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KEYWORDS Abstract The mutation rate used in the previous analyses of pig evolution and demographics was
Pig; cursory and hence invited potential bias in inferring evolutionary history. Herein, we estimated the
De novo mutation rate; de novo mutation rate of pigs as 3.6 x 10" per base per generation using high-quality whole-genome
Three-generation pedigree; sequencing data from nine individuals in a three-generation pedigree through stringent filtering and
Evolutionary history; validation. Using this mutation rate, we re-investigated the evolutionary history of pigs. The esti-
Archaic migration mated divergence time of ~ 10 kiloyears ago (KYA) between European wild and domesticated pigs

was consistent with the domestication time of European pigs based on archaeological evidence.
However, other divergence events inferred here were not as ancient as previously described. Our
estimates suggest that Sus speciation occurred ~ 1.36 million years ago (MYA); European wild pigs
split from Asian wild pigs only ~ 219 KYA; and south and north Chinese wild pigs split ~ 25 KYA.
Meanwhile, our results showed that the most recent divergence event between Chinese wild and
domesticated pigs occurred in the Hetao Plain, northern China, approximately 20 KYA, supporting
the possibly independent domestication in northern China along the middle Yellow River. We also
found that the maximum effective population size of pigs was ~ 6 times larger than estimated
before. An archaic migration from other Sus species originating ~ 2 MYA to European pigs was
detected during western colonization of pigs, which may affect the accuracy of previous demo-
graphic inference. Our de novo mutation rate estimation and its consequences for demographic his-
tory inference reasonably provide a new vision regarding the evolutionary history of pigs.
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years ago (MYA). Larson et al. [1], Groenen et al. [2], and
Frantz et al. [3] made significant contributions to and system-
ically illustrated the evolutionary history of pigs. Sus scrofa
originated on the island south east Asia (ISEA) during the
early Pliocene climatic fluctuations about 34 MYA [2]. The
oldest diverging lineage of pigs found to date is of a wild boar
population from the North of Sumatra that split from the Eur-
asian wild boars around 1.6-2.4 MYA [3]. Over the past one
million years, Sus scrofa spread into and colonized almost
the entire Eurasian continent [3,4]. North and south Chinese
Sus scrofa populations separated from each other during the
Ionian stage, approximately 0.6 MYA [3]. The domestication
of pigs is one of the critical events in the history of human agri-
cultural civilization. Pigs were domesticated in at least two
locations: Anatolia (Near East) and China. Pig domestication
in Anatolia has been well documented, indicating domestica-
tion ~ 10 kiloyears ago (KYA) based on archaeological evi-
dence [1,5,6], while pig domestication in China happened at
least 8 KYA based on zooarchaeological analyses from middle
China [7,8]. However, studies on the domestication of Chinese
wild boars based on genomic analyses remain limited.

An accurate estimate of the mutation rate plays an essential
role in understanding many critical questions in evolutionary
biology and population genetics, including effective popula-
tion size (Ne), divergence time, and migration between popula-
tions [9]. The two conventional methods used to estimate the

mutation rate are 1) phylogenetic approaches, in which the
rate of neutral sequence divergence is equal to the rate of
mutation [10]; and 2) direct detection of the spontaneous germ-
line mutations in a known pedigree [11-14], which was used in
this study. The latter method, benefiting from the popularity of
high-throughput sequencing technologies, has many advan-
tages over the former [11,12]. A directed per-generation muta-
tion rate derived from a known pedigree has taken an essential
part in effectively revising human history [15] and the evolu-
tionary history of dogs [12].

However, at present, there is still no research targeting the
accurate estimation of the mutation rate of pigs. The mutation
rate used in almost all previous demographics of pigs was set
as 2.5 x 107® per base per generation, the same as the default
value for humans, and five years was used as the generation
time of pigs [2,3,16-18]. This resulted in an abnormally large
annual mutation rate (5 x 107°) of pigs, which was twice the
average value of mammals [19] and 3.3- and 2.6-fold those
of wolves [12] and yaks [20], respectively (Figure 1). The inac-
curacy of mutation rate estimation may result in bias in the
inference of pig demographic parameters and evolutionary his-
tory. This study aimed to estimate the mutation rate of pigs
directly using the genomes of nine individuals from a three-
generation pig pedigree. Based on this mutation rate, we re-
investigated the evolutionary and domestication history of pigs
through genomic analyses.
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Figure 1

The mutation rate and generation interval used in the demographic inference in birds and several mammals

Different methods were used to estimate mutation rates: PS, MA, and PA. Photo credit via wikimedia commons: mouse from Zeynel
Cebeci (CC BY-SA 4.0); collared flycatcher from Andrej Chudy (CC BY-SA 2.0); horse and yak from Alexandr Frolov (CC BY-SA 4.0);
wolf from Christian Mehlftihrer (CC BY 2.5). PS, pedigree sequencing; MA, sequencing of mutation accumulation lines [21]; PA,

phylogenetic approach; MYA, million years ago.
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Results

Identification and validation of de novo mutations

A complete three-generation pedigree consisting of nine pigs (4
parents, 2 children, and 3 grandchildren; Figure 2) was rese-
quenced with depth more than 20x. In the pedigree, two boars
in the parent generation (F0) were White Duroc, and two FO
sows were Erhualian. We applied highly stringent filtering cri-
teria as previously described [11] to carefully screen for de novo
mutations (DNMs). After all these filters for DNMs, the num-
bers of single nucleotide polymorphisms (SNPs) left in F1-180,
F1-35, F2-1135, F2-1139, and F2-1143 were 393, 360, 180, 213,
and 227, respectively (Table S1). Additionally, we took the
individual F1-180 as an example to digitize the whole process
of DNM screening in more detail (Figure S1). After the strin-
gent hard filter in the variant calling step, we detected
11,977,733 single nucleotide variants (SNVs) in an effective
sequence with a length of 1,228,196,868 bp in F1-180. Next,
we screened DNMs in these SNVs, and 393 SNVs remained
as candidate DNMs. After manual curation, 386 loci were fil-
tered out, leaving only seven candidate DNMs. For these seven
DNMs, we designed primers and validated them by Sanger
sequencing.

In total, 44 DNMs (Tables S2 and S3) were identified in the
child (F1) and grandchild (F2) generation pigs (7-11 DNMs
per individual) that were homozygous for the reference allele
in all FO individuals. None of these DNM sites were known
to segregate when searching in the Sus scrofa dbSNPs 150.

