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In silico analysis of anther-specific transcription factors belonging to bHLH,
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Transcription factors are important regulatory proteins that orchestrate plant developmental processes, including the
complex regulation of anther development, which is essential for reproductive success in flowering plants. This study
analyses three major transcription factor families, bHLH, MYB, and MADS-box, that play crucial roles in anther
development in two important model plant species, Oryza sativa and Arabidopsis thaliana. A total of 48 (20 from rice and
28 from Arabidopsis) anther-specific transcription factor coding genes were identified through literature mining.
Phylogenetic and protein domain analysis established conserved evolutionary relationships between rice and Arabidopsis,
suggesting both functional conservation and divergence across monocots and dicots. Chromosomal localization revealed
irregular distribution pattern of genes in both plants. Expression analysis showed rice transcription factor genes exhibited
maximal expression during pre-meiotic and meiotic stages of anther development, while in Arabidopsis, they showed
predominant expression in flower pedicels and carpels. Protein—protein interaction analysis revealed that most anther-
specific proteins interact with proteins involved in stamen and tapetum development. These findings offer valuable insights
into the molecular regulation of anther development and identify candidate transcription factor genes that may be employed

for hybrid seed production. Understanding these regulatory mechanisms will contribute to global food security.
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Transcription factors (TFs) have gained significant
attention in recent years, due to their crucial role in
regulating genes essential for wvarious vital plant
processes. A key feature of a TF is the presence of a
conserved DNA-binding domain (DBD), which varies
from a simple basic alpha helix to a complex network
of alpha, beta, and loop folds'. These DNA-binding
proteins mediate the various biological processes by
recognizing specific cis-regulatory DNA sequences
located in the promoter regions of respective target
genes’. They are primarily known for performing two
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crucial functions: first, identifying the correct DNA
binding site, and second, assembling other regulatory
proteins to efficiently execute the transcriptional
process’. Several plant TF databases have been
developed in recent years to catalogue the TF-encoding
genes in plants. The model plant Arabidopsis has the
largest number of TFs (approximately 2000). The
presence of a characteristic DBD serves as the basis of
categorizing TFs into their respective families®. To
date, scientists have characterized numerous TFs
involved in a myriad of plant processes, including
anther development.

The current study primarily focuses on three
crucial classes of TFs, including bHLH (basic helix-
loop-helix), MYB (myeloblastosis), and MADS (M-
MINICHROMOSOME MAINTENANCE 1- A-
AGAMOUS D- DEFICIENS S-SERUM RESPONSE
FACTOR) domain-containing proteins, for their
involvement in anther development in rice and
Arabidopsis.

The basic structural composition of a bHLH TF,
the second largest class of TFs, includes two highly
conserved domains, which comprises of 60 amino-
acid long residue region’. The first domain, known as
the basic domain, and the second domain, the typical
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HLH domain, are located at the N-terminus and
C-terminus of the amino acid sequence, respectively,
and are followed by two amphipathic a-helices’.
Interestingly, due to their diverse nature, several
past studies have explored their role in anther
development along with their role in other crucial
plant processes '°. To date, 167 bHLH TFs in
Arabidopsis and 165 in rice have been identified®'".

The key feature of a MADS-box TF is the presence
of an evolutionarily conserved DBD called MADS
domain or M domain. They bind to DNA usually as
obligate dimers via recognition of the ‘CArG’ box
motif'?. Studies to date have identified approximately
107 Type I and Type Il MADS-box TFs in the model
plant Arabidopsis, with 61 TFs belonging to Type I
and 45 to Type II'"°. Similarly, in rice, 76 MADS-box
members (MIKCC, MIKC, Ma, M, and My) have
been identified, comprising 32 Type I and 44 Type II
TFs'. In the case of MYB proteins, the presence of a
highly conserved DBD termed the MYB domain
serves as a key categorizing feature. Being one of the
largest classes of TFs, these proteins have been shown
to regulate a variety of plant responses, including
tolerance against several abiotic stresses, cell cycle
control, meristem formation, and hormone signaling'”.
As per the studies done so far, an approximate
number of 155 MYB genes in rice and 197 in
Arabidopsis have been identified'.

Anther development is one of the key events in the
life cycle of a sexually reproducing plant and is

crucial for ensuring successful male reproductive
development. The generation of hybrid seeds by
manipulating anther-specific genes for inducing
male sterility provides a valuable alternative to
conventional breeding techniques.

Rice is a crucial agricultural crop that represents all
monocot species, while Arabidopsis serves as a model
plant for all dicot crops and is widely regarded as a "lab
rat" for conducting a broad range of scientific
experiments. Given the immense potential of both of
these crops to revolutionize the breeding and agricultural
industry, the present study attempts to draw a
comparison between the roles of the anther-specific TFs
of these two plant species. The present study documents
48 (20 of rice and 28 of Arabidopsis) anther-specific
TFs belonging to bHLH, MYB, and MADS-box classes.
Domain analysis, phylogenetic relationships, gene
ontology, and expression profiling provide deeper
insights into their role in regulating the anther
development process. Additionally, orthologous gene
pair analysis further highlights the relationship between
anther-specific genes of rice and Arabidopsis.

Materials and Methods
Data collection

An extensive literature search using Google Scholar
and PubMed database (keywords- anther-specific
transcription factors, rice, Arabidopsis, bHLH, MADS-
box, MYB) resulted in the identification of 48 (20 in rice
and 28 in Arabidopsis) anther-specific TFs coding genes
(Suppl. Tables 1 and 2).
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Domain analysis

The domain analysis of anther-specific proteins of
rice and Arabidopsis was performed using the
NCBI CDD database (https://www.ncbi.nlm.nih.
gov/  Structure/cdd/wrpsb.cgi), InterPro database
(https://www.ebi.ac.uk/interpro/), SMART, a web
tool  (http://smart.embl-heidelberg.de/) and Pfam
(http://pfam-legacy xfam.org/search/sequence) database.

Exon-Intron structural analysis

Gene Structure Display Server 2.0 (http://gsds.gao-
lab.org/) was employed to analyze exon-intron
structural features of anther-specific TFs belonging to
the bHLH, MYB, and MADS-box protein families.

