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Abiotic stresses are major constraints in crop production, and are accountable
for more than half of the total crop loss. Plants overcome these environmental
stresses using coordinated activities of transcription factors and phytohormones.
Pearl millet an important C4 cereal plant having high nutritional value and climate
resilient features is grown in marginal lands of Africa and South-East Asia
including India. Among several transcription factors, the basic leucine zipper
(bZIP) is an important TF family associated with diverse biological functions in
plants. In this study, we have identified 98 bZIP family members (PgbZIP) in pearl
millet. Phylogenetic analysis divided these PgbZIP genes into twelve groups (A-I,
S, U and X). Motif analysis has shown that all the PgbZIP proteins possess
conserved bZIP domains and the exon-intron organization revealed conserved
structural features among the identified genes. Cis-element analysis, RNA-seq
data analysis, and real-time expression analysis of PgbZIP genes suggested the
potential role of selected PgbZIP genes in growth/development and abiotic
stress responses in pearl millet. Expression profiling of selected PgbZIPs under
various phytohormones (ABA, SA and MeJA) treatment showed differential
expression patterns of PgbZIP genes. Further, PgbZIP9, a homolog of AtABI5
was found to localize in the nucleus and modulate gene expression in pearl millet
under stresses. Our present findings provide a better understanding of bZIP
genes in pearl millet and lay a good foundation for the further functional
characterization of multi-stress tolerant PgbZIP genes, which could become
efficient tools for crop improvement.
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1 Introduction

Plants often become targets of various adverse environmental
conditions, including biotic and abiotic stresses. Major abiotic
stresses include salinity, extreme temperatures, and drought,
while biotic stresses are pathogenic infections, insects, and weed
attacks. Abiotic stresses negatively affect plant development, growth
and survivability, reducing plant productivity (Ahmad and Prasad,
2011; Zhao et al, 2017). Drought increases the osmotic pressure
which alters leaf morphology and size (Liang et al., 2022). Tt also
induces poor seed germination and cell damage due to
accumulation of reactive oxygen species or cellular dehydration,
ultimately resulting in the death of parts of plant or entire plant
(Sornaraj et al., 2016; Liang et al,, 2022). Similarly, salt stress
disrupts ionic homeostasis, producing ion toxicity and oxidative
stress (Liang et al., 2018). In addition, salinity decreases the rate of
photosynthesis (Van Zelm et al, 2020). All these unfavorable
environmental conditions cause severe crop loss and according to
the FAO report (2021), there is a loss of 34% of agricultural
production amounting to a loss of USD 37 billion due to drought
alone. Alongside, due to salinity, around 1 billion hectares of the
arid and semi-arid regions are deserted, while 20% of irrigated lands
are affected by secondary salinization globally (Sahab et al., 2021)
and it is expected that by 2050, up to 50% of arable land will be lost
(Wang et al.,, 2003). Under these scenarios, environmentally stress-
resilient crop plants like millet can become a choice for alternate
food resources in days to come.

Pearl millet (Pennisetum glaucum) is a C4 plant that belongs to
the Poaceae family and grows in arid or semi-arid regions of sub-
Saharan Africa and India (Debieu et al., 2017). It is considered an
environment-friendly crop as it can be cultivated in infertile soil and
withstand high temperatures, and drought. The NADP-dependent
malic enzyme pathway enables pearl millet to utilize water
efficiently under high temperatures (Pardo and Vanburen, 2021).
Pearl millet has high carbohydrate (70% starch) and protein content
(8-16%) (Pujar et al, 2020; Punia et al, 2021). It has higher
nutritional value compared to other cereals like rice, maize, and
wheat, thus can serve as food for humans, while feed and fodder for
animals (Dias-Martins et al., 2018). It also contains essential
micronutrients such as iron and zinc (Krishnan and Meera,
2018). Pearl millet has natural adaptation against elevated
drought and heat stress. We assume by 2050 world population is
expected to reach 10 billion (Searchinger et al., 2019); however, due
to climatic abnormalities major crops such as rice, wheat, and maize
may fail to grow as they are not tolerant to environmental
fluctuations. On this backdrop, we assume pearl millet has high
potential to become a mainstream food crop in the recent future; for
the same the year 2023 has been observed as the year of millets
(Poshadri et al., 2023).

Plants have developed complex mechanisms to defend
themselves against environmental stresses through signaling

Abbreviations: TFs, Transcription factors; SA, Salicylic acid; MeJA, Methyl
Jasmonate; ABA, Abscisic Acid; PgbZIP, Pennisetum glaucum bZIP; AtbZIP,
Arabidopsis thaliana bZIP; OsbZIP, Oryza sativa bZIP; SibZIP, Setaria
italica ZIP.
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pathways in which transcription factors (TFs) are significant
players among many others (Ben Rejeb et al, 2014; Viswanath
et al,, 2023). Transcription factors are multi-domain proteins that
bind DNA and subsequently recruit other proteins to initiate
transcription. Recent studies on various TF families have identified
DREB/CBF, bZIP, HD-Zip, GRAS, WXPL TF, MYB, WRKY, SHN,
NAC, and other transcription factors in plants (Erpen et al, 2018;
Khan et al., 2018; Chanwala et al., 2020; Hrmova and Hussain, 2021;
Jha et al, 2021; Chanwala et al,, 2022). These important regulatory
transcription factors are associated with stress responses through
either ABA-dependent or ABA-independent signaling pathways
(Wani et al, 2021; Strader et al., 2022). TFs enhance or suppress
the expression of downstream eftector genes by cross-talk with
phytohormones such as salicylic acid (SA), gibberellic acid (GA),
abscisic acid (ABA), jasmonic acid (JA), brassinosteroids (BR),
cytokinin (CK), ethylene (C,H,), and strigolactone (SL) for stress-
mediated responses (Waadt et al., 2022). In a recent study, Hu et al.
showed that phytohormone like jasmonic acid upregulates the genes
acting in the CBF/DREBI signaling (Hu et al., 2013). In addition, the
exogenous application of JA increases the cold tolerance of plants (Hu
etal, 2013). Similarly, the ABA cascade is crucial against most abiotic
stimuli, primarily against drought stress (Waadt et al., 2022). The
bZIP-type TFs such as ABRE- binding factors/ABRE-binding
proteins (ABFs/AREBs), bind to major cis-acting element, ABA-
RESPONSIVE ELEMENT (ABRE) and regulate the genes responsible
for drought response (Chen et al., 2020b).

Basic leucine zipper (bZIP) is one of the largest families of TFs
in the plant. They are made up of o helix and have two
characteristic structural features: a sixteen amino acid long basic
region and a repeat of seven leucine residues (Jakoby et al., 2002).
The basic region is relatively conserved and contains a nuclear
localization signal as well as a DNA binding N-x; -R/K motif (Ye
et al., 2023). However, the leucine zipper region is comparatively
variable and consists of several hydrophobic amino acids (Jakoby
etal., 2002). The hydrophobic sides of leucine repeat and N-x; -R/K
motif interact with each other to form a zipper-like structure
(Droge-Laser et al., 2018). Like other transcription factor families,
bZIP genes also have diverse roles in biological functions such as
plant growth, fruit development, seed maturation, senescence, stress
response and photoreception (Alves et al., 2013; Sornaraj et al,
2016; Zhang et al., 2021). The bZIP TFs play critical role in defense
response against various abiotic stress such as salinity and drought
stress (Wang et al., 2021), cold stress (Hwang et al., 2016), and heat
(Huang et al., 2021). Till now, there are number of bZIP members
identified in various plant species. For instance, 78 members in
Arabidopsis (Droge-Laser et al,, 2018), 247 BnbZIP in rapeseed
(Zhou et al, 2017), 65 StbZIP in potato (Zhao et al, 2020), 88
JrbZIP in walnut (Quan et al., 2019), 54 LcbZIPs in litchi (Hou et al.,
2022), 62 bZIP gene in Chinese pear (Manzoor et al,, 2021), 119
BolbZIP in cabbage (Hwang et al., 2016), 50 JcbZIP in Jatropha
curcas (Wang et al., 2021). However, there are no reports on
expression profiling of the bZIP TF family and elucidating their
functional role in pear] millet under stresses.

In this nascent study, we performed genome-wide identification
of bZIP TFs in pearl millet followed by in-silico characterization,
including phylogeny analysis, chromosomal mapping, motif and
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gene structure organization. Parallelly, the transcriptome analysis
and relative expression assay of candidate genes under different
abiotic stresses (drought, heat and salt) and phytohormonal
treatment (ABA, SA and MeJA) carried out. Moreover, bZIP
transcription factors impart stress responses through ABA
mediated signaling, where ABA-insensitive (ABI) genes namely
ABI3, ABI4 and ABI5 play very crucial role (Brocard et al., 2002).
ABI5, a bZIP transcription factor forms the core of ABA signaling
and regulate the expression of downstream functional genes having
ABA response element (ABRE) in their promoter region (Skubacz
et al.,, 2016). Therefore our study further inclined toward functional
analysis of ABI5 encoding PgbZIP9, a multi-stress-responsive
candidate gene. Insight of this study will provide a better
understanding of the molecular function of the bZIP TF family in
response to different environmental stresses in crop plants.

2 Materials and method
2.1 Plant materials

For this study, PRLT 2/89-33, a pearl millet germplasm was
received from the International Crops Research Institute for
Semiarid Tropics (ICRISAT) Patancheru, India. The mixture of
red and black soil (1:1) was used for the multiplication of pearl
millet. They were grown in a light/dark cycle of 16/8h at 28°C ( + 2).

2.2 Identification of bZIP TFs in pearl millet
and sequence analysis

The whole pearl millet genome and proteome dataset, along with
GFF (General feature format file) were obtained from the pearl millet
genome database (http://cegsb.icrisat.org/ipmgsc/) (Varshney et al,
2017). The protein sequences of bZIP TFs of Arabidopsis thaliana
(79), Oryza sativa L. (89), and Seteria italic (90) were extracted from
TAIR (https://www.arabidopsis.org/tools/bulk/protein/index.jsp)
(Lamesch et al, 2012), Oryzabase (Kurata and Yamazaki, 2006)
and Phytozome database (https://phytozome.jgi.doe.gov/pz/
portalhtml) (Goodstein et al., 2012) respectively. The total of above
bZIP sequences (258) was used as a reference for the identification of
bZIP TF family in pearl millet. Initially, these bZIP sequences were
aligned, and hidden Markov model (HMM) profile was built by
employing hmmbuild program of the HMMER tool v3.2, then
hmmsearch was performed against the pearl millet proteome
dataset to identify putative bZIP proteins (Finn et al,, 2011). HMM
files of proteins having bZIP_1 (PF00170), bZIP_Maf (PF03131),
bZIP_C (PF12498) and bZIP_2 (PF07716) were retrieved from Pfam
(http://pfamxfam.org/) (Finn et al, 2014) and inspection of the
identified sequences was done against them. Further, the presence
of these domains in the probable pearl millet bZIP sequence was
confirmed through either NCBI CDD (http://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) (Marchler-Bauer et al,, 2015), SMART
(http://smart.embl-heidelberg.de/) (Letunic et al., 2021), or
HMMScan (https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan)
(Finn et al, 2011). All the non-redundant hits were taken and

Frontiers in Plant Science

10.3389/fpls.2024.1352040

redundant sequences having cut-oft values greater than 0.01 were
removed. Analysis of all the physical and chemical features of the
identified bZIP protein was done on Expasy server using ProtParam
tool (Gasteiger et al., 2005). Also, the Wolf PSORT (http://
wolfpsort.org) (Horton et al., 2007) was employed to predict their
subcellular position. The probability of pearl millet bZIP members
being a transmembrane protein was indicated by employing the
TMHMM-2.0 online tool (https://services.healthtech.dtu.dk/
service.php? TMHMM-2.0) (Krogh et al., 2001).

