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Abstract

Background: Muscle development and lipid metabolism play important roles during fetal devel-
opment stages. The commercial Texel sheep are more muscular than the indigenous Ujumgin
sheep.

Results: We performed serial transcriptomics assays and systems biology analyses to investigate
the dynamics of gene expression changes associated with fetal longissimus muscles during different
fetal stages in two sheep breeds. Totally, we identified 1472 differentially expressed genes during
various fetal stages using time-series expression analysis. A systems biology approach, weighted
gene co-expression network analysis (WGCNA), was used to detect modules of correlated genes
among these 1472 genes. Dramatically different gene modules were identified in four merged
datasets, corresponding to the mid fetal stage in Texel and Ujumqin sheep, the late fetal stage in
Texel and Ujumgqin sheep, respectively. We further detected gene modules significantly correlated
with fetal weight, and constructed networks and pathways using genes with high significances. In
these gene modules, we identified genes like TADA3, LMNBI, TGF-33, EEFIA2, FGFRI, MYOZI, and
FBP2 correlated with fetal weight.

Conclusion: Our study revealed the complex network characteristics involved in muscle devel-
opment and lipid metabolism during fetal development stages. Diverse patterns of the network
connections observed between breeds and fetal stages could involve some hub genes, which play
central roles in fetal development, correlating with fetal weight. Our findings could provide po-
tential valuable biomarkers for selection of body weight-related traits in sheep and other livestock.

Key words: Serial expression analysis, WGCNA, fetal development stages, fetal weight.

Introduction

Mammalian back skeletal muscles are one of the =~ power source for respiration, locomotion, and other
largest muscle groups, spanning the entire thoracic = physical activities and overall metabolism. It is well
and lumbar regions [1]. In addition, they serve as the =~ known that skeletal muscle development is negatively
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regulated by myostatin (MSTN) gene, which is a
member of the transforming growth factor-p (TGF-)
family and is predominantly expressed and secreted
by skeletal muscle cells. Mutations in the myostatin
gene cause a hypertrophic phenotype have been
widely reported in many species, including sheep [2,
3], cattle [4, 5], dog [6], mice [7], and human [8].
Moreover, many evidences have showed that GDF8
mutant has redder muscle fibers with more intra-
muscular fat and faster growth than those of the in-
digenous sheep [3, 9]. Texel sheep, a typical breed
with "double muscle" due to a GDF8 mutation, are
more muscular than those indigenous such as Ujum-
qin sheep [10]. Therefore, these two breeds are good
models for study of differential muscle and fat de-
velopment.

Prenatal body weight in fetus contributes to
variations in postnatal growth performance in farm
animals [11]. Previous studies have investigated
whether developmental transitions are associated
with large coordinated changes in the transcription of
skeletal muscle genes. For example, one study has
investigated transcriptome changes in ovine longis-
simus dorsi (LD) muscle between late fetal develop-
ment (Day 120) and 1-3 days postpartum [12]. Many
other studies explored the global effects of myostatin
on gene expression in prenatal muscles in cattle across
both pre- and post-natal developments [13-16]. Our
previous studies have explored gene expression and
myofiber development in Texel and Ujumgin sheep at
both the transcriptome and histological levels using
traditional pairwise differential expression statistical
analyses during five fetal stages [17]. However, to our
knowledge, no studies have been reported to system-
atically explore the gene expression networks
throughout ovine fetal stages in a time-series fashion.

Till now, various microarray approaches have
been used to investigate differential gene expression
between distinct muscles in swine [18, 19], mice [20],
chicken [21], cattle [22, 23] and sheep [12, 17]. Serial
Expression Analysis (SEA) is a web tool to identify
significant differential expression pattern in a
time-series microarray experiments [24]. SEA adjusts
a global regression model with all defined variables to
identify differentially expressed genes [25]. Addi-
tionally, network approach is increasingly used in
biology and genetics [26-28]. Many evidences have
shown that the network connections exist between
genes which are working together to contribute com-
plex traits [26, 29]. The gene co-expression, as one of
widely used approach to explore network character-
istics under complex trait, has been carried out to ex-
plore gene expression correlation in human [30, 31],
mouse [32], chicken [33], cattle [16], sheep [34].

