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Abstract

Understanding the genetic mechanism of how animals adapt to extreme conditions is fundamental to determine the re-
lationship between molecular evolution and changing environments. Goat is one of the first domesticated species and has
evolved rapidly to adapt to diverse environments, including harsh high-altitude conditions with low temperature and
poor oxygen supply but strong ultraviolet radiation. Here, we analyzed 331 genomes of domestic goats and wild caprid
species living at varying altitudes (high > 3000 m above sea level and low < 1200 m), along with a reference-guided
chromosome-scale assembly (contig-N50: 90.4 Mb) of a female Tibetan goat genome based on PacBio HiFi long reads,
to dissect the genetic determinants underlying their adaptation to harsh conditions on the Qinghai-Tibetan Plateau
(QTP). Population genomic analyses combined with genome-wide association studies (GWAS) revealed a genomic region
harboring the 3'-phosphoadenosine 5’-phosphosulfate synthase 2 (PAPSS2) gene showing strong association with high-alti-
tude adaptability (Pgyas = 3.62 X 107%°) in Tibetan goats. Transcriptomic data from 13 tissues revealed that PAPSS2 was
implicated in hypoxia-related pathways in Tibetan goats. We further verified potential functional role of PAPSS2 in re-
sponse to hypoxia in PAPSS2-deficient cells. Introgression analyses suggested that the PAPSS2 haplotype conferring
the high-altitude adaptability in Tibetan goats originated from a recent hybridization between goats and a wild caprid
species, the markhor (Capra falconeri). In conclusion, our results uncover a hitherto unknown contribution of PAPSS2
to high-altitude adaptability in Tibetan goats on QTP, following interspecific introgression and natural selection.
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Introduction

Goat (Capra hircus) is one of the first domesticated live-
stock species, dating back to ~11,000 years before the pre-
sent (Zeder 2008; Daly et al. 2021). Goats have expeditiously
adapted, at both physiological and genetic levels, to various
environments across human civilization and migration
(Daly et al. 2018), including challenging agro-ecological con-
ditions like high-altitude environments. Emerging genomic
data have been significantly enhancing our understanding
of the genetic basis of high-altitude adaptability in humans
(Simonson et al. 2010; Huerta-Sanchez et al. 2014
Ouzhuluobu et al. 2020; Quan et al. 2021) as well as domes-
tic and wild animals on the Qinghai-Tibetan Plateau (QTP)
(Qiu et al. 2012; Wang et al. 2015, 2016; Hu et al. 2019; Liu
et al. 2019; Wu et al. 2020).

Goat pastoralism plays an important role to maintain,
utilize, and protect natural resources on QTP. Compared
to yak and sheep, goats are able to thrive in regions with
harsher environments (Silanikove 2000). Recent studies
identified several genes associated with the adaptation of
goats to high-altitude environment on QTP, including
DSG3 and FGF5 (Song et al. 2016; Kumar et al. 2018; Guo
et al. 2019, 2020). It is widely accepted that EPAST is a
key adaptive gene for Tibetans and domestic animals, in-
cluding goats, native to high altitudes, suggesting conver-
gent evolution of highlanders on QTP (Wu et al. 2020).
However, the adaptability to high altitudes is a complex
trait affected by many genetic loci, thereby in-depth exam-
inations of large datasets are needed to dissect novel
adaptability-associated genomic regions.

Introgression has emerged as a crucial mechanism to
introduce novel genetic variations that may confer adap-
tively relevant phenotypic consequences. Adaptive intro-
gression has been increasingly reported in humans and
many animals native to QTP. Examples include potentially
functional introgressions from an extinct hominin group
“Denisovans” to Tibetans (Huerta-Sanchez et al. 2014;
Hackinger et al. 2016; Hu et al. 2017), Tibetan wolves to
Mastiff dogs (Miao et al. 2017; von Holdt et al. 2017;
Signore et al. 2019; Wang et al. 2020), yak to Tibetan cattle
(Chen et al. 2018; Wu et al. 2018), and Argali to Tibetan
sheep (Hu et al. 2019; Cao et al. 2021; Lv et al. 2022).
These studies suggest that genetic introgressions play cru-
cial roles in facilitating rapid environmental adaptation.
However, it is still unknown how Tibetan goats acquired
such adaptability to successfully occupy QTP for thou-
sands of years (Jeong et al. 2016).

