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Abstract

African wild suids consist of several endemic species that represent ancient members of the family Suidae and have
colonized diverse habitats on the African continent. However, limited genomic resources for African wild suids hin-
der our understanding of their evolution and genetic diversity. In this study, we assembled high-quality genomes of a
common warthog (Phacochoerus africanus), a red river hog (Potamochoerus porcus), as well as an East Asian Diannan
small-ear pig (Sus scrofa). Phylogenetic analysis showed that common warthog and red river hog diverged from their
common ancestor around the Miocene/Pliocene boundary, putatively predating their entry into Africa. We detected
species-specific selective signals associated with sensory perception and interferon signaling pathways in common
warthog and red river hog, respectively, which contributed to their local adaptation to savannah and tropical rain-
forest environments, respectively. The structural variation and evolving signals in genes involved in T-cell immunity,
viral infection, and lymphoid development were identified in their ancestral lineage. Our results provide new insights
into the evolutionary histories and divergent genetic adaptations of African suids.
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Introduction

The family Suidae includes many widely distributed species
known as pigs and hogs which show large morphological
differences and have adapted to diverse habitats. There
are at least 15 extant species of suids, which are currently
grouped into six genera, including Babyrousa, Porcula, and
Sus  distributed in  Eurasia, and  Hylochoerus,
Potamochoerus, and Phacochoerus inhabiting sub-Saharan
Africa (Grubb 2005; Groves and Grubb 2011; Ruvinsky
et al. 2011; Gongora et al. 2017). The majority are classified
into the subfamily Suinae (Grubb 2005), whereas Babyrousa
is frequently proposed as a distinct sister clade Babyrousinae
(Gongora et al. 2011; Ruvinsky et al. 2011; Orliac 2013). The
well-known suid species Sus scrofa gave rise to domestic pigs
which have contributed greatly to the agricultural develop-
ment of human civilization since ~9,000 BP (Ruvinsky et al.
2011; Frantz et al. 2016). The origin of Suidae can be traced
back to Early Oligocene in Eurasia, followed by diversifica-
tion into multiple genera (Ruvinsky et al. 2011; Frantz
et al. 2016; Gongora et al. 2017). Subsequent evolution
and multiple dispersals have resulted in diverse ranges of ex-
tant Suidae species that have successfully occupied Africa,
Asia, and Europe (Ruvinsky et al. 2011; Frantz et al. 2013,
2016; Gongora et al. 2017; Liu et al. 2019). The Suidae colo-
nized Africa from Eurasia several times, but only members of
the subfamily Suinae survived, ultimately leading to the suid
species now present in sub-Saharan Africa (Ruvinsky et al.
2011; Frantz et al. 2016; Gongora et al. 2017). Nowadays,
while wild boars comprise a single species across all over
Eurasia (Liu et al. 2019), sub-Saharan Africa is renowned
for the diversity of indigenous wild Suidae species in mul-
tiple niches, indicating the adaptation of these suids to their
local environments, distinct from Eurasia.

A high level of species diversity and successful coloniza-
tion of diverse habitats have been described for the African
suids. Five extant suid species, including common warthog
(Phacochoerus africanus), desert warthog (Ph. aethiopicus),
bushpig (Potamochoerus larvatus), red river hog (P. porcus),
and giant forest hog (Hylochoerus meinertzhageni), are
found exclusively in sub-Saharan Africa, and inhabit differ-
ent ecosystems, including savannah, tropical rainforest, and
grassland (fig. 1A) (Grubb 2005; Ruvinsky et al. 2011; Frantz
et al. 2016; Gongora et al. 2017). Among them, common
warthog typically occurs in the vast open areas of savannah
with long dry seasons (Butynski and de Jong 2017) while red
river hog is restricted primarily to the Guinean and Congo
Basin rainforests with dense cover and considerable annual
rainfall (Leslie and Huffman 2015; Melletti et al. 2017),
representing two of the major ecosystems within
sub-Saharan Africa. Huge differences between the African
savannahs and rainforests are linked to the genetic diver-
gence and adaptative traits of their associated fauna.
Some mammals of the same lineage or even the same spe-
cies, including African savannah (Loxodonta africana) and
forest (L. cyclotis) elephants (Grubb et al. 2000; Rohland
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et al. 2010; Roca et al. 2015), African buffalo (Syncerus caf-
fer) (Smitz et al. 2013), and chimpanzee (Pan troglodytes)
(Wessling et al. 2018; Schmidt et al. 2019), displayed both
distinct genotypes and adaptive phenotypic divergence be-
tween the savannah and rainforest environments. It seems
likely that similar adaptive evolution has also occurred in
the African suids. For instance, the African suids have devel-
oped resistance to African swine fever virus (ASFV), show-
ing asymptomatic infections as natural reservoirs (Jori and
Bastos 2009), while Sus scrofa suffers from a high morbidity
and mortality (Oura et al. 1998; Dixon et al. 2019).

The success of extant African suids in various ecological
niches indicates that they are excellent models to study the
genetics of mammalian adaptive evolution in sub-Saharan
Africa, which can provide additional valuable information
on the spread of the family Suidae in Africa. Nevertheless,
most of the previous studies associated with the extant
African suids focused largely on phylogeny (Gongora
et al. 2011; Liu et al. 2019), phylogeography (Muwanika
et al. 2003; Garcia-Erill et al. 2022), social organization
(Muwanika et al. 2007; White et al. 2010), conservation biol-
ogy (Adeola et al. 2021; Codjia et al. 2021), feeding and re-
productive biology (Boshe 1981; Berger et al. 2006; Edossa
et al. 2021), as well as infectious and parasitic diseases
(Luther et al. 2007; Everett et al. 2011; Blomstrom et al.
2012; Apanaskevich et al. 2013; Ebhodaghe et al. 20271;
Friant et al. 2022). These have laid foundations for the pre-
liminary understanding on their phylogeny, behavior, and
adaptation. With the accumulation of genomic data in re-
cent years for the family Suidae (Groenen et al. 2012; Frantz
et al. 2013, 2016; Groenen 2016; Liu et al. 2019, 2022; Warr
et al. 2020; Garcia-Erill et al. 2022), this provides a baseline
that will underpin further studies on the potential molecu-
lar mechanisms of the evolution and phenotypic adapta-
tions of the African suids with genomic approaches.

Herein, we applied long-read sequencing and de novo as-
sembly of the genomes from two African suids (i.e, com-
mon warthog and red river hog) and one East Asian
domestic pig (i.e, Diannan small-ear pig). Based on the new-
ly generated high-quality genomes, we provided a phyloge-
nomic framework for African suids. We further identified
species-specific genomic signatures potentially associated
with the local adaptations of common warthog and red riv-
er hog to their very distinct habitats. Additionally, we de-
fined common evolutionary features in their ancestral
lineage, as compared to their Eurasian relatives. These re-
sults extend and deepen our understanding of the evolution
and local adaptations of the African suids.

