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Abstract

Brassinosteroids (BRs) are a family of steroid hormones present ubiquitously in plant kingdoms and regulate
wide range of physiological and developmental processes. BRs signal to regulate brassinosteroid transcription
factors (BRTF’s), which regulate target genes for various BR responses. However, the role of BRs in developing
fiber and during drought stress which is major limiting factor in its development is still limited.

Our in silico modelling using Algorithm for the Reconstruction of Accurate Cellular Networks (ARACNe) reveals
that BRTF's form a gene regulatory network (GRN) during cotton fiber development. Hierarchical clustering
highlighted gene expression during acute dehydration response from early, peak and late elongation stage. SEA
(Singular Enrichment Analysis) based gene ontology analysis demonstrate synergistic effect of BRs with other
hormones like auxin. Our results provide a strong footprint of BRs based gene regulation in cotton fiber growth and

drought stress.

Keywords: ARACNe Algorithm for the Reconstruction of Accurate
Cellular Networks; GRN gene regulatory network; BRs Brassinosteroids;
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Introduction

Cotton is the bulkiest sink of natural textile fiber and a main oilseed
crop, with extensive scientific, environmental, and socio-economic
footsteps. Cotton fiber is a highly elongated seed hair with a secondary
wall composed of almost pure cellulose. Development of cotton fibers
is positively affected by a number of phytohormones including auxin,
gibberellins and brassinosteroids (BRs) [1,2]. BRs consist of a family
of phytosterols found throughout the plant kingdom [3]. In general,
BR has effects similar to auxin. BR stimulates germination, shoot
elongation, vascular development and pollen formation. BR inhibits
root elongation and promotes secondary root initiation. BR accelerates
cell elongation and affects cytoskeletal and cell wall structure. BR
promotes the transverse orientation of microtubules in azuki bean
[4], and the brassinolide (BL)-induced epicotyl growth in Cicer
arietinum is accompanied by increased P-tubulin expression [5].
Among the first BR-responsive genes to be identified, BR-unregulated
gene 1 (BRU1) from soybean [6] was identified as a xyloglucan endo-
transglycosylase gene (i.e. XTH). These enzymes are involved in cell
wall loosening [6] and provide a direct link between BR and its effects
on cell wall development. Microarray analysis of BR-up-regulated
genes showed that many cell wall-related genes, including fatty acid
elongase (Atlg01120), expansin (EXP), arabinogalactan protein
(AGP), acyl carrier protein (ACP) and a number of XTHs (U43488,),
are up-regulated by BL in Arabidopsis [7,8]. Interestingly, the cotton
counterparts of these genes were also reported to be preferentially
expressed in cotton fibers [9].

Cotton fiber development can be divided into four overlapping
stages: fiber initiation, elongation, secondary wall deposition and
maturation. Fiber elongation is controlled by the interaction of cell
turgor and cell wall extensibility [10]. Allen et al. [2] reported that
transgenic cotton that was BR-stimulated overexpress a cotton XTH
known as KC22 and these plants produce fibers that are significantly
longer than those from control plants [10].

Further, BES1 (BRI1-EMS-SUPPRESSOR 1) is a novel plant-
specific transcription factors thataccumulates in the nucleus in response
to BRs, and plays a role in BR-regulated gene expression; however, the
mechanism by which BESI regulates gene expression in developing
fiber cell is still unknown [11,12]. Our in silico identification of BRTF’s
target genes and their gene ontological process confirm that the
expression of BR-responsive genes correlates with fiber development
and drought stress also.

Material and Methods
Data Collection and initial Processing

108 cotton fiber microarray data sets were downloaded from Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/).
Data are available at GEO data (Series GSE36021 and GSE29810).
Data was of oligonucleotide data, and were usually provided in .cel file
format. All available data were included in processing and analysis. All
data sets were log transformed and median centered per array, and the
standard deviations were normalized to one per array. Eight cotton
BES1 genes (BRTF’s) were selected from the Plant TFDB (http://
planttfdb.cbi.pku.edu.cn) for network analysis and their chip Ids
were extracted from Plexdb tool (http://www.plexdb.org/). We have
also taken the previously reported supplementary data concerning to
BESI transcription factor and their GRN regulation in Arabidopsis for
validation, where similar type of study have performed for only one
BESI transcription factor [13].
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Network inference using ARACNe