Investigation of gene expression changes and
complex interaction patterns among genes is an effec-
tive way to understand complex network architecture
and explore whether there existed any hubs genes.
Previously, a systems biology approach, weighted
gene co-expression network analysis (WGCNA), was
used to explore the hub genes which play central roles
in gene modules [35, 36]. While traditional methods
compare pair wise measurements, WGCNA can de-
scribe the correlation patterns among a series of tran-
script measurements across multiple microarrays.
WGCNA was developed to find modules/clusters of
highly correlated genes and link modules to quantita-
tive traits, which has been successfully applied in a
variety of different studies recently [33, 34, 37-41].

In this study, we tested whether we could detect
differentially expressed genes and/or differentially
connected genes between Texel and Ujumgin during
the mid and late fetal stages. We identified 1472 dif-
ferentially expressed genes by utilizing SEA during
various stages in two sheep breeds. In addition, we
constructed gene co-expression network based dif-
ferential expressed genes using WGCNA. To reveal
the higher-order organization of the ovine fetal mus-
cle transcriptome and its relationship to fetal weight,
we further detected trait-related gene modules and
hub genes using data sets at mid and late fetal de-
velopment stages. We identified a serial of hub genes
such as TADA3, LMNB, EEF1A2, TGF-$3, and FGFRI,
which could function as potential candidate genes
involved in the muscle development and lipid me-
tabolism during fetal development.

Materials and Methods

Microarray data

Expression data used in current study were re-
trieved from NCBI GEO database (GSE23563). These
were collected on Agilent Sheep Oligo Microarray (8 x
15K) (Agilent Technologies, Santa Clara, CA, USA) for
two pure sheep breeds, Texel and Ujumgqin as previ-
ously described [17]. LD muscle samples were ob-
tained at days 70, 85, 100, 120, and 135 with three bi-
ological replicates for each sample. Fetal weight were
measured with electronic weighing instrument after
fetal were extracted from ewes.

Time-course analysis of gene expression
profiles during five fetal stages

Differentially expressed genes were identified
during five fetal stages using the maSigPro method in
the SEA web Tool [24, 25]. This method applied
two-step approach. First, a global regression model
was adjusted with all defined variables. And then a
variable selection strategy was applied to study dif-
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ferences between groups to identify differentially ex-
pressed genes.

Gene module construction

WGCNA was used to detect and compare mod-
ule components and their hub genes. This approach
defines co-expressed gene modules representing mo-
lecular networks involved in a common biological
pathway. Genes highly connected with others within
these groups are considered to drive the modules and
are identified as “hub genes”. The network construc-
tion algorithm was described previously [36, 42] and
detailed information is available at
http:/ /www.genetics.ucla.edu/labs/horvath/Coexp
ressionNetwork/. Briefly, weighted co-expression
networks were constructed based on the matrix of
pair-wise Pearson’s correlation coefficients, and a soft
thresholding approach was used by raising each cor-
rection to a fixed power. The power was chosen using
the scale-free topology criterion proposed previously
[42]. Gene connectivity was then calculated by sum-
ming the connection strengths with other network
genes. We used the dynamic branch-cutting algorithm
implemented in dynamic TreeCut [43] and the
WGCNA R library to detect modules [36].

To balance sample size and increase our detec-
tion power, we merged datasets from the mid fetal
stage (70 and 85 d) into one data group named as mid
fetal stage (6 animals) within one breed. We also
merged datasets from the late fetal stage (120 and 135
d) into another data group named as later fetal stage
(6 animals), and datasets from 100 d were not in-
cluded in this analysis.

Using single weighted gene co-expression anal-
ysis option in WGCNA, we first constructed four
networks from 1472 differentially expressed genes
detected by maSigPro. In total, we obtained 4 gene
networks representing 4 data groups (two breeds x
two development stages): network A, Texel mid fetal
stage; network B, Ujumqin mid fetal stage; network C,
Texel late fetal stage; and network D, Ujumgqin late
fetal stage.

We correlated genes and gene modules with fetal
weight as described before [43,44]. In brief, the
eigengene module is a weighted average of the mod-
ule gene expression profiles. The correlation between
the eigengene module and fetal weight is referred to
as eigengene significance. Pearson’s correlation coef-
ficients were computed between fetal weight and each
gene within the eigengene module. This value was
termed as the “gene significance” (GS) of a particular
gene [35]. The geometric mean was then calculated for
the absolute values of all GS scores within each mod-
ule, yielding the “module significance” (MS) of par-
ticular module. A higher MS value indicates this

module was highly correlated with fetal weight [45,
40].

