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ABSTRACT

Plant genera with both diploid and polyploid species
are a common evolutionary occurrence. Polyploids,
especially allopolyploids such as cotton and wheat,
are a great model system for heterosis research.
Here, we have integrated genome sequences and
transcriptome data of Gossypium species to con-
struct co-expression networks and identified func-
tional modules from different cotton species, in-
cluding 1155 and 1884 modules in G. arboreum
and G. hirsutum, respectively. We overlayed the
gene expression results onto the co-expression
network. We further provided network comparison
analysis for orthologous genes across the diploid
and allotetraploid Gossypium. We also constructed
miRNA-target networks and predicted PPl networks
for both cotton species. Furthermore, we inte-
grated in-house ChIP-seq data of histone modifi-
cation (H3K4me3) together with cis-element anal-
ysis and gene sets enrichment analysis tools for
studying possible gene regulatory mechanism in
Gossypium species. Finally, we have constructed an
online ccNET database (http:/structuralbiology.cau.
edu.cn/gossypium) for comparative gene functional
analyses at a multi-dimensional network and epige-
nomic level across diploid and polyploid Gossypium
species. The ccNET database will be beneficial for
community to yield novel insights into gene/module
functions during cotton development and stress re-
sponse, and might be useful for studying conserva-

tion and diversity in other polyploid plants, such as
T. aestivum and Brassica napus.

INTRODUCTION

Plant genera with both diploid and polyploid species are a
common evolutionary occurrence. Polyploidy, especially al-
lopolyploidy, having a greater evolutionary divergence, is a
great model system for heterosis research in crop plant do-
mestication, agricultural improvement and evolution (1,2).
Because of the large and complex genome assembly, the
functional analyses of polyploid species have been great
challenges. At present, transcriptomics supports heterosis
research at the gene expression profiling level, such as the
comparison of homolog expression changes between al-
lopolyploid and diploid species in Triticum-Aegilops (3),
and making global or modularized comparison between
species. With large amounts of transcriptome data being
released, network-based co-expression analyses have been
used for gene function predictions on whole genome levels
(4). For example, several co-expression network databases
and web servers provide comparative analyses and evolu-
tionary investigations to help identify context-associated
hubs to prioritize the candidate genes related to vital bio-
logical processes (5,6).

As an important crop with economic value, cotton is as-
sociated with the agriculture and textile industries. Cotton-
Gen, a very good reference database for cotton genomics
and breeding studies, has gathered assemblies and annota-
tions of several species, including the diploid cotton Gossyp-
ium raimondii (D genome) (7,8), the diploid cotton Gossyp-
ium arboreum (A genome) (9) and their allotetraploid cot-
ton Gossypium hirsutum (AD genome) (10,11). However,
more refined gene functional annotations, for aspects such
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as regulation or roles involved in metabolism, disease resis-
tance and stress responses, are limited and the mechanisms
behind the evolutionary alteration of characteristics from
the ancestral diploid cotton to allotetraploid cotton are not
clear. Fortunately, high-throughput transcriptome data in
cotton have accumulated, including samples of tissues and
selective water stresses in G. arboreum, and samples of de-
velopment stage tissues and leaf responses to stresses in G.
hirsutum. These RNA-seq samples from multiple growth
stages and different stress treatments make it possible to
detect cotton gene functions on a genome-wide basis. In-
stead of integrating large transcriptome data sets for global
regulatory networks, we overlayed the expression results
from multiple development stages and stress-treatment con-
ditions onto our co-expression networks, to help pinpoint
candidates for follow-up molecular studies. Thus, the large
amount of transcriptome data makes cotton a suitable or-
ganism for use in a co-expression network with gene expres-
sion views in multi-dimensions (development and stress)
and for a network evolutionary relationship analysis be-
tween diploid and polyploid species. Furthermore, combin-
ing comparative genomics with co-expression networks can
help to more easily identify shared features among ortholo-
gous genes between species, including the sub-network size,
component member functions and gene expression profiling
differentials, which may help to support the analysis of gene
functions, especially when comparing polyploid organisms
with their ancestors and determining their evolutionary re-
lationships.

