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protein (GFP) fusion gene were generated and 
tested for growth and stress-responsive gene expres-
sion under mannitol and NaCl-stressed conditions. 
A construct with PgWRKY74 enabled yeast reporter 
cells to survive on test media in the yeast one-hybrid 
assays. The electrophoretic mobility of DNA with 
putative WRKY TF-binding motifs was lower in the 
presence of a recombinant PgWRKY74 protein than 
its absence. The PgWRKY74-GFP-overexpressing 
Arabidopsis plants exhibited smaller rosette areas 
than did wild-type plants under mannitol-stressed 
and NaCl-stressed conditions, and exhibited weaker 
expression of RD29B, which is induced by the stress-
related phytohormone abscisic acid (ABA), under the 
mannitol-stressed condition. 
PgWRKY74 have transcriptional activation potential 
and DNA-binding ability, and can negatively 
regulate plant responses to mannitol and NaCl 
stresses, possibly by decreasing ABA levels or ABA 
sensitivity.

Keywords Arabidopsis · Dehydration · Pearl 
millet · Salinity · Transcription factor · WRKY

Introduction

Pearl millet (Cenchrus americanus, also known as 
Pennisetum glaucum) is a cereal crop that can thrive 
under high temperatures, drought, and low-fertility 
conditions where other crops lose productivity. 

Abstract Pearl millet (Cenchrus americanus) is 
a cereal crop that can tolerate high temperatures, 
drought, and low-fertility conditions where other 
crops lose productivity. However, genes regulating 
this ability are largely unknown. Transcription fac-
tors (TFs) regulate transcription of their target genes, 
regulate downstream biological processes, and thus 
are candidates for regulators of such tolerance of 
pearl millet. PgWRKY74 encodes a group IIc WRKY 
TF in pearl millet and is downregulated by drought. 
PgWRKY74 may have a role in drought tolerance. 
The objective of this study was to gain insights into 
the physiological and biochemical functions of 
PgWRKY74. Yeast one-hybrid and gel shift assays 
were performed to examine transcriptional activation 
potential and deoxyribonucleic acid (DNA)-binding 
ability, respectively. Transgenic Arabidopsis thaliana 
plants overexpressing PgWRKY74-green fluorescent 
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However, genes regulating this ability are largely 
unknown. Transcription factors (TFs) regulate 
transcription of their target genes and thereby regulate 
downstream biological processes including stress 
responses. WRKY TFs have the highly conserved 
WRKY motif that has a role in deoxyribonucleic acid 
(DNA) binding. It can be classified into three groups 
(I–III) and eight subgroups (Ia, Ib, IIa–d, IIIa and 
IIIb) (Wu et al. 2005). Most WRKY TFs studied bind 
DNA with the W-box TTGAC(C/T) (Eulgem et  al. 
1999; O’malley et al. 2016) and its variants with (C/T)
GAC as the core (Machens et al. 2014). Pearl millet 
has 97 genes encoding WRKY TFs. Some of these 
genes are either upregulated or downregulated by 
drought and salinity stress, raising the possibility that 
they are involved in regulating pearl millet responses 
to those stresses (Chanwala et  al. 2020). However, 
functions of pearl millet WRKY TFs are not well 
studied. PgWRKY74 (or Pgl_GLEAN_10018194) 
is a pearl millet gene deduced from the reference 
genome of pearl millet (Varshney et  al. 2017). 
The PgWRKY74 sequence can be a part of a larger 
gene in fact but contains a sequence that encodes a 
putative DNA-binding domain with the WRKY 
motif (Chanwala et al. 2020, see also Supplementary 
Fig. 1a). PgWRKY74 can be classified as a subgroup 
IIc WRKY TF on the basis of features in its amino 
acid sequence, and PgWRKY74 is downregulated by 
drought stress (Chanwala et al. 2020). In agreement, 
in a previous transcriptome analysis with RNA 
sequencing (RNA-Seq), a pearl millet salinity stress-
tolerant cultivar, ICMB 01222, expressed PgWRKY74 
more weakly than did a salinity stress-sensitive 
cultivar, ICMB 081 (Shinde et  al. 2018; Qazi and 
Tsugama 2023; see also Supplementary Table 1). On 
the basis of the amino acid sequence, PgWRKY74 
is expected to be localized in the nucleus (Qu et  al. 
2023). LxLxL, DLNxxP, LxLxPP, (R/K)LFGV and 
TLLLFR (where x is any amino acid) are motifs 
present in many plant transcriptional repressors 
(Kagale and Rozwadowski 2010), but none of these 
is present in the PgWRKY74 sequence. PgWRKY74 
may therefore be a transcriptional activator. DREB2A 
and RD29A are two Arabidopsis genes induced under 
dehydrating conditions (Yamaguchi-Shinozaki and 
Shinozaki 1994; Liu et  al. 1998), and RD29B is an 
Arabidopsis gene induced either under dehydrating 
conditions or by a treatment with abscisic acid (ABA), 
a stress-related phytohormone (Uno et  al. 2000). It 

is possible that PgWRKY74 directly or indirectly 
regulates expression of pearl millet homologs of 
DREB2A, RD29A and RD29B. The objective of this 
study was to gain insights into the physiological and 
biochemical functions of PgWRKY74. Such insights 
can help to better understand molecular mechanisms 
of stress tolerance of pearl millet and to narrow down 
genes useful for improving it.

Here, PgWRKY74 is shown to retard plant 
growth under a mannitol-stressed condition when 
overexpressed in Arabidopsis. The transcriptional 
activation potential, DNA-binding ability and 
subcellular localization of PgWRKY74 are also 
presented.