Results

Genome Assembly and Annotation of African Suids
We performed long-read sequencing and de novo genome
assembly for a male common warthog and a female red
river hog, both sampled from Nigeria (Materials and
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Fig. 1. Phylogeny and demographic history of African suids. (A) Habitat range of wild suids in Africa. Sampling sites are indicated by swine sym-
bols in blue and red for common warthog and red river hog, respectively. Data of the spatial range were accessed from IUCN Red List (https://
www.iucnredlist.org). (B) Species phylogeny with divergence time estimation. The maximume-likelihood tree was reconstructed with RAXML
v8.2.12 (Stamatakis 2014). The divergence times were estimated from the concatenated CDSs with MCMCTREE (Yang 2007). The 95% HPD
confidence intervals of estimates are indicated by horizontal bars at nodes. The nodes in dots were calibrated by information in
Supplementary Material. (C) Demographic history inferred with pairwise sequentially Markovian coalescence (Li and Durbin 2011). The gener-
ation times of 6.0, 8.6, and 7.3 years were used for common warthog, red river hog, and Sus scrofa (including Diannan small-ear pig, southern East
Asian wild boar, and European wild boar), respectively (Pacifici et al. 2013). The mutation rate is 2.5 X 10~ per site per generation (Groenen et al.
2012; Frantz et al. 2013). The Early-Middle Pleistocene transition (EMPT) and Last Glacial Maximum (LGM) are highlighted in purple and light
blue, respectively. The geological time boundaries of the early/middle and the middle/late Pleistocene are indicated by vertical solid lines.

Methods, fig. 1A). A total of 286.71 Gb (N50 read length
31.83 Kb) and 291.93 Gb (N50 read length 13.85 Kb)
Oxford Nanopore long-read sequencing data were gener-
ated, accounting for 109-fold and 113-fold coverage of
the common warthog and red river hog genomes, respect-
ively, based on sizes estimated by a K-mer strategy. A total
of 263.27 Gb and 330.34 Gb lllumina reads were also gen-
erated from the same two individuals, respectively. Contigs
were assembled using the Nanopore reads and polished
using the lllumina reads (supplementary table Sf,
Supplementary Material online). The contig N50 were
45.73 and 29.43 Mb for the common warthog and red river
hog, respectively (table 1). However, their genomic DNA
failed to meet criteria for the Bionano and Hi-C assembly
technologies, so we used the latest Duroc assembly
(Sscrofa11.1) (Warr et al. 2020) as the reference for scaf-
folding. In total, 96.81% and 97.73% of contigs from com-
mon warthog and red river hog, respectively, were assigned
to pseudo-chromosomes (supplementary table S2,
Supplementary Material online).

For the common warthog, 98.61% of lllumina reads were
mapped to the long-read assembly, of which 97.33% had at
least 20-fold coverage. Similarly, 98.73% of lllumina reads
were mapped to the red river hog assembly, of which
98.26% exhibited at least 20-fold coverage. Benchmarking
Universal Single-Copy Orthologs (BUSCO) (Simdo et al.
2015) assessment showed that 93.2% and 93.4% of the
4,104 orthologs in the mammalia_odb9 database were iden-
tified in the common warthog and red river hog genomes, re-
spectively (table 1). We further checked 248 house-keeping
genes in six eukaryotes and found that 229 and 231 genes
were present in the common warthog and red river hog gen-
omes, respectively. These results indicated a high level of
completeness of the two newly assembled African suid
genomes. Based on homology search and ab initio
prediction, we annotated 21,300 and 21,711 protein-coding
genes in the common warthog and red river hog genomes,
respectively (table 1; supplementary figs. S1, S2, and
tables S3-S5, Supplementary Material online). Screening of
the predicted genes in seven protein annotation databases
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Table 1. Comparison of Assembly Statistics and Assessment of the Four Suidae Genomes.

Common warthog

Diannan small-ear pig Duroc pig

(Sscrofa11.1)®

Red river hog

Assembly size (bp) 2,453,766,712

Sequencing technology Nanopore
Coverage depth (X) 109.0
Gap length (bp) 197,800
Read N50 (bp) 31,826
Number of contigs 1,968
Contig N50 (bp) 45,725,369
Longest contig (bp) 138,745,353
Placed contig length (bp) 2,375,606,863
Scaffold N50 (bp) 138,295,081
Repeat rate 39.9%
Predicted protein-coding gene number 21,300
Average gene length (bp) 27,351
Average CDS length (bp) 1,469
Average exons per gene 8.10
Average exon length (bp) 181
Average intron length (bp) 3,647
Complete BUSCOs 93.2%
Complete & single-copy BUSCOs 92.6%
Complete & duplicated BUSCOs 0.6%
Fragmented BUSCOs 3.2%
Missing BUSCOs 3.6%

2,457,697,124 2,648,650,142 2,501,912,388

Nanopore Pacbio Pacbio
113.2 81.1 65.0
172,501 10,364,137 29,864,641
13,850 14,500 19,786
1,711 3,651 1,118
29,428,946 14,072,921 48,231,277
104,680,965 70,343,318 -
2,406,887,618 2,408,896,715 2,436,858,178
139,403,444 137,346,382 88,231,837
39.5% 42.0% 45.1%
21,711 21,463 20,790
27,200 38,871 50,936
1,450 1,531 2,085
8.00 8.65 10.41
181 177 439
3,677 4,884 7,604
93.4% 94.5% 93.8%
92.9% 93.7% 93.3%
0.5% 0.8% 0.5%
3.4% 3.2% 3.5%
3.2% 2.3% 2.7%

#Summary statistics for the Duroc pig assembly (Sscrofa11.1) were accessed from Warr et al. (2020) and NCBI (https://www.ncbi.nlm.nih.gov/assembly/GCA_000003025.6).

(Supplementary Material online) showed that 20,107 com-
mon warthog (94.40%) and 20,545 red river hog (94.63%)
genes were represented in these databases (supplementary
table S3, Supplementary Material online). Additionally, the
annotated genes on the unplaced contigs (accounting for
2.37-3.19% of the total assemblies, supplementary table S2,
Supplementary Material online) of the two African suids
were both primarily involved in olfactory receptors and cyto-
kine activity (supplementary tables S4 and S5, Supplementary
Material online). We further identified a total of 978.14 and
970.95 Mb of repetitive elements, accounting for 39.87%
and 39.51% of the total genome size of the common warthog
and red river hog, respectively (table 1; supplementary figs. S3,
S4, and tables S6 and S7, Supplementary Material online).

Genome Assembly and Annotation of East Asian Pig
A de novo genome assembly of a male Diannan small-ear
pig, which was an indigenous breed in southwestern
China locating at one of the basal maternal lineages of
East Asian domestic pigs (Wu et al. 2007), was used for com-
parison. A total of 243.3 Gb PacBio Sequel reads (read N50
of 14.5 Kb), 171.0 Gb lllumina reads, 147.3 Gb Bionano
Genomic Mapping data, and 333.9 Gb Hi-C reads were gen-
erated from the same individual (supplementary table S1,
Supplementary Material online). Based on the PacBio reads,
3,651 contigs were assembled with a contig N50 of
14.07 Mb (table 1). The scaffolding was performed with
the Bionano technology. A total of 3,290 scaffolds were ob-
tained with the longest scaffold of 284.85 Mb and a scaffold
N50 of 137.35 Mb. After polishing with the lllumina reads,
the original scaffolds were assigned to the chromosome
level based on the Hi-C data (supplementary fig. S5,
Supplementary Material online). The chromosome-level
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scaffolds were ordered based on the alignment with the
Duroc reference chromosomes (Sscrofa11.1). Despite 361
gaps in this new Diannan small-ear pig genome, the assem-
bly showed a closure of 244 (sum length of 75.6 Mb) out of
the 506 gaps in the Duroc reference. According to the
whole-genome alignment, the Diannan small-ear pig gen-
ome and Duroc reference showed a synteny conservation
across all chromosomes except for chromosome 11 pos-
sibly with a large structural variation (supplementary fig.
S6, Supplementary Material online) that needs further con-
firmation. BUSCO analysis showed that 94.5% of the 4,104
orthologs in the mammalia_odb9 database were complete
in the Diannan small-ear pig assembly (table 1). We anno-
tated 21,463 protein-coding genes in the Diannan small-ear
pig assembly by integrating the results from the PacBio
ISO-seq data of transcripts of six tissues from the same in-
dividual as well as sequence homology-based and ab initio
predictions (table 1; supplementary figs. S1 and S2,
Supplementary Material online), of which 21,090 (98.26%)
were represented in seven known protein annotation data-
bases (supplementary tables S3 and S8, Supplementary
Material online). We also annotated its unplaced scaffolds
and found many of the genes related to olfactory transduc-
tion and pathogen infection (supplementary table S8,
Supplementary Material online). We further identified a to-
tal of 1,111.16 Mb of repetitive elements, accounting for
41.95% of the total genome of Diannan small-ear pig (table
1; supplementary fig. S7, tables S6 and S7, Supplementary
Material online).