In this study, we analyzed large-scale genomic and tran-
scriptomic data from goats native to QTP and low-altitude
regions and assembled a genome of a female Tibetan goat
de novo from PacBio HiFi long reads. We identified a gen-
omic region encompassing the PAPSS2 gene to be under
strong selection in Tibetan goats and verified it to have
driven their adaptation to hypoxic environments. We
showed that the adaptability-associated haplotype en-
compassing PAPSS2 was introgressed into modern
Tibetan goats from a wild caprid species, markhor
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(C. falconeri), native to the Himalayan highlands and
other surrounding areas. This study expanded the gene
repertoire of hypoxia adaptation in highland-dwelling
mammals and provided new insights into their evolu-
tionary origins.

Results

Genome Sequencing and Population Genetic
Structure

Whole-genome sequencing (WGS) of 91 goats, including
87 domestic and four wild goats (C. sibirica) (fig. 1A and
supplementary data S1, Supplementary Material online),
yielded 27.55 billion 150-bp paired-end reads (3.68 Tb) at
an average sequencing depth of 15.85X (11-33X) per indi-
vidual. These newly generated data were complemented
with WGS data of 175 domestic and 65 wild goats (average
sequencing depth of 13.97X [3.88-49.35%]) from previous
studies (Alberto et al. 2018; Zhang et al. 2018; Guo et al.
2019; Grossen et al. 2020; Zheng et al. 2020) (fig. 1A).
These 331 goat genomes were classified into seven groups
based on their geographical locations or species of origins,
including East Asian high-altitude goats (EAS-H; >
3500 m; n=76), East Asian low-altitude goats (EAS-L; <
1200 m; n=280), European goats (EUR; n=18), African
goats (AFR; n=46), South Asian goats (SAS; n=9),
Southwest Asian goats (SWA; n = 33), and wild caprid spe-
cies (n=69, including Siberian ibex [C. sibirica, n=8],
Nubian ibex [C. nubiana, n = 2], Iberian ibex [C. pyernaica,
n = 4], Alpine ibex [C. ibex, n=29], markhor [C. falconeri,
n=3], and bezoar [C. aegagrus, n=23]). A total of
72,660,144 SNPs was identified using GATK v3.7.0
(McKenna et al. 2010). After filtering for minor allele fre-
quency (MAF) less than 0.05 and missing rate less than
0.1, a final set of 21,032,588 biallelic SNPs was used in
downstream analyses.

Neighbor-joining (NJ) tree reconstruction using
whole-genome SNPs confirmed that all domestic goats
clustered according to their geographic origins (fig. 1B),
and all 76 Tibetan goats clustered into a single clade ad-
jacent to lowland goats from East Asia. An ADMIXTURE
analysis with K=7 assumed ancestries supported the
phylogeographic pattern (fig. 1C and supplementary fig.
S1, Supplementary Material online). The separation of
the East Asian populations was consistent with their ori-
gin along an altitudinal gradient (fig. 1B and C).
Consistent with the NJ tree and ADMIXTURE analysis,
principal component analysis (PCA) revealed four major
clusters corresponding to the Siberian ibex, Nubian ibex,
Iberian ibex, and Alpine ibex together with markhor, be-
zoar, and domestic goats (fig. 1D). Further PCA of domes-
tic goats alone separated individuals from Africa, Europe,
and Asia along the top principal components (fig. 1E).
East Asian goat populations were classified into different
sub-groups based on their geographical origins and na-
tive distributions (supplementary fig. S2, Supplementary
Material online). Notably, six Tibetan goat populations
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Fig. 1. Geographical distribution and population structure of domestic goats and wild caprid species included in this study. (A) Geographical
distribution of all domestic goats and wild caprid species. (B) NJ phylogenetic tree of 331 goats based on Reynolds’ distances estimated using the
whole genome-wide SNPs. (C) Genetic structure and individual ancestry with colors in each column representing distinct breeds at assumed
ancestries of K=7. Plots of principal components 1 and 2 from PCA analysis of all samples (D) and domestic goats only (E) using the whole
genome-wide SNPs. AFR, African goats; EUR, European goats; SWA, Southwest Asian goats; SAS, South Asian goats; EAS-H, East Asian high-

altitude goats; and EAS-L, East Asian low-altitude goats.

were divided into three sub-groups following their geo-
graphical distributions on QTP (fig. 1E and
supplementary fig. S2, Supplementary Material online).
These findings suggested that Tibetan goats were evolu-
tionarily differentiated from other domestic goats and
might have evolved unique genetic features to facilitate
their adaptation to high altitudes on QTP.