Materials and methods

Plant materials and growth conditions

The pearl millet drought-tolerant line ICMB 843 was 
provided by ICRISAT (International Crops Research 
Institute for the Semi-Arid Tropics, India) and was 
grown in a growth chamber as described previously 
(Dudhate et al. 2018). Briefly, its seeds were sown on 
soil with fertilizers in pots, and the resulting plants 
were grown under long-day (16-h light/8-h darkness) 
conditions at 28  °C in the growth chamber. Roots 
of one-month-old plants were sampled and stored at 
−80 °C for ribonucleic acid (RNA) isolation followed 
by complementary DNA (cDNA) synthesis to clone 
PgWRKY74 (see the “Arabidopsis transformation 
and green fluorescent protein (GFP) detection” 
subsection).

The Arabidopsis thaliana ecotype Col-0 was used 
as the wild-type control for all experiments with 
Arabidopsis. An Arabidopsis line that has a transfer-
DNA (T-DNA) insertion in WRKY56 (wrky56 
mutant, SAIL_737_D01, see Supplementary Fig.  1a 
for the T-DNA insertion position) was obtained 
from the Arabidopsis Biological Resource Center 
(ABRC, https:// abrc. osu. edu/) with the stock number 
CS876373. Arabidopsis seeds were sterilized with 
70% ethanol (v/v) for 3 min and with a sterilization 
buffer (5% sodium hypochlorite and 0.05% tween 20) 
for 15  min. Then the seeds were rinsed three times 
with sterile water and sown on a medium containing 
half-strength Murashige and Skoog (MS) salts, 1.5% 
(w/v) sucrose, 0.8% (w/v) agar, 0.5  g/L MES, pH 

https://abrc.osu.edu/
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6.0, and 0.001% (w/v) plant preservative mixture 
(PPM, Plant Cell Technology, DC). The medium 
with seeds were incubated at 4  °C for 4  days for 
stratification, and further incubated at 22  °C under 
the 16-h light/8-h darkness photoperiod in a growth 
chamber. To assess root and rosette growth, either 
mannitol or NaCl was added to the media at the 
150 mM or 50 mM final concentration, respectively, 
and the plates with the media were vertically placed 
in the growth chamber and incubated as described 
above. To collect seeds, two-week-old plants were 
transferred to rockwool cubes and further incubated 
under the above condition in the growth chamber 
until they developed mature seeds.

To confirm the T-DNA insertion in WRKY56, 
genomic DNA was extracted from cauline leaves 
of wild-type and wrky56 plants as previously 
described (Tsugama et  al. 2018). Polymerase chain 
reaction (PCR) was run with the resulting DNA as 
the template, the KOD FX Neo DNA polymerase 
(Toyobo, Osaka, Japan), the primers listed in 
Supplementary Table  2 (see also Supplementary 
Fig.  1a), and the following PCR cycle: 98  °C for 
2 min, 35 cycles of (98 °C for 10 s, 58 °C for 20 s, 
and 72  °C for 1  min), and then 72  °C for 4  min. 
The resulting PCR products were run on agarose 
gel and visualized with the Safe Imager blue-light 
transilluminator (Thermo Fisher Scientific, Waltham, 
MA) and the Atlas ClearSight (Bioatlas, Tartu, 
Estonia) fluorescent dye. Plants homozygous for 
the T-DNA insertion were regarded as the wrky56 
mutants (see Supplementary Fig.  1b for an example 
of the banding pattern in such a homozygous plant) 
and used for the above growth test.

Yeast one-hybrid assays

The coding sequence (CDS) of PgWRKY74 was 
amplified by PCR using cDNA (see the “Arabidopsis 
transformation and green fluorescent protein (GFP) 
detection” subsection) as template, KOD FX Neo, 
and the following primer pair: 5′-GGA GAA TTC ATG 
CCG TGG ACG ACG GCC GAG CAG -3′ and 5′-CCC 
GTC GAC TCA AGG ACC GAA TTG ATG CAT CCC -3′ 
(EcoRI and SalI sites are underlined, respectively). 
The resulting PCR product was gel-purified by a Fast-
Gene Gel/PCR Extraction Kit, digested by EcoRI and 
SalI, and cloned into the EcoRI-SalI site of pGBKT7 
(Takara Bio), generating pGBK-PgWRKY74. 

pGBKT7 and pGBK-PgWRKY74 were transformed 
into the Saccharomyces cerevisiae strain AH109 
(Takara Bio) by a lithium acetate method (Gietz 
et  al. 1992). Colonies of transformed yeast cells 
were obtained on a synthetic dextrose (SD) medium 
lacking tryptophan (SD/-Trp). Cells from 12 indi-
vidual colonies for each of pGBKT7 and pGBK-
PgWRKY74 were incubated at 28 °C on an SD/-Trp, 
a low-stringency test medium (SD/-Trp/-His: an SD 
medium that lacks tryptophan and histidine and that 
contains 10 mM 3-amino-1,2,4-triazole) and a high-
stringency test medium (SD/-Trp/-His/-Ade: an SD 
medium that lacks tryptophan, histidine and adenine) 
to examine reporter gene activation.

