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Abstract

Background: Circular RNA (circRNA) is produced during the splicing of mRNA (in addition to linear splicing) and is
part of the gene regulatory network. The temporal expression patterns the different developmental stages were
inseparable from these molecules’ function.

Results: Skeletal muscles of Anhui white goat (AWG) across seven fetal to postnatal development stages were
sequenced and 21 RNA sequencing libraries were constructed. We thereby identified 9090 circRNAs and
analyzed their molecular properties, temporal expression patterns, and potential functions at the different
stages. CircRNAs showed complexities and diversity of formation as the same host gene produces multiple
isoforms of these nucleic acids with different expression profiles. The differential expression of 2881 circRNAs
(DECs, P < 0.05) was identified and four were randomly selected and validated by qPCR. Moreover, 1118 DECs
under strict selected (SDECs, |log2FC| > 2 and P-adj value < 0.01) showed 4 expression trends (Clusters 0, 19, 16
and 18). Cluster 0 molecules had increasing expression at all stages with effects on muscle through
metabolism, regulation of enzyme activity, and biosynthesis. Cluster 16 circRNAs had high expression in the
early and late stages and are involved in “Wnt signaling pathway”, “AMPK signaling pathway” and others.
Cluster 18 molecules were mainly expressed at F120 and participate in “cytoskeletal protein binding”, “Notch
signaling pathway” and so on. Cluster 19 circRNAs were down-regulated at all stages and related to muscle
structure and development. Lastly, the SDECs divided the period of skeletal muscle development into three
transitional stages: stage 1 (F45 to F90), which related to muscle satellite cell proliferation and muscle fiber
structure; stage 2 (F90 to B1), in which the attachment of the cytoplasmic surface to the actin cytoskeleton
initiates; and stage 3, which involved the “cGMP-PKG signaling pathway”. Moreover, the paraffin sections
messages also validated that there are three transitional stages of skeletal muscle development.

Conclusion: Our current study provides a catalog of goat muscle-related circRNAs that can stratify skeletal
muscle development fetus 45 days to newborn 90 days into three developmental stages. These findings better
our understanding of functional transitions during mammalian muscle development.
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Introduction
In the past decade, newly identified or rediscovered non-
coding RNAs have been associated with striating muscle
tissue development and disease [1, 2]. Circular RNA (cir-
cRNA) represents a novel class of ncRNAs with a covalent
closed-loop structure and no 5′ cap or 3′ poly(A) tail [3].
With the advent of next-generation RNA sequencing
(RNA-Seq) and bioinformatics methods, the biological
characteristics of circRNAs have gradually been revealed.
These molecules are widely expressed but individual cir-
cRNAs are specifically active and resistant to RNase R di-
gestion in different cells, tissues and at various
developmental stages [4–6]. The biological roles and func-
tions of different circRNAs are also continuously being re-
vealed. They could display as sponge miRNAs [7], regulate
gene transcription [8], interact with RNA-binding proteins
[9], regulate mRNA stability [8], and even in some cases
are translated into polypeptides [10].
Skeletal muscle is derived from embryonic mesoderm

precursor cells and the main component of meat pro-
duced commercially from mammals [11, 12]. Skeletal
muscle has also become an important material for study-
ing mammalian-specific cell differentiation and prolifera-
tion mechanisms [13]. In this regard, the longissimus
dorsi muscle is the largest part of the ridge of the spine
and is high economic relevance for fresh and cured meat
production [14]. Numerous studies to date have shown
that specific circRNAs regulate cell biological processes
in skeletal muscle through a variety of gene regulatory
mechanisms, including circZNF609, circFGFR4, cir-
cLMO7 and others [15–17]. Anhui white goats (AWGs),
a native breed of domestic goat (Capra hircus), are
among the most important commercially farmed animals
and have attracted increasing attention as a viable source
of meat production. Which is closely related to fetal
muscle development. Hence, changes in goat skeletal
muscle formation and the underlying molecular mecha-
nisms of this during prenatal and postnatal development
are critical considerations for future commercial meat
outputs.
In our current study, we evaluated 7 developmental