2.3 Chromosomal mapping

For mapping the genomic coordinates of bZIP TF genes were
obtained and they were located on all the chromosomes of pearl
millet accordingly with the MaplInspect software (http://

mapinspect.software.informer.com/).

2.4 Phylogeny, motif and gene
structure prediction

The bZIP protein sequences of Arabidopsis, rice, foxtail millet
and pearl millet were taken for phylogenetic analysis. All the 356
bZIP protein sequences were aligned using MUSCLE with default
parameters (Edgar, 2004). Then, MEGAV10.0 software (Kumar
etal., 2018) was employed to generate the phylogenetic tree by using
the maximum likelihood method with 1000 bootstrap replication
and other parameters (Jones-Taylor-Thronton (JTT) model; partial
deletion of gaps and rates among sites- gamma distribution, G).

The MEME suite program (Bailey et al., 2009) was employed to
predict the conserved motifs in identified PgbZIP protein sequences
considering the following parameters (maximum number of motifs-
20; minimum width- 6 and maximum width- 50. Then the obtained
results were visualized by TBtools (Chen et al., 2020a). To analyze the
gene structure of identified PgbZIP, intron/exon organization of each
bZIP gene was predicted by the GSDS web server (Hu et al., 2015).

2.5 Gene duplication and synteny analysis

The duplication events of PgbZIP genes were assessed by the
Multiple Collinearity Scan toolkit (MCScanX) with the default
parameters (Wang et al., 2012). The synteny relationship between
the PgbZIP genes and the bZIP genes from A. thaliana, O. sativa, and
S. italica was visualized by AccuSyn software (Siri et al., 2020). The
synonymous (Ks) and nonsynonymous (Ka) substitution rates were
determined through PAL2NAL server (http://www.bork.embl.de/
pal2nal) (Suyama et al., 2006).

2.6 Gene ontology annotation and
cis-element analysis

The gene ontology annotation was performed using Blast2GO-
OmicsBox v3.1 with default parameters (https://www.biobam.com/
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omicsbox) (Gotz et al, 2008). GO terms were identified using
mapping and InterProScan analysis. Furthermore, identified GO
terms were used to predict the biological processes, cellular
components and molecular functions associated with each PgbZIPs.

For cis-element analysis, 2000 bp upstream region of all the
identified PgbZIP genes were obtained from the pearl millet genome
database. These sequences were then uploaded into the PlantCARE
server to identify regulatory cis-elements in the upstream region of
PgbZIP genes (Rombauts et al., 1999).

2.7 Protein-protein interaction
network analysis

The identified PgbZIP proteins were used as target and their
orthologous Arabidopsis protein were employed as a reference to
predict functional protein-protein interaction networks through the
STRING website (https://string-db.org/) (Szklarczyk et al., 2022).

2.8 Transcriptome analysis

To look into the expression profile of PgbZIP genes, the RNAseq
data of salt and drought treatment in pearl millet were acquired
from the Sequence Read Archive (SRA) database of NCBI (https://
www.ncbi.nlm.nih.gov/sra) (Shinde et al., 2018; Shivhare et al.,
2020). Bowtie 2.0 (Langmead and Salzberg, 2012) was employed
for alignment and mapping of obtained transcriptome dataset, then
these RNA-seq reads were quantified by RSEM software (Li and
Dewey, 2011). Finally, the differentially expressed genes were
identified with an edgeR package (10.18129/B9.bioc.edgeR)
(Robinson et al., 2010) and visualized with the help of
TBtools software.

2.9 Stress treatment condition

For the analysis of tissue-specific expression patterns, pearl
millet samples of leaves, stem, and root tissues were used. To look
into the role of the PgbZIP genes under stress conditions, different
abiotic stresses (drought, heat, salinity) and hormonal treatment
(SA, MeJA, and ABA) were imposed on the four-week-old pearl
millet seedlings. For drought stress, we withheld the irrigation of
pearl millet seedlings for 8 days and rewatered on 9™ day for
recovery stage expression pattern (Jha et al., 2021; Chanwala et al,,
2023b). In case of salt stress, seedlings were placed in Hoagland
solution containing 250 mM NaCl, whereas for control, seedlings
were grown on half-strength Hoagland solution. Leaf samples were
harvested from both control and treated plants at time points of 0,
12 and 24 h. For heat stress, pearl millet seedlings were kept at 45°C
for 12h and samples were collected at 0, 3, and 12. To assess the
effect of phytohormones, the pearl millet seedlings were spyayed
with 100 pM Abscisic acid (ABA), 100 uM methyl jasmonate
(MeJA), and 100 uM salicylic acid (SA). For control water was
sprayed. Samples were harvested at Oh, 3h (early) and 24h (late)
post treatment. All the collected samples were snap-frozen in liquid

Frontiers in Plant Science

10.3389/fpls.2024.1352040

nitrogen and stored at -80°C until further analysis. All samples were
collected in biological triplicates.

2.10 RNA extraction and
expression analysis

Total RNA was isolated by using Spectrum Plant Total RNA kit
(Sigma-Aldrich). RNA quality was checked on a 1.2% agarose gel
with 18% formaldehyde. The purity and yield were estimated by
NanoDrop ND-2000 spectrophotometer (Thermo Scientific) and
RNA samples with 260/280 nm ratio between 2.0 to 2.1 were used
for further analysis. RNA purification was done by treating with
DNAse I (Sigma-Aldrich) as per the manufacturer’s protocol.

cDNA synthesis was done by first-strand cDNA synthesis kit
(Thermo Scientific). All the quantitative real time-PCR (qRT-PCR)
of selected bZIP genes were done in the QuantStudioTM 5 Real-Time
PCR System (Applied Biosystems) and primers for this study were
designed by Prime quest tool of IDT (Owczarzy et al., 2008). For
quantitative real-time PCR, a 20 pL reaction mixture was used
which contained 10 uL of SYBR Premix buffer (GoTaq® qPCR
MasterMix 2X Promega), 2 uL (20 ng) of cDNA, 1.0 uL each of
forward and reverse primer (5 mM) and 6 uL of nuclease-free water.
The quantitative real-time PCR run profile was as follows: 95°C for
10 min, followed by 40 cycles of 95°C for 15s, 60°C for 1 min. The
transcript levels for individual genes were calculated by the 27447
(CT-comparative threshold cycle) method and expressed as fold
change in comparison to controls (Livak and Schmittgen, 2001).
Actin and eflo (Reddy et al, 2015) genes were taken for
data normalization.

2.11 In-silico analysis of PgbZIP9

Homologous protein sequences of PgbZIP across species were
collected from different sources, and these retrieved sequences were
employed for sequence alignment through the Praline server(http://
ibivu.cs.vu.nl/programs/pralinewww/) (Simossis and Heringa,
2003) and construction of phylogeny with the help of MEGA7.
Also, the conserved bZIP domain prediction and gene-structure
analysis were done by SMART and GSDS servers respectively. The
structure of PgbZIP9 was predicted with the help of Alpha-fold
(Jumper et al.,, 2021; Varadi et al., 2022).

2.12 Isolation and cloning of PgbZIP9

The candidate gene, PgbZIP9 was isolated from the cDNA of
pearl millet leaf and root samples using gene-specific primers. Then,
it was cloned in pGEM®-T Easy Vector Systems (Promega).
Further, the full-length gene with stop codon was cloned in the
modified pCAMBIA-2300 for expression analysis in plants and in
pCAMBIA-2300GFP without stop codon for subcellular
localization study. Also, full-length PgbZIP9 was sub-cloned into
the yeast expression vector pGBKT7 for analyzing its
transactivation activity.
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2.13 Subcellular localization and
transactivation assay of PgbZIP9

The PgbZIP9-GFP construct and empty pCAMBIA-2300GFP
(control) were bombarded into onion epidermal cells by particle
bombardment with a Bio-Rad Helios gene gun following the
manufacturer’s protocol (Xiao et al., 2021). The fluorescence
signals were visualized under a laser confocal scanning
microscope (Leica, STED microscope).

For transactivation assay in yeast, the pGBKT7 clone of
PgbZIP9, along with negative control (empty pGBKT7 vector),
and positive control (pGBKT7-53) were transformed into Y2H
Gold yeast strain (Clontech, USA) through the LiCl method. The
transformed yeast colonies were streaked onto SD/-Trp medium
and SD/-Trp/-His/-Ade medium with or without X-a--gal and
allowed to grow at 30°C for 3-5 days (Cai et al,, 2017).

2.14 Transient pearl millet transformation
and stress treatment

Transient pearl millet transformation and stress assays in
seedlings were performed following the procedures mentioned by
Ji Xiaoyu et al. with slight modifications (Ji et al., 2014). The 7-days-
old seedlings of pear]l millet were transformed with Agrobacterium
tumefaciens EHA105 harboring 35S:PgbZIP9 construct. These
transformed seedlings were then put under salinity stress
(250mM) for 12h. RNA was isolated and qRT-PCR was
performed following the methods mentioned above.

For expression analysis of the PgbZIP9 gene in callus, pearl
millet seeds were germinated on callus induction media having MS
media (Himedia), 0.3% phytagel (Hi-media), kinetin and 2,4-
dichloro phenoxyacetic acid (2,4-D) at 25°C in dark condition
following the protocol mentioned by Khirod K Sahoo et al. with
modifications (Sahoo et al., 2011). Fully developed callus then sub-
cultured on new callus induction for 7 days. These calluses were
transformed with EHA105 harboring 35S:PgbZIP9 construct.
Infected calluses were kept on co-cultivation media for 3 days.
After this, the callus was subcultured on callus induction media for
another 4 days, then transferred to salt stress media (250mM NaCl)
for another 7 days. RNA samples were then extracted from control
and salt-treated callus followed by qRT-PCR of the PgbZIP9 gene,
ERDI, OST2 (Chakraborty et al., 2022) and PgMyb88 (Chanwala
et al., 2023b).

Also, expression profiling of the PgbZIP9 gene was done from
RNA samples extracted at different developmental stages of pearl
millet, namely 2 weeks, 4 weeks, 8 weeks, pre-inflorescence, during-
inflorescence, post-inflorescence and maturation.

2.15 Statistical analysis
All the experiments were done with three biological replicates

and two technical of each replicates, and their mean values and
respective standard deviations were used to plot graphs. Statistical
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significance between the mean values was determined using
Student’s t-test and represented as asterisk sign *’, where * p <
0.05; ** p < 0.01.

