Genes Genom (2017) 39:759-766
DOI 10.1007/s13258-017-0540-9

Online ISSN 2092-9293
Print ISSN 1976-9571

@ CrossMark

RESEARCH ARTICLE

Longissimus lumborum muscle transcriptome analysis of Laiwu
and Yorkshire pigs differing in intramuscular fat content

Wei Chen!

- Guo-feng Fang' - Shou-dong Wang!' - Hui Wang' - Yong-qing Zeng!

Received: 9 November 2016 / Accepted: 19 March 2017 / Published online: 6 April 2017

© The Genetics Society of Korea and Springer-Science and Media 2017

Abstract The pig provides meat products for human
consumption on a large scale. High-throughput sequenc-
ing technology provides a powerful approach for the char-
acterization of the muscle transcriptome of pigs. Despite
many studies using high-throughput technologies, the
functional complexity of porcine muscle transcriptome is
not fully elucidated. Therefore, the aim of this study was
to gain insight into the longissimus [umborum muscle
transcriptome between two pig breeds with distinct phe-
notypes, Laiwu pig, a Chinese indigenous pig breed, and
Yorkshire pig, a Western breed. RNA-seq was applied to
sample transcripts of the longissimus lumborum muscle
between the two pig breeds to gain insights into whole-
genome transcription profiles. For the Laiwu and Yorkshire
libraries, we obtained a total of 40,498,476 and 59,072,892
high quality reads, respectively. Moreover, the resulting
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data set provided expression patterns for many annotated,
predicted and novel pig genes. 178 significantly differen-
tially expressed genes were identified between the Laiwu
and Yorkshire pigs, with 98 up-regulated and 80 down-
regulated genes in Laiwu pig compared with Yorkshire
pig. Gene expression results of the RNA-seq data were
validated by qRT-PCR for twelve genes. Genes that were
differentially expressed were involved in lipid metabolism
and were more highly expressed in Laiwu pigs. The present
study provides a comprehensive view of differences in the
muscle transcriptome between two pig phenotypes. These
results expand our knowledge of the genes transcribed in
the skeletal muscle of two breeds and provide a basis for
future research of the molecular mechanisms underlying
the phenotypic differences on meat quality.

Keywords Pig - Transcriptome sequencing -
Differentially expressed genes - Intramuscular fat

Introduction

Comparative transcriptome analysis between different
breeds plays an important role for our view of genome
organization complexity, and of the transcriptional land-
scape of tissues and cells (Freeman et al. 2012). In the
past decade, microarray hybridization technology has
commonly been used for studying global gene expression
(Bonnet et al. 2011; Kim et al. 2010). In recent years,
sequencing technology has advanced rapidly and now
offers many advantages over microarrays, largely because
RNA deep sequencing (RNA-seq) focuses on the recon-
struction of the entire transcriptome (Martin and Wang
2011). Therefore, RNA-seq provides a fuller comprehen-
sion of gene structures and expression patterns (Ozsolak
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and Milos 2011). Through RNA-seq of the transcrip-
tome fraction it is possible to not only understand gene
expression models, but to identify new transcripts, single
nucleotide polymorphisms (SNPs), and alternative splic-
ing events.

The pig (Sus scrofa) is an important domesticated ani-
mal for agricultural production, and provides large quan-
tities of meat for human consumption. Furthermore, pigs
provide an important model system for medical research
(Li et al. 2012; Walters et al. 2012). To elucidate tissue-
and breed-specific differentially expressed genes, research-
ers use whole genome profiling techniques to decipher
genes related to phenotypes. In the past few years, the por-
cine transcriptome of different tissues has been profiled to
address fundamental biological questions using a variety of
different approaches. For example, transcriptome profiling
of skeletal muscle and backfat tissue has been investigated
using the serial analysis of gene expression method, and
microarray technology (Ovilo et al. 2014; Ropka-Molik
et al. 2015; SanCristobal et al. 2015; Zhao et al. 2015).
This has led to many advances in our understanding of the
porcine transcriptome.