To date, existing plant network databases, like ATTED-
II, PlaNet, AraNet, RiceNet and BAR, have successfully
explored or classified gene functions based on networks
(5,6,12-14). However, none of them includes cotton data.
Thus, we developed the ccNET database to provide an on-
line database server for comparative gene function anal-
yses in multi-dimensional co-expression networks across
diploid and polyploid Gossypium species. The algorithm of
co-expression network construction (PCC and MR) and
the method of function prediction were used to improve
the cotton gene annotation. As a result, ccNET facilitates
network analysis and gene annotation by (i) presenting co-
expression networks with gene expression views in mul-
tiple dimensions (tissue-preferential and stress-differential
expression profiling), (ii) establishing a comparative analy-
sis between diploid and allotetraploid cotton, such as sub-
network features and histone modifications of genes, and
(iii) using functional enrichment tools, such as functional
co-expression modules and gene set analyses.

DATABASE ARCHITECTURE
Data resources

Multi-dimensional omics data, including genome, tran-
scriptome, epigenome and functional annotation, of two
cotton species were integrated for ccNET construction (Ta-
ble 1). For the genomes, that for G: arboreum was based on
the BGI-CGP (Beijing Genomics Institute) genome assem-
bly and annotation; while that for G hirsutum was based on
the NAU-NBI (Nanjing Agricultural University, Novogene
Bioinformatics Institute) genome assembly and annotation.

Nucleic Acids Research, 2017, Vol. 45, Database issue DI1091

For transcriptome data, 29 samples of G. arboreum ex-
pression profiling data, including tissue (seed, seedling,
fiber, root, stem and leaf) and stress-treated samples (de-
hydration and salinity) were collected from NCBI and our
previous works; 115 samples of G. hirsutum expression pro-
filing data, including tissue (root, stem, leaf, cotyledon,
calycle, pistil, stamen, petal, torus, ovule, fiber and seed)
and stress-treated leaf samples (dehydration, salinity, heat
and cold) were collected from NCBI, which covered most
growth stages and multiple levels of cotton. Details of these
RNA-seq data are listed in Supplementary Tables S1 and
S2.

For epigenome data, we have successfully obtained
H3K4me3 ChIP-seq sequencing results from root tissues in
two cotton species, which provides data for epigenome com-
parisons.

For the functional annotation, parts of the Gene On-
tology (GO)(15) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway annotations (16), which were
publicly-available, were used (17); over 18 000 protein—
protein interaction of Arabidopsis were integrated from
several databases (14,18-22) and literature (23); and 930
plant cis-regulatory elements (discovered from Arabidop-
sis, Oryza sativa, Glycine max, Triticum aestivum, etc.) with
functional annotations have been integrated from several
groups, including the Plant Cis-acting Regulatory DNA El-
ements (PLACE) database (24), the AthaMap webserver
(25), the PlantCARE (26) database and previous reports
(27-30).

