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Abstract 

Background  The bromodomain (BRD) proteins play a pivotal role in regulating gene expression by recognizing acet-
ylated lysine residues and acting as chromatin-associated post-translational modification-inducing proteins. Although 
BRD proteins have been extensively studied in mammals, they have also been characterized in plants like Arabidopsis 
thaliana and Oryza sativa, where they regulate stress-responsive genes related to drought, salinity, and cold. However, 
their roles in cotton species remain unexplored.

Results  In this genome-wide comparative analysis, 145 BRD genes were identified in the tetraploid species (Gos-
sypium hirsutum and G. barbadense), compared with 82 BRD genes in their diploid progenitors (G. arboreum and G. 
raimondii), indicating that polyploidization significantly influenced BRD gene evolution. Gene duplication analysis 
revealed 78.85% of duplications were segmental and 21.15% were tandem among 104 in-paralogous gene pairs, 
contributing to BRD gene expansion. Gene structure, motif, and domain analyses demonstrated that most genes were 
intron-less and conserved throughout evolution. Syntenic analysis revealed a greater number of orthologous gene 
pairs in the Dt sub-genome than in the At sub-genome. The abundance of regulatory, hormonal, and defense-related 
cis-regulatory elements in the promoter region suggests that BRD genes play a role in both biotic and abiotic stress 
responses. Protein-protein interaction analysis indicated that global transcription factor group E (GTE) transcription 
factors regulate BRD genes. Expression analysis revealed that BRD genes are predominantly involved in ovule develop-
ment, with some genes displaying specific expression patterns under heat, cold, and salt stress. Furthermore, qRT-PCR 
analysis demonstrated significant differential expression of BRD genes between the tolerant and sensitive genotype, 
underscoring their potential role in mediating drought and salinity stress responses.

Conclusions  This study provides valuable insights into the evolution of BRD genes across species and their roles 
in abiotic stress tolerance, highlighting their potential in breeding programs to develop drought and salinity tolerant 
cotton varieties.
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Introduction
Cotton, which belongs to the  genus Gossypium in the 
family Malvaceae, is the most important fiber crop grown 
in more than 50 countries. It comprises 52 known spe-
cies, including seven tetraploids (2n = 4x = 52) and 45 
diploids (2n = 2x = 26). Only four species have been 
domesticated for commercial production, with two dip-
loids (G. arboreum and G. herbaceum) and two allotetra-
ploids (G. hirsutum and G. barbadense) (He et al. 2020). 
G. hirsutum dominates cultivation, accounting for around 
90% of production, while G. barbadense accounts for 
approximately 8%, with the remaining 2% coming from 
other species, primarily grown in Pakistan, China, India, 
Iran, and Bangladesh (Shim et  al. 2018). Annual cotton 
production is 118.37 million tons, cultivated over an area 
of 33.19 million hectares (Sain et  al. 2023). The annual 
worth of raw cotton products is USD 1 000 billion, with a 
projected growth of 4% by 2030. Additionally, cotton pro-
vides livelihoods to 100 million households (Voora et al. 
2023). However, abiotic stresses such as drought, salinity, 
and temperature extremes can disrupt osmotic balance, 
damage membrane integrity, and impair photosynthesis, 
thereby elevating levels of reactive oxygen species (ROS) 
and drastically reducing productivity (Kamburova et  al. 
2022). Drought and salinity are the most significant fac-
tors causing yield losses up to 50%, and compromising 
fiber quality (Noreen et al. 2020). Therefore, it is crucial 
to study abiotic stress tolerance in cotton to minimize its 
stress-induced damage and yield loss.

Gene expression is highly complex, and its response to 
different stresses is regulated at multiple levels (De Nadal 
et al. 2011). Stress conditions trigger intricate transcrip-
tional reprogramming that generates adaptive responses 
to mitigate negative impacts (Golldack et al. 2011). Both 
genetic components (cis-elements, enhancers, silencers, 
and core promoters) and epigenetic components (his-
tone modifications, DNA methylation, and various RNA-
mediated processes) influence gene expression (Abiraami 
et al. 2023; Biłas et al. 2016; Gibney et al. 2010). Several 
cellular proteins, such as histones, are affected by post-
translational modifications (PTMs) like phosphorylation, 
acetylation, methylation, and ubiquitylation (Millán-
Zambrano et  al. 2022). Cellular epigenetic control is 
regulated by proteins that add, remove, and recognize 
acetyl groups on histones, thereby maintaining epigenetic 
marks. Lysine acetylation is controlled by acetyltrans-
ferases, which add acetyl groups, and deacetylases, which 
remove them, while bromodomains (BRD) recognize 
acetylated lysines on histones (Abiraami et al. 2023; Dan 
et al. 2023).

Drosophila melanogaster was the first organism in which 
bromodomain-containing genes were discovered. These 
genes have since been identified in many eukaryotes, 

including Arabidopsis thaliana and Oryza sativa (Abi-
raami et  al. 2023; Tamkun et  al. 1992). The distinctive 
protein structure of the approximately 110 amino acids 
BRD domain consists of four helices (Z, A, B, and C) con-
nected by two loops (ZA and BC) (Mujtaba et  al. 2007). 
These helices form a conserved hydrophobic pocket that 
recognizes acetylated lysine residues (Kac) in histones, 
using a conserved asparagine residue (Bardani et al. 2023). 
BRD-containing proteins regulate gene expression in sev-
eral ways. They can be part of chromatin-remodeling 
complexes that modulate the chromatin structure, stimu-
late histone PTMs such as activating histone acetyltrans-
ferases (HATs), or serve as scaffolds that facilitate the 
recognition of acetylated histones and the recruitment of 
transcriptional regulators. Additionally, they function as 
transcriptional co-regulators, acting as either activators or 
repressors. These findings underscore their significance in 
epigenetic regulation and transcriptional control (Bardani 
et al. 2023; Josling et al. 2012; Marmorstein et al. 2001).

In this study, we identified multiple BRD gene fam-
ily members in cotton species, including 40 genes from 
G. arboreum, 42 from G. raimondii, 66 from G. bar-
badense, and 79 from G. hirsutum. By employing diverse 
bioinformatics techniques, we clarified their replication 
mechanisms, reconstructed their phylogenetic relation-
ships, evaluated their structural arrangement, appraised 
protein-protein interactions (PPI), explored promoter 
binding elements, and analyzed their syntenic associa-
tions across evolutionary stages. These in-silico analyses 
provided comprehensive insights into their functional 
roles and evolutionary dynamics. To further understand 
their functional roles, we conducted expression profiling 
analyses using multiple RNA-seq datasets and qRT-PCR 
assays. These analyses evaluated responses to abiotic 
stressors (cold, heat, drought, and salt), examined tissue-
specific expression patterns, assessed potential involve-
ment in ovule development, and explored their roles in 
drought tolerance.

