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Abstract

Background: Domestication of the wild pig has led to obese and lean phenotype breeds, and evolutionary genome
research has sought to identify the regulatory mechanisms underlying this phenotypic diversity. However, revealing the
molecular mechanisms underlying muscle phenotype variation based on differentially expressed genes has proved to
be difficult. To characterize the mechanisms regulating muscle phenotype variation under artificial selection, we aimed
to provide an integrated view of genome organization by weighted gene coexpression network analysis.

Results: Our analysis was based on 20 publicly available next-generation sequencing datasets of lean and obese pig
muscle generated from 10 developmental stages. The evolution of the constructed coexpression modules was examined
using the genome resequencing data of 37 domestic pigs and 11 wild boars. Our results showed the regulation of muscle
development might be more complex than had been previously acknowledged, and is regulated by the coordinated
action of muscle, nerve and immunity related genes. Breed-specific modules that regulated muscle phenotype divergence
were identified, and hundreds of hub genes with major roles in muscle development were determined to be responsible
for key functional distinctions between breeds. Our evolutionary analysis showed that the role of changes in the coding
sequence under positive selection in muscle phenotype divergence was minor.

Conclusions: Muscle phenotype divergence was found to be regulated by the divergence of coexpression network
modules under artificial selection, and not by changes in the coding sequence of genes. Our results present multiple lines
of evidence suggesting links between modules and muscle phenotypes, and provide insights into the molecular bases of

genome organization in muscle development and phenotype variation.
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Background

Wild ancestors of the pig (Sus scrofa) are still alive, pro-
viding an excellent model for tracing their evolutionary
history and for defining the evolutionary mechanism
driven by artificial selection during domestication [1].
Pigs were first domesticated approximately 9,000 years
ago [1-3]. The domestication of pigs occurred independ-
ently in various parts of the word [2-7] and historically,
Europe and China are the two major areas of pig breed-
ing [8]. More than 730 pig breeds or lines have under-
gone natural and artificial selection in different
environments, especially catering to the distinct needs of
humans, which has provided the large diversity of mor-
phological and physiological characteristics that cur-
rently exist worldwide [5,9,10]. For example, the lean
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and muscular Landrace (Lde) type in Europe and the
high fat deposition and thin muscle fibers of the Lantang
(LT) type in China [11]. The lean (Lde) and obese (LT)
pig breeds have been found to have significant differ-
ences in their genetic of muscle growth rate and fatness
[11]. Lde is characterized by a high lean meat percent-
age, fast-growing muscle and high body weight [12,13],
while LT, an obese pig breed indigenous to China, is
characterized by high intramuscular fat content, slow-
growing muscle, and low body weight [11]. Significant
genome and transcriptome differences have been re-
vealed by comparative genomic studies [2,11,13]. How-
ever, the mechanisms underlying the morphological
variations in muscle among pig breeds are still unclear.
Generally, it is has been reported that changes in gene
expression and regulatory interaction networks rather
than genetic changes that result in changes to the amino
acid sequences of proteins that account for the
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phenotype differences among species [14]. Therefore,
the identification of gene expression regulatory networks
in pig breeds with distinct muscle phenotypes is neces-
sary to understand how muscle has been modified dur-
ing pig domestication.

Strong selective pressures though the artificial selection
of domestication have caused rapid phenotype evolution
and major changes in the morphological architectures of
pig muscle [1,2,7,15]. The Lde and LT breeds, which have
distinct muscle phenotypes, were domesticated under dif-
ferent breeding goals in Europe and Asia [2,5,11]. Thus,
artificial selection was probably critical in modifying the
gene expression regulatory networks that resulted in
muscle phenotype divergence. To better understand gene
expression network differences in muscle development be-
tween the Lde and LT breeds, we applied a global network
approach using weighted gene coexpression network ana-
lysis (WGCNA) [14,16-20]. WGCNA elucidates the
higher-order relationships between groups of genes coex-
pressed with high topological overlap across samples,
which are termed “modules”. A module is a pairwise
measure of the similarity of the coexpression relationships
of two genes with all other genes in a network. The topo-
logical overlap of paired proteins in gene coexpression
networks was significantly higher for physically interacting
protein pairs compared with pairs that did not interact.
Thus, WGCNA screens for the core functional units of
transcriptional networks. WGCNA also identifies the stat-
istical significant enrichments of genes with the highest
degree of connectivity within each module, referred to as
“hub genes”. Hub genes are expected to play critical roles
in the coexpression network of each module [14,16-21].
Thus, a comprehensive analysis of gene coexpression rela-
tionships in different muscle phenotypes provides an effi-
cient way of exploring the genetic basis of phenotype
variation. In this way, we used this approach to identify
and visualize modules of coexpressed genes, which were
organized into modules of coexpressed genes with clear
functional interpretations, and to explore module differ-
ences between breeds. We identified modules of coex-
pressed genes, which corresponded to muscle phenotypes,
and determined the hub genes responsible for the key
functional distinctions between breeds. Our results dem-
onstrated that the molecular mechanism underlying
phenotype divergence between breeds cannot be robustly
explained by differential gene expression alone but can be
explained by coexpression network modules. We also
showed that muscle phenotype differences between the
Lde and LT breeds were not regulated by the muscle genes
alone but by the coordinated action of muscle, nerve, and
immunity genes. Thus, our results indicated that the regu-
lation of muscle development were more complex than
previously acknowledged. The evolutionary rates of most
modules were accelerated, implying that complex species-
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specific coexpression networks underlie artificial selection
during domestication. These findings are important in elu-
cidating the molecular mechanisms that underlie muscle
development and phenotype variation, and reveal the po-
tential impact of evolutionary changes at the coexpression
network level.