Co-expression network analysis with gene expression view

Based on the PCC and MR algorithm (5), the global co-
expression network covered 80.8% (33 413/41 331) and
93.4% (65 870/70 478) of genes in G. arboreum and G.
hirsutum, respectively (detailed method in Supplementary
Material). Then, we overlayed the gene expression results
onto the co-expression network. The tissue-preferentially
expressed genes and stress-differentially expressed genes
were classified for the gene expression view, which cov-
ered multi-dimensions (development and stress) in different
Gossypium species. The classification rule was based on the
gene expression value and fold change between treatment
and wild-type samples. Finally, FPKM 0.24 and FPKM
0.17 were selected as cutoffs to identify whether the gene
was expressed in G. arboreum and G. hirsutum, respectively
(detailed method in Supplementary Material). Genes with
log2 fold change (stress/control) < —1 or > 1 and a P-
value < 0.05 (t-test) were selected as stress-response genes.
For G. arboreum, the co-expression network supports tissue-
preferential analyses of six growth stages (seedling, root,
stem, leaf, seed and fiber) and stress-differential analyses of
two kinds of stress treatments (PEG and NaCl) among three
tissues (root, stem and leaf). For G hirsutum, 12 growth
stages (root, stem, leaf, cotyledon, calycle, pistil, stamen,
petal, torus, ovule, fiber and seed) and four kinds of stress
treatments (PEG, NaCl, cold and hot) at four time points
(1 h,3h, 6 hand 12 h) in leaves are supplied for the co-
expression network analysis (Figure 1A). Instead of display-
ing the sub-network in which a single gene or multiple genes
were involved, the changes in the sub-network during dif-
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Figure 1. Description of database functions. (A) The gene network supports three kinds of co-expression or PPI network searches in two cotton species,
global, gene tissue-preferential expression and stress-differential expression views. Single gene and gene list inputs are allowed. (B) An example of stress-
differential analysis results in G. hirsutum. In a co-expression network with a gene expression view, a red node indicates up-regulated gene expression
after the stress treatment; a blue node indicates down-regulated gene expression after the stress treatment; a green node indicates a gene without significant
differences in expression level; a grey node indicates an no expression under the conditions; a pink colored edge links two genes with a positive co-expression
relationship; a blue colored edge links two genes with a negative co-expression relationship; a grey colored edge links genes without expression values. The
biggest node represents the gene submitted; the red-colored node indicates that the gene was up-regulated in the leaves 6 h after a salt treatment; the
blue-colored node indicates that the gene was down-regulated in the leaves 6 h after a salt treatment; the grey-colored node indicates that the gene was not
expressed in leaves. The locus ID is listed. Details of co-expression gene pairs and gene annotations are linked to the tables in (C) and (D). Moreover, all
of the genes in the network could be subjected to cis-element and gene sets’ enrichment analyses (GSEA) analyses directly. (E) In this network comparison
result, the two yellow-colored nodes indicated the compared orthologous pair and red-dotted lines connect the orthologous pairs in the two sub-networks.
(F) The expression heatmaps of co-expression sub-network members from the orthologous pairs above. (G) Histone modifications and gene expression
profiling of the orthologous pairs displayed in the UCSC genome browser. (H) The bidirectional bar chart represents the differential occurrence of motifs
between the gene members in the two sub-networks: blue indicates a high occurrence in G. arboreum and black indicates a high occurrence in G. hirsutum.
Details of the cis-elements’ occurrence are listed at the bottom. (I) Details of a gene annotation. (J) The two functional modules have overlapping nodes
that are highlighted in yellow. The three dark green nodes, together with the three yellow nodes, constitute module CFinderM000263 and the other light
green nodes, together with three yellow nodes, constitute module CFinder000037. Annotations are listed for download. (K) The description of the cis-
elements on the left includes the name, description (DE), keywords (KW), reference title (RT) and sequence (SQ). On the right, highchart.js displays the
motif distribution in the promoter region. (L) Gene families, KEGG pathways and functional modules in the two cotton species can be browsed. Tools,
like GSEA analysis (M), cis-element analysis (N), functional module enrichment (O), quick search (P) and BLAST alignment, are supported in ccNET.
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Database content G. arboreum G. hirsutum Reference

Co-expression nodes 33413 (80.8%) 65 870 (93.4%) -

Positive co-expression edges 338 049 593758 -

Positive co-expression edges 207938 291 801 -

Tissue-preferential network seedling, seed, root, leaf, stem, fiber root, stem, leaf, cotyledon, calycle, (11,49-52)
petal, torus, stamen, ovule, pistil, seed

Stress-response network NaCl, PEG Salt, PEG, Cold, Hot (11,51)

Protein-protein interaction 18 004/338 863 27 422/696 090 (14,18-23)

(nodes/edges)

Co-expression function modules 1155 (493) 1884 (1080) (32,33)

(>3 nodes overlap)

miRNA target modules 213 135 (34-37)

Orthologous pairs (genes in each 528 794 (29 086) 528 794 (42 109) -

species)

Comparison sub-networks (> 3 62971 (4012) 62971 (4012) -

orthologous pairs)

GO annotation entries (genes) 72 812 (22 938) 119 867 (41 939) (17)

KEGG pathways (genes) 188 (6164) 391 (36 934) (W)

Transcription regulators (families) 3305 (81) 6422 (81) (39)

Kinases (families) 1598 (87) 2999 (87) (40)

Carbohydrate-active enzymes 1604 (94) 2719 (95) (41)

Cis-elements (kinds of existed 742 747 (24-30)

motifs)

H3K4me3 modification profiling root root -

ferent developmental stages and stress treatments were sup-
plied to mimic regulatory mechanisms under various con-
ditions (Figure 1B). The user-friendly interface enables net-
work analyses in which different conditions may be selected
and additional information can be displayed, like whether
a given gene is expressed, or its expression changes, along
with its functional annotation. This information is listed in
tables on the screen (Figure 1B-D). Members in the sub-
network are ready for cis-element and gene sets’ enrichment
analyses (GSEA) (Figure 1D).