Using a combined stringent cut off of an error tolerance £=0.2 and
a p-value threshold of mutual information (MI) at 0.05, ARACNE
(Algorithm for the Reconstruction of Accurate Cellular Networks)
(http://wiki.c2b2.columbia.edu/califanolab/index.php/Software/
ARACNE) inferred global gene networks for 8 brassinosteroid
transcription factors genes (GhiAffx.23450.1.A1_s_at,Ghi.2138.1.51_
at,Ghi.2429.1.S1_s_at,Ghi.8007.1.S1_at,Ghi.9165.1.S1_s_at,
Ghi.9165.1.51_s_at,GraAffx.19173.1.A1_s_at,Ghi.6198.3.A1_at,
GraAffx.34276.1.A1_s_at). These genes were considered as a “hub
genes” genes for target identification. ARACNe, was developed and
successfully used to infer a GRN in human B cells [14,15]. If the TFs
indeed function to mediate abiotic stress responses, we should be
able to observe some expression correlation among them, which can
be demonstrated by reconstruction of a gene regulatory network
(GRN). ARACNe inferred direct interactions (1* neighbours) and
2™ neighbours for selected hub genes. Threshold for MI (mutual
information) and DPI (Data Processing Inequality) tolerance were
set to p<0.05 (Bonferroni corrected for multiple testing) and 0%,
respectively. The bootstrapping option was applied to generate 100
bootstrapped networks. These networks were merged into a consensus
network from consensus voting methods based on a statistically
significant number of interactions inferred from the bootstrapping
steps. Further Cytoscape 3.0.2 software was used to draw the network
using the same parameter as described in [16].

Annotation analyses of Cotton Gene chip

TFs Targets genes were analysed using the functional
categorization based on three GO categories at p-values > 0.05. The
agriGO tool (http://bioinfo.cau.edu.cn/agriGO/) was used to perform
the enrichment analysis using SEA (Singular Enrichment Analysis)
coupled with available background data of cotton probes. Cotton Gene
chip annotation was based on the top hits using the PLEXdb tool.

BES1/BZR1 homolog protein 4
GhiAffx.23450.1.A1_s_at

Ghi.2138.1.51_at

Brassinosteroid signalling
positive regulator-related

Unknown DT464950

Metabolic Interaction Network analysis

The BRTF’s target genes were analyzed for cellular pathway
and transcriptome interactions using the program Pathway Studio
(Ariadne Genomics, USA). The pathway diagram was further filtered
to show the proteins involved in cellular processes associated with the
fiber development network.

Results

Brassinosteroid Regulatory gene networks

Firstly we have taken BRTF’s from cotton transcription factor
database (http://www.bmicc.org/web/english/search/planttfdb)
then we perform blastn with the sequences of cotton affymetrix chip
where we found total 8 BES1 genes. (Figure 1 and Table 1). Using the
ARACNe we found 3636 target genes for these regulatory genes which
were further annotated for their ontology categorization.

To gain an insight over BRs regulated BRTFs we used the
supplementary data for Arabidopsis thaliana BES] target genes, BR and
mutant bes-1 differentially regulated genes data provided by Xiaofei Yu
et al. [12]. We performed the Venn analysis between our identified
cotton BESI target genes (i.e BRTF’s) and putative Arabidopsis BES1
target genes (Figure 2) and BR differentially regulate (up/down) and
bes1-D mutant differentially regulated (up/down) genes (Figure 3a and
3b) using Venny tool (http://bioinfogp.cnb.csic.es/tools/venny/). We
selected top 46 genes as BR regulated BRTF’s and were further used
for expression profiling in drought effected developing fibers and in
developing fibers of contrasting genotypes.

Singular Enrichment Analysis of BRTF’s target genes

The 3636 target genes were further used for Fisher Exact test based
Gene ontology enrichment analysis using agriGO tool (http://bioinfo.
cau.edu.cn/agriGO/) where FDR-adjusted p-value of < 0.05 was

BES1

BZR1

Brassinosteroid signalling
positive regulator-related

Figure 1: Interactome analysis showing brassinosteroid transcription factors (BRTF’s) and their targets interaction using ARACNe algorithm.

Red circle showed hub TF’S and green circles are their targets.
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Selected Brassinosteroid Transcription factors i.e. “Hub Gene” | No of Targets

Ghi.2429.1.81_s_at 1997
Ghi.6198.3.A1_at 999
Ghi.9165.1.81_s_at 532
Ghi.8007.1.S1_at 90
GhiAffx.23450.1.A1_s_at 14
Ghi.2138.1.81_at 4
GraAffx.19173.1.A1_s_at 0
GraAffx.34276.1.A1_s_at 0

Table 1: Regulatory Brassonosteroid transcription factors and their target genes
identified through ARACNe algorithm. Only top six transcription factors and their
targets network data were used for Cytoscape 3.0.2.

