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ABSTRACT 
 

Background: The MBF1 genes are transcription co-activators that trigger the transcription factors activity by bridging 

TATA-element binding proteins and basic leucine zipper (bZIP) transcription factors in yeast, human and drosophila. 

MBF1s activate the gene expression in response to plant development, abiotic stresses including heat, cold, salt, drought 

and biotic stress, including pathogen attack. It also plays a critical role in physiological and biochemical processes, 

including hormonal regulation, lipid metabolism and cell differentiation. However, MBF1’s role in cotton is still unknown.  

Results: The multiprotein bridging factor1 (MBF1) genes are being characterized for the first time in four cotton 

genomes. A total of 24 MBF1 genes were identified in four cotton genomes, including 8 genes in G. hirsutum (GhMBF01-

GhMBF08), 8 in genes G. barbadense (GbMBF01-GbMBF08), 4 genes in G. arboreum (GaMBF01-GaMBF04) and 4 in 

G. raimondii (GrMBF01-GrMBF04) respectively. Phylogenetic relationship analysis in 11 plant species suggested the 

classification of MBF1 genes into two major groups that suggested evolutionary uniqueness in both groups. Comparative 

analyses of structural features, motif conservation, cis-regulatory elements, genes enrichment and protein-protein 

interaction network suggested distinctive characteristics, functions and their relation with biologically functional genes. A 

comparative transcriptome analysis proposed the role of MBF1 genes in plant growth, response to abiotic and biotic stress 

tolerance, seed germination and cotton fiber development. The qRT-PCR validation of GhMBF02 (GH_A04G0454, 

Type b), GhMBF04 (GH_A08G2678, Type b), GhMBF07 (GH_D06G0632, Type C), and GhMBF08 (GH_D08G2673, 

Type b) suggested a positive role of MBF1 in fiber elongation stages of fiber quality specific RIL population lines .  

Conclusion: Present study introduced and provided useful information about the potential of MBF1 family genes in 

response to various growth and developmental stages, biotic and abiotic stresses in cotton that can be referred for further 

function-based experiments. 
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INTRODUCTION 

 

Cotton belongs to Gossypium genus which includes 

both diploid and tetraploid species. Gossypium genus 

belongs to flowering plants in the tribe Gossypeae of 

Malvaceae family which is a great source for natural fibers, 

oilseed, and proteins (Wendel et al. 2009; Zafar et al. 

2022b). The G. hirsutum evolved from A-genome and D-

genome (G. arboreum and G. raimondii) about 1-2 million 

years ago (Paterson et al. 2012). Cultivated upland cotton 

is economically important crop throughout the world 

(Zafar et al. 2022c; Zhu et al. 2013). The negative 

environmental factors including drought, heat and cold 

stresses greatly affect the overall production of cotton 

(Wang et al. 2003; Zafar et al. 2021). The negative 

environmental factors including cold, salt, drought, heat, 

fungi, viruses, bacteria, nematodes and insects adversely 

affect plants' growth, development, productivity and 

quality (Mammadov et al. 2018; Zafar et al. 2022a; Zafar 

et al. 2020; Zhu et al. 2013). Advanced molecular 

techniques have been successfully implemented to reveal 

and understand the mechanism of plant responses and their 

adaptability to environmental challenges (Zhu 2002). 

However, a such technique still need to be adopted to 

improve plant growth, development, quality and overall 

cotton production.  

Various transcriptome and metabolic studies have 

been conducted to characterise stage-specific genes to 

improve cotton development (Gou et al. 2007). Until now, 

an  increasing number of genes have been characterized in 
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cotton that significantly impact cotton plant growth, fiber 

development, and biotic and abiotic stress tolerance (Chu 

et al. 2016; Liu et al. 2015; Prewitt et al. 2018). Identifying 

and isolating transcription factors-related genes in cotton 

have been the primary goal of various scientific researches.  

Transcription factors, such as basic leucine zipper 

transcription factors (bZIP TFs) and TATA box-binding 

protein (TBP) are directly involved in gene expression in 

different plant species including cotton (Khanale et al. 

2021; Liang et al. 2016; Wang et al. 2020) and A. thalina 

(Jakoby et al. 2002; Li et al. 2001). The MBF1 which is a 

co-activator of transcription factors, increases the 

stimulation of transcription by bridging between basic 

leucine zipper (bZIP) and TATA binding protein (TBP) in 

yeast (Li et al. 1994; Takemaru et al. 1998; Takemaru et 

al. 1997), human (Kabe et al. 1999), and Drosophila (Liu 

et al. 2003). MBF1 domain contains a flexible N terminal 

and cro-like helix-turn-helix (HTH) on its C terminal 

(Blombach et al. 2014; de Koning et al. 2009). The MBF1 

can be identified from archae and publically available all 

eukaryotic genome databases (Aravind et al. 2005; 

Aravind and Koonin 1999; Jaimes-Miranda and Chávez 

Montes 2020). The MBF1 was first purified from 

silkworm (Bombyx mori) as a non-DNA-binding 

transcription co-activator (Li et al. 1994). Recently, many 

studies have been conducted to evaluate the biological 

function of MBF1 genes including in wheat (Triticum 

aestivum) (Qin et al. 2015), chili pepper (Capsicum 

annum) (Guo et al. 2014), tobacco (Nicotiana tabacum) 

(Matsushita et al. 2002), potato (Solanum tuberosum) 

(Arce et al. 2006; Godoy et al. 2001), and grapes (Vitis 

vinifera) (Yan et al. 2014). In A. thaliana, only three 

MBF1 members including MBF1a (AT2G42680), MBF1b 

(AT3G58680), and MBF1c (AT3G24500) have been 

reported (Tsuda et al. 2004). 

MBF1 activates the expression of genes in animals by 

changing subcellular localization from cytoplasm to 

nucleus (Liu et al. 2000). In plants, MBF1 is tissue-specific, 

cannot change localization, and expresses in stress 

dependent and development manners (Sugikawa et al. 

2005). MBF1 genes influence the plant's developmental 

stages, including plant structure, leaf size and germination 

in A. thaliana (Suzuki et al. 2008b; Suzuki et al. 2005; 

Tsuda et al. 2004). In tobacco, MBF1 expressed in response 

to heat and drought stresses (Rizhsky et al. 2002). The 

MBF1 expression has been reported against injury, fungus 

attack, and experimental treatments in yeast (Ho and Gasch 

2015). MBF1 plays a key role in physiological and 

biochemical processes such as hormonal regulation, lipid 

metabolism, and cell differentiation by binding the linkage 

between DNA binding region of transcription factors and 

TATA-box binding proteins (Leidi et al. 2009; Liu et al. 

2007). The MBF1 protein affects the developmental 

process by its absence (Mariotti et al. 2000). 

MBF1 genes have not yet been studied in cotton for 

plant growth, biotic and abiotic stress tolerance, seed 

germination, and fiber development. To elucidate the 

functions of MBF1, the current study was conducted to 

identify the conservation and potential of MBF1 genes in 

four cotton genomes. This study gives the essential 

information about the functions of MBF1 genes in cotton 

that will provide a deep insight, understanding, and 

reference for further functional studies. 

MATERIALS AND METHODS 

 

Identification, sequence analysis and phylogeny of 

MBF1 family genes 

The protein sequences of cotton MBF1s were searched 

in cotton functional genomic database 

(http://www.cottonfgd.org/) (Zhu et al. 2017). The 

Arabidopsis MBF1 proteins were employed as queries in 

cotton genomes to search the cotton MBF1s in G. hirsutum 

(ZJU), G. barbadense (ZJU), G. arboreum (CRI) and G. 

raimondii (JGI). To confirm the accuracy of blast results, 

the hidden markov model profile of MBF1 (PF08532) was 

downloaded from pfam database (http://pfam.xfam.org). 

The HMM search program of HMMER 3.0 software (Finn 

et al. 2011) was used to identify multi-protein bridging 

factor domain containing genes with the E-value of 1e-5. 

Basic properties of cotton MBF1s including protein length 

(aa) molecular weight (kDa) were estimated through 

respective cotton functional genomic database. Sub-

cellular localization prediction of MBF1s was performed 

by using CELLO v.2.5 (Yu et al. 2006). Protein sequences 

of 7 plant species including Arabidopsis thaliana, 

theobroma cacao, tomato (Solanum lycopersicum), pepper 

(Capsicum annum), Soybean (Glycine max), Rice (Oryza 

sativa), and maize (Zea mays) were also retrieved from 

Phytozome (https://phytozome-next.jgi.doe.gov/) 

(Goodstein et al. 2012) and NCBI databses 

(https://blast.ncbi.nlm.nih.gov/) (Johnson et al. 2008).  
The complete alignment of 53 MBF1 protein 

sequences of G. hirsutum (Hu et al. 2019b; Zhang et al. 
2015) G. barbadense (Hu et al. 2019b), G. arboreum (Du 
et al. 2018), G. raimondii (Wang et al. 2012), A. thaliana 
(nature 2000), pepper (Capsicum annuum) (Qin et al. 
2014), soybean (Glycine max) (Schmutz et al. 2010), rice 
(Oryza sativa) (International 2005), T. cacao (Argout et al. 
2011), maize (Zea mays) (Schnable et al. 2009), and tomato 
(Solanum lycopersicum) (Nature 2012) was performed by 
using the Clustalx software (Larkin et al. 2007). The 
neighbor-joining model with 1000 bootstraps method was 
used to draw phylogenetic trees on the MEGA 7 software 
(Khan et al. 2018). 
 

Chromosomal distribution, gene structure and 

conserved motifs 

Cotton genomes of G. hirsutum (ZJU), G. barbadense 
(ZJU), G. arboreum (CRI), and G. raimondii (JGI) were 
downloaded from cotton functional genomic database 
(http://www.cottonfgd.org/) and were individually assigned 
in TBtools software (Chen et al. 2020) to map and illustrate 
the MBF1 genes on correspondent chromosomes. The CDS 
sequences were blasted against genomic DNA sequences 
and an illustration graph was generated on gene structure 
display server (http://gsds.cbi.pku.edu.cn/) (Hu et al. 2015) 
for exon and intron features display. The neighbor-joining 
tree of cotton MBF1 genes was generated by using MEGA 7 
software (Kumar et al. 2016) to align the gene structure. 
Protein sequences of cotton MBF1 genes were submitted to 
motif-based sequence analysis database (http://meme-
suite.org/) (Bailey et al. 2009) to identify conserved motifs. 