Western pigs are mostly lean pig breeds. Pig breed-
ers have emphasized fast growth during the past two dec-
ades, and there has been an associated deterioration in
meat quality. Chinese indigenous pig breeds have a much
higher fat content, especially intramuscular fat, than West-
ern pig breeds (Chen et al. 2013). Furthermore, the Chinese
indigenous pigs exhibit excellent meat quality (Chen et al.
2011b). The Yorkshire (YS) pig is a Western breed fre-
quently used for commercial production. The Laiwu (LW)
pig is a typical Chinese indigenous black pig breed, char-
acterized by high intramuscular fat (IMF) content, and is
mainly raised in northern China, especially in Laiwu city
of Shandong Province. Because of the deterioration of meat
quality in Western pigs, there has been an increasing inter-
est in improving meat quality though use of Chinese indig-
enous pig breeds by producers. Unfortunately, breed-spe-
cific differences in genetics are not fully understood, and
the longissimus lumborum muscle transcriptome in Laiwu
pigs has not been elucidated. Therefore, elucidating the
differences in the transcriptome of longissimus lumborum
muscle between the LW and YS pig breeds is essential for
interpreting the function of differentially expressed genes,
and their relation to different phenotypes.

Here, we describe how we applied the RNA-seq
approach to analyze the transcriptome of porcine longis-
simus lumborum muscle, and to investigate the molecular
basis of differences in transcriptome profile between LW
pig and YS pig. Using advanced visualization and cluster-
ing analysis techniques, we determined gene expression,
identified differentially expressed genes between the two
pig breeds.
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Methods
Animal materials and sample collection

The animals used for RNA-seq in this study were reported
in our previous research. Briefly, three LW pigs and three
YS pigs, each aged 280-day-old, were reared at a LW pig
breeding farm in Laiwu city, Shandong Province, China,
and were fed commercial pig feed and water ad libitum.
The longissimus lumborum muscles located at the last rib
were sampled within 5 min of euthanasia, and immedi-
ately frozen in liquid nitrogen. The samples were stored at
—80°C until required for RNA isolation. Longissimus um-
borum muscles were sampled for IMF content evaluation
24 h after slaughter. Based on the “Technical regulation
for determination of pork quality (NY/T 821-2004)”, IMF
content were evaluated according to the Soxhlet petroleum-
ether extraction method and IMF content was expressed as
the weight percentage of wet muscle tissue. Another mus-
cle samples from 24 barrows (12 Laiwu pigs and 12 York-
shire pigs) were used for the QRT-PCR to validate the dif-
ferentially expressed genes.

RNA isolation

Total RNA was extracted from the longissimus lumbo-
rum muscle using TRIzol® Reagent (Invitrogen, Carls-
bad, CA, USA). The resultant total RNA was then treated
with DNase I, RNase-free (Promega, Madison, WI, USA)
to eliminate genomic DNA contamination, in accordance
with manufacturer’s instructions. The quantity and qual-
ity of isolated total RNAs were estimated by running on a
1% agarose gel, and using a Bio-Photometer (Eppendorf,
Hamburg, Germany). RNA integrity was assessed using the
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA). The RNA was stored at
—80°C until required.

Transcriptome sample preparation and sequencing

3 pg of RNA per sample was used as input material for the
RNA sample preparations. All six RNA samples had RNA
integrity number (RIN) values above eight. The libraries
were sequenced using Illumina High-seq 2000 technol-
ogy. Sequencing libraries were generated using an [llumina
TruSeq RNA Sample Preparation Kit (Illumina, San Diego,
USA) following manufacturer’s instructions. Briefly,
mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads.

