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Abstract

Background: The genetic mechanisms that underlie phenotypic differentiation in breeding animals have important
implications in evolutionary biology and agriculture. However, the contribution of cis-regulatory variants to pig phe-
notypes is poorly understood. Therefore, our aim was to elucidate the molecular mechanisms by which non-coding
variants cause phenotypic differences in pigs by combining evolutionary biology analyses and functional genomics.

Results: We obtained a high-resolution phased chromosome-scale reference genome with a contig N50 of 18.03 Mb
for the Luchuan pig breed (a representative eastern breed) and profiled potential selective sweeps in eastern and
western pigs by resequencing the genomes of 234 pigs. Multi-tissue transcriptome and chromatin accessibility analy-
ses of these regions suggest that tissue-specific selection pressure is mediated by promoters and distal cis-regulatory
elements. Promoter variants that are associated with increased expression of the lysozyme (LYZ) gene in the small
intestine might enhance the immunity of the gastrointestinal tract and roughage tolerance in pigs. In skeletal muscle,
an enhancer-modulating single-nucleotide polymorphism that is associated with up-regulation of the expression of
the troponin C1, slow skeletal and cardiac type (TNNCT) gene might increase the proportion of slow muscle fibers and
affect meat quality.

Conclusions: Our work sheds light on the molecular mechanisms by which non-coding variants shape phenotypic
differences in pigs and provides valuable resources and novel perspectives to dissect the role of gene regulatory
evolution in animal domestication and breeding.

Background

Throughout domestication, inbreeding and intensive arti-
ficial selection have resulted in considerable genetic and
phenotypic diversity among breeds of domestic animals
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of complex traits shared by humans and animals [1].
Comparative genomics and population-resequencing
analyses have been performed to identify regions and
genes under selection in domestic species [2—11]. How-
ever, many of the detected selective sweeps either do not
contain functional coding DNA variants or are located
outside the coding regions, which suggests that non-
coding regulatory DNA variants play prominent roles in
driving phenotypic diversity [12—16]. While mutations
in the coding regions of a gene exert pleiotropic effects
on many tissues, mutations in cis-regulatory elements
may affect gene expression in a spatio-temporal manner
[17]. Accordingly, these regulatory variants are permis-
sible and possibly contribute to morphological evolution
and phenotypic differentiation. Nevertheless, functional
annotation of the non-coding genome in large animals,
particularly livestock, is lacking, which limits our efforts
to identify causal non-coding DNA variants that cause
phenotypic differences [18].

The pig (Sus scrofa) is an important livestock spe-
cies for food supply and an ideal model for biomedical
research. Geographical divergence, local adaptation, and
artificial selection have resulted in large phenotypic dif-
ferences between eastern (Asia) and western (Europe
and America) pigs [19-21]. Compared with western pigs,
eastern pigs generally have a slower growth rate, higher
fat content, better meat quality, earlier maturity, higher
fecundity, greater adaptability to high roughage diets, and
stronger resistance to disease [20, 21]. However, the con-
tributions of cis-regulatory variants to phenotypic differ-
ences in pigs are poorly understood. In the present study,
our aim was to elucidate the molecular mechanisms
that are responsible for the large phenotypic differences
between pig breeds by using a strategy based on integra-
tive evolutionary biology and functional genomics.

First, we applied long-read sequencing (Pacbio), short
paired-end reads (Illumina), Hi-C, and optical map
(BioNano) technologies to generate a highly contigu-
ous, chromosome-scale phased assembly of the genome
of the Luchuan breed, which is a representative eastern
pig breed. Following practices that substantially improve
genome assemblies for humans, goats, and gorillas
[22-24], this approach provides the first phased genome
assembly with chromosome-scale contiguity for pigs.
Furthermore, we present the first multi-tissue landscape
of cis-regulatory genetic variations that underlie pheno-
typic differentiation and provide insights on the genetic
background of several important traits of pigs. The novel
Luchuan genome assembly, population resequencing
data, and multi-tissue expression and chromatin accessi-
bility profiling data are valuable resources to facilitate the
study of pig domestication and breeding.
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Methods

Sample collection

A male Luchuan boar was obtained from the Institute of
Animal Science of Guangxi province, China, for genome
assembly. Genomic DNA was extracted from a blood
sample. To improve genome annotation, RNA from 14
tissues (heart, lung, subcutaneous adipose, kidney, liver,
cerebrum, spleen, stomach, biceps muscle of the thigh,
longissimus dorsi muscle, testis, ovary, large intestine,
small intestine) at four developmental stages (days 0, 14,
50 and adult pigs) from four Luchuan individuals were
equally pooled together. However, due to the technical
difficulty of collecting some samples, samples were not
available for the four developmental time-points for all
tissues. The total number of tissue by time-point combi-
nations was 37.

To analyze differentially-expressed genes between the
Luchuan and Duroc breeds, ten tissues were collected
from adult Luchuan and Duroc pigs (90-120 kg body
weight) for RNA-seq, including skeletal muscle (longis-
simus dorsi muscle), subcutaneous adipose, cerebellum,
cerebrum, heart, liver, lung, pancreas, small intestine,
and stomach. Five of these tissues (cerebellum, cerebrum,
skeletal muscle, small intestine, liver) were subjected to
ATAC-seq experiments. Three individuals from each
breed were sampled as biological replicates for RNA-seq
and two for ATAC-seq, except for pancreas tissue. Tis-
sue samples were manually dissected and then rapidly
frozen in liquid nitrogen. The Luchuan and Duroc pigs
were raised in the same environment on our pig farm
and were sacrificed at a commercial slaughterhouse. All
animal procedures were performed according to pro-
tocols approved by the Biological Studies Animal Care
and Use Committee in Guangdong Province, China, and
guidelines for the Care and Use of Experimental Ani-
mals established by the Ministry of Agriculture and Rural
Affairs of China.

Preparation of next-generation sequencing libraries

for genome assembly

In order to generate a chromosome-scale assembly,
four genome libraries were constructed and sequenced
according to the manufacturers’ instructions: (i) whole-
genome sequencing (WGS) on the PacBio Sequel plat-
form (20-kb library with SMARTer PCR ¢cDNA Synthesis
kit); (ii) Hi-C chromosome conformation captured reads
sequencing by Phase Genomics [25] (Hi-C library were
prepared with Phase Genomics Proximo Hi-C kit (Ani-
mal)); (iii) short reads paired-end sequencing (150-bp
paired-end library construction with the Next Ultra DNA
library prep kit) by the Illumina NovaSeq 6000 platform;
(iv) BioNano optical map data (Nt.BspQI, Nb.BssSI, and
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DLE-1 enzymes, the library was prepared with the Bio-
nano Prep DLS Labeling kit).

To annotate the Luchuan transcripts, two strand-
specific RNA-seq libraries with an insert size of 350 bp
were prepared using the NEBNext® UltraTMDirectional
RNA Library Prep Kit for [lumina® (NEB, USA) and
sequenced on an Illumina NovaSeq 6000 platform, to
generate 150-bp paired-end reads (Berry Genomics Co.,
Ltd., Tianjin, China). A PacBio full-length cDNA library
was constructed following the manual of the DNA Tem-
plate Prep kit (Pacific Biosciences, USA) and sequenced
on the Pacific Bioscience RS II sequencer (BerryGenom-
ics, Co., Ltd., Beijing, China).

Genome assembly with Pacbio data and Hi-C data

The primary contigs were assembled with the Fal-
con software packages (v2.0.5) followed by FAL-
CON-Unzip and Arrow (v2.2.2) polishing, and then a
Hi-C-based contig phasing was processed by FALCON-
Phase to create phased, diploid contigs. The Phase
Genomics’ Proximo Hi-C genome scaffolding platform
was used to create chromosome-scale scaffolds from the
draft assembly using a method similar to that described
by Bickhart et al. [24]. Following diploid chromosomal
scaffolding using the Proximo pipeline, scaffolds were
examined with the Juicebox tool (v1.8.8) [26] to correct
small errors in chromosome assignment or contig order-
ing and orientation to improve scaffold quality. After a
draft set of scaffolds was generated, FALCON-Phase was
run again for Hi-C-based scaffold phasing. Finally, the
Pilon (v1.22) software was used to correct errors intro-
duced into the assembly as a result of errors in the long
reads [27]. The commands that we used are listed in
Additional file 1.