Phylogeny, Divergence, and Demographic History
Based on orthologous genes identified from the ten-genome
alignment (supplementary table S9, Supplementary Material
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online), the species phylogenetic trees were reconstructed
with a concatenated 4D-site matrix (four-fold degenerate
sites, fig. 1B) and a coalescent method (constructed from
gene trees with ASTRAL-IIl, supplementary fig. S8A and B,
Supplementary Material online). The phylogeny clearly
revealed that common warthog and red river hog shared
a more recent common ancestor than with Eurasian pigs.
Additionally, we reconstructed the phylogeny for the
family Suidae using supermatrix and supertree approaches
(Supplementary Material online) based on the newly
and previously re-sequenced genomes of 42 wild samples
representing ten extant Suidae species from five genera
(including ten common warthogs and two red river hogs
newly sequenced in this study as well as previously released
for other wild suids, supplementary tables S10 and S11,
Supplementary Material online). Both methods revealed
a similar main topology that supported a basal divergence
of African suids within the family Suidae (supplementary
figs. S9 and S10, Supplementary Material online).

A molecular clock analysis using the CDS matrix of
orthologous genes from the ten-genome alignment indi-
cated a 6.9 Mya (95% highest posterior density, HPD =
9.9-4.1) divergence between African suids and Eurasian
pigs as well as a divergence at ~4.2 Mya (95% HPD =
6.1-2.5) between common warthog and red river hog
(supplementary fig. 1B, Supplementary Material online).
To check the robustness of divergence estimates within
the family Suidae, we also incorporated additional re-
sequenced Suidae samples to date the nodes in the phyl-
ogeny  (supplementary  tables S10 and S11,
Supplementary Material online). The results showed that
African suids diverged from their Eurasian relatives (except
for Babyrousa) at ~9.8 Mya (95% HPD = 12.9-6.6) while
the split between the common warthog and red river
hog lineages occurred at ~5.5 Mya (95% HPD =7.8-3.4,
supplementary fig. S11, Supplementary Material online).

We employed a pairwise sequential Markovian coales-
cent (PSMC) model (Li and Durbin 2011) to examine the
dynamics in effective population size (N,) of the ancestral
populations for common warthog, red river hog, and
Diannan small-ear pig, in combination with one
European (SAMN02904855) and one southern East Asian
(SAMNO02298082) wild boars for comparison (fig. 1C and
supplementary table $S10, Supplementary Material online).
Common warthog exhibited a larger N, than red river hog
throughout the history (from ~1 Mya to ~0.01 Mya, fig.
1C), consistent with its greater habitat range (fig. 1A).
Further, a decline in N, of red river hog and Diannan
small-ear pig from start of the Late Pleistocene coincided
with the Last Glacial period (c. 115,000 to c. 11,700 years
ago), while the N, of common warthog still increased.
Diannan small-ear pig and the southern East Asian wild
boar showed a similar N, trend during most of their histor-
ies in line with the close geographical origins. All suids
showed a population decline before/during the Last
Glacial Maximum (LGM, c. 20,000 years ago) (Clark et al.
2009), but the N, of common warthog, Diannan small-ear
pig, and the European wild boar reached a minor peak

shortly after LGM in a contrast to red river hog and the
southern East Asian wild boar (fig. 1C).

Selective Genes in Adaptive Evolution of African
Suids

To assess selective pressures on the African suid genomes,
we first estimated dy/ds ratios () of a total of 8,726 ortho-
logous genes characterized from the ten-genome align-
ment for each animal (supplementary table S9 and fig.
S12, Supplementary Material online). We then identified
406 and 452 rapidly evolving genes (REGs) in common
warthog and red river hog, respectively, as well as 250
REGs in their ancestral lineage, of which 333, 384, and
192 were lineage-specific REGs, namely not detected in
other suid lineages (including the Diannan small-ear and
Duroc  pigs) (supplementary  tables  S12-S17,
Supplementary Material online). Likewise, we observed
85 and 80 positively selected genes (PSGs) in common
warthog and red river hog, respectively as well as 56
PSGs in their ancestral lineage, with 79, 73, and 54 to be
lineage-specific PSGs in the African suids (supplementary
tables S18-S23, Supplementary Material online). Some
overlaps were observed between their respective lineage-
specific REGs and PSGs (17, 21, and 10 for common wart-
hog, red river hog, and their ancestral lineage; respectively,
supplementary  tables S12-S14, tables  S$18-520,
Supplementary Material online).

With the aid of functional enrichment by KOBAS-i (Bu
et al. 2021) for the lineage-specific REGs and PSGs separ-
ately, we found that common warthog showed selective
signals on sensory perception (including vision, olfaction,
and audition) (fig. 2A and B), immune system, metabolism,
and central nervous system (supplementary tables S24 and
S25, Supplementary Material online), while the red river
hog had private REGs and PSGs primarily related to im-
mune system, viral infection, metabolism, and nervous sys-
tem development (supplementary tables S26 and S27,
Supplementary Material online). In-depth inspection re-
vealed that 19 REGs of common warthog were related to
several aspects of visual perception, including retina devel-
opment (ALB, NRCAM, NPHP1, TGIF2, and IMPDH2),
photoreceptor maintenance (GPR179, GRK1, NPHP1,
OLFM2, PPEF2, RAX2, SPTBN5, TMEM237, WDR19, and
WEFS1), and eye development (CC2D2A, INHBA,
RAB3GAP1, SLITRKG6, and VAXT), along with four of its
PSGs related to retina and eye development (ALB,
NRCAM, RBP3, and SLC39A5) (fig. 2A). Other aspects of
sensory perception were also represented by REGs and
PSGs of common warthog, including audition and ear de-
velopment (DCDC2, MYO15A, SLITRK6, SOBP, STRC, and
WFS1) as well as olfaction (CFAP69, GJB4, OR10C1,
ORS8BS8, REEP1, WFS1, and OR9Q2) (fig. 2B). Although a total
of 12 sensory REGs and PSGs were also identified in red riv-
er hog, but statistically more of the sensory genes were de-
tected in common warthog (31 REGs and PSGs in total; P =
7.2x10™% Fisher’s exact test). When the REGs and PSGs
were considered separately, the REGs relevant to sensory
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Fig. 2. Genes involved in adaptation of sensory perception in common warthog. (A) Genetic changes specific to common warthog related to
multiple aspects of the visual sense. Graph of the phototransduction pathway (adapted from KEGG:04744) shows the response in the photo-
receptor outer segment when light stimulus comes in, in which SPTBN5 binding opsins and WFS1 regulating calcium balance on endoplasmic
reticulum (ER) of photoreceptor are added onto the graph. One of the noteworthy sensory REGs, WFS1, encodes a protein wolframin, of which
many mutations have been reported to cause a Wolfram syndrome in humans leading to defects in vision, hearing, and olfaction (Rigoli et al.
2011). Other genes related to the function of different sub-structures of photoreceptor cell, retina development, and homeostasis, eye devel-
opment, and visual perception are also listed. Asterisk marks (*) indicate genes also detected as REG in red river hog. (B) Genes showing evolving
signals unique in common warthog and associated with the senses of hearing and smell. Genes identified with genetic variations or under se-
lection related to sensory systems for common warthog are in italics and listed inside round rectangles: rapidly evolving genes (REG), positively
selected genes (PSG), genes with unique amino acid substitutions (Unique), genes with structural variations (SV), genes with accelerated con-
served noncoding elements (CNE_A), and genes with CNE lost (CNE_L).