 

Selection Pressure, cis-regulatory elements, and gene 

enrichment analysis  

The CDS sequences of pairwise MBF1 genes of G. 

hirsutum, G. barbadense, G. arboreum, and G. raimondii 

http://meme-suite.org/
http://meme-suite.org/
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were assigned in the TBtool software to estimate the ka/ks 

ratio to predict the selection pressure between each gene 

pair (Chen et al. 2020). 

For the identification of enriched cis-regulatory 

elements in MBF1 genes, the upstream sequences of 2000 

(bp) were downloaded from cotton functional genomic 

database (http://www.cottonfgd.org/) and were submitted 

to the plant care database (http://bioinformatics.psb.ugent. 

be/webtools/plantcare/html/) (Lescot et al. 2002). 

Retrieved results were visualized using the bio-sequence 

structure illustrator model of Tbtool software (Chen et al. 

2020). The neighbor-joining tree was assigned in the 

background to align the cis-regulatory elements. 

Gene enrichment analysis by Gene Ontology of cotton 

MBF1 genes were retrieved through gene ontology 

database (http://geneontology.org/) (Carbon et al. 2009). 

An illustrated graph was manually designed by following 

the extracted results of gene ontology. 

 

Transcriptome data analysis and primer pairs 

designing 

Cotton MBF1 genes were profiled from published 

RNA-seq data (data accession PRJNA542946) of 

recombinant inbred lines (RILs) including line 69307 with 

higher fiber strength and length, line 69362 with poor fiber 

quality, maternal parent sGK9708 with poor fiber quality 

and good yield, paternal parent line 0-153 with higher fiber 

strength at 5, 10, 15, 20, 25 and 30 DPA (Zhang et al. 

2020). A transcriptome data set of chromosome 

substitution segmental lines (CSSLs) (data accession 

SRP084203) including a parental line CCRI45 with lower 

fiber quality than CSSL lines, lines MBI7561 and 

MBI7747 with higher fiber quality, and MBI7285 with 

significantly poor fiber than other lines was used to observe 

the gene expression in fiber development stages of 5, 7, 10, 

15, 20, 25, and 28 DPA (Lu et al. 2017). Another data set 

of CSSLs including a verticillium wilt-susceptible parental 

line CCRI36, and a verticillium wilt-tolerant line MBI8255 

was used to observe the expression patterns of MBF1 genes 

in response to VW inoculation at different stages (Li et al. 

2019). Transcriptome data of TM-1 was used to observe the 

expression patterns of MBF1 genes in seed germination, 

growth stage, and in response to abiotic stress treatments 

(Hu et al. 2019b). The abovementioned data sets were 

visualized by heatmap illustration using TBtools software 

(Chen et al. 2020). Gene-specific primers were designed 

for a quantitative real-time polymerase chain reaction 

(qRT-PCR) assay by using Oligo7 software 

(https://www.oligo.net/) (Table S2) (Rychlik 2007). 

Histone3 gene of G. hirsutum (forward primer: 5′-

GGTGGTGTGAAGAAGCCTCAT-3′; reverse primer: 5′-

AATTTCACGAACAAGCCTCTGGAA-3′) was used as 

the internal reference (Lu et al. 2017).  

 

Plant materials, RNA isolation, and quantitative real-

time PCR 

To validate the expression profiling of MBF1 genes in 

fiber development stages, a maternal line of RILs sGK9708 

(poor fiber), paternal line 0-153 (good fiber), line 69307 

(high fiber strength and length) and 69362 (poor fiber) were 

grown under standard field conditions of the experimental 

farm of Institute of Cotton Research, Chinese Academy of 

Agricultural Sciences, Anyang, Henan, China. Cotton 

flowers were tagged and bolls were collected at 10 DPA, 

15 DPA, 20 DPA and 25 DPA for fiber sampling. The 

fibers were isolated immediately after bolls collection. 

Fiber samples were preserved at -80 0C until RNA 

extraction. Total RNA was isolated from frozen fibers 

using RNAprep Pure Plant Kit (Tiangen, Beijing, China). 

RNA samples were treated with DNase1 to remove the 

genomic DNA contamination. The quality of RNA was 

observed on Nano Drop 2000 spectrophotometer (Thermo 

scientific USA) and 1% agarose gel electrophoresis. cDNA 

synthesis was performed using PrimeScript® RT Reagent 

Kit (Perfect Real Time, Takara Biotechnology Co.,Ltd., 

Dalian, China). Selected genes were validated at 10, 15, 20, 

and 25 DPA by using ABI 7500 fast qRT-PCR system 

(Applied Biosystems, USA). Gene expression levels were 

calculated according to the 2−ΔΔ Ct method (Livak and 

Schmittgen 2001). 

 

RESULTS  

 

Identification and characterization of MBF1 genes in 

four cotton genomes 

After performing the local blast of MBF1 conserved 

domain (PF08523), a total of 24 MBF1 genes were 

identified in four cotton genomes including 8 MBF1s in G. 

hirsutum (AtDt) (Hu et al. 2019b; Zhang et al. 2015), 8 

MBF1s in G. barbadense (AtDt) (Hu et al. 2019b), 4 

MBF1s in G. arboreum (A) (Du et al. 2018), and 4 MBF1s 

in G. raimondii (D) (Wang et al. 2012) respectively. 

According to the total number of genes in diploid genomes, 

it was found that all of the MBF1 genes showed equal 

evolutionary distribution in tetraploid (At & Dt) sub-

genomes of G. hirsutum and G. barbadense (Table 1). The 

deduced amino acid sequences of MBF1 proteins were 

used to calculate their protein length (aa), molecular weight 

(kDa) and sub-cellular localization (Table 1). 

Characteristic analysis suggested three types of MBF1 

members in four cotton genomes including types a, b and 

c. A total 23 of MBF1s were 142-145 (aa) in protein length 

and 15 (kDa) of molecular weight except for GrMBF04 

which belonged to type c and had 164 (aa) of protein length 

and 18 (kDa) of molecular weight. The predicted 

localization of all type a and type b group members found 

to be located in nucleus except one of type b GrMBF04 

which was found to be located in mitochondria and 

nucleus. The localization of all the type c members was 

predicted in cytoplasm, mitochondria and nucleus (Table 1). 

 

Phylogenetic analysis 

The phylogenetic analysis includes 53 protein 

sequences of MBF1 family genes in 11 plant species. For 

instance, G. hirsutum contains 8 MBF1 genes, G. 

barbadense 8, G. arboreum 4, G. raimondii 4, A. thaliana 

3, pepper (Capsicum annuum) 8, soybean (Glycine max) 3, 

rice (Oryza sativa) 3, T. cacao 3, maize (Zea mays) 4, and 

tomato (Solanum lycopersicum) 5 genes respectively 

(Table S1). The phylogenetic tree was classified into two 

groups according to the types of MBF1 genes (MBF1a, 

MBF1b, MBF1c) in these plant species. MBF1a and 

MBF1b genes had higher sequences and structural 

similarities that resulted in assembling these genes in a 

separate clade than MBF1c type genes that have their own 

in assembling these genes in a separate clade MBF1c type  

http://geneontology.org/
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Fig. 1: A phylogenetic relationship tree of MBF1 genes in 11 plant species. The complete protein sequences alignment of MBF1 genes 

was performed by using clustalx software. The neighbor-joining phylogenetic tree was generated by Mega 7 software with 1000 

bootstrap method. The blue and green circles in background indicate the subgroups of MBF1 family genes in different plant species. 

MBF1 genes of different species are indicated with colorful dots. Each colorful dot represents a plant species in figure legend.   
 
Table 1: Identification of MBF1 family genes in four cotton genomes 

IDs Identifier Type Species Chr Start End Pl (aa) Mw (kDa) S-c localization 

GH_A01G0499 GhMBF01 a G. hirsutum At01 5749118 5750978 142 15.634 Nucleus 

GH_A04G0454 GhMBF02 b G. hirsutum At04 9491089 9492896 142 15.556 Nucleus 

GH_A06G0664 GhMBF03 c G. hirsutum At06 11651154 11651591 145 15.715 Cytoplasmic/Mitochondrial/ 

Nucleus 

GH_A08G2678 GhMBF04 b G. hirsutum At08 123536243 123537688 142 15.561 Nucleus 

GH_D01G0492 GhMBF05 a G. hirsutum Dt01 5164660 5166439 142 15.664 Nucleus 

GH_D05G3606 GhMBF06 b G. hirsutum Dt05 54613253 54615061 142 15.556 Nucleus 

GH_D06G0632 GhMBF07 c G. hirsutum Dt06 9551280 9551717 145 15.9 Cytoplasmic/Mitochondrial/ 

Nucleus 

GH_D08G2673 GhMBF08 b G. hirsutum Dt08 67467023 67468470 142 15.529 Nucleus 

Ga01G0548 GaMBF01 a G. arboreum A01 6571547 6573407 142 15.664 Nucleus 

Ga05G3751 GaMBF02 b G. arboreum A05 85812979 85814788 142 15.556 Nucleus 

Ga06G0634 GaMBF03 c G. arboreum A06 10406142 10406579 145 15.828 Cytoplasmic/Mitochondrial/ 

Nucleus 

Ga08G2762 GaMBF04 b G. arboreum A08 127765042 127766492 142 15.534 Nucleus 

Gorai.002G054400 GrMBF01 a G. raimondii D02 4813713 4816261 142 15.664 Nucleus 

Gorai.004G271900 GrMBF02 b G. raimondii D04 60669266 60670938 142 15.529 Nucleus 

Gorai.009G367300 GrMBF03 c G. raimondii D09 49207335 49209624 142 15.556 Nucleus 

Gorai.010G069500 GrMBF04 b G. raimondii D10 9109125 9110095 164 18.024 Nucleus/Mitochondrial 

GB_A01G0491.1 GbMBF01 a G. barbadense At01 5751503 5753361 142 15.634 Nucleus 

GB_A04G0457 GbMBF02 b G. barbadense At04 9084092 9085899 142 15.57 Nucleus 

GB_A06G0682 GbMBF03 c G. barbadense At06 11823905 11824342 145 15.729 Cytoplasmic/Mitochondrial/ 

Nucleus 

GB_A08G2791 GbMBF04 b G. barbadense At08 119110225 119111673 142 15.561 Nucleus 

GB_D01G0509 GbMBF05 a G. barbadense Dt01 5432251 5434030 142 15.664 Nucleus 

GB_D05G3620 GbMBF06 b G. barbadense Dt05 55593968 55595776 142 15.556 Nucleus 

GB_D06G0666 GbMBF07 c G. barbadense Dt06 9149034 9149471 145 15.858 Cytoplasmic/Mitochondrial/ 

Nucleus 

GB_D08G2776 GbMBF08 b G. barbadense Dt08 66121808 66123255 142 15.529 Nucleus 

Chr: Chromosome; Pl: Protein length; Mw: Molecular weight; S-c localization: Sub-cellular localization. 