Results

Gene coexpression networks in lean and obese pig
muscle

To investigate coexpression networks that comprehen-
sively represent muscle transcription during pig develop-
ment, we constructed gene coexpression networks from
20 next-generation sequencing data sets generated by
Solexa/Illumina’s genome sequencing technology [11].
The 20 data sets comprised 10 LT and 10 Lde data sets,
each of which contained muscle transcriptomes data at
35, 49, 63, 77, 91 days post-coitus and at 2, 28, 90, 120,
180 days post-natum [11]. The gene expression levels in
each sample were assessed using 3’ digital gene expres-
sion tag-based profiling [11]. A total of 3652 and 3404
temporally differentially expressed genes (DEGs) were
identified during LT prenatal and postnatal muscle de-
velopment, respectively. Similarly, 3649 and 3408 DEGs
were identified from Lde prenatal and postnatal muscle,
respectively. Weighted Pearson correlations were calcu-
lated for all 3652 and 3404 DEGs in LT, and for all 3649
and 3408 DEGs in Lde. All the weighted Pearson corre-
lations were converted into matrices of connection
strength by a power function [22]. The topological over-
laps between genes were then calculated using these
connection strengths. Topological overlaps values were
used to assess the similarity of the coexpression relation-
ship of two genes with all the other genes in the network
in a robust and biologically meaningful way [22,23].
Average linkage hierarchical clustering was used to clus-
ter coexpressed genes with similar patterns of connec-
tion strengths or with high topological overlaps into
modules. In all, we identified 24 modules in the Lde pre-
natal network (Figure 1A), 32 in the Lde postnatal net-
work (Figure 1B), 35 in the LT prenatal network
(Figure 1C) and 34 in the LT postnatal network (Figure 1D)
(Additional file 1: Table S1 and Table S2).

Coexpression network modules between lean and obese
breeds are more different in postnatal animals than in
prenatal animals

To determine the preservation of coexpression network
modules between different muscle types, we assessed
whether different modules were composed of the same
genes on a module-by-module basis. A high degree of
module preservation between the prenatal animals was
observed by calculating the overlap for each possible
pair of modules (Additional file 1: Table S3). Two pairs
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Figure 1 Gene coexpression networks in lean (Lde) and obese (LT) pig muscle. The Lde prenatal network (A), Lde postnatal network (B), LT
prenatal network (C), and LT postnatal network (D) are shown. The dendrograms were produced by average linkage hierarchical clustering of
genes on the basis of topological overlap. The y axes correspond to co-expression distance and the x axis to genes. Dynamic tree cutting was
used to determine modules, generally by dividing the dendrogram at significant branch points. The modules of coexpressed genes were assigned
colors and numbers as indicated by the horizontal bar beneath each dendrogram. The y-axes correspond to co-expression distance and the x axis
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of modules were deemed to show significant preservation
when the gene coexpression relationships were >50%
overlap. In the LT-turquoise and Lde-turquoise module
pair (P <0.001), we identified about 1021 overlapping
genes: 47% (1021/2183) in Lde-turquoise; and 72%
(1021/1417) in LT-turquoise. In the LT-blue and Lde-
brown module pair (P <0.001), we identified about 100
overlapping genes: 38% (100/261) in LT-blue and 56%
(100/177) in Lde-brown. Overalll, these two coexpres-
sion network modules with 1121 genes (31% of all
module genes) were highly preserved in the LT and Lde
prenatal animals (Additional file 1: Table S4). The Gene
Ontology (GO) annotations assigned to the genes indi-
cated that most of the 1121 genes were involved in cell
differentiation and growth, muscle and skeletal system
development, neuron development, and cellular re-
sponse (Additional file 1: Table S5). Because the “hub
genes” have the highest degree of within-module con-
nectivity, they were expected to play critical roles in the
coexpression network modules and were therefore