Chromosome localization

For chromosome mapping of the anther-specific
genes belonging to bHLH, MYB, and MADS-
box families, Oryza base map tool (http://viewer.
shigen.info/ oryzavw/maptool/ MapTool.do) for rice
and TAIR map tool (https://www.arabidopsis.org/
jsp/ChromosomeMap/tool.jsp) for Arabidopsis was
used.

Phylogenetic analysis

CLUSTAL MUSCLE software was used with the
default settings to perform multiple sequence alignment
of anther-specific proteins of rice and Arabidopsis,
followed by the construction of a phylogenetic tree using
Molecular Evolutionary Genetics Analysis (MEGA)
(https://www.megasoftware.net) version 11 software.
Further, the Interactive Tree of Life (iTOL) research tool
was used for viewing and coloring the phylogenetic tree.

Promoter analysis for the presence of Cis-regulatory elements

New PLACE database (https://www.dna.affrc.go.jp/
PLACE/?action=newplace) was used for determining
the cis-regulatory motif sites present in upstream
regulatory regions (URRs) of anther-specific TF
coding genes. URRs were obtained from the 'Sequences'
section of TAIR for Arabidopsis, while for rice,
the URR sequences were downloaded from the
'Downloads' section of the Rice Genome Annotation
Project (RGAP).

Gene ontology

To identify enriched GO (Gene Ontology) terms
of genes coding for anther-specific TFs of
bHLH, MYB, and MADS-box class, ShinyGO 0.77
(http://bioinformatics.sdstate.edu/go/) graphical
tool was employed. The locus IDs from TAIR and
RGAP for Arabidopsis and rice were used,
respectively.
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Expression analysis

Expression analysis of anther-specific TFs in rice was
conducted across vegetative tissues (roots and leaves),
reproductive tissues including panicle (P1-P6), anther
[Pre-meiotic anther (PMA), Meiotic anther (MA), single
cell pollen containing anther (SCP), and trinucleate
pollen containing anther (TPA)], and different stages of
seed (S1-S5) development. Expression Heat Map
was built using Multiple Experiment Viewer (MeV)
(https://mybiosoftware.com/mev-4-6-2-multiple-
experiment-viewer.html) version 4.9.0 using raw
expression data downloaded from the NCBI Gene
Expression Omnibus (GEO) database (http://www.
ncbi.nlm.nih.gov/geo/) in the case of rice (GSE6893 and
GSE27726), and for Arabidopsis, the Expression Atlas
tool (https://www.ebi.ac.uk/ gxa/ experiments/E-MTAB-
7978/Results) was used. To further corroborate the gene
expression of rice and Arabidopsis anther-specific TFs
across various tissue types, the RNA-seq database
(https://plantrnadb.com/athrdb/) was examined and
expression data plots were constructed.

Physical and Chemical properties, Protein structure and
Protein-protein interaction

For understanding the physical and chemical
properties of anther-specific proteins of rice and
Arabidopsis, Prot Param Expasy tool (https://web.
expasy.org/protparam) was selected. Through this
tool, different parameters, namely length, molecular
weight, stability, instability, and pl (isoelectric point)
values, were retrieved. In addition to this, subcellular
localization of proteins was also documented using
ProtComp Version 9.0 (http://www.softberry.com/).
Furthermore, the structures of proteins were
generated using the amino acid sequences of rice
and Arabidopsis through the Phyre 2 tool
(www.sbg.bio.ic.ac.uk/phyre2), with the 'expert mode'
option selected for visualizing the results.

STRING (https://string-db.org/) version 11.5 was
used to perform protein-protein interaction analysis
for rice and Arabidopsis genes using their protein
sequences or locus IDs. This web-based tool was used
to visualize different interactions in the form of a
network'’. The maximum number of interactors was
set to 5 at a medium confidence level of 0.4.

Results

Domain architecture of anther-specific TFs belonging to

bHLH, MYB, and MADS-box families of rice and Arabidopsis
Protein sequences of 48 (20 of rice and 28 of

Arabidopsis) anther-specific TFs were analyzed for

the presence of conserved domains using the NCBI
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Fig. 1 — Domain analysis of anther-specific TFs in rice and Arabidopsis. (The purple box indicates the bHLH domain, the red box
signifies the MADS-box domain, the green box indicates the MYB domain, and the blue box represents the K-box domain and 6

orthologous gene pairs are denoted with red vertical lines)

CDD, SMART, InterPro, and Pfam databases. The
four types of domains that were identified in different
TFs are bHLH, MYB, MADS-box, and K-box.
Further, six orthologous gene pairs of rice and
Arabidopsis were also grouped together (Fig. 1). Two
orthologous pairs belonged to bHLH TF class
(OsTDR1 and AtAMS; OsEATI1 and AtbHLHO0S89,
AtbHLHO091, AtbHLHO010), three from MADS-
box TF family (OsMADS3 and AtAGAMOUS;
OsMADS63 and AtAGL104, AtAGL66; OsMADS68
and AtAGL65, AtAGL30), and one from MYB TF
group (OsGAMYB and AtMYB33, AtMYB65).
Additionally, 23 proteins (6 from rice and 17 of
Arabidopsis) showed the presence of two domains
specific to their respective classes. In rice, this
includes six MYB TFs: OsMYBI188, OsCSA,
OsCSA2, OsGAMYB, OsGAMYBL2, and OsTDF1.
In Arabidopsis, the proteins include one bHLH TF,
AtAMS and 16 MYB proteins (AtMYB4, AtMYB21,
AtMYB24, AtMYB26, AtMYB32, AtMYB33,
AtMYB35, AtMYB65, AtMYB81, AtMYB97,
AtMYB99, AtMYB101, AtMYB103, AtMYBI105,
AtMYB108, and AtMYB120). Interestingly, members

of the MADS-box group possessed an extra K-box
domain both in Arabidopsis (AtAGAMOUS) and

rice (OsMADS3, OsMADS4, OsMADS2, and
OsMADSSS).
Different gene attributes such as locus ID,

chromosome number, ORF length (bp), protein length
(aa), pl, molecular weight in Daltons, number of
exons/introns, alternatively spliced variants, putative
function, CDS coordinates, and the orthologs in
Arabidopsis, Sorghum, and maize were catalogued
using the RGAP database (Suppl. Tables 1-3).