Gel shift assays

The CDS of PgWRKY74 was amplified by PCR 
using cDNA (see the “Arabidopsis transformation 
and green fluorescent protein (GFP) detection” 
subsection) as template, KOD FX Neo, and the 
following primer pair: 5′-GGA CAT ATG GGT ACC 
ATG CCG TGG ACG ACG-3′ and 5′-CCC GGA 
TCC TCA CCA TAC TAG TAG GAC CG-3′ (NdeI 
and BamHI sites are underlined, respectively). 
The resulting PCR product was gel-purified with a 
FastGene Gel/PCR Extraction Kit, digested by NdeI 
and BamHI, and cloned into the NdeI-BamHI site of 
pMAL-c5E (New England Biolabs, Ipswich, MA), 
generating pMAL-c5E-PgWRKY74. pMAL-c5E and 
pMAL-c5E-PgWRKY74 were transformed into the 
Escherichia coli strain BL21(DE3). Maltose-binding 
protein (MBP) was induced and purified as previously 
described (Tsugama et  al. 2019). To obtain MBP-
fused PgWRKY74 (MBP-PgWRKY74), the E. coli 
cells with pMAL-c5E-PgWRKY74 were cultured 
at 37  °C in Luria–Bertani medium until the optical 
density at 600 nm reached 0.5, and incubated at 28 °C 
for 4  h in the presence of 0.1  mM isopropyl-β-D-
thiogalactopyranoside. The cells were then harvested 
by centrifugation and resuspended in 1 × Tris-buffered 
saline (TBS, 150  mm NaCl, 20  mm Tris–HCl, pH 
7.5) with 1  mg/mL lysozyme. This suspension was 
frozen at −80 °C and thawed at the room temperature. 
The freezing and thawing were repeated twice 
more, and the resulting solution was centrifuged 
at 12,000 × g for 5  min. MBP-PgWRKY74 in the 
resulting supernatant was bound to Amylose Resin 
(New England Biolabs), washed four times with an 
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excess amount of 1 × TBS, and eluted with 20  mM 
maltose.

Genomic DNA was extracted from the powder 
of the pearl millet roots (see “Arabidopsis 
transformation and green fluorescent protein (GFP) 
detection” subsection) by a DNeasy Plant Mini kit 
(Qiagen, Hilden, Germany). Promoter sequences 
shown in Supplementary Table  3 were amplified by 
PCR using this genomic DNA as the template, KOD 
FX Neo, the PCR DIG Labeling Mix (Sigma-Aldrich, 
St. Louis, MO) and 35-b primers that anneal to the 
ends of those promoter sequences. The resulting PCR 
products were gel-purified by the FastGene Gel/PCR 
Extraction Kit, diluted 50 times with distilled water, 
and used as probes for gel shift assays. This genomic 
PCR was run, using a regular dNTP mixture instead 
of the PCR DIG Labeling Mix. The resulting PCR 
products were gel-purified by the FastGene Gel/PCR 
Extraction Kit, diluted 50 times with distilled water, 
and used as competitors for the gel shift assays.

The gel shift assays were performed with the above 
purified proteins, probes and competitors, essentially 
as described previously (Tsugama et  al. 2012a). 
Briefly, 20-µL reaction solutions that contained 4% 
(v/v) glycerol, 60  mM KCl, 10  mM Tris–HCl, pH 
7.5, 2 μL of the purified protein solution, 1 μL of 
the probe solution and 0 or 2 μL of the competitor 
solution were incubated at the room temperature for 
20  min and electrophoresed on a 1% agarose gel in 
1 × Tris–acetate/ethylenediaminetetraacetic acid 
(EDTA) buffer. DNA was transferred from the gel to 
a Hybond-N+ membrane (GE HealthCare, Chicago, 
IL). The membrane was blocked by 2.5% (w/v) skim 
milk, reacted with an alkaline phosphatase-conjugated 
anti-digoxigenin antibody (Sigma-Aldrich) in Tween-
TBS (0.1% (v/v) Tween 20 in TBS), washed three 
times in Tween-TBS, equilibrated in a detection buffer 
(50 mm NaCl, 50 mm Tris–HCl, pH 9.5), and reacted 
with CDP-Star (Roche). Resulting chemiluminescent 
signals were detected by an ImageQuant Las 4000 
mini imager (GE HealthCare).

Arabidopsis transformation and green fluorescent 
protein (GFP) detection

The roots of one-month-old pearl millet plants 
(see the “Plant materials and growth conditions” 
subsection) were frozen in liquid nitrogen and 
ground with a mortar and a pestle to a fine powder. 

Total RNA was extracted from this powder by 
a NucleoSpin RNA Plant kit (Macherey–Nagel, 
Düren, Germany). cDNA was synthesized from 
1  µg of the total RNA with a Prime Script Reverse 
Transcriptase (Takara Bio, Kusatsu, Japan) and the 
oligo (dT) primer. The CDS of PgWRKY74 (Pgl_
GLEAN_10018194, Varshney et al. 2017; Chanwala 
et al. 2020) was amplified by PCR using this cDNA as 
the template, KOD FX Neo, and the following primer 
pair: 5′-GGA GGT ACC ATG CCG TGG ACG ACG GCC 
GAG CAG GT-3′ and 5′-CCC ACT AGT AGG ACC 
GAA TTG ATG CAT CCC GGC GA-3′ (KpnI and SpeI 
sites are underlined, respectively). The resulting PCR 
product was gel-purified by a FastGene Gel/PCR 
Extraction Kit (Nippon Genetics, Bunkyo-ku, Japan), 
digested by KpnI and SpeI, and cloned into the KpnI-
SpeI site of pBI121-35SMCS-GFP (Tsugama et  al. 
2012b), generating pBI121-35S-PgWRKY74-GFP. 
The inserted PgWRKY74 sequence was confirmed 
by sequencing. pBI121-35S-PgWRKY74-GFP was 
transformed into the Agrobacterium tumefaciens 
strain EHA105. The resulting Agrobacterium cells 
were used to transform Arabidopsis as previously 
described (Clough and Bent 1998). Transformed 
plants were selected by kanamycin in the T1 
generation. GFP signals in roots of seedlings in the T2 
generation were detected by fluorescence microscopy 
as previously described (Tsugama et al. 2019). Only 
plants with the GFP signals were regarded as the 
PgWRKY74-GFP-overexpressing (PgWRKY74-
GFPox) plants in the root growth test (see “Plant 
materials and growth conditions” subsection).

