction

Plants are constantly challenged by a variety of biotic and
abiotic stresses, such as pathogen infection and excessive salt
stress. These stresses can occur simultaneously and affect
plant growth and development or even alter plant-species
distribution. To combat these challenges, plants have
developed intricate mechanisms to perceive external signals
and respond with the proper physiological and morphologi-
cal changes (Tuteja 2007). Generally, plants regulate the
expression of many stress-related genes by activating or
repressing their transcription upon signal perception and
transduction of the external stimuli (Yang et al. 1997; Wang
et al. 2007). During response regulation, WRKY transcrip-
tion factors play a role in the adaptive plasticity of plants in
highly variable environments by forming a network (Eulgem
and Somssich 2007). These transcription factors are involved
in various plant processes but most notably play important
roles in the response to diverse biotic and abiotic stresses
(Pandey and Somssich 2009).

The WRKY transcription factors compose a large family
of plant-specific regulatory proteins. Since the first member
was isolated from sweet potato, increasing numbers of
WRKY members have been identified, including 74 mem-
bers in Arabidopsis thaliana and 109 members in Oryza
sativa (Eulgem et al. 2000; Ross et al. 2007). The typical
characteristic of WRKY transcription factors is their DNA-
binding domain, which is known as the WRKY domain and
comprises a highly conserved WRKYGQK sequence at its
N-terminus and a zinc finger motif (either CX,_sCX5, osHXH
or CX,;CX,3HXC) at its C-terminus (Eulgem et al. 2000;
Rushton et al. 2012). Moreover, the conserved WRKY
domain is essential for recognizing and binding the W-box in
the promoter regions of target genes (Sun et al. 2003). Based
on the number of conserved WRKY domains and the features
of the zinc finger motif, the WRKY superfamily can be
divided into three distinct groups: I, Il and III. Group II can be
further subdivided into five distinct subgroups (Ila-Ile)
according to the presence of additional short, conserved
structural motifs (Eulgem et al. 2000).

Previous loss- and gain-of-function studies have dem-
onstrated that WRKY transcription factors act as either
positive or negative regulators in defense responses (Eul-
gem and Somssich 2007). Constitutive overexpression of
CaWRKY40 (Capsicum annuum) resulted in increased
resistance to Ralstonia solanacearum. In contrast, the
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silencing of CaWRKY40 enhanced the plant’s susceptibility
to the pathogen (Dang et al. 2013). GRWRKYI5-over-
expressing tobacco plants exhibited more resistance to viral
and fungal infections than wild-type plants and showed
increased expression of several pathogen-related (PR)
genes, including NONEXPRESSOR OF PR1 (NPRI) and
two genes encoding enzymes involved in ethylene biosyn-
thesis (Yu et al. 2012). However, when CaWRKY58 in
pepper plants was silenced by virus-induced gene silencing
(VIGS), the plants exhibited elevated tolerance and the
expression levels of defense-related pepper genes were
increased. These results suggest that CaWRKY58 functions
as a negative regulator of the primary defense response
(Wang et al. 2013b). Similarly, virulent Pseudomonas sy-
ringae displayed restrained growth in Arwrky48 mutants,
and these mutants showed increased induction of PRI; At-
WRKY48 overexpressors exhibited the opposite phenotypes.
This observation suggests that AtWRKY48 negatively
influences basal resistance to bacterial infection (Xing et al.
2008). Interestingly, a dual function in defense signaling has
been observed for AtWRKY53 and AtWRKY41 (Murray et al.
2007; Higashi et al. 2008). Atwrky53 mutants displayed
delayed symptom development against R. solanacearum;
however, these plants were more susceptible to P. syringae
(Murray et al. 2007; Hu et al. 2008). A large body of evi-
dence indicates that WRKY transcription factors increase
the expression levels of PR genes and the NPRI gene in the
defense response via specific binding to the W-box element
in the promoter regions of these genes (Yang et al. 1999; Yu
et al. 2001). PR proteins, such as antimicrobial chitinases
and glucanases, can directly destroy the cell wall of the
fungal pathogen upon infection (Boland et al. 1990). A
previous study indicated that NPRI was necessary for sali-
cylic acid (SA)-induced expression of the PR genes and
systemic acquired resistance; however, loss-of-function
mutations in NPRI did not confer a complete loss of PR
gene expression or disease resistance (Shah et al. 2001).
These data suggest that the regulation mechanism of the
defense response mediated by WRKY transcription factors
is fairly complex, and further research is needed.

In addition, accumulating evidence has demonstrated
that WRKYs play vital roles in various abiotic stresses,
including high salinity. Salinity is a major problem that
reduces agricultural crop production and negatively affects
irrigated soils. Cellular ion homeostasis and osmotic
potential can usually be disrupted under highly saline
conditions, and these problems are generally accompanied
by secondary effects, which include the increased genera-
tion of active oxygen species and oxidative stress (Wang
et al. 2003a, b; Tausz et al. 2004). A recent study has
demonstrated that transgenic Arabidopsis overexpressing
TaWRKY2 or TaWRKY19 (Triticum aestivum L.) exhibited
improved salt tolerance compared with controls (Niu et al.



Plant Cell Tiss Organ Cult (2014) 118:17-32

19

2012). Analogously, the overexpression of DgWRKY3
(Dendranthema grandiflorum) enhances the tolerance to
salt stress in transgenic plants, and DgWRKY3-over-
expressing plants displayed increased levels of proline,
higher activities of antioxidant enzymes and enhanced
expression of stress-related genes. All of these data
revealed that DgWRKY3 functions as a positive regulator in
mediating salt-stress tolerance (Liu et al. 2013). Generally,
multiple pathways function when plants respond to high
salinity, specifically the ionic and osmotic homeostasis,
detoxification and growth regulation pathways (Shinozaki
1999; Hasegawa et al. 2000; Munns et al. 2008). Further-
more, microarray analysis of Arabidopsis roots under NaCl
stress indicated that the regulatory networks for salt toler-
ance were fairly complicated and that numerous genes
involved in different signaling pathways may function
jointly (Jiang et al. 2006). These studies suggest that the
integrated pathway underlying the regulation of salt stress
is highly complicated and needs to be explored further.