In the F1 generation, seven and nine variants in F1-180 and
F1-35, respectively, passed manual curation (Table S2). F1-180
transmitted all seven mutations to the F2 offspring, while one
out of the nine mutations in F1-35 was not transmitted to any
of the three offspring (Table S2). We detected a total of 28
mutations that passed all the bioinformatic filtering criteria
in the F2 generation, and these mutations also passed manual
curation (Figure 2; Tables S2 and S3).

FO-73 FO0-58 FO-75 F0-68
White Duroc Erhualian White Duroc Erhualian
~ 36x% ~ 26% ~ 37x% ~ 25x%
F1-35 F1-18
9 7

~22x ~ 24x
| |
F2-1135] |F2-1139] [|F2-1143
11 8 9
~ 25x% ~21x ~ 45x%

Figure 2 Whole-genome sequences from nine pigs of a known
pedigree were analyzed to detect DNMs

The characters and numbers in the squares (male) and circles
(female) indicate pig IDs and the numbers of DNMs, respectively.
Below each individual is its breed and the average sequencing
depth of coverage (see Table S4 for more details of per individual).
DNM, de novo mutation.

We applied Sanger sequencing to further check the DNMs
further. Forty out of the 44 mutants were validated by Sanger
sequencing, including the mutation in F1-35 that was not
transmitted to any of three offspring (Tables S2 and S3).
The remaining four mutations (1, 1, and 2 in F1-35,
F2-1135, and F2-1139, respectively) were invalidated and
detected as homozygotes for the reference allele by Sanger
sequencing. In the mapping results of resequencing data, the
ratios of the mapped reads supporting alternative alleles to
all the reads at these four sites were 6/17, 10/30, 4/14, and
3/11, respectively (Figures S2-S5). Among these, the mutation
at chr7:46553490 was supported by stable inheritance in the F2
generation (Figure S2). We found that the mutation at
chr3:9293354 with the ratio of 3/11, the same as the smallest
ratio value of the invalidated mutation at chr15:107528000,
was detected as real (Table S3). Thus, we did not exclude these
four mutations. One possible explanation might be the bias in
the sequencing results caused by polymerase chain reaction
(PCR) errors before Sanger sequencing [22].

Furthermore, we explored the characteristics of the 44
DNMs. There were 14 mutations in intergenic regions, 25 in
introns, one in a 3-UTR region, one in a splicing region,
and three in the coding sequence. Among the three exonic sites
(Table S2), one mutation was non-synonymous in the gene
encoding piccolo presynaptic cytomatrix protein (PCLO), a
part of the presynaptic cytoskeletal matrix. Moreover, there
were 13 AT > G:C and 28 G:C > A:T mutations
(Table S2), confirming mutation pressure in the direction of
A + T which has been previously observed in both eukaryotes
[11,23] and prokaryotes [24].

The mutation rate in pigs

A total of 44 DNMs were observed in 10 transmissions, with
an average of 4.4 mutations per transmission. Among the five
offspring, the effective sequences for screening after filtering
ranged between 1.17 Gb and 1.28 Gb, with an average size
of 1.23 Gb, representing approximately 54.6% of the pig auto-
somal genome (see details in Materials and methods and
Table S4). The parts containing repetitive sequences and not
meeting filter criteria for coverage and quality were excluded.
Finally, the mutation rate was calculated to be 3.6 x 107°
[95% confidence interval (CI) = 2.8 x 107°—4.4 x 10~%] per
base pair per generation.

Pigs are typically social animals, breeding in the form of
polygamy [25]. The ages of estrus in sows and boars in the wild
are different. The age at first pregnancy varies in the wild from
about 10 to 20 months [26], while boars begin rut when they
are three to five years old. The first rut age of 4-5 years was
documented in Russian wild boars [27], and 3-4 years was
recorded in Chinese wild boars [28]. Pigs are multiparous ani-
mals, and the gestation period lasts about 114-130 days [29].
Comparing to the animals with single birth, such as cattle
and yaks, we believe that the generation transmission of pigs
is of good continuity. Therefore, we set the generation interval
of pigs as 3 years, which is roughly equivalent to the average
age of the first pregnancy in sows and the beginning of rut
in boars plus the pregnant gestation period of sows. We
noticed that evolutionary studies of dogs (wolves) and yaks,
which are close in phylogenic distance to pigs, also adopted
3 years as their generation interval [20,30], suggesting the
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reasonableness of 3 years as the generation interval of pigs.
Based on this generation interval, we obtained an annual
mutation rate of 1.2 x 1077, close to the annual mutation rate
of wolves (1.5 x 107%; the mutation rate was estimated via a
known pedigree) [12]. The annual mutation rate of pigs was
in the same order of magnitude as those of other mammals
(Figure 1) but lower than the mean annual mutation rate
(2.2 x 107%) of mammals [19].

Additionally, we employed the phylogenetic approach to
estimate the mutation rate of pigs, following the procedure
of mutation rate estimation used in dogs [31]. The annual
mutation rate of pigs was estimated to be 1.53 x 107°
(Table S5). In humans, the annual mutation rate obtained
from whole-genome pedigree data is lower than those obtained
from the phylogenetic approaches [32], coinciding with the
results in dogs and wolves [12.31]. Here, we obtained a slightly
lower annual mutation rate from whole-genome pedigree data
than the estimate using the phylogenetic approach, in line with
those previous studies in humans and dogs (wolves) and also
suggesting the high accuracy of the DNM rate in pigs.

Demographic history of Sus species

We took the DNM rate as a parameter in the pairwise sequen-
tially Markovian coalescent model (PSMC) [33] and the multi-
ple sequential Markovian coalescent model (MSMC2) [34] to
reconstruct the population history of pigs. Sumatran wild
boars (SMWs), European wild boars (EUWSs), north Chinese
wild boars (NCWs), and south Chinese wild boars (SCWs)
represented Sus scrofa of different geographic distributions
in this study. Sus cebifrons, as an outgroup, was involved to
date the speciation of Sus scrofa from the Sus genus. Each
breed contained two individuals (Table S6).