Material and methods
Database mining BRD gene members
Reference protein sequences of BRD gene family mem-
bers of A. thaliana and O. sativa were retrieved from 
the Arabidopsis Information Resource  (TAIR) ver-
sion Araport11 (https://​www.​arabi​dopsis.​org/). For rice 
sequences, Rice Genome Annotation Project (RGAP) 
release 7 (http://​rice.​uga.​edu/​cgi-​bin/​gbrow​se/​rice/) was 
used (Kawahara et al. 2013; Reiser et al. 2024).

BRD-containing gene/protein sequences from four 
Gossypium species, viz. G. arboreum, G. barbadense, 
G. hirsutum,and G. raimondii, peptide sequences, and 
general feature format (GFF) files were retrieved from 
the CottonGen database (https://​www.​cotto​ngen.​org/) 

https://www.arabidopsis.org/
http://rice.uga.edu/cgi-bin/gbrowse/rice/
https://www.cottongen.org/
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and the Phytozome database (https://​phyto​zome-​next.​
jgi.​doe.​gov/) (Goodstein et  al. 2012; Yu et  al. 2021). All 
BRD protein members were identified using TBtools-II 
v2.119 (https://​github.​com/​CJ-​Chen/​TBtoo​ls-​II) with the 
BLASTp algorithm (e-value < 1e−5) and default param-
eters (Chen et  al. 2023; Mahram et  al. 2015). Identified 
BRD protein sequences were then evaluated for the pres-
ence of complete functional domains using the Batch Web 
CD-Search Tool from the NCBI Conserved Domain Data-
base (https://​www.​ncbi.​nlm.​nih.​gov/​Struc​ture/​bwrpsb/​
bwrpsb.​cgi), and candidates with incomplete or irrelevant 
domains were eliminated (Wang et al. 2023). Furthermore, 
BRD protein sequences were confirmed through the Inter-
Pro-EMBL-EBI database  v101.0 (https://​www.​ebi.​ac.​uk/​
inter​pro/), ensuring the proper length and the presence of 
functional, and conserved domains (Paysan-Lafosse et al. 
2023).

Physicochemical properties estimation and chromosomal 
localization of BRD genes
Physicochemical properties, specifically isoelectric point 
(pI) and molecular weight (MW), of BRD proteins were 
estimated using the ExPASy Compute pI/Mw tool from 
the Swiss Institute of Bioinformatics (SIB) (https://​www.​
expasy.​org/​resou​rces/​compu​te-​pi-​mw) (Gasteiger et  al. 
2003). Subcellular localization of BRD proteins was pre-
dicted using the Bologna Unified Subcellular Component 
Annotator (BUSCA) tool (https://​busca.​bioco​mp.​unibo.​
it/) (Savojardo et  al. 2018). Information regarding chro-
mosome numbers, gene and strand positions, as well as 
gene and CDS lengths, was retrieved from GFF files. The 
graphical representation of BRD genes chromosomal dis-
tribution was generated using MG2C v2.1 (http://​mg2c.​
iask.​in/​mg2c_​v2.1/​index.​html) (Chao et al. 2021).

Multiple sequence alignment and phylogenetic analysis
All identified BRD proteins were aligned using the  web-
based multiple sequence alignment tool Clustal Omega 
v1.2.4 (https://​www.​ebi.​ac.​uk/​jdisp​atcher/​msa/​clust​alo) 
with the output Pearson/FASTA format at default param-
eters (Harrison et  al. 2024; Sievers et  al. 2014). Molecular 
Evolutionary Genetics Analysis (MEGA) v11.0.4 was used 
to study the phylogenetic relationships among the aligned 
BRD genes. A Neighbor-joining phylogenetic tree was con-
structed using the Jones-Taylor-Thornton (JTT) substitution 
model, suitable for amino acid sequences. The phylogenetic 
tree was assessed using a 1 000-bootstrap confidence inter-
val. Sequence variation rates and parameters were modeled 
using a Gamma distribution, with a shape parameter value 
of 5.00 (Jones et al. 1992; Saitou et al. 1987; Tamura et al. 
2021). The identified gaps and the missing data underwent a 
process of partial deletion with a site coverage threshold set 
at 95%. The visual depiction of the phylogenetic relationship 

tree was generated utilizing the online tool for phylogenetic 
tree annotation and visualization known as iTOL v6.9.1 
(https://​itol.​embl.​de/) (Letunic et al. 2024).

Gene structure, conserved domain, and motif analysis 
of BRD genes
Intron–exon distribution of BRD genes was predicted 
using the ‘Gene Structure View (Advanced)’ function in 
TBtools-II software and the conserved BRD family and 
superfamily domain presence in proteins was analyzed 
by conserved domain (CD)-NCBI web tool (Chen et  al. 
2023). To identify the novel conserved motifs present 
within the amino acid sequences, the MEME v5.5.6 soft-
ware (https://​meme-​suite.​org/​meme/​tools/​meme), part 
of the MEME suite, was employed. All parameters within 
MEME were kept at default settings, with the exception 
that the minimum number of motifs was increased to 
100, and the minimum motif width was increased to 12 
(Bailey et al. 2015; Bailey et al. 2006).

Multiple synteny and gene divergence analysis
Multiple synteny analyses were performed to study the 
evolutionary relationship of conserved gene groups of 
the  BRD gene family across cotton species (Zhao et  al. 
2017). To study the inter-chromosomal collinearity 
among the diploid and tetraploid cotton species, whole 
genome FASTA and annotated GFF files were analyzed 
using the One step MCScanX function in TBtools-
II, with a threshold e-value < 1e−10 (Wang et  al. 2012). 
A graphical illustration of synteny analysis was generated 
using the multiple synteny plot function in TBtools-II.

The evolution of gene families involves tandem and 
segmental duplications (Cannon et al. 2004). Gene pairs 
that are physically separated by less than 50 kb and are 
placed on the same chromosome are referred to as tan-
demly duplicated, whereas pairings that are positioned 
on different chromosomes are referred to as segmentally 
duplicated (Panchy et  al. 2016). Amino acid alterations 
resulting from the nucleotide substitutions are referred 
to as non-synonymous (Ka) substitutions, while syn-
onymous (Ks) substitutions do not result in amino acid 
modifications (Yang et al. 2000). The ratio of Ka to Ks can 
be used to indicate the type and degree of selection pres-
sure acting on coding sequences. The Ks value can also be 
used to determine the mode of selection and divergence 
time (Anisimova et al. 2001). Adaptive/positive selection 
is indicated by a value greater than one (Ka/Ks > 1), puri-
fying/negative selection is shown by a value less than one 
(Ka/Ks < 1), and neutral selection is indicated by a value 
equal to one (Ka/Ks = 1) (Doerks et al. 2002). Simple Ka/
Ks calculator software in TBtools-II was used to calculate 
the ratios using CDS and gene pairs as input.