Fragmentation was performed using divalent cations
under an elevated temperature in I[llumina proprietary frag-
mentation buffer. First strand cDNA was synthesized using
random oligonucleotides and SuperScript II. Second strand
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cDNA synthesis was performed using DNA polymer-
ase I and RNase H. Overhangs were converted into blunt
ends via exonuclease/polymerase activities and enzymes
removed. After adenylation of 3’ ends of DNA fragments,
Illumina PE adapter oligonucleotides were ligated to pre-
pare for hybridization. The library fragments were purified
using an AMPure XP system (Beckman Coulter, Beverly,
USA). DNA fragments with ligated adaptor molecules on
both ends were selectively enriched using Illumina PCR
Primer Cocktail in a ten cycle PCR reaction. Products were
purified (AMPure XP system) and quantified using the Agi-
lent high sensitivity DNA assay on an Agilent Bioanalyzer
2100 system (Santa Clara, CA, USA). Clustering of index-
coded samples was performed on a cBot Cluster Gen-
eration System using TruSeq PE Cluster Kit v3-cBot-HS
(Illumina) according to manufacturer’s instructions. After
cluster generation, the library preparations were sequenced
on an [llumina Hiseq 2000 platform, and 100 bp paired-end
reads generated.

Mapping of the reads and transcripts assembly

Reference genome and gene model annotation files were
downloaded from the pig genome website (http://www.
ensembl.org/Sus_scrofa/Info/Index). The index of the ref-
erence genome was built using Bowtie v0.12.8 (Lang-
mead and Salzberg 2012), and paired-end clean reads were
aligned with the reference genome using TopHat v1.4.0
(Trapnell et al. 2009). The Cufflinks v1.3.0 Reference
Annotation Based Transcript assembly method was used
to construct and identify both known and novel transcripts
from the TopHat alignment results (Trapnell et al. 2010).

Quantification and clustering of differentially expressed
genes

HTSeq v0.5.3 was used to count read numbers mapped
to each gene (Anders 2010). The differentially expressed
genes between LW and YS pigs were qualified using the
DEGseq R package (v1.28.0), using read counts per gene as
a measure of expression (Wang et al. 2010). The P values
were adjusted using the Benjamini and Hochberg method
(Benjamini and Hochberg 1995). Corrected P value (q
value) of 0.05 and log2 (Fold change) of >1 were set as the
threshold for significantly differential expression. In addi-
tion, the hierarchical method was used for clustering analy-
sis of differentially expressed genes.

GO and KEGG enrichment analysis of differentially
expressed genes

Gene ontology enrichment analysis of differentially
expressed genes was implemented by the GOseq R package

(Young et al. 2010), in which gene length bias was cor-
rected. KOBAS software was used to test statistical enrich-
ment of differentially expressed genes in the KEGG (http://
www.genome.jp/kegg/) pathways (Mao et al. 2005). The
resulting P values of KEGG enrichment were adjusted, and
taking corrected P value (q value) <0.05 as a threshold of
significance.

Validation of differentially expressed genes by real-time
quantitative RT-PCR

To evaluate the repeatability and reproducibility of gene
expression data obtained by RNA-Seq, we performed
gRT-PCR on 12 randomly selected genes. The primers
were designed by Primer3web (version 4.0.0) based on the
National Center for Biotechnology Information published
sequences, and the primer sequences listed in Supplemen-
tary material 1. Total RNA was extracted from different
pig breeds using Trizol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol. The total
RNA was quantified by measurement of optical density at
260 nm, and the integrity of the total RNA was detected
by 1% agarose gel electrophoresis. Ratios of absorption
(260/280 nm) of all preparations were between 1.8 and
2.0. Then, the total RNA was reverse transcribed to cDNA
according to the manufacturer’s instructions of the Pri-
meScript™ RT reagent Kit with gDNA Eraser (TaKaRa,
Dalian, China). All gqRT-PCRs were performed using the
Mx3000p Real-Time System (Stratagene, La Jolla, CA,
USA), with ACTB gene as the reference gene; the compara-
tive Ct method was used to analyze the qRT-PCR results.
The qRT-PCR was performed in triplicate with SYBR®
Premix Ex Taq™ (Takara, Dalian, China) using the fol-
lowing program: 95 °C for 30 s; 40 cycles of 95°C for 5 s,
58°C for 30 s, and 72 °C for 30 s. To exclude between-run
variations, all samples were amplified in triplicates and the
mean was used for further analysis. The threshold cycle
(Cp) was determined using the default threshold settings of
the Mx3000p system, and the relative expression of miR-
NAs was analyzed using the 2724¢T method.