Correction, ordering, and orientation of the initial
assemblies by Bionano

High-molecular-weight DNA was extracted from blood
samples using the Bionano Prep Blood DNA Isolation
Protocol and digested with Nt.BspQI, Nb.BssSInickase,
and DLE-1, respectively. After labeling and staining,
DNA was loaded onto the Saphyr chip for sequenc-
ing. For each of the three enzyme libraries, respectively
453 Gb, 345 Gb, and 618 Gb of data were collected and
converted into a BNX file by the AutoDetect software
to obtain basic labeling and DNA length information.
The filtered raw DNA molecules in BNX format were
aligned, clustered, and assembled into the BNG map
using the Bionano Solve pipeline. Two-enzyme (Nt.
BspQI and Nb.BssSI) hybrid scaffolding was first pro-
cessed to produce initial hybrid scaffolds, followed by
the second round of hybrid scaffolding with a genome
map of the DEL-1 enzyme. Finally, given that a relatively
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good reference of the Y chromosome was available for
the Duroc breed (Sscrofall.l), a reference-assisted scaf-
folding strategy was used to obtain chromosome-level
pseudomolecules of the Y chromosome with the Chro-
mosomer software (v0.1.4a) [28]. Quality control of the
integrity of the assembly was performed by using the
independent BUSCO v3 benchmark [29, 30], which spe-
cifically assesses the integrity of genic regions.

Detection of presence-absence variations

between the Luchuan and Duroc genomes and of repeats
Presence-absence variations (PAV) between the genomes
of Luchuan and Duroc pigs were detected by scanPAV
with default parameters [31, 32]. Short PAV (< 1kb) were
filtered as recommended by scanPAV. Tandem repeti-
tive sequences were identified using the Tandem Repeats
Finder (version 4.07) software. The interspersed repeat
contents of the Luchuan pig genome were identified using
de novo repeat identification and known repeat searching
against existing databases. RepeatModeler (version 1.0.8)
was used to predict repeat sequences in the genome.
RepeatMasker (version 4.0.7) was then used to search the
Luchuan pig genome against the de novo transposable
element (TE) library [33]. The homology-based approach
involved the use of commonly used databases of known
repetitive sequences, and the RepeatMasker (version
4.0.7) software and Repbase database (version 21) were
used to identify TE in the assembled genome.

Gene prediction and annotation

Identification of protein-coding regions and gene predic-
tion was conducted by a combination of homology-based
prediction, de novo prediction, and transcriptome-
based prediction methods (for details [see Additional
file 1]). Functional annotation of protein-coding genes
was achieved using BLASTP (E-value le—05) against
two integrated protein sequence databases: SwissProt
and TrEMBL. Protein domains were annotated by using
InterProScan (V5.30). The Gene Ontology (GO) terms
for each gene were extracted with InterProScan. Path-
ways in which the genes might be involved were assigned
by BLAST against the KEGG databases (release 59.3),
with an E-value cutoff of 1e—05.

Prediction of non-coding RNA annotations based

on the Luchuan genome assembly

The tRNA genes were predicted by tRNAscan-SE (ver-
sion 1.3.1), while rRNA fragments were predicted by
alignment to human template rRNA sequences using
BlastN (version 2.2.26) at an E-value of 1e-5. The miRNA
and snRNA genes were identified by searching against
the Rfam database (release 12.0) using INFERNAL (ver-
sion 1.1.1). Long non-coding RNAs (LncRNAs) and
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circular RNAs were predicted by methods described pre-
viously [20, 34, 35].

Identification of gene families

Orthologous gene sets in the Luchuan and Duroc pig,
cattle, goat, dog, mouse, and human genomes were used
for genome comparisons. BLASTP was applied to all pro-
tein sequences using a database containing protein data
for these seven genomes, and the TreeFam methodology
[36] was used to define a gene family and resulted in sin-
gle-copy orthologous gene families for these mammalian
species.

Construction of a phylogenetic tree and estimation

of divergence time among mammalian species

The single-copy gene families described above were used
to construct a phylogenetic tree for the Luchuan pig
and the other mammalian genomes. Four-fold degen-
erate sites were extracted from each family and con-
catenated to form one supergene for each species. The
GTR+gamma substitution model was selected, and
PhyML v3.0 [37] was used to reconstruct the phyloge-
netic tree. The divergence time among Luchuan and
Duroc pigs, cattle, goats, dogs, mice, and humans were
estimated using the MCMCtree program (version 4.4), as
implemented in the Phylogenetic Analysis of Maximum
Likelihood package, with an independent rates clock
and HKY85 nucleotide substitution model. The calibra-
tion times were derived from the TimeTree database [38].
Changes in gene family size along the phylogenetic tree
were analyzed by CAFE (v2.1) [39].

Library preparation for population-based resequencing
and SNP calling

Genomic DNA from the ear tissues of 16 Luchuan pigs,
18 Tongcheng pigs, and 38 Large White pigs was sub-
jected to WGS at a coverage of at least 35X (see Addi-
tional file 2: Table S1 and Additional file 1). In addition,
we downloaded the genome sequencing data of 157 west-
ern and eastern pigs with a sequencing depth of at least
10X from NCBI (see Additional file 2: Tables S2 and S3).
The total downloaded data reached 8.56 Tb with an aver-
age depth of 21.14X (genome size calculated according to
2.50 G) (see Additional file 2: Tables S2 and S3) [20, 21,
40, 41].

The high-quality paired-end reads were mapped to
the Duroc (Sscrofall.l) reference genome using BWA
(v0.7.12) [42]. The GATK (Genome Analysis Toolkit,
v3.7-0-gcfedb67) software was used to call single nucleo-
tide polymorphisms (SNPs). Gene-based SNP annota-
tion was performed according to the gene annotation
file Sscrofall.1.94 for the Duroc genome using the

Page 4 of 22

ANNOVAR package (v2013-06-21) [43, 44] (for details
[see Additional file 1]).

Evaluation of SNP depletion in coding sequence regions
The number of SNPs in coding sequence (CDS) regions
was recorded as Osnp. To determine whether SNPs are
significantly depleted in CDS regions, we performed
1000 rounds of simulation to mimic the random distri-
bution of SNPs in CDS regions. For each round of the
simulations, we sampled genomic intervals from the
pig genome (susScrll) excluding repeats annotated by
"RepeatMasker" to match the number and length of the
set of merged CDS regions and counted the number of
SNPs that overlapped with these intervals, recorded as
Ssnp. The P-value for testing whether SNPs are signifi-
cantly depleted in CDS regions was determined by the
proportion of Ssnp being smaller than Osnp.

Phylogenetic and population genetic analyses

To analyze the population structure, we screened a subset
of bi-allelic and high-quality SNPs with a call rate >90%
and a minor allele frequency (MAF) >5%. A neighbor-
joining (NJ) tree was constructed using the TreeBeST
(v1.92) program with 200 bootstrap replicates [45]. The
tree was displayed using MEGA [46]. To infer population
structure, we used the ADMIXTURE (v1.3.0) software
[47], which implements a block-relaxation algorithm. We
filtered SNPs by testing Hardy—Weinberg equilibrium
violations (P>10"%) and reconstructed the model-based
clustering analysis. We also performed a principal com-
ponent analysis (PCA) using the program GTAC (v1.92)
[48] (for details [see Additional file 1]).

Linkage disequilibrium analysis

To estimate and compare the pattern of linkage disequi-
librium (LD) of domesticated breeds, the squared cor-
relation coefficient (r*) values between any two SNPs
within 300-kb intervals were computed by using the
Haploview (v4.269) software [49]. We produced an LD
decay plot that shows the average r* values in 100-bp
bins against the physical distance of pairwise bins. To get
reliable results, wild boars (Chinese wild boars [CWB],
Korean wild boars [KWB]) and Korean black pigs [KBP],
a breed with an uncertain genetic background and that is
mixed with western lineages according to the admixture
results, were excluded from the LD analysis and from the
subsequent selective sweep analyses.

Analysis of selective sweeps

We used multiple methods to detect regions and genes
under selection. For a genomic locus, the selection is
expected to increase genetic differentiation (F¢r) between
populations and to reduce nucleotide diversity (0m) in
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the population in which the selective sweep occurs. SNPs
with a MAF lower than 5% were removed from this anal-
ysis. Estimates of 6 and F¢p of eastern and western pig
populations were calculated using the VCFtools (v0.1.13)
package [50] with a 50-kb sliding window and a step size
of 10 kb. Windows that contained less than 10 SNPs were
excluded from further analysis [51]. Windows that were
both in the top 10% of Fg; values and in the 5% left or
right tails of the empirical ratio (61 eastern/0m western)
regions were identified as regions under selection in east-
ern and western pigs. In addition, to avoid missing fixed
signatures of selection that have both small 0, values in
each population and high between-population Fgp, win-
dows that were both in the bottom 5% of 0, in each pop-
ulation and in the top 10% of F¢ were also considered as
regions under selection. We combined all these regions
into a set of putative regions under selection. The figure
was drawn using RectChr (Version 1.24) [52]. GO enrich-
ment analysis of genes under selection was implemented
with the GOseq R package [53]. GO terms with cor-
rected P-values <0.05 were considered to be significantly
enriched.