considered to be a primary indicator of the module
function [14,16-21]. We identified the hub genes by
visualizing the preserved coexpression network mod-
ules (Figure 2). In the blue-brown module (Figure 2A),
the hub genes included SMNI, which has been shown
to be crucial in neurite outgrowth and neuromuscular
maturation during the differentiation and development
of neurons and muscle [24]; GNB2L1 [25] and SBDS
[26], which may be involved in cell division and growth
(Additional file 1: Table S5); and ELOFI, a conserved
transcription elongation factor [27]. In the turquoise-
turquoise module (Figure 2B), the hub genes included
HOXB7, HEY2 and PBX2, which have been reported to
regulate muscle development [28-30]; and MPPED2
and NEFL, which may play roles in neuronal differenti-
ation [31,32]. Between the postnatal animals the degree
of module preservation was much lower than was
found between the prenatal pigs. Indeed, only two
modules containing a total of 101 genes (1.5% of all
module genes) were common between the LT and Lde
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Figure 2 (See legend on next page.)
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Figure 2 Visualization of the common gene coexpression network modules to identify hub genes. The eigengene in the common modules
between the LT-blue and Lde-brown (A) and between LT-turquoise and Lde-turquoise (B) modules are shown. The top 300 connections are shown for
each module. Dots correspond to genes and lines to connections; hubs genes have at least 15 connections. Where the gene symbols are unknown, gene

IDs are shown (e.g, WE424869). See also Additional file 1: Table S4.

postnatal animals (Additional file 1: Table S4). Thus,
the coexpression network modules were more con-
served in prenatal than in postnatal animals, and
muscle related genes were found to play key roles in
most of the preserved coexpression network modules.

Differences in prenatal modules between lean and obese

breeds provide insight into prenatal muscle development
differences in fiber number and muscle fiber composition
Differences in transcriptional levels are important for
studying the evolutionary basis of phenotypic differences
at the molecular level [18]. Differences in network mod-
ules could provide a basis for better understanding of
the differences in muscle development between lean and
obese pigs. In this study, we identified six highly lean-
specific modules and five highly obese-specific modules
in the prenatal animals (Additional file 1: Table S6 and
Table S7). A GO analysis of these module genes revealed
that nine of these modules were involved in muscle de-
velopment, neuron development and cellular response
(Additional file 1: Table S8 and Table S9). Hub genes in-
volved in muscle development were enriched in six lean-
specific modules (HSBPI in Lde-blue; MYLI and DLKI
in Lde-midnight blue; MAP4 and FERMT2 in Lde-only-
turquoise; TPM2, TCEA3, ZFP36L1, DES, TNNT3, and
ANK3 in Lde-pink; MAPKI2, MYLPF, and MYH2 in
Lde-red; and SIRT1, OSR2, and MEF2D in Lde-tan) and
in three obese-specific modules (GNB2LI in LT-blue;
ACTN2, MYH7, MYOZ3, MALATI, PTP4A3, and ENO3
in LT-purple, and TNNI2 and DAGI in LT-yellow green)
(Figure 3). The hub genes in the LT-dark red module
were significantly enriched for genes involved in cellular
response (RRAGD, EPHX1, TPD52 and PSMA2). Overall,
a greater number of muscle development-related mod-
ules that regulate fiber number and muscle fiber com-
position were identified in lean Lde animals than in
obese LT animals.

Differences in postnatal modules between lean and obese
breeds provide insight into differences in postnatal
muscle growth and fat deposition

Only two modules were common between lean and
obese postnatal animals; however, about 15 highly lean-
specific modules and 13 highly obese-specific modules
were identified (Additional file 1: Table S10 and Table
S11). GO analysis of these module genes revealed that
18 of these modules were involved in muscle develop-
ment, neuron development, and cellular response, and

three were enriched in cellular response and metabolism
(Additional file 1: Table S12 and Table S13). Hub genes
involved in muscle development were enriched in 13
lean-specific modules (MYBPCI and CBX3 in Lde-blue;
PRRX1 in Lde-dark grey; USP2 in Lde-green; PDLIM?7 in
Lde-grey60; VCAMI, CXCLI2, HRAS, SETD3, and
MYLPF in Lde-light yellow; UNC45B and DZIP1 in Lde-
midnight blue; MYOZ2 and FABP3 in Lde-pink; LMNA
and PRMTS in LDE-red; UBRS in Lde-royal blue; JUN,
SPARC, and TEADI in Lde-sky blue; STAT5B and
GNB2L1 in Lde-salmon; MLIP in Lde-yellow; and ELL3
and RPL27A in Lde-purple). The hub genes in the Lde-
black module were significantly enriched for genes in-
volved in the regulation of alternative splicing (ZRANB2,
RNPS1, and SRSF6) (Figure 4). In addition, 18 muscle
development hub genes were identified in the 11 obese-
specific modules (RHEB in LT-dark magenta; SIXI,
MUSTNI, and SFRSI in LT-grey60; FHODI and SMPX
in LT-orange; KLF10, HDLBB, and JAKI in LT-sienna3;
MYF6, CDK9, TEAD4, and SI100AI11 in LT-sky blue;
GADD45A and PRMTS in LT-violet; TEADI in LT-
yellow green; SFRS18 in LT-magenta; ATP5B in LT-red;
MCL1, CDKN3, and RBMI9 in LT-light yellow; and
SPNSI in LT-tan). In particular, hub genes involved in
intramuscular fat deposition and meat quality were sig-
nificantly enriched in five obese-specific modules
(SERS18 in LT-magenta; ATP5B in LT-red; ACOTY in
LT-light green; ACOT8 and CSRPI in LT-black; and
HDLBP in LT-sienna3) (Figure 5). Thus, difference be-
tween lean- and obese- specific modules in the postnatal
animals provided insights into differences in postnatal
muscle growth and fat deposition in the LT and Lde pigs.