Comparison between diploid and allotetraploid cotton

In total, 528 794 ortholog pairs in 16 431 homologous
groups, including 29 086 (70% coverage) and 42 109 (60%
coverage) genes in G arboreum and G. hirsutum, respec-
tively, have been established through a bidirectional BLAST
algorithm-based alignment and strict E-value cutoff (1E-
55) (31). Four aspects of the co-expression networks of ho-
mologous genes between diploid and allotetraploid cotton
can be compared: (i) all of the orthologous gene pairs are
linked and highlighted in red color to exhibit the regula-
tory network’s conservation and diversification during cot-
ton evolution (Figure 1E, Supplementary Figure S9); (ii)
gene expression profiles of the homologous sub-networks
are compared, exhibiting the conservation and diversity of
expression and the abiotic stresses in tissues during cotton
evolution (Figure 1F); (iii) cis-elements in the promoters of
genes in the sub-networks are compared, exhibiting regula-
tory elements and sequence conservation and diversity dur-
ing cotton evolution (Figure 1H); and (iv) distribution of
H3K4me3 histone modifications in the genes of the homol-
ogous sub-networks are displayed and compared, reveal-
ing regulatory mechanisms on the epigenomic level (Figure
1G).

Functional modules and gene annotation

Functional module identification and annotation. The
Clique Percolation Method (32) was used to identify clus-
ters or modules that contained more densely connected
nodes to each other than to nodes outside the group in
cotton co-expression networks. Parameters were established
based on more modules, more gene coverage and more
overlap. Here, we selected k = 6 communities, indicating
that each node contains co-expression interactions with
at least six nodes in a module (detailed method in Sup-
plementary Material). The functions of the modules were
predicted through integrating gene set annotations, like
GO, gene families (transcription regulators, kinases and
carbohydrate-active enzymes) and KEGG pathways, and
non-significant entries were filtered by Fisher’s tests and
multiple testing correction method “Yekutieli’ (FDR), as re-
ferred to in the PlantGSEA toolkit (33). There are 1155
modules containing 6 to 99 genes in G. arboreum and 1884
modules containing 6 to 357 genes in G. hirsutum, which
cover functions like metabolism, pathogen and stress re-
sponses, hormone, development, transcriptional regulation,
etc. Connections between functional modules may repre-
sent crosslinks among different pathways in vivo. Thus,
modules with three nodes connected to other modules were
selected and, as a result, 493 functional modules in G ar-
boreum and 1080 functional modules in G. hirsutum were
revealed as having connections with other modules (Figure
1J).

In addition, we clustered microRNA targets as another
kind of module to expand the microRNA and gene func-
tional annotations. Cotton miRNAs were integrated from
public databases, like miRBase (34) and research articles
(35-37), and the modules consist of the miRNAs’ target
genes and their related co-expressed genes. We identified 213
and 135 miRNA target modules in G: arboreum and G. hir-
sutum, respectively.
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Gene annotation. c¢cNET’s gene annotation integrates all
known and predicted information (Figure 11). First, co-
expression genes, PPl members and related miRNAs are
listed. The annotations of these network members and
miRNA target modules are presented on a separate web
page. Second, functional modules with brief description are
included and linked to module annotation pages. When
a cross-linked module exists, there will be a detail page
displaying elements, annotations and overlaps for the two
modules (Figure 1J). Third, cis-elements located in the 3
kb promoter region, their frequencies of occurrence, loca-
tion sites and reference annotations are shown on a separate
page (Figure 1K). Fourth, gene expression profiles are ex-
hibited as bar charts and tissues are distinguished by color
for clarity. Fifth, gene location sites and structures (exon
and intron regions) in the chromosome are summarized.
The University of California at Santa Cruz (UCSC) (38)
genome browser provides visualizations of gene structures,
locations, expression profiles and histone modifications as
well (Figure 1G). Last, functional annotations have been in-
tegrated and predicted, including orthologs in other cotton
species, orthologous annotations of the model plant Ara-
bidopsis, gene family classifications, protein domains and
alignment sites, KEGG pathways and GO entries. In ad-
dition, all of the proteins in gene families and enzymes
of KEGG pathways have been listed on the annotation
summary page (Figure 1L). Here, gene families, including
transcription factor and kinase family classifications, were
predicted by the standalone iTAK program (http://bioinfo.
bti.cornell.edu/cgi-bin/itak/index.cgi), which was based on
the rules of the PInTFDB (39) and PlantsP databases (40),
while carbohydrate-active enzymes were predicted using or-
thologs in Arabidopsis and confirmed by the presence of
Pfam domains (41). The GO of G. arboreum was gener-
ated using BGI-CGP annotations, Blast2GO software (42),
Pfam ID to GO ID translation, and searches for orthologs
using the BLAST algorithm, while the GO of G. hirsutum
was obtained from the NBI annotation of CottonGen. In
addition to the gene annotations of G. hirsutum and G. ar-
boreum, gene details of Gossypium raimondii are linked to
GraP, a platform for the functional genomics analysis of G.
raimondii (31).