Enrichment analysis of genes under potential selection

in pig QTL/GWAS regions

Phenotype-associated loci derived from the pigQTLdb
(updated on April 26th, 2021) [54, 55] were partitioned
into quantitative trait loci (QTL) and genome-wide asso-
ciation study (GWAS) signals. We collected all the genes
within the full length of QTL regions and within 2-Mb
genomic regions centered at the midpoints of GWAS
signals [56—58], respectively. Then, we used a hypergeo-
metric test to determine whether the genes associated
with a trait in the QTL/GWAS analysis were enriched in
regions under potential selection (for details [see Addi-
tional file 1]).

mRNA, IncRNA, and alternative splicing analysis

of RNA-seq

Fifty-seven strand-specific RNA-seq libraries with an
insert size of 350 bp were prepared using total RNA
from 10 tissues (skeletal muscle, subcutaneous adipose,
cerebellum, cerebrum, heart, liver, lung, pancreas, small
intestine, and stomach) of Duroc and Luchuan pigs
according to the manufacturer’s instructions (Illumina,
SanDiego, CA). The libraries were sequenced on an Illu-
mina HiSeq 4000 platform to generate 150-bp paired-end
reads (Novogene Co., Ltd., Tianjin, China). Details of
these analyses are in Additional file 1.

Western blot
Proteins were extracted from small intestine tissue using
the T-PER™ Tissue Protein Extraction Reagent (Thermo
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Scientific'', USA) and protease inhibitor tablet (Roche,
USA). The total protein concentration was quantified
using the BCA protein assay kit (Invitrogen), and a west-
ern blot was performed to check the protein level of the
porcine lysozyme (LYZ) gene (for details [see Additional
file 1]).

ATAC-seq analysis

ATAC-seq libraries were prepared as previously
described [59] (for details [see Additional file 1]). The
final library was size-selected for products of 200-600 bp
using AMPure XP beads and was subjected to pair-end
sequencing (PE150) on a Novaseq6000 platform. The
ATAC-seq data were processed as previously described
[60, 61], with two biological replicates for each tissue (for
details [see Additional file 1]). We performed an analy-
sis of motifs by using the Fimo (v4.12.0) software [62] to
detect enriched DNA binding motifs of transcription fac-
tors in the ATAC-seq peaks.

To explore the enrichment pattern of differential
ATAC-seq peaks, we first converted these regions to
hg38 coordinates, using the LiftOver tool [63] with the
parameter "minMatch=0.1", and then performed enrich-
ment analysis using the Genomic Regions Enrichment of
Annotations Tool (GREAT) [64, 65].

Analysis of genomic enrichment in regions under selection
To evaluate the enrichment of differentially expressed
protein-coding genes (DEG) promoters in regions under
selection for the 10 tissues examined, we set promot-
ers of all protein-coding genes as a baseline group. We
excluded the repeats annotated by "RepeatMasker"
since they were also excluded when identifying regions
under selection. To avoid spurious enrichment by func-
tional coding variants, we removed regions under selec-
tion that are within 50 kb of functional coding variants
between Luchuan and Duroc. We counted the observed
value (Obs) as the number of highly differential variants
between Luchuan and Duroc under selection that over-
lapped with promoter regions. Then, 1000 rounds of
simulations were performed to evaluate the enrichment
of promoters in regions under selection. For each round,
we sampled genomic intervals to match the number and
length of the set of promoters and recorded the number
of variants mentioned above that overlapped each set of
intervals as Sim for each simulation. We calculated Rand
as the average of Sim over 1000 simulations. Finally, the
fold of enrichment was calculated as Obs/Rand and its
significance P-value was determined as the proportion of
times that Sim> Obs. A similar simulation strategy was
used to evaluate the enrichment of ATAC-seq peaks in
regions under selection, after removing ATAC-seq peaks
that overlapped with promoter regions.
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Luciferase reporter assays

To generate luciferase reporter constructs for the
promoter of the LYZ gene, we cloned the promoters
(1101 bp upstream of the transcription start site (TSS))
of the Luchuan and Duroc LYZ gene, respectively, into
the pGL3-Basic (Promega, USA) vector between the
Xho I and Sac I sites by using the Homologous Recom-
bination kit (Qingke, China). Cells isolated from the
small intestine were cultured at 37 °C with Dulbecco’s
modified Eagle’s medium/F-12 (Thermo Fisher), 10%
FBS (Gibco, USA), 1% penicillin/streptomycin (Gibco,
USA), and 5% CO, and grown to 75 to 80% confluence
in 12-well plates; then the pGL3-Luchuan-LYZ-pro-
moter, pGL3-Duroc-LYZ-promoter, pGL3-Duroc-LYZ-
modified-promoter, and pGL3-Basic (Promega, USA)
vectors were each co-transfected with the pRL-TK vec-
tor (Promega, USA). Cells were harvested after 24 h
and evaluated for luciferase activity using a dual-lucif-
erase assay system (Promega, USA). Primer sequences
are in Additional file 2: Table S4.

To generate luciferase reporter constructs that con-
tain potential enhancer elements, we first randomly
chose 10 skeletal muscle DEG using the sample() func-
tion without replacement in the R program and then
tested the associated ATAC-seq regions (differential
ATAC-seq peaks with highly differential variants in the
skeletal muscle between Luchuan and Duroc) within
1 Mb of these genes in luciferase experiments. For a
wide peak that included multiple highly differential var-
iants, we tested a short DNA fragment in the luciferase
experiments by centering the variant closest to the
middle of the peak. These potential enhancer elements
were cloned into luciferase reporter vectors (see Addi-
tional file 2: Table S5) and tested for their enhancer
activity by dual luciferase experiments in C2C12 cells
(for details [see Additional file 1]).

Phenotypic analysis of skeletal muscle

Slow versus fast fiber compositions of muscle were
obtained using the myofibrillar ATPase staining
method [66] and microscope counting (for details [see
Additional file 1]). Approximately 300 fibers per sam-
ple, which were free from tissue disruption and freeze
damage, were evaluated and classified into fiber types
based on MYHC1 and MYHC2b staining. The percent-
age of slow fibers was estimated as the ratio between
MYHC1 isoform fiber and the total number of fibers
counted. Microstructural changes of the skeletal mus-
cle fibers in Landrace and Luchuan were evaluated by
electron microscopy using a Zeiss DSM 962 micro-
scope (Inspect-F; FEI, Hillsboro, Oregon, USA) (for
details [see Additional file 1]).
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RNA interference and overexpression

The synthetic siRNAs were all obtained from Genep-
harma (Shanghai, China; [see Additional file 2:
Table S6]). The siRNAs knockdown and overexpression
of Tnncl were performed in mouse C2C12 cells and
the expression levels of Ho-1 and Oggl were measured.
The siRNAs that target NR2F2 and the NC-siRNA were
transfected into pig small intestine cells to measure the
expression levels of LYZ after NR2F2 knockdown. The
siRNAs that target the Tuncl and Sema3g genes, and
the NC-siRNA, pcDNA3.1-Tnncl, pcDNA3.1-Sema3g,
and pcDNA3.1-Control were transfected into C2C12
cells to detect expression levels of Myh7, Myh2, Myh4,
and Myhl in knockdown and overexpression experi-
ments. To generate a Tuncl overexpression vector,
the 498-bp coding sequence region of the pig TNNCI
gene was amplified using forward and reverse primers
that contained BamH I and Xho I sites, respectively.
The PCR products were inserted into the pcDNA3.1
(+) vector (Invitrogen, China; [see Additional file 2:
Table S4]).

Quantitative real-time polymerase chain reaction

Total RNA was extracted from small intestine pig cells
using the TRIzol reagent (Invitrogen, China), according
to the manufacturer’s instructions, and then reverse-
transcribed to complementary DNA using the HiScript
III 1st Strand ¢cDNA Synthesis kit (Vazyme Biotech,
China). qRT-PCR was carried out using the SYBR Green
Master Mix (Vazyme Biotech, China) and the results
were analyzed using the 2A/ACT method. Primer
sequences are listed in Additional file 2: Table S4.

AAV-mediated in vivo knockdown of Thnc1 in mice
Seven-week-old mice were obtained from the Huafu-
kang company (Beijing, China). AAV9 serotypes of
siRNA-Tnncl and siRNA-NT (non-target control) were
produced and injected into mouse skeletal muscle. Four-
teen days after injection, the tibialis anterior muscle was
collected from the mice and ATPase staining was car-
ried out with the alkaline Staining kit (Solarbio, Beijing,
China) (for details [see Additional file 1]). The ATPase
activity was evaluated using the staining of the cross-sec-
tional area of muscle fiber, with a greater depth of stain-
ing indicating a higher proportion of fast muscle fibers.

Statistical analysis for qPCR

The SPSS v20.0 (SPSS Inc, Chicago, Illinois) software was
used for statistical analysis. T-tests and analysis of vari-
ance were used to assess statistical significance. A value
of P<0.05 was considered statistically significant. All
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experiments were repeated three times and all estimates
were expressed as mean+ SEM.