Functional annotation of hub genes and
modules

Only 1508 of the 15,008 probe sets were defini-
tive for the limited annotation of the Agilent Sheep
Gene Expression Microarray. We further investigated
the function of the differentially expressed genes, we
conducted a BLASTN search for highly homologous
human sequences (search setting: query coverage not
less than 50%, E value < 1.00E-100) [17]. To test
whether the identified modules were biologically
meaningful during skeletal muscle development, we
conducted a functional enrichment analysis using the
DAVID database [47]. We mainly investigated genes
associated with muscle development and lipid me-
tabolism, and key genes related to fetal traits.

Module visualization and differential network
analysis

Modules of high correlation score with fetal
weight (MS) were used for network visualization
analysis. In each module, positively and negatively
correlated genes of high/low GS values (> 0.8 / <-0.8)
were used as the input for VisANT v3.5, a integrative
visual analysis tool for biological networks [48].

Results

Differential gene expression during five fetal
stages

Three fetuses were randomly selected at each of
the five different time points (Days 70, 85, 100, 120,
and 135) from two breeds (for experimental design,
see Figure 1). To investigate the diverse expression
pattern during five fetal stages in two breeds, we ap-
plied maSigPro analysis in SEA
(http:/ /sea.bioinfo.cipf.es/) to our data. We set age as
a quantitative factor in the SEA analysis, and set
Ujumgin as the control group. We finally identified
1472 significant genes which representing six expres-
sion patterns (Significance with FDR = 0.01 and
R-squared threshold = 0.7 for multiple test). The av-
erage expression values were plotted according to five
fetal stages between the two breeds, as shown in Ad-
ditional File 1: Figure S1. Six clusters corresponding to
differential expression patterns were identified by the
hierarchical clustering (hclust) method.

Among them, we observed that most of genes
were enriched in cell cycle, cytoskeletal protein bind-
ing, and ATP binding in cluster 1, which represents
group of genes with higher expression in Ujumugin
than in Texel (Additional File 2). In contract, genes in
cluster 2 have higher expression in Texel, most of
which were involved in metabolic process including
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generation of precursor metabolites and energy, en-
ergy derivation by oxidation of organic compounds,
glucose metabolic process, hexose metabolic process,
and coenzyme metabolic process. We also found
chordate embryonic development and cytoskeletal
part in cluster 3 and cytoskeleton organization in
cluster 4.

In cluster 5, we observed several GO terms were
enriched in muscle contraction, muscle system pro-
cess and structural constituent of muscle. These in-
clude genes like EDNRB, MYHI1, MYL6B, MYH?2,
MYL1, DAGI1, PGAM2, TMOD4, TPMI1, TNNI2,
MYL6B, MYH2, MYL1, ACTN3, and TPM1. Addition-
ally, we observed some GO terms involved myofibril
and muscle myosin complex, including genes such as
MYH1, MYH2, ATP2A1, MYL1, PPP3CA, TPMI,
TNNI2, and MYL6B. Moreover, we found several
immune related GO terms in cluster 5, for instance,
MHC class I protein complex (containing HLA-],
HLA-A, HLA-C, HLA-B, HLA-G, and B2M genes),
immune response (containing PSMB10, IFIH1, HLA-],
IFITM3, MAP4K2, HLA-A, TLR3, CALCOCO2, HLA-C,
HLA-B, IL15, HLA-G, SIGIRR, B2M, PSMB9, FCGR2B,
VEGFA, CFI, and GBP2 genes). However, no signifi-
cant GO term was found in cluster 6.

Construction of weighted co-expression
networks

Based on 1472 differentially expressed genes
identified in our time-series expression analysis, we

constructed weighted co-expression networks. (Fig-
ure 1). In total, we obtained 4 gene networks repre-
senting 4 data groups (two breeds x two development
stages): network A, Texel mid fetal stage; network B,
Ujumgin at the mid fetal stage; network C, Texel late
fetal stage; and network D, Ujumgqin late fetal stage
(Figure 2). Within these 4 networks, we found 5, 11, 7,
and 6 gene modules in networks A, B, C, and D, re-
spectively, with each module containing at least 20
genes.