stages of goat skeletal muscle development. We analyzed
caesarean-delivered fetuses from AWGs which had been
pregnant for 45 (F45), 65 (F65), 90 (F90), 120 (F120) and
135 (F135) days, kids at 1 day (B1) and at 90 days (B90)
after birth were used for RNA-seq analysis. We used
these goat tissues to systematically identify the molecular
characteristics, temporal dynamic expression patterns
and potential functions of goat skeletal muscle cir-
cRNAs. To the best of our knowledge, this is the first
study of muscle circRNA functions in goat. Our findings
provided a better understanding of the molecular roles
of mammalian circRNAs and of the mechanisms operat-
ing at different stages of skeletal muscle development.

Results
Overview of circRNA sequencing
The longissimus dorsi from AWGs at 7 different de-
velopmental stages were subjected to total RNA-seq
to analyze the circRNA profiles of goat skeletal
muscle. These stages analyzed included caesarean-
delivered fetuses from animals which had been preg-
nant for 45 (F45), 65 (F65), 90 (F90), 120 (F120), and
135 (F135) days, and from kids born within 24 h (B1)
and 90 days old (B90). Each of these stages contained
3 repetitions for a total of 21 skeletal muscle samples.
(Fig. 1). The average sample sequencing depth of the
21 cDNA libraries was 109.09 million clean reads, ac-
counting for 96.4% of the raw data (Table S1). Based
on the FASTQ file generated, 9090 unique circRNAs
were identified by find_circ [18] and CIRI2 [19],
which contained CT-AG sliced sites and a read count
≥2 in each sample (Table S2).

CircRNA isoforms and cyclized form diversity
Capra hircus is not included in circBase or PlantcircBase
and the identified circRNAs were therefore treated as
novel (Table S2). The 8864 identified circRNAs were de-
rived from 3458 loci, and although most genes (67.1%)
produced 1 to 2 of these nucleic acids, some produced a
variety of distinct cyclides (Fig. 2a). Interestingly, 66.5%
of the molecules were formed by host genes that pro-
duced multiple circRNAs among those identified. Strik-
ingly, the centrosome forming the backbone centrosomal
protein 112 (CEP112) may produce 31 distinct circRNAs.
The identification of circRNA isoforms provided a fur-
ther understanding of the biological mechanisms and
modality of circRNA production.
The circRNAs spliced at the same locus contain a

splicing signal that was usually composed of the GT
dinucleotide at the 5′ end (splice donor) and the AG
dinucleotide at the 3′ end (splice acceptor) of the
major spliceosome. For a given AG receptor splice
site, there was typically more than one GT donor site.
For instance, myotubularin 1 (MTM1), which was in-
volved in myotube development, produced three cir-
cRNA isoforms (Fig. 2b). The cyclic fraction (the
ratio of circular isoforms to all transcripts from the
same locus) of the three isoforms (novel_circ_
0039131, novel_circ_0039132, novel_circ_0039133)
was 4.9, 26.1 and 29.0% with 4503, 23,634 and 26,
251 bp in length, respectively. Analogously, many cir-
cRNAs had different receptors but share the same
donor. For example, the host gene myopalladin
(MYPN) that produced three circRNA isoforms that
had three different receptors and shared one donor,
Chr10–21,021,880 (Fig. 2c). This analysis indicated
the presence of alternate and staggered splicing events
in which the same splice site might participate in
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multiple forward and backward splicing reactions, or
at adjacent exons or distal skipped exons.
To reveal the expression profiles of different circRNAs

derived from the same host gene, we explored the expres-
sion abundance of circRNA isoforms. Different circRNA
isoform expression profiles were observed at various de-
velopmental stages. Among the three circRNA isoforms of
MTM1 mentioned above, novel_circ_0039132 was found
to be highly expressed at F65 but not expressed after
F135, whereas novel_circ_0039133 and novel_circ_
0039131 reached their highest levels at F90 and F120, re-
spectively (Fig. 2d). For the circRNA isoforms produced
by MYPN, novel_circ_0036743 was found to gradually in-
crease from F40 to F135, and then begin to decrease, and
to reach higher levels at all stages compared to the other
two isoforms (Fig. 2e). Interestingly, the two circRNA iso-
forms of SLX4 interacting protein gene (SLX4IP) showed a
completely opposite expression trend at all stages (Fig. 2f).
These results added to our understanding of the diversity
and functional complexity of circRNAs.