PSMC exhibited messy-looking demographic trajectories:
demographic trajectories of different pigs began to separate
~ 2 MYA, except for those of NCWs and SCWs, which began
to separate from each other ~ 200 KYA (Figure 3A). Such
messy curves possibly suggested a short common history
among different breeds of pigs and indicated that they
diverged from each other million years ago. However, we
could find common points, such as all pigs peaked in Ne dur-
ing 1-2 MYA. Sus cebifrons, SMWs, and EUWSs had a similar
Ne of ~ 2.7 x 10° during the peak period, while NCWs and
SCWs had a lower Ne in the same period. The maximum esti-
mation of Ne here was ~ 6 times larger than that estimated
previously [2.3]. Thereafter, Sus cebifrons and SMWs experi-
enced a rapid population decline. EUWs and SCWs/NCWs
experienced a lighter decline and then stayed stable or
increased 400 KYA. Notably, the trajectory of EUW was sim-
ilar in trend with that of SCWs and NCWs ~ 300 KYA but
showed relatively higher Ne. All pigs suffered a bottleneck dur-
ing the Last Glacial Maximum (LGM; 20 KYA; Figure 3A).

MSMC?2 allowed us to study the genetic separation between
two populations as a function of time based on relative cross-
coalescence rates (RCCRs). The RCCR curve reached a value
of 0.5 at ~ 1.36 MYA (95% CI: 1,335,388-1,461,116 years
ago) for the comparison of Sus cebifrons and Sus scrofa
(SCW; Figure 3A; Table S7), indicating that Sus speciation
occurred during this period on ISEA. According to the RCCR
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Figure 3  Population history of Sus species

A. The changes in effective population size of Sus cebifrons and the
wild pigs over past years inferred by PSMC. The LGM is
highlighted in gray. B. Split time for population pairs estimated
by MSMC2. A relative cross-coalescence rate of 0.5 was artificially
defined as the divergence time. The cold color lines indicate the split
time of wild pig breeds in different regions; the warm color lines
could somehow reflect the domestication time, even though the
extant wild pigs may not be the direct ancestors of the domesticated
breeds. See Table S7 for more details concerning breeds. C. A map
depicting the hypothetical spread of wild pigs across Eurasia and the
domestication events of pigs which happened in the Middle East and
China. The shaded area covered in Southeast Asia indicates that Sus
originated here. The circles represent the “node” groups, connecting
two different groups. The brown circle depicts SMWs. The yellow
circle depicts SCWs. The red squares refer to the domestication
events. PSMC, pairwise sequentially Markovian coalescent model;
MSMC?2, multiple sequential Markovian coalescent model; LGM,
Last Glacial Maximum; SMW, Sumatran wild boar; EUW,
European wild boar; NCW, north Chinese wild boar; SCW, south
Chinese wild boar; LW, Large White; MG, Mangalica; HT, Hetao;
ASW, Asian wild boar; KYA, kiloyears ago.
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cutoff of 0.5 defined as the divergence time, we could also
judge that the divergence time between SMWs and SCWs
was ~ 275 KYA (95% CI: 262,988-283,540 years ago),
between EUWs and SCWs was ~ 219 KYA (95% CI:
212,002-231,589 years ago), between NCWs and SCWs
split ~ 25 KYA (95% CI: 21,908-29,605 years ago), and
between EUWs and European domesticated pigs [EUDs;
Large White (LW) pigs] was ~ 1.3 KYA (95% CI:
11,320-15,985 years ago) (Figure 3B; Table S7).

We noticed that the divergence time indicated by MSMC2
was generally more recent than that implied by trajectories
from PSMC. To further explore this issue, we took the com-
parison of EUWs and SCWs as an example. Although the
results of PSMC showed that the demographic curves of
EUWs and SCWs separated ~ 2 MYA (Figure S6A), RCCR
in MSMC?2 did not reach 0.5 until ~ 219 KYA, indicating that
Eurasian pigs did not really split ~ 2 MYA, but rather split
~ 219 KYA (Figure S6B). We applied MSMC-IM software
[35], fitting a continuous model to coalescence rates to estimate
gene flow within and across pairs of populations, to confirm
the time of the divergence event. This analysis still showed a
peak at ~ 200 KYA rather than 2 MYA, indicating that Eur-
asian pigs’ split time was ~ 200 KYA (Figure S6C).

We estimated the divergence time between wild boars and
domesticated pigs in Europe and China, respectively. We used
EUWSs (Netherlands wild boars) paired with two different
domesticated pig breeds [LW and Mangalica (MG) pigs] that
are located at the most proximal and distal branches relative
to the cluster of EUWSs, respectively (Figure S7), and found
that they diverged ~ 13 KYA (95% CI: 11,320-15,985 years
ago) and ~ 11 KYA (95% CI: 10,203-13,671 years ago),
respectively, coinciding with the generally accepted domestica-
tion time of ~ 10 KYA [2,3,5]. However, the direct ancestors
of EUDs are not the existing EUWSs but the extinct wild boars
from the Middle East [1]. The divergence time was expected to
be older than the domestication period of 10 KYA, in line with
the estimated date of LW and MG pigs splitting from EUWs.
We also tested the divergence time between the different geo-
graphically distributed Chinese domesticated pig breeds and
Chinese wild boars, including those from North China and
South China (Figure S8; Table S6). We found that the domes-
ticated pig breed on Hetao plain, located at the intersection of
the middle Yellow River and Inner Mongolia, most recently
split from Chinese wild pigs ~ 20 KYA (Figure 3B, Figure S8;
Table S7). Interestingly, several studies have addressed the
possibility of domestication along the middle Yellow
River ~ 8 KYA based on the ancient mitochondrial DNA
[36] and archaeological evidence [37]. Our results further con-
firmed that north China along the middle Yellow River could
be a domestication site in Asia. However, here we cannot
decide domestication time according to the divergence time
for the same reason as in European pigs, i.e., the ancestor of
domesticated pigs might not be the extant wild boars. We also
detected a severe bottleneck during the LGM in all domesti-
cated pigs (Figure S9).