Quantitative reverse transcription-PCR (qRT-PCR)

Twelve-day-old Arabidopsis seedlings grown in 
the presence of 0 or 150 mM mannitol (see “Plant 
materials and growth conditions” subsection) were 
frozen in liquid nitrogen and ground with a mortar 
and a pestle to a fine powder. Total RNA was 
extracted from this powder by NucleoSpin RNA 
Plant. cDNA was synthesized from 1 µg of the total 
RNA with a Prime Script Reverse Transcriptase and 
the oligo (dT) primer. Quantitative PCR (qPCR) 
was run with the resulting cDNA solutions as 
templates, the StepOne Real-Time PCR System 
(Thermo Fisher Scientific), TB Green Premix Ex 
Taq (Takara Bio), primers listed in Supplementary 
Table  4 and the following PCR cycle: 95  °C for 
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30 s, 40 cycles of (95 °C for 5 s and 60 °C for 30 s). 
Relative expression levels were obtained by the 
comparative threshold cycle  (CT) method using the 
GAPDH gene as the internal control. For each plant 
line, a set of the above experiments (i.e., sampling, 
RNA extraction, cDNA synthesis and qPCR) was 
performed three times independently, and the 
resulting data were regarded as three biological 
replicates. Three technical replicates were made for 
each biological replicate in the qPCR.

RNA-Seq data analysis

Reads derived from previous RNA-Seq with 
salinity-stressed leaves of pearl millet (Shinde 
et  al. 2018) were downloaded from the sequence 
read archives (SRA) of the National Center 
for Biotechnology Information (NCBI, https:// 
www. ncbi. nlm. nih. gov/ sra) with the accession 
number SRP128956. These reads were mapped 
to the reference genome sequence of pearl millet 
(Varshney et  al. 2017) by the BWA (Burrows-
Wheeler Alignment)-MEM software, which 
can split and align both short and long reads to a 
reference sequence (Li and Durbin 2010). Read 
counts for each gene (or transcript) of pearl millet 
were obtained by featureCounts (Liao et  al. 2014). 
One replicate per sample was available for the data 
from SRP128956, and the genes where absolute 
read counts were more than 10 in any sample and 
where the read counts in one sample were two or 
more times as great as those in another sample 
were regarded as differentially expressed genes 
(DEGs). Five thousand-kb sequences of pearl millet 
gene promoters were obtained from TGIF-DB 
(Terse Genomics Interface for Developing Botany, 
https:// webpa rk2116. sakura. ne. jp/ rlgpr), which 
is a database of genes of pearl millet and other 
crops (Tsugama and Takano 2021), and converted 
to either 500-b or 1000-b promoter sequences by 
a custom Perl script. Motifs enriched in the 500-b 
or 1000-b promoter sequences of the above DEGs 
were detected by Homer (Heinz et  al. 2010). The 
data resulting from these analyses were deposited 
in the figshare repository (Qazi and Tsugama 2023). 
The custom script used for these analyses can be 
provided upon request.

Accession numbers

Details about the sequences of the genes used are 
available with the Arabidopsis Genome Initiative 
(AGI) accession number AT1G64000 for WRKY56, 
AT5G52310 for RD29A, AT5G05410 for DREB2A, 
AT5G52300 for RD29B, with the International Pearl 
Millet Genome Sequencing Consortium (IPMGSC) 
accession number Pgl_GLEAN_10018194 for 
PgWRKY74 deduced from the pearl millet reference 
genome, and with the NCBI GenBank accession 
number OR763013 for the PgWRKY74 CDS cloned 
from ICMB 843.

Results

PgWRKY74 has transcriptional activation potential 
and DNA-binding ability

The PgWRKY74 CDS deduced from the pearl millet 
reference genome (Varshney et  al. 2017; Chanwala 
et  al. 2020) was compared with the PgWRKY74 
CDS cloned from the drought-tolerant pearl millet 
line ICMB 843. Single-nucleotide substitutions were 
identified at the nucleotide positions 63 and 108, but 
the amino acid sequences deduced from those CDSs 
were identical (Supplementary Fig. 2).

In a yeast one-hybrid system, the yeast cells trans-
formed with PgWRKY74 grew faster on test selection 
media, SD/-Trp/-His and SD/-Trp/-His/-Ade, than 
those without PgWRKY74 (Fig. 1). These results sug-
gest that PgWRKY74 has transcriptional activation 
potential.

The electrophoretic mobility of four probes with 
the potential WRKY TF-binding sequence (C/T)
GAC (see Supplementary Table  3 for these probes) 
was all lower in the presence of a purified form of 
MBP-PgWRKY74 than in its absence. The MBP-
PgWRKY74-dependent shifts of the electrophoretic 
mobility of the probes were attenuated by competitors 
(i.e., DNA fragments that should compete with the 
probes for MBP-PgWRKY74) (Fig. 2). These results 
suggest that PgWRKY74 can bind such DNA in vitro.

Overexpression of PgWRKY74 in Arabidopsis retards 
growth under mannitol-stressed conditions

Arabidopsis lines overexpressing a GFP-fused form 
of PgWRKY74 under the control of the 35S promoter 

https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://webpark2116.sakura.ne.jp/rlgpr
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(PgWRKY74-GFPox) were generated. PgWRKY74-
GFP signals in root cells were detected as a single dot 
(Fig.  3), suggesting that PgWRKY74 is localized in 
the nucleus.