Gene structure: Exon-Intron structure

The exon-intron organization and the presence of
untranslated region (UTR) of the anther-specific
genes encoding bHLH, MYB, and MADS-box TF
proteins were visualized through Gene Display Server
2.0 (Fig. 2). Gene structure analysis revealed that
genes belonging to the MADS-box TF family have
the maximum number of introns, with the intron
number varying from 6 to 10 in both rice and
Arabidopsis. This is followed by the bHLH TF family
with intron numbers ranging from 1 to 6 and 2 to 7 in
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Fig. 2 — Exon-intron organization of rice and Arabidopsis anther-specific bHLH, MYB and MADS-box TF coding genes. Exons are
represented by yellow rectangles, introns by grey lines, and untranslated regions (UTRs) by blue rectangles

rice and Arabidopsis, respectively. Proteins belonging
to the MYB TF class exhibited the least number of
introns i.e. 1 to 5 in rice and 1 to 2 in Arabidopsis.
Further, the 5" and 3’ UTRs showed significant
variations when compared in rice and Arabidopsis. In
Arabidopsis, 1 bHLH member (4tAMS) and 2 MYB
members (4tMYB26 and AtMYB35) have only 3’
UTR. Similarly, in rice, 1 bHLH (OsUDTI),
2 MADS-box (OsMADS62 and OsMADS68), and
2 MYB members (OsTDFI and OsGAMYBL?2)
exhibited only 3> UTR. In Arabidopsis, four bHLH
members (AthHLH089, AtbHLH091, AtbHLHO0I10,
and  AtICEI), four MADS-box  members

(4tAGAMOUS, AtAGL66, AtAGL94, and AtAGL104),
and eleven MYB members (AtMYB4, AtMYB2I,
AtMYB24, AtMYB32, AtMYB33, AtMYBG6S5, AtMYB97,
AtMYBY99, AtMYB103, AtMYBI105, and AtMYBI108)
were found to have both 5' and 3' UTRs. Similarly, in
rice, four bHLH (OsEATI, OsTDRI, OsbHLH35, and
OsbHLH142), five MADS-box (OsMADS2, OsMADSS3,
OsMADS4, OsMDAS58, and OsMADS63), and six
MYB members (OsAID1, OsCSA, OsCSA2, OsGAMYB,
OsMoF1, and OsMYBI188) exhibited both 5' and 3'
UTRs. Notably, in Arabidopsis, two MYB genes
(AtMYB101 and AtMYB120) and one MADS-box
gene (AtAGL30) showed only 5' UTR, while one
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bHLH (4¢DYTI), one MYB (AtMYB&I), and one
MADS-box member (4tAGL65) lacked both 5' and 3'
UTRs.

The largest proteins identified were OsGAMYB
(554 amino acids) in rice and AtAGL30 (666 amino
acids) in Arabidopsis, while the smallest were
OsMADS2 (210 amino acids) in rice and AtDYT1
(207 amino acids) in Arabidopsis (Suppl. Tables 1
and 2).

Further, WoLF PSORT software (https:/www.
genscript.com/wolf-psort.html) was employed to study
the localization of anther-specific TFs of rice and
Arabidopsis, and the majority of them were localized in
the nucleus (Suppl. Tables 1 and 2).

Chromosomal localization

To gain a better insight into rice genetics, an
integrated rice science database called Oryzabase
(https://shigen.nig.ac.jp/rice/oryzabase/about/oryzabas
e) was employed to determine the physical location of
genes coding for anther-specific TFs in rice. Twenty
such genes were mapped onto the 12 chromosomes of
the rice using the Oryzabase map tool, with
chromosome numbers mentioned at the top of each
chromosome (Fig. 3a). The results revealed an uneven
distribution pattern of these genes, with the majority
of the genes (6) positioned at chromosome 1, with
two genes belonging to each of the bHLH, MYB, and
MADS-box TF classes, respectively. This was
followed by chromosome 4 with two genes belonging
to the MYB class and one from bHLH class, while
chromosome 5 carried two members belonging to the
MADS-box family and one from the MYB class.

Additionally, chromosomes 3 and 6 each had two
genes, with chromosome 3 hosting two MYB genes
and chromosome 6 comprising one MYB gene and
one MADS-box gene. The majority of the rice
chromosomes (2, 7, 8, and 11) possessed only a single
gene belonging to the bHLH or MADS-box family.
On the other hand, chromosomes 9, 10, and 12 did not
show any genes coding for anther-specific TFs.
Further analysis also showed the accumulation of
certain genes on specific locations on specific
chromosomes; for instance, on chromosome 1, the
majority of the genes were positioned on the upper
arm, in contrast to chromosome number 4, where all
the genes were located at the lower arm. On
chromosome 5, two genes out of three were located
on the lower arm, and one was on the upper arm,
while chromosome 3 displayed an even distribution
pattern with one gene positioned on the upper arm and
one on the lower arm. On chromosome 6, both the
genes were located on upper arm.

TAIR chromosome map tool was utilized to
determine the chromosomal localization of 28
Arabidopsis anther-specific TF genes. Chromosome
1 had the maximum number of genes (7), with
1 member of bHLH, 4 of MADS-box, and 2 TFs
belonging to the MYB class, respectively. This was
followed by chromosome numbers 2 and 3, each
harboring 6 genes. Chromosome 2 had 3 members
from bHLH, 2 from MYB and 1 from MADS-box,
while chromosome 3 showed 1 member of the bHLH
class and the other 5 genes from the MYB
gene family. Furthermore, chromosomes 4 and
5 exhibited localization of 5 and 4 genes, respectively.
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Chromosome 4 reported 1 member from bHLH and
MADS-box and the rest 3 members belonging to the
MYB family, while chromosome 5 exclusively
contained MYB class genes. A closer examination of
the figure (Fig. 3b) reveals patterns of gene
accumulation, such as all genes on chromosome
3 being located on the upper arm, and those on
chromosome 4 being concentrated on the lower arm.
In chromosomes 1, 2 and 5, the majority of the genes
are positioned on the lower arm.