Cotton (Gossypium hirsutum) is one of the oldest and
most important fiber and oil crops, and its growth and yield
are severely impaired when it is exposed to various biotic
and abiotic stress conditions. To date, few WRKYs have
been identified in cotton, and their functions have not been
well studied. In our present work, we isolated a putative I1d
WRKY gene, GhWRKY39, from cotton and showed that it
was activated by pathogens and salt stress. The ectopic
expression of GhWRKY39 in transgenic plants enhanced
the resistance to bacterial and fungal infections.
GhWRKY39-overexpressing plants also displayed high salt
tolerance and increased ability to scavenge ROS. These
results suggest that GAWRKY39 may play a significant role
in the regulation of abiotic and biotic stress tolerance.

Materials and methods
Plant materials and treatments

Cotton (Gossypium hirsutum L. cv. lumian 22) seeds were
grown in a chamber at 26 4+ 1 °C under a 16 h light/8 h dark
cycle with a light intensity of ~200 pmol m™2 s~ and a
relative humidity of 60-75 %. Seven-day-old cotton seedlings
were collected for use in different treatments. For pathogen
infections, the roots of the seedings were dipped into suspen-
sions of the bacterial pathogen R. solanacearum
(ODggp = 0.6-0.8) or conidial suspensions of the fungal
pathogen Rhizoctonia solani (10° conidia/ml) in 1 % glucose.
For hormone treatments, the leaves of uniformly developed
seedlings were sprayed with 2 mM salicylic acid (SA),
100 uM methyl jasmonate (MeJA), 100 uM H,O, and 10 pM
methyl viologen (MV). For salt treatment, the roots of the
seedlings were cultured in solutions containing 200 mM NaCl.

Isolation of the full-length GAWRKY39 cDNA and its
promoter

According to Shi et al. (2011), GWWRKY39 was isolated
using specific primers, and the sequences of these primers
are provided in Supplementary Table 1. The 5'-flanking
region of GhWRKY39 was amplified from the genomic
DNA of cotton using a high-efficiency TAIL-PCR method
(hiTAIL-PCR) (Liu and Chen 2007). Three TAIL-PCR
reactions were performed. First, TAIL-PCR was “pre-
amplified” with cotton genomic DNA as the template using
primer P1 with four LAD primers: LADI1-1, LADI1-2,
LADI1-3 and LADI-4. Then, primary TAIL-PCRs were
performed using the pre-amplification products as tem-
plates with the primers P2 and ACI. Secondary TAIL-
PCRs were carried out using the products of the primary
TAIL-PCRs as templates with the primers P3 and ACI.
The thermal conditions for all hiTAIL-PCRs were based on
those described by Liu and Chen (2007). The final PCR
product was cloned into the pMDI18-T vector (TaKaRa,
Dalian, China) according to the manufacturer’s instructions
and was then sequenced. The PlantCARE database (Lescot
et al. 2002) was used for nucleotide sequence analysis.

Vector construction and plant transformation

The GhWRKY39 coding region was subcloned into the
binary vector pBI121 under the control of the Cauliflower
mosaic virus (CaMV) 35S promoter, and the resulting
plasmid was electroporated into Agrobacterium tumefac-
iens strain LBA4404. N. benthamiana was transformed
using the leaf disc method (Horsch et al. 1985), and
transgenic plants were selected based on resistance to
kanamycin (100 mg/l) resistance and further confirmed by
PCR. To test the promoter activity of GAWRKY39, a 1,377-bp
fragment of the GhWRKY39 promoter was fused to the GUS
reporter gene and was used to replaced the CaM V35S pro-
moter in the pBI121 binary vector. The recombinant plasmid
ProGhWRKY39::GUS was induced into the Agrobacterium
tumefaciens strain GV3101, which was used to transform
Arabidopsis (ecotype Col-0) via the floral dip method (Clough
and Bent 1998). Transgenic seedlings were selected on MS
agar medium containing 35 pg/ml kanamycin and further
confirmed by PCR. The transgenic T; generation was used in
all experiments.

Subcellular localization of GAWRKY39

The open reading frame (ORF) of GhRWRKY39 was PCR
amplified using the specific primers QC1 and QC2 (Sup-
plementary Table 1). The fragment was fused to the
N-terminus of green fluorescent protein (GFP), which was
controlled by the cauliffower mosaic virus (CaMV) 35S
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promoter. For transient expression, the recombinant plas-
mid pBI121-GhWRKY39-GFP or the pBI121-GFP control
plasmid was transformed into onion epidermal cells using
the particle bombardment method, as described by Var-
agona et al. (1992). After bombardment, the tissues were
incubated on MS agar medium in the dark at 25 °C for
12 h. DAPI (100 pg/ml, Solarbio, Beijing, China) was used
for nuclei staining, and the onion epidermal cells were
visualized using a fluorescence microscope (Olympus,
Tokyo, Japan).

Disease resistance of the transgenic plants

For bacterial infection, the detached leaves of 8-week-old
plants were inoculated with 10 pl R. solanacearum bacte-
rial suspensions (ODgpo = 0.6-0.8), which were cultured
overnight at 37 °C in Luria—Bertani (LB) broth, harvested
by centrifugation and resuspended in sterile tap water. For
fungal infection, R. solani was cultured on potato dextrose
agar (PDA) medium at 28 °C for 2 weeks, and the spores
were then suspended in 1 % glucose. R. solani spore sus-
pensions (10° spores ml~") were infiltrated into leaves that
had been detached from 8-week-old T; transgenic and WT
plants using a needleless syringe. The inoculated plants
were maintained in a growth chamber at 25 °C for 24 h in
the dark and subsequently incubated at 25 °C under a 16 h
light/8 h dark photoperiod. At least three independent
experiments were performed for each pathogen.