Functional analysis and tools

Functional enrichment analysis of a gene list. Three cate-
gories of multiple gene functional annotations are presented
in ccNET, including gene set enrichment, functional mod-
ule enrichment and cis-element enrichment. The gene set
enrichment analysis was based on PlantGSEA (33) data
processing (Figure 1M). Here, 72 812 GO annotation en-
tries with 22 938 genes, 188 KEGG pathways with 6164
genes, 81 transcription regulator families with 3305 genes,
87 kinase families with 1598 genes and 94 carbohydrate-
active enzyme families with 1604 genes, were collected as
gene sets in G- arboreum; 119 867 GO annotation entries
with 41 939 genes, 391 KEGG pathways with 36 934 genes,
81 transcription regulator families with 6422 genes, 87 ki-
nase families with 2999 genes and 95 carbohydrate-active
enzyme families with 2719 genes, were collected as gene sets

in G. hirsutum. The annotation entries with FDRs < 0.05
would be enriched and displayed.

The functional module enrichment analysis was based
on previously annotated functional modules (Figure 10),
such as the 1155 co-expression modules and 213 miRNA-
target modules in G. arboreum, and the 1884 co-expression
modules and 135 miRNA-target modules in G hirsutum.
Fisher’s exact, hypergeometric and Chi-square tests were
used to calculate P-values, and multiple testing correction
methods, such as Yekutieli, were used to adjust P-values to
prevent possible false-positives. The modules with FDRs <
0.05 may be regarded as significantly enriched and the links
can be clicked to browse details, including the genes in the
module, gene annotations, module annotations, crosslinked
modules, gene expression profiling heatmaps and overlap-
ping genes in the query list and module (Figures 1J and 2B
and 2C).

The cis-element enrichment analysis was developed to
identify the binding sites of regulators in a set of gene pro-
moters and predict the gene set’s function (Figure 1N). In
total, 930 plant cis-regulatory elements (discovered in Ara-
bidopsis, O. sativa, G. max, T. aestivum, etc.) with functional
annotations have been integrated from several groups, in-
cluding the PLACE database (24), AthaMap webserver
(25), PlantCARE database (26) and text-mining results. The
significance test is a statistical algorithm based on Z scores
and P-value filtering (43,44) that can identify significance
elements involved in a gene set. The cotton gene promoter
region was taken to be 3000 bp and the Z-score can be cal-
culated based on the frequency of motif occurrence. In the
end, motifs with P-values < 0.05 may be considered signifi-
cantly enriched in the inquiry gene set as compared to gene
promoters on the whole genome level of cotton.

Tools supported in ccNET A quick search, UCSC
Genome Browser and a database manual have been devel-
oped for ease of use. In the quick search tool, the searches
include single gene details of three cotton species, gene func-
tions, model plant orthologs, protein domains and path-
ways and annotations of functional modules; while the or-
tholog search among the three cotton species allows a list
of genes to be inputted (Figure 1P). In the UCSC Genome
Browser, the gene structure, location, expression profile and
histone modification are clearly displayed. Gene locus IDs,
miRNA IDs and chromosome positions can be searched.