To summarize, we can revisit the evolutionary history of
the Sus genus (Figure 3C) as follows: Sus speciation occurred
on ISEA ~ 1.36 MYA (95% CI: 1,335,388-1,461,116 years
ago), leading to the emergence of the oldest Sus scrofa; then
pigs arrived in Eurasia from ISEA and colonized Southeast

Asia ~ 275 KYA (95% CI: 262,988-283,540 years ago); the
spread of wild boars into Europe was ~ 219 KYA (95% CI:
212,002-231,589 years ago); the pigs in South China did not
migrate to North China until ~ 25 KYA (95% CI: 21,908—
29,605 years ago). Additionally, North China along the middle
Yellow River could be an independent domestication site in
Asia where the wild boars and domesticated pigs split
~20KYA (95% CI: 17,142-25,258 years ago). The divergence
time between EUWs and EUDs was first estimated to be ~ 10
KYA using genomic data.

Contradictions in previous evolutionary histories of pigs

Frantz et al. [3] applied an approximate likelihood method as
implemented in MCMCtree [38] to estimate divergence time
between Sus species, in which they set the splitting time
between Phacochoerus africanusa and Sus as a root age at
10.5 MYA based on phylogenetic research on mitochondrial
DNA of extant sub-Saharan African suids [39]. This ancient
root age was used to adjust the prior of the mutation rate,
which was set to obey a gamma distribution as G (1125) in
Bayesian clock dating. Their divergence time estimates sug-
gested that populations of Sus scrofa from Asia migrated west
approximately 1.2 MYA. Groenen et al. [2] and Frantz et al.
[3] found that the population sizes of European and Asian lin-
eages started to diverge ~ 1 MYA (Figure S6D) in PSMC [33],
which was considered as a vital line of evidence for the distinct
Asian and European pig lineages splitting ~ 1.2 MYA. Addi-
tionally, the aforementioned two studies illustrated an increase
in the European population after pigs arrived from Asia.

In this study, we repeated PSMC analyses on Eurasian wild
pigs and further applied MSMC?2 software and MSMC-IM to
make forward and backward arguments for the aforemen-
tioned studies. First, we used the divergence time between
EUWSs and SCWs (1.2 MYA) estimated by Frantz et al. [3]
to infer the mutation rate for pigs. This resulted in a mutation
rate estimation of ~ 6.5 x 107! per base per generation (Fig-
ure 4A), which is an order of magnitude less than the mutation
rate of other mammals (Figure 1). We also tried to use this
mutation rate to estimate divergence time between EUWs
and EUDs (i.e., LW pigs). This resulted in a more ancient
divergence time (~ 70 KYA) than the domestication time
(~ 10 KYA) indicated by archaeological evidence. We noticed
that the mutation rate applied in PMSC by Groenen et al. [2]
was 2.5 x 1078 per base per generation. This means that two
significantly different mutation rates (Figure 4B) reflect a sim-
ilar divergence history of Eurasian pigs. All of these results
suggested that there were some biases in the previously esti-
mated pig history.

Then, we ran the PSMC, MSMC2, and MSMC-IM with
the mutation rate set as 2.5 x 10~% per base per generation.
In order to compare with the previous results, we only used
EUWs and SCWs. Surprisingly, we identified four possible
contradictions between the previous estimations and the
results of MSMC2 and MSMC-IM. First, the results of both
MSMC2 and MSMC-IM indicated a totally different diver-
gence time between EUWs and SCWs as previously discussed
[2], i.e., the divergence event appeared at the first crossover of
lines corresponding to the time of ~ 40 KYA (Figure S6D-F)
rather than the corresponding intersection point at ~ 1 MYA.
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Figure 4 The abnormal mutation rate in the past population studies of pigs

A. The pig mutation rate was inferred using MSMC2 when fixing the divergence time between SCWs and EUWs at 1.2 MYA. SCW-EUW
divergence time was inferred by MSMC2 using various mutation rates with 3 years fixed as the generation interval. Dots, lower bars, and
upper bars represent the time at which cross-coalescence rate dropped below 50%, 25%, and 75%, respectively. The red horizontal line
represents the SCW-EUW divergence time from Frantz and colleagues [3]. B. Scatter plot showing the mutation rates of pigs (triangles)
estimated in our study and used in the past research, with the mutation rates of other species (circles) shown in Figure 1.

Second, if the divergence event actually happened at the first
crossover, the date was only 40 KYA, an illogical split time
compared to the declared 1 MYA [2.,3]. Third, the divergence
time of EUWs and EUDs was estimated to only ~ 2 KYA,
an unreasonable recent date compared to the domestication
time around 10 KYA via MSMC2 and MSMC-IM. Last but
not least, compared to other mammals, the Ne of pigs (the
maximum Ne was ~ 4 x 10% see Figure S6D) was much lower
than those of dogs (the maximum Ne of ~ 1.5 x 10°) [40] and
yaks (the maximum Ne of ~ 1.6 x 10°) [20]. The ratio of non-
synonymous to synonymous heterozygosity (nn/ms), as a mea-
sure of the mutation load, was applied to the Ne comparisons
among distantly related species and was found to be negatively
correlated to population size [41]. The ny/ng ratio of 0.62—0.80
in pigs was lower than that of 1.04-1.19 in dogs [42], meaning
that pigs had a larger Ne compared to dogs. This is also in con-
trast to the small Ne estimation of pigs using the previously
accepted, commonly used mutation rate of 2.5 x 10~ per base
per generation. We thought that the reason why these contra-
dictions occurred could be the use of abnormally large muta-
tion rate estimates in the previous studies.

Validation of archaic admixture in European Sus scrofa by
simulations

When we applied the mutation rate of 3.6 x 10~ per base per
generation to infer pig demographic history, the MSMC-IM
results displayed two pulses (Figure S6C): one pulse corre-
sponding to the place where RCCR was equal to 0.5, and
the other pulse appearing between 1 MYA and 4 MYA, indi-
cating a migration into SCWs or EUWs from an archaic pop-
ulation. Correspondingly, recent evidence showed that pygmy
hogs and a now-extinct Sus species interbred with Sus scrofa,
suggesting that inter-species admixture accompanied the rapid
spread of wild boars across mainland Eurasia and North