Regulation of muscle development is coordinated by
muscle, nerve, and immunity genes

Among the 42 modules mentioned above (i.e., the three
common modules and the 39 breed-specific modules),
24 contained genes related to muscle development, ner-
vous system development, and immune response, seven
contained genes related to muscle development and im-
mune response, and another three contained genes re-
lated to muscle development and nervous system
development (Additional file 1: Table S5, Table S8, Table
S9, Table S12 and Table S13). Many neuron and immune
response genes played crucial roles in the coexpression
network modules of muscle (Figures 2, 3, 4 and 5). This
finding suggests that the regulation of muscle develop-
ment might be more complex than previously
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Figure 3 Visualization of breed-specific gene coexpression networks in prenatal animals. (A) LT-yellow green (B) LT-purple (C) LT-blue (D)
Lde-tan (E) LDE-red (F) Lde-pink (G) Lde-turquoise (H) Lde-midnight blue (I) Lde-blue. The top 300 connections are shown for each module. Dots
correspond to genes and lines to connections; hubs genes have at least 15 connections. Where the gene symbols are unknown, gene IDs

are shown.

acknowledged, because our results suggest that the
muscle development process may be regulated not only
by muscle genes but by the coordinated action of
muscle, nerve, and immunity genes.

Detection of positive selection pressure

To examine the genes that showed accelerated evolution
in the 42 modules, we obtained the ortholog sequences
of the 4597 genes in these modules from whole-genome
resequencing data of 37 individual pigs and 11 wild
boars. Evolutionary rates (Ka/Ks values, nonsynon-
ymous/synonymous substitution rate ratio) were inferred
form the filtered alignments of these 4597 module genes
(Additional file 1: Table S4-S7, Table S10 and Table S11).
We found that 80% of these genes had Ka/Ks ratios < 0.1,
indicating a high level of purifying selection pressure in
these genes (Figure 6), and approximately 7% of the genes
had Ka/Ks ratios >0.1 (Figure 6). Five genes under strong
positive selection were identified in the prenatal common

modules (Table 1), while only one of the genes under posi-
tive selection in the LT-blue module was identified in the
11 prenatal breed-specific modules (Table 1). In the post-
natal modules, five genes from six breed-specific modules
were found to be under strong positive selection, while no
positively selected genes were found in the postnatal com-
mon modules. These genes could be involved in the regu-
lation the basic cell biological processes, such as cell
migration (CDC42BPA), transport (PLTP), proteolysis
(PLAU), and RNA process (SART3) (Table 1). In particu-
lar, CMYAS and FHODI have been reported to regulate
the muscle cell phenotype and meat quality [3,33]. These
results suggested that the genes under positive selection
may have played a role in the muscle phenotype diver-
gence among pig breeds. However, among these positively
selected genes, only FHOD1 was a hub gene in the postna-
tal LT-orange and Lde-purple modules (Table 1). A high
level of purifying selection pressure was identified in 94
other muscle related hub genes. Therefore, although
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Figure 4 Visualization of Lde-specific gene coexpression networks in postnatal animals. (A) Lde-yellow (B) Lde-salmon (C) Lde-sky blue

(D) Lde-red (E) Lde-pink (F) Lde-midnight blue (G) Lde-royal blue (H) Lde-purple (I) Lde-light yellow (J) Lde-grey60 (K) Lde-green (L) Lde-dark

grey (M) Lde-blue (N) Lde-black. The top 300 connections are shown for each module. Dots correspond to genes and lines to connections; hubs

genes have at least 15 connections. Where the gene symbols are unknown, gene IDs are shown.
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Figure 5 (See legend on next page.)
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(See figure on previous page.)

Figure 5 Visualization of the LT-specific gene coexpression networks in postnatal animals. (A) LT-yellow green (B) LT-violet (C) LT-tan (D)
LT-sky blue (E) LT-sienna3 (F) LT-red (G) LT-orange (H) LT-magenta (1) LT-light yellow (J) LT-light green (K) LT-grey60 (L) LT-dark magenta (M) LT-black.
The top 300 connections are shown for each module. Dots correspond to genes and lines to connections; hubs genes have at least 15 connections.