3 Results

3.1 Identification of bZIP TFs in pearl millet
and sequence analysis

A total of 98 non-redundant bZIP proteins were identified
through HMM search across the pearl millet genome as described
in the method section. They were named PgbZIP1 to PgbZIP98
according to their specific location on the pearl millet chromosomes.
Upon analyzing the physio-chemical features of identified PgbZIP
proteins, we found that these proteins had varying amino acid lengths
and molecular weight; the smallest protein was PgbZIP56, consisting
of 69 amino acids and 7.925 kDa of weight, whereas PgbZIP69 was
the largest one having 987 amino acids and 110.36 kDa of molecular
weight. The predicted theoretical pI of PgbZIP proteins ranged
between 4.2 (PgbZIP4) and 10.5 (PgbZIP31), whereas the low
Grand average of hydropathicity (GRAVY) suggested that most of
the PgbZIP proteins were hydrophilic and unstable. Also, we found
that most PgbZIP proteins (74.48%) were predicted to be localized in
the nucleus, indicating their possible role as transcription factor
(Supplementary Table 1). We found 5 members of the identified
PgbZIP proteins (PgbZIP2, PgbZIP6, PgbZIP7, PgbZIP79 and
PgbZIP88) were predicted to contain transmembrane helices
(Supplementary Figure 1).

3.2 Chromosomal mapping

As shown in Figure 1, 94 out of 98 identified PgbZIP genes were
physically mapped on the seven chromosomes of pearl millet with
the help of Maplnspect software. We found that they were
distributed unevenly on pearl millet chromosome. While the
remaining 4 PgbZIPs, namely PgbZIP95, PgbZIP96, PgbZIP97 and
PgbZIP98 could not be mapped on the chromosomes due to
unavailability of their chromosomal coordinates in pear] millet
genome as they were found in the scaffold regions. Some of the
pearl millet chromosomes had a higher number of PgbZIP genes,
viz. 20 PgbZIP genes were located on chromosome 2, followed by 19
bZIP genes on chromosomesl, 15 bZIP genes on Chromosome 5, 11
bZIP genes on Chromosome 6, 10 bZIP genes each on Chromosome
4 and 7 and 9 bZIP genes were found on Chromosome 3.

3.3 Phylogeny, motif and gene
structure analysis

For understanding the evolutionary progression of PgbZIP, an
unrooted phylogenetic tree was constructed with the help of MEGA
v7.0 as described in the method section. From phylogeny analysis, it
was found that all the pear]l millet bZIP proteins were divided into
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FIGURE 1
Location of bZIP family members on 7 chromosomes of pearl millet. The identified bZIP members were distributed on all the 7 chromosomes of
pearl millet.

12 groups (A-I, S, U and X). As shown in Figure 2, the highest  from C-group, 4 from B-group, 3 each from F and H and 2 PgbZIP
number of PgbZIP proteins (25) belonged to the X-group, whereas  members from U-group.

A and D-groups had 13 members each. This is followed by 11 Motif distribution is very crucial for the functionality of a protein,
PgbZIP belonging to group I, 7 from the S-group, 6 from E-group, 5  so we analyzed the conserved motifs in PgbZIP proteins through

i

Aneat
O

L

FIGURE 2

Phylogenetic tree of P. glaucum bZIP proteins with bZIP proteins of A. thaliana, O. sativa, and S. italica. A total of 356 proteins were aligned by
MUSCLE, and a phylogenetic tree was constructed by MEGA v7.0 using the maximum likelihood method with 1000 bootstrap replication. The
phylogeny classified the identified bZIP members into 12 groups.
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MEME suite. A total of 20 motifs (Motif 1 to Motif 20) were predicted
across the PgbZIP protein members (Supplementary Figure 2). Motif
2 was found in almost all the PgbZIP proteins, whereas motif 1 was
the second most abundant. Twelve PgbZIP proteins had only a single
conserved motif (Supplementary Table 2). As shown in Figure 3A,
motif distribution was also conserved among the phylogeny groups,
majority of PgbZIP proteins of groups C, E and I contained motif 1,
motif 2 and motif 8. Members of group-D PgbZIP proteins had motif
1 to motif 5 and motif 9. In group-X, the number of motifs was
comparatively higher, such as PgbZIP83, PgbZIP22, PgbZIP49,
PgbZIP23 and PgbZIP73 were exclusively consisting of motif 2,
motif 10 to 12 and motif 15 to 20.

The gene structure (exon-intron distribution) analysis of
PgbZIP genes was done with the GSDS server. We found that the
exon-intron distribution was very much conserved among the
phylogenetic groups (Figure 3B). All the PgbZIP gene members of
group-C have six exons, group-U had 3-4 whereas group-F PgbZIP
genes were intronless. Also, we observed PgbZIP genes of group-A
had 2-9 exons; group-B had 2-3 exons; group-D had 7-12 exons;
group-E members had 4-5 exons; group-G had 7-13 exons; group-H
had 4-6 exons; group-I had 3-5 exons and group-S PgbZIP genes
had 1-2 exons only. Interestingly we found that in unique group-X,
the number of exons ranges from 1 (PgbZIP65) to 20 (PgbZIP69).

10.3389/fpls.2024.1352040

3.4 Gene duplication and synteny analysis

Synteny analysis was done to determine the bZIP gene
duplication frequency between pearl millet, Arabidopsis, rice and
foxtail millet. Homologous bZIP genes including both orthologous
and paralogous were predicted in the pear] millet. The PgbZIPs
specifically from chromosome 1, were found to have an orthologous
relationship with Arabidopsis, rice and foxtail millet (Figure 4). A
total of 10 paralogous pairs, in the form of tandem duplication, were
found in the PgbZIP genes. A total of 65 orthologous pairs were
observed between the PgbZIP and bZIP family members of
Arabidopsis, rice and foxtail millet (Supplementary Table 3). The
highest collinear relationship was observed with foxtail millet
having 73 (38.62%) collinear genes. This is followed by rice
having 24 (12.83%) collinear genes and Arabidopsis, with 21
(11.86%) collinear genes. Also, we observed 9 collinear PghZIP
pairs both in rice and foxtail millet. Also, 20 collinear pairs were
present only in foxtail millet, and 2 collinear genes were found in all
reference species. Interestingly, 4 collinear pairs were only present
in Arabidopsis but not in rice and foxtail millet. The non-
synonymous mutation rate to synonymous mutation rate analysis
showed that the Ka/Ks ratios of all collinear PghZIP genes range
between 0.0033 to 0.6343 (Supplementary Table 4).

cps
M Upstream/Downstream
e INtrON

i No_Sequence_Information

FIGURE 3

(A) Schematic representation of conserved motifs in PgbZIP proteins. Motifs are indicated by different color boxes for motifs 1-20, (B) Gene
structure of the 98 putative pearl millet bZIP genes. Yellow boxes indicate exons, black lines indicate introns and blue boxes indicate upstream/
downstream. Maotif distribution and exon-intron arrangement was conserved among the groups.
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Synteny relationship between P. glaucum, A. thaliana, O. sativa, and S. italica bZIP genes. Each connected colored line shows duplicated gene pairs
among the species. Closest relationship was observed between bZIP members of P. glaucum and S. italica.

3.5 Gene ontology annotation and
cis-element analysis of PgbZIP genes

Gene ontology (GO) annotations analysis of identified PgbZIPs
showed their potential role in biological processes, molecular
functions, and cellular components. In the context of biological
processes, PgbZIPs were found to be involved in the regulation of
metabolic processes, cellular processes and different biological
processes, as well as response to different stimuli, development
processes, and reproductive processes (Supplementary Figure 3).
Under molecular functions, PgbZIPs were predominantly linked
with DNA-binding transcription regulator activity and DNA-
binding. Within the cellular component category, GO term
related to cellular anatomical entity was enriched and the
majority of the annotated genes were found to be important
components of the nucleus.

The bZIP TFs are stress-responsive genes that might be
controlled under strong transcriptional regulation through their
promoter region. To check this, we analyzed the 2000 bp upstream
region of each the identified PgbZIP gene, considering them as
potential promoter sequences of respective bZIP genes. Around 68
different cis-elements were predicted in the upstream region of
PgbZIP genes, of them, major stress response-related cis-elements
like Myb (90), STRE (95), MYC (83), as-1 (85), G-box (89), and
ABRE (90) were highly abundant. Other notable cis-elements
involved in important biological processes like biotic stress
(AT-rich sequence, WUN motif), abiotic stress (DRE, ARE, LTR),
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physiological and developmental role (TCT-motif, Box-4, LAMP
element, Spl, GATA motif) were also predicted in the upstream
region of PgbZIP genes (Supplementary Figure 4). The cis-element of
core promoter regions (TATA- Box, CAAT- Box) were also found in
upstream sequences of PgbZIP genes.

3.6 Protein-protein network analysis

The bZIP proteins have been reported to form homodimers or
heterodimers for their DNA binding activity (Droge-Laser et al,
2018). So we were interested to know whether members of PgbZIP
proteins can interact with each other. As shown in Supplementary
Figure 5, a protein-protein interaction network of PgbZIPs was
predicted based on their orthologs in Arabidopsis and we observed
multiple probable interactions. Proteins like VIP1 (PgbZIP89), bZIP17
(PgbZIP6, PgbZIP88), and bZIP24 (PgbZIP12) are associated with salt
and osmotic responses. ABF1 (PgbZIP5), ABF2 (PgbZIP98), and
ABI5 (PgbZIP9) are important proteins having a role in ABA-
mediated stress responses. Their probable interaction suggests that
PgbZIP proteins might interact to form protein complexes for
mediating various biological functions.

3.7 Transcriptome analysis

To understand the expression pattern of PgbZIP genes under
drought and salt stresses in pear]l millet, we utilized the publicly
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available RNA-seq dataset. As shown in Supplementary Figure 6,
PgbZIP3, PgbZIP5, PgbZIP13, PgbZIP46, PgbZIP47, PgbZIP54,
PgbZIP85, PgbZIP92 and PgbZIP98 were differentially expressed
under drought. Similarly, PgbZIP3, PgbZIP5, PgbZIP9, PgbZIP46,
PgbZIP47, PgbZIP54, PgbZIP61, PgbZIP85, PgbZIP92, PgbZIP97
and PgbZIP98 members were found to have variable expression
pattern under salinity stress.

3.8 Tissue-specific expression analysis

Based on in-silico features, genome-wide location and in-silico
expression profile a total of 16 PgbZIP genes were selected for
further expression analysis (Supplementary Table 5). To
understand the tissue-specific expression of selected PgbZIP
genes, we utilized the RNA samples extracted from the leaf, stem
and root of pearl millet. Among the selected genes, most of the
PgbZIP genes (PgbZIP3, PgbZIPY, PgbZIP13, PgbZIP33, PgbZIP47,
PgbZIP54, PgbZIP61, PgbZIP74, PgbZIP85, PghZIP92, PgbZIP94
and PgbZIP97) had higher relative expression in the root of pearl
millet while two PgbZIP genes (PgbZIP5, and PgbZIP40) showed
higher expression in leaf and only single PgbZIP gene namely
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PgbZIP46 showed higher mRNA level in stem samples
(Supplementary Figure 7).