perception were still enriched in common warthog (P =
2.6x107% supplementary table $28, Supplementary
Material online), suggesting a stronger adaptation in sen-
sory perception in common warthog.

Many of the species-specific REGs and PSGs were found
to be associated with multiple immune processes in the
two African suids. The most significantly enriched immune
categories indicated that they both had REGs/PSGs related
to thymus development and T-cell differentiation (e.g,
PRR7, RAG1, RAG2, and ZFP36L2 in common warthog
together with ABLT and BCL11B in red river hog)
(supplementary tables S24-S27, Supplementary Material
online). A discrepancy between their respective immune
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genes under selection were observed as well, represented
by the detection of more REGs/PSGs relevant to viral infec-
tion in red river hog (P=0.010 for REGs and PSGs com-
bined and P=0.044 for REGs only, Fisher’s exact test;
supplementary table S28, Supplementary Material online).
These evolving viral infection-related genes in red river hog
were primarily associated with cytokine production (e.g,
HERCS, ISG15, TREX1, TRIM21, and YTHDF3) and defense
response to virus (e.g, APTM2, FDPS, HERC5, HSPG2,
IPO7, 1SG15, NOS2, and POLR3C) (fig. 3A-C and
supplementary tables S26 and S27, Supplementary
Material online). In addition, in the ancestral lineage of
African suids, we found some of the REGs and PSGs
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were relevant to RNA transport and nuclear pore complex
assembly (NDC1, NUP93, and SMG1), which also partici-
pated in the viral transcription, transport, and infection
processes, together with four genes (BCL3, DFFA, NKX2-3,
and SPEN) involved in lymphoid organ development
(e.g., spleen development; supplementary tables 529 and
S$30, Supplementary Material online).

Further permutation tests revealed that REGs exclusive to
common warthog were enriched in sensory perception (in-
cluding vision, audition, and olfaction) (P < 0.05) and PSGs
in vision (P <0.05), while REGs exclusive to red river hog
were enriched in viral process and Type | IFN pathway (P <
0.05) together with PSGs in Type II/lll IFN, lymph, and
RIG-I-like receptor pathways (P < 0.05). The ancestral lineage
of African suids had more-than-expected unique REGs and
PSGs in lymphoid development (P =0.0029 and P =0.0159,
respectively; supplementary table S31, Supplementary
Material online). Besides, we found that sensory genes (espe-
cially for vision and olfaction) in common warthog showed
much higher dy/ds than the background lineages (P < 0.05,
Student’s t-test; supplementary fig. S13, Supplementary
Material online) and elevated dy/ds compared with the
whole-genomic level (P<0.01, Wilcoxon rank-sum test;
supplementary table S32, Supplementary Material online).
Viral process/Type | IFN-related genes and viral process/
lymph genes showed similarly elevated trends of dy/ds for
the red river hog and African ancestral lineages, respectively
(supplementary fig. S14 and table S32, Supplementary
Material online).

Lineage-Specific Substitutions in Adaptive Genes of
African Suids

Given that nonsynonymous mutations have played im-
portant roles in phenotype variation and adaptive evolu-
tion (Eyre-Walker 2006; Andolfatto 2007; Halligan et al.
2010), we investigated the lineage-specific amino acid sub-
stitutions in African suids by applying a multiple-genome
alignment to the two African suids (i.e, common warthog
and red river hog) and the two Eurasian pigs (i.e, Diannan
small-ear and Duroc pigs) (Supplementary Material). A to-
tal of 39,441 and 38,315 resulted in amino acid substitu-
tions specific in common warthog and red river hog,
respectively, while their ancestral lineage had 60,266
such nonsynonymous mutations in comparison with the
Eurasian pigs (supplementary table S33, Supplementary
Material online). We further used F¢r>0.9 calculated
from a re-sequencing genome dataset of 42 suid indivi-
duals (supplementary table S10, Supplementary Material
online) to validate the lineage-specific nonsynonymous
mutations highly differentiated between each of the
African lineages and the other suids in the dataset. We
then employed SIFT (Kumar et al. 2009) to identify deleteri-
ous variants and pCADD (Grof3 et al. 2020) with scores >30
to evaluate the most functionally significant substitutions,
leading to an identification of 47, 60, and 46
nonsynonymous mutations specific to common warthog,
red river hog, and their ancestral lineages, affecting 42, 56,
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and 41 protein-coding genes, respectively (supplementary
tables S34-S36, Supplementary Material online). With a
functional enrichment by KOBAS-i, we found that some
of the most significantly enriched signals in these genes
were mainly related to eye development (PDEGC,
TRAF3IP1, and WDR19) in common warthog, immune re-
sponses in red river hog (e.g, AXL, CXCR6, HDAC4, HDAC7,
HNMT, IKZF3), and viral entry in their ancestral lineage
(CDHR3 and NECTINT) (supplementary tables S37-S39,
Supplementary Material online).

Conserved Noncoding Elements (CNEs) in African
Suids

In view of the functional importance of CNEs as cis-regulatory
elements and their association with transcription factor bind-
ing sites (TFBS), we analyzed CNEs in the genomes of com-
mon warthog and red river hog. Following the pipeline in
Chen et al. (2019), we characterized 72, 75, and 45 lineage-
specific accelerated CNEs with phyloP (Pollard et al. 2010)
in common warthog, red river hog, and their ancestral lin-
eage, respectively, with an overall mean length of ~284 bp
(supplementary tables S40-S42, Supplementary Material on-
line), which all intersected with recognizing motifs for TFBS
and  highly differentiated lineage-specific ~ SNVs
(Supplementary Material). After the equivalent analysis for
the Eurasian pigs (supplementary table S43, Supplementary
Material online), we extracted 94, 100, and 52 genes asso-
ciated with these accelerated CNEs specific in the African
suid lineages accordingly (supplementary tables S40-S42,
Supplementary Material online). Additionally, we found
that both common warthog and red river hog had lost seven
CNEs, which were validated by re-sequencing data
(Supplementary Material and supplementary table S44,
Supplementary Material online).

