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Since 10,000 BC, continuous human selection has led to intense genetic and phenotypic changes in

pig (Sus scrofa) domestication. Through whole genome analysis of 257 individuals, we demonstrated
artificial unidirectional and bidirectional selection as the primary force to shape the convergent

and divergent changes between Chinese domestic pigs (CHD) and European domestic pigs (EUD).

We identified 31 genes in unidirectional selection regions that might be related to fundamental
domestication requirements in pigs. And these genes belong predominantly to categories related to
the nervous system, muscle development, and especially to metabolic diseases. In addition, 35 genes,
representing different breeding preference, were found under bidirectional selection for the distinct
leanness and reproduction traits between CHD and EUD. The convergent genetic changes, contributing
physical and morphological adaption, represent the common concerns on pig domestication. And the
divergent genetic changes reflect distinct breeding goals between Chinese and European pigs. Using
ITPR3, AHR and NMU as examples, we explored and validated how the genetic variations contribute to
the phenotype changes.

Pigs are among the first animals in the world to be domesticated. A growing body of evidence has identified at
least two centers of early pig domestication?. China, as the main domestication center in East Asia, has multiple
native breeds that have been domesticated beginning 8,000 years ago®. European pigs were originally domesti-
cated in the Near East (Anotolia) and were dispersed to Europe by human-mediated migration. The introduced
pigs had recurrent hybridization with European local wild boars, resulting in the genetic background of the
modern European breeds*°.

Domestication is thought to constitute a continuous process involving a series of phenotypic and genetic
changes designed to meet human need"” 8. Previous genome scans for positive selection have identified size-
able genes that affect coat color, reproduction, body size, growth and metabolism” °-!*. For example, NR6A1,
LCORL, and PLAGI exhibit strong signals of selection for increasing body length, and increase meat production
in European domesticated pigs’. ESR1, as a major quantitative trait locus for litter size, experiences positive selec-
tion in Asian domestic pigs'®. IGF2, a gene involved in muscle growth and fat deposition, is extensively selected
for the purposes of breeding to increase muscle mass'®. Series of loci involving in behavioral traits were also under
strong selection during pig domestication'.

Few studies have focused on comparisons between domesticated breeds and their wild counterparts from
one origin'” '8, Both Chinese domestic pigs (CHD) and European commercial domestic pigs (EUD) might have
been selected for these traits thereby showing increased growth and prolificacy compared to their wild ancestors.
Meanwhile, both CHD and EUD are apparently less aggressive and more adaptive to domestication condition'®%.
On the other hand, human preferences in breeding strategies could result in distinct traits in different domestic

1Beijing Advanced Innovation Center for Food Nutrition and Human Health, College of Biological Sciences, China
Agricultural University, Beijing, P. R. China. ?State Key Laboratory of Agrobiotechnology, China Agricultural
University, Beijing, P. R. China. 3Chongqing Academy of Animal Science, Chonggqing, P. R. China. “Department of
Computer and Technology, Tsinghua University, Beijing, P. R. China. °School of Life sciences, Tsinghua University,
Beijing, P. R. China. ®Division of Nutritional Sciences, Cornell University, Ithaca, USA. ’Embryo Biotechnology and
Reproduction Laboratory, Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing, P. R. China.
Jing Wang and Huiying Zou contributed equally to this work. Correspondence and requests for materials should be
addressed toY.Z. (email: yaofengzhao@cau.edu.cn) orY.Z. (email: yigiangz@cau.edu.cn)

SCIENTIFICREPORTS|7:8662 | DOI:10.1038/s41598-017-09061-z 1


mailto:yaofengzhao@cau.edu.cn
mailto:yiqiangz@cau.edu.cn

www.nature.com/scientificreports/

EUD
EUW

CHD

CHW
CHD(Minipig)

Figure 1. Results of PCA using whole-genome SNP data. Three-way PCA plot of 242 individuals (a Ukraine
boar and the Outgroup were excluded in the graph). PC1, principal component 1; PC2, principal component 2;
PC3, principal component 3.

breeds®. CHD are generally of higher amount of fat, stronger resistance to diseases, and better reproduction traits,
while EUD are renowned for rapid growth and superior leanness.

Comparisons of the independent domestication process of pig in China and Europe provides an opportunity
to identify the convergent and divergent genetic changes during domestication and elucidate the genetic varia-
tions underlying the altered traits.

In this work, we analyzed a worldwide sample of domestic and wild pigs, utilizing whole genome rese-
quencing data of 257 individuals, to investigate and compare the human selection pattern in China and Europe.
Interestingly, a lot of genes discovered in our study show association with human metabolic diseases, indicating
that pigs could be used as a good model system for medical research.