Africa [43]. Thus, wild boars had greater chances of encounter-
ing and temporally co-existing with local species during the
expansion into Europe, enabling possible inter-species
hybridization. The phenomenon that the Ne of EUWs at the
peak of the PMSC curve was similar to those of pigs on ISEA
(Figure 3A) further suggested a possible migration from an
archaic population or another Sus species to EUWs, instead
of to SCWs, during the colonization across the Eurasian main-
land. We suspected that this introgression from the archaic
population possibly contributed to the difference in the curve
of Ne between EUWs and SCWs before the point of their sep-
aration. To test this hypothesis, we performed a series of
simulations in which two populations S and E separated
219 KYA, with population E receiving a varying level of gene
flow from an archaic population X (Figure 5). We assumed
that the third population (i.e., the ancestral population,
ANCI1) diverged from the archaic population X 500 KYA
(Figure 5A) and 2 MYA (Figure 5C), respectively, to check
how the different ancestral donors could affect the trajectories
of Ne of the receptor. Using simulations under this split-with-
archaic-admixture model (Figure 5), we found that an archaic
admixture did lead to the uplift of Ne of a period when varying
the extent of migration (Figure 5B and D). Specifically, the
receptor with archaic admixture from the ancestral donor that
separated from the archaic population 2 MYA (Figure 5D),
instead of 500 KYA (Figure 5B) as in our simulations, exhib-
ited a similar trajectory with that of EUWSs. Thus, it is most
likely that another Sus species, diverging ~ 2 MYA, intro-
gressed into EUWSs. The uplift of the Ne curve attributed to
the admixture from an archaic population explained the vari-
ation trend of the curves of EUWs and SCWs being nearly
same, but Ne of EUWSs before the divergence at the first cross-
over of the PSMC curves was relatively larger (Figure S6A and
D). This uplift of the regional Ne curve of EUWs gave us the
illusion of deep divergence between EUWs and Asian wild
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A. The model where the ancestral population ANCI split from an archaic population X 500 KYA and populations S and E split from each
other 219 KYA. B. PSMC was performed using simulated data of population E under the model shown in (A). C. The model where the
ancestral population ANCI split from an archaic population X 2 MYA and populations S and E split from each other 219 KYA. D.
PSMC was performed using simulated data of population E under the model shown in (C). M indicates migration strength, which was
computed in the form of 4N x m, where N is the initial population size used to scale parameters in the simulations, and m is migration
rate. We set M to different values, and N was set to 10,000 (the default value of the ms program).

boars (ASWs), and this possibly caused the bias in the previous
inference of pig evolutionary history.

Discussion

The accuracy of DNMs detected in a three-generation pedigree
by high-quality resequencing

Previous studies have shown that the bioinformatic pipeline we
refer to can guarantee the high accuracy of DNMs
[11,13,14.44]. All of the candidate mutations passed a stringent
two-step manual curation by the integrated genomics viewer
(IGV) [45]. Several procedures were applied to validate muta-
tions during the DNM identification, including following the
stable inheritance of new mutations to subsequent generations
and Sanger sequencing. Pfeifer [14] validated the manually
curated candidate mutations in the F1 generation using their
stable Mendelian inheritance to the next generation (F2) to
exclude the false-positive mutations, even though there was
only one individual in F2 of that pedigree. Our study had three
grandchildren with high depths of coverage (21x—45x) to
exclude the false-positive mutations. Additionally, we used
another individual, F1-43 (with coverage of 40x) only sharing
the same father (F0-73) with F1-35, to check the independent

genotyping status of the other two individuals (F1-35 and
F1-180) in F1, following the criteria that no other individuals
in the same generation are heterozygous or homozygous for
the alternative allele. We could judge that the false-positive
rate of two individuals in the F1 generation was very low based
on the following five reasons: 1) the use of a stringent bioinfor-
matic pipeline; 2) the final manual inspection by a two-step
approach to avoid interference of the insertions and deletions
around candidate mutations; 3) validation by independent
genotyping in the same or the previous generation(s); 4) the
fact that sites of mutation events were monomorphic in large
population samples (dbSNPs 150); and 5) the fact that stable
inheritance was confirmed for mutations appearing in the F2
generation. Notably, there was one mutation in F1 that was
not transmitted to any of the three offspring. We detected a
total of 28 mutations that passed the manual curation in three
F2 generation individuals. The proportions of mutations iden-
tified in the F1 (16/44 = 36.4%) and F2 (63.6%) generations
were approximately in agreement with the proportions of
meiosis scored in the FO (4/10 40%) and Fl
(6/10 = 60%) generations (Table S2). The slightly higher ratio
(63.6%) in the F2 generation than expected could be attributed
to all male individuals, while there was one female containing
seven mutations, the lowest number of mutations among all
the individuals, in the F1 generation. The mutation rate was
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reported to have a pronounced male bias in humans and chim-
panzees [40,47]; this possibly explained the slightly lower ratio
(36.4%) in the F1 generation. Wang and Zhu [48] also adopted
a similar pedigree design to solve the false-positive problem. In
this study, we identified 44 DNMs following the pipeline, of
which 40 mutations were validated by Sanger sequencing.
Even though validation of four mutations failed using Sanger
sequencing, we determined to retain those four mutations for
the subsequent analysis after balancing the possible unknown
errors in Sanger sequencing (e.g., PCR errors) and the low
false-positive rate following the pipeline.

Keightley et al. [13] addressed the rate of false negatives by
adding synthetic mutations to read data from a Drosophila me-
lanogaster pedigree containing 14 individuals when using a
very similar bioinformatic pipeline for mutation identification
as in our study. They detected 99.4% of all callable synthetic
mutations following the bioinformatic pipeline, suggesting that
the rate of false negatives was negligible. Smeds et al. [11] con-
sidered the filtering of both heterozygous sites in the parental
generation and candidate mutations in the F1 or F2 genera-
tions that corresponded to known segregating alleles in the
known SNP datasets (e.g., Sus scrofa dbSNP dataset) as the
reason for the low false-negative rate in the aforementioned fil-
ter criteria. Similarly, Pfeifer [14] also found a low false-
negative rate after the highly stringent computational filters,
particularly for those mutations stably inherited to subsequent
generations. Strictly following the mutation-detection proce-
dure of Smeds et al. [11], we find no reason to expect that
the false-negative rate should be significantly different in our
study. Given the relatively high depth of coverage, we also
consider the rate of false negatives as very low.

In general, high-quality resequencing, a stringent bioinfor-
matic pipeline, IGV manual curation, and validation via San-
ger sequencing ensured the accuracy of DNMs we detected.