As shown in Figure 2, five distinct gene modules
were identified with high topological overlap in net-
work A. To distinguish between modules, we labeled
each module with distinct colors with gray color rep-
resented poorly connected genes. The number of
genes in the modules varied from 48 (yellow) to 849
(turquoise), with their mean overall connectivity
ranging from 6.363 to 46.427. In network B, we de-
tected 11 distinct gene modules with module sizes
ranging from 26 (pink) to 487 (green), and their mean
overall connectivity varying from 2.552 to 16.752.
Network C contains 7 distinct gene modules, with
their module sizes ranged from 37 (purple) to 729
(green) and their mean overall connectivity ranged
from 5.428 to 30.913. In Network D, we detected 6
distinct gene modules with module sizes ranged from
33 (black) to 1001 (brown) and their mean overall
connectivity varying from 39.249 to 257.695.

Texel ", T T T
d70 d85s d100 d120 d135
Ujumqin “« :':’i’;,_ : fﬁf’;,_. f:—;f:,_. —— e
Serial Expression Analysis for five stages
Identied 1472 different expressed genes
TMid = = Tlae
------- d 70d85 >< d120 d135
U-Mid . U-Late
] Relating Gene Modules Functional Annotation of

Hub G and Modules

to Physiologic Traits
Differential eigengene
network analysis

Figure . Flow chart displaying the major steps involved in the experimental design. Each box and corresponding arrow denotes a major step in the experimental design and

WGCNA using microarrays and gene expression analysis.
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Figure 2. Visual representations of the four gene co-expression networks and corresponding gene significant. The Network A was served as reference Network, module colors
of other networks were redefined using matchLabels function in WGCNA R package to match the corresponding module in network A. (A) Hierarchical clustering of 1472 genes
in network A constructed from mid-stage fetal skeletal muscles of Texel sheep. The colored bars (below) directly correspond to the module (color) designation for the gene
clusters. Five distinct gene modules or groups of genes with high topological overlap were identified in network A. To distinguish between modules, we designated each module
with an arbitrary color; grey modules represented poorly connected genes. (B) Hierarchical clustering of 1472 genes in network B constructed from mid-stage fetal skeletal
muscles of Ujumgin sheep. (C) Hierarchical clustering of 1472 genes in network C constructed from late-stage fetal skeletal muscles of Texel sheep. (D) Hierarchical clustering
of 1472 genes in network D constructed from late-stage fetal skeletal muscles of Ujumgin sheep.

We defined the connectivity (k) of the ith gene as
the sum of the connection strengths (weights or adja-
cencies) between the ith gene and all other genes in
the network. In network A (Texel mid fetal stage),
approximately 50% of all genes had k = 0~30, and 10%
of all genes with k > 100. In network B (Ujumqin at the
mid fetal stage), approximately 80% of all genes had k
= 0~20, and 20% of all genes with k > 20 were identi-
fied. In network C (Texel late fetal stage), there was a
peak around k from 5 to 15 containing most of genes.
However, in network D (Ujumgin late fetal stage), the
majority of genes had large k values over 50 (Addi-
tional File 1: Figure S2). We estimated pairwise cor-
relation using k values between the four data sets.
However, no significant correlation was found. (Ad-
ditional File 1: Figure S3).

To compare global differences in gene expres-
sion levels among the four groups, the gene expres-

sion values were visualized by heatmap plots using R
package “gplots.” We found the expression of differ-
entially expressed genes was slightly higher during
the mid fetal stage in Texel as compared to the mid
fetal stage in Ujumgqin. In contrast, the opposite pat-
tern was found in late fetal stage (Additional File 1:
Figure S4).

Identifying muscle development trait-related
modules

Besides network construction, we also evaluated
correlation between gene modules and fetal weight
using WGCNA. We compared the MS values of var-
ious modules across breed and stage (Figure 3).
Modules significantly related to fetal weight were
labeled in different colors. At the mid fetal stage,
turquoise modules (849 genes) had the highest MS
values for fetal weight in Texel, whereas green and
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turquoise modules (487 and 238 genes) had the top 2
MS values for Ujumgqin fetal weight. At the late stage,
we found green (729 genes) module had the highest
MS values for fetal weight in Texel, while the green
and blue modules (275 and 101 genes) had top 2 MS
values for late stage fetal weight in Ujumgqin.