Genetic Basis of High-altitude Adaptability in Tibetan
Goats

To identify genomic regions underlying goat adaptation to
high-altitude conditions, we conducted three complemen-
tarily comparative genomic analyses between 76 Tibetan
and 80 low-altitude goats, that is the fixation index (Fst),
the cross-population extended haplotype homozygosity
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goats. (D) The pattern of SNP genotypes in the candidate sweep region among all goat samples.

(XP-EHH), and a case-control genome-wide association
study (GWAS). A sliding window-based approach revealed
50 (Fst) and 551 (XP-EHH) putative signatures of selection
in genomic regions encompassing 11 (Fsy) and 148
(XP-EHH) genes (fig. 2B and supplementary data S2 and
S3, Supplementary Material online). These regions in-
cluded several genes previously implicated in high-altitude
adaptation (EPAST and DSG3), hair length (FGF5), repro-
duction (SPEF2), and immunity (MLLT10) in several spe-
cies, including goats (Song et al. 2016; Kumar et al. 2018;
Cai et al. 2020; Guo et al. 2020; Li et al. 2022; Wu et al.
2020). We further identified a strong signature of selection
on chromosome 26 (chr26:41.84-42.14 Mb) encompass-
ing ATAD1, PTEN, and PAPSS2. The GWAS revealed 250
SNPs at five genomic regions that reached genome-wide
significance at a Bonferroni-corrected threshold of P <
224x107° (fig. 2A and supplementary data S4,
Supplementary Material online). These regions encom-
passed 14 genes, including seven (ATAD1, PTEN, PAPSS2,
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FGF5, DSG2, DSG3, and DSG4) that overlapped those
from the Fst and XP-EHH analyses (fig. 2B), of which the re-
gion on chromosome 26 encompassing ATAD1, PTEN, and
PAPSS2 showed the strongest association (P=3.62X
107>).

The quality, correctness, and completeness of the refer-
ence genome as well as the genetic distance between tar-
get and reference (e.g, donor of the reference genome)
populations can impact population genomic analyses
(Lloret-Villas et al. 2021). Analyses of Tibetan goats based
on the variants called from the current goat reference gen-
ome, known as ARS1, might suffer from reference bias, be-
cause the donor of ARST was a San Clemente goat
(Bickhart et al. 2017), which is likely greatly diverged
from Tibetan goats. In order to investigate the utility of
a more tailored reference genome to recover high-altitude
adaptability-associated genomic regions in goats native to
QTP, we assembled a genome of a female Tibetan goat
with PacBio HiFi long reads and a reference-guided
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approach. This Tibetan goat genome was highly contiguous
(contig N50: 90.4 Mb) and exceeded ARS1 in multiple
assembly metrics such as correctness and completeness
(supplementary data S5, Supplementary Material online).
Association and population-genetic analyses (Fsy, XP-EHH,
and GWAS) based on the SNPs called from this Tibetan
goat genome mirrored our previous findings that were
based on the San Clemente reference sequence
(supplementary fig. S3A-C, Supplementary Material online),
with the same strongest signal of selection in the region on
chromosome 26 harboring ATAD1, PTEN, and PAPSS2. A
new signature of selection in a region on chromosome 3
was nevertheless uncovered in the Tibetan goat genome.
The associated region is syntenic with unplaced contigs in
ARS1, which was not considered in the initial reference-
guided analyses. Association testing with variants called
from the ARS1 unplaced contigs recovered a strong
association (P=2.57x10""%) of NW_017189568.1:50943
(supplementary fig. S4 and S5, Supplementary Material on-
line). Consistent results from both ARS1 and Tibetan goat
genomes as references confirmed that ARS1 is a suitable ref-
erence for our downstream analyses. The well-annotated
ARS1 reference genome also enabled gene-based analyses
that were not readily possible from the draft Tibetan goat
assembly.