The evolutionary history of Sus scrofa revisited through the
DNM rate

We considered the results of PSMC and two other methods
(MSMC2 and MSMC-IM) and found some contradictions in
previous studies. First, two extremely different mutation rates
(Figure 4B) were used in the different methods, but the results
of divergence time of EUWs from ASWs were similar. Next,
the mutation rates in previous studies led to an incredibly
advanced or delayed split of EUDs from EUWSs. Finally, the
Ne of pigs was an order of magnitude less than those of the
other domesticated animals such as dogs [40], yaks [20], and
horses [49]. Additionally, MSMC-IM exhibited evidence of
archaic gene flow. Correspondingly, it was reported that at
least two events of inter-species admixture occurred when wild
boars rapidly spread into Europe, including the migration
from pygmy hogs and a wave of gene flow contributed by an
unknown ancient ghost population [43]. Based on our simula-
tions, we found that the complex gene flow from another Sus
species into EUWs might have lifted the Ne curve and have
interfered with the previous judgment of divergence events
based on PSMC. In our case, the date estimation suggested
that EUWs and ASWs actually shared a long history, but
the complex migration from an archaic population into EUWs
misled us to accept the deep divergence between EUWs and

ASWs. The phenomenon that introgression influences the Ne
seems to be common. Hawks [50] found that the Ne inferred
for a particular interval of time in the past is strongly affected
by the history of introgression or gene flow, such as the gene
flow between non-Africans and Neandertals or Denisovans.
Inside Africa, introgression was also detected, and was sus-
pected from other archaic human groups, with approximately
the same inferred divergence date as Neandertals [51]. There-
fore, all modern humans have a clear “wave” of larger inferred
Ne with a “crest”, including Africans [50]. A simulation study
in dogs also concluded that imported gene flow lifted the esti-
mated evolutionary trajectory of the target population in
PSMC [40]. In another recent study, a hump in the historical
Ne estimated by PSMC was attributed to admixture events
occurring in donkeys [52]. Hawks [50] found that the longer
the introgression donor diverged from its ancestor, the greater
amplitude of the “wave” in Ne occurred for the target popula-
tion. This is consistent with our simulation results. When
M = 0.1, a larger Ne rose in the target population resulting
from introgression from the donor population separating from
the archaic population 2 MYA (~ 6 x 10°, Figure 5D) than
500 KYA (~ 3 x 10°, Figure 5B). The Sus species introgression
into EUWs can be traced to at least 1 MYA based on this
study (1-4 MYA suggested by MSMC-IM, Figure S6C) and
a previous study [43]. The receptor with archaic admixture
from the donor that separated from the archaic population
2 MYA in our simulations exhibited a similar trajectory with
that of EUWSs. This suggested that the origin of the introgres-
sion donor Sus population can be traced to 2 MYA, and intro-
gression from this population into EUWSs further caused the
demographic curves of EUWs and SCWs to separate
~ 2 MYA (Figure S6A). This independent introgression from
an archaic population into EUWs resulted in a unique phe-
nomenon of PSMC in pigs, i.e., the Ne trajectories of SCWs
and EUWSs separated significantly before their populations
separated. This reminds us to make demographic inferences
based on multiple lines of evidence to avoid the interference
of introgression or gene flow.

The DNM rate directly estimated from the pedigree can be
used to reliably characterize the demographic history of Sus
scrofa [12,15]. Herein, we used the DNM rate to reconstruct
the population history of pigs. Sus speciation occurred on
ISEA ~ 1.36 MYA (95% CI: 1,335,388-1,461,116 years
ago), leading to the emergence of the oldest Sus scrofa; then,
pigs arrived in Eurasia from ISEA and colonized Southeast
Asia ~ 275 KYA (95% CI: 262,988-283,540 years ago). Next,
the spread of wild boars into Europe occurred ~ 219 KYA
(95% CI: 212,002-231,589 years ago). The colonization in
North China, where the climate was cold, happened ~ 25
KYA (95% CI: 21,908-29,605 years ago). These estimated
population histories were much more recent than the generally
accepted history [3], but they were consistent with some lines of
evidence, including documentary records of domestication.
The new date estimation could yield new thinking regarding
the population genetics of pigs.

The divergence time between EUWs and EUDs was esti-
mated at around 10 KYA (95% CI: 10,203-13,671 years ago
for EUW-MG pair; 95% CI: 11,320-15,985 years ago for
EUW-LW pair) using the DNM rate, a result that perfectly
coincided with the generally accepted domestication time
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of ~ 10 KYA based on documentary records [2,3,5]. We first
validated the domestication of pigs ~ 10 KYA by genomic
data. The ASWs and EUWSs split ~ 219 KYA (95% CI:
212,002-231,589 years ago) (Figure 3B and C; Table S7), far
more recent than ~ 1.2 MYA [2,3] and suggesting that EUWs
shared a considerably longer history than previously thought.
SCWs (Nanchang, Jiangxi Province) and NCWs diverged
~ 25 KYA (95% CI: 21,908-29,605 years ago), less than 600
KYA [3]. Based on this more recent split time, we proposed
that human hunting and domestication activities might have
accelerated the divergence of SCWs and NCWs and forced
the pigs to migrate into a cold environment that was a severe
challenge to their survival.

The new estimated mutation rate also revealed a maximum
Ne of 2.7 x 10° in pigs, ~ 6 times larger than that estimated
previously [2,3] (Figure 3A, Figure S9) and similar to the Ne
values of other mammals such as dogs [40], yak [20], and
horses [49]. Our results also revealed a bottleneck in the EUWSs
after colonizing Europe (Figure 3A) rather than a population
expansion [2]. Similar bottlenecks observed in non-African
human populations [33] and western Eurasian dogs [53] have
been interpreted as signs of migration to a new living environ-
ment. The penultimate glacial period (PGP, 135-194 KYA)
followed the western diffusion of pigs. The cold climate exac-
erbated the bottleneck of the western migrating pigs. Instead,
during this period, pigs in Southeast Asia had not yet started
to spread northward, and the cold concentrated the pigs more
in warm areas, leading to a temporary increase of Ne. We have
previously found that an ~ 50 Mb segment on the X chromo-
some of European pigs from another genus of pigs may have
led to their cold adaptability [54]. Combined with the results
of this study, we speculated that after pigs dispersed out of
Southeast Asia, due to the new environment and the following
PGP, the western-spreading pigs experienced a severe popula-
tion bottleneck. During this period, the pig hybridized with
other pig genera and received the “gift” of adaptation to the
cold to a certain extent, and then the beneficial introgressed
fragment further fixed in the population during their coloniza-
tion in the European continent. All Sus populations investi-
gated here, even Sus cebifrons, suffered bottlenecks during
LGM (20 KYA) (Figure 3A, Figure S9). The bottleneck of
Sus cebifrons was not found during LGM in the previous study
[3]. The bottlenecks observed here were more severe than those
reported previously [2]. Notably, the wild sow is the only ungu-
late that must build a nest to provide the litter with a warm
microenvironment [55]. This is due to an essential gene,
UCPI, which participates in brown adipose tissue-mediated
adaptive non-shivering thermogenesis having been lost
~ 20 MYA [56]. The cold climate during the glacial period
was fatal to pigs. As expected, we found the lowest Ne of pigs
during LGM.