https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
https://github.com/CJ-Chen/TBtools-II
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
https://www.expasy.org/resources/compute-pi-mw
https://www.expasy.org/resources/compute-pi-mw
https://busca.biocomp.unibo.it/
https://busca.biocomp.unibo.it/
http://mg2c.iask.in/mg2c_v2.1/index.html
http://mg2c.iask.in/mg2c_v2.1/index.html
https://www.ebi.ac.uk/jdispatcher/msa/clustalo
https://itol.embl.de/
https://meme-suite.org/meme/tools/meme
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Promoter and orthologous gene cluster analysis
In environmental circumstances, promoter regions con-
sist of cis-regulatory elements are crucial for regulating 
gene expression (Wittkopp et  al. 2012). The  2  000-bp 
upstream genomic region of BRD genes was analyzed 
in the  PlantCARE database (https://​bioin​forma​tics.​psb.​
ugent.​be/​webto​ols/​plant​care/​html/) to curate and ana-
lyze the cis-regulatory elements (Lescot et  al. 2002). 
Moreover, a comparative analysis of orthologous clus-
ters was conducted utilizing the web-based OrthoV-
enn3 (https://​ortho​venn3.​bioin​fotoo​lkits.​net/​start/​db) 
tool (Sun et  al. 2023). The default e-value of 1e−2 was 
employed as a parameter for significance threshold, 
in conjunction with the Inflation value of 1.5 as deter-
mined by the Markov Cluster (MCL)  algorithm process 
(Emmons et  al. 2016). The representations of shared 
orthologous clusters were generated in accordance with 
John Venn’s methodology for the mechanical representa-
tion of propositions (MacColl 1880).

Protein–protein interaction and secondary structure 
analysis
Protein’s secondary structure predicts the tertiary and 
quaternary 3D structure to understand their function, 
dynamic nature, and biological processes. Alpha helices, 
beta sheets (strands), transmembrane, and disordered 
structures are the basic components of protein second-
ary structure (Aydin et  al. 2006). All curated protein 
sequences of BRD genes of cotton species were input 
on the web-based server STRING database of protein–
protein interaction networks (https://​string-​db.​org/) 
to interpret the functions based on interacting proteins 
(Szklarczyk et  al. 2021). The peptide sequences were 
submitted to the Phyre2 (http://​www.​sbg.​bio.​ic.​ac.​uk/​
phyre2/​html/​page.​cgi?​id=​index) computational platform, 
and the secondary structural elements were anticipated 
through homology modeling (Kelley et al. 2015).

Global transcriptome profiling of BRD genes
To study the expression profiling of BRD genes in dif-
ferent tissues under normal and stressful conditions, 
RNA-seq data  were fetched from the  ENA-EBI data-
base (https://​www.​ebi.​ac.​uk/​ena/​brows​er/​home) (Yuan 
et  al. 2024). NCBI-Bioproject (PRJNA594268 and 
PRJNA490626) were used to retrieve the tissue specific 
expression data of G. arboreum cultivar Shixiya1 (A2), G. 
hirsutum TM-1, and G. barbadense Hai7124, respectively 
(Hu et al. 2019; Huang et al. 2020). The RNA-seq data for 
the G. raimondii tissue expression were retrieved from 
the NCBI-Bioproject (PRJNA179447, PRJNA171342, 
PRJNA1128012, PRJNA12541, and PRJNA601953). Raw 
RNA-seq data were analyzed through the  online web-
based server Galaxy v24.1.2.dev0 (https://​usega​laxy.​org/) 

(Chappell et al. 2022). Then transcript was quantified into 
transcript per million (TPM) values done with Sailfish 
v0.10.1.1 on Galaxy (https://​usega​laxy.​org/?​tool_​id=​tools​
hed.​g2.​bx.​psu.​edu%​2Frep​os%​2Fbgr​uening%​2Fsai​lfish%​
2Fsai​lfish%​2F0.​10.1.​1&​versi​on=​latest) (Rao et al. 2012).

qRT‑PCR expression analysis of GhBRD genes 
under drought and salinity stress
To assess the impact of drought stress on gene expression, 
qRT-PCR was performed on 13 curated genes in six cot-
ton cultivars, viz. K119 (Yan 64-1), K194 (Ganzao 032), 
and K279 (n74-250) (drought-sensitive) and K254 (Jifeng 
908), K331 (Ari1327), and K354 (Zhong 1441) (drought-
resistant). The analysis was conducted at control 1 (0 
day), control 2 (4 days), control 3 (8 days), drought 1 (0 
day), drought 2 (4 days), and drought 3 (8 days) time 
points. To study the response to salt stress, two genotypes 
viz. Z9807 (salt-tolerant) and ZJ0102 (salt-sensitive) were 
selected. Seedlings were exposed to the salt concentra-
tion of 0.4% (4 g NaCl  :  1000 g Sands) at time periods 
of 3  h, 12 h, 24 h, and 48 h. True leaves were collected 
from seedlings to isolate RNA and perform qRT-PCR 
expression analysis. cDNA was synthesized using the 
First-strand cDNA Synthesis Kit (Novoprotein, Shanghai, 
China), following the manufacturer’s protocol. Gene-spe-
cific primers were designed using Primer-BLAST, and the 
housekeeping gene GhHistone was used for normaliza-
tion. The qRT-PCR reactions were performed on a Light-
Cycler 480 (Roche, Mannheim, Germany) using SYBR 
Green qPCR SuperMix Plus (Novoprotein, Shanghai, 
China). Three biological replicates were analyzed for each 
sample, with each biological replicate having three tech-
nical replicates. Gene expression levels were calculated 
using the 2−ΔΔCt method to determine relative expression 
values (Schmittgen et al. 2008). This approach enabled a 
comparison of gene expressions between the control and 
drought-stressed cotton varieties at each time point.

Results
Identification of BRD genes in cotton species
Initially, a total of 302, 282, 523, and 553 genes were 
extracted from G. arboreum, G. raimondii, G. bar-
badense, and G. hirsutum, respectively, using BRD gene 
query sequences from A. thaliana and O. sativa. After 
excluding genes without a  complete bromodomain, 227 
redundant BRD genes with functional domains were 
finalized, comprising 40 from G. arboreum, 42 from G. 
raimondii, 66 from G. barbadense, and 79 from G. hir-
sutum  (Supplementary Table  S1). Retrieved genes were 
renamed, i.e., GaBRD-01 to GaBRD-40, GrBRD-01 to 
GrBRD-42, GbBRD-01 to GbBRD-66, and GhBRD-01 
to GhBRD-79. A  higher number of BRD genes in tetra-
ploid species resulted from the event of whole genome 

https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://orthovenn3.bioinfotoolkits.net/start/db
https://string-db.org/
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
https://www.ebi.ac.uk/ena/browser/home
https://usegalaxy.org/
https://usegalaxy.org/?tool_id=toolshed.g2.bx.psu.edu%2Frepos%2Fbgruening%2Fsailfish%2Fsailfish%2F0.10.1.1&version=latest
https://usegalaxy.org/?tool_id=toolshed.g2.bx.psu.edu%2Frepos%2Fbgruening%2Fsailfish%2Fsailfish%2F0.10.1.1&version=latest
https://usegalaxy.org/?tool_id=toolshed.g2.bx.psu.edu%2Frepos%2Fbgruening%2Fsailfish%2Fsailfish%2F0.10.1.1&version=latest
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duplication, which allows duplicated genes to adopt new 
functions.