Characteristics and expression patterns of the goat
skeletal muscle circRNAs
To perform a comprehensive analysis of goat skeletal
muscle circRNAs, we firstly identified their features. The
total panel of 9090 circRNAs were found to be mainly
spliced by exons, introns and intergenic regions, with 8400
(92.4%) of these molecules derived from exons (Fig. 3a). All

of the goat skeletal muscle circRNAs in 21 libraries con-
sisted of less than 8 exons; 9063 (99.7%) circRNAs spanned
1 to 5 exons (average 2.26), and single exon formation
accounted for 22.7% (Fig. 3b). We found that 8783 of the
identified circRNAs were unevenly transcribed from the 29
autosome pairs in the goat, 232 were derived from the X
chromosome, and the remaining 75 were produced from
the unplaced genomic scaffold (Table S2). There were no
circRNAs found to be derived from the Y chromosome.
Chromosomes 1, 3, and 10 produced more circRNAs (>
500) than any others (Fig. 3c).
We next performed principal component analysis (PCA)

on all identified goat skeletal muscle circRNAs to better
understand those obtained from the data sets (Fig. 3d).
Data from three samples at each stage were pooled, and
the order of development could be accurately captured
from F45 to B90. We observed that the expression pat-
terns from F45 to B1 were similar, whereas a single cluster
appeared after birth, and F45 and F65, and F135 and B1,
could be clustered together. Similar expression clustering
was found using hierarchical clustering analysis (Fig. 3e).
This data may suggest that goat skeletal muscle develop-
mental transitions occur during these stages.

Dynamic differential expression of circRNAs
To further elucidate the regulation of circRNA in skel-
etal muscle, we performed expression profiling at the
seven developmental stages under study. A total of 2881

Fig. 1 The method pipeline and experimental design used to identify circRNAs involved in goat skeletal muscle. The pictures of animals in Figure
1 were taken by ourselves, and we have the copyright of the original picture
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differentially expressed circRNAs (DECs, P-adj < 0.05)
were identified during all stages (Table S3). DECs were
compared across the 29 goat chromosomes and chromo-
some 1 was found to be the highest producer (190
DECs) (Fig. S1A). It was thus speculated that chromo-
some 1 makes a major contribution to the role of cir-
cRNAs in the growth of skeletal muscle. The 10 most
abundantly expressed circRNAs in goat skeletal muscle
were also of great interest (Fig. S1B). The host genes of
the most abundantly expressed circRNAs identified by
our present analysis, such as novel_circ UBE3A, novel_
circMYBPC1, and novel_circLMO7 were primarily asso-
ciated with muscle growth and muscle myopathy. To
verify these results, we randomly selected 4 DECs for
qPCR analysis at each of the 7 developmental stages of
goat skeletal muscle. The results of these assays were

consistent with the expression trends calculated from
the RNA-seq data (Fig. 4a-d).
To further explore functional shifts in the circRNAs

during goat skeletal muscle development, we assessed
1118 DECs under stringent conditions (SDECs)
(|log2FC| > 2 and P-adj < 0.01) between the different de-
velopmental time points (Fig. 4e, Table S4). It was not-
able that we observed no major goat skeletal muscle
SDECs in all but two consecutive stages prior to birth,
with the 8 SDECs showing the maximum difference de-
tected between the F90 and F120 stage. The stages from
F45 to F65, and F65 to F90 both generated three SDECs,
whereas 95 SDECs were generated from F45 to F90.
Similarly, there was no significant circRNA expression
differences from F120 to B1. The biggest changes were
detected between B1 and B90 in which 57 SDECs were