Evolutionary analysis of bHLH, MADS-box, and MYB TFs in
rice and Arabidopsis

For examining the evolutionary relationships between
rice and Arabidopsis anther-specific genes, a neighbor-
joining tree was constructed using MEGA 11 software.
The tree was built using protein sequences of rice and
Arabidopsis TFs listed in (Suppl. Tables 1 and 2). A total
of 48 anther-specific proteins (20 from rice and 28 from
Arabidopsis) were distributed among the 3 clades of the
tree, which were further divided into 10 subclades. Clade
3 exhibited the highest number of proteins (28), followed
by clade 2 with 11 proteins and lastly the smallest clade 1
with 9 proteins. Interestingly, subclade 3B1 consists
entirely of members from Arabidopsis, while subclade
3A includes only members from rice. However,
the other two subclades within clade 3B2 (3B2a
and 3B2b) contain members from both rice and
Arabidopsis. Additionally, subclade 2B contains only
rice members, whereas subclade 2A includes proteins
from both rice and Arabidopsis. Subclades 1A and 1B
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Fig. 4 — A combined phylogenetic tree showing the distribution of
48 anther-specific proteins of rice and Arabidopsis. The tree is divided
into three main clades, which are further subdivided into 10 subclades
(1A, 1B, 2A, 2B, 3A, 3B, 3B1, 3B2, 3B2a, and 3B2b)
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showed members from both rice and Arabidopsis
(Fig. 4).
Determination of Cis- regulatory elements (CREs)

The screening of cis-regulatory elements (CREs)
present in the promoter region, i.e., 1 kb upstream
regulatory region (URR) of rice and Arabidopsis
genes coding for anther-specific TFs, was performed
using the New PLACE Database. Among the other
elements, the CREs: S000245/POLLENILELATS52
elements possessing motif AGAAA, S000378/
GTGANTGI10/pollen with motif GTGA, and Q
(quantitative)-element with motif AGGTCA, known
for conferring anther specificity, were selected. The
details of the number of motif sites present in the
URR of anther-specific genes are documented in
(Suppl. Tables 4 and 5). In both rice and Arabidopsis,
the URR region of all the genes displayed the
presence of CREs POLLENILELATS2 and
GTGANTGI10. However, the Q (quantitative)-
element was found in the URR of 4 genes of rice, i.e.
OsEATI, OsMADS4, OsMoF1, and OsCSA2 and
5 genes of Arabidopsis i.e. AtbHLH089, AtMYB4,
AtMYB105, AtMYB120, and AtAGAMOUS.

In Arabidopsis, URR of AtMYBI101 gene displayed
the maximum number of AGAAA motif sites (15),
while for rice, OsbHLH142 URR showed the highest
number of AGAAA motif sites (10). Further, for the
GTGA motif, the URR of rice OsTDRI displayed
17 motif sites, and 4tDYT1 showed 12 motif sites.
Additionally, the URR of the OsTDF1 and OsMADS4
genes of rice showed the least (2) number of AGAAA
and GTGA motifs, respectively, and in Arabidopsis,
the URR of AtMYB35 and AtMYB97 genes displayed
the lowest number of AGAAA motifs (3), while
AtMYBG65 gene displayed only 1 GTGA motif.

Interestingly, the motif sites of the Q-element were
surprisingly fewer in number in both rice and
Arabidopsis URR. A total of only 4 and 5 anther-
specific genes possessed Q-element motif sites in rice
and Arabidopsis, respectively. Unlike Arabidopsis,
where URRs of all 5 genes (AthHLH089, AtMYB105,
AtMYB120, AtMYB4, and AtAGAMOUS) exhibited 1
motif site, the URRs of 3 rice genes (OsMoF1I,
OsEATI, and OsMADS4) reported 1 motif site, while
the 4th gene (OsCS42) displayed 3 Q-elements.

Gene ontology

ShinyGO 0.77 tool was employed to perform the
enrichment analysis of gene sets coding for anther-
specific TFs in rice and Arabidopsis. Locus IDs of the
genes were used to obtain the information regarding
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the magenta color indicates the values occupying the medium rank, and the red color represents the lowest ranked values. The respective
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the biological pathways. The top 19 and 20 GO terms
of rice and Arabidopsis genes, along with their fold
enrichment values, ranking from highest to lowest,
have been depicted in the figure (Fig. 5). The highest
and lowest ranks were concluded based on the FDR
values (log score). In rice, the highest rank was
observed for the MYB-like DNA-binding domain,
and the lowest was for the regulation of molecular
function, while in Arabidopsis, the highest-ranked
value belonged to stamen development, and lowest-
ranked was seen for regulation of transcription.

Expression profiling

Expression analysis of 20 rice anther-specific genes
(coding for bHLH, MYB, and MADS-box domain
containing TFs) in different vegetative (root and leaf),
reproductive [panicle (P1-P6), anther (PMA, MA,
SCP, and TPA)] and seed (S1-S5) developmental
stages was performed. A heat map displaying the gene
expression patterns was generated using MeV
(Multiple Experiment Viewer) software (Fig. 6). The

transcripts of most of the bHLH domain encoding TF
genes were observed in panicles and anthers. Among
them OsUDTI exhibited the highest expression in
PMA stage, while OsTDRI, OsEATI, OsbHLHI142
and OsbHLH35 showed maximum transcript
accumulation in different stages of panicle and anther
development.

Unlike the bHLH domain-containing TF family,
the MADS-box family members displayed differential
expression patterns in different tissues and stages
analyzed. The transcripts of OsMADS3 and OsMADS4
were detected in different stages of panicles, anthers
and seeds. Interestingly, OsMADS62, OsMADSG63,
and OsMADS68 showed TPA-specific expression,
while OsMADS58 showed low-level expression
across all the tissues analyzed.