Where the gene symbols are unknown, gene IDs are shown.

coding sequences changes under positive selection have a
role in the evolution of gene function, their role in the
muscle phenotype divergence among pig breeds seemed
to be minor. The divergent of coexpression modules
among breeds might regulate the muscle phenotype diver-
gence during domestication.

Discussion
During the domestication of wild boar, dramatic pheno-
type changes were generated in domestic pigs under
artificial selection with different breeding goals. For ex-
ample, the lean (Lde) and obese (LT) pig breeds have
significant genetic differences in the processes associated
with muscle growth rate and fatness [11]. The pig gen-
ome has been sequenced and resequenced, which has
made it easier to investigate the regulatory mechanism
that underlie the phenotype diversity in domestic pigs.
Using the genome resequence methods, Rubin et al. [7]
identified a few genes related to pig domestication that
were under positive selection; however, none of these
genes were related to muscle phenotype. Most previous
studies have focused on changes in gene expression,
while several studies have reported that connectivity was
a more sensitive measure of evolutionary divergence
compared with gene expression changes alone
[14,16,18,19,21]. Therefore, we used WGCNA to reveal
molecular and evolutionary mechanisms associated with
the coordination of gene expression patterns in different
pig breeds with distinct muscle phenotypes. In this
study, we showed that the transcriptional diversity of dif-
ferent muscle phenotypes was regulated at the genome
level by distinct gene coexpression networks.
Comparison of the coexpression network modules be-
tween prenatal LT and Lde animals, which were con-
structed using transcriptome data of five developmental
stages, revealed that 1121 genes in two modules were
also conserved in the LT and Lde pigs. We have
highlighted seven hub genes (SMNI1, GNB2L1, SBDS,
ELOF1, HOXB7, HEY2 and PBX2) that were predicted
to play key roles in muscle development. SMN1 encodes
a protein that is crucial in neuromuscular maturation
[24]. GNB2L1 [25] and SBDS [26] encode proteins that
are involved in cell division and growth, which may con-
tribute to the proliferation of muscle cells. HOXB?,
HEY2 and PBX2 encode proteins that directly regulate
muscle development [28-30], and ELOFI encodes a con-
served transcription elongation factor, which might regu-
late the basic transcription process of muscle genes [27].

These results suggested that the conserved coexpression
network modules contained genes that were associated
with the regulation of basic muscle development; imply-
ing that the key processes that regulate muscle develop-
ment are similar in the two breeds. Nonetheless, six
highly lean-specific modules and five highly obese-
specific modules were identified in the prenatal LT and
Lde animals, indicating that prenatal myogenesis was
significantly different in the two breeds. Most of these
breed-specific modules were involved in muscle develop-
ment, neuron development, and cellular response.
Among the genes with known functions, 17 hub genes
related to muscle development were found to play major
roles in the six lean-specific modules. As an essential
myogenesis regulator in many diverse species, MEF2D
directly regulates muscle genes at all developmental
stages [34]. SIRTI has been found to increase the cell
proliferation of myoblasts [35]. FERMT?2 regulates myo-
genic differentiation by the myogenic factor, myogenin,
via canonical Wnt signaling [36]. DES [37], MAPKI2
[38], DLKI [39] and MAP4 [40] were reported to play
essential roles in myoblast fusion, myotube formation,
and maintenance of the structural and functional integ-
rity of muscle during myogenesis. OSR2 [41] and TCEA3
[42] encode proteins that regulate proliferation and de-
velopment genes. ANK3 [43] and HSBPI [44] have been
found to play critical roles in myogenesis. In the obese-
specific modules, only seven key muscle related hub
genes were found. Among these genes, MALATI en-
codes a protein that was reported to regulate myoblast
proliferation [45], and ENO3 and DAGI [46] have both
been shown to regulate myogenesis [47]. A greater num-
ber of hub genes related to myogenesis were detected in
the lean-specific modules compared with in the obese-
specific modules.

This might have resulted in the formation of more
muscle fibers in Lde pig during embryonic development,
which may explain the main phenotype difference in
prenatal muscle development between the LT and Lde
breeds [11]. In addition to the genes that were directly
associated with myogenesis, numerous muscle fiber type
related genes in the coexpression network modules were
different between the LT and Lde pigs. For example, the
hub genes MYLI [48], TNNT3 [49], and MYH?2 [50] in
the lean-specific modules, encode proteins that are crit-
ical for fast fiber differentiation, and TPM2 [51] and
MYLPF [52] have been reported to be critically import-
ant for fast and slow skeletal muscle development. In
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the obese-specific modules, the hub gene MYH?7 encodes
a protein that regulates slow skeletal muscle fiber [53],
while ACTN2 [54], TNNI2 [49], and MYOZ3 [55] have
been found to be highly expressed in fast skeletal muscle

[55]. Total fiber number and muscle fiber composition
between fast and slow muscle fibers are associated with
different muscle phenotypes [56]. All these modules
contain genes that can regulate differences in develop-

fibers, and MYOZ3 is closely related to meat quality ment of muscle fiber number, size, and fiber
Table 1 Module genes under positive selection