Fig. 2 Examples of circRNA isoforms identified in goat. a Distribution of circular RNAs among host genes in the goat. b Three receptors and one
donor position derived from MTM1 in the genome. c Three donors and one receptor position derived from MYPN in the genome. d-f MTM1,
MYPN and SLX4IP expression in the seven stages of goat skeletal muscle development
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evident, 37 of which were up-regulated and 29 were
down-regulated. Hence, we defined F45 to F90 as the
first functional transition stage (Stage 1) of goat skeletal
muscle development, F90 to B1 as the second stage
(Stage 2), with the third stage (Stage 3) occurring after
birth. Our expression spectrum clustering analysis of
SDECs was consistent with this functional transition sta-
ging (Fig. 4f). Paraffin section staining also verified three
transitional stages of goat skeletal muscle development
(Fig. 4g). Primary muscle fibers and secondary muscle fi-
bers were observed in the F65 and F90 stages, in which
muscle cells were fused. F120 only observed secondary
muscle fibers, and these fibers showed a similar morph-
ology from F120 to B1. Furthermore, muscle fiber diam-
eter data showed that the F120 muscle fiber diameter
was significantly smaller (P < 0.05) than the other stages.
This may be due to the fact that the F120 has completed
fusion and the entire muscle cell in the fusion is larger
than the muscle cells that complete the fusion. And
Similar to the RNA-seq, B90 produced significant differ-
ences (P < 0.05) with other stages (Fig. 4g).

Functional and pathway analysis of SDEC in transition
stages
We obtained a more comprehensive picture of the dy-
namic changes in SDEC levels during goat skeletal
muscle development through trend analysis. All of the
SDECs we analyzed were clustered into 20 expression
patterns, with clusters 0, 16, 18, 19 being significantly
enriched (Fig. 5a). Clusters 0, 16, 18, and 19 contained
345, 129, 104, and 276 genes, respectively. Using the
functions of the circRNA host genes, we predicted the
functions of the expression patterns in these four clus-
ters. Cluster 0 (345 SDECs) contained the most SDECs
and showed increased expression of these circRNAs
from F45 to B90. This cluster was enriched in 162 GO
terms, of which 43 are related to the metabolism of sub-
stances, 22 to enzyme activity, 22 to biosynthesis and 22
are material-binding related (Table S5), including “trans-
ferase activity”, “carbohydrate derivative metabolic
process”, “carbohydrate derivative biosynthetic process”
and others. Cluster 0 was also enriched in pathways re-
lated to muscle function, such as “adherens junction”,

Fig. 3 Characterization and expression patterns of circRNAs in goat skeletal muscle. a Types of circRNAs in goat skeletal muscle. b Number of
exons contained in goat circRNAs. c Distribution of all identified circRNAs on goat chromosomes. The histogram indicates the circRNA density of
each chromosome. d Principal component analysis (PCA) of circRNA in 21 goat skeletal muscle samples. Similar colors represent the same phase.
Arrows indicate the direction of progression between successive muscle stages. e Unsupervised clustering of all circRNAs identified in goat
skeletal muscle
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Fig. 4 (See legend on next page.)
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“pantothenate and CoA biosynthesis” and “endocytosis”
(Fig. 5b). Cluster 19 (276 SDECs) contained circRNAs
that were down-regulated at all stages of goat skeletal
muscle development was enriched in 94 GO term,
among which were those related to muscle development,
such as “developmental process”, “BAF-type complex”
and others (Fig. 5c, Table S6). Interestingly, cluster 16
(129 SDECs) was found to be enriched in 67 functions, 4
of which were related to the positive regulation of the
Wnt signaling pathway that is inseparable from muscle
differentiation, development and regeneration (Table
S7). Our pathway analysis of cluster 16 also showed it to
be enriched in the AMPK signaling pathway associated
with muscle hypertrophy (Fig. 5d). In addition, the host
genes in cluster 18 (104 SDECs), that had highly
expressed circRNAs in stage F120, were involved in
“Notch signaling pathway”, “inositol biosynthetic
process”, “cytoskeletal protein binding” and others,
which were related to muscle structure, proliferation
and regeneration (Table S8). Pathway analysis of cluster
18 also revealed that the host genes were significantly as-
sociated with “MAPK signaling pathway” and “adherens
junction”. These data indicated that RNA cyclization is

indispensable for the regulation of mammalian muscle
development (Fig. 5e).
We next focused on the SDECs between F45 and F90