Physicochemical properties and subcellular localization
The lengths of BRD gene members varied significantly 
among Gossypium species. In G. arboreum, the gene 
lengths ranged from 956 bp to 17.79 kb (with an average 
of 5.43 kb), and the protein lengths ranged from 295 to 
2 311 amino acids (aa) with an average of 857.02 aa. Sim-
ilarly, the lengths of genes in G. raimondii ranged from 
1.43 kb to 18.72 kb (average 6.57 kb), whereas protein 
length ranged from 367 to 2 259 aa (average 877.36 aa). 
The range lengths of genes among G. barbadense ranged 
from 1.30 kb to 21.87 kb (average 5.68 kb), while protein 
lengths ranged from 246 to 2 677 aa (average 779.76 aa). 
G. hirsutum gene lengths were between 413 bp and 18.67 
kb (average 5.84 kb) with protein lengths ranging from 
137 to 2 250 aa (average 805.19 aa).

The pI of BRD proteins ranged from 5.07 to 9.89 in G. 
arboreum, 4.98 to 9.79 in G. raimondii, 4.86 to 9.97 in 
G. barbadense, and 5.02 to 9.91 in G. hirsutum. In terms 
of MW, G. arboreum ranged from 32.88 to 256.84 kDa, 
G. raimondii from 41.22 to 253.19 kDa, G. barbadense 

from 28.65 to 300.93 kDa, and G. hirsutum from 15.56 to 
252.16 kDa. Subcellular localization predictions showed 
that 87.2% of BRD proteins were nuclear, 6.2% were local-
ized in chloroplasts, and 3.9% in the endomembrane 
system. A few proteins, such as GbBRD-12, GbBRD-
21, GbBRD-44, and GhBRD-33, were predicted in the 
plasma membrane, whereas GbBRD-19 and GbBRD-51 
were predicted to be localized in the extracellular space 
(Supplementary Table S2).

Chromosomal distribution of BRD genes
The 13 chromosomes of G. arboreum encased BRD 
genes ranging from GaBRD-01 on Chr1 to GaBRD-40 
on Chr13. Both Chr5 and Chr9 exhibited the maxi-
mum distribution of  BRD genes, 7 genes located on 
each chromosome, while Chr13 contained solely the 
single GaBRD-40 gene (Fig.  1a). G. raimondii, likewise, 
comprised 13 chromosomes and all delineated GrBRD 
genes were allocated across chromosomes. Chr9 hous-
ing the highest number, with 7 BRD genes, while Chr3 
and Chr10 each with a single gene (Fig. 1b). Similarly, the 
tetraploid cotton species, G. barbadense alongside G. hir-
sutum, were sorted into A and D genomes which include 

Fig. 1  BRD genes mapping and distribution on chromosomes. a Gossypium arboreum, (b) G. raimondii, (c) G. barbadense, and (d) G. hirsutum. Gray 
bars represent the chromosomes, and black lines link the gene location based on mapped scale
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26 chromosomes identified as A01 to A13 and D01 to 
D13. In G. barbadense, D05 chromosome accommodated 
the highest number of BRD genes, while A04, A13, D03, 
D06, and D08 chromosomes contained only a single BRD 
gene. Chromosomes A03, A06, A08, and D08 lacked any 
gene presence. GbBRD-59 to GbBRD-66 represented 
the unannotated scaffolds, not aligned with any specific 
chromosome (Fig.  1c). G. hirsutum similarly encases 26 
chromosomes within its tetraploid genomes, with D09 
chromosome being the smallest and containing 5 BRD 
genes, whereas A06 is the largest chromosome devoid of 
any genes. A05 chromosomes accommodate a maximum 
of 11 GhBRD genes, while A03, A13, D03, and D06 chro-
mosomes contain only a single gene. A06, A08, and D08 
chromosomes exhibited a deficiency of genes. GhBRD-79 
is the single G. hirsutum unannotated gene that classifies 
as a scaffold not aligned with any chromosome (Fig. 1d).

Phylogenetic classification of BRD genes in cotton
 Two phylogenetic trees were constructed to investi-
gate the evolutionary relationships among BRD fam-
ily members in various cotton species, A. thaliana, and 
O. sativa (Fig.  2a, b). A total of 277 BRD proteins, 40 
from G. arboreum, 42 from G. raimondii, 66 from G. 
barbadense, 79 from G. hirsutum, 28 from A. thaliana, 
and 22 from O. sativa were used to build an unrooted 
phylogenetic tree. Based on the resulting phylogenetic 
clades  for 277 BRD proteins, they were categorized into 
seven distinct classes. CLASS-VI represented the largest 

group, containing 122 genes, followed by CLASS-V with 
49 genes, CLASS-VII with 34 genes, CLASS-IV with 33 
genes, CLASS-III with 17 genes, CLASS-I with 14 genes, 
and CLASS-II with the fewest genes (only 8). Diploid cot-
ton species G. arboreum and G. raimondii exhibited an 
equal distribution of BRD genes in CLASS-I, CLASS-II, 
and CLASS-VII. However, G. arboreum lost three genes, 
one each from CLASS-III, CLASS-IV, and CLASS-VI, 
while G. raimondii lost one gene from CLASS-V. Among 
tetraploid cotton species, G. barbadense and G. hirsu-
tum shared an equal number of BRD genes only within 
CLASS-II. G. barbadense lost a total of 14 genes: three 
from CLASS-I, one each from CLASS-IV and CLASS-V, 
seven from CLASS-VI, and two from CLASS-VII. G. bar-
badense also gained one gene ingroup-III. In contrast, G. 
hirsutum lost only one gene from CLASS-III. Notably, a 
significant difference in gene loss between the tetraploid 
cotton species was observed, with G. barbadense losing 
ten genes in CLASS-VI alone (Fig. 2b).

Intron–exon and motifs distribution of BRD genes
Most of the BRD protein sequences in G. arboreum had 
conserved motifs 1 and 2 types (Fig.  3a). GaBRD genes 
had CDS between two and twenty-four but no untrans-
lated regions (UTR). The  highest number of coding 
regions was found in GaBRD-21, whereas longer cod-
ing sections were divided into several segments found in 
GaBRD-10, GaBRD-11, and GaBRD-12. Similarly, most 
of the BRD genes in G. raimondii also had types 1 and 

Fig. 2  Phylogenetic classification of BRD proteins. a Gossypium spp. with 227 BRD proteins identified (b) Gossypium spp. along with Arabidopsis 
thaliana and Oryza sativa with 227 BRD proteins identified. Phylogenetic classes are indicated by color scheme and gray circles represent 
the strength of bootstrap
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2 (Fig. 3b). GrBRD-02 had up to 11 motifs, but GrBRD-
14 only had one. Each of the six GrBRD genes had two 
motifs. The coding and non-coding sections of GrBRD 
genes differ. GrBRD-17 was the only gene lacking a UTR, 
and GrBRD-12 had a single intron at the 3’  end. Out 
of the 42 BRD genes that had been found, 24 had both 
5’  and 3’  UTRs (Fig.  3b). BRD genes mostly maintained 
motifs types 1 and 2 in G. barbadense. The presence and 
structure of motifs determine the classification of BRD 
genes. There were twelve motifs in GbBRD-44, com-
pared with one motif each in GbBRD-11, GbBRD-40, 
and GbBRD-66. Thirteen genes had two motifs, but the 
majority of BRD genes had four (two distinct and two 
conserved). The distributed coding sections and lack of 
UTRs found in G. arboreum genes were similar to the 
gene structure of G. barbadense BRD genes. There was 
just one CDS region in GbBRD-58 (Fig.  3c). Following 
a similar trend, most of BRD genes in G. hirsutum also 
exhibited both motifs 1 and 2. Three categories were 
formed via phylogenetic analysis based on relative clade 
density of branches. Thirteen GhBRD genes subsequently 
exhibited multiple motifs. There were two motifs in each 
of GhBRD-66, GhBRD-31, and GhBRD-69 (Fig. 3d).

