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Abstract: WRKY transcription factors play a pivotal role in regulating stress signaling pathways,
including those associated with salt stress response. The present work characterized the effects
of two WRKY genes from Vigna unguiculata, namely VuWRKY21 and VuWRKY87, on enhancing
plant salinity tolerance. Under salt stress conditions, Arabidopsis lines expressing VuWRKY21 or
VuWRKY87 showed elevated expression of genes participating in saline stress response pathways and
reduced oxidative stress induced by reactive oxygen species (ROS). Among the salt-responsive genes
in Arabidopsis, AtP5CS1, AtNHX1, AtRD29A, AtSOS3, AtSOS2, and AtSOS1 exhibited modulated
expression levels after stress imposition. Furthermore, compared to wild-type plants, at most
evaluated times, transgenic lines, on average, presented lower H2O2 content while displaying higher
content of SOD (EC: 1.15.1.1) and CAT (EC: 1.11.1.6) at early stages of salt stress. These findings
suggest that the expression of both VuWRKY genes in Arabidopsis, particularly VuWRKY21, activated
genes involved in salinity tolerance.
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1. Introduction

Saline soil presents a critical factor that affects crop growth and productivity [1].
Known effects include reduced germination, growth, and vigor in seedlings, which con-
sequently limits plant yield, resulting in an average annual biomass loss of more than
50% [2,3]. This stress may trigger alterations in membrane properties, an increase in respi-
ration, inhibition of photosynthesis, and a decrease in dry matter production, among other
effects [4].

Plants respond to stressful situations by accumulating osmoprotectants, such as amino
acids, antioxidants, and sugars. This is achieved via the activation of various structural
and regulatory genes. Among the genes involved are those encoding late embryogenesis
abundant (LEA) proteins, enzymes involved in proline biosynthesis and antioxidant activity
(e.g., superoxide dismutase—SOD and catalase—CAT), proteins engaged in selective water
transport and ion regulation, and specific transcription factor (TF) families, such as the
WRKY family [5,6].

WRKY TFs play a pivotal role in responding to abiotic stress [7,8]. For instance, RD29A
and RD29B, which encode hydrophilic proteins associated with various abiotic stresses,
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can be upregulated by WRKY [9]. In GhWRKY6-like (Gossypium hirsutum L.) Arabidopsis
thaliana (L.) Heynh, the osmotic stress-related AtRD29A and AtRD29B genes exhibited
increased expression under salt stress [10].

The Arabidopsis AtP5CS1 belongs to the category of osmoprotectant genes involved in
abiotic stress tolerance. It encodes a ∆1-pyrroline-5-carboxylate synthase (P5CS) responsible
for proline synthesis. The overexpression of a Triticum aestivum L. WRKY gene, TaWRKY46,
increased the expression of P5CS1 in Arabidopsis. This elevation in expression could enhance
osmoregulatory functions and subsequently maintain the osmotic capacity, safeguarding
plant water content during osmotic stress [11].

Furthermore, WRKY genes also play an important role in the regulation of genes
associated with the Salt-Overly Sensitive (SOS) pathway [12,13]. The SOS pathway genes
stand as pivotal elements in salinity response. After an initial accumulation of Na+ in the
root, the cytosolic Na+ reduction is likely mediated by the SOS pathway. The SOS3/SOS2
complex triggers the presumed Na+/H+ (NHX/SOS1) exchanger, which transports Na+

from the cytosol to the apoplast of the cortex, root, and epidermis [14]. Enhanced expression
of genes belonging to the SOS pathway has been associated with increased salt stress
tolerance in diverse studies [13,15]. In Fortunella crassifolia Swingle, FcWRKY40 upregulated
SOS pathway genes [13]. The overexpression of FtWRKY46, a WRKY gene from Fagopyrum
tataricum (L.) Gaertn, led to the upregulation of AtSOS1, AtSOS2, and AtSOS3 genes in
Arabidopsis. This is likely facilitated by W-box cis-regulatory elements identified in the
promoter regions of these genes [16].

Several WRKY genes from various species, including wheat TaWRKY93, watermelon
[Citrullus lanatus (Thunb.) Matsum. & Nakai] ClWRKY20, and bamboo [Phyllostachys edulis
(Carrière) J.Houz.] PheWRKY86, have been overexpressed in Arabidopsis to assess their
effects on the regulation of genes responsive to abiotic stresses, including salt stress [17–19].
In peanuts (Arachis hypogaea L.), for example, enhanced salinity tolerance was achieved
via the expression of AhWRKY75 [20]. Notably, the regulatory mechanism of WRKY on
target gene expression exhibits significant similarities between dehydration and salinity
responses [10,21]. Thus, the recognized importance of WRKY TFs in regulating genes
responsive to abiotic stresses, such as drought and salinity, is evident, pointing to their use
in genetic engineering for acquiring tolerance.

Among the legumes of socioeconomic importance, cowpea [Vigna unguiculata (L.)
Walp.] holds a prominent position as a widely cultivated legume consumed worldwide,
both in its fresh form and as dry beans [22]. Apart from its nutritional advantages, cowpea
offers an appealing solution for impoverished and degraded soils. This is due to its release
of high-quality organic matter, facilitation of nutrient cycling in the soil, and enhancement
of water retention. Thus, cowpea presents its capacity to rehabilitate nutrients in saline
soils and to biologically fix nitrogen from the soil in symbiosis with rhizobia [1,23–25].