(Stage 1, 97 SDECs), F90 to B1 (Stage 2, 196 SDECs)
and B1 to B90 (Stage 3, 57 SDECs). Remarkably, there
were SDECs common to all three transitional stages,
with 79% (77 of 97 total), 88.3% (173 of 196 total) and
77.2% (44 of 57 total) of these circRNAs found to be ex-
clusively expressed at each stage, respectively (Fig. S2).
None of the uniquely expressed SDECs in these three
stages showed any significant functional enrichment, but
they participated in different signaling pathways. Inter-
estingly, the host genes FGFR1, LPAR1, and PDGFC of
Stage 1 were found to be involved in “Rap1 signaling
pathways”, “PI3K-Akt signaling pathway”, “regulation of
actin cytoskeleton” and other signaling pathways that
correlated with muscle satellite cell proliferation and
muscle fiber structure (Table S9). The host genes from
Stage 2 were enriched in eight signaling pathways with
an involvement in acid metabolism and the attachment
of the cytoplasmic surface to the actin cytoskeleton
(Table S10). In Stage 3, which was post-birth, included
host genes VDAC1 and MEF2C were involved in the

(See figure on previous page.)
Fig. 4 Dynamic differential expression of circRNAs in goat skeletal muscle. a-d QPCR (Bar chart, blue) and RNA-seq expression (Line chart, orange)
validation of the indicated goat skeletal muscle circRNAs. e Number of differentially expressed goat skeletal muscle circRNAs (SDECs) determined
under stringent conditions (|log2FoldChange | > 2 and P- adj value < 0.01) showing up- (red) or down- (blue) regulation during development.
Orange: total number of differentially expressed genes between two stages. f SDEC abundance heat maps in the seven development stages of
goat skeletal muscle. g H&E staining of paraffin sections for the seven development stages of goat skeletal muscle

Fig. 5 Dynamic differential expression of circRNAs in goat skeletal muscle. a Trend analysis of SDECs. Color denotes enrichment. b-e Top 15
enriched pathway terms for the goat skeletal muscle circRNAs from modules 1 to 4
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“cGMP-PKG signaling pathway”, and PANK3 and
PDE8A were involved in “pantothenate and CoA biosyn-
thesis” (Table S11). These circRNAs may represent the
initiation/termination of growth and/or physiological
processes at a particular developmental stage in skeletal
muscle.

Discussion
With the development of RNA-seq for genome-wide
analysis, circRNA have been found to be more abundant
in the animal transcriptome than previously thought,
and thousands of these molecules have now been identi-
fied in human [20], mouse [21], pig [22] and other spe-
cies. Gruner et al., previously conducted sequencing
analysis with HiSeq 2500 and identified 6791 circRNAs
in the heart, cerebral cortex and hippocampus of the
mouse at different ages [21]. Furthermore, based on 24
skeletal muscle samples from differently aged animals,
Kotb’s team identified 12,007 Rhesus monkey (Macaca
mulatta) circRNAs [23]. Recently, 21,813 circRNAs were
identified during the pre-receptive to receptive phases in
goat endometrium development [24]. These prior find-
ings have indicated that circRNAs were abundant and
yet to be fully explored, and that they played an import-
ant role in mammalian development. In our current
study, we have identified 9090 circRNAs in goal skeletal
muscle over five fetal developmental stages (45-, 65-,
90-, 120- and 135- days fetus) and in 1- and 90-day-old
kids. Because circRNAs were expressed in a highly spa-
tiotemporal manner, studies of these molecules across
different developmental stages and in different tissues
had been critical [25].
CircRNAs, as regulators of gene expression, have simi-