Results
Loin IMF content between LW and YS pigs

Mean live weight at slaughter was 91.08 kg (SD=0.95 kg).
There was no significant difference in live weight between
LW and YS pigs. The percentage of IMF was significantly
(P<0.01) higher in LW (13.83%) pigs than YS (1.54%)
pigs. The results showed the differential trend in fat deposi-
tion and meat quality.
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RNA sequencing and mapping to the pig transcriptome

RNA sequencing and mapping were employed to analyze
the functional complexity of the porcine muscle transcrip-
tome. Two cDNA sequencing libraries were constructed
using longissimus lumborum muscles prepared from three
LW and three YS pigs. The libraries were sequenced using
INlumina High-seq 2000 technology, and two sets of tran-
scriptomics reads obtained. The total amount sequenced
was 4.04 gigabases (Gb) for LW pig, and 5.90 Gb for YS
pig. Sequence reads were submitted to the National Center
for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) under accession number SRP023252.
All short reads were aligned onto the whole reference
genome (Sscrofa 10.2). After ambiguous mapping with
Tophat (Trapnell et al. 2009), more than 80% of reads
were mapped to the pig reference genome (Supplementary
material 2). Approximately 75.13% of reads had a unique
genomic location in LW pig, and 75.35% in YS pig.

The proportion of reads mapped to annotated exons
was calculated. 83.50% of the total mapped reads in LW
pig were located in exons, and 85.98% in YS pig. 4.46%
of the mapped reads were located in the introns of LW pig,
and this was higher than the 3.34% recorded for YS pig; the
remaining 10.68-12.04% of reads were assigned to inter-
genic regions. RNA-seq data analysis revealed the exten-
sive expression of the whole pig genome. The density of
the total mapped reads in chromosomes was also statisti-
cally analyzed. According to the distribution analysis, the
longer the length of chromosome, the more the total reads
within the chromosome. The mapped reads number in the
chromosome analysis demonstrated that the result was in
accordance with the read density in a chromosome.

Gene expression and annotation between the two
pig breeds

RNA-seq analysis revealed extensive gene expression dif-
ferences between the two breed’s porcine muscles. To
achieve a comprehensive overview of specifically- and co-
expressed genes we evaluated gene expression levels by
counting the number of reads per kilobase of exon model
per million mapped reads (RPKM), according to the Mor-
tazavi et al. (2008) method. The distribution of reads in the
two RNA-seq libraries had some similarities. The expres-
sion distribution revealed that approximately 97% of genes
were expressed at less than 100 RPKM, and those genes
were deemed as having a low abundance gene expres-
sion level; no more than 2% of genes were deemed to be
expressed with medium abundance (100-1000 RPKM);
and less than 1% of genes were expressed greater than
1,000 RPKM (Table 1). The maximum expression level
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Table 1 The number of gene expressed and annotated by RPKM

RPKM LW (%) YS (%) Overlapped genes
0-100 15,988 (97.71%) 16,702 (97.86%) 15,317
100-1000 326 (1.99%) 318 (1.86%) 273
1000-10,000 40 (0.24%) 37 (0.22%) 33
>10,000 9 (0.06%) 10 (0.06%) 9
Total 16,363 17,067 15,632

of an annotated gene was 19,044.8 and 26,207.6 RPKM
in LW and YS, respectively. There were over 16,000 genes
expressed in the longissimus lumborum muscle of each
pig breed. Of the genes with a mean RPKM higher than
zero, 16,363 were expressed in LW pig and 17,067 in YS
pig, and 15,731 genes were identical between the two pig
breeds.