 

genes with their unique features. MBF1a and MBF1b type 

genes in Gossypium species have only a closer relationship 

with a member of T. cacao specie (TcMBF02) within the 

same group. These results provided an evidence about the 

evolution of MBF1a and MBF1b type genes from common 

ancestors. MBF1c type genes were classified into separate 

clade as previously described (Tsuda et al. 2004). MBF1c 

type genes of 10 plant species showed a closer relationship 

that might demonstrate the earlier evolution of MBF1c type 

than type a and type b. 
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Fig. 2: Chromosomal positioning of MBF1 family genes in four cotton genomes. (a) Chromosomal positions of MBF1 genes in A-

genome (G. arboreum), (b) D-genomes (G. raimondii), (c) At and Dt sub-genomes of G. hirsutum, and (d) At and Dt sub-genomes of G. 

barbadense respectively. 

 

Chromosomal distribution, collinearity analysis, gene 

structure, and conserved motifs 

Figure 2 displays the visualizing results of 

chromosomal positioning of MBF1 genes in A-genome, 

(G. arboreum), D-genome (G. raimondii), At, Dt sub-

genomes of G. hirsutum, and At, Dt sub-genomes of G. 

barbadense respectively. The analysis suggested an equal 

distribution of MBF1 genes as 4-4 members in A-genome 

(G. arboreum) and D-genome (G. raimondii), and 8-8 

members in AtDt sub-genomes of G. hirsutum and G. 

barbadense (Figure 2). Results demonstrated that four 

MBF1 genes of A-genome (G. arboreum) were harbored in 

A01, A05, A06, and A08 chromosomes (Figure 2a). In D-

genome (G. raimondii), four MBF1 genes were mapped in 

D02, D04, D09, and D10 chromosomes (Figure. 2b). Four 

MBF1 members of At sub-genome of G. hirsutum were 

mapped in At01, At04, At06, At08, and four genes in Dt sub-

genome including Dt01, Dt04, Dt06, and Dt08 

chromosomes (Figure 2c). Similarly, four genes of At sub-

genome of G. barbadense were mapped in At01, At04, 

At06, At08 and four genes on Dt01, Dt04, Dt06, and Dt08 

chromosomes, respectively (Figure 2d). Along with the 

balanced distribution of genes, the chromosomal mapping 

demonstrated the attachment of most of the genes within 

similar positions in A and D-genomes, At and Dt sub-

genomes of G. hirsutum and G. barbadense. 

The results of collinearity analysis demonstrated a 

translocation between A05 (G. arboreum), At04 (G. 

hirsutum), and At_Gb04 (G. barbadense) respectively (Hu 

et al. 2019b). Similarly, it was identified that three genes of 

MBF1 family including GaMBF02 (A05), GhMBF02 

(At04)   and   GbMBF02   (At_Gb04),  are  present  in  this  
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Fig. S1: Collinearity analysis of MBF1 family genes in At, Dt, sub-genomes of G. barbadense and G. hirsutum, A genome (G. arboreum), 

and D genome (G. raimondii). The legend is provided to understand the collinearity between the genes. 

 

translocation and share the homology and collinearity 

between respective chromosomes of A-genome, AtDt 

genome of G. hirsutum and AtDt genome of G. barbadense 

(Figure. S1). Same as GhMBF06 and GbMBF06 were 

mapped in Dt05 and Dt_Gb05 chromosomes and their 

collinear member GrMBF03 was detected in chromosome 

D09 (Figure. S1) where reciprocal translocation is reported 

along with these mentioned chromosomes (Hu et al. 

2019b). Because of the equal distribution and collinearity 

between MBF1 members in both diploid and tetraploid 

genomes, the MBF1 domain might be evolutionary 

conserved in four respective cotton genomes. 

The cotton MBF1 genes were identified with two types 

of structural patterns. MBF1a and MBF1b types genes are 

highly similar in structure organization, with four lengths 

of exons and three introns (Figure S2a). On the other hand, 

MBF1c type genes contain only one exon and no intron in 

cotton (Figure S2a). The same structural features of the 

MBF1 family genes have also been reported in A. thaliana 

and O. sativa (Jaimes-Miranda and Chávez Montes 2020; 

Tsuda et al. 2004). 

The analysis of motif enrichment demonstrated the 

cotton MBF1s are highly conserved with only five motifs. 

The MBF1 family genes possess two distinct motif 

arrangement patterns (Figure S2b), motif 1, motif 2, motif 

3, and motif 4 are highly conserved in phylogenetic groups 

MBF1a and MBF1b (Figure S2b, c). However, the second 

phylogenetic group MBF1c type had motif 5 at the position 

of motif 3 of first group, while motif 3 was absent in 

MBF1c (Figure S2b, c). These results indicate that MBF1c 

type genes are unusually different in features that might 

regulate different functions than do MBF1a and MBF1b 

once (Jaimes-Miranda and Chávez Montes 2020). 

 

Analysis of selection pressure between MBF1 gene pairs 

in four cotton genomes 

The selection pressure analysis of MBF1 genes within 

four cotton genomes demonstrated that all of the identified 

genes are under high purifying selection pressure. The 

analysis showed a significantly lower ka_ks ratio (<1) in 

gene pairs including GhMBF05-GhMBF01, GhMBF06-

GhMBF02    (Figure.    S3    a),    GaMBF03  - GhMBF03,  



Int J Agri Biosci, 2022, 11(2): 108-124. 
 

 114 

 
 

Fig. S2: Phylogenetically aligned structure patterns of MBF1 family genes, enriched motifs and their logos. (a) Illustrated graph of the 

exon and intron patterns of MBF1 genes, (b) enriched motifs, and (c) representative sequence logos of enriched motifs. 

 

 
 

Fig. S3: Analysis of selection pressure between gene pairs of four Gossypium species. (a) ka, ks, and ka_ks ratio between the gene pairs 

of At and Dt sub-genomes of G. hirsutum, (b) ka, ks, and ka_ks ratio between the gene pairs of A genome (G. arboreum) and At sub-

genome of G. hirsutum, (c) ka, ks, and ka_ks ratio between the gene pairs of Dt sub-genome of G. hirsutum and D genome (G. raimondii), 

(d) ka, ks, and ka_ks ratio between the gene pairs of At and Dt sub-genomes of G. barbadense, (e) ka, ks, and ka_ks ratio between the 

gene pairs of A genome (G. arboreum) and At sub-genome of G. barbadense, (f) ka, ks, and ka_ks ratio between the gene pairs of D 

genome (G. raimondii) and Dt sub-genome of G. barbadense, and (g) ka, ks, and ka_ks ratio between the gene pairs of D genome (G. 

raimondii) and A genome (G. arboreum) respectively. 

 

GaMBF02-GhMBF02 (Figure S3b), GrMBF02-

GhMBF08, GrMBF03-GhMBF06, GrMBF01-GhMBF05 

(Figure S3c), GbMBF05-GbMBF01, GbMBF06-

GbMBF02 (Figure S3d), GaMBF02-GbMBF02 (Figure 

S3e), GrMBF02-GbMBF08, GrMBF04-GbMBF07, 

GrMBF03-GbMBF06, GrMBF01-GbMBF05 (Figure S3f), 

GrMBF01-GaMBF01, and GrMBF03-GaMBF02 (Figure 

S3g) respectively. The analysis showed an exceptional 

similarity or lower ka and ks ratio within the A, D, At and 

Dt genomes and sub-genomes of four cotton (Figure S3) 

that might result in purifying the selection pressure of the 

MBF1 family genes. 
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Fig. S4: Identification of cis-regulatory elements within 2000 (bp) of upstream sequences. The Neighbor-joining tree was assigned to 

align cis-regulatory elements. (a) Enriched cis-regulatory elements in MBF1 gene, (b) comparative distribution of cis-regulatory 

elements in MBF1a, MBF1b, and MBF1c groups. 

 

Comparative analysis of cis-regulatory elements in 

MBF1a, MBF1b and MBF1c genes 

Activators and co-activators utilize several kinds of 

regulatory elements e.g. promoters, enhancers, silencers, 

insulators, and others (Narlikar et al. 2009). A total of 53 cis-

regulatory elements were identified in promotor regions of 

MBF1 family genes in cotton. The phylogenetic 

arrangement showed the clustered distribution of cis-

regulatory elements in two groups, including one group of 

MBF1a and MBF1b types of genes, and another group of 

MBF1c type genes (Figure S4a). Some important cis-

regulatory elements including MYB and MYC were found 

with higher numbers in type a, b and c genes. However, 

further screening demonstrated a significant difference in the 

distribution and enrichment of cis-regulatory elements in 

these three types of genes. For instance, TCT-motif, GT1 

motif, TCA and p-box elements were found with a 

significantly higher number in MBF1a and MBF1b type of 

genes (Figure S4b). On the other hand, TGA-element, AT-

rich sequence, wun-motif, AuxRR-core, MBS, chs-CMA2a, 

telo-box, CARE, and F-box were found with a significantly 

higher number in MBF1c type genes (Figure S4b).  

Gene enrichment analysis 

Gene ontology has been used to identify, differentiate, 

and select important candidate genes based on their 

importance in A. thaliana and cotton (Beißbarth and Speed 

2004; Taliercio and Boykin 2007). The MBF1 genes are 

enriched with important molecular functions, biological 

processes, and cellular components. The molecular 

functions include DNA binding, transcription coactivator 

activity, mRNA binding. The identified biological 

functions include sequence-specific DNA binding, 

transcription, DNA template, response to ethylene, 

response to heat, and response to water deprivation. The 

MBF1 family genes were also identified in cellular 

processes including nucleus, nucleolus, cytoplasm, and 

intracellular components (Figure S5). The results 

suggested that MBF1a, MBF1b and MBF1c genes are 

individually involved in some novel functions such as only 

two genes GhMBF01 and GhMBF05 (MBF1a) were found 

in mRNA binding function. Four MBF1b genes including 

GhMBF02, GhMBF04, GhMBF06, and GhMBF08 were 

identified in the cytoplasm function of cellular components 

absent in MBF1a members. Similarly, cotton MBF1c genes  
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Fig. S5: Gene ontology analysis of MBF1 family genes in G. hirsutum. The annotated functions are represented in the circle with 

different colour. The functional annotations can be follow by similar colour bars in graph legend. 
 