Gene duplication analysis of BRD genes
A total of 104 BRD in-paralogous gene pairs were iden-
tified to be duplicated, either segmental or tandem. G. 
hirsutum had a maximum of 51 paralogous gene pairs 
(45 segmentally duplicated and 6 tandemly duplicated), 
followed by G. barbadense, which consisted of 32 pairs 
(26 segmentally duplicated and 6 tandemly duplicated), 
11 paralogous BRD pairs had existed in G. raimondii (6 
segmentally duplicated and 5 tandemly duplicated), and 
G. arboreum had 10 pairs with an equal distribution of 
segmental and tandemly duplicated (Supplementary 
Table  S3). Moreover, among duplicated gene pairs, cal-
culations were made for nucleotide substitutions (Ka 
and Ks), duplication time, and selection type. All dupli-
cated pairings had a Ka/Ks ratio of less than 1, indicat-
ing that purifying selection was used to preserve these 
pairs’  functional relationships. Duplication time of seg-
mentally duplicated pairs ranged from 0.61 million years 
ago (MYA) to 48.76 MYA, and for tandemly duplicated 
pairs, duplication time ranged from 0.83 MYA to 11.21 
MYA (Supplementary Table S3).

Fig. 3  Intron–exon structure, and motifs of BRD genes of Gossypium spp. a G. arboreum (b) G. raimondii, (c) G. barbadense, and (d) G. hirsutum. Green 
and yellow color shows the CDS and UTRs while motifs show with distinct colors
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Syntenic relationship of BRD genes in diploid 
and tetraploid cotton
G. barbadense and G. arboreum shared 75 orthologous 
gene pairs, including 30 and 45 gene pairs in At and Dt 
sub-genomes. A total of 96 orthologous gene pairs were 
identified between G. arboreum and G. hirsutum, includ-
ing 48 in At and 48 in Dt sub-genomes (Fig. 4a). Similarly, 
82 orthologous gene pairs were identified from G. bar-
badense and G. raimondii, including 31 in At sub-genome 
and 51 in Dt sub-genome. Meanwhile, 101 orthologous 
gene pairs were identified from G. raimondii and G. hir-
sutum, including 42 gene pairs in At and 59 gene pairs 
in Dt sub-genomes (Fig.  4b). Sub-genome Dt contained 
a high ratio of orthologous gene pairs as compared with 
the  At sub-genome. Furthermore, chromosomes Chr05, 
Chr07, and Chr09 of G. arboreum had a  maximum 
number of orthologous with G. barbadense and G. hir-
sutum tetraploid cotton, whereas G. raimondii chromo-
somes Chr01, Chr06, Chr09, and Chr12 contained more 
orthologous BRD gene pairs with G. barbadense and 
G. hirsutum tetraploid species of cotton. Furthermore, 
translocation events of BRD genes were observed more 
at the  intrachromosomal level through the  evolutionary 
process of polyploidization.

Abundance of cis‑regulatory elements in promoters of BRD 
genes
The 2 000 bp from the upstream transcriptional region 
were used to analyze the cis-regulatory elements. Iden-
tified elements were categorized into core promoter 
elements, including the CCAAT-box, TATA-box, and 
MYB transcription factor binding sites. Stress-respon-
sive elements included ABRE (ascorbic acid response), 
TGACG-motif and CGTCA-motif (jasmonate 
response), TCA-element (salicylic acid response), 
W-box (defense and stress response), Msn2/Msn4 (gen-
eral stress response), and LTR-element (low-temper-
ature response). Moreover, hormone-responsive and 
developmental regulatory elements (G-box, GT-1 fac-
tors, GATA-motif, ethylene responsive element (ERE), 
GA-motif, as-1, metal responsive element (MRE), anti-
oxidant responsive element (ARE)) and miscellaneous 
elements (Box  4, I-box, GARE-motif ) were identified 
(Supplementary Table 4).

The heatmap analysis indicated that in G. arboreum 
BRD genes, particular cis-regulatory elements such as 
the G-box, MYB, ERE, and MYC display pronounced 
enrichment within the associated genes, thereby under-
scoring their vital role in the regulation of gene expres-
sion (Supplementary Fig. 1). In the case of G. raimondii, 

Fig. 4  Inter-chromosomal collinearity and multiple syntenic relationships among At and Dt genomes. a G. barbadense, G. arboreum, and G. hirsutum 
(b) G. barbadense, G. raimondii, and G. hirsutum. Chromosomes of Gossypium spp. are shown with distinct colors. Gray lines indicate the collinearity 
pairing, while black lines show the orthologous gene pairs’ position on chromosomes
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elements including MYB, G-box, ABRE, Box  4, and 
MYC were correlated with elevated gene enrichment, 
thereby implying their regulatory importance  (Supple-
mentary Fig. 2). Within G. barbadense, cis-elements like 
ABRE, G-box, MYB, MYC, Box 4 were prominent (Sup-
plementary Fig. 3). For G. hirsutum, ERE, G-box, MYB, 
MYC, and Box4 cis-regulatory elements were present in 
abundance (Supplementary Fig. 4).

Protein–protein interaction network of BRD proteins
 In cotton species, BRD proteins demonstrate notable 
protein-protein interactions that are associated with 
transcriptional regulation and epigenetic modifications. 
Within G. arboreum, GaBRD-32 occupied a pivotal 
role, acting as a transcription initiation factor belong-
ing to the TAF1 family, and was engaged in interac-
tions with proteins such as GaBRD-26, GaBRD-35, and 
GaBRD-21, which function as histone acetyl transferases. 
Furthermore, GaBRD proteins (for instance, GaBRD-
29, GaBRD-12, GaBRD-40, and GaBRD-32) also serve 
as transcription initiation subunits within the global 

transcription factor group E  (GTE) family (Fig. 5a). The 
species G. raimondii exhibited analogous interaction 
patterns, with GrBRD-34 being central to protein inter-
actions, while GrBRD-21, GrBRD-35, and GrBRD-28 
were implicated in DNA binding within the context of 
bromodomain 4. Additionally, histone acetyltransferases 
and transcription factors, inclusive of GTE members, 
were likewise engaged in these processes (Fig. 5b). In G. 
barbadense, critical interactions involve transcription 
initiation factors (such as GbBRD-11 and GbBRD-51) 
alongside ATPase-like proteins (Fig.  5c). Proteins in G. 
hirsutum interacted in a comparable manner, with spe-
cific proteins, including GhBRD-66 and GhBRD-67, ful-
filling the role in transcriptional regulation as epigenetic 
markers (Fig. 5d).