Comparison of gene expression level and
connection between Texel and Ujumgin sheep
at mid and late fetal stages

To compare the gene expression level and con-
nection differences between Texel and Ujumgin sheep
at two fetal stages, we plotted expression differences
against connection differences. As shown in Figure 4,
at the mid fetal stage, the majority of genes related to
muscle development and lipid metabolism expressed
at a higher level in Texel than in Ujumgin. For in-
stance, we detected 4 upregulated genes in Texel re-
lated to muscle development (ACTN3, fold chang-
es=2.07; TMOD4, fold changes=1.64; CASQI; and
ALDOA). We also identified two upregulated genes
(UCP3, fold changes=1.74 and CYP2J2) and one
slightly downregulated gene FABP3 related to lipid
metabolism. In addition, we identified 3 genes
(CYP2D7P1, TGF-$3, and SIGIRR) with highly signif-
icant negative GS values when correlated with fetal
weight, as well as 2 genes (MAF1 and ZFP106) with
highly significant positive GS values. Detailed ex-

Texel mid fetal stage

pression fold changes and connection changes (Texel
vs. Ujumgin) of these genes can be found in Addi-
tional File 3.

In late fetal stage, we detected a slight decrease
in 2 genes (MYL4 and CHRNE) related to muscle de-
velopment (Figure 5). We also observed one upregu-
lated gene (AKR1C3) and 3 downregulated genes
(MARCKSL1, SNAP25 and CHP) related to lipid me-
tabolism. In addition, we identified one downregu-
lated gene (CLCNS5), which was negatively correlated
with fetal weight. Moreover, we found two slightly
upregulated genes (RN1851 and FBP2) and one
slightly downregulated gene (MB), all of which were
positively correlated with fetal weight.

GS gene networks

Gene significance (GS) values were used to de-
termine how gene expression correlated with fetal
weight. The key genes with extreme GS values were
used to identify special “hub” genes (genes with cen-
tral positions and the strong connections with others
within a key gene set) with the web tool VisANT v3.5.
We constructed four gene networks from genes posi-
tively correlated and negatively correlated with fetal
weight (GS> 0.8 and GS< -0.8) in the mid and late fetal
stage respectively.

Ujumgin mid fetal stage

o E: f o : L7 S
o f T o : |
= : | T =« . 4
=1 | I S - | X
o T ] T T T T o T T T T T T T T T T T
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Texel late fetal stage Ujumgqin late fetal stage
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Figure 3. Modules significance in relation to fetal weight. Modules significance is the average gene significance measure for all genes in a given modules across modules. The higher
the mean significance in a module, the more significantly related the module is to fetal weight.

http://www.ijbs.com



Int. J. Biol. Sci. 2014, Vol. 10 1045

Texel vs Ujumgin at mid fetal stage
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Figure 4. Plot for the differentially expressed and differentially connected genes in the mid fetal stage. Highly expressed genes in Texel sheep are distributed at the top, and highly
expressed genes in Ujumgqin sheep are distributed at the bottom. Highly connected genes in Texel sheep are on the right, and highly connected genes in Ujumqin sheep are on
the left. Genes with GS values >0.8 were labeled as red triangles (GS+), whereas those with GS values <-0.8 were labeled as green triangles (GS-). Blue rectangles indicate genes
related to muscle development while cyan dots indicate genes related to lipid metabolism. Gray dots represent all other genes. The vertical coordinate is denoted by el-e2,
where el was average expression value in Texel sheep, e2 was average expression value in Ujumgin sheep and expression value was estimated by Log2 Norm Signals of each
probe. On the other hand, the horizontal coordinate is denoted by (tl-ul)/ (tI+ul), where tl and ul are gene connection values in Texel and Ujumgqin sheep, respectively.