Results

Sample collection. In this study, we included 257 individuals worldwide, of which whole-genome rese-
quencing data are available, and 8 of them were sequenced in this study. All individuals are divided into five
groups: a EUD group, including 97 individuals from four typical commercial domestic breeds of Duroc,
Landrace, Yorkshire(Large White) and Pietrain; a EUW group, including 34 individuals of European wild boar;
a CHW group, comprising 31 individuals, including wild boars in South and North China, as well as wild boars
in Korea, which are genetically and phenotypically similar to the North China wild boars; and a CHD group,
comprising 81 individuals representing 14 geographically diverse breeds across China. Finally, Sus verrucosus,
Sus cebifrons, Sus celebensis, Phacochoerus africanus, Sus barbatus, and Samilda wild boar serve as an outgroup
(Supplementary Table S1).

SNP calling was performed for each group, using GATK best practice pipeline based on bam files created by
the aligner (Supplementary Table S1). We finally obtained 94 million SNPs in total, and SNPs varied from 14
million to 38 million for each group (Supplementary Table S2).

Although Chinese wild and domestic pigs exhibited higher genetic variability, principal components analysis
(PCA) and IBS (identity-by-state) analysis based on all available SNPs showed that individuals from four defined
groups were well separated (Figs 1, Supplementary Fig. 1). 45.6% of the total variance was explained by the first
three PCs (PC1, 26%; PC2, 13%; PC3, 5%), suggesting a moderate population structure. The result also shows
that the CHD spread out wider and the minipig breeds seems to own a subgroup in CHD. Considering that the
minipig may endure different breeding goals, we excluded the minipig from CHD in the subsequent analyses.

Human influence on the demographic history of pigs. Consistent with previous estimations?!, we
observed a continuous decrease in effective population size for both wild boars and ancestor domesticated pigs from
late Quaternary (100,000 BC) to the last glacial maximum (LGM; ~20,000 years ago). This period of decrease is often
attributed to cold glacial conditions*'. However, by comparing demographic histories between pigs and humans, we
found that human activity may also influenced pigs’ demography (Fig. 2, Supplementary Figs 2 and 3). Accompanied
by a stable increase in human population from late Quaternary (100,000 BC) to the Neolithic Demographic Transition
(10,000 BC), both wild boars and the ancestors of domestic pigs experienced a pronounced decline in population size.
The association between the increased human effective population size and decreased pig effective population size
raises the possibility that human expansion and hunting were important factors in the declining pig population from
10,000-50,000 BC?2. This hypothesis is supported by a recent study which concluded that human colonization was the
dominant driver of ancient megafaunal extinction globally, in addition to climatic factors®.

Intriguingly, our demographic analysis identifies distinct trends of the effective population size for wild
boars and domestic pigs, starting 4,500-7,000 year ago, which support the conclusion of primary domestication
in Europe and China, respectively. Consistent with previous study, there is no evident bottleneck during pig
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Figure 2. Demographic history of domestic breeds and wild boars in China and Europe. The demographic
history of wild boars and domesticate pigs populations was inferred using a hidden Markov model approach
as implemented in multiple sequentially Markovian coalescence based on SNP distribution. In the absence of
known mutation rates for pig, we used the default mutation rate for human of 2.5 x 10~8. For the generation
time we used an estimate of 5years. The data for human’s effective population size refer to previous research®'.
(a) Demographic history of domestic breeds and wild boars in Chinese region. 2 individuals were used to
indicate the group (2 Rongchang pigs, CHD; 2 North China wild boars, CHW). (b) Demographic history of
domestic breeds and wild boars in European region. 2 individuals were used to indicate the group (2 Pietrain
pigs, EUD; 2 Netherlands wild boars, EUW).

domestication which is likely due to long-term gene flow between domestic pigs and wild boars after domestica-
tion'”. A marked increase in the effective population size of domesticated pigs was observed, while at the same
time, the effective population size of wild boars steadily decreased.

Again, these findings are significantly associated with the expansion of the human population, which reflects the fast
development of agriculture. We noted a similar pattern was also observed in a recent study of Yak, in which domestic
breeds expanded after domestication, while the wild Yak population decreased®*. Meanwhile, further study is needed
to firmly establish the causal relation between agricultural development and the population size of domestic animals.

Genetic differentiation introduced by human selection.  Previous study showed that domestication
involves many gene alleles changing in frequency?. We compare genome-wide Wright's Fst between the Chinese
and European population in either wild boars or domestic pigs (Fig. 3a). The overall Fst distribution of CHD vs.
EUD has a different shape to that of CHW vs. EUW. The Fst in CHW vs. EUW follow a unimodal distribution
while the Fst in CHD vs. EUD show two peaks. We notice that a small peak exists around Fst=1 in the CHD vs.
EUD comparison, indicating that certain genomic regions tend to be extremely divergent. To study what extent
the divergence between CHD and EUD are inherited from their corresponding wild counterparts (CHW and
EUW), we traced the genes with most significant divergence in CHD vs. EUD comparisons in the Fst distribution
of CHW vs. EUW comparisons. As shown in Fig. 3a, the most divergent region between CHD and EUD is not the
most divergent between CHW and EUW (marked as black). So, this confirmed that the differences between CHD
and EUD were introduced by human-mediated selection during domestication.