GhMBF03 and GhMBF07 respond to water deprivation 

and heat functions of biological process and intracellular 

category of cellular components. As it has been discussed 

before that MBF1a and MBF1b share evolutionary 

similarities between each member, similarly these genes 

are also commonly involved in some important biological 

functions including DNA binding, transcription co-

activator activity, sequence-specific DNA binding and 

response to ethylene, respectively. MBF1c type genes 

including GhMBF03 and GhMBF07 were also involved in 

common annotations of molecular functions, biological 

processes, and cellular components. Hence, these results 

supported the conservation of the MBF1 family genes in 

important molecular functions, biological processes, and 

cellular components that might regulate the differential 

gene expression in plants (Figure S5). 

 

Protein-Protein Interaction 

Protein-protein interaction is a method used to predict 

the outcome of pair or grouped protein interactions (Barh 

et al. 2014). Proteins rarely work alone. In many cases, they 

form molecular machines and have complex physical and 

chemical interactions to perform biological functions at the 

cell and system levels (Cusick et al. 2005; De Las Rivas 

and Fontanillo 2010). A homolog-based protein-protein 

interaction network suggested a strong association at high  
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Fig. 3: Protein-protein interaction network of MBF1 genes. (a) Protein-protein interaction network of MBF1a and associated genes, (b) 

Protein-protein interaction network of MBF1b and associated genes, (c) Protein-protein interaction network of MBF1c and associated genes. 
 

confidence of 0.700 of MBF1a, MBF1b and MBF1c with 10 

functionally known genes in each interaction module. The 

MBF1a (AT2G42680), a homolog of cotton MBF1a was 

found associated with ATARCA (Transducin/WD40 repeat-

like), AT3G09680, AT5G02960 (ribosomal S13/S23), SQN 

(AT2G15790, Peptidyl-prolyl cis-trans isomerase), 

MRP15.10, TBP (AT3G13445, AT1G55520, Tata-box 

binding protein 1 and 2), AT5G58110, AT3G12050 

(Activator of Hsp90 ATPase), AT3G03773 and 

AT4G02450 (CHORD-containing/CS/Hsp90-like) 

respectively (Figure 3a). These members or related domains 

have been reported to play a significant role in plants such 

as ATARCA, which is a major component of the RACK1 

regulatory protein, is involved in developmental processes, 

hormone and stress response (Guo and Chen 2008), 

Ribosomal S13 in fiber elongation stages in cotton (Hafeez 

et al. 2021b), Peptidyl-prolyl cis-trans isomerase in plant 

growth and developmental processes (Singh et al. 2020), 

TBP (TATA-box binding protein) in response to diverse 

stresses (Parvathi and Nataraja 2017), and HSP90 in heat 

stress (Kim et al. 2015), developmental and cellular 

processes (Cao et al. 2003). Similarly, MBF1b, a homolog 

of cotton MBF1b was also associated with similar functional 

members except AT3G25805 (Unknown), and AT3G55170 

(Ribosomal L29) related to phosphorylation in A. thaliana 

(Turkina et al. 2011) (Figure 3b). The MBF1c, a homolog of 

cotton MBF1c, has been interestingly studied for biotic and 

abiotic stress responses (Arce et al. 2006; Jaimes-Miranda 

and Chávez Montes 2020; Qin et al. 2015) and was found to 

interact with most of the heat shock-related members 

including HSP101 (AT1G74310,), HSP90 (AT5G52640), 

HSP70 (AT3G12580), HSFA2 (AT2G26150-heat stress 

transcription factor A-2), AT5G8110 (Activator of HSP90 

ATPase), Hop3 (AT4G12400-mediate HSP70 and HSP90) 

respectively (Figure 3c). These findings might support the 

previous studies that MBF1c response to abiotic stresses in 

plants (Kim et al. 2015; Suzuki et al. 2008a). A RRM 

domain containing gene SR45a (AT1G07350) and 

Ribosomal S13/S23 members (AT5G02960 and 

AT3G09680) were also associated with MBF1c where both 

of these domains containing genes have been studied for 

fiber development in cotton (Hafeez et al. 2021b; Sun et al. 

2012), and SR45a (AT1G07350) for heat and drought 

stresses in A. thaliana and Brassica rapa (Gulledge et al. 

2012; Muthusamy et al. 2020).  

 

Expression profiling of MBF1 family genes in 

Gossypium species  

MBF1 family genes including the members of MBF1a, 

MBF1b, and MBF1c possess differential expression in 

different growth stages, response to biotic and abiotic 

stresses, and fiber development stages. Four members of 

MBF1b type including GhMBF02, GhMBF06, GhMBF04 

and GhMBF08 were identified with differential expression 

in growth stages, response to abiotic stress treatments 

including cold, heat, drought, salt (Figure 4a), response to 

biotic stress including verticillium wilt (Figure 4b), and in 

seed germination stages (Figure 4c). MBF1a genes 

including GhMBF01 and GhMBF05 showed a higher 

expression in most of the growth stages, abiotic and biotic 

stress treatments and seed germination stages (Figure 4a, b, 

c). MBF1c members including GhMBF03 and GhMBF07 

were identified with a specific expression pattern only in 

0hr of seed germination process. 
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Fig. 4: Transcriptome analysis of MBF family genes in growth, abiotic and biotic stress treatments, and in seed germination processes. 

(a) Transcriptome profiling of MBF1a, MBF1b, and MBF1c genes in growth stages including calycle, leaf, petal, pistil, root, stamen, 

stem, torus, and in response to cold, heat, drought, and salt stress tolerance at 1h, 3h, 6h, and 12h of treatments in TM-1 cultivar, (b) 

Transcriptome profiling of MBF1a, MBF1b, and MBF1c genes in chromosomal substitution segmental lines (CSSLs) CCRI36 a 

susceptible cultivar to verticillium wilt and MBI8255 a tolerant cultivar to verticillium wilt in response to the inoculation of verticillium 

wilt at 0h, 24h and 48h of treatment, (c) Transcriptome profiling of MBF1a, MBF1b, and MBF1c genes at different stages of seed 

germination including 0hr, 5hr, 10hr, 24hr (cotyledon), 72hr (cotyledon), 96hr (cotyledon), 120hr (cotyledon), 24hr (root), 48hr (root), 

72hr (root), 96hr (root), 120hr (root) in TM-1 cultivar. 

 

 
 

Fig. 5: Transcriptome profiling and qRT-PCR validation of MBF family genes in fiber development stages of recombinant inbred lines 

(RILs) and chromosomal substitution segmental lines (CSSLs). (a) Transcriptome profiling of MBF1a, MBF1b, and MBF1c genes in 

fiber development stages of 0-153 and 69307 with good fiber quality and sGK9708 and 69362 with poor fiber quality at 5, 10, 15, 20, 

25, and 30 DPA of fiber development, (b) Transcriptome profiling of MBF1a, MBF1b, and MBF1c genes in fiber development stages 

of chromosomal substitution lines (CSSLs), Z, S, L and Y indicate CSSLs cultivars CCRI45, MBI7561, MBI7747, and MBI7285 

respectively, 5, 7, 10, 15, 20, 25, and 28 represent days post anthesis (DPA) of fiber development. The cultivars CCRI45 and MBI7285 

have poor fiber quality performance than MBI7561 and MBI7747, (c) comparative results of qRT-PCR validation of GhMBF02, 

GhMBF04, GhMBF07, and GhMBF08 at 10, 15, 20, and 25 DPA in RIL cultivars 0-153, 69307, sGK9708, and 69362 respectively. 
 

Transcriptome profiling of MBF1 genes in fiber 

development stages of fiber quality specific lines including 

recombinant inbred lines (RILs) (Figure 5a) and 

chromosomal substitution segmental lines (CSSLs) (Figure 

5b) demonstrated a strong expression patterns of MBF1 

genes at fiber elongation and secondary cell wall synthesis 

stages. The MBF1a members including GhMBF01 and 

GhMBF05 showed high consistency in expression at all 

fiber development stages including 5 DPA to 30 DPA. On 

the other hand, MBF1c showed comparably lower 

expression at fiber development stages which might 

support previous findings that MBF1c express in 

developmental stage-specific manner as discussed before. 

Despite these findings, transcriptome profiling suggested a 

specific role of MBF1b genes including GhMBF02, 

GhMBF06, GhMBF04 and GhMBF08 in fiber elongation 
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stages (Figure 5a, b). The qRT-PCR results also suggested 

similar tendency in specific expression patterns of selected 

genes in fiber elongation stages (Figure 5c). These results 

proposed that MBF1a, MBF1b, and MBF1c genes play a 

specific role in plant growth, seed germination process, 

fiber development stages, as well in biotic and abiotic stress 

treatments. 

 
Table S2: Synthesized primer pairs of MBF1 family genes 

GhHistone3 F GGTGGTGTGAAGAAGCCTCAT 

 R  AATTTCACGAACAAGCCTCTGGAA 

MBF02  F  CCGCCAAGAAGGATGAGAAAG 

  R  CCGCCCTATTCGTCCCAGCAT  

MBF04   F  CCGCCAAGAAGGATGAGAAAG 

  R  TGCGGCCCTGTTCGTCCCAGC 

MBF07   F  CCATCAAGAAATTCGATGCTG 

  R  TTCACCACTGGTCCCGCCGTT  

MBF08  F  CCGCCAAGAAGGATGAGAAAG  

  R  ATGCGGCCCTGTTCGTCCCAG  

 

DISCUSSION 

 

Genome wide characterization suggested the 

conservation of MBF1 genes in four cotton genomes 

MBF1 genes have been profoundly studied in animals 

and plants except in cotton. In eukaryotes, MBF1 is 

encoded by a single gene, however, in plants, MBF1 can be 

found in more than one number (Jaimes-Miranda and 

Chávez Montes 2020). For instance, in model plant A. 

thaliana, three types of MBF1 genes including MBF1a 

(AT2G42680), MBF1b (AT3G58680), and MBF1c 

(AT3G24500) have been reported (Tsuda et al. 2004). 