The most significantly associated SNP (chr26:42,120,872)
from the GWAS was in the first intron of PAPSS2 (fig. 2C).
This SNP was in strong linkage disequilibrium (LD, r* > 0.8)
with 56 surrounding SNPs (supplementary fig. S6,
Supplementary Material online); however, none of these
SNPs was in annotated coding or promoter regions.
PAPSS2 encodes PAPS synthase 2, which provides sulfate
donor PAPS (3’-phosphoadenosine 5’-phosphosulfate)
to all sulfotransferases. Sulfotransferase 1A1 has been
determined as a biomarker for high-altitude pulmonary
edema resulted from hypoxia-induced changes in the pul-
monary circulation (Ahmad et al. 2015). We further exam-
ined the genotypes at the most significant 187 SNPs in
542 goats (fig. 2D), including the goats sequenced in this
study and additional goat genomes (87 ancient goats
and 455 domestic goats) retrieved from previous studies
(Alberto et al. 2018; Zhang et al. 2018; Guo et al. 2019;
Grossen et al. 2020; Zheng et al. 2020). Several alleles in
Tibetan goats were either absent or very rare in
other goat populations (fig. 2D). Within the interval deli-
neated by the 187 SNPs, we detected a 233-bp deletion in
intron 7 of PAPSS2 using Integrative Genomics Viewer
(Robinson et al. 2011) (supplementary fig. S7A and B,
Supplementary Material online). The frequency of this
homozygous deletion was as high as 80.25% in Tibetan
goats, whereas the frequency was 28.75% in the low-
altitude goats (supplementary fig. S8, Supplementary
Material online). This pattern of allele frequency distribu-
tion for the 233-bp deletion in PAPSS2 was validated by
the genotypes of additional 217 goats representing 16
breeds (supplementary fig. S7C and D, Supplementary
Material online), which deserved to examine its potential
function.

Global Gene Expression in 13 Tissues of High- and
Low-altitude Goats

In addition to these comparative genomic analyses, we con-
ducted transcriptomic analyses of 13 tissues (hypothalamus,
cerebellum, cerebrum, heart, liver, spleen, lung, kidney, mus-
cle, rumen, large intestine, small intestine, and skin) from
both high- (n=4, Tibetan goats) and low-altitude (n=4,
Guanzhong goats) goats. We observed tissue-specific ex-
pression in most of the 9,256 differentially expressed genes
(DEGs, ranging from 560 in lung to 2,701 in muscle) be-
tween the high- and low-altitude goats, which were clus-
tered together in tissues with similar functions (fig. 3A, B
and supplementary data S6, Supplementary Material
online). The Gene Ontology (GO) categories of these
DEGs were correlated with the functions of specific tissues
(fig. 3C and supplementary fig. S9, Supplementary Material
online). In the six high energy-consuming tissues (heart, li-
ver, spleen, lung, kidney, and muscle), significant GO terms
of the DEGs were involved in responses to hypoxia (“blood
vessel development” and “muscle structure development”),
metabolic process (“generation of precursor metabolites
and energy,” “organic hydroxy compound metabolic pro-
cess,” “response to lipopolysaccharide,” and “regulation of
cell activation”), and immune response (“immune effector
process,” “leukocyte migration,” “lymphocyte activation,”
and “negative/positive regulation of immune system pro-
cess”) (fig. 3C and supplementary data S7, Supplementary
Material online).

To further investigate the functions of three candidate
genes (PAPSS2, PTEN, and ATADT) within the strongest
selective signal on chromosome 26, we compared tran-
scriptomes between the high- and low-altitude goats,
and found that PAPSS2 was differentially expressed in kid-
ney, PTEN in both muscle and small intestine, while
all three genes were differentially expressed in spleen
(supplementary fig. S10A, Supplementary Material on-
line). To further validate the expressions of these three
genes, we integrated previously published kidney, spleen,
and liver transcriptomes (Tang et al. 2017) and found
that only PAPSS2 was differentially expressed in kidney
(adjusted P=0.0026) and spleen (adjusted P=0.029)
between the high- and low-altitude goats (fig. 3D;
supplementary fig. S10B, Supplementary Material online).
Based on the human disease-related gene database
(Pifiero et al. 2017), further cluster analysis revealed a re-
lationship of the DEGs in goat kidney and spleen with
blood vessels and respiratory diseases (supplementary
fig. ST1A and B, Supplementary Material online). GO ana-
lysis of these DEGs suggested their enrichments in “leuko-
cyte migration and activation”, “response to wounding”,
“PPAR signaling pathway”, and immune-related terms
(supplementary fig. S11C, Supplementary Material online).