We found that the functional enrichment (P < 0.05) of
the lineage-specific genes associated with accelerated
CNEs in common warthog included nervous activities
and development, immunity, body growth, and develop-
ment, etc,, in which anterior/posterior pattern specification
was nearly most significantly enriched by four genes
(HOXC9, HOXC10, MLLT3, and MSX2, supplementary table
S45, Supplementary Material online). While in red river
hog, similar functions were also enriched, especially by
around a dozen of genes (ACVR2A, ALX1, CCN1, FBNT,
GAB2, HOXD12, HOXD13, PKDCC, RGMB, SBNO2, SMAD3,
STAGT, and THBS3) involved in body growth such as skel-
etal system development and anatomical structure mor-
phogenesis (supplementary table S46, Supplementary
Material online). In the ancestral lineage, pathways relevant
to developmental processes such as male gonad develop-
ment were enriched (supplementary table S47,
Supplementary Material online). It was noted that two
genes of common warthog relevant to visual perception
and nervous system development (MEGF11 and SOX14)
lost the associated CNEs (supplementary table S44,
Supplementary Material online). In red river hog, one
CNE was lost in an intergenic region (between the genes
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ENSSSCG00000049953 and ENSSSCG00000051043,
supplementary table S44, Supplementary Material online),
a locus reported to be associated with the immune re-
sponse to a swine pneumonia etiologic agent
Mycoplasma hyopneumoniae (Raaphorst 2020).

Structural Variations in African Suids

We integrated smartie-sv (Kronenberg et al. 2018) and
LAST v982 (Kielbasa et al. 2011) to screen structural varia-
tions (SVs, >50 bp) in the newly assembled genomes based
on the alignment with the Duroc reference genome
(Sscrofa11.1) (supplementary table S48, Supplementary
Material online). We focused on the non-repetitive SVs
(supplementary table S49, Supplementary Material online)
that intersected with protein-coding regions to evaluate
their loss-of-function effects in the African suids. The non-
repetitive SVs included 2635, 2512, and 1581 insertions
along with 2669, 2916, and 1060 deletions unique in
each of the common warthog, red river hog, and their
common ancestral lineage, respectively, of which 0.048-
0.283% were found to have open reading frames disrupted
or shifted (supplementary table S50, Supplementary
Material online) and thus interrupt the coding sequences
(CDS) of 11, 20, and 11 genes (supplementary table S51,
Supplementary Material online). In common warthog,
these SVs produced effects primarily on the CDSs of genes
related to olfactory receptors  (LOC106508549,
LOC1005719633, and ENSSSCG00000075193) and pathogen
defense (IFI44L, NBR1, RAMP1, and TIMD4). The protein-
coding genes influenced by the SVs in red river hog were
associated with different categories, such as carbohydrate
metabolism (PFKFB4 and UGT2A3), nervous system devel-
opment (DCLK2), and especially, immune processes (in-
cluding antiviral activity with LTN1, USP24, and ZNF550,
chemokine activity with ENSSSCG00000037962, lympho-
cyte proliferation with RXRA, and a tumor suppressor
PDGFRL) (supplementary table S51, Supplementary
Material online). In the ancestral lineage of African suids,
we found a remarkable gene TRBV27 with a 284-bp deletion
causing frameshift and spanning its two coding regions (fig.
4A), which encodes a partial T-cell receptor (TCR) beta
chain. Additional whole-genome re-sequencing data
(supplementary tables S10, Supplementary Material online)
confirmed the fixation of this deletion in the two African
suids (fig. 4A). The complementarity-determining region 1
domain and the adjacent conserved motif of TRBV27 were
lost due to this deletion (fig. 4B), possibly altering the antigen
presenting process between the associated TCRs and antigen
presenting cells in both common warthog and red river hog
(fig. 4C and D) (Turner et al. 2006). The recombination signal
sequences recognized by RAG1/RAG2 for VD) somatic
recombination (Oettinger et al. 1990) remained intact in
the common warthog and red river hog genomes
(supplementary fig. S15, Supplementary Material online), im-
plying that VD] recombination of TRBV27 was still functional
during T-cell differentiation. In addition, two identical 11-bp
motifs (5'-GGACCCAGCCC-3’) in the same orientation

(supplementary fig. S15, Supplementary Material online)
might have mediated the deletion of this in-between
284-bp sequence by non-allelic homologous recombination
(Parks et al. 2015).

Discussion

In this study, we sequenced, assembled, and annotated
genomes of common warthog, red river hog, and East
Asian Diannan small-ear pig. The three new genomes
were primarily generated using long-read sequencing tech-
nologies and exhibited a high level of completeness (table
1and supplementary table S3, Supplementary Material on-
line). The Diannan small-ear pig genome assembly filled
gaps and improved the completeness of the current pig
reference genome (Sscrofa11.1). The African suids genome
assemblies, together with re-sequenced genomic data
newly generated in this study, provide valuable resources
for various research on the evolution of the family
Suidae as well as porcine genomics.

Based on the genomic data, we depicted the phyloge-
nomic context for studying the evolution of Suidae species
(fig. 1B and supplementary fig. S8-5S11, Supplementary
Material online). The phylogenetic framework corroborate
previous results based on a limited number of mitochon-
drial DNA and nuclear markers (Wu et al. 2006; Gongora
et al. 2011) as well as the re-sequencing data (Frantz
et al. 2013; Liu et al. 2019), suggesting that the de novo as-
semblies and reconstructed phylogeny are robust for evo-
lutionary and comparative genomics analyses. The
emergence of the most recent common ancestor
(MRCA) of extant sub-Saharan African suids (except for
Babyrousa), compared with the Eurasian suids, was esti-
mated in this study at approximately 9.8-6.9 Mya, which
coincided with the rapid expansion of Suinae during the
Late Miocene (~11.6-5.3 Mya) in Eurasia (Gongora et al.
20171; Frantz et al. 2016; Liu et al. 2019). Interestingly, our
estimates of the divergence between the two major
lineages of extant African suids (~5.5-4.2 Mya) roughly
coincided with the first Suinae fossil in Africa around the
Miocene/Pliocene boundary at ~5.5 Mya (Brunet and
MPFT 2000; Brunet and White 2001). The ancestors of
the major African Suinae lineages may have appeared in
Africa at different times from fossil records, in which
Kolpochoerus and Metridiochoerus, representing the ances-
tral Hylochoerus and Phacochoerus, respectively, occurred
in Africa during the Early Pliocene whereas the earliest
African representative of Potamochoerus was absent at
that time (Cooke 1978; Harris and White 1979; Pickford
2006, 2012). Instead, the Potamochoerus fossils were found
from the Early Pliocene in India and the Late Pliocene in
Spain, implying its origin in eastern Eurasia followed by
westward dispersal conceivably to Europe and finally to
Africa in the Early Pleistocene (Harris and White 1979;
Arribas and Garrido 2008; Pickford 2012; Kumar and
Gaur 2013). Although our current results cannot com-
pletely rule out the possibility of their derivations from
an unknown common ancestor rooted in Africa and the
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Polar Bear CSQDLNHDAMYWYRQDPGLGPKLISLSRNVDFTEDGDYV
Mouse-eared bat CSQNMNHDAMYWYRQDPGLGPKLIYFSYGVDIYEKGDF
Rabbit CSQDMNHDYMYWYRQDPGLGLKLIYYSINVDSVENGDYV
Chinese tree shrew CSQNMDHESMYWYRQDPGLGLKLIYYSINVEI IDKGD I
Armadillo CSQNMNHEAMYWYRQNPGMGLKLICYSINVDIVNKGEA
African elephant CSQDMNHFAMYWYRQDPGHGLRLIHYSVNVNIMEKGDL X . .
Sea cow CTQDMKHINSMYWYRQDPGLGLQLIHYSIBRVGDTEKGDM African wild suids