Accession number Gene name Module name GO annotation Ka/Ks
Prenatal common modules

AK239624.1 YWHAE brown-blue interspecies interaction between organisms 4.6399
XM_001929007.1 CDC42BPA turquoise cell migration 1.0739
XM_001926685.1 SART3 turquoise RNA-binding nuclear protein 1.0246
XM_001925245.1 FAMT49A turquoise family with sequence similarity 149 1.0426
AK235649 PLTP turquoise transport 1.2134
Postnatal sepcific modules

BX915506 CMYAS Lde-grey60 Cardiomyopathy associated 5 16222
NM_213945.1 PLAU Lde-lightyellow proteolysis 1.8044
XM_001927929.1 GBP4 Lde-magenta Guanylate-binding proteins 1.2581
AK235913.1 FHOD1 Lde-purple the formin/diaphanous family proteins 1.2135
AK235913.1 FHODT LT-orange the formin/diaphanous family proteins 1.2135
NM_213945.1 PLAU LT-skyblue proteolysis 1.8044
Prenatal specific modules

AK239624.1 YWHAE LT-blue interspecies interaction between organisms 4.6399
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composition between the two breeds. Thus, these mod-
ules may be responsible for the different muscle features
and meat quality in the LT and Lde pigs [11].

Previous studies have shown that muscle phenotype is
determined during embryonic development and that
postnatal muscle growth is not critical [11]. However, in
our by coexpression network module analysis, we found
that differences in transcriptional profiling between LT
and Lde were more significant in postnatal animals than
in prenatal animals. Only two modules that contained
101 module genes (1.5% of all module genes) were con-
served in both breeds, and none of the genes were re-
lated to muscle regulation. In contrast, our analysis of
15 lean-specific modules and 13 obese-specific modules
containing 2504 genes revealed a molecular regulation
mechanism that was associated with the different muscle
phenotype in the two breeds. Although muscle pheno-
type was found to be determined during embryonic de-
velopment, several hub genes related to muscle
development were identified in these modules. In lean-
specific modules, a hub gene in Lde-salmon, STATS5B,
was reported to be critical for normal postnatal growth
[57]. STAT5B encodes a transcription factor that can
regulate skeletal muscle growth and fiber composition.
The absence of STAT5B has been shown to increase the
expression levels of several genes that regulate type I fi-
bers, which resulted in muscle composed almost exclu-
sively of type II fibers [57]. Thus, STAT5B and MYLPF
[52], a hub gene in the Lde-light yellow module, might
be critical for muscle growth and fiber composition in
postnatal development. Other hub genes, VCAMI [58]
and CXCLI2 [59], in the Lde-light yellow module have
been reported to play roles in the control of secondary
muscle growth. Thus, although muscle phenotype is de-
termined mainly during embryonic development, we
found that secondary muscle growth during postnatal
development was also critical for the muscle phenotype
difference between LT and Lde. The hub genes SETD3
[60], DZIP1 [61], LMNA [62], PRMTS5 [63], JUN [64],
TEADI1 [65], ELL3 [66] and SPARC [67] have been
shown to control muscle cell proliferation and differenti-
ation and regulate muscle development. Some of the
hub genes that we identified have been reported to be
involved in proliferation and differentiation of vascular
smooth muscle cells and cardiac myocytes; for example,
CBX3 [68], PRRXI [69], PDLIM?7 [70], EABP3 [71], and
UBRS [72]. The coexpression network modules that con-
tain these genes may regulate the development of the
vascular and circulatory system. In addition, the hub
genes, MYBPCI (73], UNC45B [74] and MYOZ2 [75],
have been shown to be are required for skeletal muscle
function, such as muscle contraction. These results sug-
gest that the lean-specific modules cover all the main
processes of postnatal muscle development, including
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muscle cell proliferation and differentiation, secondary
muscle growth, postnatal muscle growth for fiber com-
position, development of the vascular and circulatory
system, and muscle function regulation. All these coex-
pression network modules seem to be associated with
the mechanisms that regulate the high lean meat per-
centage muscle phenotype in Lde.