To further elucidate the pattern of human-mediated selection, genome-wide scans for selection signatures
were performed in both Chinese and European domestic pigs, separately (Fig. 3b). By using a sliding window
of 20kb, we estimated Fst between domestic pigs with their corresponding wild counterparts, and further trans-
formed the Fst value into Z-scores. A threshold of ZFst >2 was then applied to retrieve putative selected regions.
Of the approximate 260,000 windows scanned, we selected about 10,000 windows (ZFst > 2) as putative selected
regions in CHD and EUD, respectively, comprising 3.8% of the whole genome.
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Figure 3. Genomic regions with selection signals during pig domestication. (a) Distribution of Fst between
each group. The blue region indicated the distribution of CHD vs. EUD’s Fst. The pink region indicated the
distribution of CHW vs. EUW’s Fst. The divergent region marked red in this graph is defined as CHD_vs_
EUD’s Fst being great than 0.61 (ZFst > 2), and the black part is the distribution of CHW vs. EUW’s Fst in the
same region. (b) Distribution of EUD vs. EUW’s ZFST and CHD vs. CHWs ZFst, which are calculated in 20-kb
windows sliding in 10-kb steps. Data points located to the left and right of the left and right vertical dashed
lines, respectively (corresponding to the rights tails of ZFst in CHD vs. CHW and EUD vs. EUW, where the ZFst
ratios are both 2), and above the vertical dashed line or horizontal dashed line were identified as selected regions
for Chinese domestic pigs and Europe domestic pigs, respectively. The shared selected regions were identified as
common selected regions. (¢) Distribuation of CHD vs. EUD’s ZFst in common selected regions. The right tail
marked green correspond to the region with CHD vs. EUD’s ZFst above 2.The left tail marked blue correspond
to the region with CHD vs. EUD’s ZFst less than -1.

Most of the candidate selected regions were found to be unique in either Chinese or European domestic pigs, with
the exception of 313 regions that were shared by CHD and EUD. To ensure the 313 regions constitute real signals, for
each region, we performed permutation test by randomly assigning group labels, where sample size in each group were
held constant, and re-calculated Fst statistics for 1000 times. 312 out of 313 regions passed the test with p <0.01. For
the 312 candidate common selected regions, interestingly, the ZFst of CHD vs. EUD followed a bimodal distribution
with two peaks located at 2 and —1 (Fig. 3¢). To investigate regions with clear and reliable features, we thus defined the
right part as the candidate bidirectional selection region and the left as the candidate unidirectional selection region.

Convergent genetic changes in CHD and EUD driven by unidirectional selection. To avoid
false positive due to demographic processes rather than selection, we conducted an additional scan for selec-
tive sweeps with the haplotype homozygosity statistic H12 for the 312 regions (See Materials and Methods).
By applying a threshold of ZFst CHD vs. EUD’s < —1, H12¢yp > H12 ¢y and H12gyp > H12g5ys 39 of the 312
candidate common selected regions were identified as unidirectional selection regions (Supplementary Fig. 4 and
Supplementary Table S3). These regions represent the most similar area for CHD and EUD among the entire can-
didate common selected regions. Population analysis for the unidirectional selection regions demonstrated that,
although the degree of transition varied, both Chinese and European domestic pigs exhibited a similar tendency
of altering allele frequency from local wild boars (Fig. 4a and Supplementary Fig. 5).

Considering historic introgression between CHD and EUD?, the desired alleles in EUD (or CHD) could
have either originated directly from EUW (or CHW) or have been introgressed from CHD (or EUD). To distin-
guish whether the preferentially selected haplotype in EUD originated from the EUW or was introgressed from
Chinese breeds, we consulted to an ancient Iberian pig genome. As confirmed by previous study, the ancient
pig was clearly domestic and there is no or negligible Asian introgression to Iberian pigs®, thus the genotype of
the ancient Iberian pig can be used to determine whether the Europe domestic pig had been selected before the
introgression from Chinese breeds.