3.9 Expression analysis under abiotic stress
and hormonal treatment

To validate the role of PgbZIP genes in abiotic stress, we
investigated the expression pattern of selected genes under
different abiotic stresses (drought, heat and salinity). Upon
induction of drought, all the candidate PgbZIP genes were found
to be upregulated except PgbZIP94 which was downregulated at all
the time points. As shown in Figure 5, the majority of PgbZIP genes
were highly expressed (upregulated) at all the stress induction time
points but mRNA transcript levels of PgbZIP9 (6 fold), PgbZIP13
(15 fold), PgbZIP33 (45 fold), PgbZIP40 (10 fold), PgbZIP46 (10
fold), PgbZIP47 (30 fold), PgbZIP54 (15 fold), PgbZIP74 (40 fold),
PgbZIP85 (5 fold), PgbZIP92 (35 fold) and PgbZIP98 (25 fold) were
highest at 9™-day post drought stress. PghZIP3 showed 30-fold
upregulation on the 7" day of stress induction, whereas PgbZIP5
and PgbZIP61 showed early response having highest transcript
accumulation on the 5" day (Figure 5). On application of heat
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Expression analysis of PgbZIP genes under Drought stress at day 0, 5, 7, 9 and 11 post-treatment. Nearly All the candidate PgbZIP genes were
upregulated under drought stress. The X-axis represents different time points and the Y-axis indicates relative expression level. A significant
difference in the mean is indicated by *P < 0.05, as obtained by Student’s t-test.
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stress, majority of PgbZIP genes were upregulated of which five
genes (PgbZIP3, PgbZIP13, PgbZIP40, PgbZIP92 and PgbZIP97)
showed early transcript accumulation and five genes (PghZIP46,
PgbZIP47, PgbZIP54, PgbZIP74 and PgbZIP98) were upregulated at
all the time points. While three PgbZIP namely PgbZIP33,
PgbZIP61, and PgbZIP85genes were downregulated (Figure 6).
Also on salt treatment, differential gene expression pattern was
observed where most of the PgbZIP genes were upregulated. We
found that PgbZIP9 (24 fold), PgbZIP13 (6 fold), PgbZIP40 (4.5
fold), PgbZIP46 (3 fold), PgbZIP47 (13 fold), PgbZIP54 (4 fold),
PgbZIP74 (3.5 fold), PgbZIP85(10 fold), PgbZIP97 (4 fold)and
PgbZIP98 (10 fold) were upregulated at all the time points, but
highest mRNA level was observed at 12-hour post stress induction.
Two genes namely, PgbZIP5 (5 fold) and PgbZIP94 (15 fold)
showed the highest transcript accumulation at 24-hour post-stress
induction (Figure 7). Two genes, PgbZIP3 and PgbZIP61 were
downregulated by 10-fold and 8-fold respectively upon salinity
stress 24-hour post salt stress.

Phytohormones are very well-known for imparting stress
response through their interplay with transcription factors. So
we performed hormonal treatment to examine the expression
profile of PgbZIP genes. As shown in Figure 8, we observed that
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majority of the candidate genes were induced upon all the 3
hormonal treatments (ABA, SA, and MeJA). Upon ABA treatment
we found that most of the selected PgbZIP genes showed
differential expression patterns. Of them seven genes were
highly upregulated at early time point namely PgbZIP5 (3.5
fold), PgbZIP13 (6.5 fold), PgbZIP33 (1.5 fold), PgbZIP40 (12
fold), PgbZIP46 (3 fold), PgbZIP97 (2.5 fold), PgbZIP98 (4 fold).
Five genes, PgbZIP47(7 fold), PgbZIP54 (2 fold), PgbZIP74(8 fold)
and PgbZIP92 (3 fold) had higher mRNA levels at both 3 hours
and 24 hours of treatment; while PgbZIP3, PgbZIP9, PgbZIP61,
PgbZIP85, and PgbZIP94 were highly downregulated by 6 fold, 2.5
fold, 5 fold, 3 fold and 3 fold respectively. Similarly, on SA
treatment most of the PgbZIP genes were upregulated,
PgbZIP40, PgbZIP54, PgbZIP85 and PgbZIP92 were highly
upregulated at all the time points of SA treatment. PgbZIP3 and
PgbZIP61 were significantly downregulated by 8 fold and 5 fold
respectively. Most of the other candidate PgbZIP genes had higher
transcript accumulation levels at early time point (Figure 8). Also,
upon MeJA treatment almost all the candidate genes were
upregulated, majority of them had higher expression at early
time point (3h) while PgbZIP5, PgbZIP9, PgbZIP54, PgbZIP85,
and PgbZIP92 were upregulated at all the time points studied.
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Expression analysis of PgbZIP genes under Heat stress at Oh, 3h and 24h post-treatment. Majority of PgbZIP genes were upregulated on heat
application. The X-axis represents different time points and the Y-axis indicates relative expression level. The significant difference in the mean is

indicated by *P < 0.05, as obtained by Student’s t-test.
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FIGURE 8

Heat map showing expression analysis of PgbZIP genes under SA, MeJA, and ABA hormonal stress at O-hour, 3-hour, and 24-hour time points.

The mRNA level has been normalized and the heat map was generated using TBtools v0.66831. The scale bar indicates lower (Red) to higher (Green)
expressions level. The differential expression pattern was obtained for selected PgbZIP genes under all the phytohormonal treatments.
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3.10 PgbZIP9 encodes ABI5 type protein of
bZIP family

In the arid and semi-arid regions, salinity is a major problem;
pearl millet being grown in these regions are frequently exposed to
such salinity stress (Krishnamurthy et al., 2007). So, we selected
PgbZIP9, having the highest expression level under salinity stress
for further analysis to look into its potential role in salinity stress
tolerance. The isolated PgbZIP9 had an open reading frame of 116
amino acids, which is ten amino acids less (with an intact start
codon, ATG and stop codon, TAG) than the reference sequence
(Pgl_GLEAN_10009291). Sequence analysis showed that isolated
PgbZIP had characteristic N-X;-R-Xo-L-X4-L-X4-L amino acid
region (Figure 9A). The predicted molecular weight of PgbZIP9
was around 13.39 kDa and its theoretical pI was 10.16. The
phylogenetic analysis along with sequence analysis suggested the
close relationship of PgbZIP9 with the ABI5 type of bZIP proteins
of other species (Figure 9B). Gene structure analysis showed that
the PgbZIP9 gene consists of four exons and three introns
(Figure 9C). As shown in Figure 9D putative PgbZIP9 protein
contained typical bZIP domain (amino acid 33 to 96). Also, we
predicted its structure through the Alpha fold which showed that
only the central bZIP domain forms the o-helical structure
whereas the N-terminal and C-terminal regions are highly
disordered portions (Figure 9E).

3.11 PgbZIP9 is a nuclear-localized protein

The PgbZIP9 protein contained a nuclear localization signal, and it
was predicted to be localized in the nucleus through the WolfPsort
server. Further, we performed the sub-cellular localization assay by

10.3389/fpls.2024.1352040

particle bombardment of the onion epidermal cells with GFP-fused
PgbZIP9 construct derived under the CaMV35S promoter
(Figure 10A). The CaMV35S:GFP construct was taken as control.
Under the confocal microscope, we observed that an intense green
fluorescence signal was visualized specifically from the nucleus in case
of CaMV35S:PgbZIP9:GFP fusion protein, whereas in CaMV35S:GFP
construct green fluorescence signal was visible from most of the cell
(Figure 10B). This confirmed the nuclear localization of
PgbZIP9 protein.

The yeast two-hybrid system from Takara was utilized to study
the transcriptional activation ability of PgbZIP9. As shown in
Figure 10C, all transformed yeast cells grew well on the SD/-Trp
medium. The positive control (pGBKT?7) grew well on SD/-Trp/-
His/-Ade media and gave blue on the SD/-Trp/-His/-Ade/X-a-gal
medium, but the negative control and pGBKT7-PgbZIP9
transformant did not grow on the same medium. This result
indicated the inability of the PgbZIP9 gene to transactivate the
reporter genes in the yeast system.

3.12 PgbZIP9 expression analysis

For understanding the expression pattern of PgbZIP9 and its
role in stress responses, we transiently overexpressed the PgbZIP9
gene in the 7-day pearl millet seedlings and pear] millet callus. We
observed that the transient overexpression of PgbZIP9 led to its
higher transcript accumulation in transformed samples compared
to non-transformed (wild-type). Also, under salinity stress the
expression level of PgbZIP9 was enhanced upto 10 fold in
transformed pearl millet seedlings and callus compared to the
untreated transformed samples (Supplementary Figures 8A, B).
The expression levels of some of the reported stress genes of pearl
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Subcellular localization and transactivation activity analysis of PgbZIP9. (A) Schematic representation of 35S:PgbZIP9-GFP construct. (B) Confocal
image of subcellular location of PgbZIP9 gene along with vector control. GFP, Green fluorescence; DAPI, 4',6-diamidino-2-phenylindole; Merged,
Merged image of GFP; DAPI and Bright field (BF). PgbZIP9 was a nuclear protein. (C) Transcriptional activation assay of PgbZIP9 in a yeast expression

system. No transcriptional activity was observed in yeast.

millet, namely ERD1, OST2 and PgMYB88 were upregulated under
salt stress in transformed samples, which further suggests the
probable role of the PgbZIP9 gene under salt stress.

To investigate the importance of PgbZIP9 genes in the growth and
development of pearl millet, we analyzed its expression at different
growth stages. We found that it had higher expression in the early period
of pearl millet growth (2 weeks and 4 weeks). The expression level was
reduced before and during the inflorescence while its expression further
increased (slightly) post-inflorescence (Supplementary Figure 8C).

4 Discussion

Pearl millet is a highly important crop that has a natural ability to
survive in harsh marginal lands. The whole genome sequencing of
pear] millet has opened the door to understand the mechanistic view
behind their stress responses (Varshney et al., 2017). Since then, few
stress-related transcription factors namely WRKY, NAC, GRAS,
MYB, and DoF have been studied (Chanwala et al., 2020; Dudhate
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et al., 2021; Jha et al.,, 2021; Qu et al., 2023; Chanwala et al., 2023a, b).
However, the bZIP gene family in pear] millet has not been explored
yet. The bZIP transcription factors are abundant in the plant system
and play crucial roles in plant growth, development, phytohormonal
signaling, metabolism, and stress responses (Nijhawan et al., 2008;
Droge-Laser et al,, 2018). Here, we have identified 98 members of the
bZIP TF gene family through a genomic survey of pearl millet. We
observed the number of identified bZIP TFs in pearl millet is higher
compared to Arabidopsis thaliana (78), Oryza sativa (89), Sorghum
bicolor (92), Solanum lycopersicum (69), Vitis vinifera (55), Phaseolus
vulgaris (84), Solanum tuberosum (65) but lesser than Malus
domestica (116), Zea mays (125), Glycine max (131), and Triticum
aestivum (227) (Liao et al., 2008; Nijhawan et al., 2008; Wang et al.,
2011; Wei et al.,, 2012; Droge-Laser et al., 2018; Zhang et al., 2021;
Liang et al, 2022). This variation in bZIP numbers across species
might be gene duplication or loss during the evolution.
Membrane-bound transcription factors are quite prevalent and
account for around 10% of total transcription factors in plants.
However, they are presumed to be present in a dormant state and
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get functionally active only upon proteolytic cleavage or ubiquitin-
proteasome pathway (Seo et al., 2008). Very few bZIP TFs have been
reported as membrane proteins like AtbZIP17, AtbZIP28 and
AtbZIP60 (Iwata and Koizumi, 2005; Liu et al, 2007a, b). Our
study has predicted five membrane-bound PgbZIP proteins
(PgbZIP2, PgbZIP6, PgbZIP7, PgbZIP79 and PgbZIP88). They all
have a single transmembrane helix extending from inside to outside
the cell membrane. Disproportionate distribution of PgbZIP
members was observed on the chromosomes of pearl millet.
Chromosomes 1 and 2 can be considered as the hotspot regions for
PgbZIP genes and distribution may lead to species differentiation.