Advances in sequencing technologies and the extensive generation of genomic and
transcriptomic data in plants have played a crucial role in identifying regulatory genes
involved in plant adaptation to environmental conditions [26]. Previously, we identified
25 differentially expressed VuWRKY genes in cowpea under root dehydration. Among
them, VuWRKY21 and VuWRKY87 stood out, exhibiting significant induction levels at
early stages (25–100 min) of abiotic stress [27]. Considering the regulatory role of WRKY
genes under abiotic stresses, such as drought and salinity, the analysis of selected VuWRKY
members in transgenic A. thaliana plants emerges as an alternative method for assessing
these candidate genes’ responses to abiotic stress. Singh et al. [28], for instance, showed
that SlWRKY23, from Solanum lycopersicum (L.), imparts tolerance to NaCl and mannitol
stress via the interaction of the auxin and ethylene in A. thaliana.

Thus, the present work aimed to analyze the biochemical effects and the differential
expression of genes responsive to salt stress in A. thaliana expressing the cowpea genes
VuWRKY21 or VuWRKY87.
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2. Materials and Methods
2.1. Gene Cloning and Plant Transformation

Based on our previous work, two WRKY cowpea genes (VuWRKY21 and VuWRKY87)
were selected as representative of early genes responsive to root dehydration stress, as
described by Matos et al. [27]. They are deposited at the NCBI BioProject (https://www.
ncbi.nlm.nih.gov/bioproject/) under reference numbers BioProject ID: PRJNA605156 and
BioSample: SAMN14051116. The coding regions of both genes were PCR-amplified via Phu-
sion DNA polymerase (Thermo Fisher Scientific Inc., Waltham, MA, USA) from root cDNA
samples of dehydration-stressed “Pingo de Ouro” cowpea accession (see [27]). Primers were
designed using the Primer-BLAST tool at NCBI (https://www.ncbi.nlm.nih.gov/, accessed
on 25 November 2013) for VuWRKY21 [forward (ATGGAACCAACATGCTT) and reverse
(TTACCATTTGGCCTCTAG)] with an expected product of 807 bp, and for VuWRKY87
[forward (ATGGACAACATGGGAGAC) and reverse (TCATGGGTTATCGAATCTGA)]
with an expected product of 1062 bp. Target PCR products were separated in a 1.5%
agarose gel and recovered with a ZymocleanTM Gel DNA Recovery kit (Zymo Research,
Irvine, CA, USA). The recovered DNA fragments were mobilized in the intermediate vector
pENTR/D-TOPO (Invitrogen, Grand Island, NY, USA) for sequencing verification, followed
by introduction into the pGWB6 destination vector [29] via LR recombination reaction
(Gateway LR Clonase Enzyme mix; Invitrogen, Grand Island, NY, USA). The resulting
plasmids were called pGWB-VuWRKY21 and pGWB-VuWRKY87, with each VuWRKY
gene under the control of the constitutive 35S Cauliflower Mosaic Virus (CaMV) promoter.
Both the pGWB-VuWRKY21 and pGWB-VuWRKY87 were introduced into Agrobacterium
tumefaciens strain LBA4404 via electroporation. Positive colonies were selected on a solid
YEB medium containing 50 mg/L of kanamycin, 67.5 mg/L of rifampicin, and 50 mg/L
of streptomycin and further confirmed by PCR to verify the presence of VuWRKY21 or
VuWRKY87. Plants of A. thaliana (ecotype Columbia, Col-0) were transformed using the
floral dip method as described by Bechtold and Bouchez [30] and modified by Clough and
Bent [31].

2.2. Subcellular Location, Molecular Weight (kDa), and Isoelectric Point of VuWRKY21 and
VuWRKY87 Proteins

Polypeptide sequences corresponding to the VuWRKY21 and VuWRKY87 genes were
used to determine the subcellular location via the Cell-Ploc online tool 2.0 [32]. Isoelectric
point and molecular mass values were calculated using the JVirGel tool 2.0 [33].

2.3. Establishment and Generation Advance of Transformed A. thaliana

The T1 seeds of transgenic plants containing the VuWRKY21 or VuWRKY87 genes
were collected and stored at 4 ◦C until germination. The seeds were sterilized with 2.0%
sodium hypochlorite containing 0.1% Tween-20, followed by five washes in sterile distilled
water. The surface sterilized seeds were vernalized for 48 h at 4 ◦C before being plated
on a solid MS [34] medium containing kanamycin and hygromycin (50 mg/L each) as
selective agents.

After fifteen days, the positively germinated seedlings with at least four leaves were
individually acclimatized in pots containing a mixture of the commercial substrate (Forth
Condicionador Floreiras—naturally decomposed pine bark, ash, and calcium sulfate) and
vermiculite (1:1). Plants were grown in a controlled environment with the following growth
condition: 20 to 22.5 ◦C, 16:8 h photoperiod, and relative humidity of 70 to 80% under
irrigation every three days. After two weeks of cultivation, the waterings were interspersed
with the addition of fertilizer NPK 20-20-20 (1.0 g/L). Each T1 seedling was considered a
transgenic event and sequentially numbered in each generation.

To advance generations, T1 seeds were grown in the presence of antibiotics, and
antibiotic-resistant T2 plants containing the VuWRKY21 and VuWRKY87 genes were self-
fertilized and analyzed by conventional PCR to confirm the transgene insertion. Afterward,
for each confirmed transgenic event, 150 T3 seeds were germinated on solid selective MS

https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/
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plates described above. Events with at least 90% of the seeds germinated and four leaves
in the rosette were considered homozygous after 15 days of cultivation. The positive
and negative controls consisted of 150 seeds of the wild type (WT), cultivated under
the same conditions as the transgenic lines, varying only concerning the absence and
presence of the selective agents (kanamycin and hygromycin, 50 mg/L each) in the culture
medium, respectively.