The Arabidopsis wrky56 mutant has a T-DNA 
insertion in WRKY56 (Supplementary Fig.  1), one 
of the closest PgWRKY74 homologs in Arabidop-
sis, and can be deficient in WRKY56 functions. Four 
PgWRKY74-GFPox lines (#4, #10, #17 and #24), 
which exhibited strong PgWRKY74 expression (Sup-
plementary Fig.  3), and wrky56 plants were tested 
for growth under mannitol (150  mM)- and NaCl 
(50  mM)-stressed conditions. No difference was 
observed in growth under these conditions between 
wild-type and the wrky56 plants. In contrast, under 
the mannitol-stressed condition, all of the four 
PgWRKY74-GFPox lines exhibited smaller rosette 
areas than did the wild type. Under the NaCl-stressed 
condition, the PgWRKY74-GFPox lines #4, #10 and 

Fig. 1  PgWRKY74 can activate reporter genes in a yeast 
one-hybrid system. A construct with or without PgWRKY74 
(PgWRKY74 + or −, respectively) was introduced into a yeast 

reporter strain. For each construct, 12 individual colonies were 
grown on the media indicated in the figure, and representative 
images are presented

Fig. 2  PgWRKY74 binds DNA in  vitro. Four DIG-labeled 
probes indicated in the top of the figure (see also Supplemen-
tary Table 3) were used for the analysis. Unlabeled DNA with 
those sequences were used as competitors. The presence and 
absence of MBP, MBP-PgWRKY74 and the competitors in the 

reaction mixtures are indicated by + and −, respectively, in the 
bottom of the figure. For each probe, experiments were per-
formed three times, and a representative image is presented

Fig. 3  PgWRKY74 is localized in the nucleus. GFP signals in 
roots of GFP-overexpressing (GFPox) and PgWRKY74-GFP-
overexpressing (PgWRKY74-GFPox) plants were detected by 
fluorescence microscopy. For each of these proteins, at least 
three individual plants were used for the signal detection, and a 
representative image is presented. Scale bars = 50 µm
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#17 exhibited smaller rosette areas than did the wild 
type (Fig. 4 and Supplementary Fig. 4). These results 
suggest that the overexpression of PgWRKY74-GFP 
retards shoot growth under these stressed conditions 
in Arabidopsis.

No difference was observed between the wild type 
and any of the PgWRKY74-GFPox lines in expres-
sion of RD29A or DREB2A under either the manni-
tol-stressed or an unstressed condition (Fig.  5, top 
and middle panels). However, RD29B expression was 
weaker in the PgWRKY74-GFPox lines #10, #17 and 
#24 than the wild type (Fig. 5, bottom). These results 
raise the possibility that the PgWRKY74-GFP over-
expression negatively regulates ABA responses in 
Arabidopsis.

Potential involvement of PgWRKY74 in the difference 
in salinity stress tolerance between pearl millet 
cultivars

In both 500-b and 1000-b promoters of the genes that 
were expressed more weakly in ICMB 01222 than 
in ICMB 081 under the salinity-stressed condition, a 
motif containing a W-box was found to be enriched 
(Supplementary Fig.  5). These results raise the 
possibility that a WRKY TF is involved in the 
difference in salinity stress tolerance between those 
cultivars and that PgWRKY74 is candidate for such 
a WRKY TF.

Discussion

The data presented in this study suggest that 
PgWRKY74 exhibits transcriptional activation 
potential in a yeast one-hybrid system, exhibits DNA-
binding ability in vitro and is localized in the nucleus. 

Fig. 4  PgWRKY74-
GFP-overexpressing 
(PgWRKY74-GFPox) 
plants exhibit rosette growth 
retardation under man-
nitol- and NaCl-stressed 
conditions. a Images of 
10-day-old plants grown 
in the presence of 150 mM 
mannitol (middle panel) 
or 50 mM NaCl (bottom) 
or in their absence (top). 
Scale bars = 1.5 cm. b Root 
length of the 10-day-old 
plants. Data are means ± SD 
(n = 15). *: P < 0.001 in 
Student’s t-test vs. the 
data for the wild type. c 
Relative rosette areas of 
the 10-day-old plants. Data 
are means ± SD (n = 15). *: 
P < 0.001 in Student’s t-test 
vs. data for the wild type
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These findings support the idea that PgWRKY74 
functions as a transcription factor.

PgWRKY74 is a group II (subgroup IIc) WRKY 
TF (Chanwala et  al. 2020) and could interact with 
two probes that contained (C/T)GAC but lacked a 
W-box (TTGAC(C/T)) (probes “10025594p” and 
“10010905p”, Fig.  2). (C/T)GAC was originally 
identified as a core of a non-W-box sequence bound 
by WRKY70, a group III WRKY TF in Arabidopsis 
(Machens et  al. 2014). These findings raise the 
possibility that not only group III WRKY TFs but 
also at least some group II WRKY TFs can bind to a 
non-W-box sequence with (C/T)GAC.