Fig. 4. The 284-bp deletion in TRBV27 and the binding model proposed for TCR and MHC in the African suids. (A) Schematic diagram of the
canonical gene structure of TRBV27 in the Duroc pig reference genome and the structural variation revealed by the sequencing depth of SNPs.
The 284-bp deletion in TRBV27 is indicated between the vertical dashed lines. The critical binding domains (CDR1 and CDR2) and RSS of TRBV27
are indicated on the gene structure diagram. The deletion was validated by the SNP depth calculated based on the genomic re-sequencing data
of 320 suid individuals (including 61 common warthogs and six desert warthogs of Phacochoerus, four red river hogs and one bushpig of
Potamochoerus, 20 suid individuals of South and Southeast Asia, 140 East Asian domestic pigs, 20 East Asian wild boars, 61 European domestic
pigs, and seven European wild boars), in which ten common warthogs and two red river hogs were newly generated in this study (supplementary
table S10, Supplementary Material online). (B) Multiple-species alignment of the partial TRBV27 protein with the deleted amino acids denoted
in dashes “-”. The motifs of CDR1 and CDR2 are indicated by horizontal bars. (C, D) The proposed normal and mutant models for MHC and
TRBV27-used TCR binding in Eurasian pigs and African wild suids, respectively. MHC: major histocompatibility complex; TCR: T-cell receptor;
CDR1: complementarity-determining region 1; CDR2: complementarity-determining region 2; CDR3: complementarity-determining region 3;
RSS: recombination signal sequence; a, f, v, 6, €, and { are TCR sub-units.

following migrations back to Eurasia (Pickford 2006, 2012; paleontological insights, tend to provide an inference
Frantz et al. 2016; Gongora et al. 2017; Liu et al. 2019), our about the split of the red river hog and common warthog
divergence time estimates, together with current lineages outside Africa.
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The demographic history (PSMC) suggested a much lar-
ger population size (N,) of common warthog than that of
red river hog, especially during the Late Pleistocene (fig.
1C) which coincided with the Last Glacial period (c.
115,000 to c. 11,700 years ago). This may reflect the vast
and diverse habitats of common warthog, including
sub-Saharan savannah, woodland, and even semi-desert
(fig. 1A) (Butynski and de Jong 2017), in comparison with
the relatively restricted and fragmented range of red river
hog primarily confined to the tropical rainforest belt along
the western and central Africa (fig. 1A) (Leslie and Huffman
2015; Melletti et al. 2017). The Last Glaciation has led to a
similar trend in N, decline for almost all suids, apart from
common warthog (fig. 1C). This corresponds to the expan-
sion of western populations of common warthog into east-
ern and then southern Africa from the start of the Late
Pleistocene (Garcia-Erill et al. 2022). During the Last
Glaciation, a cold arid climate prevailed with the fragmen-
ted forests as well as the expanded savannah-grassland
areas in the tropical African belt (Hamilton and Taylor
1991), whereas vegetation (shrubs and grassland) in the
LGM covered markedly more areas on the land than today
in the Sahara (Shao et al. 2018). Altogether, the pronounced
fluctuation such as the increase of common warthog as well
as the decline of red river hog in N, could be attributed to a
putative expansion of the savannah-like habitats in con-
trast with a contracted tropical forest during the time.
Although all suids have their populations shrunk before
or during the LGM, but the rapid recovery of common
warthog shortly after that could benefit from its large range
(fig. 1A and C). This emphasizes the diverging evolutionary
trajectories experienced by common warthog and red river
hog after the entry of their ancestors into Africa. It is there-
fore expected that the deep divergence time and distinct
demographic histories of common warthog and red river
hog (fig. 1B and C; supplementary fig. S11, Supplementary
Material online), together with the different habitats,
would have left distinguishing adaptive signatures in their
genomes in the face of diverse survival requirements.

The comparative genomics analyses of the African suid
genomes in this study provide new insights into the genet-
ic basis of local adaptations to diverse environments on
the African continent. Our analyses suggest that common
warthog, well adapted to the savannah conditions, may
have evolved adaptive signals in several aspects of sensory
perception including vision, audition, and olfaction (fig. 2A
and B, supplementary fig. S13, tables S31 and S32,
Supplementary Material online). The evolution of visual
perception in common warthog is mainly reflected by
many of the evolving genes, which are associated with
some of the specific cells and tissues in the eyes, such as
photoreceptor and retina (fig. 2A). Some of these visual
genes play crucial roles in the phototransduction, main-
tenance of photoreceptor sub-structures (fig. 2A), contrib-
uting to the detection and conversion of light stimulus in
the first step of vision (Molday and Moritz 2015). Other
visual genes participate in the development and homeo-
stasis of retina and eye (fig. 2A), maintaining the normal

functional structures in eyes. The extra two visual genes
(MEGF11 and SOX14) of common warthog have lost their
associated CNEs (supplementary table S44, Supplementary
Material online), of which MEGF11 contributes to the nor-
mal arrangement of retinal layer (Kay et al. 2012), and
SOX14 is associated with two syndromes of abnormal cra-
niofacial development possibly causing vision and hearing
problems (Arsic et al. 1998) and circadian mediation in the
subcortical visual shell (Delogu et al. 2012; LeGates et al.
2014). This hints at a contribution of regulatory elements
to the adaptive change in the vision of common warthog.
Notably, one of the noteworthy REGs in common wart-
hog, WFS1, regulates calcium flux in the endoplasmic re-
ticulum and is therefore important for the intracellular
calcium homeostasis, such as in the hyperpolarization
of photoreceptors in response to photon stimuli (fig.
2A) (Rigoli et al. 2011). Many mutations in WFS1 have
been reported to be of potential relevance to a human
disease known as Wolfram syndrome with serious defects
in vision, audition, and olfaction (Rigoli et al. 2011). As a
typical example, it has thus provided the insight that
along with the visual perception, the detection of adap-
tive genes and variants in the hearing and smell of com-
mon warthog (fig. 2B) highlighted its significant
co-adaptations in multiple senses for the savannah life-
style, which is mainly characterized by open areas with
risks posed by a range of various carnivores (fig. 1A)
(Butynski and de Jong 2017). Adaptive evolution in mul-
tiple sensory systems and some of the relevant genes has
been identified in other African savannah fauna, such as
giraffe with a related suite of sensory co-adaptations in vi-
sion, olfaction, hearing, and circadian rhythm (Liu et al.
2021). Although it has been proposed that common
warthog might not have excellent vision, its senses of
hearing and smell are indeed acute, by which it could
flee rapidly in collaboration with other species, such as
in response to warning calls from African green monkeys,
when facing predators in open areas (Butynski and de
Jong 2017). All these suggest an adaptive sensory evolu-
tion in common warthog that may also be shared by
many African savannah animals.