Conclusion

Altogether, we found some irrationalities and contradictions in
the previously estimated evolutionary history of pigs. To
address these incompatibilities, we estimated the DNM rate
of pigs via a whole-genome three-generation pedigree contain-
ing nine individuals. The pig is another non-primate mam-
malian species for which the mutation rate has been directly
obtained after wolves (dogs) and mice. The estimated mutation

rate of pigs using a pedigree ultimately did not show an abnor-
mally large or small value, rather being at the same order of
magnitude as the mutation rate of other common mammals
such as wolves (dogs) and yaks (Figure 1). This directed muta-
tion rate provides a new vision regarding the origin and evolu-
tionary history of pigs. In addition, complex archaic admixture
could have led to misjudgment of the population history, and
thus we advise taking the results of demographic history with
caution in the research on human beings and animals, and
demographic inferences should be based on multiple lines of
evidence. Our results advance the understanding of the popu-
lation history of pigs.

Materials and methods

Samples and sequencing

We used whole genomes to construct a known pedigree of nine
pigs from a three-generation pedigree (Figure 2; Table S4).
Two boars in the parent generation (F0) were White Duroc,
and two sows in the FO generation were Erhualian. The two
boars F0-73 and F0-75 were sequenced [57] using the HiSeq
2000 platform. The other seven individuals were sequenced
in the same way. Briefly, genomic DNA was extracted from
ear tissues using a standard phenol-chloroform method and
then sheared into fragments of 200-800 bp according to the
Illumina DNA sample preparation protocol. These treated
fragments were end-repaired, A-tailed, ligated to paired-end
adaptors, and PCR amplified with 500 bp (or 350 bp) inserts
for library construction. Sequencing was performed to gener-
ate 100 bp (or 150 bp) paired-end reads on a HiSeq 2000 (or
2500) platform (Illumina) according to the manufacturer’s
standard protocols.

The reads were aligned to the Sus scrofa reference genome
(build 11.1) using BWA [58] with default options. The mapped
reads were subsequently processed by sorting, indel realign-
ment, duplicate marking, and low-quality filtering using Picard
(http://picard.sourceforge.net) and GATK v3.5.0 [59,60]. To
generate an initial trial set of variants for recalibrating base
quality scores, we used GATK UnifiedGenotyper and SAM-
tools [61] to call variant sites separately and then used the
intersection of variant sites from these two methods. Next,
we kept SNP sites if they passed the recommended hard filter-
ing thresholds (QD > 2, FS < 60, MQ > 40,
MQRankSum > —12.5, and ReadPosRankSum > 15) as
described previously [12] and filtered sites in repetitive regions
from this set using RepeatMasker v4.0.6 (http://repeatmasker.
org/). Finally, we treat the remaining SNPs as a “known”
good-quality variant set to recalibrate base quality scores using
GATK v3.5.0.

After recalibrating base quality scores, the genotypes of all
sites were called with GATK UnifiedGenotyper with the “emit
all sites” option. We did not perform variant quality recalibra-
tion (VQSR) suggested by GATK’s best practices since the fact
that DNMs should only occur in a single individual and are
therefore more likely to be filtered out as low-quality variants.
Instead, we applied a set of highly stringent hard filter criteria
to weed out potential false positives (Table S4). Following
Smeds et al. [11], repetitive regions were masked with a combi-
nation of RepeatMasker v4.0.6 (http://repeatmasker.org/),
Tandem Repeats Finder v4.07 [62], and a custom Shell script
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to remove any homopolymers longer than 10 bp that were not
already masked (this criterion excluded ~ 43.4% of the auto-
somal genome). Then sites passing GATK’s CallableLoci level
were kept, and genotype quality (GQ) of each site had to be at
least 30 (96.2%-97.5% of the autosome genome met this crite-
rion). A hard coverage threshold of 10 was used to minimize
false variant calls due to insufficient read data (90.6%—
99.1% of the autosome genome met this criterion) following
Keightley and colleagues [13]. These procedures ensured suffi-
cient data to obtain accurate DNMs and filter false positives.
A total of 1.17-1.28 Gb sequence per individual (51.8%—
56.7% of the autosome genome) was kept for further quality
control of DNMs. Finally, we excluded nonvariant sites and
indels, only keeping SNVs in this study (Table S8).

The procedure of DNM identification

We applied extremely stringent bioinformatic filtering in an
attempt to have high confidence on the DNMs following pre-
vious studies [11-14,46]. Before filtering, we detected a total of
24.3 million SNPs that segregated in the pedigree, concordant
with expectations based on previously reported nucleotide
levels [63]. For each individual in the F1 and F2 generations,
heterozygous positions were extracted from the background
and had to meet the following criteria to be considered as
potential DNMs: 1) both parents were required to be homozy-
gous for the reference allele with no reads supporting the alter-
native allele (discard the possibility of potential parental
mosaicism); 2) no other individuals in the same or the previous
generation(s) are heterozygous or homozygous for the alterna-
tive allele; 3) at least 25% of the reads support the alternative
allele; and 4) the allele does not overlap with the known SNPs
from Build 150 of the Sus scrofa dbSNP dataset [64] from the
NCBI database (since DNMs are rare events, candidates also
detected as variation segregating in unrelated individuals are
likely false positives).

The filtering criteria in the F2 generation were stricter than
that in the F1 generation; this helped reduce background
noise. The DNMs in the F2 generation must simultaneously
be homozygous for the reference allele with no reads support-
ing the alternative allele in the FO and F1 generations. For the
mutation candidates in the F1 generation, only FO individuals
were required to be homozygous for the reference allele with
no potential parental mosaicism.