2.4. Germination and Root Elongation under Salt Stress

To test salt effects on germination, the seeds (i.e., WT, VuWRKY21 transgenic lines,
and VuWRKY87 transgenic lines) were treated on a series of MS media with three different
concentrations of NaCl (0, 100, and 200 mM). The daily number of germinated seeds was
monitored with a stereomicroscope for seven days. Each experiment was performed in
triplicate, with each replicate composed of 40 seeds of the three lines in homozygosity for
the genes VuWRKY21 or VuWRKY87 (L1, L2, and L3) and the WT.

To test the salt effects on root elongation, three-day MS-cultivated seeds with roots of
0.5 cm were transferred to the test conditions, MS media with three different concentrations
of NaCl (0, 100, and 200 mM). After seven days, root lengths were measured using a digital
caliper. The final values of root lengths consisted of the measured value minus 0.5 cm,
corresponding to the initial root length. This test was performed with three biological
replicates, with each replicate composed of 20 seeds for each transgenic line or the WT.

2.5. Exposure to Salt Stress

For the salinity assays, plants of three transgenic lines homozygous for VuWRKY21 or
VuWRKY87 and the WT plants were germinated, acclimated, and cultivated as described
in Section 2.3. After 28 days of acclimation, the plants were divided into treated and
control groups. Plants of the treated group were irrigated with an NPK 20-20-20 solution
(1.0 g/L) supplemented with 200 mM NaCl. The control group was irrigated only with
NPK 20-20-20 (1.0 g/L). Rosette leaves were collected from both groups at 1, 2, 4, and
8 h after treatments. Additionally, for each time, there was a control plant that was
simultaneously collected, immediately frozen in liquid nitrogen, and stored at −80 ◦C.
These control plants were cultivated under the same conditions and watered only with
the NPK solution, without the addition of NaCl (0 h NaCl). Biological triplicates were
established for gene expression analyses by qPCR (Real-Time quantitative PCR), in which
each plant corresponded to one replicate. For biochemical analyses, each biological replicate
was composed of 20 plants. The experiments were performed in a growth room under
controlled photoperiod conditions (16 h of light) and a temperature of 21 ◦C.

2.6. Hydrogen Peroxide (H2O2) and Malondialdehyde (MDA) Quantification

Hydrogen peroxide content was quantified based on the protocol of Alexieva et al. [35].
Briefly, 5 mL of 0.1% trichloroacetic acid (TCA) leaf extract supernatant was mixed with
0.5 mL of 100 mM K-phosphate buffer and 2 mL of 1M potassium iodide (KI) and incubated
for 1 h in darkness before the absorbance was measured at 390 nm. Lipid peroxidation
was quantified following Heath and Packer [36], with modifications. The reaction was
determined by the production of MDA, a metabolite reactive to 2-thiobarbituric acid (TBA).

2.7. Enzymatic Tests and Quantification of Soluble Proteins

Quantification of the total soluble proteins (TSP) was performed as described by
Bradford [37]. For the determination of the catalase (CAT; EC: 1.11.1.6) and superoxide dis-
mutase (SOD; EC: 1.15.1.1) activities, the methodologies proposed by Havir and Mchale [38]
and Giannopolitis and Ries [39], respectively, were employed. All biochemical analyses
were performed with three biological replicates. Each biological replicate was composed of
20 plants.
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2.8. RNA Extraction, cDNA Synthesis, and Analysis of the Differential Expression by qPCR

The total RNA was extracted based on the protocol established by Zhao et al. [40] and
treated with RNAse-free DNAse (Ambion, Invitrogen, Graičiūno Vilius, Lithuania). RNA
was quantified by fluorimetry using Qubit (Invitrogen). For each sample, 0.5 µg of RNA
was reversely transcribed using the Improm-II Reverse Transcriptional System (Promega,
Madison, WI, USA), following the manufacturer’s specifications.

Differential expression analysis was performed via qPCR with iTaq Universal SYBR
Green Supermix kit (BioRad, Foster City, CA, USA), following the manufacturer’s specifi-
cations. All primers used are listed in Table S1, and their melting curve can be observed
in Figure S1. For each sample, three biological replicates and three technical replicates for
each biological replicate were carried out. The quantification cycles (Cqs) were compared
between the treated and control of their respective time conditions (control condition: plant
cultivated under the same conditions and watered only with the solution, without the
addition of NaCl - 0 h NaCl) and were normalized using the Cq values of the reference gene
AtUbiquitin (Table S1). Additionally, primers used for the qPCR analyses of VuWRKY21
and VuWRKY87 were aligned by BLASTn against the reference genome of A. thaliana using
the Primer-BLAST tool at NCBI (https://www.ncbi.nlm.nih.gov/ accessed on 30 December
2020) to detect possible cross-amplifications (Table S2).

The amplification efficiency for each primer pair was calculated by a standard curve
generated by serial dilutions of the cDNA (1/10, 1/100, and 1/1000) in a technical triplicate
using the equation E = 10(−1/slop of the standard curve)−1. The standard curve slopes between
the range of −3.58 and −3.10 were considered acceptable for the assay [41]. These slope
values were equivalent to amplification efficiencies of 90% (E = 1.9) and 110% (E = 2.1),
according to the MIQE guidelines for qPCR [42].