Analysis of transgenic plants under the salt treatment

For salt treatment, WT and T; generation transgenic seeds
were surface-sterilized and sown on MS medium contain-
ing different concentrations of NaCl (0, 50, 100 and
200 mM), and their germination rates were determined. To
examine the post-germination response, seeds that were
sown on the MS medium an incubated for 3 days that
showed radicle emergence were transferred onto MS
medium with various concentrations of NaCl (0, 50, 100
and 200 mM), and the growth of the seedlings was
observed. In addition, 8-week-old WT and transgenic
plants that had been sown in soil were irrigated with a
solution of 200 mM NaCl for 2 weeks.

3,3’-Diaminobenzidine (DAB), nitro blue tetrazolium
(NBT) and GUS histochemical staining assays

For H,O, staining, leaves that had been treated with
200 mM NaCl at different time points were incubated in
DAB solution (1 mg/ml, pH 3.8) for 24 h at 25 °C in the
dark. After staining, the leaves were soaked in 95 % ethanol
overnight to remove chlorophyll (Thordal-Christensen et al.
1997). Moreover, the accumulation of H,O, in 8-week-old
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plants that had been inoculated with R. solanacearum or R.
solani for 7 days was also detected by DAB staining. NBT
staining was also performed to detect superoxide anion
radicals, as described by Jabs et al. (1996). For this assay,
treated leaves were incubated in NBT solution (0.1 mg/ml)
at 25 °C for 24 h in the dark, and after staining, 95 % eth-
anol was used to remove the chlorophyll. A GUS histo-
chemical staining assay was performed to test the activity of
the GhWRKY39 promoter. Seven-day-old T3 seedlings were
exposed to R. solanacearum bacterial suspensions, R. solani
spore suspensions and 200 mM NaCl solution, and GUS
histochemical staining assays were performed as described
by Baumann et al. (1999).

Oxidative stress tests and enzyme activity assays

For oxidative stress analyses, uniform leaves that had been
detached from robust and fully expanded WT and trans-
genic plants were floated in 10 ml of a solution containing
different concentrations of MV (0, 10 and 20 uM) for 72 h.
Subsequently, the leaves were immersed in 95 % ethanol
for 24 h to extract chlorophyll. Chlorophyll a and b con-
tents were determined by spectrophotometric measure-
ment. The experiment was repeated at least twice. For the
enzyme activity assays, the leaves of transgenic and WT
plants were inoculated with R. solanacearum or R. solani,
and 8-week-old seedlings were treated with 200 mM NaCl
for 2 weeks. The leaves (0.5 g) were then collected to test
for SOD, POD and CAT activity as previously described
(Yang et al. 2008).

RNA extraction and quantitative PCR

Total RNA was extracted from the cotton seedlings using the
modified cetyltrimethyl ammonium bromide (CTAB) method
according to Lu et al. (2013), while TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) was used to isolate the RNA from N.
benthamiana. Quantitative PCR was carried out using cDNA
that had been synthesized from the above-mentioned RNA as
the template. The primers used in the qPCR analyses are
shown in Supplementary Tables 1 and 2. Quantitative PCR
was performed using the SYBR Prime-Script RT-PCR Kit
(TaKaRa, Dalian, China) and a CFX96TM Real-Time System
(Bio-Rad, Hercules, CA, USA) according to the manufac-
turer’s instructions. The PCR amplifications were conducted
as follows: a pre-denaturation step at 95 °C for 30 s; 40 cycles
of 95 °C for 30 s, 54 °C for 15 s and 72 °C for 15 s; and a
melting curve from 65 to 95 °C. The polyubiquitin (UBI) and
N. benthamiana B-actin genes were used as internal controls.
The Statistical Analysis System (SAS), version 9.1 (SAS
Institute, USA), was used to determine significant differences,
and the copy number of GEWRKY39 was confirmed using the
gPCR protocol of Mason et al. (2002).
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Results
Isolation and sequence characterization of GhRWRKY39

Due to the important function of WRKYSs in plant responses
to diverse stresses, the degenerate primers M1 and M2
(Supplementary Table 1) were designed and synthesized to
isolate the conserved internal fragment of WRKY. Next,
rapid amplification of cDNA ends PCR (RACE-PCR) was
performed, and the full-length sequence was retrieved. The
full-length cDNA sequence consisted of 1,348 nucleotides
containing a 256-bp 5'-untranslated region (UTR), 120-bp 3’
UTR and 972-bp open reading frame, which encoded a
324-amino acid protein with a predicted molecular mass of
36.225 kDa and an isoelectric point of 10.26. The putative
WRKY clone from cotton was highly homologous to
WRKY39 of A. thaliana and B. napus; thus, it was desig-
nated as GhWRKY39 (GenBank: KF220643).

Multiple sequence alignments of WRKY's from various
plants were performed using the DNAman software (5.2.2;
Lynnon Biosoft, Canada). Consistent with other plant
WRKYs, the GhWRKY39 protein exhibits a similar family
signature, which includes an approximately 60-amino-acid
WRKY domain composed of the conserved amino acid
sequence WRKYGQK and zinc-finger motif C-X,_s—C—
X5y 23-H-X—H, as well as a conserved primary motif (C-
region: VSSFK[K/R]VISLL) that is a distinct characteristic
of WRKY Group IId (Park et al. 2005). Overall, these
results indicate that GhWRKY39 belongs to Group IId of
the WRKY family.

To investigate the evolutionary relationship between
GhWRKY39 and WRKYs from different plant species, we
constructed a phylogenetic tree using the amino acid
sequences derived from the GenBank database using the
neighbor-joining method and MEGA version 4.1. Software
(Fig. 1b). Generally, three groups of WRKY proteins could be
classified, and Group II was further divided into five sub-
groups (Ila, IIb, Ilc, IId and Ile). Phylogenetic analysis indi-
cated that GhWRKY39 was highly similar to Group IId
WRKY family members, such as AtWRKY39, BnWRKY39,
AtWRKY74 and AtWRKY21. These results strongly imply
that GhWRKY39 is a member of WRKY Group IId.