Database function summary

Our ccNET database, which can be accessed at http://
structuralbiology.cau.edu.cn/gossypium, contains (i) a co-
expression network analysis tool, featuring overlays of
tissue-preferential and stress-differential expression levels
of one gene or a list of genes, and network comparisons
between diploid and allotetraploid cotton, such as mod-
ule sizes and components, orthologous pairs, gene expres-
sion profiles, histone modifications and cis-elements of sub-
networks; (ii) a functional enrichment analysis tool, includ-
ing functional modules for co-expression, miRNA-target
and text-mining and functional gene sets, such as GO sets,
KEGG pathway sets, gene family sets and cis-element sets;
and (iii) other user-friendly features for functional anno-
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tation integration, such as UCSC Genome Browser, quick
search, BLAST, gene annotation summaries and a database
manual (Supplementary Figure S1).

FUNCTIONAL APPLICATIONS

Rather than obtaining collected information of the two cot-
ton species, including function domains, KEGG pathways,
gene families, GO, annotation of orthologous genes, cis-
regulatory elements, miRNAs, co-expression network and
function modules (Figure 1), ccNET database can support
gene function prediction mainly based on analysis tools
like co-expression network comparison, motif and gene sets
analysis. Users can construct functional modules by in-
tegrating reported annotation and information in ccNET,
such as ‘Fiber elongation regulatory network construction
and comparison’ and ‘Water-stress functional module con-
struction and comparison’ (detailed in Supplementary Ma-
terial). Here, we displayed an example of predicting novel
fiber-related gene function by module enrichment online.
Key genes or functional modules associated with fiber
synthesis are of interest to researchers, as cotton quality
is directly influenced by fiber synthesis parameters. Here,
we collected eight expression profiling samples from the
fiber tissues of G. hirsutum during the growth stage, from
5 to 25 days post anthesis, and selected 2570 fiber-specific
expressed genes using a Z-score test with a P-value <
0.05 (Figure 2A, Supplementary Table S3). The functional
module enrichment tool was used to annotate the fiber-
specific genes, and several modules related to fiber devel-
opment were significantly enriched. For example, a NAC
transcription factor (45), lipid biosynthesis (46) and sugar
and carbohydrate-active enzymes (47) have been reported
to play roles in modulating cotton fiber development (Fig-
ure 2B). Notably, there was a significant functional mod-
ule (CFinderADMO000212), consisting of eight nodes, that
was annotated with ‘cellulose microfibril organization’. In
the detailed annotation page of the CFinderADMO000212
module, only three members had orthologous genes and a
predicted annotation in Arabidopsis, but the expression pro-
file heatmap showed high gene expression values in fiber
tissues, meaning this co-expression based functional mod-
ule might be involved in fiber development in cotton (Fig-
ure 2C). In addition, the overlays with tissue-preferential
gene expression information in the co-expression network
showed that the module was complete only in fiber tissue
rather than in other tissues, with few or none of the genes
in the module having expression values in the remaining
11 tissues (Figure 2D). This fiber-related module also con-
tained a crosslinked module that had four genes in com-
mon with CFinderADMO000212 and showed functions in
‘RNA-DNA hybrid ribonuclease activity’ and ‘DNA repli-
cation’ pathways, meaning they could be involved in the
regulation between different modules or processes (Fig-
ure 2F). To compare regulatory functional modules among
different species (diploid G. arboreum and allotetraploid
G. hirsutum), the orthologous search tool was used to
identify orthologous genes of the G. hirsutum fiber-related
module (CFinderADMO000212) in G arboreum. However,
only one gene, Gh_A12G1662, had an orthologous gene,
Cotton_A_34370, in G. arboreum. According to the net-

work comparison tool, no other orthologous genes ex-
isted in the two species’ co-expression sub-networks, and
gene expression profile heatmaps displayed great differ-
ences. The genes in the G. hirsutum sub-network were highly
expressed in fiber tissues, while genes in the G arboreum
sub-network were highly expressed in stem tissues. Addi-
tionally, the frequencies of cis-elements in the 3-kb pro-
moters of each network gene were different. For exam-
ple, in G. arboreum there were several light-related motifs,
like MCACGTGGC (G box, S000041), and stem intern-
ode response motifs, like TAGTGGAT (NRRBNEXTA,
S000242), which may modulate stem development. In G
hirsutum, cis-elements, like the sugar repression-related mo-
tif TACGTA (A-box, S000130) and the gibberellin response
motif GATGAYRTGG(OPAQUE2ZMB32, S000077) (48),
occurred more often and we hypothesize these modulate
cotton fiber development.