In addition to the numerous genes that were found to
positively regulate muscle development in the coexpres-
sion network modules of Lde, we identified hub genes
that negatively regulate muscle development in the post-
natal LT modules. RHEB was found to negatively regu-
late skeletal myogenesis by repression of insulin receptor
substrate 1 (IRS1) [76], and KLFI10 was reported to in-
hibit myoblast proliferation by suppression of the pro-
moter activity of fibroblast growth factor receptor 1 [77].
Although JAKI was found to be critical in promoting
proliferation, it was also found to prevent the premature
differentiation of myoblasts [78]. In contrast, MUSTNI
was shown to have no effect on myoblast proliferation,
but was found to significantly impairs myoblast differen-
tiation and prevent myofusion [79]. These negative coex-
pression network modules associated with muscle
development might control the muscle phenotype in LT,
which features low lean meat percentage, slow-growing
muscle and low body weight. These characteristics facili-
tate the deposition of high levels of intramuscular fat.
Besides these negative regulation modules, several posi-
tive coexpression network modules were also identified
in LT. TEADI was shown to regulate the fast-to-slow
fiber-type transition and overexpression of TEADI was
found to produce a slower skeletal muscle contractile
phenotype [80]. The hub genes SIXI [81], MYF6 [82],
CDK9 [83], TEAD4 [84], and PRMT5 [63] in LT are
myogenesis genes that regulate myogenic differentiation
and muscle development. FHODI [33] and S100A1l1
[85] regulate smooth muscle cell migration, vesicular
exocytosis, and smooth muscle cell phenotype, processes
that are related to vascular and circulatory system devel-
opment. SMPX [86] and GADD45A [87] are LT-specific
muscle function genes. In particular, we have identified
coexpression network modules related to intramuscular
fat deposition and meat quality. For example, the hub
genes HDLBP [88], SFRS1 and SFRS18 [89] can regulate
the deposition of intramuscular fat, while ACOT8 and
ACOT9 [90] can regulate lipid and amino acid metabol-
ism. It has been suggested that fat deposition and fatty
acid composition are the determining factors for meat
quality [91]. ATP5B [92] and CSRPI [56] were shown to
play key roles in muscle fiber development and may be
responsible for breed-specific differences in meat quality.

It has been suggested that muscle fiber composition,
size, and total fiber number are critical for meat quality,
and that slow fibers contribute to both juiciness and
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tenderness [56]. These muscle fiber features also define
muscle phenotypes. In our comparative transcriptome
analysis, we detected a greater number of coexpression
network modules related to myogenesis and muscle
growth, secondary postnatal muscle growth, fast fiber
differentiation, and fiber composition in the Lde tran-
scriptome compared with in the LT transcriptome. Al-
though fewer coexpression network modules related to
myogenesis and muscle growth were identified in LT,
more modules related to negative regulation of postnatal
muscle and slow skeletal muscle fiber development were
identified compared with Lde. In particular, coexpression
network modules related to negative regulation of intra-
muscular fat deposition and meat quality were identified
in LT. Thus, the differences in coexpression network
modules between Lde and LT described above are likely
to have resulted in the high lean meat percentage, fast-
growing muscle, and high body weight characteristics in
Lde, and the high intramuscular fat content, slow-
growing muscle, and low body weight characteristics in
LT. However, our results showed that the muscle pheno-
type differences between the two breeds were not only
regulated by muscle genes but were coordinated by
muscle, nerve, and immunity related genes. The com-
plex coexpression networks responsible for the different
muscle phenotypes are likely to have been generated by
artificial selection during the domestication process. The
evolutionary analysis showed that the coding sequences
of most of the module genes in the coexpression net-
work modules were conserved among pig breeds under
artificial selection. Therefore, the role of changes in cod-
ing sequence under positive selection in the divergence
of muscle phenotype among pig breeds was found to be
minor. We propose that the divergence of coexpression
modules among breeds under positive selection eventu-
ally regulated the muscle phenotype divergence during
domestication. Previous studies have usually focused on
the effect of selection pressure on gene function. In this
study, we have shifted the emphasis to the role of selec-
tion in the divergence of coexpression networks between
breeds during the domestication process.

Conclusions

Here, we have carried out the first comprehensive ana-
lysis of gene coexpression relationships in muscle devel-
opment in two pig breeds from embryo to adult. We
identified significant differences in coexpression net-
works modules between the Lde and LT breeds, which
may be responsible for divergence of the muscle pheno-
types. A greater number of coexpression network mod-
ules related to myogenesis, postnatal muscle growth, and
fast fiber differentiation were found in Lde compared
with in LT. However, although fewer modules of myo-
genesis and muscle growth were identified in LT, more
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modules related to slow muscle fiber and negative regu-
lation of muscle development were found. In particular,
we identified five modules related to intramuscular fat
deposition and meat quality in LT. We showed that posi-
tive selection played a key role in the divergence of the
breed-specific modules, while changes in the gene cod-
ing sequence among breeds played only a minor role.
Our results demonstrate that the molecular mechanism
underlying phenotype divergence between breeds cannot
be robustly explained by differential gene expression
alone, but can be explained by coexpression network
modules. The elucidation of gene coexpression network
divergence in the developmental processes of different
breeds provides a new foundation for understanding the
functional organization of transcriptomes in phenotype
variation.

Methods

Ethics statement

All animal procedures were performed according to the
guidelines developed by the China Council on Animal
Care and the protocols were approved by the Animal Care
and Use Committee of Guangdong Province, China. The
approval ID or permit numbers are SCXK (Guangdong)
2004—0011 and SYXK (Guangdong) 2007—-0081.