Sequence and function conservation analysis

of cis-regulatory elements

The differential ATAC-seq peaks between Luchuan and
Duroc were defined as pig differential cis-regulatory
elements (diffCREs). The software liftOver was used to
convert the diffCRE (extended by 500 bp at both ends
from the middle points, susScr1l) to the human genome
(hg38) with the parameter "minMatch=0.5" [63, 67].
The homologous human sequences were considered as
sequence conserved diffCREs. A diffCRE from a pig tis-
sue was considered functionally conserved if its human
counterpart has DNase signals in the concordant human
tissue (ENCODE v5). To investigate the characteristics of
these functionally conserved sequences, we performed
a GO biological process analysis using the GREAT soft-
ware [64, 65]. In addition, we performed a comparison
of GWAS signals by overlapping these functionally con-
served homologous sequences with human GWAS sig-
nals (50 kb genomic regions centered at GWAS tag SNPs
to account for LD).

Results

De novo assembly of the Luchuan pig genome

We generated a highly-contiguous, chromosome-scale
phased assembly of the Luchuan pig by applying long-
read sequencing, short paired-end read sequencing,
Hi-C, and optical map technologies (see Additional file 2:
Table S7 and Additional file 3: Fig. S1). The 2.58 Gb pri-
mary haplotype-specific contig assembly had a contig
N50 of 18.03 Mb and a scaffold N50 of 140.09 Mb (see
Additional file 2: Table S8) and its quality was compara-
ble to that of the Duroc genome and higher than those
of previously published pig genomes (Table 1) [20, 51,
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68, 69]. The alternative haplotig assembly size was very
close to the primary assembly size, with a contig N50 of
17.77 Mb and a scaffold N50 of 140.08 Mb. The pseudo-
chromosomes of the Luchuan pig presented high collin-
earity with the Sscrofall.l reference genome, providing
further evidence supporting the quality of our genome
assembly (see Additional file 3: Fig. S2). By comparison,
approximately 51.51 Mb of the Luchuan assembly was
absent in the Sscrofall.l reference. The lengths of most
of the sequence differences between the Luchuan and
Duroc assemblies were shorter than 10 kb (see Addi-
tional file 2: Table S9). Two hundred and eighty-nine pre-
dicted protein-coding genes were located in these regions
and their functions were mainly related to collagen alpha
chain-like and spidroin-2-like functions (see Additional
file 2: Table S10). This new genome assembly provides a
valuable resource to the pig genetics community for stud-
ies on allele-specific gene expression, epigenetic regula-
tion, genome structure, and evolution.

We constructed a phylogenetic tree for the Luchuan
and Duroc pig genomes and five other mammalian
genomes (cattle, goats, dogs, humans, and mice). The
Luchuan assembly showed substantially fewer events of
gene family expansion than the Duroc reference genome
(63 vs. 433) and more events of gene family contrac-
tion (560 vs. 161) than the genome of the most recent
common ancestor of the Luchuan and Duroc breeds
(see Additional file 3: Fig. S3). GO enrichment analy-
sis revealed that the expanded genes in the Luchuan pig
were closely related to responses to oxidative stress and
biotic stimuli, which may reflect that the Luchuan breed
has been under selective pressure to adapt to free-range
environments. The contracted genes in the Luchuan
pig genome were significantly enriched (P<0.05) in GO
terms for olfactory receptor activity, sensory perception
of taste, and blood coagulation (see Additional file 2:

Table 1 Comparison of genomic features between whole genome assemblies of the Luchuan breed and other pigs

Luchuan Duroc [105]° Tibetan wild [51] Wuzhishan [69] Bama [68]

Sequenced genome size (Gb) 258 2.50 243 2.64 249
Contig N50 (Mb) 18.03 41.89 0.0207 0.0235 1.01
Scaffold N50 (Mb) 140.09 13897 1.06 543 14044
Percentage of anchoring and ordering 96.1% 97.34% - - 97.49%
Predicted PCG 22,710 22,452 21,806 20,326 21,334
Repeat proportion (%) 40.16 40.55 3947 38.20 37.32
Complete BUSCOs (%) 95.1 96.0 93.1 95.2 939

2 Statistic of the Duroc pig genome was based on Sscrofa11.1 (Ensembl release-95)

Percentage of anchoring and ordering: the percentage of assembled final assembly was assigned to the 20 pig pseudo-chromosomes (18 autosomes and X/Y

chromosome)
PCG: protein-coding genes

The numbers in brackets represent references



Liu et al. Genetics Selection Evolution (2022) 54:62

Table S11). This finding is consistent with a previous
study that reported that the genome of the Duroc breed
contains more olfactory-related genes compared to the
Luchuan breed and that this breed may display a bet-
ter response to a wider range of food than the Luchuan
breed [51].

Population structure and selective sweep analyses

of eastern and western pigs

We collected 234 individuals from 26 breeds (11.99 Tb
resequencing data, with an average of 20.50X coverage
[ranging from 17.58X to 45.69X]) to identify putative
positive signatures of selection in the genomes of domes-
ticated pigs (Fig. 1a) and (see Additional file 2: Tables
S1 to 3). The sequencing data were aligned to the Duroc
reference genome and 26.64 x 10° SNPs were identified
across the genome. These high-quality SNPs were mostly
located in intergenic (60.3%) and intronic (37.0%) regions
and were rarely located in coding sequences (0.6%) (see
Additional file 2: Table S12). The significant depletion of
SNPs in coding regions (P <0.001) (see Additional file 2:
Table S12) indicates that these regions have been under
strong purifying selection. In addition, 3.74 x 10° indels
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were identified, of which 4238 (0.1%) were located in
exonic regions and may exert a large impact on protein
structure.

The population structure of the 234 pigs was character-
ized using NJ phylogenetic reconstruction, STRUCTU
RE, and PCA (Fig. 1bc and [see Additional file 3: Fig. S4
and Additional file 2: Table S13]). Based on the results of
these analyses, all western and eastern pigs (except for
KBP) were divided into two clades. The KBP clade was
relatively closer to the western pig clade (Fig. 1b) and
had more western than eastern pig lineages (K=2, 3, and
4 in the Admixture analysis, see Fig. 1c), which may be
the result of modern breeding practices. In general, our
analysis of population structure provided further evi-
dence for the independent domestication of western and
eastern pigs [21, 70]. The number of SNPs and indels was
larger in eastern pigs (22.87 x 10° and 3.23 x 10°, respec-
tively) than in western pigs (16.40 x 10° and 2.52 x 105,
respectively).

Nucleotide diversity and LD were calculated for east-
ern and western pigs using the 25.08 x 10° autosomal
SNPs. Eastern pigs had higher polymorphism levels
(median [0 =1.47) and LD decay levels

T, eastem/en, western]
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K=4
K=5
K=6
K=7
K=8

K=9
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Fig. 1 Genetic divergence of 234 eastern and western pigs. a Geographical distribution of the pigs used in our study. BAMEI: Bamei; BER: Berkshire;
BMX: Bamaxiang; CWB: Chinese wild boar; DUR: Duroc; EHL: Erhualian; GST: Tibetan (Gansu); HAM: Hampshire; HTDE: Hetao; JH: Jinhua; KBP: Korean
black pig; KWB: Korean wild boar; LD: Landrace; LUC: Luchuan; LW: Large White; LWH: Laiwu; MEI: Meishan; MIN: Min; PTL: Pietrain; RC: Rongchang;
SCT: Tibetan (Sichuan); TC: Tongcheng; TT: Tibetan (Tibet); WZS: Wuzhishan; YM: Yucatan Miniature; YNT: Tibetan (Yunnan). b A neighbor-joining tree
constructed using SNP data. ¢ Genetic structure of 234 pigs. The number of ancestral populations (K) was predefined from 2 to 9
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(see Additional file 3: Fig. S5) than western pigs, which
suggests that eastern pigs had a larger effective popula-
tion size than western pigs. Potential selected regions
in eastern and western pigs were identified by calculat-
ing F¢r and 6, (Fig. 2a, see Methods for details). In total,
regions covering 135.4 Mb (accounting for 5.4% of the pig
genome with 1797 genes) with strong selective sweep sig-
nals were identified in western pigs, compared to 56.8 Mb
(accounting for 2.3% of the pig genome with 1026 genes)
in eastern pigs (see Additional file 2: Tables S14, 15). This
difference suggests that natural or artificial selection has
been stronger in western pigs than in eastern pigs.