Secondary structure of BRD proteins
Alpha-helix structure was dominant in all BRD proteins 
with an average of 24.41%. GbBRD-08 was observed to 
have an alpha-helix structural integrity of 49.00%. Beta 
strand ranged from 1.00% to 21.00% with an average of 

Fig. 5  Protein-protein interaction network predicting BRD proteins within each other and with other proteins. Strings indicate the interaction 
network, and the intensity of interaction is represented by the string width
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2.07%. GbBRD-11 and GhBRD-59 were the proteins 
containing  the highest beta-strand structure of 21.00%. 
Transmembrane structure was present in very low per-
centage, proteins GaBRD-07, GaBRD-18, GrBRD-10, 
GrBRD-28, GbBRD-19, GbBRD-40, GbBRD-44, GbBRD-
51, GhBRD-15, GhBRD-55 only contained transmem-
brane structure, ranged from 1.00% to GaBRD-32 had 
highest of 3.00%. Disordered elements were relatively 
higher, about the average of 68.76% (Supplementary 
Fig. 5).

Orthologous cluster analysis of BRD genes among cotton 
species
Orthologous gene cluster analysis of four cotton spe-
cies resulted in a total of 32 clusters containing all the 
members of BRD genes in G.  arboreum, G.  raimondii, 
G.  barbadense, and G.  hirsutum. Three unique clusters 
are also there, having only G.  hirsutum, G.  barbadense, 
and G.  raimondii orthologous gene pairs of three spe-
cies. Interestingly, there is one unique cluster that shares 
the common ortholog among G. arboreum, G. hirsutum, 
and G.  raimondii. The bar-chart below shows the num-
ber of gene pairs in the cluster analysis, as G. raimondii 
and G. hirsutum have 32 clusters in common, followed 
by G. arboreum and G. barbadense, which have cluster 
counts of 29 and 31, respectively. Out of 227 genes, 17 
singleton genes have 7.49% of total orthologous genes, 
in which G. barbadense has a maximum of 11 singleton 
followed by G. hirsutum with 4 and G. arboreum with 2 
singleton genes in total. G. raimondii is the only cotton 
species that has no singleton gene pair. The BRD genes 
overall orthologs analysis has sorted out the sporadically 
observed evolutionary conservation links, functional 
conclusions, phylogenetic characteristics, and compara-
tive genomics data (Fig. 6).

Expression analysis of BRD genes in different tissues 
under normal conditions
Transcriptomic data have been reanalyzed to study the 
expression pattern of BRD genes in organ development 
and various tissues under optimal conditions of cotton 
species. In G. arboreum, two BRD genes (GaBRD-01 and 
GaBRD-40) were highly expressed while in ovule and 
fiber development at 15 days post anthesis (DPA), while 
GaBRD-37, GaBRD-18, and GaBRD-07 genes showed 
mild expression in ovule at 15 DPA stage. The clustered 
genes (GaBRD-25, GaBRD-14, GaBRD-33, GaBRD-01, 
and GaBRD-40) showed continuous expression in root, 
stem, flower, ovule, and fiber tissues at a range of devel-
opmental stages except in the leaf tissue. The significant 
expression of all BRD genes in G. arboreum has resulted 
in their key role in ovule development (Fig.  7a). In the 

case of G. raimondii, GrBRD-41 gene is highly expressed, 
while GrBRD-16 and GrBRD-11 showed mild expression 
in ovule at 0 DPA stage. GrBRD-11 and GrBRD-16 genes 
were highly expressed in flower tissue. GrBRD-04 and 
GrBRD-41 showed expression patterns in various tissues, 
flower, leaf, ovule, seed, and fiber development. Heatmap 
expression of genes indicated their role in ovule forma-
tion (Fig. 7b).

The analysis of tissue-specific expression of G. bar-
badense resulted in the findings that the GbBRD-07 gene 
showed high expression level in the ovule at 0 DPA stage 
and gradually decreased at 3 DPA, 5 DPA, 15 DPA, and 25 
DPA, respectively. Genes in cluster GbBRD-66, GbBRD-
01, GbBRD-26, GbBRD-25, GbBRD-57 showed expression 
in root, stem, petal, torus, sepal, bract, anther, pistil, and 
ovule formation from stage 0 DPA to 25 DPA, whereas, 
leaf had a very low expression  level. Other gene clusters 
GbBRD-39, GbBRD-37, GbBRD-38, GbBRD-04, GbBRD-
53, GbBRD-42, GbBRD-64 showed higher  expression 
levels  in ovule formation stages 0 DPA to 20 DPA while 
low expression levels at 25 DPA stage. Among those four 
genes, GbBRD-01 and GbBRD-26 showed higher expres-
sion levels  in fiber development (Fig.  7c). In the case of 
G. hirsutum, gene clusters GhBRD-01, GhBRD-38, and 
GhBRD-39, GhBRD-77 showed high expression  levels 
in torus, stem, sepal, root, petal, flower, anther, filament, 
and ovule formation expect in leaf which had a mild 
expression level. GhBRD-78 and GhBRD-40 showed high 
expression levels  in the  flower (Fig.  7d). RNA-seq-based 
tissue specific expression profiling revealed the main 
role of BRD genes in reproductive stages (ovule, fiber, 
and seed), along with their influence on vegetative plant 
growth (root, stem, and leaf ).

Expression profile of G. hirsutumBRD genes under abiotic 
stresses
Transcriptomic data were analyzed to study the expres-
sion of BRD genes in G. hirsutum under abiotic stresses, 
i.e., cold, heat, drought, and salt at various stages of time 
(1 h, 3 h, 6 h, 12 h, and 24 h). GhBRD-10 and GhBRD-
51 were highly expressed under salt stress.Their expres-
sion was also expressed gradually as the heat duration 
increased. Similarly, under drought stress, these genes 
also showed optimal expression throughout the dura-
tion. GhBRD-30 and GhBRD-68 showed recipro-
cal expression patterns  under cold and heat stresses. 
They were highly expressed as the cold stress increases. 
Under heat stress, they showed high expression lev-
els  at the  start and decreased with the increase of heat 
duration. GhBRD-01, GhBRD-39, GhBRD-38,  GhBRD-
77, GhBRD-24, and GhBRD-63 were relatively highly 
expressed under heat at the  initial stage (1 h). Gene 
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cluster comprising GhBRD-39, GhBRD-38, and GhBRD-
77 showed the expression pattern of high intensity under 
all stress conditions (Supplementary Table  S5). Further-
more, the genes  GhBRD-26, GhBRD-19, GhBRD-22, 
GhBRD-61, GhBRD-24, GhBRD-33, GhBRD-63, GhBRD-
37, and GhBRD-25 were simultaneously moderately 
expressed under all stages of abiotic stresses (Fig. 8).