PgWRKY74-GFP overexpression in Arabidopsis 
retarded rosette growth under mannitol- and 

NaCl-stressed conditions, and decreased the 
expression of the ABA-inducible gene RD29B 
under the mannitol-stressed condition. In a 
previous study, overexpression of GhWRKY68, a 
group IIc WRKY TF gene of cotton (Gossypium 
hirsutum), in tobacco (Nicotiana benthamiana) 
retarded plant growth under mannitol-stressed and 
NaCl-stressed conditions, decreased expression 
of stress-responsive genes under those conditions, 
decreased the extent of ABA-induced stomatal 
closure, and decreased ABA levels in seedlings 
(Jia et al. 2015). These findings are consistent with 
each other and support the idea that at least some 
group IIc WRKY TFs negatively regulate ABA 
levels and/or responses to dehydration and salinity 
stress. The drought- and salinity stress-induced 
downregulation of PgWRKY74 (Shinde et al. 2018; 
Chanwala et  al. 2020) may therefore contribute to 
increasing ABA levels and/or drought responses 
in pearl millet under a drought-stressed condition. 
On the other hand, overexpression of HbWRKY82, 
a group IIc WRKY TF gene of the Pará rubber 
tree (Hevea brasiliensis), in Arabidopsis promoted 
plant growth under mannitol-stressed and NaCl-
stressed conditions, although it decreased the 
expression of RD29B under those conditions (Kang 
et  al. 2021) as did overexpression of PgWRKY74-
GFP. This raises the possibility that some group 
IIc WRKY TFs positively regulate responses to 
dehydration and salinity stress. It will be interesting 
to study roles of other group IIc WRKY TFs in 
responses to dehydration and salinity stress in 
pearl millet. This can contribute to narrowing 
down the WRKY TFs relevant to differences in 
such responses between pearl millet cultivars. Two 
Arabidopsis group IIc WRKY TFs, WRKY50 and 
WRKY51, regulate plant responses to another 
stress-related phytohormone, jasmonic acid (Gao 
et al. 2011). Another Arabidopsis group IIc WRKY 
TF, WRKY71, regulates flowering (Yu et al. 2016) 
and leaf senescence (Yu et al. 2021). It will also be 
interesting to determine whether PgWRKY74 and 
other group IIc WRKY TFs in pearl millet have 
such functions.

Acknowledgements We are grateful to ICRISAT for provid-
ing the pearl millet seeds for this study. This study was sup-
ported by JSPS (Japan Society for the Promotion of Science) 
KAKENHI Grant [grant number JP 19KK0155], and by Cabi-
net Office, Government of Japan, Moonshot Research and 

Fig. 5  PgWRKY74-GFP-overexpressing (PgWRKY74-
GFPox) plants exhibit decreased expression of RD29B under 
a mannitol-stressed condition. Twelve-day-old PgWRKY74-
GFPox seedlings were subjected to the RNA extraction fol-
lowed by the cDNA synthesis and PCR. The relative expres-
sion levels were obtained by the comparative threshold cycle 
 (CT) method using the GAPDH as the internal control gene. *: 
P < 0.005 in Student’s t-test vs. data for the wild type



Biotechnol Lett 

1 3
Vol.: (0123456789)

Development Program for Agriculture, Forestry and Fisheries 
(funding agency: Bio-oriented Technology Research Advance-
ment Institution) [grant number JPJ009237].

Author Contributions All authors contributed to designing 
the study. The experiments and data analysis were performed 
by MQ and DT. Material preparation was performed by SKG. 
The first draft of the manuscript was written by MQ, TT and 
DT. All authors read and approved of the final version of the 
manuscript.

Funding Open Access funding provided by The University 
of Tokyo. This study was supported by JSPS (Japan Society 
for the Promotion of Science) KAKENHI Grant [grant number 
JP 19KK0155], and by Cabinet Office, Government of Japan, 
Moonshot Research and Development Program for Agricul-
ture, Forestry and Fisheries (funding agency: Bio-oriented 
Technology Research Advancement Institution) [grant number 
JPJ009237].

Data Availability The datasets generated during and/or 
analyzed during the current study are available in the figshare 
repository, https:// doi. org/https:// doi. org/ 10. 6084/ m9. figsh are. 
24531 097 (Qazi and Tsugama 2023).

Declarations 

Competing Interests The authors have no relevant financial 
or non-financial interests to disclose.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Chanwala J, Satpati S, Dixit A, Parida A, Giri MK, Dey 
N (2020) Genome-wide identification and expression 
analysis of WRKY transcription factors in pearl mil-
let (Pennisetum glaucum) under dehydration and salinity 
stress. BMC Genomics 21:231. https:// doi. org/ 10. 1186/ 
s12864- 020- 6622-0

Clough SJ, Bent AF (1998) Floral dip: a simplified method for 
Agrobacterium-mediated transformation of Arabidopsis 
thaliana. Plant J 16:735–743. https:// doi. org/ 10. 1046/j. 
1365- 313x. 1998. 00343.x

Dudhate A, Shinde H, Tsugama D, Liu S, Takano T (2018) 
Transcriptomic analysis reveals the differentially 
expressed genes and pathways involved in drought toler-
ance in pearl millet [Pennisetum glaucum (L.) R. Br]. 
PLoS ONE 13:e0195908. https:// doi. org/ 10. 1371/ journ al. 
pone. 01959 08

Eulgem T, Rushton PJ, Schmelzer E, Hahlbrock K, Somssich 
IE (1999) Early nuclear events in plant defence signalling: 
rapid gene activation by WRKY transcription factors. 
EMBO J 18:E4689-4699. https:// doi. org/ 10. 1093/ emboj/ 
18. 17. 4689

Gao QM, Venugopal S, Navarre D, Kachroo A (2011) Low 
oleic acid-derived repression of jasmonic acid-inducible 
defense responses requires the WRKY50 and WRKY51 
proteins. Plant Physiol 155:464–476. https:// doi. org/ 10. 
1104/ pp. 110. 166876

Gietz D, St Jean A, Woods RA, Schiestl RH (1992) Improved 
method for high efficiency transformation of intact yeast 
cells. Nucleic Acids Res 20:1425. https:// doi. org/ 10. 
1093/ nar/ 20.6. 1425

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, 
Cheng JX, Murre C, Singh H, Glass CK (2010) Simple 
combinations of lineage-determining transcription fac-
tors prime cis-regulatory elements required for mac-
rophage and B cell identities. Mol Cell 38:576–589. 
https:// doi. org/ 10. 1016/j. molcel. 2010. 05. 004