Genes under potential selection are enriched in
QTL regions for several important economic traits
in the pig based on PigQTLdb, which are relevant to
meat production, meat quality, disease resistance,
and reproduction. Similar enrichment patterns were
observed for the pig GWAS dataset (PigQTLdb) [54,
55] (Fig. 2b) and (see Additional file 3: Fig. S6 and
Additional file 2: Table S16). These enrichment pat-
terns provide clues for linking genetic divergence with
phenotypic improvement. Genomic regions associated
with QTL and selective sweeps are large and contain
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multiple genes. We used GWAS signals and highly
differential (delta allele frequency [deltaAF]>0.9)
functional coding variations to identify candidate
causal genes in these regions (see Additional file 2:
Table S17a). For example, immunity-related GWAS
and QTL signals were found to be associated with the
CYP19A1 gene [71, 72], which is under potential selec-
tion in eastern and western pigs possibly through a
highly differential missense mutation (chr1:120549953)
(Fig. 2c). The CYPI9A1 gene encodes aromatase, an
enzyme that functions in estrogen biosynthesis. A pre-
vious study indicated that estrogen is responsible for
modulating the immune response [73]. The MARCH1I
gene is also under potential selection in eastern and
western pigs, possibly through a frameshift mutation
(chr8:52387385) (Fig. 2c), and has been associated
with growth rate in GWAS and QTL studies [74, 75].
Knockout of MARCHI leads to excessive weight gain
and visceral adiposity by regulating lipid metabolism
and glucose tolerance [76]. The CASP8 gene affects
the risk of obesity and diabetes in mice by regulat-
ing whole-body glucose metabolism [77]. Selection
of CASP8 in western pigs might be caused by the
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presence of two highly differential missense mutations
in this gene (chr15:104938018 and chr15:104944628)
(Fig. 2c). The CASP8 gene has been associated with
back fat and muscle fiber in QTL studies but not in
GWAS [78, 79].

Unlike GWAS in human populations, current pig
GWAS are rare (444 GWAS were collected in the
pigQTLdb) and are based on small sample sizes [75,
80, 81]. This lack of power was exacerbated when we
focused on the highly differential variants between
eastern and western pigs. Pig GWAS have usually been
performed in a population of western or eastern pigs.
Thus, variants that are nearly fixed in either popula-
tion lack statistical power to be detected in GWAS.
To avoid these lack-of-power issues, we focused on
functional annotations and experimental follow-ups to
fine-map potential causal variants or genes.

In our previous analyses, annotating coding vari-
ants facilitated the interpretation of signatures of
selection. However, in regions under potential selec-
tion, 99.5% of the SNPs or indels were located outside
exons, which suggests an important but little-explored
role of cis-regulatory variants in driving selection
(Fig. 2d). Consistently, only 4.5% of the genes under
potential selection had functional coding variants that
differed substantially between eastern and western
pigs (Fig. 2e). The remaining genes were either in LD
with nearby causal genes or were subject to selection
of regulatory mutations that modulate their expres-
sion levels. Among these genes, 13.3% had highly dif-
ferential promoter variants and may have been subject
to non-coding selection forces that act on their pro-
moters (Fig. 2e). Furthermore, 94 genes under selec-
tion showed highly differential missense coding and
promoter variants. We speculate that some of these
genes represent a successive accumulation of benefi-
cial coding and regulatory variants during natural and
artificial selection. Notably, only a few protein-trun-
cating variants (PTV) (frameshift and stop gain) were
under potential selection, which suggests that protein
inactivation is not a major player in pig domestica-
tion (Fig. 2e), consistent with previous studies in the
domestication of chickens and rabbits [4, 11].
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Roles of LYZ promoter variants in increased

gastrointestinal immunity and roughage tolerance
Interpreting selection on non-coding variants is chal-
lenging because of insufficient functional annotations.
To understand the mechanisms by which non-coding
variants cause phenotypic differentiation between
eastern and western pigs, we explored the biological
functions of such variants in the Luchuan and Duroc
breeds. To ensure the reliability of regions under selec-
tion, we filtered for highly differential alleles between
these two breeds (DeltaAF > 0.9) and prioritized genes
with GWAS signals relevant to pig economic traits
(see Additional file 2: Table S17b). Exploration of the
genes in these refined regions under selection revealed
the lysozyme (LYZ) gene, with 28 highly differential
DNA variants in its promoter region (chr5:33611592—
33613593, Fig. 3a, and [see Additional file 2:
Table S18]). Lysozyme breaks the bonds in the pepti-
doglycan layer of the outer membrane of bacterial cell
walls. It protects cells against bacterial pathogens and
regulates interactions between the gut microbiota and
host immune systems [82, 83]. In the digestive system,
lysozyme releases plant fermentation-derived nutri-
ents from within the bacteria [84, 85]. Genetic differ-
entiation analysis revealed different haplotypes in LYZ
between the Luchuan and Duroc breeds (Fig. 3a). The
LYZ gene (0, | chyan = 1.65E—04) was at the bottom 5%
of the 0, regions in Luchuan pigs. In the small intes-
tine, the mRNA and protein expression levels of LYZ
were significantly higher in Luchuan than Duroc pigs
(Fig. 3bc). Luciferase reporter assays revealed that the
Luchuan LYZ promoter up-regulates the expression of
the reporter gene in pig small intestine cells (Fig. 3d).
The high activity of the LYZ promoter mainly resulted
from one indel (chr5:33612231-33612236) and two
adjacent SNPs (chr5:33612227 and chr5:33,612,228)
that were differentially fixed in Luchuan and Duroc
pigs. These variants created a transcription fac-
tor binding motif cognate to NR2F2 (motif score 9.9,
q-value 0.00249), a member of the steroid thyroid hor-
mone superfamily of nuclear receptors. The NR2F2
protein regulates certain intestinal-specific genes
by binding to their promoters [86]. Knockdown of

(See figure on next page.)

Fig. 3 Differential promoter variants of the LYZ gene might contribute to high roughage digestibility and gastro-intestinal immunity in Luchuan.
a Haplotypes of LYZ promoter variants across all eastern and western pigs. b Comparing the expression level of LYZ between the Luchuan and
Duroc breeds by gPCR. ¢ Comparing the protein level of LYZ between Luchuan and Duroc. d Luciferase reporter assays comparing the promoter
activity of promoter sequences from Luchuan (pGL3-Luchuan), from Duroc (pGL3-Duroc), and from Duroc modified with the Luchuan promoter
allele (one indel and two adjacent SNPs) (pGL3-Duroc-modified). e Comparing the expression level of LYZ before and after knockdown of NR2F2.
Frequencies of the Luchuan promoter allele (two adjacent SNPs and one indel) across different pig breeds. DUR: Duroc pig; LW: Large White pig;
LD: Landrace pig; YM: Yucatan miniature pig; YNT: Tibetan pig (Yunnan); TC: Tongcheng pig; TT: Tibetan pig (Qinghai-Tibetan); HTDE: Hetaodaer
pig; SCT: Tibetan pig (Sichuan); WZS: Wuzhishan pig; BMX: Bamaxiang pig; EHL: Erhualian pig; LUC: Luchuan pig; LWH: Laiwu black pig; MIN: Min
pig (Shandong). g A model of how the genetic differentiation of the LYZ promoter might contribute to the adaption of Luchuan to a less clean
environment and plant-enriched roughage feeding. The sequence divergences between Luchuan and Duroc are shaded in light yellow
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NR2F?2 significantly decreased the expression of LYZ
in pig small intestine cells (Fig. 3e). Furthermore, this
Luchuan allele showed a higher frequency in many
other eastern breeds compared to western breeds
(Fig. 3f). Therefore, selection of the genetic variants

that result in higher LYZ promoter activity might
enhance intestinal anti-microbial activities and the
capacity of the Luchuan and many other eastern pig
breeds to digest coarse feed (Fig. 3g).
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Skeletal muscle cis-regulatory elements enriched
for variants under potential selection
Genetic differentiation and potential selection of LYZ
promoter variants led us to further study the mecha-
nisms by which non-coding genetic variants influence
phenotypic diversity. We performed RNA-seq analyses
in 10 tissues (skeletal muscle, subcutaneous adipose,
cerebellum, cerebrum, heart, liver, lung, pancreas, small
intestine, and stomach) of Luchuan and Duroc pigs and
identified DEG and IncRNAs between the two breeds
(Fig. 4a) and (see Additional file 2: Tables S19-22). The
functions of DEG in each tissue were closely associ-
ated with the phenotypes of the two breeds (see Addi-
tional file 3: Fig. S7). For example, in muscle, 1401 and
1266 genes were, respectively, up- and down-regulated
in Luchuan pigs compared to Duroc pigs (see Additional
file 3: Fig. S8a). The up-regulated genes were significantly
enriched in muscle contraction functions (see Addi-
tional file 3: Fig. S8b), while the down-regulated genes
were significantly enriched in cell cycle functions (see
Additional file 3: Fig. S8c). This differential expression
of genes could be the result of the differential promoter
activity that is caused by differential promoter variants
between Luchuan and Duroc pigs. After accounting for
highly differential functional coding variants (see Addi-
tional file 1), DEG promoters in the skeletal muscle were
most significantly enriched in the highly differential vari-
ants that were under potential selection (Fig. 4b) and
(see Additional file 2: Table S23). The muscle DEG with
highly differential promoter alleles included the VDR,
ACTCI, and SHOC2 genes, which have been associated
with intramuscular fat content, residual feed intake, and
weight gain, respectively [87-92]. Similar to the LYZ pro-
moter alleles, these promoter alleles were highly differen-
tially distributed in other eastern and western pig breeds
(see Additional file 3: Fig. S9]. In the other tissues, we
also identified differentially expressed genes that did not
have highly differential functional coding but promoter
variants under potential selection. These genes represent
potential selection targets of gene-proximal promoter
variants (see Additional file 2: Table S24).