Selection of genes for network analysis

The transcriptome sequence data from 20 pig (Sus scrofa)
muscle samples were downloaded from the National Center
for Biotechnology Information (NCBI) Gene Expression
Omnibus  (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE25406). These 20 datasets contain the sequenced
transcriptomes of L'T and Lde at prenatal days 35, 49, 63, 77,
91 and postnatal days 2, 28, 90, 120, 180. All possible
CATG + 17-nt tag sequences were created from the Sus
scrofa  genome sequence (Sscrofa9.2) and UniGene
(NCBI36.1, 20090827) databases and used as reference se-
quences to align and identify the sequencing tags. (The
“CATC site” is a digestion site of the Nlalll restriction en-
zyme. The Nlalll digestion site was selected to produce the
Solexa sequencing tags which were 21 bp long (ie., CATG
+ 17 tags) because most the mRNA sequences (99%) have
Nlalll digestion sites). All clean tags were aligned to the ref-
erence database, and unambiguous tags were annotated.
Each alignment was allowed one mismatch to allow for
polymorphisms across samples. Mismatches can be caused
by sequencing errors, but the frequency of such errors is
generally very low (1 or 2 per million).To compare the dif-
ferential expression of genes across samples, the number of
raw clean tags in each sample was normalized to tags per
million (TPM) to obtain normalized gene expression levels.
Differential expression of genes or tags across samples was
detected according to methods described previously [93].
The DEGs with a log2 ratio > 0.5 (P < 0.009, false discovery
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rate (FDR) < 0.02) between libraries were identified. To con-
struct the coexpression network modules, 7057 DEGs genes
in Lde pigs and 7056 DEGs genes in LT pigs were used.

Methodology used to construct the gene coexpression
networks

WGCNA [14,16-20] was carried out using the R soft-
ware (www.r-project.org). Breed and time were analyzed
separately. The absolute values of the Pearson correl-
ation coefficients were calculated for all pairwise com-
parisons of gene-expression values across the LT and
Lde samples. The correlation matrix for each breed was
then transformed into a matrix of connection strengths
(i.e, an “adjacency” matrix) using a power function (con-
nection strength = |correlation|b), which resulted in a
“weighted” network. To make meaningful comparisons
across data sets, a power of b =10 was chosen for all
analyses. The function TOMdist1 in R was used to com-
pute dissimilarity based on the topological overlap
matrix. To group nodes with high topological overlap
into modules (clusters), we typically used the average
linkage hierarchical clustering coupled with the TOM
distance measure. We choose a height cutoff with a
threshold of 0.995 to create the clusters. Modules that
had at least 30 genes that corresponded to the branches
of the dendrogram were selected for analysis. The mod-
ules were visualized by classical multidimensional scaling
in three dimensions. Then, the module eigengene was
compared with the indicator variable using a Kruskal-
Wallis test.

Detection and characterization of modules

The gene expression profile of each module were
decomposed via singular value decomposition and the
value of the module eigengene, V1 (i.e., the first principal
component), was plotted for each sample. We then com-
pared the module eigengene to the indicator variable
using a Kruskal-Wallis test.

Detection of positive selection

Whole-genome alignments of 37 individual pigs and 11
wild boars were downloaded from the NCBI Sequence
Read Archive, (ftp://ftp.sra.ebi.ac.uk/voll/ERA164/ERA
164657 /bam/, Accession Number. ERP001813). SAM-
tools/BCFtools [94] was used to call SNPs for each indi-
vidual animal. The results were merged, and SNPs with
low frequency within all samples (<5%) where filtered
out. These remaining SNPs were used to generate the
consensus sequence for the module genes. PAML [95]
was used to perform the ka/ks analysis.

Availability of supporting data
All the supporting data are included as additional files.
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Additional file

Additional file 1: Table S1. Summary of all the gene coexpression
network modules and their parameters. Table S2. Attributes of genes in
all the gene coexpression network modules. Table S3. Calculation of the
topological overlap for each possible pair of modules. Module eigengenes
and their evolutionary rates (Ka/Ks) in the common module between LT and
Lde. Table S5. GO annotation analysis of the module eigengene in the
common module between LT and Lde. Table S6. Module eigengene and
their evolutionary rates (Ka/Ks) in six prenatal highly Lde-specific modules.
Table S7. Module eigengene and their evolutionary rates (Ka/Ks) in prenatal
five highly LT-specific modules. Table $8. GO annotation analysis of the
module eigengene in six prenatal highly Lde-specific modules. Table $9. GO
annotation analysis of the module eigengene in five prenatal highly LT-
specific modules. Table S10. Module eigengene and their evolutionary rates
(Ka/Ks) in 15 postnatal highly Lde-specific modules. Table S11. Module
eigengene and their evolutionary rates (Ka/Ks) in 13 postnatal highly LT-specific
modules. Table $12. GO annotation analysis of the module eigengenes in 15
postnatal highly Lde-specific modules. Table $13. GO annotation analysis of
the module eigengenes in 13 postnatal highly LT-specific modules.
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