2.9. Statistical Analyses of the Relative Gene Expression

Data showed normal distributions by the Lilliefors’ test and homogeneity by the
Kolmogorov–Smirnov’s test. Next, the analysis of variance (ANOVA) was employed in a
4 × 3 factorial arrangement (lines x NaCl concentrations) for each VuWRKY gene, followed
by the post hoc Tukey’s test (p < 0.05). For the statistical analysis of the germination index,
the values were transformed using the arc sine

√
x (%) formula. All data were analyzed

using the program Genes [43].
The relative expression of the target transcripts was determined using the Software

of Relative Expression Rest 2009 in the standard mode. The analysis was based on paired
comparisons using randomization and bootstrapping with the Pair-wise Fixed Reallocation
Randomization Test [44]. The hypothesis test (p < 0.05) was used to determine whether the
differences in the expression of the target transcripts in control and treated conditions were
significant (Tables S3 and S4). For each evaluated time (1 h, 2 h, 4 h, and 8 h), there was an
untreated control plant. For relative expression values below 1.0, the formula −1/X was
used, where X corresponds to the value of the relative expression obtained.

3. Results
3.1. Subcellular Location, Molecular Weight (kDa), and Isoelectric Point of VuWRKY21 and
VuWRKY87 Proteins

The VuWRKY21 gene encodes a polypeptide of 317 amino acids (aa) in length, with a
molecular weight (MW) of 35.36 kDa and isoelectric point (pI) of 8.23, while VuWRKY87 en-
codes a protein composed of 353 aa, with an MW of 39.36 kDa and pI of 5.67. Both proteins
are predicted to be localized in the nucleus. The results show similar molecular weight
values but basic or acidic characteristics for the analyzed VuWRKY proteins, respectively
(Table S5).

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


DNA 2023, 3 173

3.2. Seed Germination and Root Elongation Tests

To explore the role of VuWRKY21 and VuWRKY87 on the salt tolerance of cowpea,
three transgenic lines (L1, L2, and L3) were, respectively generated for each gene, and the
T3 generation non-segregating homozygous lines were analyzed.

The three T3 homozygous VuWRKY21 lines (L1, L2, and L3) exhibited germination
rates of 100% (L1 and L2) and 99.17% (L3) in the absence of salt after seven days of
cultivation. Similarly, the T3 seed lots from three VuWRKY87 lines had germination rates
from 97.50 to 99.17% (Figure 1A). A reduction in the germination rate was observed in
proportion to the increase in NaCl concentration after seven days of treatment. At 200 mM
NaCl, the VuWRKY21 L1 seeds exhibited the lowest reduction in the germination rate
(54.58%) when compared to VuWRKY21 L2 (27%), VuWRKY21 L3 (30%), and WT (38%).
Similarly, the germination rate of VuWRKY87 L2 (59.17%) and VuWRKY87 L3 (61.67%)
seeds were significantly less affected by 200 mM NaCl compared to VuWRKY87 L1 (39.17%)
and WT (25.83%). By 15 days of cultivation, little phenotypic difference could be observed
between WT and the VuWRKY21 or VuWRKY87 lines (Figure 1C–H).
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Figure 1. Germination index of Arabidopsis transgenic lines carrying VuWRKY21 (A) and VuWRKY87
(B) genes (L1, L2, and L3) and wild-type (WT) plants under varying NaCl concentrations: 0 mM,
100 mM, and 200 mM. This test was performed with three biological replicates, each comprising
40 seeds. (C–J) Development of A. thaliana seedlings carrying the VuWRKY21 (C–E) and VuWRKY87
(G–I) genes (L1, L2, and L3) and WT, germinated under different NaCl concentrations: 0 mM (C,G);
100 mM (D,H); and 200 mM (E,I), after 15 days of cultivation. Identical letters indicate no statistical
difference among the observed time points. Blue bars (A) correspond to results for VuWRKY21
transgenic lines and red bars (B) represent VuWRKY87 transgenic lines.

There was a significant reduction in root length with increased salt concentration from
100 mM to 200 mM in both WT and transgenic lines. Nevertheless, no significant difference
in root length was detected when comparing the WT plants to VuWRKY21 or VuWRKY87
transgenic lines (Figure S2A,B). Despite the little difference, the mean values obtained for
root length in the transgenic lines were superior to those of the WT under NaCl stresses
(Figure S2C–H).
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3.3. Biochemical Responses

To better understand possible biochemical alterations accompanying the observed
changes above, we examine a series of metabolic parameters in the transgenic lines. It was
verified that the WT plants presented the highest MDA content compared to all VuWRKY21
transgenic lines. Significant differences in MDA content between WT lines and VuWRKY21
transgenic lines were observed for 1 h, 4 h, and 8 h post-stress imposition (PSI, Figure 2A).
The highest values were observed within the first 2 h PSI. At 1 h PSI, the MDA content
level in the WT plants doubled, and there was a 33.87% increase in MDA content in WT
plants compared to the mean MDA content of the transgenic lines (Figure 2A). Although a
reduction was observed over time for all lines tested, the MDA content in WT was markedly
higher than that in the VuWRKY21 lines, especially at 4 h PSI (65.91% higher) and 8 h PSI
(47.10% higher, Figure 2A). Although no significant phenotypic differences were observed
between the WT plants and the VuWRKY87 lines, the highest MDA contents were detected
in the WT plants for all the time points evaluated (Figure 2B).
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Figure 2. Effect of salt stress on the content of MDA (A,B), H2O2 (C,D), SOD (E,F), CAT (G,H), and
total proteins (I,J), in Arabidopsis thaliana lines carrying VuWRKY21 or VuWRKY87 genes (L1, L2, L3)
and wild type (WT), under saline conditions at the times of 1, 2, 4, and 8 h. Equal lowercase letters
show no statistical difference between lines for the same time, according to the Tukey test (p < 0.05).
Biological triplicates were established for biochemical analyses; each biological replicate comprised
20 plants. In contrast, the same capital letters show no statistical difference between the observed
times for the same line. Blue and red bars indicate results of VuWRKY21 and VuWRKY87 transgenic
lines, respectively.
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The highest H2O2 contents were observed at 2 h PSI in both WT and VuWRK21 lines,
with the WT lines bearing around 30% higher H2O2 contents than the VuWRK21 lines
(Figure 2C). Although not statistically significant, the WT plants still appeared to have
higher H2O2 contents than VuWRK21 lines at 4 h and 8 h. No significant differences in
H2O2 content were observed between the WT plants and VuWRKY87 lines for all the time
points evaluated. Nonetheless, at the early stage (1 h and 2 h PSI), the WT plants presented
a non-significant increase in H2O2 content at 28 and 31%, respectively, compared to the
mean of the transgenic lines (Figure 2D).