To understand the potential selection of distal cis-reg-
ulatory elements, we performed ATAC-seq experiments
in five tissues (skeletal muscle, cerebellum, cerebrum,
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liver, and small intestine) of Luchuan and Duroc pigs
(Fig. 4a). Results showed open chromatin regions with
signal strengths that depended on enhancer activity (see
Additional file 2: Tables S25-27 and Additional file 3:
Fig. S10]. After accounting for highly differential func-
tional coding variants and excluding promoters, the
open chromatin regions in the skeletal muscle, which
represent putative distal cis-regulatory elements, were
most significantly enriched for highly differential vari-
ants in potential regions under selection (Fig. 4c) and
(see Additional file 2: Table $28). One possible explana-
tion is that economic traits in the pig that are relevant to
skeletal muscle development and growth, such as meat
production and quality, were subject to the strongest
selection, targeting cis-regulatory elements in a tissue-
specific manner. Differential ATAC-seq peaks between
skeletal muscle of Luchuan and Duroc pigs were signifi-
cantly enriched in muscle fiber development, which is
highly relevant for economic traits in the pig (see Addi-
tional file 2: Table S29). The enrichment of highly differ-
ential variants in differential ATAC-seq peaks [log,(fold
of enrichment)=0.93, P<0.001] was even higher than
in all ATAC-seq peaks in the skeletal muscle [log,(fold
of enrichment)=0.64, P<0.001] (see Additional file 2:
Table S28). Moreover, promoters associated with DEG
and differential ATAC-seq peaks showed the highest
enrichment signal in the skeletal muscle (Fig. 4b and 4c)
and (see Additional file 2: Tables S23 and S28).

In the differential open chromatin regions, highly dif-
ferential SNPs or indels in Luchuan and Duroc pigs were
likely causal cis-regulatory DNA variants that drive dif-
ferential gene expression. To identify such causal vari-
ants, we screened for differential open chromatin regions
that overlapped with selected regions within 1 Mb of
DEG in each tissue (see Additional file 2: Table S30).
Although DEG for the stomach tissue showed the high-
est proportion (28.3%) of highly differential promoter
alleles (Fig. 4d), skeletal muscle DEG revealed the highest
proportion (8.25%) of highly differential SNPs or indels
with distal differential chromatin accessibility (diffCA;
Fig. 4e). Thus, our analyses further suggest that selec-
tion for meat-relevant traits may more extensively tar-
get distal cis-regulatory variants in skeletal muscle than
in the other tissues. From the 808 skeletal muscle distal

(See figure on next page.)

Fig. 4 Integration of ATAC-seq and RNA-seq data to understand how cis-regulatory DNA variants might underlie pig phenotypic differentiation.

a Experimental design and sample collection for the RNA-seq and ATAC-seq analysis in Luchuan and Duroc pigs. b Enrichment of DNA variants
under potential selection in DEG promoters. The enrichment of promoters of all protein-coding genes was set as a baseline group. * Represents

a p-value <0.05. ¢ Enrichment of DNA variants under potential selection in ATAC-seq peaks with promoter regions excluded. * represents a

p-value <0.05. ** Represents a p-value <0.01. d Number of DEG with highly differential promoter variants. e Number of DEG with distal diffCA
having highly differential variants. f Luciferase reporter assays in C2C12 cells to evaluate the effect of highly differential DNA variants on enhancer
activity. The genes on the x-axis labeled in blue are more highly expressed in the skeletal muscle of Luchuan while those in orange are more highly
expressed in Duroc. ** represents a p-value <0.01, * represents a p-value < 0.05
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diffCA regions with highly differential DNA variants (see
Additional file 2: Table S30), we randomly selected 10 to
test for enhancer activity using luciferase reporter assays
in C2C12 cells, of which nine showed significant differ-
ences in luciferase activity. Seven of these nine regions
displayed an enhancer activity, as well as an ATAC-seq
signal, and the level of expression of their potential tar-
get genes differed in the same direction (Fig. 4f) and (see
Additional file 2: Table S5).

Contribution of the TNNC1-enhancer variant to differences
in meat quality

One prominent example of a relationship between cis-
regulatory variations and phenotypic differentiation is
the TNNCI gene, which displays a potential putative sig-
nature of selection among the bottom 5% of 0, genome
regions (0, |, chuan=1.65E—04) and for which a GWAS
signal relevant to total fat content and back fat has been
detected in pig [54, 55, 93, 94]. Further evidence in favor
of its potential role in meat quality was provided by func-
tional analysis. TNNCI1 is a central regulatory protein
of striated muscle contraction and a core component
of slow-twitch muscle fiber [95-97]. The expression of
TNNCI was higher in the muscle tissue of Luchuan than
of Duroc pigs (see Additional file 2: Table $20). Only one
putative cis-regulatory region was detected that is under
potential selection in both eastern and western pigs,
~87.6 kb from the TSS of TNNCI. The chromatin acces-
sibility of this region was greater in the skeletal muscle
of Luchuan than of Duroc pigs (see Fig. 5a, false dis-
covery rate (FDR) of 0.012). Interestingly, in this region
there was only one SNP (chr13:34681950) with highly
differentiated alleles between eastern and western pigs
and it had alternate fixed alleles in Luchuan and Duroc
pigs (Fig. 5b). The Luchuan allele of this SNP increased
the enhancer activity by ~25% (Fig. 4f). Compared
with Duroc pigs, Luchuan pigs had a higher proportion
of slow-twitch muscles, denser capillary vessels, and
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stronger oxidative capacity (Fig. 5c) and (see Additional
file 3: Fig. S11). Manipulating the expression of Tnncl
in vitro and in vivo suggested that troponin C1 regulated
the transition of slow/fast muscle fibers (Fig. 5d—g) and
(see Additional file 3: Fig. S12]. The stronger enhancer
activity of the Luchuan allele compared to the Duroc
allele results in a stronger CEBPA transcription factor
binding motif (motif scores were 6.0 [q-value 0.0008] and
2.9 [g-value 0.002] for Luchuan and Duroc pigs, respec-
tively). In mouse muscle cells, induction of slow fibers by
overexpression of Myh3 induced the expression of Cebpa
[98]. In our study, the expression of Tnncl decreased after
in vitro knockdown of Cebpa in C2C12 cells (Fig. 5h).
Thus, CEBPA might act upstream of TNNCI and the
potential selection of the regulatory allele that favors
CEBPA binding in Luchuan pigs is expected to up-reg-
ulate TNNC1 expression, which consequently increases
the proportion of slow muscle fibers. CEBPA expression
was higher in Luchuan than in Duroc pigs (see Additional
file 2: Table S20), which might confer a further selective
advantage to the Luchuan regulatory allele by reinforcing
its transcriptional stimulatory signal to further boost the
expression of TNNCI. Several meat quality traits, includ-
ing red color appearance, high water-holding capac-
ity, tenderness, and marbling are associated with a high
proportion of slow muscle fibers [99-101]. Furthermore,
reactive oxygen species metabolism has been found to be
associated with the meat quality of pork, beef, and broil-
ers [102-104] and we found that Tnncl negatively regu-
lates the expression of oxidative stress markers (Ho-1 and
Oggl) in vitro (see Additional file 3: Fig. S13).

Although TNNCI1 was the nearest DEG to the regu-
latory variant that alters the CEBPA-binding motif
(chr13:34681950), another nearby gene, SEMA3G
(96.3 kb away), was up-regulated in Luchuan pigs (see
Additional file 2: Table S20). Similar to Tnncl, manipu-
lating the expression of Sema3g in C2C12 cells affected
the expression of several fast/slow muscle markers (see

(See figure on next page.)