Additionally, we examined the copy number of the
GhWRKY39 locus in cotton by qPCR analysis. RNA-
dependent RNA polymerase 6 (GhRDRG6), which is present
in the cotton genome as a single copy gene, was utilized as
an internal standard (Wang et al. 2012). The standard
curves of GhRDR6 and GhWRKY39 are shown in Supple-
mentary Fig. 1, and highly significant correlation coeffi-
cients between the standard curves of these genes were
observed. As shown in Supplementary Table 3, our results
indicated that GhWRKY39 is likely a single-copy gene in
cotton.

Subcellular localization of GhWRKY39

Bioinformatics analysis using the Plant-mPLoc program
predicted that GhWRKY39 localizes to in the nucleus;
however, the CELLO program (version 2) predicted the
extracellular localization of GhWRKY39. To confirm these
predictions, a biolistic transformation system was used to
perform a transient assay in onion epidermal cells. The
overexpression vectors 35S-GhWRKY39::GFP and 35S-
GFP (Fig. 2a) were individually introduced into onion
epidermal cells to investigate the localization of
GhWRKY39, and the fluorescence signals of 35S-
GhWRKY39::GFP and 35S::GFP were observed using a
confocal laser scanning microscope. DAPI staining was
performed to detect the nuclei, and differential interference
contrast images were also obtained. As shown in Fig. 2b,
fluorescence was predominantly observed in the nucleus of
onion epidermal cells expressing 35S-GhWRKY39::GFP,
while fluorescence was present throughout the cytoplasm
and nucleus of cells expressing the control 35S-GFP con-
struct. These results demonstrate that the GhWRKY39
protein is located in the nucleus, and this localization might
indicate the proposed function of the protein.

GhWRKY39 promoter analyses

To clarify the mechanism underlying the expression patterns
of GhWWRKY39 in response to multiple stresses, a 1,377-bp
fragment of the GhWRKY39 promoter (Gen-Bank:
KF220643) was obtained using high-efficiency TAIL-PCR
(hiTAIL-PCR) (Liu and Chen 2007). Computational pre-
dictions using the PlantCARE databases revealed that dif-
ferent putative cis-acting elements were present in this
region, which suggests that GhWRKY39 plays a role in the
response to environmental stresses. Specifically, we identi-
fied elicitor-related elements, such as ARE, the CGTCA-
motif and the GARE-motif, and development-related ele-
ments including an O,-site, TGA and circadian elements. All
of the identified cis-elements are listed in Table 1.

To test the activity of the GAWRKY39 promoter, the iso-
lated fragment was fused to the GUS reporter gene, and
transgenic Arabidopsis plants with the ProGhWRKY39::GUS
fusion construct were generated. Four independent transgenic
lines were used for histochemical GUS staining. As shown in
Supplementary Fig. 2, GUS staining was mainly detected in
the root apex and shoot apical meristem (SAM) at the ger-
mination stage. In 2-week-old transgenic seedlings, GUS
expression was confined to the root apex and leaf, and weak
GUS staining was observed in neonatal leaf. When transgenic
lines were at the reproductive stage, GUS activity was
observed at a plurality of locations in the plant, such as the
root, rosette leaves and flower. These results indicate that
GhWRKY39 is developmentally regulated.
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(a) Domain C
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«Fig. 1 Characterization and sequence analysis of GRWRKY39. a Align-
ment of the deduced amino acid sequence of GhWRKY39 with
AtWRKY39 (NP_566236), AtWRKY74 (AF426255_1), BhWRKY39
(ACN89259) and ZmWRKY21 (NP_001147091). Identical amino acids
are shaded black, and the approximately 60-amino acid WRKY domain
and C and H residues that are located in the zinc-finger motif (C—X,_s—C—
X2, 23-H-X;-H) are indicated by a two-headed arrow and inverted
triangle, respectively. The conserved primary motif (domain C) and
highly conserved amino acid sequence WRKYGQK are boxed. b Phy-
logenetic relationship of GhWRKY39 with other plant WRKY proteins.
Numbers above or below the branches indicate bootstrap values (>50 %)
from 500 replicates. GhWRKY39 is highlighted in the box, and the gene
name is followed by the protein ID. The species of origin of the WRKY's
are indicated by the abbreviations before the gene names: At Arabidopsis
thaliana, Bn Brassica napus, Ca Capsicum annuum, Gh Gossypium
hirsutum, Pt Populus tomentosa, Vv Vitis vinifera and Zm Zea mays

In addition, GUS expression was induced by various
treatments in transgenic seedings. GUS activity was only
detected in the shoot apical meristem in the absence of stress in
all four lines (Fig. 3a). However, significant induction of GUS
expression was detected in the transgenic lines after various
treatments were applied (i.e., R. solanacearum, R. solani and
NaCl). Upon application of R. solanacearum, R. solani and
NaCl, GUS expression was was strongly induced in the vas-
cular region, root and leaf; moreover, the GUS-stained region
varied at different time points (Fig. 3b—j). These results sug-
gest that GhWRKY39 is a stress-inducible gene, and its
expression is regulated spatially and temporally.