Jia H, Wang C, Wang F, Liu S, Li G, Guo X (2015) 
GhWRKY68 reduces resistance to salt and drought 
in transgenic Nicotiana benthamiana. PLoS ONE 
10:e0120646. https:// doi. org/ 10. 1371/ journ al. pone. 
01206 46

Kagale S, Rozwadowski K (2010) Small yet effective: the 
ethylene responsive element binding factor-associated 
amphiphilic repression (EAR) motif. Plant Signal Behav 
5:691–694. https:// doi. org/ 10. 4161/ psb.5. 6. 11576

Kang G, Yan D, Chen X, Yang L, Zeng R (2021) HbWRKY82, 
a novel IIc WRKY transcription factor from Hevea bra-
siliensis associated with abiotic stress tolerance and leaf 
senescence in Arabidopsis. Physiol Plant 171:151–160. 
https:// doi. org/ 10. 1111/ ppl. 13238

Li H, Durbin R (2010) Fast and accurate long-read alignment 
with Burrows-Wheeler transform. Bioinformatics 26:589–
595. https:// doi. org/ 10. 1093/ bioin forma tics/ btp698

Liao Y, Smyth GK, Shi W (2014) featureCounts: an efficient 
general purpose program for assigning sequence reads to 
genomic features. Bioinformatics 30:923–930. https:// doi. 
org/ 10. 1093/ bioin forma tics/ btt656

Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-
Shinozaki K, Shinozaki K (1998) Two transcription fac-
tors, DREB1 and DREB2, with an EREBP/AP2 DNA 
binding domain separate two cellular signal transduction 
pathways in drought- and low-temperature-responsive 
gene expression, respectively, in Arabidopsis. Plant Cell 
10:1391–1406. https:// doi. org/ 10. 1105/ tpc. 10.8. 1391

Machens F, Becker M, Umrath F, Hehl R (2014) Identifica-
tion of a novel type of WRKY transcription factor binding 
site in elicitor-responsive cis-sequences from Arabidopsis 
thaliana. Plant Mol Biol 84:371–385. https:// doi. org/ 10. 
1007/ s11103- 013- 0136-y

O’Malley RC, Huang SC, Song L, Lewsey MG, Bartlett A, 
Nery JR, Galli M, Gallavotti A, Ecker JR (2016) Cistrome 

https://doi.org/
https://doi.org/10.6084/m9.figshare.24531097
https://doi.org/10.6084/m9.figshare.24531097
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12864-020-6622-0
https://doi.org/10.1186/s12864-020-6622-0
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1371/journal.pone.0195908
https://doi.org/10.1371/journal.pone.0195908
https://doi.org/10.1093/emboj/18.17.4689
https://doi.org/10.1093/emboj/18.17.4689
https://doi.org/10.1104/pp.110.166876
https://doi.org/10.1104/pp.110.166876
https://doi.org/10.1093/nar/20.6.1425
https://doi.org/10.1093/nar/20.6.1425
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1371/journal.pone.0120646
https://doi.org/10.1371/journal.pone.0120646
https://doi.org/10.4161/psb.5.6.11576
https://doi.org/10.1111/ppl.13238
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1105/tpc.10.8.1391
https://doi.org/10.1007/s11103-013-0136-y
https://doi.org/10.1007/s11103-013-0136-y


 Biotechnol Lett

1 3
Vol:. (1234567890)

and epicistrome features shape the regulatory DNA land-
scape. Cell 165:1280–1292. https:// doi. org/ 10. 1016/j. cell. 
2016. 04. 038

MQaziDTsugama2023Data obtained from reanalysis of 
RNA sequencing data from drought-stressed roots and 
salinity-stressed leaves of pearl milletFigshare10.6084/
m9.figshare.24531097Qazi M, Tsugama D (2023) Data 
obtained from reanalysis of RNA sequencing data from 
drought-stressed roots and salinity-stressed leaves of pearl 
millet. Figshare. https:// doi. org/ 10. 6084/ m9. figsh are. 
24531 097

Qu Y, Dudhate A, Shinde HS, Takano T, Tsugama D (2023) 
Phylogenetic trees, conserved motifs and predicted sub-
cellular localization for transcription factor families in 
pearl millet. BMC Res Notes 16:38. https:// doi. org/ 10. 
1186/ s13104- 023- 06305-2

Shinde H, Tanaka K, Dudhate A, Tsugama D, Mine Y, Kamiya 
T, Gupta SK, Liu S, Takano T (2018) Comparative de 
novo transcriptomic profiling of the salinity stress respon-
siveness in contrasting pearl millet lines. Environ Exp Bot 
155:619–627. https:// doi. org/ 10. 1016/j. envex pbot. 2018. 
07. 008

Tsugama D, Liu S, Takano T (2012a) A bZIP protein, VIP1, 
is a regulator of osmosensory signaling in Arabidopsis. 
Plant Physiol 159:144–155. https:// doi. org/ 10. 1104/ pp. 
112. 197020

Tsugama D, Liu S, Takano T (2012b) Drought-induced acti-
vation and rehydration-induced inactivation of MPK6 in 
Arabidopsis. Biochem Biophys Res Commun 426:626–
629. https:// doi. org/ 10. 1016/j. bbrc. 2012. 08. 141

Tsugama D, Liu S, Fujino K, Takano T (2018) Calcium sig-
nalling regulates the functions of the bZIP protein VIP1 
in touch responses in Arabidopsis thaliana. Ann Bot 
122:1219–1229. https:// doi. org/ 10. 1093/ aob/ mcy125