We calculated the identity score (IS) between the ancient pig (AP) and the four defined groups (Fig. 4b). 1 out
of the 39 unidirectional selection regions showed no information available due to incomplete genome coverage
of the ancient pig. For the remaining 38 regions, we compared the difference between IS,p s cup and ISap s guw:
Under the situation that IS cyp is larger than IS, p . pyws it suggests the ancient pig’s genotype is more similar
to Chinese domestic breeds, indicating these regions had been selected in 16 century; if otherwise, the ancient
pig’s genotype is more similar to European wild boars than to Chinese domestic breeds, suggesting these regions
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Figure 4. Genomic regions under unidirectional selection and the variant features in ITPR3. (a) Genetic
structure of pig breeds in unidirectional selection region. The length of each colored segment represents the
proportion of the individual’s genome from K =2 ancestral populations. The group names are at the top of
the figure, and the breed names are at the bottom. (b) The heatmap for the identity score of unidirectional
selected regions between the ancient pig (AP) and other four groups. SNP frequencies in individual lines were
used to calculate identity scores in 20-kb windows. Heat-map colors (right) indicate identity scores. (c) The
multi-species alignment of human rs80106788 variant in the ITPR3 gene. (d) The allele frequency of the pig
rs332886460 in each group.

had not yet been selected in 16 century, but more likely followed an introgression-then-selection process. By
investigating the overall differences, we chose 0.1 as the threshold to adjust the difference between IS 5p . cup and
ISpvs cuw (Supplementary Table S4).

As shown in Fig. 5, 30 of the 38 regions showed IS sp v, crip < ISap s, uw 1. 0- 1, suggesting that the selected allele
in modern EUD likely origin form Asian introgression. Meanwhile, 4 regions showed IS p s cup > ISap v euw4 01,
which suggested these regions were more likely to have been selected in 16 century before introgression. That is to
say, a large portion of the preferentially selected alleles in EUD was introgressed from Chinese breeds. Similar result
was obtained by IBD analysis (Supplementary Fig. 6).

In total, we identified 31 genes overlapping or near all the unidirectional selection regions (Supplementary
Table S5). Among the 31 genes, B3GALT4, NR112, MAATS1, PRDM5, LOC100737319 and AHR are functionally
associated with metabolic diseases including hyperlipidemia, hypertension, and atherosclerosis?®-*2. Compared
to the wild boars, the modern domestic pigs could receive adequate food, but had little opportunity for physical
activity. Dealing with severe changes of eating habits and living conditions, domestic breeds was selected for
metabolism adaptation. Other genes located in the unidirectional selection regions are also functionally plausi-
ble bases for the typical domestic features. As an example, we found MEOX2, which affect muscle development.
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Figure 5. The variants in AHR gene and their effects. (a) The multi-species alignment of 4 non-synonymous
substitutions encoded in the AHR gene. Dots indicate identity with the master sequence, and dashes indicate
missing data. (b) Example of a gene under unidirectional selection pigs. FST values plotted using a 20-kb sliding
window. (c) Predicted three-dimensional protein structure of AHR. Five non-synonymous substitutions are
shown as spheres (P419T, brown; K616Q, G717C, F803L and T839P, green).

The loss of Meox2 results in smaller limb muscles that harbor reduced numbers of myofibres**. We also found
SULT6BI, ITPR3, KIF25 and FRMDI which are associated with the nervous system.

Six genes were found under unidirectional selection in CHD and EUD before Asian introgression, reflecting
the prerequisites the in early domestication (Supplementary Table S5). Among these genes, Dact2 is essential for
tooth growth and hair morphology** *. NR1I2 determines the behavioral response to xenobiotic*. Since these
genes were under independent unidirectional selection in CHD and EUD before Asian introgression, suggesting
they are important prerequisites for early domestication.

Unidirectional selection at ITPR3 locus and AHR locus after introgression.  Both putative regu-
latory variants and missense variants were found in the unidirectional selection regions. ITPR3 plays a key role in
exocrine secretion underlying energy metabolism and growth®. A mutation (rs332886460) in the intron of ITPR3
shows frequency differences between wild boars and domestic breeds (Fig. 4¢,d). It's worth noting that the mutation
rs332886460 in pigs corresponds to a known variant rs80106788 in human homolog (Fig. 4c,d) which is associated
with epilepsy™’. Selections of the T allele against the C risk allele in both CHD and EUD suggested the common
needs on mild temperament during pig domestication.