Differential regulation of GhWRKY39 in response
to various biotic and abiotic stresses

To explore the effect of biotic stresses on the expression
pattern of GhWRKY39, qPCR was performed with cotton

Fig. 2 Subcellular localization (a)
of the GhWRKY39::GFP fusion
protein in onion epidermal cells.
a Schematic diagram of the
35S-GhWRKY39::GFP fusion
construct and 35S-GFP
construct. b Onion epidermal
cells transiently expressing
either the 35S-
GhWRKY39::GFP or 35S-GFP
construct were observed using a
confocal laser scanning (b)
microscope. Onion cell nuclei

were visualized by DAPI

staining

358-GFP

355-GhWRKY39
::GFP

35S-GFP

35S-GhWRKY39
GF

seedlings that were inoculated with the bacterial pathogen
R. solanacearum and fungal pathogen R. solani. As shown
in Fig. 4a and b, both pathogens elevated the transcrip-
tional level of GhAWRKY39, although the induction time
points were different. The maximum GhWRKY39 transcript
level was observed 4 days after treatment with R. solana-
cearum or R. solani. These data suggest that GRWRKY39
may be involved in the plant pathogen defense response.
To explore the molecular mechanism underlying the
response to various biotic stresses, the expression of
GhWRKY39 was examined following treatment with
exogenously applied MeJA and SA, which are signaling
molecules involved in plant defense signaling pathways.
As shown in Fig. 4c and d, the expression of GhRWRKY39
was induced by SA and MeJA, and the maximum transcript
level occurred at 8 h. Additionally, after NaCl and MV
treatments, the accumulation of GAWRKY39 mRNA was
markedly increased at 8 and 6 h, respectively. These results
indicate that GhWRKY39 is responsive to multiple defense-
related signaling molecules and suggested a role for
GhWRKY39 in multiple plant defense pathways.

Overexpression of GhWRKY39 conferred enhanced
pathogen resistance and affected the expression
of defense-related genes

To investigate the function of GRWRKY39 in plant defense,
full-length GERWRKY39 was cloned into the plant binary
vector pBI121 under the control of the CaMV 35S pro-
moter and transformed into N. benthamiana. Ten inde-
pendent transgenic lines were obtained by selection with

35S-Pro )| GFP

NOS-ter

35S-Pro

GhWRKY39 | GFP

NOS-ter
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Table 1 Putative cis-acting elements in the GhWRKY39 promoter

Cis-element Position Sequence (5'-3')

Light responsive elements

3-AF1 binding —124 (+) AAGAGATATTT
site

ACE =31 (+) AAAACGTTTA

AT1-motif —683 (—) AATTATTTTTTATT

Box 4 —159 (+), —661 (+) ATTAAT

G-Box —373 (-) TCCACATGGCA

G-box —334 (-), =369 (—), — CAC(A/G)T(G/C)(G)

375 (—-)

GAG-motif —720 (4), —1,009 (+) AGAGATG

Spl —240 (—), =779 (+) CC(G/A)CCC

TCT-motif —609 (+) TCTTAC

Development-related elements

O,-site —331 (+) GTTGACGTGA

TGA-element —359 (+) AACGAC

circadian —618 (+) CAANNNNATC

Elicitor-related elements

ARE —748 (—), =967 (—) TGGTTT

CGTCA-motif —333 (—), —368 (—) CGTCA

GARE-motif —1,334 (-) AAACAGA

P-box —1,367 (4+) CCTTTTG

HSE —447 (-), =505 (—) AAAAAATTTC

kanamycin and confirmed by genomic PCR detection.
Three representative lines (OE1, OE2 and OE3), which
exhibited different levels of target gene expression (data
not shown), were used for further functional analyses.

To analyze disease resistance in the transgenic plants,
8-week-old WT and transgenic plants were inoculated with
R. solanacearum or R. solani. Major disease symptoms
were observed in the WT plants 7 days after inoculation
with R. solanacearum, with evident chlorosis and enlarged
water-soaked lesions; however, slight disease symptoms
appeared in all three transgenic lines (Fig. 5a). The
detached leaves of WT plants exhibited less resistance to R.
solani infection than the transgenic plants. The leaves of all
plants were crinkled, distorted and curled; however, the
WT plants exhibited significantly more severe disease
symptoms compared with the transgenic lines (Fig. 5c¢).

Some WRKY transcription factors have been shown to
play significant roles in activating the transcription of
defense genes, especially pathogenesis-related (PR) genes
(Yu et al. 2001). To elucidate the possible mechanisms of
enhanced pathogen resistance in transgenic plants, the
expression levels of defense-related genes, including PR!a,
PRIc, PR2 (B-1,3-glucanase), PR4 and NPRI, were deter-
mined using qPCR after the plants were infected with R.
solanacearum or R. solani. As shown in Fig. 5b, the tran-
script levels of PRla, PRIc and PR2 were significantly
increased in the transgenic plants. Moreover, the expression
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of the SA signaling-related gene NPRI (Yu et al. 2001;
Menke et al. 2005) was also slightly enhanced. Similar
results were obtained following infection with R. solani,
except that the transcription of NPRI was decreased in
transgenic plants compared with WT plants (Fig. 5d).
Therefore, we speculate that GhWRKY39-dependent acti-
vation of PR genes plays a pivotal role in enhanced disease
resistance in transgenic plants and that this resistance might
be related to SA-dependent signaling pathways.

Overexpression of GAWRKY39 decreased
the accumulation of H,O, following pathogen infection

Generally, different defense pathways could be activated
when plants are attacked by pathogens. Pathogen invasion is
often followed by the production of reactive oxygen species
(ROS), which plays a critical role in defense responses
(Alvarez et al. 1998; Yoshioka et al. 2003). Of the various
types of ROS, only H,O, can cross plant membranes; thus, it
plays a direct role in cell-to-cell signaling. To examine
whether the enhanced resistance of the transgenic plants was
related to ROS accumulation, we measured the accumulation
of H,O, by histochemical analysis via DAB staining after
7-day inoculation with R. solanacearum or R. solani. Based
on the visible accumulation of a brown precipitate, as shown
in Fig. 6a and b, the leaves of the transgenic plants accu-
mulated lower levels of H,O, compared with WT leaves.
Furthermore, microscopic analysis of the plants following
pathogen infection also revealed less H,O, accumulation in
the leaves of transgenic plants compared with WT plants,
which is in accordance with the above-mentioned results.
These results suggest that the overexpression of GRWRKY39
could enhance defense resistance either by inhibiting the
production of pathogen-induced ROS (mainly H,O,) or
effectively scavenging excessive H,O,, and the resistance
mechanisms mediated by plant may be overlapping.