Texel vs Ujumgin at late fetal stage
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Figure 5. Plot for differentially expressed and differentially connected genes in the late fetal stage. Highly expressed genes in Texel sheep are distributed on the top, and highly
expressed genes in Ujumgqin sheep are distributed on the bottom. Highly connected genes in Texel are on the right, and highly connected genes in Ujumgqin are on the left. See
Supplemental File 3 for the plot data. Symbols are similarly defined in Figure 4.
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In the mid fetal stage, many genes were identi-
fied as hub genes sharing a positive correlation with
fetal weight (Additional File 1: Figure S5). These in-
clude TADAS3 (31 links), EIF4A3 (20 links), CITED2 (13
links), MTHFD1L (12 links), ZFP106 (8 links), and
TRPS1 (7 links). We also obtained 6 hub genes, in-
cluding B2M (25 links), LMNB1 (30 links), SSR4 (28
links), SIGIRR (12 links), VRK1 (12 links) and TGF-{33
(10 links), which were negatively correlated with fetal
weight (Additional File 1: Figure S6).

In the late fetal stage, we detected positively
correlated genes that possessed a greater number of
connections, including EEF1A2 (37 links), HPRT1 (20
links), MYOZ1 (12 links), SDHB (10 links), and
SLC25A11 (10 links) (Additional File 1: Figure S7). We
also found negatively correlated genes with a greater
number of connections, such as FGFR1 (57 links),
CBX1 (36 linked), CDC6 (33 links), TIAM1 (32 links),
SNRPD1 (31 links), and LMNBI (30 links) (Additional
File 1: Figure S8).

Discussion

In this study, we identified 1472 differentially
expressed genes using time-series expression analysis
tool SEA, which was developed specially for studying
multiple time point data sets. Next, based on these
differentially expressed genes, we employed
WGCNA analysis to construct co-expression network.
This combined two-step method is so-called super-
vised WGCNA as described previously [49]. SEA re-
sults revealed thousands of differentially expressed
genes between two breeds along 5 time points. In or-
der to avoid the computation bottleneck for WGCNA
analysis, we only fed WGCNA with differentially
expressed genes instead of all genes as this study
mainly focused on differential expression through a
time course [50]. Therefore, our integrated approach,
combining complementary tools like SEA and
WGCNA (Figure 1), can efficiently group differential
expressed genes into modules.

Differential gene expression during fetal stages

Previous studies have shown at least three
waves of myogenesis occurred before day 76 of ges-
tation in sheep [51, 52] and myofiber numbers in-
crease sharply in a pulsed-wave mode at the second
half of gestation [17]. However, their mechanisms
remain unclear. In current study, significant differen-
tially expressed genes were identified and clustered
into six groups using hierarchical clustering during 5
fetal stages (Texel versus Ujumgqin). These different
expression patterns shed insights into biological
mechanisms underlying five fetal stages between two
breeds. The diverse gene expression pattern could
indicate the potential complex network connection

among the genes controlling the muscle devolvement
and lipid metabolism. We speculate some hub genes
would play a significant role during the fetal devel-
opment. Most interestingly, we observed several GO
terms involved in muscle and myofibril development
in cluster 5. For example, we observed higher expres-
sions of myosin gene family in Texel than Ujumqin,
which is in agreement with the increasing myofiber
diameter in Texel [17]. Thus, these genes are likely to
explain the muscle differences between two sheep
breeds (Additional File 1: Figure S1). For instance, we
observed several GO terms were enriched in
GO:0006936~muscle contraction, GO:0003012~muscle
system process and GO:0008307~structural constitu-
ent of muscle, these containing genes EDNRB, MYH1,
MYL6B, MYH2, MYL1, DAG1, PGAM2, TMOD4,
TPM1, TNNI2, MYL6B, MYH2, MYL1, ACTN3, TPMI.
Also, we observed some GO terms involved in
GO:0030016~myofibril and GO:0005859~muscle my-
osin complex, including gene MYH1, MYH2, ATP2A1,
MYL1, PPP3CA, TPM1, TNNI2, MYL6B. Moreover, we
found several immune related GO terms, for instance,
GO:0042612~MHC class 1 protein complex(contain
genes HLA-J, HLA-A, HLA-C, HLA-B, HLA-G, B2M),
GO:0006955~immune response (contain  genes
PSMBI10, IFIH1, HLA-]J, IFITM3, MAP4K2, HLA-A,
TLR3, CALCOCO2, HLA-C, HLA-B, IL15, HLA-G,
SIGIRR, B2M, PSMBY9, FCGR2B, VEGFA, CFI, GBP2).
Detailed functional classification was contained in
Additional File 2.