The highest catalase activity occurred at the early stages (1 h and 2 h PSI) for both
the WT and the VuWRKY21 transgenic lines. In particular, the mean CAT activity in the
transgenic lines was 39.80% higher than that in the WT plants at 2 h PSI (Figure 2E). At 4 h
and 8 h PSI, CAT activity remained higher in the VuWRKY21 transgenic lines (10.36% and
21.42%, respectively) compared to WT plants (Figure 2E). The VuWRKY87 plants presented
a significant increase in CAT activity, especially at 1 h and 4 h PSI. At 1 h, VuWRKY87
transgenic lines showed a 140% increase, while the increase reached 290% at 4 h, both
compared to WT plants (Figure 2F).

In both WT and VuWRKY21 lines, the superoxide dismutase (SOD) exhibited a decline
starting from 2 h PSI (Figure 2G). Despite the reduction, the VuWRKY21 lines showed spe-
cific SOD activity five times greater than the WT plants at 2 h PSI (Figure 2G). At 4 and 8 h,
the WT also presented a reduced SOD activity (19.20 and 12.92%, respectively) compared
to the mean of the transformed lines. In the VuWRKY87 transgenic lines, the highest SOD
activity occurred during the early stages (1 h and 2 h PSI). Significant differences in the
mean SOD activity were observed between VuWRKY87 transgenic lines and WT plants
at 1 h PSI, with the transgenic lines displaying nearly three times higher SOD activity
(Figure 2H).

As shown in Figure 2I, the total protein content in the WT plants was lower than the
mean values of the total protein content in the VuWRKY21 lines at 1 h, 2 h, and 4 h PSI.
Notably, the total protein level in WT plants was 66.43% lower than the mean value of the
total protein level in VuWRKY21 lines at 1 h (Figure 2I). No significant differences were
observed between VuWRKY87 transgenic lines and the WT plants throughout all the time
points. Nevertheless, at 1 h PSI, the mean protein content in the VuWRK87 plants was
around 45% higher than that in WT plants. As summarized in Figure 3, both VuWRKY21
and VuWRKY87 transgenic lines performed better than the WT plants in all biochemical
parameters evaluated.
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3.4. Effects of VuWRKY21 and VuWRKY87 Genes in Arabidopsis under Salt Stress

To explore the regulatory effect of VuWRKY21 and VuWRKY87 TFs, the expression
of six pathway representative genes (i.e., AtP5CS1, AtRB29A, AtNXH1, AtSOS1, AtSOS2,
and AtSOS3) known to be responsive to salt, water deficit, and osmotic stresses were
selected and analyzed in VuWRKY21 and VuWRKY87 transgenic A. thaliana plants upon
stress treatment.

The VuWRKY21 gene presented an early induction in the transgenic lines at 1 h PSI,
being upregulated in L1 and L3, which obtained the highest relative expression values,
4.65 and 6.62, respectively. On the other hand, VuWRKY21 L2 was upregulated (2.05) only
at 8 h PSI. The WT plants showed modulation at 1 and 8 h. Nevertheless, an upregulation
(2.89) was observed at 2 h and a downregulation (−3.03) at 4 h PSI (Figure 4A). Since the WT
plants do not carry the VuWRKY genes, this apparent modulation of VuWRKY21 in the non-
transformed Arabidopsis plants must be associated with the fact that the primer used in the
qPCR for VuWRKY21 annealed in a fragment of the coding sequence of At1G75810, involved
in several steps of Arabidopsis development, especially in leaf growth (Table S2) [45]. The
possible modulation of At1G75810 did not interfere with our analyses since the referred
gene is not involved in the tolerance to salt stress. Conversely, VuWRKY87 was modulated
only in L2, downregulated at 2 h PSI, and upregulated at 4 h PSI (Figure 4B). In the WT
plants, no expression of the transgene VuWRKY87 was detected, corroborating that the
primers used for qPCR did not anneal in any sequence of A. thaliana during in silico analysis
(Table S2). The expression of VuWRKY21 and VuWRKY87 genes in A. thaliana under salinity
conditions influenced the expression of all genes analyzed, with distinct behaviors between
the lines and times analyzed, as described below.