Effect of GWWRKY39 on salt stress tolerance
in transgenic plants

The developmental stage of plants is related to their level
of salt stress tolerance (Gao and Xiang 2008). To test the
response of GhWRKY39-overexpressing plants to salt
stress, the seeds of WT and transgenic plants were surface
sterilized and germinated on MS agar medium that was
supplemented with different concentrations of NaCl (0, 50,
100 and 200 mM). As shown in Fig. 7a, there was no
significant difference between WT and transgenic lines in
the presence of 0 and 50 mM NaCl. When the NaCl con-
centration was increased to 100 and 200 mM, decreased
germination rates of WT and OE seeds were observed;
however, the germination of the WT seeds was more
severely inhibited than that of the OE lines.
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Fig. 3 Histochemical GUS

assays in ProGhWRKY39::GUS
transgenic Arabidopsis plants.
GUS activity in response to
various stresses was examined.
a Control seedling (non-
stressed). b—g Histochemical
analysis of GUS activity in
ProGhWRKY39::GUS plants ¢
following treatment with R.

solanacearum or R. solani for 1,

3 and 16 h. h-j Histochemical

analysis of GUS activity in

control

()

ProGhWRKY39::GUS plants
treated with 200 mM NaCl for
1,3and 16 h

R. solanacearum treatment
1h 3h 16h
(b) (©) .
[ ]
® i
R. solani  treatment

1h 3h 16h

(e) ® 2 &« ®
’
e hr {

NaCl treatment

Next, to examine whether GhWRKY39 affects the
growth of seedlings under salt stress conditions, seeds of
WT and transgenic lines sown on MS medium for 3 days
showing radicle emergence were transferred to medium
containing different NaCl concentrations, ranging from 0 to
200 mM NaCl. As shown in Fig. 7b and c, the transgenic
lines exhibited longer roots than the WT plants in the
presence of 100 and 200 mM NaCl.

To further confirm the salt tolerance conferred by over-
expression of GhWRKY39 at the vegetative growth stage,
WT and T; transgenic plants were grown under the same
conditions and irrigated with salt water (200 mM) for
2 weeks. Severe growth inhibition was observed in the WT
and transgenic plants; however, the growth of transgenic
plants was less growth inhibited, which was evidenced at the
whole plant, leaf and root levels (Fig. 7d—f). Salinity is often
associated with drought, and plants control water loss during
drought stress by regulating stomatal closure. Therefore, the
stomatal response was examined under normal and salt stress
conditions. As shown in Fig. 7h and i, a similar stomatal
response was observed in WT and OE plants under normal
conditions, while salt treatment resulted in less stomatal

1h 3h 16h
¥ (i i
; i) = O _ P
.
f

\Q

opening in transgenic lines compared with WT plants. Taken
together, these data indicate that GhWRKY39 overexpression
can confer increased salt stress tolerance in transgenic plants
during seed germination and vegetative growth.

Overexpression of GhWRKY39 decreased
the accumulation of ROS under salt stress and resulted
in increased tolerance to oxidative stress

High salinity, which is one of the major environmental
stresses, is well known to induce the production of cellular
ROS (Borsani et al. 2005). To investigate whether the
overexpression of GhWRKY39 in transgenic plants could
confer elevated tolerance to salt stress, leaves were
detached from WT and transgenic plants, submitted to
200 mM NaCl treatment and collected after 0, 0.5, 1, 1.5
and 2 h. The accumulation of H>O, and O, was then
detected by the 3,3’-diaminobenzidine (DAB) and nitro
blue tetrazolium (NBT) staining methods, respectively. As
shown in Fig. 8a and b, the leaves of WT and transgenic
plants accumulated different levels of ROS after the salt
stress treatment. Specifically, H;O, and O, accumulation
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Fig. 4 Expression profiles of 251
GhWRKY39 under diverse stress
conditions. gPCR was
performed on total RNA that
was extracted from leaves at the
indicated time and treated with
a R. solanacearum, b R. solani,
¢ SA, d MeJA, e NaCl or f MV.
The polyubiquitin gene (UBI)

Relative expression
o

was utilized as an internal od 1d 2d 3d

control, and the experiment was
repeated at least twice. The data
are presented as the mean + SE 16 -
of three independent 14 +
experiments (n = 6). Different
letters above the columns
indicate significant differences
(P < 0.05) according to
Duncan’s multiple range test
using SAS software (version
9.1)

()

Relative expression

Oh 2h 4h 6h
SA treatment

o —
“»n o= N

Relative expression

o

Oh 2h 4h 6h
NaCl treatment

in transgenic lines was remarkably slower than that in WT
plants. These results indicate that the overexpression of
GhWRKY39 may result in decreased production of ROS or
more effectively scavenging of excess ROS after salt stress.

Methyl viologen (MV), which is a potential redox
mediator, was used to examine whether GWWRKY39 was
responsive to oxidative stress. As shown in Fig. 8c, no
abnormalities appeared in the leaves incubated in water
without MV. After incubation in different concentrations of
MYV for 72 h, WT and transgenic plants exhibited symptoms
of bleaching or chlorosis. However, MV treatment led to
more severe damage in WT plants, and this result was fur-
ther confirmed by measuring the chlorophyll content of the
leaves after MV treatment (Fig. 8d). These results suggest
that overexpression of GhWRKY39 can elevate plant toler-
ance to oxidative stress during the vegetative stage.