Similarly, in cotton, three types of MBF1s including 

MBF1a, MBF1b and MBF1c have been found. A genome-

wide characterization of genes identified that the number 

of putative MBF1 genes was double in tetraploid cotton 

genomes (G. hirsutum and G. barbadense) because of the 

thirteen homolog chromosomes in each At and Dt sub-

genomes as compared to diploid genomes (G. arboreum 

and G. raimondii). Previous research results also show that 

D-genome and A-genome are the closest to Dt and At sub-

genomes of allotetraploid cotton, resulting in the existence 

of A and D-genome’s genes in their corresponding At and 

Dt sub-genomes of cotton (Hu et al. 2019a). The 

chromosomal mapping and collinearity analysis showed a 

balanced distribution and collinearity of these genes within 

At and Dt sub-genomes of G. hirsutum and G. barbadense, 

A-genome and D-genomes of G. arboreum and G. 

raimondii respectively. Results also suggested that all of 

the identified genes were present in their homologous 

chromosomes which consequentially suggested the 

evolutionary conservation of MBF1 genes in cotton. 

According to the phylogenetic analysis of combined 

protein sequences of 11 plant species, the MBF1 genes 

were classified into two phylogenetic groups; one group of 

MBF1a and MBF1b members, and another one of MBF1c 

genes. A phylogenetic analysis using protein sequences 

from 30 species, plant MBF1 have been similarly found in 

group I and group II. The group I which include MBF1a 

and MBF1b was considered to be a largest group of MBF1 

which possess more genes than group II of MBF1c genes 

(Tsuda 2004). The phylogenetic relationship and clade-

wise distribution of MBF1s suggested an evolution of 

cotton MBF1s from a common ancestor of A. thaliana and 

T. cacao. However, the evolution of MBF1 genes might 

occur in a different time frame.  

Gene structure and motif enrichment analyses also 

supported that MBF1 genes can be categorized into two 

groups in which MBF1a and MBF1b were assembled in 

one group according to their similar structure pattern and 

motif enrichment. MBF1c type genes had a different 

structure pattern and motif enrichments than those of 

MBF1a and MBF1b. Studies also confirmed that the MBF1 

genes belonging to MBF1a and MBF1b have a similar gene 

structure of four exons and three introns, and MBF1c genes 

do not have this structure and contain zero, one, or two 

intron respectively (Jaimes-Miranda and Chávez Montes 

2020). Identified results in cotton also support that plant 

MBF1s have similar structural features as it has been 

reported in previous studies. 

The analysis of selection pressure between four cotton 

genomes' paralogous and/or homologous genes suggested 

that MBF1 genes are under highly purifying selection 

pressure. Results also suggested that the Ka, Ks, and 

Ka_Ks ratio within At, Dt sub-genomes and A and D 

genomes had a higher similarity that might indicate 

evolutionary similarity or conservation of MBF1 genes in 

cotton. It is reported that the major physiological functions 

among proteins might lead to purifying selection 

(Derbyshire 2020; McCann et al. 2012).  

MBF1s change their subcellular localization in the 

animal kingdom which results to activate, activating the 

gene expression. Sub-cellular localization prediction of 

MBF1a and MBF1b genes suggested their existence in 

nucleus with the exception of a MBF1b member GrMBF04 

in nucleus as well as in the nucleus except for a MBF1b 

member GrMBF04 in the nucleus and in the mitochondria. 

The MBF1c genes were predicted in cytoplasm, 

mitochondria, and nucleus. In silkworm (Bombyx mori), 

the BmMBF1 changes its localization from the cytoplasm 

to the nucleus during the developmental process (Liu et al. 

2000; Sugikawa et al. 2005). The hMBF1α (human) and 

dMBF1 (Drosophila) have been also reported to be 

localized in the nucleus (Kabe et al. 1999). In 2005, a study 

was conducted in A. thaliana to confirm the localization of 

MBF1 in plants, which has confirmed the localization of 

MBF1 in the nucleus (Sugikawa et al. 2005). 

 

Potential biological role of MBF1 genes  

Cis-regulatory elements are directly involved in gene 

regulation (Sharma et al. 2011). The MBF1 genes are 

enriched with important cis-regulatory elements including 

MYB, ABRE, TCA, Box4, MYC, ERE and others. Results 

suggested that the MYB and MYC are adequately enriched 

in MBF1s sequences. MYB and MYC regulate the gene 

expression in response to abiotic stresses in A. thaliana 

(Abe et al. 1997). Similarly, our results also hypothesize 

that these cis-regulatory elements might have similar 

function because of the highest sequence similarity in 

cotton and A. thaliana sequences. MYB and MYC might 

result to specifically regulate MBF1 genes in different 

developmental and responsive manner (Hafeez et al. 

2021a). Same cis-regulatory elements in OsMYB genes 

suggested their specific role in response to biotic and 

abiotic stress tolerance (Smita et al. 2015). The MBF1a and 

MBF1b are similarly regulated concerning gene expression 

at different growth and development or response to stresses 
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in cotton. The similar regulation of genes is likely to be the 

result of similar cis-regulatory elements (Wang and Stormo 

2003; Wang et al. 2009). However, MBF1c possessed 

different features than those of MBF1a and MBF1b. The 

analysis also suggested a significant difference in the 

enrichment of cis-regulatory elements in MBF1c genes 

including TGA-element, AT-rich sequence, wun-motif, 

AuxRR-core and telo-motif respectively. Studies suggested 

that the identified cis-regulatory elements play important 

role in cotton fiber development, transcriptional activity of 

genes as well as in response to drought stress (Huang et al. 

2020; Li et al. 2006; Mosharaf et al. 2019; Tjaden and 

Coruzzi 1994). These results evidenced the MBF1 family 

genes are highly conserved with important cis-regulatory 

elements. 

All identified MBF1 genes of G. hirsutum were found 

in important molecular functions including DNA binding, 

transcription coactivator activity and sequence-specific 

DNA binding. Sequence-specific DNA binding elements 

are proteins that control the rate of interpretation of 

inherited information from DNA to assign RNA, by 

binding to a specific DNA progression (Latchman and 

biology 1997). The major role of sequence-specific DNA 

binding components (or transcription factors) is to control 

the living organisms' gene expression and cell life (Mitchell 

and Tjian 1989). MBF1 genes have been found to 

participate in connecting various transcription factor 

proteins in living organisms (Tsuda et al. 2004). MBF1 

genes were also identified in biological processes including 

response to ethylene, heat response, and water deprivation. 

Plants can respond to environmental changes through 

physiological, chemical, and transcription processes 

(Mickelbart et al. 2015). The biological functions play an 

important role in plant growth and development as these 

are controlled by hormones, cell division, expansion, and 

cell differentiation (Ubeda-Tomás et al. 2012). Ethylene 

stimulates the fiber cell elongation in cotton (Shi et al. 

2006). An ethylene related gene GhACO was found to be 

specifically expressed in elongation stages of cotton fiber 

(Li et al. 2015). 

To predict whether MBF1s function alone in plants or 

interact with other proteins to regulate biological functions, 

results revealed that MBF1 interact with several 

functionally know genes, which consequently suggested a 

similar functional possibility in these genes.  

MBF1 genes could be devoted to their function in 

various growth and development stages in response to 

biotic and abiotic stresses. A transcriptomic analysis was 

followed to confirm the biological significance of MBF1 

genes. Results indicated that the members of MBF1a group 

GhMBF01 and GhMBF05 had higher expression in all the 

growth stages, fiber development stages, biotic and abiotic 

stress treatment stages respectively. However, their 

expression was decreased in seed germination compared to 

other developmental and stress treatment stages. Previous 

studies identified the MBF1 genes as potential candidates 

that can direct the plant improvement, give resilience 

against environmental stress, promote seed production, 

germination, plant shape, and leaf size, and protect the 

plants from contagious injuries (Suzuki et al. 2005; Tsuda 

et al. 2004). A typical expression of MBF1b members 

including GhMBF02, GhMBF04, GhMBF06 and 

GhMBF08 showed an increased expression pattern in 

abiotic and biotic stress treatments as compared to growth 

stages. In A. thaliana, MBF1 has been induced by different 

biotic and abiotic stress treatments (Suzuki et al. 2005; 

Tsuda et al. 2004). The expression of MBF1 is also 

reported during high temperatures and drought stress in 

tobacco plants (Rizhsky et al. 2002). MBF1b genes also 

demonstrated specific expression patterns in some seed 

development stages, however, their expression was specific 

for fiber development stages. The qRT-PCR results of 

GhMBF02, GhMBF04, GhMBF06 confirmed the 

significance of MBF1b genes in fiber elongation stages at 

10 and 15 DPA of fiber development. A member of MBF1c 

(GhMBF07) was also included to confirm the significance 

of MBF1c in fiber elongation stage which showed the 

stage-specific expression trend at fiber elongation stages. 

These results evidenced the MBF1 genes are 

multifunctional in cotton. Similarly, NAC family genes 

have been reported to play multifunctional roles in plant 

growth, biotic and abiotic stresses (Kim et al. 2006), seed 

development (Sperotto et al. 2009), and cotton fiber 

development (Ko et al. 2007). 

Transcriptome profiling results emphatically 

suggested that MBF1c genes might control the normal 

germination process of seeds. MBF1c genes including 

GhMBF03 and GhMBF07 were found only specific in seed 

soaking of 0h where both genes were highly expressed and 

have not been found with such specific expression in any 

growth, stress treatments, and development stages. MBF1c 

positively regulates the seed germination and plant growth 

(Hommel et al. 2008). The SIER24, a co-activator MBF1 in 

tomato, has been reported to slow down seed germination 

after fusion to amphiphilic repression in MicroTom 

cultivar, although it had not shown a significant effect on 

plant growth (Hommel et al. 2008). The overexpression of 

AtMBF1c increases the seed yield by 20% in A. thaliana 

(Suzuki et al. 2005). 

A comparative genome-wide analysis of MBF1 genes 

in cotton demonstrated unique features and functions of all 

three types of MBF1 genes in cotton. MBF1a, MBF1b and 

MBF1c are differentially evolved in cotton, resulting in 

differential and unique functions of all members of these 

groups. A comprehensive transcriptome analysis suggested 

that MBF1a type genes are crucial for plant growth and 

development, abiotic and biotic stress tolerance. 

Transcriptome analyses and qRT-PCR verification of 

MBF1b results suggested the crucial role of MBF1b type 

genes in fiber elongation stages. On the other hand, MBF1c 

type genes were found structurally different than other 

members, resulting in their specific role only in seed 

germination processes. A function based study is 

recommended to further elucidate the specific function of 

characterized MBF1 genes in cotton. 