Gossypium hirsutum BES] target genes

Arabidopsis thaliana homologues in developing cotton fiber cotton fiber

BESI target genes

262 3001

Figure 2: Venn analysis for overlapping BRTF’'s target genes of
Gossypiumhirsutum and BES1 target genes of Arabidopsis thaliana.

bes-1D mutant differentially BES! target gene in cotton (Arabidopsis homologues)
expressed genes

BES! target gene in cotton (Arabidopsis
homologues)

BR differentially expressed genes

287

436 1108

BR differentially expressed genes

(a) (b)

Figure 2: (a) Venn analysis for overlapping BES1 target gene and
brassinosteroid differential genes in cotton (Arabidopsis homologues) (b) Venn
analysis for overlapping gene in between BES1 target gene, bes-1D mutant
differentially expressed genesand brassinosteroid differential genes in cotton
(Arabidopsis homologues).

chosen as the cutoff (Figure 6, Supplementary file S1). The distribution
of BRTF’s target enriched GO terms showed several noteworthy
findings. The significantly enriched GO terms, including response
to stimulus (GO: 0050896, p-value=4.10E-06), transcription factor
complex (GO: 0005667, p-value=1.20E-05), response to hormone
stimulus (GO: 0009725, p-value=2.30E-05 cellular nitrogen compound
metabolic process (GO: 0034641, p-value=3.10E-05), response to
abiotic stimulus (GO: 0009628, p-value=0.0023) and transcription
regulator activity (GO: 0030528, p-value=5.30E-05), response to
brassinosteroid stimulus (GO: 0030528, p-value=0.0024), response to
auxin stimulus process (GO: 0009733, p-value=0.0034).

BRTF’s target genes showed interesting pattern during
drought affected developing fiber

A of number of upstream pathways were activated during whole
fiber developmental stages. Here we observed an interesting expression
pattern of BRTF’s target genes for drought effected developing fiber.

We obtained four different expression patterns for BRTF’s target gene
expression based on their peak expression (Figure 4). A number of
studies have indicated that BRs are able to enhance the capability of
plants to cope with stresses, such as heavy metal stress, water stress, and
salt stress, high and low temperature stress and pathogen attack [17-
19]. We annotate target genes and found a total 42 TF’s in these patterns
that may be biologically relevant. Previous analysis revealed that BR
induces the expression of heat shock protein (HSP83, HSP70, Hsc70-3,
and Hsc70-G7), heat shock factor (HSF3), and oxidative stress-related
genes (GST, ATPA2, and ATP24a) in Arabidopsis [8,20]. BR induces
defense and antioxidant genes in the absence of stresses. In contrast,
expressions of cold and pathogenesis-related genes are reduced in
Brz-treated cucumber seedlings or BR-deficient Arabidopsis mutants
[20,21]. These results suggest that BR enhances plant stress tolerance
by activating genes involved in plant defense and stress responses.
Further Pustovoitova et al. [22] observed that cucumber sprayed with
a synthetic BR, 24-epibrassinolide (EBR), had improved resistance
to dehydration. BR treatment has also been reported to increase
germination and seedling growth of Sorghum vulgare under osmotic
stress [23] and enhance drought tolerance in Phaseolus vulgaris [24].

BRTPF’s target genes showed contrasting pattern in between
the developing fiber of contrasting genotypes

In our previous study we focused on the differential genes and
metabolic pathways between superior (NBRI777 and NBRI725) and
inferior genotypes (NBRI 703, NBRI783, NBRI737) [24]. Here we
characterize transcriptional dynamics in contrasting cotton genotypes
to elucidate time-dependent and genotype-specific modulation of fiber
development which leads to difference in enhance fiber phenotype.
Our present study both extended the comparison of their genome
and tracks the expression of BRTF’s targeted genes over a fiber
developmental stage (Figure 5). Functional classification of the BRTF’s
targeted genes (BR-regulated genes excluding both high- and low-
confidence BZR1-binding targets) based on Gene Ontology categories
showed that BR directly and indirectly regulates a range of biological
processes and cellular activities (Figure 6). For example, genes involved
in transcription, cell growth as well as microtubule associated complex
are highly enriched in BRTF’s targeted genes. Genes involved in solute
cation/ or hydrogen symporter activity, sugar transport cell wall
organization are equally enriched in BRTF’s target genes. Nigam et
al. [16] reported that BR activates a large number of BES1/BZR target
genes encoding cell wall-related enzymes, such as cellulose synthase,
pectinesterases, xyloglucosyl transferases, and expanins, which are likely
to mediate BR promotion of fiber cell elongation and differentiation.
BR also directly activates a large number of genes involved in cellular
transport and cytoskeleton organization, which are likely to contribute
to BR promotion of solute uptake and directional cell elongation.
Similarly, we found enrichment of UDP-glycosyltransferase (UGT) in
our target genes. This is also supported by one of the reports of Gilbert
etal. [25] where the high accumulation of ABA in mutant fiber suggests
a possible role of UGT73C14 for ABA homeostasis in the Li, mutant
fibers. Higher expression levels of UGT73C14 in mutant Li, fiber lines
could likely be a feedback reaction to changed ABA levels, that probably
acting to “detoxify” fiber cells by targeting excess ABA for storage.