Construction of weighted co-expression
networks

Analyses of large data sets generated from ex-
pression profiles may facilitate the development of
predictive models for systems underlying complex
genetic traits [41, 53, 54]. In the current study, we
employed a systems biology approach (WGCNA) and
focused on modules rather than on individual genes.
We constructed four single weighted gene
co-expression networks in the mid and late fetal
stages in Texel and Ujumgqin.

Our analysis revealed diverse patterns of the
network connection among sheep breeds and fetal
stages. High connections were found in Texel mid
stage and Ujumgin late stage. Connections are espe-
cially high for the Ujumgqin late stage, where most of
connection estimates were more than 50 (Additional
File 1: Figure S2). These results indicated that changes
of gene connection could lead to variations in muscle
development and lipid metabolism between breeds
and stages. Our previous studies have demonstrated
the proliferation of muscle fibers was faster before the
mid fetal stages in Texel than in Ujumgin [17]. In
contrast, they proliferated more slowly at later fetal
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stages in Texel than Ujumgqin. We found higher gene
connections in Ujumgqin than Texel at the late fetal
stage, which is in agreement with the higher prolifer-
ation in Ujumgqin [17]. One possible explanation is that
these genes connection are likely contributing to the
control of muscle development in Ujumgin. Our pre-
vious studies have demonstrated that genes involved
in immune and hematological system development
and function, lipid metabolism, and cell communica-
tion were the most differentially expressed between
Texel and Ujumgin sheep during muscle develop-
ment [17]. In this study, we further identified patterns
of the network connection based on gene coexpression
analysis among sheep breeds and fetal stages, and
revealed marked variations in gene expression and
connection at mid and late fetal developmental stages.

In addition, our results revealed that most of hub
genes have complex network connections with other
genes, which indicating their central functions in the
regulation of muscle development and lipid metabo-
lism during fetal development. We also observed that
all labeled genes including muscle-related, li-
pid-related and GS key genes in Figure 4 were highly
connected to during the mid-fetal stage in Texel. In
contrast, we found most genes related to lipid metab-
olism, muscle development and GS genes have more
connections in Ujumgqin sheep in late fetal stage (Fig-
ure 5). One possible explanation could be that groups
of genes involved in muscle-related and lipid-related
function differently between Texel and Ujumgin
during fetal developmental stages. Muscle develop-
ment could mainly occur before the mid stage in Tex-
el, while more genes involved in muscle and lipid
system function mainly in the late fetal stage in
Ujumgin.

Fetal weight-related modules and hub genes

WGCNA approach greatly alleviates the multi-
ple-testing problem inherent in microarray data
analysis [50]. Instead of relating thousands of genes to
a trait, WGCNA focuses on the relationship between
modules and traits. Our study demonstrated that
WGCNA is useful for exploring transcriptional
changes and identifying fetal weight-related genes.
We revealed that several co-expression modules with
different genes, which were significantly correlated
with fetal weight. These results may help to explain
the molecular mechanisms underlying fetal muscle
development between Texel and Ujumgqin with di-
verse muscle phenotypes. By identifying the differen-
tially expressed and differentially connected genes,
our results showed a good agreement with the study
of weighted gene co-expression analysis of mouse
body weight [32], which also indicated that genes
which are differentially connected may be differen-

tially expressed. In addition, Kogelman et al. have
employed both EBV weighted gene co-expression
network analysis and differential gene co-expression
network analysis to identify highly connected genes
associated with the trait and differentially connected
genes in the high and low EBV sire groups [34]. Their
study was designed to reveal the genetic structure in
the gene expression program within ovine longissi-
mus lumborum muscle for adult sheep, using a total
of 40 half sib progeny derived from the six sires. In
contrast, our study investigated the characteristics of
gene expression during 5 fetal developmental stages.
Probably because the different fetal developmental
stages were investigated, no consistent gene sets were
found in these two studies. There could be potentially
some complex influences from sex, maternal nutrition
level and other factors. However, they are normally
not considered as major effects. In this study, we in-
vestigated two pure breeds with extreme phenotypes.
We used six fetuses for each breed in the late stage,
among them five Texel fetuses were males, while all
Ujumgin fetuses were all females. It is possible that
sex contributes to the fetal weight differences. How-
ever, with our sample sizes, we could not find any
significant differences between male and female
samples for fetal weight. More importantly, we fo-
cused on breed genetic effects as the major factors in
determining the fetal weight. So, we believed the sex
could have little effect comparing with breed effect in
current study. Further investigation of sex and other
factors will be worthwhile with larger sample sizes.
Moreover, we did our best to control the genetic
background of each of these two pure sheep breeds by
using a single sire. They were fed in the same envi-
ronment and supplied with the same nutrition. They
were fattened using the same diet. Estrus synchroni-
zation and artificial insemination (AI) were used to
synchronize pregnancies, which facilitated sample
collection.