Both the red river hog and common warthog have
shown substantial species-specific evolving signals on genes
relevant to the immune system, which agrees with the
knowledge that immune genes often evolve rapidly in the
genome due to their involvement in dynamic co-evolutions
with pathogens (Jiggins and Kim 2007; Nielsen et al. 2007;
Obbard et al. 2009). Especially, red river hog has significant-
ly more viral infection-associated genes showing detectable
adaptive evolutionary signatures, particularly in REGs and
PSGs (supplementary fig. S14, tables S26, S27, S31, and
S32, Supplementary Material online), suggesting its prom-
inent antiviral adaptation. Among the antiviral responses,
IFN signaling pathways (especially in Type | IFN) are strong-
ly represented by evolving genes identified in red river hog
(fig. 3A—-C; supplementary fig. S14, Supplementary Material
online). Many of them are IFN-stimulated genes (ISGs) or
involved in the IFN pathways in response mainly to viral
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infection, among which a prominent antiviral effector,
ISG15, has been well characterized. ISG15 acts as an early es-
sential effector in regulation of antiviral defense by mobil-
izing a type | IFN response and inducing IFN-y secretion (fig.
3A), which can activate a ubiquitin-like protein response
called ISGylation by targeting many important substrates
in the IFN responses, including pattern-recognition recep-
tor RIG-I (fig. 3B) and cytosolic viral components (fig. 3C)
(Sadler and Williams 2008; MacMicking 2012; Perng and
Lenschow 2018). The central role of ISG15 in host responses
to viral infection is further highlighted by the involvement
of three REGs encoding E3 ubiquitin ligase (HERC5 and
TRIM21) in the regulation of type | IFN and inflammatory
responses together with an IFN-induced nitric oxide syn-
thase (NOS2) in virus restriction, of which HERC5 and
NOS2 are crucial for ISG15’s ISGylation (fig. 3A-C) (Sadler
and Williams 2008; MacMicking 2012; Perng and
Lenschow 2018) while TRIM21 is important for sensing
RNA and DNA viruses via the interactions with cytosolic
nucleic acid sensors RIG-1 and cGAS, respectively (fig. 3B)
(Watkinson et al. 2015). Furthermore, two REGs sensing
cytosolic DNA (TREXT and POLR3C) and one gene with un-
ique amino acid mutations (AXL) as a membrane receptor
can regulate type | IFN response by induction or suppres-
sion (fig. 3A and B) (Stetson et al. 2008; Bhattacharyya
et al. 2013; Cai et al. 2021). The IFN signaling pathways
are at frontlines in combat with viral invasion to initiate
signaling cascades and subsequently to induce hundreds
of cytokines, functioning as crucial antiviral responses
(Sadler and Williams 2008; Perng and Lenschow 2018).
Therefore, the adaptive evolution in this respect is of par-
ticular importance to confer antiviral activities on red river
hog. The red river hog is naturally confined to the tropical
rainforest belt along the west and central Africa (fig. 1A),
which is primarily featured with a constant damp and
dense vegetation canopy (Leslie and Huffman 2015;
Melletti et al. 2017). Quite a few studies on the selective his-
tory or local adaptation of mammals distributed in the
African tropical rainforests, such as chimpanzees (Leffler
et al. 2013; Schmidt et al. 2019), gorillas (McManus et al.
2015), and guenons (Ayoola et al. 2021), and even humans
(Lopez et al. 2019), have revealed remarkable adaptive sig-
nals on host—pathogen interactions such as virus defense
and parasite resistance. The comparable adaptive patterns
among red river hog and other rainforest animals in im-
mune responses to pathogens, especially in antiviral activ-
ity, may indicate that nowhere is a greater adaptive
challenge from miscellaneous pathogens than to the rain-
forest residents in the tropical Africa (Fan et al. 2016).

As the natural mammalian hosts of African swine fever
virus (ASFV), common warthog, and red river hog exhibit
tolerance/resistance to ASFV infection (Jori and Bastos
2009; Butynski and de Jong 2017; Melletti et al. 2017).
Our screening of CD163 and RELA, namely, two proposed
candidate genes involved in tolerance to ASFV
(Sanchez-Torres et al. 2003; Palgrave et al. 2011), found
no specific evolving signals in the genomes of the two
African suids. Otherwise, our results reveal that common
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warthog and red river hog share certain common genetic
features. In their ancestral lineage, genes with evolving sig-
nals relevant to lymphoid organ development as well as
viral RNA transcription, transport, and infection are iden-
tified from our comparative genomics analyses. Especially,
the structural variations shared in the genomes of the
African suids may have occurred in their ancestral lineage
after divergence from the ancestor of Eurasian pigs (fig. 1B
and supplementary fig. S8-S11, Supplementary Material
online). The fixation of structural variation in the T-cell re-
ceptor gene (TRBV27, fig. 4A) that was likely under some
selective pressure, together with many different evolving
signals in the immune system, suggested underlying me-
chanisms in the extant African suids in adaptation to vari-
ous pathogens across the diverse sub-Saharan African
environments (Darfour-Oduro et al. 2015). Based on these
genomic resources, the host—pathogen coevolution in
African suids will be eventually revealed by leveraging
multiple-omic approaches (Forth et al. 2020; Hu et al.
2021), together with functional assays and animal models
(Popescu et al. 2017; McCleary et al. 2020).

Materials and Methods

Sample Collection and Genome Sequencing

All experiments and sample collection were approved by the
Internal Review Board of Kunming Institute of Zoology,
Chinese Academy of Sciences (SMKX-20191213-03). The sam-
pling in Nigeria was approved by Nigeria National Park Service
(NPH/GEN/121/XXV/368). The genomic DNA isolated from
blood samples of a female red river hog (sample accession:
SAMC146518) and a male common warthog (SAMC14651
7) from Gashaka-Gumti National Park, Nigeria, were sub-
jected to fragmentation and adapter ligation to construct li-
braries, and they were long-read de novo sequenced on
Oxford Nanopore PromethlON. The blood samples of a
male Diannan small-ear pig (SAMC146519) from the farm
of Kunming Institute of Zoology were subjected to genomic
DNA isolation, and then a PacBio SMRT library with a length
of 20-25Kb was de novo sequenced on PacBio Sequel.
Additionally, the samples of a male red river hog (SAMC1
46529) from Cross River National Park, Nigeria, and further
nine common warthogs (SAMC146520-SAMC146528)
from the central Kenyan highlands supplied by The
International Livestock Research Institute (ILRI), Kenya, in col-
laboration with The Kenya Wildlife Service (KWS) were fur-
ther collected for 150-bp paired-end re-sequencing on
lllumina NovaSeq 6000 with libraries of 350-bp insert size.

De Novo Genome Assembly

The raw Nanopore reads of the common warthog and red
river hog were assembled with Wtdbg2 v2.3 (Ruan and Li
2020). The assemblies were polished by the Nanopore long
reads with Racon v1.3.1 (Vaser et al. 2017) and lllumina short
reads with Pilon v1.22 (Walker et al. 2014) of the same indi-
viduals. The resultant contigs were mapped to the pig refer-
ence (Sscrofa11.1) for scaffolding and constructing
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pseudo-chromosomes. The contigs of the Diannan small-ear
pig were assembled with FALCON v1.8.7 (Chin et al. 2016)
and then error-corrected with Quiver v2.32 (Chin et al.
2013) based on the PacBio Sequel long reads. Contigs were
error-corrected and anchored into scaffolds with a physical
map produced by Bionano system. Scaffolds were gap-filled
by Blasr v4.0 (Chaisson and Tesler 2012) and polished by
PBJelly v15.8.24 (English et al. 2012) and Pilon v1.22 with
the PacBio long reads and lllumina short reads of the same
individual. Hi-C was employed to assist in constructing a
chromosome-scale assembly of Diannan small-ear pig.
BUSCO v3.0.2 (Siméo et al. 2015) was used to evaluate the
completeness of the three new assembled genomes with li-
brary “mammalia_odb9”.