lar structural features. Most of these nucleic acids con-
sisted of fewer than 5 exons in goat skeletal muscle,
which was consistent with the exon numbers in pig cir-
cRNAs [26]. However, circRNAs with a single exon were
more prominent in goat skeletal muscle compared with
that in pigs and mice, which may be a characteristic of
skeletal muscle circRNA formation in goats [26, 27].
The most abundant circRNAs reported previously were
derived from chromosome 6 in 9 tissues and 3 stages of
skeletal muscle development in pigs [26]. We found in
our current analysis that goat circRNAs were mainly
produced from chromosome 1, regardless of whether
they were differentially expressed. This indicated that
chromosome 1 made an indispensable contribution to
the role of circRNAs in the development of goat skeletal
muscle.
Secondary (fetal) myogenesis relies on the fusion of fetal

progenitor cells which produce secondary muscle fibers
with no net increase in the number of muscle fibers after
birth [28, 29]. Additionally, the skeletal muscle mass in-
creased during postnatal animal development via

hypertrophy [30]. The function of circRNAs in goat skel-
etal muscle development before and after birth remains
unclear. All of the estimated 1118 SDECs in our current
analyses could be mainly classified into four modules
(cluster 0, 16, 18, 19) in accordance with their expression
profiles. The functions associated with these clusters may
be associated with the prenatal and postnatal growth of
goat skeletal muscle. The GO and KEGG enrichment for
the circRNAs in cluster 0, the expression of which grad-
ually raised with the developmental progression in goat
skeletal muscle, mainly involved substance synthesis, me-
tabolism and enzyme activity. For example, novel_circ_
0025911 was generated from the host gene AKT3 which
functions in transferase activity and suppressed C2C12
differentiation when overexpressed [31]. The functions
and pathways associated with the cluster 19 circRNAs,
that were found to be down-regulated at all stages of de-
velopment in goat skeletal muscle, appeared to be associ-
ated mainly with muscle proliferation and differentiation.
The host gene for novel_circ_0034197 and novel_circ_
0031011 in this cluster was MEF2C, which maintains
sarcomere integrity and skeletal muscle postnatal matur-
ation [32, 33]. The ZNRF1 gene in cluster 16, which is re-
lated to the regulation of the Wnt signaling pathway,
produces novel_circ_0028110. Canonical Wnt signaling
induces satellite-cell proliferation during adult skeletal
muscle regeneration [34, 35]. The novel_circ_0027226
assigned to cluster 18 is produced by the host gene FGF2,
which functions in the MAPK signaling pathway. FGF2 is
upstream of MAPK signaling, which mainly regulates
myocyte hypertrophy and development [36–38]. Taken
together, these results demonstrate that specific circRNAs
perform their functions at different stages of skeletal
muscle development.
Based on the observed circRNA profiles, we designated

three periods of functional transition in goat skeletal
muscle development. These three phases were further
validated by the expression data from paraffin sections.
Our present study is the first to systematically identify
different circRNAs that function specifically at different
developmental stages of goat skeletal muscle. These data
provide new insights into the role of circRNAs in the
evolution of muscle development at different stages. The
unique circRNAs that operate at the three functional
transition periods in goat skeletal muscle may represent
the beginning/termination of a certain physiological
and/or growth process at a particular stage. For example,
circPDGFC, circTTN, circITGA4, and circLPAR1 that
are expressed in stage 1 (from F45 to F90) take part in
the “PI3K-Akt signaling pathway”, “regulation of actin
cytoskeleton” and other processes that relate to muscle
developmental, formation and structure [39–41]. Stage 2
circRNAs, operating from F90 to B1, are involved in acid
metabolism and the attachment of the cytoplasmic
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surface to the actin cytoskeleton, including circACTN2,
circMAPK1 and others. Furthermore, circMEF2C, cir-
cVDAC1 from stage 3 are involved in the cGMP-PKG
signaling pathway which plays a role in muscle contrac-
tion regulation [42].