qRT‑PCR expression of G. hirsutumBRD genes 
under drought and salinity stress
The expression of selected genes was assessed in six 
cotton varieties, both drought-sensitive (K119, K194, 
K279) and drought-resistant (K254, K331, K354) under 
control and drought stress conditions at 0, 4, and 
8  d (Supplementary Table  S6). The results revealed 

significant variation in gene expression, particularly for 
the GhBRD-01 gene, which showed increased expres-
sion levels under drought stress in drought-resistant 
varieties compared with drought-sensitive ones. For 
instance, the drought-sensitive variety K119 displayed a 
notable downregulation of GhBRD-01 at 8 d of drought 
stress, whereas the drought-resistant variety K254 
exhibited a moderate increase at the same time point. 
Similar patterns were observed for other genes, such as 
GhBRD-38, where resistant varieties (e.g., K254, K354) 
showed upregulated expression at 8 d, while expression 
levels  remained lower or decreased in drought-sensi-
tive varieties. Moreover, GhBRD-77, a gene known for 
its role in stress tolerance, consistently showed higher 
expression levels in resistant varieties under drought 

Fig. 6  Orthology and distribute orthologous BRD gene clusters of Gossypium spp
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stress, particularly in K354 at later stress stages. In con-
trast, sensitive varieties (e.g., K194, K279) exhibited 
reduced or stable expression profiles across all evalu-
ated time points (Fig. 9).

Under salinity stress, distinct gene expression pat-
terns were identified between the salt-tolerant geno-
type Z9807 and the salt-sensitive genotype ZJ0102. 
In Z9807, several genes, including GhBRD-01 and 
GhBRD-38, were significantly upregulated; GhBRD-01 
reached a peak expression level at 48 h, while GhBRD-
38 peaked at 24 h of stress exposure. Likewise, genes 
such as GhBRD-10 and GhBRD-39 showed elevated 
expression levels  in Z9807, particularly at 12 h and 
24 h, respectively. In contrast, the salt-sensitive geno-
type ZJ0102 showed minimal expression changes for 
GhBRD-10 and GhBRD-39, maintaining relatively 
stable expression across all stress time points. Genes 
GhBRD-22 and GhBRD-63 displayed modest expression 
changes in both genotypes, with slightly higher levels 
observed in Z9807 compared with ZJ0102 throughout 
the stress period. Moreover, GhBRD-51 and GhBRD-77 
exhibited increased expression levels at later stress time 
points in Z9807, while their expression levels remained 
relatively unchanged or lower in ZJ0102.

Discussion
BRD genes exhibit conserved motifs across cotton species
Epigenetic markers, often referred to as "readers, writ-
ers, and erasers", mediate post-translational modifica-
tions such as chromatin remodelling. These markers play 
a central role in regulating cellular responses related to 
development, metabolic pathways, and adaptation to 
environmental stresses (Atlasi et  al. 2017; Biswas et  al. 
2018; Boyko et al. 2008). BRD proteins play a crucial role 
in regulating gene expression and cellular development. 
While they have been predominantly studied in humans, 
they are also well-researched in other eukaryotes, includ-
ing Plasmodium falciparum, Toxoplasma gondii, Trypa-
nosoma cruzi, and Trypanosoma brucei (Filippakopoulos 
et al. 2012; Hettmann et al. 1999; Singh et al. 2022). Our 
study is the first to comprehensively characterize the BRD 
gene family in cotton species, providing insight into its 
evolutionary dynamics and stress-responsive roles, which 
have been well-studied in model plants like Arabidopsis, 
rice, and wheat (Abiraami et al. 2023; Wang et al. 2024). 
We identified a total of 227 BRD genes in cotton species, 
including the tetraploid G. hirsutum and G. barbadense, 
as well as the diploid G. arboreum and G. raimondii. 
Comparatively, the number of BRD genes identified in 
cotton differs from previous studies in A. thaliana, O. 
sativa, and Triticum aestivum, which reported 28, 22, 

Fig. 7  RNA-seq heatmap of identified BRD genes expressed in various tissues (a) G. arboreum, (b) G. raimondii, (c) G. barbadense, and (d) G. hirsutum. 
Red to green patterns represent the expression intensity from high to mild. The TPM expression values have been Log2-transformed
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Fig. 8  Expression heatmap of identified BRD genes of G. hirsutum under drought, heat, cold, and salt
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Fig. 9  qRT-PCR expression profiles of G. hirsutum cultivars under drought and salinity stress. a K119 (Yan 64-1), (b) K194 (Ganzao 032), (c) K279 
(n74-250), (d) K254 (Jifeng 908), (e) K331 (Ari1327), (f) K354 (Zhong 1441), (g) Z9807, and (h) ZJ0102
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and 82 BRD gene members, respectively (Wang et  al. 
2024).

The classification of BRD gene members in cotton spe-
cies was based on conserved motifs, which were found 
to perform similar functions in corresponding model 
plant species belonging to the same phylogenetic class 
(Cao et  al. 2015). Phylogenetic clusters of all four Gos-
sypium species contained either the conserved motifs 1 
or 2, highlighting their essential and conserved functions 
across species (La et  al. 2005). Furthermore, the larg-
est cluster, CLASS-VI, contained the highest number of 
conserved motifs, including motifs 1, 2, 6, 5, and 4. These 
conserved motifs indicate a diversity of functional pro-
tein domains, such as the WD40 domain (involved in 
plant cell wall formation and immune signaling), SANT 
domain (associated with abiotic stress regulation), RecA-
like domain (responsible for DNA repair and maintaining 
genetic integrity), and bromodomain (Figs. 2, 3) (Chittela 
et al. 2010; Feng et al. 2021; Guerriero et al. 2015; Kong 
et al. 2015).

Gene duplication events reveal the role of polyploidization 
in cotton evolution
An important evolutionary feature of newly emerg-
ing genes is the amplification of already existing genes, 
which occurs through gene duplication events, either 
segmentally or tandemly, in higher plants (Panchy et al. 
2016). The variable chromosomal distribution of BRD 
gene members in diploid and tetraploid cotton species 
highlights significant gene duplication events at the sub-
genomic At and Dt levels (Panchy et al. 2016). Segmen-
tal duplication notably increases the number of gene 
members, as clearly observed in G. hirsutum and G. bar-
badense (Fig.  1; Supplementary Table  S3). Intron-exon 
distribution plays a significant role in the evolutionary 
process of gene duplication in plants. Both the number 
of introns and exons are subject to evolutionary selection 
pressures, helping to maintain their conserved functions 
(Deshmukh et  al. 2016). The same patterns were also 
observed in the four cotton species under investigation 
(Fig.  3). Additionally, the Ka/Ks values of in-paralogous 
duplicated BRD gene pairs in Gossypium species indi-
cate purifying selection pressure, further suggesting the 
conservation of gene function throughout the evolution 
of these species. Similar findings have been reported in 
other higher plant species, such as Z. mays, O. sativa, and 
S. lycopersicum (Xu et al. 2019).