In this study, we found a serial of hub genes re-
lated to fetal weight based on WGCNA method at the
mid fetal stage. For instance, transcriptional adaptor 3
(TADA3; 31 links) was positively related to fetal
weight. The gene also encodes ADA3-like protein,
which is essential for transcriptional activity and p53
acetylation in humans [55-57]. Many studies have
indicated Ada3 in mammalian genome is essential for
embryonic development, cell cycle progression [58]
and genomic stability in mouse embryonic stage [59].
Our study indicated TADA3 is likely to play central
role in the muscle development and differentiation.
We also identified gene Lamin B1 (LMNB1, with 30
links) showed a significant negative correlation with
fetal weight. LMINB1 belongs to the lamin family of
proteins, which are highly conserved and comprise

http://www.ijbs.com



Int. J. Biol. Sci. 2014, Vol. 10

1048

the Lamin matrix. Lamin proteins are thought to be
involved in nuclear stability, chromatin structure, and
gene expression [60-63]. However, their exact func-
tions in muscle development remain unclear.

TGF-f3 gene, as one member of transforming
growth factor-p (TGF-PB) gene family [64], which is
related to embryogenesis, cell differentiation and de-
velopment. Campbell et al demonstrated that expres-
sion of TGF-f3 is initiated during early stages of
mouse embryos development [65]. Additionally,
TGF-f3 has been reported play an essential role in the
normal morphogenesis of palate and lung using mice
model [66]. Our study revealed TGF-3 was nega-
tively correlated with fetal weight in sheep, and it
could work as one of important hub gene with multi-
ple connections. Therefore, regulation of TGF-f3 and
its connected genes could play critical roles in the
muscle development during the fetal stages.

At late fetal stage, we found gene EEF1A2 (eu-
karyotic translation elongation factor 1 alpha, with 37
links) was positively correlated with fetal weight. This
gene encodes an isoform of the elongation factor-1
complex alpha subunit, which is responsible for de-
livery of aminoacyl tRNAs to the ribosome. Deletion
of EEF1A2 in mice would lead to the neurodegenera-
tive phenotype “wasted” (wst), and mice homozy-
gous for the wasted mutation may die of muscle
wasting and neurodegeneration at four weeks
post-natal [67, 68]. Our WGCNA analysis revealed
that the hub gene EEF1A2 positively correlated with
fetal weight, indicating this gene could play signifi-
cant role for muscle development during fetal stages.

FGFR1 (Fibroblast growth factor receptor 1, with
57 links) was identified negatively correlated with
fetal weight. FGFR1 inhibits skeletal muscle atrophy
associated with hindlimb suspension mouse experi-
ment [69]. FGFRI mutations in humans may also lead
to developmental defects and pathological conditions,
such as Alzheimer’s disease and cancer [70]. The pro-
tein encoded by this gene is a member of the FGFR
family [71] and the amino acid sequence is highly
conserved, so we speculate that FGFR1 could proba-
bly involve in the negative regulation of muscle de-
velopment in many species including sheep.

MYOZ1, belong to a family of muscle proteins
that bind to calcineurinare, which have been reported
involved in fast-twitch skeletal muscle in many adult
animals [72-74]. This gene has been detected was sig-
nificantly correlated with TCAP and PDLIM3 in the
coexpression network for bovine skeletal muscle [75].
In this study, we also observed gene MYOZ1 (with 12
links) was positively correlated with fetal weight in
late stages. The detailed investigation is warranted to
explore the function of these genes in sheep muscle
development during fetal stages.

In conclusion, our study revealed the complex
network characteristics involved in muscle develop-
ment and lipid metabolism during fetal development
stages. We found out that diverse patterns of gene
expressions and network connections observed be-
tween breeds play central roles in fetal development,
correlating with the adult muscle phenotypes. Our
findings could provide potential valuable biomarkers
for selection of body weight-related traits in sheep
and other livestock.
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