Conclusion
We here describe for the first time a 7-stage circRNA
expression profile in goat skeletal muscle development
by RNA-seq and characterize the temporal patterns of
SDECs. The seven stage circRNA in goat identified four
major expression patterns and three skeletal muscle
function transition stages (F45 to F90, F90 to B1, and B1
to B90) based on clustering and differential expression
analysis. We will validate these findings in future studies
to gain a deeper understanding of the functional roles of
the circRNAs in mammalian muscle development.

Materials and methods
Sample collection
All experimental Anhui white goats (AWGs) were man-
aged and raised on a farm managed by the Hefei Boda
Animal Husbandry Technology Development Co., Ltd.
(Anhui, China). EAZI-Breed CIDR (CIDR, Hamilton,
New Zealand) was used to treat female goats for estrus.
CIDR was removed after embedding 12 days, and 1 ml of
prostaglandin was injected into the neck muscle of each
female goat. Fetuses were obtained from goats that had
been pregnant for 45, 65, 90, 120 and 135 days (F45,
F65, F90, F120, F135) by cesarean section. Before sample
collection, the all experimental samples (include female
goats, fetuses and kids) were injected with Jingsongling
(2,4-xylyl xylazole, lot number 030725, produced by
Shandong Zibo Veterinary Medicine Factory, Shandong,
China) in the hips at a dose of 2 mg / kg for deep
anesthesia. Under complete anesthesia, all experimental
samples were killed by arterial bleeding with the help of
slaughterhouse professionals. (this method complies with
euthanasia guide of the Chinese Society of Laboratory
Animals, No. T / CALAS 31–2017). Kids born naturally
at 1 day and 90 days (B1 and B90) of age were also col-
lected, then their longissimus dorsi muscles were har-
vested as experimental samples. A total of 21 goats were
used as experimental animals in the seven stages, and
each stage had three biological replicates. Two samples
were collected from each goat for a total of 42 skeletal
muscle samples. All samples were divided into two
groups, each group containing three biological replicates
of seven stage. One group of samples was frozen in
liquid nitrogen until RNA extraction was needed, and
the other was placed in an Environmentally Friendly
GD Fixative (Wuhan, Hubei, China) to prepare paraf-
fin sections.

Paraffin section and staining
The skeletal muscle mass (1 cm × 1 cm × 1.5 cm) in the
muscle-specific fixative was paraffin-embedded by a con-
ventional method. The embedded paraffin was continu-
ously sliced at a thickness of 5 μm. H&E staining was
performed by conventional staining method, in which
time of hematoxylin staining was about 4 min, and 0.5%
eosin staining was stained for 3 min. Three slices were
selected for each sample and taken with the Olympus
BX51 (Tokyo, Japan) image acquisition system. Skeletal
muscle cell morphology was observed with a 40 × 10
microscope. The skeletal muscle fiber diameter was
measured using Image Pro® 6.0 (Image Pro®, Media Cy-
bernetics Inc.). All diameter data were processed using
Windows version of SPSS 21.0, and One-way ANOVA
was used for calculations. The analysis results include
means ± SEM. When the P-value is < 0.05, the data of
this group was statistically significant.

RNA extraction and detection
RNA was extracted from 21 skeletal muscle samples using
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Next, the 1% agarose gel was
used to detect whether the obtained RNA was degraded or
contaminated. And NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA) measured the purity of the remaining
RNA extract. Subsequent RNA extract detection concentra-
tions were performed using Qubit® RNA Assay Kit and
Qubit® 2.0 Fluorometer (Life Technologies, CA, USA) and
RNA intact under the Agilent 2100 Bioanalyzer (Agilent
Technologies, CA, USA) using a matching kit Sexual as-
sessment. Among them, the test result required that the ra-
tio of RNA with RIN ≥ 7, 28S: 18S ≥ 1.5: 1.