Differentially expressed genes analysis

To better survey the differences of muscle transcriptome,
it is important to identify the differentially expressed genes
between two different pig breeds. There were 178 differ-
entially expressed genes (log, Fold change >1 or <-1;
P value <0.05) that were detected between the two pig
breeds. Of the 178 differentially expressed genes (Supple-
mentary material 3) in muscle, there were 98 up-regulated
and 80 down-regulated genes in LW pig in comparison to
YS pig.

For further validation of our RNA-seq expression profile
data, we performed real-time quantitative RT-PCR (qRT-
PCR) assays on 12 randomly selected genes. The expres-
sion patterns of the 12 genes were generally consistent
with the RNA-seq results. The qRT-PCR results were in a
similar direction and magnitude compared to RNA-seq, and
there was a significant correlation between the fold-change
values estimated in longissimus lumborum muscle from the
RNA-seq and qRT-PCR results (Supplementary material
4). Overall, these results suggesting that the results of the
RNA-seq experiments were accurate and reliable.

GO and KEGG pathways analysis

To investigate the physiological functions and biologi-
cal processes of the 178 differentially expressed genes, we
determined their functional category by querying associ-
ated gene ontologies. There were 222 biological process
GO terms enriched between the two pig breeds in this
study. The GO annotation enrichment results revealed
organic acid metabolic process, protein polymerization,
glucose metabolic process, and gluconeogenesis to be the
most significantly enriched biological process GO terms

(Fig. 1).
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Enriched GO Terms

Percent of Genes (%)
0 6 12 20 28 36 44 52 60 68

0 9 18 29 41 53 64 76 88 99
Number of Genes

Biological Process

Fig.1 Gene ontology (GO) analysis of differentially expressed
genes between the LW and YS pigs. The identified 178 differentially
expressed genes were classified into three categories: cellular compo-

Mining of the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database using the 178 differentially
expressed genes retrieved 112 pathways. The number of
differentially expressed genes varied from one to fifteen
per pathway. The most represented pathways were the
peroxisome proliferator-activated receptors (PPAR) sign-
aling pathway, insulin signaling pathway, adipocytokine
signaling pathway, propanoate metabolism, pyruvate
metabolism, fatty acid metabolism, and fatty acid biosyn-
thesis. However, among the KEGG pathways represented,
only the PPAR signaling pathway involved in 8 lipid
metabolism genes was significantly enriched (g <0.05)
(Table 2). These results suggested that the genes involved
in PPAR signaling pathway maybe important for IMF
deposition in Laiwu pigs.

Table 2 Pathways enriched genes associated with fat metabolism

Cellular Component

Molecular Function

nent, molecular function, and biological process. The percentage and
numbers of genes in each GO term are shown above

Protein—protein interaction analysis

To gain a better understanding of the biological relation-
ships between differentially expressed genes, STRING was
used and the protein—protein interaction networks were
identified (Fig. 2). In the core of the protein—protein inter-
action network, genes belonged to more than one module.
ACACB was the core of the network with the highest con-
nection degrees. In addition, ACADM and FASN were also
upregulated in Laiwu pig. The qRT-PCR results show that
the expression of ACACB, ACADM and FASN was signifi-
cantly higher in LW than YS pigs (Supplementary material
5). Because these genes that played a role in the organic
acid metabolic process and fatty acid metabolic process
were up-regulated in the LW pig. Therefore, these results
suggest that those genes related lipid metabolism maybe
reveals the IMF deposition in LW pigs.