All the PgbZIP proteins were categorized into 12 groups based
on phylogeny analysis which was nearly identical to Arabidopsis,
rice and foxtail millet bZIP protein classification (Nijhawan et al.,
2008; Baoling et al., 2016; Droge-Laser et al., 2018). Each of the
phylogenetic groups corresponds to the specific function of the
plant. The number of PgbZIP proteins in groups A and D were
similar to Arabidopsis, indicating their identical role in pear] millet
physiology. However, comparatively fewer PgbZIP genes were
found in the S group which might be because of gene loss or they
differentiated into another group in pearl millet during evolution
(Fedorova and Fedorov, 2003). Interestingly, many PgbZIP genes
were clustered in a particular clade (group X), suggesting their
specific involvement in pearl millet physiology. Motif distribution
and gene structure features were conserved among the groups. The
unique X-group members were observed to have maximum
numbers of motifs as well as introns in pearl millet.

Gene duplication and gene loss could be the driving forces for
functional variation and gene family expansion (Sampedro et al., 2005).
Duplication events were higher between S. italic and P. glaucam
compared to O. sativa and A. thaliana. Tandem and segmental
duplication have been reported to have a great contribution to gene
family expansion (Vision et al., 2000; Cannon et al., 2004). In this
study, only 10 tandem duplication events were predicted but no
segmental duplications. Foxtail millet was predicted to share the
highest collinear genes around 38.62% compared to other reference
species. Also, 9 collinear pairs of PgbZIP genes were found in foxtail
millet and rice but not in Arabidopsis which indicated that they
probably formed after the bifurcation of dicot and monocot species.
Similarly, 4 PgbZIP collinear genes were found only in Arabidopsis
suggesting their disappearance during the dicot and monocot
branching. Interestingly, 20 PgbZIP collinear genes were exclusively
present in foxtail millet which propounds their possible formation
during millet evolution. These findings show the evolutionary
progression of PgbZIP family genes in pear] millet. Ks/Ka values are
important for understanding genomic evolution and to know the
selection pressure during the course of evolution (Hurst, 2002). Our
study suggests that all the bZIP genes in pearl millet had a purifying
selection; their Ks/Ka values were less than 1 (Supplementary Table 4).

Transcription factors regulates the expression of downstream
genes by binding with its cognate cis-elements to mediate the stress
response (Liu et al., 2020). The availability of specific cis-elements
on the gene promoter region dictate their possible functions. A wide
range of cis-elements associated with plant growth and
development, stresses, and signaling were on the upstream region
of PgbZIP genes which suggest their diverse role in the plant system
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(Zhang et al., 2021). Specifically major abiotic stress associated cis-
elements like W-box, MYB, STRE, ABRE, as-1, G-box and MYC
were present which further indicates the involvement of PgbZIP
genes in abiotic stress responses which was also evident in earlier
studies (Sornaraj et al., 2016; Khadanga et al., 2022; Sherpa et al.,
2023). Protein-protein interaction analysis showed multiple
interactions between orthologous bZIP proteins in Arabidopsis,
indicating probable interaction among PgbZIP protein. These
predicted interaction needs to be further verified in pearl millet.
The bZIP transcription factors have an important role in plant
growth and development processes. The PgbZIP genes of different
groups are linked to these roles like group A-bZIP gene, ABI5,
controls the plant floral transition by regulating flowering locus C
(Shu et al, 2018). TGAS, a group D-bZIP member, has been reported
to control floral organ formation (Maier et al., 2011). Group H-bZIP
members were specifically related to various developmental processes
like hypocotyl and lateral growth (Gangappa and Botto, 2016; Van
Gelderen et al., 2018). GBF1, a G-group protein has been found to
promote lateral root development (Maurya et al., 2015). Expression
patterns in tissues of PgbZIP genes could hint at their role in growth
and developmental functions. The PgbZIP13 and PgbZIP74 genes,
which belong to group G had very high expression in roots which
correlates their function to group G Arabidopsis bZIP genes.
Similarly, S-group bZIP genes namely PgbZIP3, PgbZIP92 and
PgbZIP94 showed very high expression in root which were in good
co-relation with Arabidopsis S-group protein bZIP11 that has been
reported to control primary root growth (Hartmann et al., 2015).
To understand the expression pattern of PgbZIP genes under
abiotic stress, transcriptome analysis showed that the majority of
PgbZIP genes were differentially expressed. To further look into the
role of PgbZIP genes in stress, we studied the PgbZIP members of
various groups. In Arabidopsis, bZIP members of most of the groups
have been reported to take part in stress response (Droge-Laser et al.,
2018). Similarly, the selected candidate PgbZIP genes from different
groups have been found to play a critical role in abiotic stress. They
showed different expression patterns in response to drought, heat and
salt stresses. We found that PgbZIP13, PgbZIP40, PgbZIP46,
PgbZIP47, PgbZIP54, PgbZIP74, PgbZIP92, PgbZIP97, and
PgbZIP98 were upregulated under all the three stresses (drought,
heat and salt) suggesting their high importance in stress tolerance in
pear] millet. Almost all the candidate genes were upregulated upon
drought stress in pearl millet, a similar result was observed in wheat
(Liang et al,, 2022). Specifically, the expression of PgbZIP74 and
PgbZIP92 increased by 30-fold under drought stress. Upon salt stress,
PgbZIP9 showed around 25-fold higher expression. Also, PgbZIP61
was observed to be downregulated upon drought, heat and salt stress
whereas PgbZIP94 was negatively regulated under drought and heat
stress. The phylogenetic tree analysis further emphasizes the
association of PgbZIP genes in stress response. Recent studies have
shown that members of group A bZIP genes like OsbZIP23, OsABI5,
OsABFI and AtbZIP35-AtbZIP39 were involved in imparting stress
response (Liang et al, 2016). The pearl millet bZIP genes like
PgbZIP5, PgbZIP9, PgbZIP40 and PgbZIP98 belonged to A-group
and had differential expression under stress. A wheat bZIP gene,
TabZIP19 (G-group) had higher expression under stress; similarly,
PgbZIP13 and PgbZIP74 (group G members) showed very high
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expression under different stresses (Liang et al., 2022). In Arabidopsis,
bZIP1 a S-group gene responded to salt stress, also in pearl millet
PgbZIP92 and PgbZIP94 (S-group) showed upregulation upon salt
stress (Droge-Laser et al., 2018).

Phytohormones are essential for plants to adapt the harsh
environmental conditions (Verma et al, 2016). They crosstalk
with transcription factors to mediate the stress responses. So, to
explore the connection between PgbZIP genes and phytohormones,
we analyzed the expression profile of selected PgbZIP genes under
hormonal treatments (ABA, SA and MeJA). Various studies
indicate that bZIP TFs impart stress tolerance through ABA
signaling in Arabidopsis, rice and tomato (Banerjee and
Roychoudhury, 2017). In this study, we also observed that PgbZIP
genes (PgbZIP40, PgbZIP46, PgbZIP47, PgbZIP54, PgbZIP74,
PgbZIP92, PgbZIP97, and PgbZIP98) which showed elevated
expression under abiotic stresses and had higher transcript level
on ABA treatment. The promoter region of these PgbZIP genes
contained multiple numbers of ABA-responsive cis-element
(ABRE). Also, candidate PgbZIP genes showed nearly the same
expression pattern upon salicylic acid treatment. This suggests that
PgbZIP genes probably induce the abiotic stress response in pearl
millet through the synergistic action of ABA and SA. This type of
synergistic role of ABA and SA has been reported earlier (Jesus
et al, 2015; Wang et al, 2018). PgbZIP54 and PgbZIP92 were
upregulated under all the hormonal treatments, whereas PgbZIP98
was upregulated at an early time point (3h). PgbZIP61 was
downregulated under ABA and SA. This expression pattern of
PgbZIP genes gives insight into their possible regulatory function in
phytohormonal pathways in pear] millet.

To further investigate the effect of bZIP genes in salinity stress
in pearl millet, we isolated and cloned PgbZIP9, which was
predicted as homologous of AtABI5. PgbZIP9 (PgABI5) had
characteristic bZIP domain. Subcellular localization assay
confirmed its location in the nucleus which is in accordance with
the biological function of transcription factors; however, it did not
show transactivation feature in yeast. Transient overexpression of
PgbZIP9 in pearl millet seedlings and callus showed a very high
transcript level of PgbZIP9 upon salt stress. Very little information
is available about the stress-responsive genes in pearl millet; we used
two genes, ERDI and OST2, which were earlier reported
(Chakraborty et al, 2022). Under salt stress, early responsive
dehydration 1 (ERDI) has been reported to have upregulation in
multiple studies (Liu et al., 2022). Similarly, Open Stomata 2 (OST2)
which encodes a plasma membrane H"ATPase is crucial for ion
homeostasis during salinity stress (Zhang et al, 2022). Earlier,
PgMyb88 was also proposed to have a role under salt stress in
pearl millet (Chanwala et al., 2023b). These genes viz. ERDI, OST2
and PgMyb88 were upregulated under salt stress in transformed
samples (both seedlings and callus). Upregulation of these genes
upon salt stress in transiently overexpressed pearl millet seedlings
and callus emphasizes the importance of the PgbZIP9 gene in salt
stress tolerance. However, these data are very primitive and need
further characterization. Also, the higher expression of PgbZIP9
genes in 2-week and 4-week-old pear] millet suggests its role in early
stages of pearl millet growth and development.
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Altogether, under both abiotic stress and hormonal treatment
majority of PgbZIP genes were induced which emphasizes their
systematized action in pearl millet. Interestingly, multiple numbers
of PgbZIP genes were positively induced upon all the treatments,
this signifies the importance of bZIP genes in pear]l millet stress
tolerance. These findings established the gravity of PgbZIP genes in
abiotic stress response through phytohormonal pathways. However,
this study is the nascent work about possible involvement of bZIP
TFs in pearl millet under stress response and needs further
investigation to understand their role in imparting resistance to
pear]l millet under stress conditions through gene silencing/
overexpressing (gene editing approaches).