In addition, AHR is a ligand-activated helix-loop-helix transcription factor involved in the regulation
of biological responses to planar aromatic hydrocarbons. Previous research identified it as a key factor
against fatty liver and hyperlipidemia in humans®, and it is suggested to modulate the reproductive process
in pigs®**°. Consistent with previous study, we identified nearly absence of genetic differentiation between
CHD and EUD and the sharp genetic differentiation between CHW and EUW at the AHR locus.? Notably,
five non-synonymous substitutions were identified in the AHR, four of which were conserved among ver-
tebrate. This gene was strongly selected in both CHD and EUD, and all five non-substitutions displayed
marked allele frequency differences between domestic pigs and wild boars (Fig. 5ab, Supplementary Figs 7
and 8). One substitution, P419T, is newly identified in this study. Proline at residue 419 is conserved among
all known vertebrate AHR sequences. This residue is located in a key position, which connects the Per-AhR/
Arnt-Sim (PAS) domain and the trans-activating domain (TAD). Compared to other amino acids, the dis-
tinctive cyclic structure of proline’s side chain provides exceptional conformational rigidity, which locks
the dihedral angle ¢ at approximately —65°4. Substituting proline with threonine at this position releases
the dihedral angle constraint and allows the protein to rotate more freely and to increase its availability for
interaction with its co-activator. The other four substitutions were located in exon 11 of the AHR gene as
previously reported*'. By modeling the structure of the AHR protein using Rosetta (Fig. 5¢)*>**, we further
show that the remaining four non-synonymous substitutions occur on the surface of the transactivation
domain, indicating that they might affect the binding capacity to the co-activators.
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Figure 6. Genomic regions under bidirectional selection and the heatmap for the gene expression of DEG
near bidirectional regions in two different breeds. (a) Genetic structure of pig breeds in bidirectional selection
region. The length of each colored segment represents the proportion of the individual’s genome from K=2
ancestral populations. The group names are at the top of the figure, and the breed names are at the bottom. (b)
Heatmap from hierarchical clustering of DEG near bidirectional selection regions. The heatmap was plotted
scaled by row. Heat-map colors (right) indicate the relative FPKM. (c) Example of a gene under bidirectional
selection pigs. FST values plotted using a 20-kb sliding window.

Divergent genetic changes between CHD and EUD driven by bidirectional selection.  Similarly,
for the 312 candidate common selected regions, we applied a threshold of ZFst CHD vs. EUD’s > 2,
H12¢yp > H12c4y and H12gyp > H12gy to define bidirectional selection regions. 37 of the 312 regions passed
the filtering (Supplementary Fig. 9, Supplementary Table S6). These regions represent the most divergent area for
CHD and EUD among the entire candidate common selected regions. For those regions, the CHW and EUW
were in a similar heterogeneous state, while the allele frequency of CHD and EUD were nearly fixed in different
directions (Fig. 6a and Supplementary Fig. 10).

Bidirectional selection could be driven by distinct selective strategies between Chinese and Europeans. For
example, due to a limited source of animal oil and a native diet habit, Chinese traditionally show a strong pref-
erence for fatty pork meat, whereas leanness is much more preferred in modern commercial breeds in Europe®.
Consistent with this, 35 genes near or overlapping the 37 bidirectional selection regions (Supplementary
Table S7), there are genes affecting appetite (NMU, CAPS)* %, and associated with hyperglycemia and type-2
diabetes (AP3S2, SF3A3, ARPIN, RPL36,and NR3C2). These findings validate the assertion that the goal of lean-
ness is mainly opposite between Chinese domestic breeds and European commercial breeds in the past®.

We also noticed that the genes in bidirectional selection regions belonged predominantly to categories related
to reproduction (Chi-squared test, P=0.0017). Although Chinese domestic pigs exhibit superior reproductive
traits compared to European domestic pigs, it is obvious that reproductive capacity would not have been selected
against in European domestic pigs. To explain this intriguing result, we propose two possibilities. First, fatty acids
and lipids play a key role in various metabolic processes, such as reproduction and embryo development*® 47,
Intense selection of fat content and leanness could introduce unexpected side effects in other traits, as previously
reported*®%. Second, since we found that some genes in the bidirectional selection regions were multifunctional,
we speculate that different haplotypes might benefit different traits. For example, FMNL?2 are reported to play
roles in the immune system and muscle development®*>!. During pig domestication, Europeans prefer to improve
leanness in commercial pigs, while Chinese are more concerned about disease resistance. As a result, two haplo-
types could have been preferentially selected in CHD and EUD, separately.

As regulatory elements also play important roles in animal domestication, we are expecting that the bidirec-
tional selection regions harbor medium or long range regulatory elements that affect the expression of the genes
nearby. Under the premise of that, RNA-seq was applied to analyze global changes in transcriptome from muscle
tissue in two different pig breeds (Duroc and Rongchang) (Supplementary Table S8). 953 differently expressed
genes (DEG) are identified in the whole genome, with 7 DEG are found being located 20kb to 250 kb away
from the bidirectional region (Fig. 6b, Supplementary Table S9), which is significantly higher than the random
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Figure 7. The variants in NMU and their effect. (a) The allele frequency of the NMU in each breed. (b)
Quantitative RT-PCR Analysis of NMU between Rongchang and Duroc in different tissues. *P < 0.05 by Fisher’s
exact test. (¢) Luciferase assay testing the enhancer activity for different allele in the intron of the NMU in
IBRS-2 cells. (d) Luciferase assay testing the promoter activity for different allele in the intron of the NMU in
IBRS-2 cell.

expectations for the whole genome (Chi-squared test, P =0.044). This result suggests that DEGs are more likely
affected by the bidirectional selected variants in medium or long range regulatory elements.