The expression and activity of antioxidant enzymes
were regulated by GhWRKY39 overexpression

To explore the possible mechanism underlying the reduced
ROS levels in transgenic plants during the response to salt
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stress, qPCR was performed to detect the expression of
genes encoding ROS-scavenging enzymes, i.e., APX, CAT,
GST and SOD in addition to the ROS producer, respiratory
burst oxidase homolog (RbohA and RbohB). The transcript
levels of CAT and APX and especially SOD and GST were
much higher in the transgenic plants, and no obvious dif-
ferences in the transcript levels of RbohA and RbohB were
observed between transgenic and WT plants under normal
conditions (Fig. 9a). However, when treated with 200 mM
NaCl for 2 weeks, the expression patterns of the four genes
encoding ROS-scaveng enzymes were only slightly altered,
whereas the expression of RbohA and RbohB was
decreased (Fig. 9b). These results indicate that the over-
expression of GhWRKY39 influences the antioxidant sys-
tem; thus, the regulatory roles of GAWRKY39 in the ROS
scavenging pathway should be further explored. Next, the
total activities of the antioxidant enzymes, i.e., (SOD, POD
and CAT), were examined after pathogen infection and salt
stress treatment (Fig. 10). Compared with its activities in
WT plants, the activity of SOD was significantly increased
in the transgenic lines, which is in accordance with the
expression of antioxidant-related genes. Interestingly, the
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Fig. 5 Overexpression of GhWRKY39 in N. benthamiana conferred
enhanced resistance to bacterial and fungal infection. a, ¢ Leaf
symptoms of N. benthamiana infected with R. solanacearum and R.
solani. b, d The expression of pathogenesis-related (PR) genes in
transgenic plants was analyzed by qPCR. WT wild-type, OE
overexpression

activities of POD and CAT were slightly increased upon
salt treatment, while pathogen infection resulted in rela-
tively higher POD and CAT activities. These results sug-
gest that GhWRKY39 may be involved in the regulation of
ROS pathways and that the role of GRWRKY39 in the ROS
scavenging pathway is complex.

Discussion

WRKY transcription factors are members of a large
superfamily of regulatory proteins in plants (Rushton et al.
2010). Recently, increased attention has been focused on
WRKY transcription factors and their involvement in the

(a)

R. solanacearum

(b)

R. solani

Fig. 6 Overexpression of GAWRKY39 in N. benthamiana decreased
the accumulation of H,O, following R. solanacearum and R. solani
infections. a, b Expression of GhWRKY39 in N. benthamiana
decreased the accumulation of H,0, after R. solanacearum and R.
solani treatments. The level of H,O, in leaves was determined using
1 mg/ml DAB as a substrate. The top figures show H,O, accumu-
lation, and the bottom figures illustrate the microscopic observations
of the brown precipitate. WT' wild-type, OF overexpression

regulation of plant responses to various biotic and abiotic
stresses (Pandey et al. 2009; Li et al. 2011; Hu et al. 2012;
Wang et al. 2013a, b). However, functional analyses of
WRKY transcription factors have been mostly extensively
focused on model plants, such as A. thaliana and O. sativa,
and little progress has been made toward understanding the
function of WRKY proteins in cotton. To explore the
function of the WRKY transcription factors in cotton, a IId
WRKY gene named GhWRKY39 was isolated from G.
hirsutum, which is an important, widely distributed fiber
and oil crop species.

Due to the high similarity between the sequence of the
WRKY gene from cotton and those of several WRKYs
from A. thaliana, B. napus and Z. mays, we confirmed that
the gene isolated from cotton was a WRKY transcription
factor gene. The phylogenetic tree and conserved primary
motif (C-region: VSSFK[K/R]JVISLL) further indicated
that the gene was a member of subgroup IId (Park et al.
2005). Moreover, the conserved primary motif (C-region),
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Fig. 7 Enhanced salt tolerance in N. benthamiana overexpressing
GhWRKY39. a Germination rates of WT and OE plants on MS
medium containing different concentrations of NaCl. Germination
was scored daily, and the results at 9 days after germination are
presented. b The post-germination seedling development of WT and
transgenic lines on MS medium supplemented with different
concentrations of NaCl. The seeds were sown on MS medium for
3 days until radicle emergence was observed. The seedlings were then
transferred onto MS medium with different concentrations of NaCl.
The plates were oriented vertically to orient the roots of the seedlings
in an upright position, and a photograph was taken 2 weeks after
transfer. ¢ Root lengths of the seedlings exposed to different

which is one of the distinct characteristics of WRKY
Group IId, has been reported to potentially function as a
nuclear localization sequence (Park et al. 2005). In accor-
dance with the above-mentioned characteristic of members
of WRKY subgroup IId, a C-region sequence comprising a
nuclear targeting sequence was identified in the N-terminus
of the protein, and subcellular analysis indicated that GFP-
tagged GhWRKY39 was indeed localized in the nucleus.
These results indicate that, similar to GhWRKYIS,
GhWRKY39 may function in the nucleus (Yu et al. 2012).

The expression pattern of a gene is usually an indicator
of its function, and the inducibility of GhWRKY39
expression by pathogen infection and high-salt stress
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concentrations of NaCl were measured 2 weeks after germination.
d Photograph of representative 8-week-old WT and OE plants grown
in soil containing 200 mM NaCl for 2 weeks. e, f Symptoms of the
leaves and roots of the plants after being grown in soil containing
200 mM NaCl for 2 weeks. g Survival rates of 8-week-old plants that
were treated with 200 mM NaCl for 2 weeks. h Stomatal changes
observed via microscopy after salt treatment, and the stomatal
aperture is shown in i. The data are presented as the mean £ SE of
three independent experiments (n = 6). Different letters above the
columns indicate significant differences (P < 0.05) according to
Duncan’s multiple range test using SAS software (version 9.1). WT
wild-type, OE overexpression

suggested that GhWRKY39 might play roles in defense
responses and be involved in the regulation of stress
pathways. As shown in Fig. 5, plants overexpressing
GhWRKY39 were more resistant to R. solanacearum and R.
solani infection than WT plants, and transgenic plants also
exhibited increased expression of PR genes. This finding is
consistent with a previous report that overexpression of
GhWRKY15 in tobacco caused increased resistance to virus
and pathogenic fungi in addition to enhancing the expres-
sion of PRI, PR2 and PR4, which contributed to the dis-
ease resistance of the transgenic plants (Yu et al. 2012).
Previous studies have demonstrated that WRKY DNA
binding-proteins can specifically recognize W-box
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Fig. 8 Analysis of ROS
accumulation in WT and OE N.
benthamianas in response to
NaCl and MV treatment. a,

b NaCl-induced H,O, and O,
accumulation were detected by
DAB and NBT staining,
respectively. ¢ Leaves from WT
and OE plants were incubated in
different concentrations of MV
(0, 10 and 20 pM) under
greenhouse conditions.