Genome Annotation

Repeat elements were annotated by combining
RepeatModeler v1.0.11 (Smit et al. 2008), RepeatMasker
v4,0.7 (Smit et al. 2015), RepeatProteinMask v1.23
(Tarailo-Graovac and Chen 2009), RepeatScout v1.0.5
(Price et al. 2005), LTR_FINDER v1.0.7 (Xu and Wang
2007), and Tandem Repeat Finder v4.07b (Benson 1999).
Genes were annotated by homology-based prediction
with the latest references of pig, human, mouse, cow, horse,
goat, and dog (access date: March, 2019) in combination
with de novo predictions of Augustus v3.3.2 (Stanke et al.
2006), GlimmerHMM v3.0.3 (Majoros et al. 2004), SNAP
(Korf 2004), GenelD (Blanco and Abril 2009), and
GenScan v1.0 (Burge and Karlin 1997). Gene functions
were predicted via GO (Ashburner et al. 2000), InterPro
(Mitchell et al. 2018), KEGG (Kanehisa et al. 2017), Nr (Yu
and Zhang 2013), Pfam (El-Gebali et al. 2018), Swiss-Prot
(O’'Donovan et al. 2002), and TrEMBL (O’'Donovan et al.
2002) databases (access date: March, 2019).

Phylogeny, Molecular Clock, and Demographic
History Analyses

Orthologous genes identified from the ten-genome align-
ment (common warthog, red river hog, Diannan small-ear
pig, and Duroc pig (Warr et al. 2020), taurine cattle (Rosen
et al. 2020), goat (Bickhart et al. 2017), reindeer (Li et al.
2017), Arabian camel (Elbers et al. 2019), sperm whale
(Fan et al. 2019), and horse (Kalbfleisch et al. 2018)) with
LAST v982 (Kielbasa et al. 2011) and Multiz v11.2
(Blanchette et al. 2004), and their CDSs were used to infer
ML gene trees with RAXML v8.2.12 (Stamatakis 2006, 2014)
under GTR+I'+] model determined by jModelTest v2.1.10
(Guindon and Gascuel 2003; Darriba et al. 2012). A coales-
cent species tree was constructed with ASTRAL-IIl v5.6.3
(Zhang et al. 2018) from the gene trees. A concatenated
four-fold degenerate (4D) site matrix from the CDSs was
also used to infer ML species tree. In addition, the CDSs
of autosomal pig-to-cow orthologous genes extracted
from the re-sequencing data of 42 Suidae individuals
were concatenated to infer a Suidae phylogeny with the
ML approach. They were also used for constructing individ-
ual ML gene trees, from which a coalescent consensus tree

was produced. The concatenated CDSs from the above ten-
genome alignment and re-sequencing data were separately
used to estimate divergence times with MCMCTree of
PAML v4.9j (Yang 2007). A GTR model and a strict clock
(clock =1) were used for mutation rate estimation first.
The fossil calibration was detailed in Supplementary
Material. Demographic history inference was performed
for the three newly assembled genomes in combination
with a European and an East Asian wild boars for compari-
son with PSMC v0.6.5-r67 (Li and Durbin 2011), and the re-
sults were scaled to real time and population size with
different suid generation times (g) from Pacifici et al.
(2013) and the sanme mutation rate (L=2.5X10"%) as
in Groenen et al. (2012) and Frantz et al. (2013).

Detection of Rapidly Evolving and Positively Selected
Genes

The dy/ds ratios of the genes for each animal were first esti-
mated with the free ratio model in Codeml of PAML v4.9i
(Yang 2007). Genes putatively under selection were identified
with the optimized branch and branch-site models to detect
rapidly evolving genes (REGs) with an elevated dy/ds and
positively selected genes (PSGs) with codons under positive
selection (dy/ds > 1), respectively, in a pre-specified branch.
Genes with CDS < 150 bp, premature stop codon/frameshift
mutations, and ds > 2 were precluded. The likelihood ratio
test (LRT) based on y” statistics (P < 0.05) was employed to
define the significant REGs/PSGs.

Detection of Unique Amino Acid Substitutions

The lineage-specific single-nucleotide variations (SNVs)
were identified from the genome alignment with LAST
v982 and in-house programs against the pig reference
(Sscrofa11.1). The resultant SNVs were annotated by
SnpEff v4.3t (Cingolani et al. 2012) to recognize nonsynon-
ymous mutations (i.e, amino acid substitutions), which
were further evaluated for their differentiation between
lineages by Fst computed using SAMTools v1.10 (Li et al.
2009) with re-sequencing data and the potential function-
al impact with pCADD (Grof$ et al. 2020) and SIFT v5.2.2
(Kumar et al. 2009).

Detection of Structural Variations

Structural variations including deletions and insertions
(>50 bp) were identified by a default pipeline of smartie-sv
(Kronenberg et al. 2018), cross-checked with LAST v982
genome alignment and in-house programs against the
pig reference (Sscrofa11.1), and finally validated by re-
sequencing reads mapping with BWA-MEM v0.7.17 (Li
2014) and SAMtools v1.10.

Conserved Noncoding Element Analysis

Several following tools implemented in PHAST v1.4 (Hubisz
et al. 2011) and the pipeline in Chen et al. (2019) were uti-
lized for CNEs identification. Based on the ten-genome
alignment, a nonconserved model was estimated by
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phyloFit (Siepel and Haussler 2004) from the 4D sites. Then
a conserved model was estimated by phastCons (Siepel
et al. 2005) with the nonconserved model. The highly con-
served elements predicted by phastCons that intersected
with noncoding regions were identified as CNEs. The
CNEs of accelerated evolution were defined as those with
LRT P < 0.05 computed by phyloP (Pollard et al. 2010) for
each lineage. The lost CNEs in the African suids were vali-
dated in the same way as in SV analysis.

Statistical Analysis
The statistical tests were indicated throughout the article
wherever necessary. The one-tailed Fisher’s exact test com-
pared the differences in numbers of viral/sensory REGs/
PSGs between common warthog and red river hog. The per-
mutation test evaluated if a particular category of REGs/PSGs
were observed in focal lineages more than the expected, by
random sampling the equal number of genes to REGs/PSGs
in each specified lineage 10,000 times without replacement
and calculating the P value by the percentage of the sampling
distribution higher than or equal to the observed gene num-
ber of a certain category (supplementary table S31,
Supplementary Material online). The one-tailed Student’s
t-test was conducted to compare if dy/ds of a particular cat-
egory of genes in specified foreground lineages were higher
than those in background branches (supplementary figs.
S13 and S14, Supplementary Material online). The one-tailed
Wilcoxon rank-sum test was performed for comparison of
dn/ds in specified lineages between a particular category of
genes and the whole-genomic level (supplementary table
S32, Supplementary Material online). Above statistical tests
were performed in R v3.6.3 (R Core Team 2020).

More details about methods and settings are available
in Supplementary Material.

Supplementary material

Supplementary data are available at Molecular Biology and
Evolution online.
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