AtP5CS1 showed an early response in all three VuWRKY21 lines. AtP5CS1 was
upregulated at 1 h and 2 h PSI in L1, whereas L2 (10.49) and L3 (29.41) presented the
highest expression levels at 2 h PSI, with 1.63 and 4.58 times higher than the WT plants
(6.42), whose differential expression was also observed from 2 h PSI onward (Figure 4C).
For VuWRKY87 transgenic plants, AtP5CS1 was upregulated in all lines and times, except
for WT, L1, and L3, at 2 h PSI. Compared to WT plants, higher levels of expression were
observed in the transgenic lines L2 and L3 at 1 h PSI; L2 at 2 h PSI; and L1, L2, and L3 at 8 h
PSI (Figure 4D).

Similarly, the gene VuWRKY21 positively influenced the regulation of AtNXH1. L1 was
upregulated at 1, 2, and 8 h PSI; L3 was upregulated at 2 h PSI, whereas L2 presented a trend
for being upregulated at 2 and 8 h PSI (Figure 4E). For the VuWRKY87 lines, upregulation
of AtNXH1 occurred only at 1 h PSI (WT, L1, and L2). At 2 h PSI, only the WT plants were
downregulated, while at 4 h, the lines L1, L2, and WT were downregulated. At 8 h PSI,
the expression levels followed the trend of the previous time, with L2 being significantly
downregulated (Figure 4F).

The gene AtRD29A also presented an early modulation in the VuWRKY21 transgenic
lines. At 1 h PSI, the VuWRKY21 L1 and L2 both showed a relative expression of AtRD29A
that was about four times higher than that in the WT, while it was downregulated in
VuWRKY21 L3. At 2 h PSI, it was upregulated in all three VuWRKY21 lines. At 4 h PSI, the
highest level of AtRD29A was observed in WT, L1, and L2, whereas it declined drastically
in L3 (Figure 4G). AtRD29A was also upregulated early in VuWRKY87 transgenic lines,
considering L2 at 1 h and L1 and L3 at 2 h, and was non-significant in the WT at these
initial times. At 4 h and 8 h, all lines presented upregulation of AtRD29A (Figure 4H), but
L3 at 8 h was not statistically significant compared to the control group.
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Figure 4. Differential expression of VuWRKY21 and VuWRKY87 genes and six other target genes in
Arabidopsis thaliana lines carrying VuWRKY21 (A,C,E,G,I,K,M) or VuWRKY87 (B,D,F,H,L,N) genes
(L1, L2, L3) and wild type (WT) after 1, 2, 4, and 8 h of salt stress (200 mM NaCl): VuWRKY21
(A); VuWRKY87 (B); AtP5CS1 (C,D); AtNHX1 (E,F); AtRD29A (G,H); AtSOS3 (I,J); AtSOS2 (K,L);
AtSOS1 (M,N). Biological triplicates were established for the gene expression analyses by qPCR,
in which one replicate corresponded to one plant. The quantification cycles (Cqs) were compared
between the treated and control of their respective time conditions (control condition: plant cultivated
under the same conditions and watered only with the solution, without the addition of NaCl) and
were normalized using the Cq values of the reference gene AtUbiquitin. Blue bars identify results of
VuWRKY21 gene expression, and red bars of VuWRKY87. * Upregulated, compared to the control
group. * Downregulated, compared to the control group.
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The VuWRKY21 transgenic lines display a similar behavior concerning the SOS (Salt-
Overly Sensitive) pathway genes. The gene AtSOS3 was not statistically upregulated in the
transgenic lines, with a tendency for positive regulation only for L1 and L2 at 2 h. On the
other hand, this gene was downregulated in L2 at 1, 2, and 8 h, in L3 at 1 h, and in L1 at
4 h (Figure 4I). In turn, the gene AtSOS2 presented an upregulation tendency only in the
WT plants (1 h) and in L1 (2 h). It was downregulated in L1 (4 h), L2 (1 and 2 h), L3 (2 h),
and WT (4 h), while it was not modulated at 8 h after stress imposition (Figure 4K). Gene
AtSOS1 had the highest induction in the transgenic lines at 2 h, while the WT plants were
downregulated (−1.64). In contrast, the highest expression levels for AtSOS1 at 4 h and 8 h
were observed in the WT plants, with 5.64 and 2.34, respectively. At 4 h, all transgenic lines
presented a trend of downregulation (Figure 4M).

The regulation of the SOS pathway was also influenced by gene VuWRKY87. The gene
AtSOS3 was upregulated only in L2 at 1 h PSI and was downregulated in all transgenic
lines at 2, 4, and 8 h, as in the WT plants at 2 and 4 h. Similar to AtSOS3, the highest
induction of AtSOS2 occurred at 1 h in L2 (Figure 4J). AtSOS2 was downregulated in L1
and L2 (4 h) and L3 (8 h). WT was downregulated in 2 and 4 h and upregulated in 8 h
(Figure 4L). In general, the levels of AtSOS1 expression did not show statistical significance.
Only WT (2 h) and L1 (4 h) were downregulated (Figure 4N).

4. Discussion

Abiotic stress, especially water deficit and salinity, usually affects seed germination,
plant growth, and productivity, triggering a series of molecular, physiological, and biochem-
ical alterations [10]. In our study, the expression of two cowpea WRKY TFs (VuWRKY21
or VuWRKY87), selected based on their expression in a drought-tolerant cowpea acces-
sion under root dehydration, were analyzed. VuWRKY21 was induced in cowpea with
a fold change varying from 79.22 in T25 up to 185.74 in T100 in the tolerant accession,
whereas VuWRKY87 presented its maximum modulation of 32.02 in T75 in the accession
and treated conditions [27]. In the present work, biochemical parameters and modulation
of genes related to salt stress tolerance were monitored in A. thaliana lines transformed with
VuWRKY21 or VuWRKY87 genes, indicating an increase in the mechanisms associated with
salt stress tolerance.