Thus, the orthologous sub-network comparison illus-
trated possible differences in regulatory mechanisms be-
tween diploid and allotetraploid cotton species. There may
be more fiber-related genes and regulatory modules in-
volved in G. hirsutum, and gene functions may have changed
over the course of cotton evolution, leading to a higher fiber
quality in G. hirsutum than in G. arboreum.

DISCUSSION AND FUTURE DIRECTIONS

The ccNET database aims to provide an online database
server for comparative gene functional analyses at a multi-
dimensional network and epigenomic level across diploid
and polyploid Gossypium species. After integrating genomic
and transcriptomic data from public platforms (such as
CottonGen and NCBI), and incorporating methods and al-
gorithms commonly used in other network databases, cc-
NET permits the exploration of co-expression networks
with gene expression views in multiple dimensions (devel-
opment and stress) in cotton. We have prepared compre-
hensive functional annotations to predict gene functions.
For instance, gene families, including transcriptional reg-
ulators, kinases, P450, catalytic and carbohydrate-binding
modules (or functional domains) of enzymes; GO, func-
tional domains (Pfam), KEGG enzymes and gene an-
notations from ortholog/homolog; about 1000 plant cis-
elements with functional annotations have been collected.
In addition, 1155 and 1884 co-expression modules, 213
and 135 miRNA target modules were identified in G. ar-
boreum and G. hirsutum, respectively, which cover multiple
functions like metabolism, pathogen and stress responses,
hormone regulation, development and transcriptional reg-
ulation. Furthermore, in-house epigenomic data were in-
tegrated to study the conservation and variation in co-
expression networks across the diploid and allotetraploid
cotton species. All of the functional annotation categories
are stored in ccNET as background information, in order
to improve gene annotation in cotton (Figure 3A). To man-
age and update data effectively, ccNET has been built as a
platform for cotton gene functional identification and anal-
ysis (Figure 3B). Three main sections, the co-expression
network, diploid and polyploid comparisons and function
analysis tools, have been designed (Figure 3C).
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Figure 3. Cotton co-expression network (ccNET) analysis server construction. (A) Data, methods and strategy for the network construction are listed.
Transcriptomics data, including RNA-seq and genome sequences, were used to construct the co-expression network. Several types of networks, including
co-expression, miRNA target and protein—protein and annotations, including GO, KEGG and cis-elements, were used for functional module prediction
and enrichment analysis tool development. (B) The main page of the co-expression network analysis server. (C) Three main kinds of functions in the
server, gene expression view, functional enrichment analysis tools and network comparison between diploid and polyploid species. The three tools have
relationships with each other and are supported by a multiple gene analysis. Furthermore, functions predicted by the server will be added to the annotation

background and expand the annotation ratios of cotton genes.

In the co-expression network, tissue-preferential and
stress-differential gene expression views clearly indicate reg-
ulation during growth stages and under stress conditions on
a transcriptional level.

For species comparisons, the co-expression network, ex-
pression profiles, cis-elements and histone modifications
have been compared on genomic, transcriptomic and epige-
nomic levels, which can be used to comprehensively un-
cover conservation and variation during cotton evolution.
For example, the regulatory module of HOX3 for fiber de-
velopment and the stress-response modules (ABA signaling
pathway) for water stress were identified by combining co-
expression network comparisons with the expression view,
cis-element search, text-mining and H3K4me3 modification
analyses.

There are still limitations and possible improvements to
ccNET. For instance, more RNA-seq samples for other
growth stages, tissues and stress treatments with longer
time-courses could be integrated into the dynamic network
analysis on the transcriptomic level. Other cotton species or
landraces, like Gossypium barbadense, and cultivars could
be introduced into functional networks and module analy-

ses, thereby linking networks with variation and evolution
more closely. Multiple DNA or histone modification data,
which typically show active or repressive correlations with
gene expression, could be gathered to shed light on the com-
plex associations between gene expression and chromatin
structure. These future additions will contribute to gene
function mining and breeding in cotton.

We hope our ccNET database will be beneficial to
the community and help to yield novel insights into
gene/module functions during cotton development and
stress response. Furthermore, the network analysis strat-
egy with conditional dissection, functional module classi-
fication and comparisons might be useful for studying con-
servation and diversity in other polyploid plants, such as 7
aestivum and Brassica napus.
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Supplementary Data are available at NAR Online.
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