 

Conclusion 

Comparative genome level analyses and expression 

profiling provided important information about the 

conceivable capacity and possibility of the MBF1 family 

genes to assume a critical role in seed germination, plant 

growth, fiber development, biotic and abiotic stress 

tolerances. Results suggested that the MBF1a, MBF1b, and 

MBF1c individually possess different features and 

biological functions in cotton. This study gives the basic 

information on potential genes of the MBF1 family genes 
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which can be utilized for functional studies in cotton about 

fiber quality enhancement, plant stress tolerance, and plant 

development processes. 

 

Availability of data 

The datasets supporting the conclusion of this article 

are included within the article and its additional files.  

 

Abbreviations 

MBF1: Multiprotein bridging factor1 

bZIP: Basic leucine zipper 

Gh: Gossypium hirsutum 

Ga: Gossypium arboreum 

Gr: Gossypium raimondii Chu X, Wang C, Chen X, Lu W, Li 

H, Wang X, Hao L and Guo X, 2016. Correction: the cotton 

WRKY gene GhWRKY41 positively regulates salt and 

drought stress tolerance in transgenic Nicotiana 

benthamiana. PloS one 11(6): e0157026. 

 

Gb: Gossypium barbadense 

RIL: Recombinant Inbred Line 

TFs: Transcription factors 

TBP: TATA box-binding protein 

HTH: Helix-turn-helix 

Mw: molecular weight  

kDa: kilodalton 

Pl: Protein length 

aa: amino acid 

DNA: Deoxyribonucleic Acid 

RNA: Ribonucleic Acid 

Hsp: Heat-shock protein 

RRM: RNA recognition motif 

CSSLs: Chromosomal substitution segmental lines 

qRT-PCR: quantitative real time polymerase chain reaction 

 

Competing interest 

The authors declare they have no competing interest. 

 

REFERENCES 
 

Abe, H., Yamaguchi-Shinozaki, K., Urao, T., Iwasaki, T., 

Hosokawa, D., & Shinozaki, K. (1997). Role of arabidopsis 

MYC and MYB homologs in drought-and abscisic acid-

regulated gene expression. The Plant Cell, 9(10), 1859-

1868. 

Aravind, L., Anantharaman, V., Balaji, S., Babu, M. M., & Iyer, 

L. M. (2005). The many faces of the helix-turn-helix domain: 

transcription regulation and beyond. FEMS microbiology 

reviews, 29(2), 231-262.. 

Aravind, L., & Koonin, E. V. (1999). DNA-binding proteins and 

evolution of transcription regulation in the archaea. Nucleic 

acids research, 27(23), 4658-4670. 

Arce, D. P., Tonón, C., Zanetti, M. E., Godoy, A. V., Hirose, S., 

& Casalongué, C. A. (2006). The potato transcriptional co-

activator StMBF1 is up-regulated in response to oxidative 

stress and interacts with the TATA-box binding 

protein. BMB Reports, 39(4), 355-360. 

Argout, X., Salse, J., Aury, J. M., Guiltinan, M. J., Droc, G., 

Gouzy, J., ... & Lanaud, C. (2011). The genome of 

Theobroma cacao. Nature genetics, 43(2), 101-108. 

Bailey, T. L., Boden, M., Buske, F. A., Frith, M., Grant, C. E., 

Clementi, L., ... & Noble, W. S. (2009). MEME SUITE: 

tools for motif discovery and searching. Nucleic acids 

research, 37(suppl_2), W202-W208. 

Barh, D., Chaitankar, V., Yiannakopoulou, E. C., Salawu, E. O., 

Chowbina, S., Ghosh, P., & Azevedo, V. (2014). In silico 

models: from simple networks to complex diseases. 

In Animal Biotechnology (pp. 385-404). Academic 

Press.Beißbarth T and Speed TP, 2004. GOstat: find 

statistically overrepresented Gene Ontologies within a group 

of genes. Bioinformatics 20(9): 1464–1465. 

Blombach, F., Launay, H., Snijders, A. P., Zorraquino, V., Wu, 

H., de Koning, B., ... & van der Oost, J. (2014). Archaeal 

MBF1 binds to 30S and 70S ribosomes via its helix–turn–

helix domain. Biochemical Journal, 462(2), 373-384. 

Cao, D., Froehlich, J. E., Zhang, H., & Cheng, C. L. (2003). The 

chlorate‐resistant and photomorphogenesis‐defective mutant 

cr88 encodes a chloroplast‐targeted HSP90. The Plant 

Journal, 33(1), 107-118. 

Carbon, S., Ireland, A., Mungall, C. J., Shu, S., Marshall, B., 

Lewis, S., ... & Web Presence Working Group. (2009). 

AmiGO: online access to ontology and annotation 

data. Bioinformatics, 25(2), 288-289. 

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, 

Y., & Xia, R. (2020). TBtools: an integrative toolkit 

developed for interactive analyses of big biological 

data. Molecular plant, 13(8), 1194-1202. 

Cusick, M. E., Klitgord, N., Vidal, M., & Hill, D. E. (2005). 

Interactome: gateway into systems biology. Human 

molecular genetics, 14(suppl_2), R171-R181. 

de Koning, B., Blombach, F., Wu, H., Brouns, S. J., & van der 

Oost, J. (2009). Role of multiprotein bridging factor 1 in 

archaea: bridging the domains?. Biochemical Society 

Transactions, 37(1), 52-57. 

De Las Rivas, J., & Fontanillo, C. (2010). Protein–protein 

interactions essentials: key concepts to building and 

analyzing interactome networks. PLoS computational 

biology, 6(6), e1000807. 

Derbyshire, M. C. (2020). Bioinformatic detection of positive 

selection pressure in plant pathogens: the neutral theory of 

molecular sequence evolution in action. Frontiers in 

Microbiology, 644. 

Du, X., Huang, G., He, S., Yang, Z., Sun, G., Ma, X., ... & Li, F. 

(2018). Resequencing of 243 diploid cotton accessions based 

on an updated A genome identifies the genetic basis of key 

agronomic traits. Nature genetics, 50(6), 796-802. 

Finn, R. D., Clements, J., & Eddy, S. R. (2011). HMMER web 

server: interactive sequence similarity searching. Nucleic 

acids research, 39(suppl_2), W29-W37. 

Godoy, A. V., Zanetti, M. E., San Segundo, B., & Casalongué, C. 

A. (2001). Identification of a putative Solanum tuberosum 

transcriptional coactivator up‐regulated in potato tubers by 

Fusarium solani f. sp. eumartii infection and 

wounding. Physiologia Plantarum, 112(2), 217-222. 

Goodstein, D. M., Shu, S., Howson, R., Neupane, R., Hayes, R. 

D., Fazo, J., ... & Rokhsar, D. S. (2012). Phytozome: a 

comparative platform for green plant genomics. Nucleic 

acids research, 40(D1), D1178-D1186. 

Gou, J. Y., Wang, L. J., Chen, S. P., Hu, W. L., & Chen, X. Y. 

(2007). Gene expression and metabolite profiles of cotton 

fiber during cell elongation and secondary cell wall 

synthesis. Cell research, 17(5), 422-434. 

Gulledge, A. A., Roberts, A. D., Vora, H., Patel, K., & Loraine, 

A. E. (2012). Mining Arabidopsis thaliana RNA‐seq data 

with Integrated Genome Browser reveals stress‐induced 

alternative splicing of the putative splicing regulator 

SR45a. American journal of botany, 99(2), 219-231. 

Guo, J., & Chen, J. G. (2008). RACK1 genes regulate plant 

development with unequal genetic redundancy in 

Arabidopsis. BMC Plant Biology, 8(1), 1-11. 

Guo, W. L., Chen, R. G., Du, X. H., Zhang, Z., Yin, Y. X., Gong, 

Z. H., & Wang, G. Y. (2014). Reduced tolerance to abiotic 

stress in transgenic Arabidopsis overexpressing a Capsicum 



Int J Agri Biosci, 2022, 11(2): 108-124. 
 

 122 

annuummultiprotein bridging factor 1. BMC plant 

biology, 14(1), 1-13. 

Hafeez, A., Gě, Q., Zhāng, Q., Lǐ, J., Gōng, J., Liú, R., ... & Gǒng, 

W. (2021). Multi-responses of O-methyltransferase genes to 

salt stress and fiber development of Gossypium 

species. BMC Plant Biology, 21, 1-17. 

Hafeez, A., Razzaq, A., Ahmed, A., Liu, A., Qun, G., Junwen, L., 

... & Yuan, Y. (2021). Identification of hub genes through 

co-expression network of major QTLs of fiber length and 

strength traits in multiple RIL populations of 

cotton. Genomics, 113(3), 1325-1337. 

Ho, Y. H., & Gasch, A. P. (2015). Exploiting the yeast stress-

activated signaling network to inform on stress biology and 

disease signaling. Current genetics, 61(4), 503-511. 

Hommel, M., Khalil-Ahmad, Q., Jaimes-Miranda, F., Mila, I., 

Pouzet, C., Latché, A., ... & Regad, F. (2008). Over-

expression of a chimeric gene of the transcriptional co-

activator MBF1 fused to the EAR repressor motif causes 

developmental alteration in Arabidopsis and tomato. Plant 

science, 175(1-2), 168-177. 

Hu, B., Jin, J., Guo, A. Y., Zhang, H., Luo, J., & Gao, G. (2015). 

GSDS 2.0: an upgraded gene feature visualization 

server. Bioinformatics, 31(8), 1296-1297. 

Hu, Y., Chen, J., Fang, L., Zhang, Z., Ma, W., Niu, Y., ... & 

Zhang, T. (2019). Gossypium barbadense and Gossypium 

hirsutum genomes provide insights into the origin and 

evolution of allotetraploid cotton. Nature genetics, 51(4), 

739-748. 

Hu, Y., Chen, J., Fang, L., Zhang, Z., Ma, W., Niu, Y., ... & 

Zhang, T. (2019). Gossypium barbadense and Gossypium 

hirsutum genomes provide insights into the origin and 

evolution of allotetraploid cotton. Nature genetics, 51(4), 

739-748. 

Huang, W., Hu, B., Liu, J., Zhou, Y., & Liu, S. (2020). 

Identification and characterization of tonoplast sugar 

transporter (TST) gene family in cucumber. Horticultural 

Plant Journal, 6(3), 145-157. 

Jaimes-Miranda, F., & Chávez Montes, R. A. (2020). The plant 

MBF1 protein family: a bridge between stress and 

transcription. Journal of experimental botany, 71(6), 1782-

1791. 