Fig. 5 Differential regulation of TNNCT expression may result in differences in meat quality between eastern and western pigs. a Genome browser
view of the differential ATAC-seq peak near the TNNCT promoter. b Haplotypes of the TNNCT gene body and enhancer across all eastern and
western pigs. ¢ Characteristics of the skeletal muscle in Luchuan and Duroc pigs. In the sub-panel of fiber density, structural differences in skeletal
muscle are revealed by the environmental scanning electron microscope. In the sub-panel of capillary density, scanning electron microscope
images of the muscle fiber bundle in Luchuan and Duroc pigs show the orientation and tortuosity of branching vessels at different hierarchies. In
the sub-panel of ATPase staining, black arrows exemplify the slow muscle fibers which are lightly stained due to lower ATPase activity, while red
arrows exemplify the fast muscle fibers which are heavily stained due to higher ATPase activity, magnification of x40. d Expression of slow muscle
(Myh?7) and fast muscle (Myh2, Myh4, and MyhT) markers after siRNA knockdown of ThncT in C2C12 cells. e Measuring the same markers as d after
overexpression of Tnncl in C2C12 cells. f ATPase staining of mice skeletal muscle two weeks after in vivo injection of AAV-mediated non-target
control (NT siRNA) and TnncT siRNA, respectively. g Barplots comparing the intensity of ATPase staining for samples under the same treatment as

in f. h Comparing the expression level of Tnnc1 before and after Cebpa knockdown in C2C12 cells. i A model of potential selection on a regulatory
mutation in one enhancer of the TNNCT gene in the Luchuan pig. The Luchuan allele generates a stronger CEBPA transcription factor binding motif,
which increases the expression of TNNCT, resulting in a higher proportion of slow-twitch muscle and meat quality improvement, including better
color appearance, higher water-holding capacity, tenderness, and marbling (See Discussion for more details). The regulatory allele might be further
favored during selection by a higher expression of CEBPA in the Luchuan breed. The sequence divergence between the Luchuan and Duroc breeds
is shaded in light yellow
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Additional file 3: Fig. S14], indicating that SEMA3G
mediates the muscle-fiber transition effect of the regu-
latory variant (chr13:34681950). However, expression of
Sema3g was not affected by in vitro knockdown of Cebpa

(see Additional file 3: Fig. S14). In addition, we observed
the presence of an intronic SNP with significantly differ-
ent alleles (chr13:34591944) between Luchuan and Duroc
pigs (Fig. 5b). However, this SNP did not exhibit diffCA
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and TNNCI1 showed no differential isoform expression
in the skeletal muscle between the two breeds (see Addi-
tional file 2: Table S22). Thus, this intronic SNP is not
likely to have been under selection or to be involved in
meat quality. Taken together, our results suggest that dif-
ferences in meat quality between eastern and western
pigs can be partly explained by differential selection on
a regulatory SNP that affects muscle fiber composition in
cis and this selection might be further favored by up-reg-
ulating an upstream transcription factor in trans (Fig. 5i).

Discussion

Eastern and western pigs have been subject to separate
domestication processes and exhibit phenotypic and
genomic differences [20, 69, 70]. Such differences provide
abundant resources to understand the influence of DNA
variants on phenotypes and offer tremendous opportu-
nities to identify the genetic basis of complex traits and
diseases in the pig. In the current study, we assembled a
high-quality genome of the Chinese indigenous Luchuan
pig and identified 26.64 x 10° SNPs and 3.74 x 10° indels
from whole-genome resequencing data of 234 pigs,
including eastern and western pigs. Genetic differen-
tiation between the Luchuan and Duroc pigs provides
a useful resource to understand the genetic basis that
underlies phenotypic differentiation in pigs. By generat-
ing and exploiting multi-tissue gene expression and chro-
matin accessibility data, we highlighted the importance
of non-coding variants in shaping phenotypic differ-
ences in pigs and proposed candidate genes and regula-
tory sequences that might have been subject to selection.
Extending our strategy to other livestock species with a
lower inter-subspecies genetic differentiation than pigs
might weaken its strength. However, this strategy is still
more effective than using only resequencing data for fine
mapping putative regulatory variants and causal genes. In
our study, combining multi-omics information with data
on population-specific variants led us to provide an effec-
tive interpretation of the genetic and phenotype varia-
tions in pigs and other livestock. It also opened a novel
perspective to dissect the molecular mechanisms that
underlie economic traits in livestock.

The current pig reference genome (Sscrofall.l) was
derived from a western Duroc pig [105]. Compared
with western pigs, eastern pigs have different genetic
backgrounds and thus require their own reference
genomes for an improved characterization of their
genetic variation. However, the quality of the current
genome assemblies for Chinese indigenous pigs is not
comparable to that for Duroc pigs [20, 51, 68]. Recently,
the rapid progress in long-read sequencing, Hi-C, and
assembly methods has enabled the generation of phased
genome assemblies with chromosome-level quality
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[106-108]. Building on these technological break-
throughs, we present the first phased chromosome-
scale genome assembly of pigs. Our genome assembly
yielded a 2.58 Gb primary assembly with a contig N50
of 18.03 Mb, and its quality was comparable to that of
the current reference genome [105] and even supe-
rior to that of a recently published chromosome-level
genome of Chinese indigenous Bama pigs [68].

As techniques for genome assembly and whole-
genome resequencing become increasingly accessible,
identification of highly differential genomic regions has
become routine as the initial step in understanding the
genetic basis of domestication. However, these regions
usually contain multiple DNA variants, most of which
are hitchhikers without biological effects. In addition,
only a few functional coding variants might explain
the signals of potential selection [12-16]. These chal-
lenges have rendered the fine mapping of the under-
lying causal variants and genes extremely difficult.
Recently, a few studies have addressed these challenges
by using annotated putative cis-regulatory sequences,
with the rationale that positive selection might act on
non-coding sequences that regulate the expression
of key genes. However, these studies used either con-
served non-coding regulatory DNA elements that lack
tissue-level resolution [16, 109] or epigenomic markers
associated with regulatory activity in one or two tissues
[14]. In the current study, we profiled the gene expres-
sion and chromatin accessibility landscape across mul-
tiple pig tissues. By harnessing this abundant set of
functional annotations, our approach demonstrated
unprecedented power in elucidating the genetic basis
of pig domestication and breeding. To the best of our
knowledge, this study is the first to use multi-tissue
functional genome annotations to explore the contri-
bution of non-coding variants to phenotypic variation
in livestock. Furthermore, due to the conservation of
important biological processes between mammals,
cis-regulatory elements in pigs might shed light on the
genetic basis of human traits. For instance, 91.0% of the
differential open chromatin regions between Luchuan
and Duroc pigs had conserved sequences in the human
genome, of which 61.6% were functionally conserved.
These functionally conserved human sequences were
significantly enriched in muscle-related biological pro-
cesses, including "regulation of skeletal muscle adapta-
tion" and "regulation of glycolytic process”. In addition,
70.7% of these functionally conserved homologous
sequences overlapped with human GWAS signals
(50 kb genomic regions centered at GWAS tag SNPs to
account for LD). Some of these overlapped with traits
relevant to muscle, including "Obesity-related traits",
"Body mass index", and "Body fat percentage".
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In Luchuan pigs, we found a set of promoter variants
that increased activity of the LYZ promoter and that were
associated with increased LYZ expression. The LYZ gene
encodes the lysozyme that is present in the small intes-
tine of pigs. In piglets, dietary supplements of lysozyme
improve development and function of the intestine, sup-
press inflammatory responses, and enrich beneficial bac-
terial composition [83, 110-112]. Adaptive evolution of
lysozymes has facilitated the digestion of plant-based
materials in ruminants and Colobinae monkeys [113,
114]. Before the advent of the modern breeding industry
in China, pigs were often provided with unhygienic envi-
ronments and plant-enriched roughage feeding. There-
fore, selecting for high LYZ expression in the Luchuan
and many other eastern indigenous pigs might have
helped them adapt to poor living conditions. Compari-
son of different eastern breeds with different Luchuan
LYZ allele frequencies would further strengthen our
conclusion. However, publicly available data on the per-
formance of disease resistance and roughage tolerance
in different eastern breeds are insufficient. Furthermore,
different eastern breeds are raised in different geographic
locations with different forage sources, and standard-
ized protocols to measure the relevant phenotypes are
still lacking. These factors severely affect the compari-
son between different eastern breeds. Enrichment of
variants under potential selection in the skeletal muscle
was observed in the promoter regions and in distal cis-
regulatory elements predicted by promoter-excluded
ATAC-seq peaks. This enrichment pattern suggests that
modulating cis-regulatory activity may confer tissue
specificity during trait selection. We proposed a model
in which a non-coding SNP allele that drives the differ-
ential enhancer activity of TNNCI might have been dif-
ferentially selected during breed development in eastern
and western pigs. Selection in Luchuan pigs might have
been further enhanced by up-regulating the expression
of CEBPA, an upstream regulator of TNNCI. A high pro-
portion of slow fibers is associated with red color, high
water-holding capacity, tenderness, and marbling (high
intramuscular fat) [99-101]. This stands in contrast to
the selection for lean muscle and high growth rates in
western commercial pigs, resulting in selection for a
higher proportion of fast than slow fibers [115, 116].