Cis-acting regulatory elements in the promoter region 
play a crucial role in regulating gene expression during 
growth, tissue development, and under abiotic stress 
conditions (Biłas et  al. 2016). Estimation and expres-
sion analysis of cis-regulatory elements highlighted the 

role of BRD genes in Gossypium species, indicating their 
involvement in plant growth and tolerance to environ-
mental stresses (Liu et al. 2014). G-box and GT-1 factors 
are integral promoter elements that mediate photoperiod 
and light responsiveness, suggesting their role in plant 
growth regulation. This has been reported in Fragaria 
vesca and all species within the U’s Triangle of Brassica 
(Fan et al. 2023; Shahzaib et al. 2024). Furthermore, the 
presence of CAAT-box, TATA-box, AT~TATA-box, and 
MYB cis-regulatory elements suggests their potential role 
in providing resistance to drought and salinity, as charac-
terized in T. aestivum (Ebeed 2022). Moreover, hormone-
responsive promoter elements such as ABRE, TGACG/
CGTCA motifs, and TCA-elements are responsible for 
activating growth and defense signaling pathways against 
biotic stresses, as identified and characterized in Betula 
platyphylla (Fig. 5) (Lv et al. 2023).

BRD genes are highly expressed in stress 
and developmental pathways
The high expression pattern of BRD genes in various tis-
sues of Gossypium species, including root, stem, leaf, and 
flower, suggests their role in plant growth and regula-
tion. This expression pattern is similar to that observed 
for BRD genes in A. thaliana and T. aestivum (Abiraami 
et  al. 2023; Wang et  al. 2024). Similarly, tissue-specific 
expression during ovule formation and the significant 
expression of BRD genes suggest their role in fiber devel-
opment, which is consistent with results reported in T. 
aestivum, where BRD expression at the spikelet stage 
is associated with high yield (Wang et  al. 2024). Under 
abiotic stress conditions of salinity in G. hirsutum, the 
GhBRD-10 and GhBRD-51 genes were highly expressed 
at all stages from 0 to 24 h. This expression pattern is 
similar to that observed in the orthologous AtBRD-05 
from A. thaliana and OsBRD-05a from O. sativa under 
similar salinity conditions (Abiraami et al. 2023). Moreo-
ver, the expression of GhBRD-01, GhBRD-38, GhBRD-39, 
and GhBRD-77, under heat or drought conditions, was 
also significantly high (Fig. 8), supporting their potential 
role in stress tolerance. These genes are orthologous to 
the OsBRD-01 gene from O. sativa, which also exhibits 
similar expression levels in response to various types of 
stress (Abiraami et al. 2023).

The expression patterns of GhBRD genes, such as 
GhBRD-01, GhBRD-38, and GhBRD-77, varied between 
drought-resistant and drought-sensitive cotton varie-
ties, suggesting their potential involvement in drought 
stress responses (Fig.  9). Notably, GhBRD-01 expres-
sion level was initially downregulated at day 4 of drought 
treatment in the drought-resistant variety K254 but 
then upregulated at day 8, indicating a late activation 
under prolonged stress. Conversely, in drought-sensitive 
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varieties such as K119 and K194, GhBRD-01 was ini-
tially upregulated at day 4 but later decreased at day 8, 
reflecting a distinct response pattern. For GhBRD-38, 
the  expression level  was consistently higher in drought-
resistant varieties like K254, K331, and K354 across all 
time points, particularly at later stages, suggesting a role 
in long-term drought adaptation. Similarly, GhBRD-77 
showed relatively stable and elevated expression levels 
in drought-resistant varieties under stress conditions, 
indicating its possible role in enhancing drought toler-
ance mechanisms. In contrast, drought-sensitive varie-
ties displayed lower or less consistent expression patterns 
of GhBRD-77. Overall, these results imply that GhBRD-
01, GhBRD-38, and GhBRD-77 may contribute signifi-
cantly to drought tolerance, possibly by regulating critical 
stress-response pathways.

Under salinity stress, the salt-tolerant genotype Z9807 
exhibited notable upregulation of several BRD genes, 
particularly GhBRD-01, GhBRD-38, and GhBRD-39. 
Among these, GhBRD-01 showed the highest expression 
level  at 48 h, GhBRD-38 remained consistently elevated 
across all stress time points, and GhBRD-39 peaked nota-
bly at 24 h, suggesting their important roles in mediat-
ing adaptive responses to salt stress. In contrast, the 
salt-sensitive genotype ZJ0102 displayed relatively minor 
changes or stable expression for these genes, reflecting a 
limited ability to activate effective salt-stress responses. 
Genes such as GhBRD-22 and GhBRD-63 exhibited only 
modest expression variations in both genotypes, indicat-
ing that these genes might have a general role rather than 
a salt-specific function. The clear differential expression 
patterns between Z9807 and ZJ0102 underscore the sig-
nificance of bromodomain-containing genes in salinity 
tolerance mechanisms, highlighting their potential as tar-
gets for improving salt stress resistance in cotton breed-
ing programs (Ding et al. 2012; Fang et al. 2014; Kim et al. 
2015, 2012).

The findings from this study provide a comprehensive 
understanding of the BRD gene family in cotton species, 
highlighting their potential roles in growth regulation, 
fiber development, and stress tolerance mechanisms. 
The identification of conserved motifs and gene duplica-
tion events, along with the expression patterns observed 
under abiotic stress conditions, offers valuable insights 
for improving cotton varieties with enhanced resistance 
to environmental stresses like salinity and drought. These 
findings can be applied to the development of genetically 
modified cotton plants through targeted manipulation of 
the BRD genes to achieve better crop performance. How-
ever, further functional validation of these genes through 
experimental techniques such as gene knockout or over-
expression studies is needed to fully understand their 
roles in stress tolerance. Moreover, this analysis is limited 

to certain cotton species, and further research should 
explore a wider range of species to see if similar patterns 
hold true across different Gossypium species. Despite 
this, this study provides the fundamental groundwork for 
future research that could lead to practical applications 
in cotton breeding and crop improvement.

Conclusion
The BRD gene family exhibits significant structural and 
functional diversity across plant species, including A. 
thaliana, O. sativa, and T. aestivum. This study high-
lights the complex roles of BRD genes in the regulation 
of growth, development, and stress responses in four 
major cotton species. Through the identification and 
detailed analysis of the precisely isolated 227 BRD genes 
across both diploid and tetraploid Gossypium species, 
we have shed light on their potential contribution to 
abiotic stress tolerance, particularly under salinity and 
drought conditions. Moreover, this study provides valu-
able insights into the evolutionary conservation of the 
BRD genes, including their gene duplication patterns 
and conserved functions. The significant expression 
of these genes in various tissues and stresses, such as 
root, stem, leaf, flower, and drought, respectively, fur-
ther reinforces their importance in plant growth and 
fiber development, aligning with similar patterns seen 
in other crops as well. The valuable data from extensive 
findings has the potential to be useful in the develop-
ment of genetically engineered cotton varieties of the 
future with enhanced tolerance to various biotic and 
abiotic stresses.
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