Jakoby, M., Weisshaar, B., Dröge-Laser, W., Vicente-Carbajosa, 

J., Tiedemann, J., Kroj, T., & Parcy, F. (2002). bZIP 

transcription factors in Arabidopsis. Trends in plant 

science, 7(3), 106-111. 

Johnson, M., Zaretskaya, I., Raytselis, Y., Merezhuk, Y., 

McGinnis, S., & Madden, T. L. (2008). NCBI BLAST: a 

better web interface. Nucleic acids research, 36(suppl_2), 

W5-W9. 

Kabe, Y., Goto, M., Shima, D., Imai, T., Wada, T., Morohashi, K. 

I., ... & Handa, H. (1999). The role of human MBF1 as a 

transcriptional coactivator. Journal of Biological 

Chemistry, 274(48), 34196-34202. 

Khan, N., Hu, C. M., Khan, W. A., Wang, W., Ke, H., Huijie, D., 

... & Hou, X. (2018). Genome-wide identification, 

classification, and expression pattern of homeobox gene 

family in Brassica rapa under various stresses. Scientific 

Reports, 8(1), 1-17. 

Khanale, V., Bhattacharya, A., Satpute, R., & Char, B. (2021). 

Brief bioinformatics identification of cotton bZIP 

transcription factors family from Gossypium hirsutum, 

Gossypium arboreum and Gossypium raimondii. Plant 

Biotechnology Reports, 15, 493-511. 

Kim, G. D., Cho, Y. H., & Yoo, S. D. (2015). Regulatory 

functions of evolutionarily conserved AN1/A20-like Zinc 

finger family proteins in Arabidopsis stress responses under 

high temperature. Biochemical and Biophysical Research 

Communications, 457(2), 213-220. 

Kim, Y. S., Kim, S. G., Park, J. E., Park, H. Y., Lim, M. H., Chua, 

N. H., & Park, C. M. (2006). A membrane-bound NAC 

transcription factor regulates cell division in 

Arabidopsis. The Plant Cell, 18(11), 3132-3144. 

Ko, J. H., Yang, S. H., Park, A. H., Lerouxel, O., & Han, K. H. 

(2007). ANAC012, a member of the plant‐specific NAC 

transcription factor family, negatively regulates xylary fiber 

development in Arabidopsis thaliana. The Plant 

Journal, 50(6), 1035-1048. 

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: molecular 

evolutionary genetics analysis version 7.0 for bigger 

datasets. Molecular biology and evolution, 33(7), 1870-

1874. 

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., 

McGettigan, P. A., McWilliam, H., ... & Higgins, D. G. 

(2007). Clustal W and Clustal X version 

2.0. bioinformatics, 23(21), 2947-2948. 

Latchman, D. S. (1997). Transcription factors: an overview. The 

international journal of biochemistry & cell biology, 29(12), 

1305-1312. 

Leidi, M., Mariotti, M., & Maier, J. A. (2009). Transcriptional 

coactivator EDF-1 is required for PPARγ-stimulated 

adipogenesis. Cellular and molecular life sciences, 66, 

2733-2742. 

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van 

de Peer, Y., ... & Rombauts, S. (2002). PlantCARE, a 

database of plant cis-acting regulatory elements and a portal 

to tools for in silico analysis of promoter sequences. Nucleic 

acids research, 30(1), 325-327. 

Li, F. Q., Ueda, H., & Hirose, S. (1994). Mediators of activation 

of fushi tarazu gene transcription by BmFTZ-F1. Molecular 

and Cellular Biology, 14(5), 3013-3021. 

Li, F., Fan, G., Lu, C., Xiao, G., Zou, C., Kohel, R. J., ... & Yu, S. 

(2015). Genome sequence of cultivated Upland cotton 

(Gossypium hirsutum TM-1) provides insights into genome 

evolution. Nature biotechnology, 33(5), 524-530. 

Li, P. T., Rashid, M., Chen, T. T., Lu, Q. W., Ge, Q., Gong, W. 

K., ... & Yuan, Y. L. (2019). Transcriptomic and biochemical 

analysis of upland cotton (Gossypium hirsutum) and a 

chromosome segment substitution line from G. hirsutum× G. 

barbadense in response to Verticillium dahliae 

infection. BMC Plant Biology, 19(1), 1-24. 

Li, Y. F., Dubois, F., & Zhou, D. X. (2001). Ectopic expression 

of TATA box-binding protein induces shoot proliferation in 

Arabidopsis. FEBS letters, 489(2-3), 187-191. 

Li, Y., Lee, K. K., Walsh, S., Smith, C., Hadingham, S., Sorefan, 

K., ... & Bevan, M. W. (2006). Establishing glucose-and 

ABA-regulated transcription networks in Arabidopsis by 

microarray analysis and promoter classification using a 

Relevance Vector Machine. Genome research, 16(3), 414-

427. 

Liang, C., Meng, Z., Meng, Z., Malik, W., Yan, R., Lwin, K. M., 

... & Zhang, R. (2016). GhABF2, a bZIP transcription factor, 

confers drought and salinity tolerance in cotton (Gossypium 

hirsutum L.). Scientific reports, 6(1), 1-14. 

Liu, B., Zhu, Y., & Zhang, T. (2015). The R3-MYB gene GhCPC 

negatively regulates cotton fiber elongation. PloS one, 10(2), 

e0116272. 

Liu, Q. X., Jindra, M., Ueda, H., Hiromi, Y., & Hirose, S. (2003). 

Drosophila MBF1 is a co-activator for Tracheae Defective 

and contributes to the formation of tracheal and nervous 

systems. 

Liu, Q. X., Nakashima-Kamimura, N., Ikeo, K., Hirose, S., & 

Gojobori, T. (2007). Compensatory change of interacting 

amino acids in the coevolution of transcriptional coactivator 

MBF1 and TATA-Box–binding protein. Molecular biology 

and evolution, 24(7), 1458-1463. 

Liu, Q. X., Ueda, H., & Hirose, S. (2000). MBF2 is a tissue-and 

stage-specific coactivator that is regulated at the step of 



Int J Agri Biosci, 2022, 11(2): 108-124. 
 

 123 

nuclear transport in the silkworm Bombyx 

mori. Developmental Biology, 225(2), 437-446. 

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene 

expression data using real-time quantitative PCR and the 2− 

ΔΔCT method. methods, 25(4), 402-408. 

Lu, Q., Shi, Y., Xiao, X., Li, P., Gong, J., Gong, W., ... & Huang, 

J. (2017). Transcriptome analysis suggests that chromosome 

introgression fragments from sea island cotton (Gossypium 

barbadense) increase fiber strength in upland cotton 

(Gossypium hirsutum). G3: Genes, Genomes, 

Genetics, 7(10), 3469-3479. 

Mammadov, J., Buyyarapu, R., Guttikonda, S. K., Parliament, K., 

Abdurakhmonov, I. Y., & Kumpatla, S. P. (2018). Wild 

relatives of maize, rice, cotton, and soybean: treasure troves 

for tolerance to biotic and abiotic stresses. Frontiers in plant 

science, 9, 886. 

Mariotti, M., De Benedictis, L., Avon, E., & Maier, J. A. (2000). 

Interaction between endothelial differentiation-related 

factor-1 and calmodulin in vitro and in vivo. Journal of 

Biological Chemistry, 275(31), 24047-24051. 

Matsushita, Y., Miyakawa, O., Deguchi, M., Nishiguchi, M., & 

Nyunoya, H. (2002). Cloning of a tobacco cDNA coding for 

a putative transcriptional coactivator MBF1 that interacts 

with the tomato mosaic virus movement protein. Journal of 

Experimental Botany, 53(373), 1531-1532. 

McCann, H. C., Nahal, H., Thakur, S., & Guttman, D. S. (2012). 

Identification of innate immunity elicitors using molecular 

signatures of natural selection. Proceedings of the National 

Academy of Sciences, 109(11), 4215-4220. 

Mickelbart, M. V., Hasegawa, P. M., & Bailey-Serres, J. (2015). 

Genetic mechanisms of abiotic stress tolerance that translate 

to crop yield stability. Nature Reviews Genetics, 16(4), 237-

251.Mitchell PJ and Tjian RJS, 1989. Transcriptional 

regulation in mammalian cells by sequence-specific DNA 

binding proteins. 245(4916): 371-378. 

Mosharaf, M. P., Akond, Z., Kabir, M. H., & Mollah, M. N. H. 

(2019). Genome-wide identification, characterization and 

phylogenetic analysis of Dicer-like (DCL) gene family in 

Coffea arabica. Bioinformation, 15(11), 824. 

Muthusamy, M., Yoon, E. K., Kim, J. A., Jeong, M. J., & Lee, S. 

I. (2020). Brassica rapa SR45a regulates drought tolerance 

via the alternative splicing of target genes. Genes, 11(2), 

182. 

Narlikar, L., & Ovcharenko, I. (2009). Identifying regulatory 

elements in eukaryotic genomes. Briefings in functional 

genomics and proteomics, 8(4), 215-230. 

Nature AGIJ. (2000). Analysis of the genome sequence of the 

flowering plant Arabidopsis thaliana, 408(6814): 796. 

Nature TGCJ. (2012). The tomato genome sequence provides 

insights into fleshy fruit evolution, 485(7400): 635. 

Parvathi, M. S., & Nataraja, K. N. (2017). Discovery of stress 

responsive TATA-box binding protein associated Factor6 

(TAF6) from finger millet (Eleusine coracana (L.) 

Gaertn). Journal of Plant Biology, 60, 335-342. 

Paterson, A. H., Wendel, J. F., Gundlach, H., Guo, H., Jenkins, J., 

Jin, D., ... & Schmutz, J. (2012). Repeated polyploidization 

of Gossypium genomes and the evolution of spinnable cotton 

fibres. Nature, 492(7429), 423-427. 

Prewitt, S. F., Ayre, B. G., & McGarry, R. C. (2018). Cotton 

CENTRORADIALIS/TERMINAL FLOWER 1/SELF-

PRUNING genes functionally diverged to differentially 

impact plant architecture. Journal of experimental 

botany, 69(22), 5403-5417. 

Qin, C., Yu, C., Shen, Y., Fang, X., Chen, L., Min, J., ... & Zhang, 

Z. (2014). Whole-genome sequencing of cultivated and wild 

peppers provides insights into Capsicum domestication and 

specialization. Proceedings of the National Academy of 

Sciences, 111(14), 5135-5140. 