The majority of the rice genes coding for MYB
domain-containing proteins showed peak expression
in reproductive tissues. These include OsMYB188 and
OsGAMYBL2 accumulating the maximum transcript
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Fig. 6 — Heat map illustrating the expression patterns of bHLH,
MYB, and MADS-box genes encoding anther-specific TFs in rice
across various vegetative and reproductive tissues at different
developmental stages. The color bar at the top of the figure indicates
the expression values, with green representing low expression levels,
black denoting moderate expression levels, and red illustrating high
expression levels. The different developmental stages are mentioned
at the top. (PMA- pre-meiotic anther, MA- meiotic anthers, SCP-
single-celled pollen, TPA- tri-nucleate pollen containing anther, P1-
P6 indicates stages of panicle, and S1 to S5 indicates stages of seed
development)

levels in SCP stage, while OsTDFI showed peak
expression in MA stage. OsCSA displayed high
expression in MA, along with PMA and SCP stages,
and lastly, OsMoF'] displayed maximum expression
during both PMA and MA stages.

It was further observed that OsMADS2 and
OsGAMYB exhibited high expression levels in all the
tissues, while OsMADS58 (MADS-box) and OsCSA42
of the MYB family exhibited low expression levels
across all the tissues examined. Interestingly, OsAID1
(Fig. 6) reported moderate amounts of expression in
all the tissues studied.

The expression profile of 28 Arabidopsis anther-
specific genes across different tissues namely carpel,
flower, flower pedicel, petal, pollen, sepal, and
stamens was generated using the Expression

1177
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Fig. 7 — Heat map displaying the expression levels of Arabidopsis
bHLH, MYB, and MADS-box domain encoding TF genes in
different reproductive tissues. The color bar at the top of the figure
represents expression values. In the figure, the light blue color refers
to low levels of expression, while a darker shade of blue signifies
medium levels, and the darkest shade of blue depicts the highest
expression levels. Different developmental stages in which the
expression of the genes is observed are mentioned at the top, while the
names of the genes are shown on the right side of the expression map

Atlas tool ((https://www.ebi.ac.uk/gxa/experiments/E-
MTAB-7978/Results) (Fig. 7). The bHLH domain-
encoding genes exhibited varied expression patterns
across the different tissues examined. AtDYTI was
expressed at low levels in petals, pollen, and stamens,
and it did not show expression in any other tissues. In
contrast, AtAMS displayed moderate expression
across all tissues. At/CE1 displayed higher expression
levels in all the tissues except pollen. Additionally,
AtbHLHO010 expression was found to be highest in
carpels, while AthHLH089 was highly expressed in
flower pedicels. Conversely, AtbHLH091 showed low
expression across all tissues, with no transcripts
detected in either flower pedicels or pollen.

In case of MADS-box group of proteins, AtAGL66
and AtAGL104 showed higher expression in all tissues
except the flower pedicel, while transcripts of
AtAGL65 and AtAGL30 were present in all tissues
with the highest expression levels in pollen.
AtAGAMOUS exhibited maximum expression in
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carpel, flower, and stamens; interestingly At4GL94
showed higher expression in all the tissues studied
except pollen and stamens.

Among all the three classes taken in this study,
expression profiling of MYB genes of Arabidopsis
displayed the maximum variations. This includes
expression of AtMYBI05 and AtMYB26, which
expressed maximally in the carpel and flowers;
AtMYB103 in the flower pedicel; AtMYB99
exclusively in flowers (at low levels); AtMYBSI
expressed solely in petals, sepals, and stamens at
minimal levels and transcripts of AtMYB35, were
detected at low levels in petals, sepals, stamens, and
carpels. The other members of the MYB family,
including AtMYB21, AtMYB24, AtMYB32, AtMYB33,
AtMYBY97, AtMYBI101, AtMYB10S8, and AtMYBI20
were expressed significantly in all the tissues under
study. Notably, transcripts of two MYB TF genes,
AtMYB4 and AtMYB65 were detected in all the tissues
except the pollen.

The anther-specific expression of some of the TF
proteins in rice and Arabidopsis was further analyzed
using the RNA-seq database. Expression levels were
examined across various tissues, including root, leaf,
seedlings, shoot, stem, meristem, flower, seed,
embryo, pollen, endosperm, panicle, female
reproductive tissue, male reproductive tissue, and
silique. As expected, transcripts for most of the TFs of
rice in our study were predominantly found in the
male reproductive tissue (green), panicle (blue) and
flower (pink) and for Arabidopsis the expression was
high in pollen (gray) and flower (Fig. 8a and 8b). In
rice, OsTDRI, OsbHLHI142, OsMYBI88, OsCSA2,
OsMADS63 and OsTDFI gene transcripts were
primarily observed in the male reproductive system,
while in Arabidopsis, the highest expression of
AtAMS, AtDYTI, AtMYB97, AtMYBI120, AtAGLG66,
and AtAGL104 was observed in the flower and pollen.
These findings are consistent with the heat-map
expression analysis described earlier and further
support the crucial role of these proteins in anther
development.

Protein-protein interactions

STRING database (https://string-db.org/) was
employed for determining the interacting partners of
different anther-specific proteins of rice and
Arabidopsis. The data obtained was divided into three
categories, i.e. curated, experimentally determined,
and data with the highest score (Suppl. Tables 6 and
7). Out of these three, experimentally determined data

INDIAN J. BIOCHEM. BIOPHYS., VOL. 63, OCTOBER 2026

was considered to be most reliable and is discussed in
detail. The functions of the interacting partners are
also documented in (Tables 6 and 7).

In bHLH domain-containing protein family,
OsEAT1 was shown to interact with UDT1 and
MYBS80 (both known to play a role in tapetum
development). OsUDT1 showed interaction with
EAT1 [involved in the regulation of tapetum
programmed cell death (PCD) and degradation during
male reproductive development]. OsTDR1 showed
interaction with QODSC3_ORYSJ, Q2RAZ2 ORYSJ
(alpha-L-arabinofuranosidase = C-terminus  family
protein), and AOAOPOW347. OsbHLH35 interacted
with CARMI (probable histone-arginine
methyltransferase), Osl 09745 (GH16 domain-
containing protein), and uncharacterized proteins like
Osl 16462, Osl 01315, and Osl_06757 (Suppl. Table
6 and Fig. 9a).