5 Conclusion

This study identified 98 bZIP Tfs in the pearl millet genome
through the genomic survey. These identified bZIP genes were
divided into 12 groups based on phylogeny analysis; motif
distribution and structural features were conserved among the
groups. Gene duplication events were observed, and Ks/Ka analysis
suggested the evolutionary progression of PgbZIP genes under
purifying selection. Transcriptome analysis indicated the differential
expression of PgbZIP genes under abiotic stress, which was supported
by the presence of various abiotic stress-responsive cis-elements.
Interestingly, we found that multiple pearl millet bZIP genes
(PgbZIP40, PgbZIP47, PgbZIP74, and PgbZIP97) were highly
upregulated at either time point under all the abiotic stresses and
phytohormonal treatments, whereas PgbZIP61 was downregulated
under all the stresses except MeJA treatment. Further, we
demonstrated that PgbZIP9 (PgABI5) a nuclear-localized protein
induced the stress-responsive genes under salinity stress. These
results laid a strong foundation for future works to dissect the
molecular mechanism and downstream pathway analysis of bZIP
transcription factors in stress responses in pearl millet. Further
candidate PgbZIP genes can be employed to develop climate-
resilient crop plants.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

DJ: Data curation, Formal analysis, Investigation, Methodology,
Software, Validation, Writing — original draft, Writing - review &
editing. JC: Data curation, Formal analysis, Investigation, Methodology,
Software, Validation, Writing — original draft, Writing — review &
editing. PB: Data curation, Formal analysis, Software, Writing — original
draft. ND: Conceptualization, Funding acquisition, Investigation, Project
administration, Supervision, Validation, Writing — review & editing.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1352040
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jha et al.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was funded by the core grant of Institute of Life Sciences,
Bhubaneswar, Govt. of India and Department of Biotechnology,
Govt. of India. Also authors, DJ and JC are thankful to UGC for
providing fellowship.

Acknowledgments

We are thankful to ICRISAT, Hyderabad for providing the seed
material and ILS for providing infrastructure.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1352040/
full#supplementary-material

References

Ahmad, P., and Prasad, M. N. V. (2011). Environmental adaptations and stress tolerance
of plants in the era of climate change. (New York: Springer Science & Business Media).

Alves, M. S., Dadalto, S. P., Gongalves, A. B., De Souza, G. B., Barros, V. A., and
Fietto, L. G. (2013). Plant bZIP transcription factors responsive to pathogens: a review.
Int. J. Mol. Sci. 14, 7815-7828.

Bailey, T. L., Boden, M., Buske, F. A,, Frith, M., Grant, C. E., Clementi, L., et al.
(2009). MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res. 37,
W202-W208.

Banerjee, A., and Roychoudhury, A. (2017). Abscisic-acid-dependent basic leucine
zipper (bZIP) transcription factors in plant abiotic stress. Protoplasma 254, 3-16.

Baoling, L., Li, Z., Yan, S., Jinai, X., Changyong, G., Lixia, Y., et al. (2016). Genome-
wide identification of millet bZIP transcription factors and their expression analysis
under drought and salt stress. Acta Botani Sin. 51, 473-487.

Ben Rejeb, I, Pastor, V., and Mauch-Mani, B. (2014). Plant responses to
simultaneous biotic and abiotic stress: molecular mechanisms. Plants 3, 458-475.

Brocard, I. M., Lynch, T. J., and Finkelstein, R. R. (2002). Regulation and role of the
Arabidopsis abscisic acid-insensitive 5 gene in abscisic acid, sugar, and stress response.
Plant Physiol. 129, 1533-1543.

Frontiers in Plant Science

10.3389/fpls.2024.1352040

SUPPLEMENTARY FIGURE 1
Membrane-bound bZIP transcription factors with a transmembrane motif. 5
member of PgbZIP were predicted to have transmembrane region.

SUPPLEMENTARY FIGURE 2
Representative logo of the predicted motif (Motif 1- Motif 20) of
PgbZIP proteins.

SUPPLEMENTARY FIGURE 3
The Gene Ontology (GO) analysis defining the biological processes,
molecular function and cellular components of PgbZIP proteins by Level (2).

SUPPLEMENTARY FIGURE 4

Cis-element analysis of PgbZIP genes in 2000 bp upstream region. Color of
the bars indicates the group (shown in legend) it belongs. Diverse cis-
elements were predicted on the upstream region of PgbZIP genes.

SUPPLEMENTARY FIGURE 5

Protein-protein interaction network for PgbZIPs based on their orthologs in
Arabidopsis. The PgbZIP proteins were shown in the red font below with the
Arabidopsis orthologs. The PgbZIP proteins were predicted to have
interaction with each other.

SUPPLEMENTARY FIGURE 6

In-silico expression analysis of PgbZIP genes under drought and salt stress
using publicly available RNA-seq data. The scale bar indicates lower (Red, -4)
to higher (Green, 3) expressions level. Differential expression pattern was
obtained for PgbZIP genes,

SUPPLEMENTARY FIGURE 7

Tissue-specific expression analysis of PgbZIP genes in Leaves, Stem and Root
tissues of pearl millet. Most of the bZIP genes were highly expressed in the
root. The significant difference in the mean is indicated by *P < 0.05, **P <
0.01, as obtained by Student's t-test.

SUPPLEMENTARY FIGURE 8

(A). Expression level of PgbZIP9 and stress-related genes in transiently
overexpressed pearl millet seedlings. Overexpressed seedlings showed
higher expression level of PgbZIP9 and stress genes. Wt: Wild type pearl
millet seedlings, Tr: Pearl millet seedlings transiently transformed with
PgbZIP9 gene (B). The expression level of PgbZIP9 and stress-related genes
in transiently overexpressed pearl millet callus. Overexpressed callus showed
higher expression level of PgbZIP9 and stress genes. Wt: Wild type pearl millet
callus, Tr: Pearl millet callus transformed with PgbZIP9 gene (without stress),
ST: Transformed callus treated with 250mM NaCl (C). Expression analysis of
PgbZIP9 at different growth of pearl millet including 2-week (2W), 4-week
(4W), 8-week (8W), pre-inflorescence (Prl), during-inflorescence (Dl), post-
inflorescence (Pol) and maturation (M). PgbZIP9 had higher expression level
at early stage of life cycle in pearl millet. Abbreviation list

Cai, R, Dai, W., Zhang, C., Wang, Y., Wu, M., Zhao, Y., et al. (2017). The maize
WRKY transcription factor ZmWRKY17 negatively regulates salt stress tolerance in
transgenic Arabidopsis plants. Planta 246, 1215-1231.

Cannon, S. B,, Mitra, A., Baumgarten, A., Young, N. D,, and May, G. (2004). The
roles of segmental and tandem gene duplication in the evolution of large gene families
in Arabidopsis thaliana. BMC Plant Biol. 4, 1-21.

Chakraborty, A., Viswanath, A., Malipatil, R,, Semalaiyappan, J., Shah, P., Ronanki,
S., et al. (2022). Identification of candidate genes regulating drought tolerance in Pearl
Millet. Int. J. Mol. Sci. 23, 6907.

Chanwala, J., Jha, D. K., Giri, M. K., and Dey, N. (2023a). PgWRKY44, a pearl millet
WRKY transcription factor-Calmodulin module enhances salt and drought stress
resilience in transgenic plants. Environ. Exp. Botany. 219, 105629.

Chanwala, J., Jha, D. K., Sandeep, I. S., and Dey, N. (2022). “The role of transcription
factors in response to biotic stresses in pearl millet,” in Transcription factors for biotic
stress tolerance in plants. Eds. S. H. Wani, V. Nataraj and G. P. Singh (Springer
International Publishing, Cham), 195-211.

Chanwala, J., Khadanga, B., Jha, D. K,, Sandeep, 1. S., and Dey, N. (2023b). MYB
transcription factor family in pearl millet: genome-wide identification, evolutionary

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1352040/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1352040/full#supplementary-material
https://doi.org/10.3389/fpls.2024.1352040
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jha et al.

progression and expression analysis under abiotic stress and phytohormone
treatments. Plants 12, 355.

Chanwala, J., Satpati, S., Dixit, A., Parida, A., Giri, M. K, and Dey, N. (2020).
Genome-wide identification and expression analysis of WRKY transcription factors in
pear]l millet (Pennisetum glaucum) under dehydration and salinity stress. BMC
Genomics 21, 1-16.

Chen, C.,, Chen, H., Zhang, Y., Thomas, H. R,, Frank, M. H,, He, Y., et al. (2020a).
TBtools: an integrative toolkit developed for interactive analyses of big biological data.
Mol. Plant 13, 1194-1202.

Chen, K,, Li, G. ], Bressan, R. A, Song, C. P., Zhu, J. K., and Zhao, Y. (2020b). Abscisic
acid dynamics, signaling, and functions in plants. J. Integr. Plant Biol. 62, 25-54.

Debieu, M., Kanfany, G., and Laplaze, L. (2017). Pearl millet genome: lessons from a
tough crop. Trends Plant Sci. 22, 911-913.

Dias-Martins, A. M., Pessanha, K. L. F., and Pacheco, S. (2018). Potential use of pearl
millet (Pennisetum glaucum (L.) R. Br.) in Brazil: Food security, processing, health
benefits and nutritional products. Food Res. Int. 109, 175-186.

Droge-Laser, W., Snoek, B. L., Snel, B., and Weiste, C. (2018). The Arabidopsis bZIP
transcription factor family—an update. Curr. Opin. Plant Biol. 45, 36-49.

Dudhate, A., Shinde, H., Yu, P, Tsugama, D., Gupta, S. K, Liu, S, et al. (2021).
Comprehensive analysis of NAC transcription factor family uncovers drought and
salinity stress response in pearl millet (Pennisetum glaucum). BMC Genomics 22, 1-15.

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32, 1792-1797.

Erpen, L., Devi, H. S., Grosser, J. W., and Dutt, M. (2018). Potential use of the DREB/
ERF, MYB, NAC and WRKY transcription factors to improve abiotic and biotic stress
in transgenic plants. Plant Cell Tissue Organ Culture 132, 1-25.

Fedorova, L., and Fedorov, A. (2003). Introns in gene evolution. Origin Evol. New
Gene functions 123-131.

Finn, R. D., Bateman, A., Clements, J., Coggill, P., Eberhardt, R. Y., Eddy, S. R,, et al.
(2014). Pfam: the protein families database. Nucleic Acids Res. 42, D222-D230.

Finn, R. D., Clements, J., and Eddy, S. R. (2011). HMMER web server: interactive
sequence similarity searching. Nucleic Acids Res. 39, W29-W37.

Gangappa, S. N, and Botto, J.F.J.M.P. (2016). The multifaceted roles of HY5 in plant
growth and development. Mol. Plant 9, 1353-1365.

Gasteiger, E., Hoogland, C., Gattiker, A., Duvaud, S. E., Wilkins, M. R., Appel, R. D,,
et al. (2005). Protein identification and analysis tools on the ExPASy server.
(Switzerland: Springer).

Goodstein, D. M., Shu, S., Howson, R., Neupane, R., Hayes, R. D., Fazo, J., et al.
(2012). Phytozome: a comparative platform for green plant genomics. Nucleic Acids
Res. 40, D1178-D1186.

Goétz, S., Garcia-Gomez, J. M., Terol, J., Williams, T. D., Nagaraj, S. H., Nueda, M. J.,,
et al. (2008). High-throughput functional annotation and data mining with the
Blast2GO suite. Nucleic Acids Res. 36, 3420-3435.