Functional validation of bidirectional selection at the NMU locus. The NMU (Neuromedin U) gene
has been identified as a hypothalamic neuropeptide that regulates body weight and fat mass®>. NMU knockout
mice exhibited increased body weight and adiposity, hyperphagia, and decreased locomotor activity and energy
expenditure*. In addition, multiple polymorphisms in the intron of NMU are reported to be associated with
metabolic disease and type-2 diabetes in humans®®. We confirmed that the genomic region around NMU is under
bidirectional selection between CHD vs. EUD with multiple test statistics (Figs 6¢ and 7a, and Supplementary
Fig. 11).

By analyzing the variants with high allele frequency difference (AAF) between CHD and EUD, we deter-
mined that the location of the differential region was at the second intron of NMU. Meanwhile, according to the
ENCODE data of the homologous regions in humans, this region was suggested for a potential regulatory role.

In order to confirm its biological relevance, we quantified the expression level of NMU in CHD and EUD in
various tissues of newborn piglets, using qRT-PCR. As shown in Fig. 7b, the expression of NMU was observed
in hypophysis and kidney, with a statistical difference found in hypophysis and kidney tissues between CHD and
EUD, suggesting potential enhancer activities for the intron sequence.

Multiple enhancer and promoter Luciferase vectors were further constructed to investigate the putative effect
of the variants on the expression of NMU. We transferred the vectors into IBRS-2 cells and fibroblast cells to eval-
uate the function of the variants. The results of the Luciferase assay in IBRS-2 cells and fibroblast cells were simi-
lar. The European haplotype was of higher enhancer activity than that of Chinese haplotype, but neither exhibited
promoter activity (Fig. 7¢,d, and Supplementary Fig. 12). Furthermore, the European allele showed higher activity
than the Chinese allele. Intriguingly, a previous study demonstrated that CHD exhibited a higher NMU expres-
sion level in pregnant placenta than EUD>. It seems that the intron region contributes the differential expression
between CHD and EUD in a tissue-specific manner.

Discussion

In this study, we aimed to investigate how human preferences profoundly altered the traits of domestic breeds of
pigs. We found that unidirectional selection and bidirectional selection laid the foundation for the convergent and
divergent changes in domestic breeds.
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Preferences in domestication are largely shared among Chinese and European. Common breeding goals in
Chinese and European domestic breeds brings convergent genetic changes, involving genes mostly related to the
nervous system, muscle development, and especially to metabolic diseases. And these genes reflect key traits in
pig domestication, including docile temperaments, rapid growth and especially the metabolism adaptation to the
fattening lifestyle. Consist with previous research, most convergent change result from unidirectional selection
after introgression?’. What is more, as the CHD and CHW show strong signatures of selection in these regions, it
suggest that the Chinese domestic breeds had been selected for desire traits in the first place, then the preferred
alleles was passed to EUD by introgression, and then the preferred allele were also selected in EUD.

On the other hand, different or even contrasting domestication preference will lead to distinct features of ani-
mals between different domestication centers. Chinese prioritize fat deposits and reproduction while European
preferred leanness and body length for modern commercial breeds. To achieve different breeding goals, distinct
haplotypes were preferentially selected and fixed in opposite directions, which ultimately results in divergent
genetics changes contributing distinct leanness, disease resistance, and reproductive traits between CHD and
EUD.

Since selection preferentially acts on loci with major effects during domestication®, if one locus was selected
in CHD and EUD simultaneously, it is more likely that the loci would contribute a large effect on the desirable
trait. It's worth noting that sizable genes, either unidirectional selected or bidirectional selected, are associated
with metabolism adaption or obesity. Thus research on these genes could provide insight to human metabolism
disease.

In addition, our demographic analyses suggest that human activities may have a longer and broader impact
on pigs than was previously thought. Human expansion and hunting could have contributed to the decline of
pigs in the pre-domestication period (50,000 BP). Furthermore, accompanied by the rapid growth of the human
population, the beginning of both CHD and EUD pig domestication experienced a rapidly expanding with the
development of agriculture. Intriguingly, Chinese breeds show this expansion earlier (approximately 7,000 years
ago) than European domestic breeds (approximately 4,500 years ago), consistent with historical records that
imply that the extensive domestication of pigs may occurred earlier in China®>.

In conclusion, in this study, we demonstrated the role of human activities and human-mediated selection on
pig domestication. In the long-term coevolution between humans and pigs, similar and diverse needs between
Chinese and Europeans led convergent and divergent genetic changes in domestic breeds. Our results will help to
elucidate the significant human impacts that occurred during pre-domestication and the domestication process,
as well as facilitate future studies of gene functions for domestication.