STRING analysis of MYB family members showed
the interaction of OsMYBI188 with EATI and
AOAOPOUZWO: Os01g0193900 proteins. OsAID1 with
Osl 26549 (uncharacterized protein), Osl 27361 (ATP-
dependent DNA helicase), Osl 35576 (3'-5' exonuclease
domain-containing  protein),  Osl 04575  (DNA
polymerase), and Osl 31334 (TCP domain-containing
protein). OsTDF1 and OsCSA2 proteins interacted with
Osl 00746  (SANT  domain-containing  protein),
Osl 12754 (DIRP domain-containing protein), and
Osl 12755 (uncharacterized protein). OsGAMYBL2
interacted with SANT domain-containing protein
(AOAOEOFHJ3), DIRP domain-containing protein
(AOAOEOGQX4), and Cyclin N-terminal domain-
containing proteins (AOAOEOGY 69 and AOAOEOJAP6).
OsMoF1  with  kinesin-like  protein  (KIN14I),
serine/threonine-protein  phosphatases (BSL1  and
Q8RZZ3 ORYSJ), tetramerisation domain-containing
protein  (Q53NWS5 ORYSJ), and AOAOPOVI1T6:
0Os01g0314700 protein. OsGAMYB interacted with
AO0AO0POUZWO: Os01g0193900 protein (Suppl. Table 6
and Fig. 9a).

Further, in MADS-box family members OsMADS3
showed interaction with MADS6, MADS7, MADSS8
and MADS29 proteins; OsMADS62 interacted with
protein Osl 36907 (MADS-box domain-containing
protein); OsMADS2, OsMADS4, OsMADS63, and
OsMADSG68 partnered with mitogen-activated protein
kinases; OsMADSS58 interacted with MADSI
(probable TF involved in the development of floral
organs), MADS6 and MADS7 (regulates flowering
time) and MADSS8 (regulates floral organ identity,
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distinguished by different colors

floral meristem determinacy and control of flowering
time) proteins'®. Interestingly, OsbHLH142 of the
bHLH family and OsCSA from the MYB group did not
show any experimentally derived interacting partners
in the STRING database (Suppl. Table 6 and Fig. 9a).
In the case of Arabidopsis, members of the bHLH
family AtbHLHO089, AtbHLHO091, AtbHLHO10, and
AtDYT1 (all involved in anther development)
interacted with each other. AtbHLHO089 and

AtbHLHO091 interacted with DYTI1. AtbHLHO10
interacted with bHLH90 and DYTI1. AtICE1
interacted with MUTE, SPCH, HOS1, FAMA, and
TIFY6A (their respective roles elaborated in Suppl.
Table 7). While TF AtAMS did not show any
experimentally determined interacting partner (Suppl.
Table 7 and Fig. 9b).

The STRING data analysis results for MYB family
members of Arabidopsis showed interaction of
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AtMYB24 with MYC4, MYC3, MYC2, TIFY5A, and
TIFY3A; AtMYB21 with MYC2, MYC3, MYC4,
TIFY3A, and TIFY5A; AtMYB108 with BOI and
NACO003; AtMYB105 with NAC098 (a transcriptional
activator); and AtMYB4 with TT8 (another
transcriptional activator) (Suppl. Table 7 and Fig. 9b).

Interestingly, a significant number of MYB class
members, including AtMYB26, AtMYB32, AtMYB33,
AtMYB35, AtMYB65, AtMYB81, AtMYB97,
AtMYB99, AtMYB101, AtMYB103, and AtMYB120,
did not show any experimentally determined interacting
partners (Suppl. Table 7 and Fig. 9b).

In the MADS-box domain-containing protein
family, AtAGL65 and AtAGL94 were seen interacting
with AGL104 (crucial for regulation of pollen
maturation at the late stages of pollen development and
pollen tube growth). Further, AtAGL66 showed
interaction with AGLS82 (required for maintenance of
the proper function of the central cell in pollen tube
attraction), and AtAGAMOUS displayed interaction
with SEP1, SEP2, and SEP3, all of which are required
for normal anther development'’. However, AtAGL30
did not show any experimentally determined
interacting partners (Suppl. Table 7 and Fig 9b.).
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Physical, chemical, and structural properties of proteins

The physical and chemical details of anther-
specific proteins belonging to bHLH, MADS-box and
MYB TF families were unfolded using the Prot Param
expasy tool and are documented in (Suppl. Tables 8
and 9). Interestingly, proteins from both rice and
Arabidopsis exhibited amino acid (a.a) lengths
ranging from 200 to 700 (Suppl. Tables 1 and 2). In
rice, the OsMADS2 gene was found to encode the
smallest protein with 210 a.a, while the OsGAMYB
protein was the largest with 554 a.a (Suppl. Table 1).
In Arabidopsis, it ranged between 207 a.a (AtDYTI)
and 666 a.a (4tAGL30) (Suppl. Table 2). Further, all
the proteins of rice were found unstable except
OsTDF1, with a stability index of 38.24 (Suppl.
Table 8). Likewise, in Arabidopsis, except for one
protein, AtAMS with a stability index of 38.78, all the

o~ A PV .
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; and (b) Arabidopsis predicted with a 100% confidence level

other proteins were found unstable with an instability
index of more than 40 (Suppl. Table 9).

The structural details of proteins were analysed
using the Phyre 2 tool. In this analysis, it was observed
that within the bHLH family, all the proteins were
structurally similar except OsTDRI1. In the MYB
family, OsGAMYB, OsGAMYBL2 and OsTDF1
proteins exhibited similar structures while the others
displayed distinct structural features. Similarly, among
the MADS-box proteins, OsMADS2, OsMADS4, and
OsMADSG62 shared structural similarity. OsMADS3,
OsMADSS8, and OsMADS68 formed another
structurally similar group. However, OsMADS63
displayed a unique structure (Fig. 10a).