RNA library preparation and sequencing
Select a qualified total RNA as the starting sample for
RNA-seq. The starting amount of RNA is greater than
5μg. The available samples were further processed ac-
cording to the library construction strategy. The Ribo-
Zero™ Magnetic Kit (Epicentre, Madison, Wisconsin)
was used to separate and remove rRNA from total RNA,
and then digested with Ribonuclease R (Epicentre). Next,
the RNA Library Preparation Kit NEBNext® Ultra™ gen-
erates sequencing libraries from rRNA-deleted RNA.
The short RNA was used as a template, and the first
strand of cDNA was synthesized using six base random
primers. Then add buffer, dNTPs (replace dTTP with
dUTP), RNase H and DNA polymerase I to synthesize
the second strand of cDNA. Sequence-specific circRNA
libraries were constructed by adding sequencing adapter
sequences and EB buffer to elute for end repair, followed
by cluster production reactions to obtain sequences for
sequencing on the machine. Finally, each library was
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then sequenced through the Illumina Hiseq 4000
platform.

Data processing and circRNA identification
The original image data file obtained by sequencing by
the sequencing platform was converted into a sequence
file, that is, raw data, through base recognition analysis.
Then the low-quality sequences in the original sequence
data and the adapter sequences needed for sequencing
were removed in in-house Perl scripts to obtain clean
data, and the GC content was calculated. Reference gen-
ome and gene (Assembly accession No. GCF_
001704415.1) model annotation files of goat (Capra hir-
cus) were downloaded directly from the web of NCBI.
Bowtie2 v2.2.8 [43] was used to compare clean data with
reference genomes and genes, and then circRNA was
screened and identified by find_circ [18] and CIRI2 [19].

Identification of DECs
First, the number of reads that the identified circRNA
was aligned to the reference genome was analyzed. After
obtaining the number of reads, use the Bowtie to
normalize the sample reads separately [43]. The stan-
dardized unit used here is trans per million (TPM). The
relative average TPM of each circRNA in the sample
was obtained by processing, and the difference analysis
was performed for each group using the DESeq R soft-
ware package (1.10.1). DECs were screened under the
condition of P-value < 0.05.

Quantitative RT-PCR validation
GoTaq qPCR Master Mix (A6002, Promega, Madison,
WI) and a Real-time Thermal Cycler 5100 (Thermo,
USA) were used for qRT-PCR detection to assess the
amount of four randomly selected DECs expression in
different stages. The same total RNA samples used in
the sequencing analysis were used as the template in
these amplification reactions. All of the primer pairs
(Table S12) were designed using Primer-BLAST in NCBI
and synthesized by the Shanghai General Biotech Co.
Ltd. The skeletal muscle ACTB (β-actin) sequence was
used as a reference gene to uniformize the expression
level of the DECs [44]. The relative expression of cir-
cRNA in this data was calculated using 2−ΔΔCt. All qRT-
PCR data were processed by SPSS 21.0, and One-way
ANOVA was used for calculations. The analysis results
include means ± SEM. When the P-value < 0.05 between
the two groups, the two groups were considered to be
significantly different.

Trend analysis
Expression of the identified strict condition DECs were
clustered, compared and visualized using the default
mode of Stem [45]. By assessing the degree of

association between gene expression trends and changes
in sample traits, gene groups unrelated to sample
changes were isolated. Additionally, the Stem software
extracts and color-codes the trends in mainstream gene
expression, and thereby ranks important gene expression
trends in order of importance from small to large. Genes
with a P-value < 0.05 identified by Stem were considered
to be enriched.

Function and pathway term enrichment
In the GO function enrichment analysis, all genes are
first mapped to each entry in the GO database. Second,
according to the number of genes in each term, a hyper-
geometric test was applied to find out which genes were
significantly enriched GO term compared to the entire
genome background. For the target gene set, GO ana-
lysis was performed using GOseq R package [46]. Fur-
thermore, KOBAS software was used to test the
statistical enrichment of host genes of circRNA [47]. We
take P-value < 0.05 as the threshold, and GO and KEGG
terms that met this condition were defined as GO and
KEGG terms that were significantly enriched in DEGs.
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