Materials and Methods

Ethics statements. This study was approved by the Animal Welfare Committee of China Agricultural
University. The approval number is SKLAB-2012-11. All pigs used in this study were taken care and operated
according to the relevant regulations.

Genome resequencing and SNP calling. We sampled eight pigs, including four Rongchang pigs and
four Duroc pigs. Genomic DNA was extracted from the ear tissues of each individual. Sequencing was performed
on the Illumina HiSeq. 2500 platform. In addition, we downloaded the genome data of 249 individuals across
the world from the EMBL database* 1%-18:21:56 including 93 European domestic pigs, 77 domestic pigs in China,
31 Asian wild boars, 34 European wild boars, and 14 individuals representing 7 other species (Supplementary
Table S1).

Filtered reads from all individuals were aligned to the susScr3 reference genome by Bowtie2 with default set-
tings®. Then, the Genome Analysis Toolkit (GATK) 3.2.2 was utilized for SNP calling for each groups following
the GATK best practice pipeline®®. To exclude potential false positive variant calls, we applied variant quality
recalibration by GATK, using the command “VariantFiltration’ with the parameters ‘—filterExpression “QD < 10.
0[|MQ < 40.0||FS > 60.0||ReadPosRankSum < — 8.0” —G_filter “GQ < 20"

Population analysis. Principal component analysis (PCA) was conducted using PLINK v.107 and GCTA> %
based on the all 94 million SNP. Identity-by-state (IBS) distance matrix for all the individuals was built by
PLINK v.107 and R package dendextend®'. The population structure in selected regions was determined by
ADMIXTURE software®.

Demographic history reconstruction.  The demographic history of wild boar and domesticated pig popu-
lations was inferred using a hidden Markov model approach, as implemented in multiple sequentially Markovian
coalescence (MSMC version 2.0) based on SNP distribution®. Both phased data and unphased data are used to
infer demographic history, respectively. For phased data, the individuals were phased against a inferred reference
panel of the sub-breeds by Beagle version 3.3.2. The most recent windows are excluded from the results due to
low credibility according to the previous research®. We used the mutation rate of 2.5 x 10~ and a generation time
of 5 years referring to previous research. Results from phased data are shown in Fig. 2 and Supplementary Fig. 2,
while the results from unphased data are shown in Supplementary Fig. 3. Although they are different in details,
the phased results and unphased results have similar trends to support our opinions.

Detection of selection signals. We applied both allele frequency-based and haplotype-based statistics to
detect selection. First, a sliding-window approach (20-kb windows sliding in 10-kb steps) was applied to quantify
genetic differentiation (FST) by vcftools®® between each group. Based on the Fst under the null hypothesis of no
differences between the domestic and wild groups, an empirical p value was estimated as P = (n+1)/1001, where
n was the counts of the permutated sets for which the Fst was equal to or greater than the observed Fst in the real
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data. We calculated absolute allele frequency difference (AAF) and Tajima’s D were calculated to confirm the
selection signals by vcftools®.

Then we introduce H12, a haplotype-based statistical test capable of detecting both hard and soft sweeps. H12
quantifies haplotype homozygosity after combining the two most frequent haplotypes into one class so that
HI2=(p,+p, ) + 3., piz, where p. is the frequency of the i th haplotype in a window of fixed size®. H12 was
calculated for each group using SelectionHapStats software as described by Nandita R. Garud®. Analysis window
size (in terms of SNPs) is 50, and distance between the centers of analysis windows (in terms of SNPs) is 10. To
avoid the bias on H12 value of each group brought by different sample size, we random select the same number of
individuals in domestic groups that are used in the wild groups for ten times. H12 value for domestic groups was
the average of the results from the ten runs.

Calculation of identity scores. We calculated identity scores (IS)%, to visualize haplotype sharing in pair-
wise comparisons in the unidirectional selection regions. For each identified SNP, we determined the frequency
of SNPs that corresponded to the reference allele, in each groups. The IS values of groups’ SNPs were then cal-
culated as ISG,qupi vs. Group2 = 1 = ([Faroupt — Faroupz])> With positions assessed only if at least half individuals was
obtained in each groups. The IS value for a window was averaged for all SNPs in the window.

Pairwise IBD detection. The genome was divided into bins of 20,000 bp and the IBD detection was done
by Beagle version 3.3.2 as described by Mirte Bosse et al.?>%. The threshold used for IBD detection was 5.07.
Normalized IBD for Group1 vs. Group2: nIBD = cIBD/tIBD (where cIBD = count of all haplotypes IBD between
Group1 and Group2 and tIBD = total pairwise comparisons between Groupl and Group2).