Metabolic Interaction Network showing functional dynam-
ics of BRTF target genes during fiber development governing
drought tolerance and superior fiber quality trait

To interpret functional associations between co-expressed BRTF’s
and their target gene, we mapped the target genes using the Arabidopsis
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Figure 4: SEA analysis of BRTF’s target genes showing enriched Biological, Molecular and Cellular Process.

thaliana locus ids and performed Interactome analysis using Pathway
studio 5.9 software with a parameter of p-value < 0.05. We observed
that BRTF’s target gene supports their role in a diversity of physiology
processes within fiber cell (Figure 7). Analysis of the highly connected
biological process includes cell division, cell proliferation, cell
expansion differentiation, disease resistance, vacuole biogenesis etc.
Whereas it was found that these genes also have interaction with other
phytohormones like auxin, Jasmonic acid, ethylene which are well
reported in having important role in developing fiber.

Hypothetical Model for superior fiber quality genotypes less
prone to drought stress

We also observed the harmonious action of auxin and
brassinosteroid biosynthetic pathway alterations along with change in
expression of cell wall enzymes during switch from elongation to SCW

in fiber cell of superior genotypes lead to better fiber quality in contrast
to inferior. Further, we found GhBESI to be highly expressed at 25
DPA. GhBESI (BRI1-EMS-SUPPRESSOR 1) transcripts is known as
positive regulator of brassinosteroid signaling [23]. Our gene ontology
analysis result suggests the same phenomenon where we observed
equal enrichment of brassinosteroid and auxin hormones (Figure 6).
We found BRTF’s target genes showed peak expression not only at
the later stage in superior genotypes as in previous report but a strong
and constitutive expression at all fiber developing stages (Figure 6).
We have hypothesize a model where future functional analyses are
required to test the many hypotheses generated here, and to explore
their individual and synergistic effects on cellular physiology and
ultimately, morphology of fiber (Figure 8).

Conclusion

Transcriptional regulation is pivotal for many hormones for effect
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Figure 5: Expression pattern of BES1 target genes during different fiber development stages of Gossypiumhirsutumeffected with drought stress.

Figure 6: Expression of BES1 target genes during fiber development stages in contrasting genotypes of Gossypiumhirsutum.
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Figure 7: Metabolic pathway analysis of BRTF’s target genes showing highly connected metabolic process probably leading to drought resistant
and better fiber quality in superior genotypesof Gossypiumhirsutum.

Figure 8: A hypothetical regulatory model based over-represented genes in BRTF’s target genes in Superior and Inferior genotype of
Gossypiumhirsutumat three developmental stages of fiber (initaion elongation and SCW stage ) .This model is also supported by the previous
our work (Nigam D et. Al 2013). The central black line in the model separates unique processes/genes in superior and inferior at three stages of
fiber development. Various biological functions/genes involved early (0 to 6 dpa) in fiber development are shown, including genes that encode
proteins involved in oxidative stress, redox signaling, and hormone signaling. At 6 to 12 dpa in superior genotype, oxidative phosphorylation is
shown as prominent processes for energy production and brassinostroid biosynthesis where BES1 and DET are positive regulator. At 19 dpa in
superior genotype, peroxidase is up-regulated. Whereas in inferior genotype at early (0 to 6 dpa), oxidative stress (ROS) and stress hormone
signalling suggest earlier onset of programmed cell death-like processes with exhaustive use of energy. By 6 to 12dpa dpa, additional processes
are shown related to mRNA degradation and programmed cell death signals. At 12 to 25 dpa, cellulose synthase and pectinesterase are shown
as up-regulated, leading to early cell wall maturation and cessation of elongation.
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on gene expression and ultimately on specific plant phenotype. To
systematically investigate BES1-regulated transcription downstream
of BR signalling, we performed in-silico analysis identification of
total 8 BRTF’s target genes during cotton fiber development. We
identified 3636 target genes among them large number of BES1/BZR1
target genes have been identified correlated with previous BR study
in Arabidopsis; but the functions of many have not been established.
An in depth understanding of the BR transcriptional network requires
a combination of genetic, genomic and computational modeling
approaches.
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