It is known that an increase in the root-to-shoot ratio contributes to salinity tolerance
by optimizing water absorption [46]. In the present work, the presence of NaCl led to a
reduction in both germination and seedling development. Nonetheless, at the highest salt
concentration (200 mM), the lines carrying VuWRKY21 and VuWRKY87 genes presented a
significantly higher germination index for the line L1 carrier of VuWRKY21 gene and for
the three VuWRKY87 lines. Similar results were reported by Ullah et al. [10], in which Ara-
bidopsis plants carrying the GhWRKY6-like gene also demonstrated enhanced germination
rates and root elongation under a concentration of 200 mM NaCl.

High MDA content is directly proportional to a rise in membrane damage caused by
the reactive oxygen species (ROS) with a consequent reduction in salinity tolerance [47,48].
Our study found that the WT line presented higher MDA content at all times of exposure
to salt compared to the mean observed for the three VuWRKY21 lines. For the VuWRKY87
lines, there was also a decrease, although not significant. The smaller MDA content
observed in the transgenic lines is correlated with the expression of the VuWRKY genes,
particularly VuWRKY21. Similar results have been reported for other WRKY overexpressed
in Arabidopsis, such as GhWRKY6 [10], TaWRKY46 [11], GmWKRY21, and GmWRKY54 [49],
leading to abiotic stress tolerance and positive regulation of several defense pathways, such
as those involved in the regulation of cellular homeostasis.

Hydrogen peroxide (H2O2) is a moderately reactive ROS, which has the capacity to
diffuse freely through the membranes. It is considered an important intracellular marker
for various pathways associated with tolerance mechanisms, such as stomatal closure and
cross-bond formation in the cell wall, among others [50,51]. Nevertheless, when the H2O2
content exceeds the cell’s antioxidant capacity, its accumulation may cause oxidative stress
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and generate toxicity for the plants [52]. In the present work, similarly to MDA, the H2O2
content presented lower values at the initial times (1 and/or 2 h) after imposing salt stress
in both lines carrying the VuWRKY genes, with emphasis on VuWRKY21 transgenic lines,
which presented the H2O2 content (ca. 30% lower) at 2 h compared with the mean values 0
in the WT line. These results indicate a better performance of the transgenic lines under
saline stress.

Plants use several strategies to detoxify the cell from ROS [53], including the synthesis
of low molecular weight compounds and antioxidant enzymes [54], such as catalase, which
is considered one of the most important enzymes for the intracellular regulation of peroxide
levels under abiotic stresses [55]. At the initial times, the highest specific activity of catalase
(CAT) was verified, being around 40% higher in the VuWRKY21 lines at 2 h and, on average,
140% higher at 1 h VuWRKY87 transformed lines. In other words, the specific CAT activity
was inversely proportional to the value of the H2O2 content in the transgenic plants.

Alterations in superoxide dismutase (SOD) levels are among the first responses against
ROS. The accumulation of Na+ and Cl− in plants tends to modulate the activities of this
and other antioxidant enzymes since they dismute O2

−. Thus, it is important that the
specific SOD activity is synchronized with the CAT activity since the product of O2−

dismutation by SOD is H2O2, and its accumulation is as detrimental as O2
−. These effects

of oxidative stress are related to several degenerative processes, such as photoinhibition,
photooxidation in chloroplasts, inactivation of enzymes, degradation of photosynthetic
pigments, peroxidation of membrane lipids, and DNA damage [56–59]. This synchrony
could be observed in our study, especially for the plants carrying VuWRKY21 at 2 h, when
higher SOD (mean value, 557.43%) and CAT (39.55%) activities were observed, besides
lower H2O2 content (29.51%), in the transgenic plants compared to the WT. Similarly, the
highest SOD activity in the plants carrying the VuWRKY87 gene occurred at the initial
times. One hour after stress imposition, there was an increase of 280% in SOD in the mean
of the transgenic compared to WT lines.

The lowest availability of nutrients (such as carbohydrates necessary for plant growth)
observed, especially in abiotic stress-sensitive plants, may generate a reduction in protein
content because of a rise in proteolysis [60]. The increase in protein expression may indicate
a possible redirection of the cellular metabolism for synthesizing compounds involved
in diverse biological processes, such as the accumulation of reserves and/or defense [61].
Similar to the enzymatic response, the VuWRKY21 lines exhibited mean total protein
contents 66% higher than the WT at 1 h and a mean increase of 45% in the VuWRKY87
transformed lines at 1 h after stress. These results reinforce the proposed role of VuWRKY21
and VuWRKY87 genes in salinity tolerance. When cultivated under saline stress, NaCl
excess tends to increase proteolysis and decrease protein synthesis. Nevertheless, in the
present study, this reduction in protein concentration was not observed for the transgenic
plants, indicating that the expression of the VuWRKY21 and VuWRKY87 genes is related to
the protection of the plant against the harmful effects of salinity [62].