Qin, D., Wang, F., Geng, X., Zhang, L., Yao, Y., Ni, Z., ... & Sun, 

Q. (2015). Overexpression of heat stress-responsive 

TaMBF1c, a wheat (Triticum aestivum L.) Multiprotein 

Bridging Factor, confers heat tolerance in both yeast and 

rice. Plant molecular biology, 87, 31-45. 

Rizhsky, L., Liang, H., & Mittler, R. (2002). The combined effect 

of drought stress and heat shock on gene expression in 

tobacco. Plant physiology, 130(3), 1143-1151. 

Rychlik, W. (2007). OLIGO 7 primer analysis software. PCR 

primer design, 35-59. 

Schmutz, J., Cannon, S. B., Schlueter, J., Ma, J., Mitros, T., 

Nelson, W., ... & Jackson, S. A. (2010). Genome sequence 

of the palaeopolyploid soybean. nature, 463(7278), 178-

183. 

Schnable, P. S., Ware, D., Fulton, R. S., Stein, J. C., Wei, F., 

Pasternak, S., ... & Presting, G. G. (2009). The B73 maize 

genome: complexity, diversity, and 

dynamics. science, 326(5956), 1112-1115. 

Sharma, N., Russell, S. D., Bhalla, P. L., & Singh, M. B. (2011). 

Putative cis-regulatory elements in genes highly expressed 

in rice sperm cells. BMC research notes, 4(1), 1-10. 

Shi, Y. H., Zhu, S. W., Mao, X. Z., Feng, J. X., Qin, Y. M., Zhang, 

L., ... & Zhu, Y. X. (2006). Transcriptome profiling, 

molecular biological, and physiological studies reveal a 

major role for ethylene in cotton fiber cell elongation. The 

plant cell, 18(3), 651-664. 

Singh, H., Kaur, K., Singh, M., Kaur, G., & Singh, P. (2020). 

Plant cyclophilins: Multifaceted proteins with versatile 

roles. Frontiers in Plant Science, 11, 585212. 

Smita, S., Katiyar, A., Chinnusamy, V., Pandey, D. M., & Bansal, 

K. C. (2015). Transcriptional regulatory network analysis of 

MYB transcription factor family genes in rice. Frontiers in 

plant science, 6, 1157. 

Sperotto, R. A., Ricachenevsky, F. K., Duarte, G. L., Boff, T., 

Lopes, K. L., Sperb, E. R., ... & Fett, J. P. (2009). 

Identification of up-regulated genes in flag leaves during rice 

grain filling and characterization of Os NAC5, a new ABA-

dependent transcription factor. Planta, 230, 985-1002. 

Sugikawa, Y., Ebihara, S., Tsuda, K., Niwa, Y., & Yamazaki, K. 

I. (2005). Transcriptional coactivator MBF1s from 

Arabidopsis predominantly localize in nucleolus. Journal of 

plant research, 118, 431-437. 

Sun, F., Liu, C., Zhang, C., Qi, W., Zhang, X., Wu, Z., ... & Yang, 

J. (2012). A conserved RNA recognition motif (RRM) 

domain of Brassica napus FCA improves cotton fiber quality 

and yield by regulating cell size. Molecular breeding, 30, 

93-101. 

Suzuki, N., Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., & 

Mittler, R. (2005). Enhanced tolerance to environmental 

stress in transgenic plants expressing the transcriptional 

coactivator multiprotein bridging factor 1c. Plant 

physiology, 139(3), 1313-1322. 

Suzuki, N., Bajad, S., Shuman, J., Shulaev, V., & Mittler, R. 

(2008). The transcriptional co-activator MBF1c is a key 

regulator of thermotolerance in Arabidopsis 

thaliana. Journal of Biological Chemistry, 283(14), 9269-

9275. 

Suzuki, N., Bajad, S., Shuman, J., Shulaev, V., & Mittler, R. 

(2008a). The transcriptional co-activator MBF1c is a key 

regulator of thermotolerance in Arabidopsis 

thaliana. Journal of Biological Chemistry, 283(14), 9269-

9275. 

Takemaru, K. I., Harashima, S., Ueda, H., & Hirose, S. (1998). 

Yeast coactivator MBF1 mediates GCN4-dependent 

transcriptional activation. Molecular and Cellular 

Biology, 18(9), 4971-4976. 

Taliercio, E. W., & Boykin, D. (2007). Analysis of gene 

expression in cotton fiber initials. BMC plant biology, 7(1), 

1-13. 

Tjaden, G., & Coruzzi, G. M. (1994). A novel AT-rich DNA 

binding protein that combines an HMG I-like DNA binding 



Int J Agri Biosci, 2022, 11(2): 108-124. 
 

 124 

domain with a putative transcription domain. The Plant 

Cell, 6(1), 107-118. 

Tsuda, K., & Yamazaki, K. I. (2004). Structure and expression 

analysis of three subtypes of Arabidopsis MBF1 

genes. Biochimica et Biophysica Acta (BBA)-Gene Structure 

and Expression, 1680(1), 1-10. 

Tsuda, K., & Yamazaki, K. I. (2004). Structure and expression 

analysis of three subtypes of Arabidopsis MBF1 

genes. Biochimica et Biophysica Acta (BBA)-Gene Structure 

and Expression, 1680(1), 1-10. 

Turkina, M. V., Klang Årstrand, H., & Vener, A. V. (2011). 

Differential phosphorylation of ribosomal proteins in 

Arabidopsis thaliana plants during day and night. PloS 

one, 6(12), e29307. 

Ubeda-Tomás, S., Beemster, G. T., & Bennett, M. J. (2012). 

Hormonal regulation of root growth: integrating local 

activities into global behaviour. Trends in plant 

science, 17(6), 326-331. 

Wang, K., Wang, Z., Li, F., Ye, W., Wang, J., Song, G., ... & Yu, 

S. (2012). The draft genome of a diploid cotton Gossypium 

raimondii. Nature genetics, 44(10), 1098-1103. 

Wang, T., & Stormo, G. D. (2003). Combining phylogenetic data 

with co-regulated genes to identify regulatory 

motifs. Bioinformatics, 19(18), 2369-2380. 

Wang, W., Vinocur, B., & Altman, A. (2003). Plant responses to 

drought, salinity and extreme temperatures: towards genetic 

engineering for stress tolerance. Planta, 218, 1-14. 

Wang, X., Haberer, G., & Mayer, K. F. (2009). Discovery of cis-

elements between sorghum and rice using co-expression and 

evolutionary conservation. BMC genomics, 10, 1-15. 

Wang, X., Lu, X., Malik, W. A., Chen, X., Wang, J., Wang, D., 

... & Ye, W. (2020). Differentially expressed bZIP 

transcription factors confer multi-tolerances in Gossypium 

hirsutum L. International journal of biological 

macromolecules, 146, 569-578. 

Wendel, J. F., Brubaker, C., Alvarez, I., Cronn, R., & Stewart, J. 

M. (2009). Evolution and natural history of the cotton 

genus. Genetics and genomics of cotton, 3-22. 

Yan, Q., Hou, H., Singer, S. D., Yan, X., Guo, R., & Wang, X. 

(2014). The grape VvMBF1 gene improves drought stress 

tolerance in transgenic Arabidopsis thaliana. Plant Cell, 

Tissue and Organ Culture (PCTOC), 118, 571-582. 

Yu, C. S., Chen, Y. C., Lu, C. H., & Hwang, J. K. (2006). 

Prediction of protein subcellular localization. Proteins: 

Structure, Function, and Bioinformatics, 64(3), 643-651. 

Zafar, M. M., Jia, X., Shakeel, A., Sarfraz, Z., Manan, A., Imran, 

A., ... & Ren, M. (2022). Unraveling heat tolerance in upland 

cotton (Gossypium hirsutum L.) using univariate and 

multivariate analysis. Frontiers in plant science, 12, 727835. 

Zafar, M. M., Mustafa, G., Shoukat, F., Idrees, A., Ali, A., Sharif, 

F., ... & Li, F. (2022a). Heterologous expression of cry3Bb1 

and cry3 genes for enhanced resistance against insect pests 

in cotton. Scientific Reports, 12(1), 10878. 

Zafar, M. M., Rehman, A., Razzaq, A., Parvaiz, A., Mustafa, G., 

Sharif, F., ... & Ren, M. (2022b). Genome-wide 

characterization and expression analysis of Erf gene family 

in cotton. BMC plant biology, 22(1), 134. 

Zafar, M. M., Zhang, Y., Farooq, M. A., Ali, A., Firdous, H., 

Haseeb, M., ... & Ren, M. (2022c). Biochemical and 

Associated Agronomic Traits in Gossypium hirsutum L. under 

High Temperature Stress. Agronomy, 12(6), 1310. 

Zafar, M. M., Razzaq, A., Farooq, M. A., Rehman, A., Firdous, 

H., Shakeel, A., ... & Youlu, Y. (2022). Genetic variation 

studies of ionic and within boll yield components in cotton 

(Gossypium Hirsutum L.) Under salt stress. Journal of 

Natural Fibers, 19(8), 3063-3082. 

Zhang, T., Hu, Y., Jiang, W., Fang, L., Guan, X., Chen, J., ... & 

Chen, Z. J. (2015). Sequencing of allotetraploid cotton 

(Gossypium hirsutum L. acc. TM-1) provides a resource for 

fiber improvement. Nature biotechnology, 33(5), 531-537. 

Zhang, Z., Li, J., Jamshed, M., Shi, Y., Liu, A., Gong, J., ... & 

Yuan, Y. (2020). Genome‐wide quantitative trait loci reveal 

the genetic basis of cotton fibre quality and yield‐related 

traits in a Gossypium hirsutum recombinant inbred line 

population. Plant biotechnology journal, 18(1), 239-253. 

Zhu, J. K. (2002). Salt and drought stress signal transduction in 

plants. Annual review of plant biology, 53(1), 247-273. 

Zhu, T., Liang, C., Meng, Z., Sun, G., Meng, Z., Guo, S., & 

Zhang, R. (2017). CottonFGD: an integrated functional 

genomics database for cotton. BMC plant biology, 17(1), 1-

9. 

Zhu, Y. N., Shi, D. Q., Ruan, M. B., Zhang, L. L., Meng, Z. H., 

Liu, J., & Yang, W. C. (2013). Transcriptome analysis 

reveals crosstalk of responsive genes to multiple abiotic 

stresses in cotton (Gossypium hirsutum L.). 8(11): e80218.

 