Hartmann, L., Pedrotti, L., Weiste, C., Fekete, A., Schierstaedt, J., Géttler, J., et al.
(2015). Crosstalk between two bZIP signaling pathways orchestrates salt-induced
metabolic reprogramming in Arabidopsis roots. Plant Cell 27, 2244-2260.

Horton, P., Park, K.-J., Obayashi, T., Fujita, N., Harada, H., Adams-Collier, C.,, et al.
(2007). WoLF PSORT: protein localization predictor. Nucleic Acids Res. 35, W585-W587.

Hou, H., Kong, X., Zhou, Y., Yin, C,, Jiang, Y., Qu, H,, et al. (2022). Genome-wide
identification and characterization of bZIP transcription factors in relation to litchi
(Litchi chinensis Sonn.) fruit ripening and postharvest storage. Int. J. Biol.
Macromolecules 222, 2176-2189.

Hrmova, M., and Hussain, S. S. (2021). Plant transcription factors involved in
drought and associated stresses. Int. J. Biol. Macromolecules 22, 5662.

Hu, B, Jin, J., Guo, A.-Y., Zhang, H., Luo, J., and Gao, G. (2015). GSDS 2.0: an
upgraded gene feature visualization server. Bioinformatics 31, 1296-1297.

Hu, Y, Jiang, L., Wang, F., and Yu, D. (2013). Jasmonate regulates the inducer of CBF
expression-c-repeat binding factor/DRE binding factor1 cascade and freezing tolerance
in Arabidopsis. Plant Cell 25, 2907-2924.

Huang, D., Sun, M., Zhang, A., Chen, J., Zhang, J., Lin, C, et al. (2021).
Transcriptional changes in pearl millet leaves under heat stress. Genes 12, 1716.

Hurst, L. D. (2002). The Ka/Ks ratio: diagnosing the form of sequence evolution.
Trends Genet. 18, 486-487.

Hwang, I., Manoharan, R. K,, Kang, J.-G., Chung, M.-Y., Kim, Y.-W., and Nou, L.-S.
(2016). Genome-wide identification and characterization of bZIP transcription factors
in Brassica oleracea under cold stress. BioMed. Res. Int. 2016.

Iwata, Y., and Koizumi, N. (2005). An Arabidopsis transcription factor, AtbZIP60,
regulates the endoplasmic reticulum stress response in a manner unique to plants. Proc.
Natl. Acad. Sci. 102, 5280-5285.

Jakoby, M., Weisshaar, B., Droge-Laser, W., Vicente-Carbajosa, J., Tiedemann, J.,
Kroj, T, et al. (2002). bZIP transcription factors in Arabidopsis. Trends Plant Sci. 7,
106-111.

Jesus, C., Meijon, M., Monteiro, P., Correia, B., Amaral, J., Escandon, M., et al.
(2015). Salicylic acid application modulates physiological and hormonal changes in
Eucalyptus globulus under water deficit. Environ. Exp. Bot. 118, 56-66.

Frontiers in Plant Science

17

10.3389/fpls.2024.1352040

Jha, D. K., Chanwala, J., Sandeep, I. S., and Dey, N. (2021). Comprehensive
identification and expression analysis of GRAS gene family under abiotic stress and
phytohormone treatments in Pearl millet. Funct. Plant Biol. 48, 1039-1052.

Ji, X., Zheng, L., Liu, Y., Nie, X,, Liu, S., and Wang, Y. (2014). A transient
transformation system for the functional characterization of genes involved in stress
response. Plant Mol. Biol. Rep. 32, 732-739.

Jumper, J., Evans, R,, Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021).
Highly accurate protein structure prediction with AlphaFold. Nature 596, 583-589.

Khadanga, B., Sherpa, T., Chanwala, J., and Dey, N. (2022). “Synthetic promoters in
regulating disease gene expression,” in Transcription factors for biotic stress tolerance in
plants. (Switzerland: Springer), 33-50.

Khan, S.-A,, Li, M.-Z., Wang, S.-M., and Yin, H.-J. (2018). Revisiting the role of plant
transcription factors in the battle against abiotic stress. Int. J. Mol. Sci. 19, 1634.

Krishnamurthy, L., Serraj, R., Rai, K. N,, Hash, C. T., and Dakheel, A. J. (2007).
Identification of pearl millet [Pennisetum glaucum (L.) R. Br.] lines tolerant to soil
salinity. Euphytica 158, 179-188.

Krishnan, R., and Meera, M. (2018). Pearl millet minerals: effect of processing on
bioaccessibility. J. Food Sci. Technol. 55, 3362-3372.

Krogh, A., Larsson, B., Von Heijne, G., and Sonnhammer, E. L. (2001). Predicting
transmembrane protein topology with a hidden Markov model: application to
complete genomes. J. Mol. Biol. 305, 567-580.

Kumar, S,, Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular
evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547.

Kurata, N., and Yamazaki, Y. (2006). Oryzabase. An integrated biological and
genome information database for rice. Plant Physiol. 140, 12-17.

Lamesch, P., Berardini, T. Z., Li, D., Swarbreck, D., Wilks, C., Sasidharan, R., et al.
(2012). The Arabidopsis Information Resource (TAIR): improved gene annotation and
new tools. Nucleic Acids Res. 40, D1202-D1210.

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357-359.

Letunic, I, Khedkar, S., and Bork, P. (2021). SMART: recent updates, new
developments and status in 2020. Nucleic Acids Res. 49, D458-D460.

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinf. 12, 1-16.

Liang, W., Ma, X., Wan, P., and Liu, L. (2018). Plant salt-tolerance mechanism: A
review. Biochem. Biophys. Res. Commun. 495, 286-291.

Liang, C., Meng, Z., Meng, Z., Malik, W, Yan, R,, Lwin, K. M,, et al. (2016). GhABEF2,
a bZIP transcription factor, confers drought and salinity tolerance in cotton
(Gossypium hirsutum L.). Sci. Rep. 6, 35040.

Liang, Y., Xia, J., Jiang, Y., Bao, Y., Chen, H., Wang, D., et al. (2022). Genome-wide
identification and analysis of bZIP gene family and resistance of TaABI5 (TabZIP96)
under freezing stress in wheat (Triticum aestivum). Int. J. Mol. Sci. 23, 2351.

Liao, Y., Zou, H.-F., Wei, W., Hao, Y.-J., Tian, A.-G., Huang, ]., et al. (2008). Soybean
GmbZIP44, GmbZIP62 and GmbZIP78 genes function as negative regulator of ABA
signaling and confer salt and freezing tolerance in transgenic Arabidopsis. Planta 228,
225-240.

Liu, Y., Chai, M., Zhang, M., He, Q., Su, Z., Priyadarshani, S., et al. (2020). Genome-
wide analysis, characterization, and expression profile of the basic leucine zipper
transcription factor family in pineapple. Int. J. Genomics 2020.

Liu, J.-X., Srivastava, R,, Che, P., and Howell, S. H. (2007a). An endoplasmic
reticulum stress response in Arabidopsis is mediated by proteolytic processing and
nuclear relocation of a membrane-associated transcription factor, bZIP28. Plant Cell
19, 4111-4119.

Liu, J. X,, Srivastava, R., Che, P., and Howell, S. H. (2007b). Salt stress responses in
Arabidopsis utilize a signal transduction pathway related to endoplasmic reticulum
stress signaling. Plant J. 51, 897-909.

Liu, J., Yang, R., Liang, Y., Wang, Y., and Li, X. (2022). The DREB A-5
transcription factor SCDREB5 from Syntrichia caninervis enhanced salt tolerance
by regulating jasmonic acid biosynthesis in transgenic Arabidopsis. Front. Plant Sci.
13, 857396.

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2- AACT method. Methods 25, 402-408.

Maier, A. T, Stehling-Sun, S., Offenburger, S.-L., and Lohmann, J. U. (2011). The
bZIP transcription factor PERIANTHIA: a multifunctional hub for meristem control.
Front. Plant Sci. 2, 79.

Manzoor, M. A., Manzoor, M. M,, Li, G., Abdullah, M., Han, W., Wenlong, H., et al.
(2021). Genome-wide identification and characterization of bZIP transcription factors
and their expression profile under abiotic stresses in Chinese pear (Pyrus bretschneider
i). BMC Plant Biol. 21, 1-16.

Marchler-Bauer, A., Derbyshire, M. K., Gonzales, N. R,, Lu, S,, Chitsaz, F., Geer, L. Y.,
et al. (2015). CDD: NCBI’s conserved domain database. Nucleic Acids Res. 43, D222~
D226.

Maurya, J. P., Sethi, V., Gangappa, S. N., Gupta, N., and Chattopadhyay, S. (2015).
Interaction of MYC 2 and GBF 1 results in functional antagonism in blue light-
mediated Arabidopsis seedling development. Plant J. 83, 439-450.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1352040
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jha et al.

Nijhawan, A., Jain, M., Tyagi, A. K., and Khurana, J. P. (2008). Genomic survey and
gene expression analysis of the basic leucine zipper transcription factor family in rice.
Plant Physiol. 146, 333.

Owczarzy, R., Tataurov, A. V., Wu, Y., Manthey, J. A., Mcquisten, K. A., Almabrazi,
H. G, et al. (2008). IDT SciTools: a suite for analysis and design of nucleic acid
oligomers. Nucleic Acids Research 36, W163-W169.

Pardo, J., and Vanburen, R. (2021). Evolutionary innovations driving abiotic stress
tolerance in C4 grasses and cereals. Plant Cell 33, 3391-3401.

Poshadri, A., Deshpande, H., and Kshirsagar, R. (2023). The international year of
millets-2023, millets as nutri-cereals of 21st centenary for health and wellness. Agric.
Assoc. Textile Chem. Crit. Rev. ].

Pujar, M., Gangaprasad, S., Govindaraj, M., Gangurde, S. S., Kanatti, A., and Kudapa,
H. (2020). Genome-wide association study uncovers genomic regions associated with
grain iron, zinc and protein content in pearl millet. Sci. Rep. 10, 19473.

Punia, S., Kumar, M, Siroha, A. K,, Kennedy, J. F., Dhull, S. B,, and Whiteside, W. S. (2021).
Pear] millet grain as an emerging source of starch: A review on its structure, physicochemical
properties, functionalization, and industrial applications. Carbohydr. polymers 260, 117776.

Qu, Y., Gupta, S. K., Dudhate, A., Shinde, H. S., Liu, S., Takano, T., et al. (2023).
Analyses of sequence features and expression patterns of DOF transcription factor
genes in pearl millet (Pennisetum glaucum (L.) R. Br.). Trop. Plant Biol. 16, 1-10.

Quan, S., Niu, J., Zhou, L., Xu, H., Ma, L., and Qin, Y. (2019). Genome-wide
identification, classification, expression and duplication analysis of GRAS family genes
in Juglans regia L. Sci. Rep. 9, 11643.

Reddy, P. S., Reddy, D. S., Sharma, K. K., Bhatnagar-Mathur, P., and Vadez, V.
(2015). Cloning and validation of reference genes for normalization of gene expression
studies in pear] millet [Pennisetum glaucum (L.) R. Br.] by quantitative real-time PCR.
Plant Gene 1, 35-42.