Apart from protein-coding genes, we also identi-
fied a set of IncRNAs under selection that exhibit
differential expression, splicing, or chromatin acces-
sibility in Luchuan and Duroc pigs (see Additional
file 2: Table S31). For example, the level of expres-
sion of XLOC_000472, which is a IncRNA showing
increased expression and chromatin accessibility in the
liver of Luchuan pigs, was positively correlated with
that of its neighbor, the hepatic lipase gene (R=0.49).
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XLOC_000472 was also differentially spliced between
Duroc and Luchuan pigs in the liver (see Additional
file 2: Table S31). The highly differential non-coding
SNPs of XLOC_000472 might be causal cis-regulatory
variants that affect expression or splicing. These results
provide experimental evidence supporting the role of
cis-regulatory variations in driving phenotypic differ-
entiation during pig domestication and improvement.
We found several differentially spliced genes with dif-
ferential SNPs within 2 bp of the corresponding splic-
ing junctions (see Additional file 2: Table S32). This
finding is consistent with previous studies suggesting
the limited role of isoform alteration in the domestica-
tion of livestock animals [4].

In our previous study, we found that chromatin acces-
sibility and naked-sequence-dependent reporter-driv-
ing activity co-determine the endogenous activity of a
potential enhancer [117]. Thus, the eight regions with
consensus ATAC-seq and luciferase differences indi-
cated that the relevant variants have the expected dif-
ferential endogenous regulatory activity (see Additional
file 2: Table S5). Interpretation of the two remaining
peaks is challenging. The decoupling of chromatin
accessibility and naked-sequence-dependent enhancer
activity might result from the fact that the cellular
context of the luciferase reporter system still differs to
some extent from that of the pig, which is a major limi-
tation of most functional genomics validation studies.

In addition to chromatin accessibility and gene
expression, our analysis framework readily extends
to the adoption of more functional annotations. For
example, although we only explored pig adult tissues,
domestication might target biological processes that
occur earlier during embryonic development. Thus,
generating comprehensive profiles of regulatory signals
across multiple developmental stages and tissues would
be valuable to further dissect the molecular mecha-
nisms that underlie phenotypic differentiation during
domestication. Moreover, by identifying 3D chromo-
some interactions on a genome-wide scale, Hi-C data
would allow for the efficient and accurate assignment of
distal signatures of selection to target genes. To com-
pare molecular differences between breeds, we used
tissues that are composed of a mixture of different cell
subtypes. This type of bulk analysis might have missed
differences that are only present in some subtypes, par-
ticularly when the proportion of these subtypes is low.
Future studies using single-cell technologies to profile
the transcriptome and cis-regulatory landscape would
allow the exploration of breed differences at a much
finer scale, uncovering DNA variants that affect pheno-
types through rare but pivotal cell subpopulations.
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Conclusions

In this work, we assembled a high-quality genome
of the Chinese indigenous Luchuan pig and identi-
fied 26.64x10° SNPs and 3.74x10° indels from
whole-genome resequencing data of 234 pigs, includ-
ing eastern and western pigs. The genetic differen-
tiation between Luchuan and Duroc pigs provides
useful resources for understanding the genetic basis
that underlies phenotypic differentiation in pigs. By
generating and exploiting multi-tissue gene expres-
sion and chromatin accessibility data, our work high-
lights the importance of non-coding variants in shaping
phenotypic differences in pigs and proposes candidate
genes and regulatory sequences that might have been
subject to selection. By integrating non-coding func-
tional genomic annotations, our work provides a novel
perspective to dissect the molecular mechanisms that
underlie economic traits in livestock.
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Additional file 3: Figure S1. Overview of Luchuan genome assembly. (a)
The flowchart of the contig, scaffold, and chromosome assembly in this
study; and (b) Hi-C contact heatmap. Genome-wide analysis of chromatin
interactions in Luchuan genome. The numbering of a chromosome

is based on the chromosome length from the longest to the shortest.
Figure S2. Circos plot shows the genome characterization of the Luchuan
and Duroc pigs. (I) Syntenic alignments between the Luchuan and Duroc
genome based on one-to-one orthologous genes; (Il) GC content in non-
overlapping 1T Mb windows; (Ill) Percent coverage of TEs in non-over-
lapping T Mb windows; (IV) Gene density calculated on the basis of the
number of genes in non-overlapping 1T Mb windows; and (V) The length
of pseudo-chromosome, light red, and light purple ideograms represent
the chromosomes of Luchuan and Duroc pigs, respectively. Each ticket
above the ideograms is on a scale of 50 Mb. Figure S3. Comparative
genomic and phylogenetic analyses. (a) Venn diagram showing shared
orthologous groups among genomes of Luchuan, Duroc, goat, and
human; and (b) Phylogenetic tree with divergence times and history of
orthologous gene families. Numbers on the nodes represent divergence
times, with the error range shown in parentheses. The numbers of gene
families that expanded (red) or contracted (blue) in each lineage after
speciation are shown on the corresponding branch. MRCA is the most
recent common ancestor. Figure S4. PCA plots. (a) PCA of the first three
principal components. BAMEI, Bamei; BER, Berkshire; BMX, Bamaxiang;
CWB, Chinese wild boar; DUR, Duroc; EHL, Erhualian; GST, Tibetan (Gansu);
HAM, Hampshire; HTDE, Hetao; JH, Jinhua; KBP, Korean black pig; KWB,
Korean wild boar; LD, Landrace; LUC, Luchuan; LW, Large White; LWH,
Laiwu; MEI, Meishan; MIN, Min; PTL, Pietrain; RC, Rongchang; SCT, Tibetan
(Sichuan); TC, Tongcheng; TT, Tibetan (Tibet); WZS, Wuzhishan; YM,
Yucatan Miniature; YNT, Tibetan (Yunnan); and (b) PCA plots of the first
two principal components by classifying them into seven groups: Chinese
wild boar (CWB), Korean wild boar (BWB), Luchuan pig (LUC), Duroc (DUR),
Korean black pig (KBP), other eastern pigs (EST) and western pigs (WST).
Figure S5. (a) LD decay determined by squared correlations (r?) of allele
frequencies against the distance between polymorphic sites in eastern
(EST; orange) and western (WST; green) pig groups. (b) LD decay in DUR
(Durog; red) and LUC (Luchuan; blue) pig groups. Figure S6. Enrichment
pattern of genes under potential selection in GWAS regions associated
with some economic traits. Red represents genes located in selective
regions of eastern pigs while blue represents those of western pigs. *
represents FDR < 0.05. ** represents FDR< 0.01. Figure S7. GO enrichment
of differentially expressed genes between Luchuan and Duroc pigs in

10 tissues. GO biological process analysis of the differentially expressed
MRNAs between Luchuan and Duroc pigs in each tissue. Up indicates the
genes with expression levels that are higher in Luchuan pigs compared
to Duroc pigs. Down indicates the genes with expression levels that are
lower in Luchuan pigs compared to Duroc pigs. Figure S8. Analysis of
DEG in skeletal muscle tissues. (a) The number of DEG in different tissues.
Duroc: the expression level is higher in Duroc pigs compared to Luchuan
pigs. Luchuan: the expression level is higher in Luchuan pigs compared
to Duroc pigs; (b) Heatmap showing the expression of DEG related to
“muscle contraction”in skeletal muscle tissues; and (c) Heatmap showing
the expression of DEG related to “cell cycle”in skeletal muscle tissues.
Figure S9. Frequencies of the Luchuan promoter allele across different
pig breeds. DUR: Duroc pig; LW: Large White pig; LD: Landrace pig; YM:
Yucatan miniature pig; YNT: Tibetan pig (Yunnan); TC: Tongcheng pig;
TT:Tibetan pig (Qinghai-Tibetan); HTDE: Hetaodaer pig; SCT: Tibetan

pig (Sichuan); WZS: Wuzhishan pig; BMX: Bamaxiang pig; EHL: Erhualian
pig; LUC: Luchuan pig; LWH: Laiwu black pig; MIN: Min pig (Shandong).
Figure $10. QC of ATAC-seq peaks. Heatmap of reads density around TSS
for five tissues. Figure S11. Muscle fiber differences between Duroc and
Luchuan pigs. Proportions of slow muscle fiber. Figure $S12. Knockdown
and overexpression efficiency of TnncT in C2C12 cells and in vivo. (@) Tnncl
expression after siRNA knockdown in C2C12 cells; (b) Tnnc expression
after overexpression in C2C12 cells; and (c) Tnnc1 expression after in vivo
SiIRNA knockdown in mouse skeletal muscle. Figure S13. (a) Expression
of Ho-T1 after overexpression of TnncT; (b) Expression of Ho-1 after siRNA
knockdown of ThncT; (c) Expression of Oggl after overexpression of ThncT;
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and (d) Expression of Ogg1 after siRNA knockdown of Tnncl. Figure S14.
(a) Expression of slow muscle (Myh7) and fast muscle (Myh2, Myh4, MyhT)
markers after sSiRNA knockdown of Sema3g in C2C12 cells; (b) Measuring
the same markers as (a) after overexpression of Sema3g in C2C12 cells;
(c) Choosing siRNAs with the best knockdown efficiency; (d) Evalua-

tion of the overexpression efficiency; and (e) Comparing the expression
level of Sema3g before and after knocking down Cebpa. * represents
p-value < 0.05. ** represents p-value <0.01.
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