The identification of stress-responsive genes and their expression analysis under con-
trolled conditions are the first steps toward elucidating the mechanisms of tolerance to
adverse environmental conditions, such as salinity [63], and the production of transgenic
plants with better performance in adverse environments [64]. According to Matos et al. [27],
diverse WRKY of cowpea are associated with orthologous genes identified in other an-
giosperms, such as soybean and rice, involved in signaling pathways related to the tolerance
to abiotic stresses, demonstrating the importance of this gene family in tolerance to abiotic
stresses [65]. Among them, VuWRKY18 and 21 are highlighted, which are orthologs of the
gene AtWRKY40, involved in ABA signaling [66]. On the other hand, VuWRKY87, also
differentially expressed under root dehydration in cowpea, presented no orthology with
known genes from P. vulgaris, G. max, and A. thaliana [27]. Therefore, its possible role in
pathways of tolerance to abiotic stress is studied for the first time in the present work.

AtP5CS1 is a critical gene in proline biosynthesis, encoding a ∆1-pyrroline-5-carboxylate
(P5CS). Proline is produced from glutamic acid, using the enzymes P5CS and pyrroline-5-
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carboxylate reductase [67], and performs functions that are crucial for plant stress tolerance. It
is prominent for acting in the conservation of the osmotic potential under water deficit [68]
and promoting cell redox balance, elimination of ROS [52], and regulation of the cytosolic pH,
thus acting as a protective agent for the function of enzymes [69,70]. The positive regulation
of AtP5CS1 expression mediated by VuWRKY21 or VuWRKY87 corroborates studies in which
the expression of the WRKY genes derived from diverse species have upregulated AtP5CS1 in
A. thaliana under abiotic stress, as for VvWRKY30 from Vitis vinifera (L.) [71]; TaWRKY93 and
TaWRKY46 from T. aestivum [11,17]; and CsWRKY26 from Camellia sinensis L. [68].

The gene AtRD29A is present in ABA-independent pathways and is responsive to
osmotic stress [72]. Nevertheless, it encodes a hydrophilic protein with an unknown
function [10]. In the present work, AtRD29A also presented an early induction in the
transgenic lines of both genes, as compared to the WT. This pattern aligns with findings
previously reported for A. thaliana transgenic plants expressing WRKY transgenes under
saline stress. Examples of similar observations include CmWRKY17 from Chrysanthemum
morifolium L. [73]; GhWRKY34 from G. hirsutum [74]; GhWRKY6 from G. hirsutum [10]; and
VvWRKY30 from V. vinifera [71].

The NHX genes, especially NHX1 and NHX2, are positively regulated in diverse
plant species under salinity stress, contributing to the tolerance to this condition [75].
AtNHX1 encodes a protein that controls the vacuolar osmotic potential in Arabidopsis,
acting in the transport of Na+ to the vacuole from the cytosol and participating as a
K+(Na+)/H+ “exchanger” in the cell tonoplast [76]. It has been reported that Arabidopsis
plants overexpressing AtNHX1 have increased growth and development under salt stress
due to, among other factors, better performance of membrane transporters in the xylem
and phloem [77,78]. In G. max, salt tolerance was associated with the overexpression of
NHX1 and NHX2 [79,80]. In the present work, a tendency for early upregulation was also
observed for AtNXH1 in both transgenic lines (VuWRKY21 and VuWRKY87).

In Arabidopsis, ion homeostasis is maintained primarily via the mediation of the SOS
(Salt-Overly Sensitive) pathway, characterizing it as an important regulatory system for
plant survival under saline stress. Na+ excess and the high osmolarity are separately
detected by unknown sensors at the plasma membrane level that induce an increase in
cytosolic Ca2+ [81,82]. The rise in ions is detected by SOS3 (calcium-binding protein), which,
after binding to Ca2+, activates SOS2 (serine/threonine protein kinase). Subsequently, the
activated SOS3-SOS2 protein complex phosphorylates the SOS1, a co-transporter of Na+/H+

in the plasma membrane, producing the efflux of exceeding Na+ ions [83]. In the present
work, the response of the three genes of the SOS pathway was heterogeneous for the
transgenic lines under the overexpression of both VuWRKY genes. In general, the genes
displayed early positive regulation at 1 h and/or 2 h and negative regulation at 4 h and/or
8 h (e.g., AtSOS3 for VuWRKY87 line at 2 h).

Although water deficit and salt stress may cause similar biochemical and physiological
responses, such as osmotic stress, accumulation of ABA and several osmolytes, ionic
toxicity, and oxidative stress, most of the efforts have focused on the analysis of the cellular
homeostasis of the ion during saline stress, as the most direct way for the molecular
mechanisms in plants [68]. After the perception of salt stress, a Ca2+ peak generated in
the cytoplasm of root cells triggers the signal transduction cascade of the SOS pathway to
protect the cells from damage caused by excessive ion accumulation. By gene expression
analysis in Arabidopsis lines carrying the VuWRKY21 and VuWRKY87 genes, it was possible
to verify the increase in the relative expression of the genes involved in the pathways for
the early signaling and response to saline stress in the transgenic lines. These findings
corroborate the results obtained by Ullah et al. [10] and Kang et al. [21], in which WRKY
genes overexpressed in Arabidopsis positively regulated genes responsive to salinity.

5. Conclusions

Based on biochemical and molecular analyses, the present study revealed that the
VuWRKY87 and VuWRKY21 genes contributed to activating genes related to tolerance
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response to salt stress. Notably, VuWRKY21 lines provided a better biochemical response,
particularly in terms of reducing MDA and H2O2 contents. The present data suggest that
both genes participate in the salt stress signaling pathway in cowpea, each acting with a
slightly different effect consistent with our earlier findings [27]. The satisfactory perfor-
mance of VuWRKY21 and VuWRKY87 in Arabidopsis suggests cowpea carries promising
genes related to abiotic stress tolerance, establishing them as candidate genes worthy of
further investigation.
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