Robinson, M. D., Mccarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140.

Rombauts, S., Déhais, P, Van Montagu, M., and Rouze, P. (1999). PlantCARE, a
plant cis-acting regulatory element database. Nucleic Acids Res. 27, 295-296.

Sahab, S., Suhani, L, Srivastava, V., Chauhan, P. S., Singh, R. P., and Prasad, V.
(2021). Potential risk assessment of soil salinity to agroecosystem sustainability:
Current status and management strategies. Sci. Total Environ. 764, 144164.

Sahoo, K. K,, Tripathi, A. K, Pareek, A., Sopory, S. K., and Singla-Pareek, S. L. (2011).
An improved protocol for efficient transformation and regeneration of diverse indica
rice cultivars. Plant Methods 7, 1-11.

Sampedro, J., Lee, Y., Carey, R. E., Depamphilis, C., and Cosgrove, D. J. (2005). Use
of genomic history to improve phylogeny and understanding of births and deaths in a
gene family. Plant J. 44, 409-419.

Searchinger, T., Waite, R., Hanson, C., Ranganathan, J., Dumas, P., Matthews, E.,
et al. (2019). Creating a sustainable food future: A menu of solutions to feed nearly 10
billion people by 2050. Final report” (Washington, DC, USA: WRI).

Seo, P. J., Kim, S.-G., and Park, C.-M.J.T.I.P.S. (2008). Membrane-bound
transcription factors in plants. Trends Plant Sci. 13, 550-556.

Sherpa, T., Jha, D. K., Kumari, K., Chanwala, J., and Dey, N. (2023). Synthetic sub-
genomic transcript promoter Horseradish Latent Virus (HRLV). Planta. 257(2), 40.

Shinde, H., Tanaka, K., Dudhate, A., Tsugama, D., Mine, Y., Kamiya, T, et al. (2018).
Comparative de novo transcriptomic profiling of the salinity stress responsiveness in
contrasting pearl millet lines. Environ. Exp. Bot. 155, 619-627.

Shivhare, R., Asif, M. H., and Lata, C. (2020). Comparative transcriptome analysis
reveals the genes and pathways involved in terminal drought tolerance in pearl millet.
Plant Mol. Biol. 103, 639-652.

Shu, K., Luo, X,, Meng, Y., Yang, W. J. P., and Physiology, C. (2018). Toward a
molecular understanding of abscisic acid actions in floral transition. Plant Cell Physiol.
59, 215-221.

Simossis, V. A., and Heringa, J. (2003). The PRALINE online server: optimising
progressive multiple alignment on the web (United Kingdom: Elsevier).

Siri, J. N., Neufeld, E., Parkin, I., and Sharpe, A. (2020). “Using simulated annealing
to declutter genome visualizations,” in The Thirty-Third International Flairs
Conference. (Florida, USA: AAAI Press) .

Skubacz, A., Daszkowska-Golec, A., and Szarejko, I. (2016). The role and regulation
of ABI5 (ABA-Insensitive 5) in plant development, abiotic stress responses and
phytohormone crosstalk. Front. Plant Sci. 7, 1884.

Sornaraj, P., Luang, S., Lopato, S., and Hrmova, M. (2016). Basic leucine zipper
(bZIP) transcription factors involved in abiotic stresses: a molecular model of a wheat
bZIP factor and implications of its structure in function. Biochim. Biophys. Acta
-General Subj. 1860, 46-56.

Strader, L., Weijers, D., and Wagner, D. (2022). Plant transcription factors—being in
the right place with the right company. Curr. Opin. Plant Biol. 65, 102136.

Frontiers in Plant Science

18

10.3389/fpls.2024.1352040

Suyama, M., Torrents, D., and Bork, P. (2006). PAL2NAL: robust conversion of
protein sequence alignments into the corresponding codon alignments. Nucleic Acids
Res. 34, W609-W612.

Szklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., Hachilif, R,, et al.
(2022). The STRING database in 2023: protein-protein association networks and
functional enrichment analyses for any sequenced genome of interest. Nucleic Acids
Res. 51, D638-D646.

Van Gelderen, K., Kang, C., Paalman, R., Keuskamp, D., Hayes, S., and Pierik, R.
(2018). Far-red light detection in the shoot regulates lateral root development through
the HY5 transcription factor. Plant Cell 30, 101-116.

Van Zelm, E., Zhang, Y., and Testerink, C. (2020). Salt tolerance mechanisms of
plants. Annu. Rev. Plant Biol. 71, 403-433.

Varadi, M., Anyango, S., Deshpande, M., Nair, S., Natassia, C., Yordanova, G., et al.
(2022). AlphaFold Protein Structure Database: massively expanding the structural
coverage of protein-sequence space with high-accuracy models. Nucleic Acids Res. 50,
D439-D444.

Varshney, R. K,, Shi, C., Thudi, M., Mariac, C., Wallace, J., Qi, P., et al. (2017). Pearl
millet genome sequence provides a resource to improve agronomic traits in arid
environments. Nat. Biotechnol. 35, 969-976.

Verma, V., Ravindran, P., and Kumar, P. P. (2016). Plant hormone-mediated
regulation of stress responses. BMC Plant Biol. 16, 1-10.

Vision, T. J., Brown, D. G., and Tanksley, S. D. (2000). The origins of genomic
duplications in Arabidopsis. Science 290, 2114-2117.

Viswanath, K. K., Kuo, S.-Y., Tu, C.-W.,, Hsu, Y.-H,, Huang, Y.-W,, and Hu, C.-C.
(2023). The role of plant transcription factors in the fight against plant viruses. Int. J.
Mol. Sci. 24, 8433.

Waadt, R, Seller, C. A, Hsu, P.-K., Takahashi, Y., Munemasa, S., and Schroeder, J. L.
(2022). Plant hormone regulation of abiotic stress responses. Nat. Rev. Mol. Cell Biol.
23, 680-694.

Wang, Y., Tang, H,, Debarry, J. D., Tan, X,, Li, J., Wang, X., et al. (2012). MCScanX: a
toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic
Acids Res. 40, e49-e49.

Wang, W., Vinocur, B., and Altman, A. (2003). Plant responses to drought, salinity and
extreme temperatures: towards genetic engineering for stress tolerance. Planta 218, 1-14.

Wang, W., Wang, X., Huang, M., Cai, J., Zhou, Q., Dai, T., et al. (2018). Hydrogen
peroxide and abscisic acid mediate salicylic acid-induced freezing tolerance in wheat.
Front. Plant Sci. 9, 1137.

Wang, J., Zhou, J., Zhang, B., Vanitha, J., Ramachandran, S., and Jiang, S. Y. (2011).
Genome-wide expansion and expression divergence of the basic leucine zipper
transcription factors in higher plants with an emphasis on Sorghum F. J. Integr.
Plant Biol. 53, 212-231.

Wang, Z,, Zhu, J., Yuan, W, Wang, Y., Hu, P, Jiao, C,, et al. (2021). Genome-wide
characterization of bZIP transcription factors and their expression patterns in response to
drought and salinity stress in Jatropha curcas. Int. J. Biol. Macromolecules 181, 1207-1223.

Wani, S. H., Anand, S., Singh, B., Bohra, A., and Joshi, R. (2021). WRKY
transcription factors and plant defense responses: Latest discoveries and future
prospects. Plant Cell Rep. 40, 1071-1085.

Wei, K., Chen, J., Wang, Y., Chen, Y., Chen, S, Lin, Y,, et al. (2012). Genome-wide
analysis of bZIP-encoding genes in maize. DNA Res. 19, 463-476.

Xiao, Q., Wang, Y., Li, H,, Zhang, C., Wei, B., Wang, Y., et al. (2021). Transcription
factor ZmNAC126 plays an important role in transcriptional regulation of maize starch
synthesis-related genes. Crop J. 9, 192-203.

Ye, F,, Zhu, X,, Wu, S,, Du, Y,, Pan, X,, Wu, Y,, et al. (2023). Conserved and divergent
evolution of the bZIP transcription factor in five diploid Gossypium species. Planta 257, 26.

Zhang, Y., Li, P., Zhang, J., Li, Y., Xu, A,, and Huang, Z. (2022). Genome-Wide
Association Studies of Salt Tolerance at the Seed Germination Stage and Yield-Related
Traits in Brassica napus L. Int. J. Mol. Sci. 23, 15892.

Zhang, Q., Zhang, W.-],, Yin, Z.-G., Li, W.-],, Xia, C.-Y., Sun, H.-Y,, et al. (2021).
Genome-wide identification reveals the potential functions of the bZIP gene family in
common bean (Phaseolus vulgaris) in response to salt stress during the sprouting stage.
J. Plant Growth Regul. , 1-16.

Zhao, C., Liu, B., Piao, S., Wang, X,, Lobell, D. B,, Huang, Y., et al. (2017).
Temperature increase reduces global yields of major crops in four independent
estimates. Proc. Natl. Acad. Sci. 114, 9326-9331.

Zhao, P, Ye, M., Wang, R,, Wang, D., and Chen, Q. (2020). Systematic identification
and functional analysis of potato (Solanum tuberosum L.) bZIP transcription factors
and overexpression of potato bZIP transcription factor StbZIP-65 enhances salt
tolerance. Int. J. Biol. Macromolecules 161, 155-167.

Zhou, Y., Xu, D,, Jia, L., Huang, X., Ma, G., Wang, S,, et al. (2017). Genome-wide
identification and structural analysis of bZIP transcription factor genes in Brassica
napus. Genes 8, 288.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1352040
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	“Genome-wide identification of bZIP gene family in Pearl millet and transcriptional profiling under abiotic stress, phytohormonal treatments; and functional characterization of PgbZIP9”
	1 Introduction
	2 Materials and method
	2.1 Plant materials
	2.2 Identification of bZIP TFs in pearl millet and sequence analysis
	2.3 Chromosomal mapping
	2.4 Phylogeny, motif and gene structure prediction
	2.5 Gene duplication and synteny analysis
	2.6 Gene ontology annotation and cis-element analysis
	2.7 Protein-protein interaction network analysis
	2.8 Transcriptome analysis
	2.9 Stress treatment condition
	2.10 RNA extraction and expression analysis
	2.11 In-silico analysis of PgbZIP9
	2.12 Isolation and cloning of PgbZIP9
	2.13 Subcellular localization and transactivation assay of PgbZIP9
	2.14 Transient pearl millet transformation and stress treatment
	2.15 Statistical analysis

	3 Results
	3.1 Identification of bZIP TFs in pearl millet and sequence analysis
	3.2 Chromosomal mapping
	3.3 Phylogeny, motif and gene structure analysis
	3.4 Gene duplication and synteny analysis
	3.5 Gene ontology annotation and cis-element analysis of PgbZIP genes
	3.6 Protein-protein network analysis
	3.7 Transcriptome analysis
	3.8 Tissue-specific expression analysis
	3.9 Expression analysis under abiotic stress and hormonal treatment
	3.10 PgbZIP9 encodes ABI5 type protein of bZIP family
	3.11 PgbZIP9 is a nuclear-localized protein
	3.12 PgbZIP9 expression analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