Manual curation and annotation of DNMs

Candidate mutations were manually curated using IGV [45],
similar to the procedure described by Keightley et al. [13], to
visually detect false positives caused by misaligned reads,
sequencing errors, insertions, and deletions. The types of false
positives detected were excluded as described in the examples
shown in Figures S1-S4 in the study by Keightley and col-
leagues [13]. In the curation process, we applied a two-step
approach: first, we used a 141 bp-wide window in IGV to
screen for the reliable DNMs; second, we enlarged the window
to 261 bp to further confirm whether the mutation was
robustly true based on the status of linked loci on the same
read of the candidate mutation, and further to determine
whether the mutation originated from the father or the mother
(Table S2). Sites were annotated using ANNOVAR

v2020Apr28 [65] with the annotation of the Sus scrofa genome
(build 11.1).

PCR for the detection of DNMs

In this study, we designed a pair of specific primers for each of
44 DNMs identified in a family composed of nine individuals
(Table S9). The PCR comprised 2.5 pl of 10x buffer (Mg "
plus) (TaKaRa, Japan), 1.5 pl of 25 mM MgCl,, 2.0 pl of
2.5 mM dNTP, 1.0 pl of each primer (10 uM), 0.4 pl of taq
DNA polymerase (5 U/ul), and 50 ng of the genomic DNA,
and the final volume was set to 25 pl with ddH»O. The mixture
was then run in a thermocycler under the following conditions:
94 °C for 5 min; 26 cycles of 94 °C for 30 s, 68 °C (—0.5 °C/
cycle) for 30 s, 72 °C for 45 s; 14 cycles of 94 °C for 30 s,
55 °C for 30 s, 72 °C for 45 s; and 72 °C for 10 min.
The PCR products were sequenced on the 3130XL Genetic
Analyzer (ThermoFisher Scientific, Waltham, MA).

Evolutionary history inference methods and models

We used PSMC [33] and MSMC2 [34] to infer population sizes
and split time for Sus populations. The genomic data of Sus
populations, including Sus cebifrons and Sus scrofa
(Table S6), were downloaded from the NCBI Sequence Read
Archive (SRA: SRA096093 [54], SRP039012 [66], and
SRP115801 [67]) and European Nucleotide Archive (ENA:
PRJEB9326 [18], PRJEB9922 [68], and ERPO001813 [2]).
Among the data of Sus cebifrons in the public database, there
were two good-quality individuals, allowing us to estimate the
split time. Sus scrofa consists of wild pigs [SMWs,
SCWs (Nanchang), NCWs, EUWs (Netherlands)], and domes-
ticated pigs [Europe: LW and MG pigs; China: HT, Bamei
(BM), Min (MIN), Jinhua (JH), Bamaxiang (BMX), and
Wuzhishan (WZS) pigs]. The reads from all the aforemen-
tioned individuals were aligned to the Sus scrofa reference gen-
ome (build 11.1) using BWA [58]. The subsequent steps,
including sorting, indel realignment, and deduplication, were
processed via GATK v3.5.0 [59,60].

For Ne inference, PSMC requires diploid consensus
sequences. The consensus was generated from the ‘mpileup’
command of SAMtools software package [61] using the
“-C 50, -O, -D 2*reads_depth, -d 1/3*reads_depth” option,
which was set as recommended by PSMC’s manual. Then we
used the tool ‘fq2psmcfa’ from the PSMC package to create
the input file. We used Ty = 20,n = 64 (4 + 50*1 + 4 + 6)
following the study by Groenen and colleagues [2]. To validate
the variance of Ne, we performed 100 bootstrap replications
for each subspecies’ representative samples. Here we adopted
the mutation rate and generation time updated in this
study.

Split time estimated by MSMC?2 requires two-phased gen-
omes for each population. SNP calling and low-quality filter-
ing were conducted as previously described [54]. We phased
the samples using SHAPEIT [69]. In addition, there were
two masks applied: one was derived by the tool
‘bamCaller.py’ from the MSMC-tools package; the other
included the sites that were masked using Heng Li’s SNPable
mask (http://lh31h3.users.sourceforge.net/snpable.shtml), in
which mappability was taken into account, and non-unique
sequence positions were not used for calculations. We per-
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formed 100 bootstrap replications for each breed to determine
the variance in Ne estimates. Then, MSMC2 was run on four
haplotypes (two from each of the two populations) to calculate
RCCR with the --skipAmbiguous” argument to skip
unphased segments of the genome. The time segment parame-
ters were set to 64 (4 + 50*1 + 4 + 6) with 20 iterations. The
RCCR variable ranges between 0 and 1 (occasionally, the cal-
culation is unavoidably greater than 1) [34]. A value close to 1
indicates that two populations were one population at the
point of time, and when RCCR = 0.5, the corresponding time
is estimated as the timing of the separation of the two popula-
tions. The confidence intervals around RCCR estimates were
obtained using block-bootstrapping. We used a script called
“multihetsep_bootstrap.py” in the MSMC-tools repository
to generate artificial ““bootstrapped” datasets from the original
input data by chopping up the input data into blocks (5 Mb
long by default) and randomly sampling with replacement to
create artificial 3 Gb long genomes out of these blocks. The
confidence intervals were calculated on a total of 100 of these
artificially created datasets (100 bootstrap replicates). The
results were scaled to real-time by applying a mutation rate
of 3.6 x 1072 per base per generation and a generation time
of 3 years derived in this study. MSMC-IM, fitting a continu-
ous isolation-migration model to coalescence rates to obtain a
time-dependent estimate of gene flow within and across pairs
of populations based on the results of MSMC2, was also used
to decide the time of a split event, presented by a signal of
strong gene flow [35].

A split-with-archaic-admixture model, in which two popula-
tions (S and E) of varying sizes were assumed to have sepa-
rated 219 KYA, with population E receiving a varying level
of gene flow from an archaic population X, was built to check
how the archaic admixture would affect the shape of PSMC.
The ms software [70] was adopted to perform a series of sim-
ulations under the split-with-archaic-admixture model. We
ran the simulations under two different models where the third
population ANCI1 diverged from the archaic population X
500 KYA (Figure 5A) and 2 MYA (Figure 5C), respectively.
The initial population size was set as 10,000 to scale the param-
eters in the simulation.
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