Pathway Accession No. Genes P value g-value
PPAR signaling pathway ssc03320 ACADM, SCD, CPTIB, SORBS1, FACL2, PCK1, 6.73E-07 1.68E—04
RXRG, ANGPTLA4

Propanoate metabolism $sc00640 LDHA, ALDH4A1, ACADM, ACACB 3.24E-04 4.04E-02
Pyruvate metabolism $5¢00620 LDHA, ALDH4A1, ACACB, PCKI1 8.15E-04 5.99E-02
Fatty acid metabolism ssc00071 FACL2, ALDH4A1, ACADM, CPTIB 1.19E-03 5.99E-02
Fatty acid biosynthesis ssc00061 FASN, ACACB 1.20E-03 5.99E-02
Adipocytokine signaling pathway $5c04920 RXRG, FACL2, PCKI, CPTIB 5.60E-03 2.33E-01
Insulin signaling pathway $5¢02010 FASN, ACACB, SORBS1, PCK1, PPPIR3B 1.34E-02 4.15E-01
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Fig. 2 Protein—protein interaction network of differentially expressed
genes analyzed by STRING. Lines of different color represent seven
types of evidence used in predicting associations. Red line fusion evi-
dence; green line: neighborhood evidence; blue line co-occurrence

Discussion

High-throughput sequencing is widely used as a power-
ful tool for the identification of differentially expressed
genes, alternative splicing, and other genetic traits in var-
ious organisms. We applied the method to various analy-
ses, including gene expression assessment and AS iden-
tification; and also identified and analyzed differentially
expressed genes between LW and YS pig breeds.

It is important to identify the differentially expressed
genes related to meat quality, as conferred through the
biological importance of muscle tissue between LW
and YS pig breeds. A study identified 336 differentially
expressed genes in muscle when using the 454 sequenc-
ing system (Nie et al. 2011); but another research has
reported over 800 differentially expressed genes in the
muscle of pigs when using RNA-seq (Chen et al. 2011a).
The differentially expressed genes in our study are mainly
associated with metabolic processes.
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Previously, we showed that the LW pig has a higher
level of intramuscular fat than the YS pig (Chen et al.
2013). In this study, our results suggest that the differen-
tially expressed genes are likely related to the phenotypes
of fat deposition, antioxidant metabolism. For example,
ACADM (acyl-CoA dehydrogenase, C-4 to C-12 straight
chain), and UCP3 (uncoupling protein 3) genes were up-
regulated in LW when compared with YS. This is in agree-
ment with Kim et al. (2006), who reported that ACADM
gene is a functional candidate gene for fatness and body
composition traits, and Nowacka-Woszuk et al. (2008), who
reported that UCP3 gene is important for intramuscular
fat. Moreover, these two genes were enriched for the GO
term fatty acid metabolic process in the present study. Con-
sistent with previous reports (Damon et al. 2012; Hamill
et al. 2013), GO analysis indicated that the differentially
expressed genes were enriched in functions related to the
fatty acid metabolic process. Furthermore, KEGG func-
tional annotation revealed up-regulation of a number of
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genes with functions in metabolism, including fatty acid
metabolism, such as FACL2, CPTIB, PDK4, CPTIB, and
FASN in LW pig. Interestingly, the PDK4 gene was also
highly expressed in the skeletal muscle of Chinese Meishan
pig (Lan et al. 2009); and the FASN gene is a candidate
gene for lipid metabolism (Bakhtiarizadeh et al. 2013). In
addition to muscle function related to intramuscular fat,
oxidative phosphorylation is also a represented GO term
through the UCP3 and glutathione peroxidase 1 (GPXI)
genes. These two genes display an increased expression in
LW pig compared with YS pig, suggesting that the abil-
ity to respond to oxidative stress increases in LW pigs,
which showed a strong antioxidant capacity in our previous
research (Chen et al. 2011b).

Conclusion

This study aimed at identifying biological events that
underlie differences in muscle physiology and meat qual-
ity traits between LW and YS pig breeds. The RNA-seq
approach proved an efficient method for gaining a com-
prehensive insight into the transcriptome profiles and
differential gene expression of the two pig breeds. This
transcriptome information will be useful for further under-
standing pig muscle physiology. 178 significantly differ-
entially expressed genes were identified in the longissimus
lumborum muscle of LW pig compared with YS pig.
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