d Relative chlorophyll contents
were determined in the leaves of
WT and OE plants after MV
treatments. Leaves that were
floated in water were utilized as
the control. The data are
presented as the mean + SE of
three independent experiments
(n = 6). Letters above the
columns indicate significant
differences (P < 0.05)
according to Duncan’s multiple
range test using SAS software
(version 9.1). WT wild-type, OE
overexpression

Fig. 9 Expression of
antioxidant enzyme genes in
WT and transgenic N.
benthamianas. a The expression
of antioxidant enzymes under
non-stress conditions. b The
expression of antioxidant
enzymes under salt stress
conditions for 2 weeks. The
data are presented as the
mean *+ SE of three
independent experiments. The
values indicated by different
letters are considered
significantly different at

P < 0.05 as determined by the
Duncan’s multiple range tests.
WT wild-type, OE
overexpression
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elements that are conserved in the promoters of many PR
genes (PRI, PR2, PR3 and PR5) and therefore induce the
expression of these defense-related genes (Yu et al. 2001;
Zheng et al. 2007). In addition, it has been reported that
plant innate immunity is composed of two interconnected
branches, known as pathogen-associated molecular pattern
(PAMP)-triggered immunity (PTI) and effector-triggered
immunity (ETI) (Jones and Dangl 2006). Therefore, we
deduced that the defense mechanism mediated by
GhWRKY39 may be involved in PTI. PTI and ETI activate
local as well as systemic defense responses (referred to as
systemic acquired resistance [SAR]), which are modulated
by phytohormones, especially jasmonic acid (JA) and SA
(Durrant and Dong 2004; Bostock 2005). JA-dependent
plant defenses are generally activated by necrotrophic
pathogens and chewing insects, whereas SA-dependent
defenses are often triggered by biotrophic pathogens. JA
and SA signaling usually act antagonistically; however,
synergism between these two phytohormones has also been
observed (Mur et al. 2006). The results of our expression
analysis also indicated that GRWRKY39 may be involved in
SA- and JA- dependent signaling pathways. In conclusion,
we suggest that the molecular mechanism mediated by
GhWRKY?39 is fairly complex during the defense response
and that GRWRKY39 may act as an integrator of multiple
signaling pathways.

Accumulating evidence indicates that the ROS network is
important for the induction of disease resistance (Kotchoni
and Gachomo 2006). Evidence for the role of ROS in
triggering or executing the hypersensitive response (HR),
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usually caused by ETI, has been demonstrated by pharma-
cological studies showing that a blockade of ROS
accumulation inhibited cell death (Levine et al. 1994,
Hammond-Kosack and Jones 1997). The effect of ROS in
defense responses and activation of the HR have been mainly
associated with NADPH oxidase, which catalyzes the
reduction of O, to O, ™. Further dismutation of O, by SOD
generates the most stable ROS, H,O, (Lamb and Dixon
1997). Our results demonstrated that GhWRKY39-over-
expressing plants showed enhanced antioxidase activity
following pathogen infection. Therefore, the GhWRKY39-
mediated defense response may be related to PTI and ETI,
and GhWRKY39 may regulate antioxidase to reduce the
accumulation of ROS and inhibit cell death.

In addition to the vital roles of WRKYs in disease
resistance, abiotic stresses, such as salt and drought, have a
close relationship with WRKY proteins. For example,
Zheng et al. (2013) suggested that ThWWRKY4, a WRKY
gene from Tamarix hispida, could positively mediate abi-
otic stress tolerance by modulating ROS and the expression
of stress-responsive genes. TaWRKYI0-overexpressing
plants exhibited decreased H,O, and O,  accumulation
than WT plants under drought and salt stress conditions
(Wang et al. 2013a). Overexpression of a chrysanthemum
transcription factor gene, DgWRKY3, in tobacco enhanced
tolerance to salt stress, as reduced accumulation of mal-
ondialdehyde (MDA) and hydrogen peroxide (H,O,) as
well as higher antioxidant enzyme activity were observed
in transgenic plants compared with WT plants (Liu et al.
2013). Transgenic Arabidopsis overexpressing TaWRKY?2
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exhibited enhanced salt and drought tolerance compared
with controls, while overexpression of TaWRKYI9 con-
ferred tolerance to salt, drought and freezing stresses in
transgenic plants (Niu et al. 2012). Our results showed that
overexpression of GhWRKY39 in N. benthamiana
improved plants’ tolerance to salt stress. In contrast, Li
et al. (2010) reported that heat stress-induced AtWRKY39
positively regulated the cooperation between the SA- and
JA-activated signaling pathways that mediated the
response to heat stress. Therefore, we conclude that the
function of WRKY39 is diverse, and it may be involved in
multiple pathways.

Based on these results, we propose that GAWRKY39 is
involved in at least two regulatory pathways: one that is
related to pathogen infection and one that is involved in the
response to salt stress. GhWRKY39 may be involved in
crosstalk between the complicated biotic and abiotic stress
response pathways. Although the overexpression of
GhWRKY39 has been explored in N. benthamiana, the
mechanism underlying the function of GAWRKY39 should
ideally be elucidated in transgenic cotton. Moreover,
additional research concerning GhWRKY39 is needed,
including examinations of its interactions with other
WRKY proteins or MAPK cascade members.
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