Reconstruction of the protein structure of AHR. The structure of AHR was constructed by Rosseta”.
Both comparative and de novo strategy were performed to construct the structure.

Identification of DEG between Duroc and Rongchang pig in muscle tissue. To investigate the
DEG between Duroc and Rongchang pig in muscle tissue, RNA-Seq analysis was performed on six piglets repre-
senting two breeds: Duroc and Ronghcang (three animals of each breed). RNA was extracted from the longissi-
mus dorsi of each individual. Sequencing was performed on the Illumina HiSeq. 2500 platform. Since Rongchang
is divergent from Duroc, the regions with too many differences in the genome will reduce the efficacy of accuracy
of reads mapping to the genome, and in turn, will cause improper estimating of the transcript level. In order to
eliminate the mapping bias, the pseudogenomes of Duroc and Rongchang pig were thus created respectively by
replacing the reference allele with variant allele matching each breeds (Duroc and Rongchang). Then, the clean
reads were again mapped to the corresponding pseudogenome using Hisat2”". Differentially expressed genes are
identified by CUFFLINKS"2.

Quantitative RT-PCR analysis of NMU in different tissues.  Total RNA was isolated from 3 Rongchang
and 3 Duroc new born piglets with RNeasy Fibrous Tissue Mini Kit (Qiagen) according to the manufacturer’s
protocol. Synthesis of cDNA was performed by M-MLYV reverse transcriptase (Promega). We used LightCycler
480 SYBR Green I Master (Roche) to prepare the PCR mix, and the quantitative RT-PCR was performed on
LightCycler® 480 (Roche) following the program: pre-incubation (95 °C, 5 min), amplification (95°C, 105; 60 °C,
10s; 72°C, 105) 30 cycles, melting curve (95°C, 55s; 65 °C, 1 min), cooling (40 °C, 10s). Gene expression was nor-
malized to the GAPDH. The primers used in this experiment are shown in Supplementary Table S10.

Enhancer activity detection. The partial sequence of NMU intron 2 were amplified from Rongchang and
Duroc genomic DNA, respectively, and then subcloned into pGL3-Promoter Vector (Promega) at the Nhe 1/Bgl
IT restriction sites, which lie upstream of the SV40 promoter driving the luciferase reporter gene. The primer pairs
NMU-F/NMU-R are shown in Supplementary Table S10. Unexpectedly, we found that the sequence provided in
NCBI was inconsistent with our results based on Sanger sequencing. The sequence supplied by the NCBI contains
an extra repeat sequence (Chr8: 58585019-58585904), which is approximately 900 bp. Then, we selected multiple
breeds, including Duroc, Landrace, Rongchang pig and Xiang pig, to confirm that the extra repeat sequence does
not exist, and that it is more likely that the sequence provided in the NCBI was incorrect. The sequences cloned
from Duroc and Rongchang are supplied in Supplementary Table S11.

Cotransfection of pGL3-NMUPromoter Vector and internal control vector pRL-TK (Promega) was per-
formed into IBRS-2 cells mediated by Lipofectamine® 3000 transfection reagent (Invitrogen). Cells in 70-90%
confluent were co-transfected in 24-well plates. Each transfection contained 0.45 ug pGL3-Promoter Vector,
0.05ug pRL-TK, 1 pl P3000TM reagent, and 1.5 pl Lipofectamine® 3000 reagent. After 48 h of transfection, cells
underwent dual-luciferase reporter assay, following the Dual-Glo® Luciferase Assay System (Promega) protocol.
We firstly measured the firefly luminescence of pGL3-Promoter Vector, and then measured the Renilla lumines-
cence of pRL-TK. The relative luciferase activity was calculated as the ratio from firefly luminescence to Renilla
luminescence. We took pGL3-Promoter-3k Vector (Promega), which has 3 kb random sequence (no enhancer
activity) at the Nhe I/Bgl II restriction sites, to promote the expression of luciferase reporter gene, as a control
(Supplementary Table S11). Each experiment was repeated three times. The same experiment was performed in
pig fetal fibroblasts.

Promoter activity detection. The 3.19kb Rongchang and Duroc NMU sequences were subcloned into
pGL3-Basic Vector (Promega), which has no promoter upstream of luciferase reporter gene, at the Nhe I/Bgl I
restriction sites, respectively. Cotransfection of pGL3-NMUbasic-Vector and internal control vector pRL-TK
(Promega) was performed into IBRS-2 cells mediated by Lipofectamine® 3000 transfection reagent (Invitrogen).
We took pGL3-Basic Vector as a negative control and took pGL3-Promoter Vector as a positive control. After
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48h of transfection, cells underwent dual-luciferase reporter assay. We calculated the relative luciferase activity
as upside in enhancer activity detection. Each experiment was repeated three times. The same experiment was
performed in pig fetal fibroblasts.
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