Similarly, in Arabidopsis, the MYB proteins
exhibited the highest degree of structural variations.
AtMYB4 showed similarity to AtMYB32, while, the
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TFs AtMYB21, AtMYB24, AtMYB35, AtMYBS1,
AtMYB97, AtMYBI101, AtMYB103, AtMYBI10S,
and AtMYB120 displayed similar structures. In the
bHLH group, despite differences in the molecular
weights, the structures of AtDYTI, AtICEl,
AtbHLHO010, AtbHLHO89 and AtbHLH091 appeared
similar. In the MADS-box family, AtAGL30 showed
similarity to AtAGL65, while AtAGL94 and
AtAGAMOUS were structurally alike. However,
AtAGL66 and AtAGL104, did not show similarity to
any other protein (Fig. 10b).

On comparing rice and Arabidopsis, in the bHLH
family, OsEATI1, OsUDT1, OsbHLH35, OsbHLH142,
AtDYT1, AtICEl, AtbHLHO010, AtbHLHO089 and
AtbHLHO091 displayed similar structures. Similarly, in
the MYB family, OsGAMYB, OsGAMYBL?2, OsTDF1,
AtMYB21, AtMYB24, AtMYB35, AtMYBSI,
AtMYB97, AtMYB101, AtMYB103, AtMYB108 and
AtMYB120 showed structural similarity. Likewise in the
MADS-box family OsMADS?2, OsMADS4,
OsMADS62, AtAGL30 and AtAGL65 showed similar
structures, while OsMADS3, OsMADSS8, OsMADS68,

AtAGL94 and AtAGAMOUS formed another
structurally similar group.
Discussion

Anther development, is a highly intricate process
involving a regulatory network of various TFs that
operates in a spatial and temporal manner. The
previous scientific reports have categorized the process
of anther development in Arabidopsis into 14 and 15
s‘[ageszo’21 and in rice, this process is divided into 9, &,
and 14 stages™>*. The role of TFs is evident from the
early stages of anther development, known as the pre-
meiotic phase, to the tetrad/meiosis stage, and
culminating in the final anther dehiscence stage™ .

TFs serve as master regulators, participating in
numerous plant growth and developmental processes,
as well as stress responses. By utilizing anther-
specific TFs, male sterility can be engineered in crops
for hybrid seed production. Many studies have
covered the role of TFs in anther development and
their potential application in the generation of male
sterile lines’>. One such example is AtMYBS0, an
anther-specific TF that was employed to inhibit and
restore fertility in reversible male sterility system’.
This targeted breeding strategy can speed up the
development of improved crop varieties suited to
ever-changing environmental conditions.

Significant progress has recently been made in
identifying important candidate genes associated with
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anther development, largely due to the availability of
numerous male sterile mutants in the model plant
Arabidopsis. Additionally, anther development has
also been extensively studied in rice (a monocot
model system). However, research on the other
economically important crops, such as barley, wheat,
and maize, remains limited. Inducing male sterility in
these crops requires the identification of orthologous
genes involved in anther development. Since the
regulatory networks governing different phases of
anther development are conserved across species, this
knowledge can be leveraged to regulate fertility in
economically important crops like wheat and maize.
In this study, the TFs belonging to three major protein
families named bHLH, MYB, and MADS-box in rice
and Arabidopsis plants were documented. Despite the
larger genome size of rice, a greater number of
anther-specific TFs have been characterized in
Arabidopsis (20 in rice and 28 in Arabidopsis). This
could be due to the fact that more studies have
focused on Arabidopsis than on rice, opening up
potential opportunities for future research in the
rice crop. Anther-specific TF genes of rice and
Arabidopsis, along with their tissue of expression,
heterologous expression, overexpression, and mutant
phenotypes, have been documented in (Suppl.
Tables 10 and 11).

The chromosomal study showed distribution of
48 anther-specific genes across 12 chromosomes in
rice and 5 chromosomes in Arabidopsis. The
maximum number of genes was positioned at
chromosome number 1 in both rice and Arabidopsis.
While all of the 5 chromosomes of Arabidopsis
exhibited gene positioning, chromosome numbers 9,
10, and 12 of rice lacked the anther-specific TF genes.
In both rice and Arabidopsis, the maximum numbers
of anther-specific TFs (8 in rice and 16 in
Arabidopsis) belonged to the MYB TF family,
making this family the most diverse in both plants.
NCBI, SMART, InterPro, and Pfam domain search
analysis displayed the presence of bHLH,
MYCI1 like, MADS, K-box, MEF2-like SRF-type,
Myb, and SANT domains, which are found common
to both rice and Arabidopsis. This indicated the
conservation and functional significance of these
domains in both species. In Arabidopsis, an additional
PLNO03212 superfamily domain was also reported in
the MYB class. The presence of these domains
validated the classification of these proteins into their
respective families and also provided potential
usefulness in determining their functional details.
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Moreover, different features of rice and Arabidopsis
genes, including their ORF and protein length, spliced
variants, molecular weights, CDS coordinates, and
their location, were also documented in (Suppl.
Tables 1 and 2). The protein with the largest size was
reported to be OsGAMYB (554 a.a) of the MYB
class in rice and 4tAGL30 of the MADS-box family
(666 a.a) in Arabidopsis. Gene distribution analysis
revealed that anther-specific TFs in Arabidopsis and
rice are unevenly distributed across chromosomes.
Motif conservation is indicative of functional
conservation, as evidenced by their role in anther
development in both species, further supported by
expression and promoter analysis.

The analysis of gene structure provides insights
into evolutionary processes such as duplication events
and divergence™. Comparative gene structure analysis
helps in understanding both the evolutionary and
functional relationships. In the present study, anther-
specific TFs exhibited distinct exon-intron patterns
across different genes, despite all being anther-
specific. The wvariation may be attributed to
differences in exon and intron lengths. OsEATI of
rice and its orthologous counterparts in Arabidopsis,
AtbHLH089, AtbHLH091, and AtbHLH010, possessed
the same numbers of introns (2) and UTRs (presence
of both 5° and 3 UTR in all of these proteins).
Similarly, another orthologous pair, OsGAMYB of
rice and AtMYB65 of Arabidopsis, also possessed
2 introns each and displayed both 5'UTR and 3'UTR,
suggesting the possibility of functional similarities
among them. These similar intron numbers and the
presence of both 5 and 3 UTR suggest functional
conservation of gene function in both species over
the course of evolution. However, the remaining
4 orthologous gene pairs displayed differences in
terms of both UTRs and the number of introns, thus
implying diversification, functional differences, and
loss of introns during the course of evolution.