Tsugama D, Yoon HS, Fujino K, Liu S, Takano T (2019) Pro-
tein phosphatase 2A regulates the nuclear accumulation of 
the Arabidopsis bZIP protein VIP1 under hypo-osmotic 
stress. J Exp Bot 70:6101–6112. https:// doi. org/ 10. 1093/ 
jxb/ erz384

Tsugama D, Takano T (2021) TGIF-DB: terse genomics inter-
face for developing botany. BMC Res Notes 14:181. 
https:// doi. org/ 10. 1186/ s13104- 021- 05599-4

Uno Y, Furihata T, Abe H, Yoshida R, Shinozaki K, Yama-
guchi-Shinozaki K (2000) Arabidopsis basic leucine 
zipper transcription factors involved in an abscisic 

acid-dependent signal transduction pathway under drought 
and high-salinity conditions. Proc Natl Acad Sci U S A 
97:11632–11637. https:// doi. org/ 10. 1073/ pnas. 19030 9197

Varshney RK, Shi C, Thudi M, Mariac C, Wallace J, Qi P, 
Zhang H, Zhao Y, Wang X, Rathore A, Srivastava RK, 
Chitikineni A, Fan G, Bajaj P, Punnuri S, Gupta SK, 
Wang H, Jiang Y, Couderc M, Katta MAVSK, Paudel DR, 
Mungra KD, Chen W, Harris-Shultz KR, Garg V, Desai N, 
Doddamani D, Kane NA, Conner JA, Ghatak A, Chatur-
vedi P, Subramaniam S, Yadav OP, Berthouly-Salazar C, 
Hamidou F, Wang J, Liang X, Clotault J, Upadhyaya HD, 
Cubry P, Rhoné B, Gueye MC, Sunkar R, Dupuy C, Spar-
voli F, Cheng S, Mahala RS, Singh B, Yadav RS, Lyons E, 
Datta SK, Hash CT, Devos KM, Buckler E, Bennetzen JL, 
Paterson AH, Ozias-Akins P, Grando S, Wang J, Mohapa-
tra T, Weckwerth W, Reif JC, Liu X, Vigouroux Y, Xu X 
(2017) Pearl millet genome sequence provides a resource 
to improve agronomic traits in arid environments. Nat 
Biotechnol 35:969–976. https:// doi. org/ 10. 1038/ nbt. 3943

Wu KL, Guo ZJ, Wang HH, Li J (2005) The WRKY family of 
transcription factors in rice and Arabidopsis and their ori-
gins. DNA Res 12:9–26. https:// doi. org/ 10. 1093/ dnares/ 
12.1.9

Yamaguchi-Shinozaki K, Shinozaki K (1994) A novel cis-act-
ing element in an Arabidopsis gene is involved in respon-
siveness to drought, low-temperature, or high-salt stress. 
Plant Cell 6:251–264. https:// doi. org/ 10. 1105/ tpc.6. 2. 251

Yu Y, Liu Z, Wang L, Kim SG, Seo PJ, Qiao M, Wang N, Li 
S, Cao X, Park CM, Xiang F (2016) WRKY71 acceler-
ates flowering via the direct activation of FLOWERING 
LOCUS T and LEAFY in Arabidopsis thaliana. Plant J 
85:96–106. https:// doi. org/ 10. 1111/ tpj. 13092

Yu Y, Qi Y, Xu J, Dai X, Chen J, Dong CH, Xiang F (2021) 
Arabidopsis WRKY71 regulates ethylene-mediated leaf 
senescence by directly activating EIN2, ORE1 and ACS2 
genes. Plant J 107:1819–1836. https:// doi. org/ 10. 1111/ tpj. 
15433

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

https://doi.org/10.1016/j.cell.2016.04.038
https://doi.org/10.1016/j.cell.2016.04.038
https://doi.org/10.6084/m9.figshare.24531097
https://doi.org/10.6084/m9.figshare.24531097
https://doi.org/10.1186/s13104-023-06305-2
https://doi.org/10.1186/s13104-023-06305-2
https://doi.org/10.1016/j.envexpbot.2018.07.008
https://doi.org/10.1016/j.envexpbot.2018.07.008
https://doi.org/10.1104/pp.112.197020
https://doi.org/10.1104/pp.112.197020
https://doi.org/10.1016/j.bbrc.2012.08.141
https://doi.org/10.1093/aob/mcy125
https://doi.org/10.1093/jxb/erz384
https://doi.org/10.1093/jxb/erz384
https://doi.org/10.1186/s13104-021-05599-4
https://doi.org/10.1073/pnas.190309197
https://doi.org/10.1038/nbt.3943
https://doi.org/10.1093/dnares/12.1.9
https://doi.org/10.1093/dnares/12.1.9
https://doi.org/10.1105/tpc.6.2.251
https://doi.org/10.1111/tpj.13092
https://doi.org/10.1111/tpj.15433
https://doi.org/10.1111/tpj.15433

	Overexpression of a pearl millet WRKY transcription factor gene, PgWRKY74, in Arabidopsis retards shoot growth under dehydration and salinity-stressed conditions
	Abstract 
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Yeast one-hybrid assays
	Gel shift assays
	Arabidopsis transformation and green fluorescent protein (GFP) detection
	Quantitative reverse transcription-PCR (qRT-PCR)
	RNA-Seq data analysis
	Accession numbers

	Results
	PgWRKY74 has transcriptional activation potential and DNA-binding ability
	Overexpression of PgWRKY74 in Arabidopsis retards growth under mannitol-stressed conditions
	Potential involvement of PgWRKY74 in the difference in salinity stress tolerance between pearl millet cultivars

	Discussion
	Acknowledgements 
	References