Subcellular localization studies (an important
characteristic for determining the function of
proteins)® predicted that the majority of the anther-
specific TF proteins are localized in the nucleus,
which supports their role as key regulators of the
transcriptional process. Phylogenetic analysis grouped
48 anther-specific genes into 3 clades and their
respective subclades, with clade 3 being the largest
with 28 proteins. Notably, subclades 1A, 1B, 2A,
3B2a, and 3B2b contained members from both rice
and Arabidopsis, indicating a significant degree of
relatedness between both these plants and implying
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conservation of genes
process.

The URR of a gene contains various CREs that are
specific to different proteins involved in the initiation
and regulation of transcription®®®. Cis-regulatory
elements play an important role in operating and
assisting the process of transcription as they possess
TF binding sites. Upstream regulatory regions of all
the anther-specific TF genes were analyzed for the
presence of three CREs, known for their role in the
regulation of anther-specific gene expression®.
These CREs include S000245/POLLENILELATS2,
possessing motif AGAAA; S000378/GTGANTG10/
pollen with motif GTGA; and Q (quantitative)-
element with motif AGGTCA. It has been found that
all of these elements are involved in processes related
to pollen development. For instance, Q-eclement
increases the pollen-specific expression of the
Zml3 promoter”’. Another report showed that the
GTGANTGI10 motif in the promoter of tobacco
g10 plays a significant role in regulating the pollen-
specific expression of the gene"'. POLLEN1LELAT52
was observed to drive pollen-specific induction of
tomato LAT52 gene®. The maximum number of motif
sites was identified in the URR of OsTDRI gene, a
bHLH protein family member in rice, while in
Arabidopsis, the AtMYBI0I gene URR (a MYB
family protein) exhibited the highest motif sites. This
highlights the involvement of these genes in anther
development in both rice and Arabidopsis as well as
their functional dominance, since the abundance of
CREs can be directly correlated with the intensity of a
gene’s expression level®.

Gene ontology enrichment analysis of 48 identified
TF genes demonstrated that the two biological
processes pertaining to the highest ranks in rice were
stamen development and androecium development.
The appearance of these terms at the top positions
shows that genes taken into consideration for this
particular study are upregulated and are crucial for
anther development, thus validating our search for
anther-specific genes. Interestingly, the top ranked
biological pathway in Arabidopsis was observed to be
MYB- like DNA-binding domain region, which aligns
with our study, as the MYB TF is the most diverse
among all the anther-specific genes identified.

Expression heat maps were generated using raw
expression data downloaded from NCBI GEO
datasets to examine the functional relevance of these
48 TFs in rice and Arabidopsis. As expected, the
highest expression levels were observed in

during the evolutionary
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reproductive tissues. In rice, the expression was
predominant across different stages of anther
development examined, while in Arabidopsis, TFs
were majorly expressed in other reproductive tissues
like flower pedicels and carpels. This data was
validated using RNA-seq data which also showed
highest transcript levels in flower and male
reproductive parts of rice and Arabidopsis. These
findings not only confirm their functional significance
in anther development process but also help to
identify the key tissues that can be targeted for
generating hybrid crop varieties.

One potential way of understanding the functions of
proteins is to gain an insight into their interacting
partners, for which the STRING database was
employed, and the interacting partners of both rice and
Arabidopsis anther-specific proteins were unveiled using
experimentally determined data. Rice anther-specific
TFs were found to interact with proteins that have a role
in anther specification, anther development, tapetum
development and its PCD, flowering, floral organ
formation, and floral organ identity determination,
which suggested that different pathways with different
proteins are required for anther development. For
example, OsEAT1 was found to interact with OsUDT1
and OsMYBS80 (both are known to play important roles
in tapetum development). OsMADSS58 interacted with
MADSI1, MADS6, MADS7, and MADSS (crucial for
stamen development) proteins'. It is also known that
anther development is sensitive to abiotic stress*.
Interestingly, some of the TF proteins (MADS-box
family) interacted with enzymes such as mitogen-
activated kinases, which are involved in conferring
stress tolerance. Arabidopsis TFs mainly interacted with
proteins having potential roles in pollen tube attraction,
stamen development, tapetum development, pollen
differentiation, post-meiotic pollen development and
maturation, and male sterility that supported the roles of
these proteins in anther development.

Understanding the molecular processes involved in
anther development is an effective approach in
regulating male reproduction in plants and has proven
beneficial for generating hybrid varieties. Hybrid
rice varieties generally produce higher yields
than conventionally produced rice varieties. The
present study facilitates the selection and use of
anther-specific TFs from different families (bHLH,
MADS-box, and MYB) as candidate genes for
various breeding and transgenic-based approaches
to develop improved varieties of rice and other
crop plants.

INDIAN J. BIOCHEM. BIOPHYS., VOL. 63, OCTOBER 2026

Conclusion

This study aimed to analyse TFs involved in anther
development and to gain deeper insights into their
regulatory mechanisms through a comparative
approach. A total of 48 anther-specific proteins
belonging to three major classes of TFs, bHLH,
MYB, and MADS-box were identified in rice and
Arabidopsis. Among these six orthologous TF pairs
were identified between these two crop plants
suggesting a conserved molecular framework for
anther development across monocots and dicots. Gene
ontology and expression profiling studies further
revealed that these proteins are primarily expressed in
the reproductive tissues mainly in stages critical for
male fertility. Additionally, protein-protein interaction
and upstream regulatory region analysis showed that
most anther-specific proteins in rice and Arabidopsis
interact with proteins involved in stamen and tapetum
development and form a tight regulatory network.
These findings provide important insights into the
regulatory network of TFs governing anther
development. Thus, unravelling the TFs and their
roles in anther development will help further in
understanding the mechanisms controlling male
sterility, which can be effectively employed in hybrid
seed production. Moreover, the identification and
genetic manipulation of candidate anther-specific
genes could contribute to the development of
improved rice varieties, providing an efficient and
sustainable solution to the global food crisis.
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