Functional Validation of the PAPSS2 Gene

Given the difference in allele frequency of the 233-bp de-
letion between the high- and low-land goats, we examined
its potential function at the cellular level. We cloned the
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Fig. 3. Global gene expression in 13 tissues between high- and low-altitude breeds. (A) Clustering of samples based on whole-genome expression
values was calculated as fragments per kilobase million of mMRNA (FPKM). The correlation between samples was measured by Spearman’s rank
correlation coefficient. (B) Schematic view of the fold change of differentially expressed genes in 13 tissues (adjusted P < 0.05). (C) The enriched
biological processes in cardiovascular and musculoskeletal tissues. The colored circles in the dot plot represent six tissues and the circle sizes
represent the -log10 P values with large sizes, indicating a high degree of enrichment. (D) PAPSS2 expression in kidney and spleen. Adjusted

P <0.05 (*) and adjusted P < 0.01 (**).

deleted fragment from the genomic DNA of a homozy-
gous Tibetan goat into a luciferase reporter vector
(pGL3-promoter) and transfected it into HEK293T cells.
The result showed no significant change in luciferase ex-
pression (Student’s t-test P = 0.871) between the deletion
and nondeletion constructs (supplementary fig. S7E,
Supplementary Material online), suggesting that this dele-
tion did not mediate PAPSS2 expression in HEK293T cells.

To further explore the functional role of PAPSS2 in cel-
lular response to hypoxia, we developed a cell model by
disrupting PAPSS2. We generated a papss2 knockout cell
line (papss2~'") in murine NIH/3T3 cells using the
CRISPR/Cas9 system (fig. 4A and B). Then, we determined
the rate of apoptosis in the papss2™'~ cells under nor-
moxic (21% O,) and hypoxic (3% O,) conditions. In con-
trast to the apoptosis rate in wild-type cells under
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normoxia and hypoxia, the papss2™~ cells showed a signifi-
cantly increased apoptosis rate under hypoxic conditions
(fig. 4C). A comparative RNA-seq analysis identified 1,660
and 1,380 DEGs between the papss2~/~ and wild-type cells
under the normoxic and hypoxic conditions, respectively
(fig. 4D). Interestingly, 349 DEGs were involved in response
to hypoxia and oxygen levels, blood vessel morphogenesis
and development, circulatory system process, and angio-
genesis (fig. 4E). These findings suggested a crucial role of
PAPSS2 in blood circulation and thus the adaptive response
of Tibetan goats to poor oxygen supply on QTP.

Introgressive Origin of Unique Haplotype of PAPSS2
in Tibetan Goats From the Markhor

The genomic region encompassing PAPSS2 showed a sig-
nificant differentiation between Tibetan and low-altitude
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number of enriched genes in each GO term is presented.

goats (Fst > 0.5) (fig. 2C). Given the fact that Tibetan goats
dispersed into QTP in the past few thousand years (Jeong
et al, 2016), we hypothesized that the unique alleles of
PAPSS2 in Tibetan goats might have been introgressed
from wild caprid species that have evolutionarily adapted
to high altitudes. We employed the D-statistics analysis to
investigate whether the PAPSS2 alleles of Tibetan goats
were derived from a potential interspecific introgression
from the markhor and/or four ibex species (fig. 5A). This
analysis indicated that Tibetan goats shared significantly
more alleles with the markhor. We then used the f, test
(Martin et al. 2015) to screen the Tibetan goat genomes
for potential introgressions from the markhor based on
50-kb sliding windows. The most significantly introgressed
segment (chr26:42,070,001-42,120,000, f,=0.76; fig. 5B)
overlapped the genomic region encompassing PAPSS2.
This potential introgression event was confirmed by Q95
analysis (Racimo et al. 2017) (fig. 5B). The mean pairwise
sequence divergence (dxy) (Martin et al. 2015) in three
groups (markhor vs. EAS-H; markhor vs. EAS-L; and
EAS-H vs. EAS-L) showed that the dxy value in the
PAPSS2 region was significantly reduced in markhor versus
EAS-H, but highly elevated in markhor versus EAS-L and
EAS-H versus EAS-L (supplementary fig. S12 and S13,
Supplementary Material online), which corroborated an
introgression event.

Tibetan goats and markhor shared a high similarity in
the genomic region encompassing PAPSS2, which was
clearly different from other domestic goats and wild caprid

species (fig. 5C). A phylogenetic tree constructed from the
102-kb genomic region encompassing PAPSS2 confirmed
that Tibetan goats and markhor clustered together to
form a separate clade, which was divergent from other
populations, including those from the East Asian lowland
(ig. 5D and E supplementary fig. S14 and S15,
Supplementary Material online). To further examine the
direction of introgression, we performed a partitioned
D frequency spectrum (DFS) analysis (Martin and
Amos 2021) between EAS-H and the markhor. The
positive DFS value was skewed toward low-frequency
derived alleles, which suggested a recent gene flow
from the markhor to EAS-H (supplementary fig. S16,
Supplementary Material online). Collectively, these find-
ings suggested that the interspecific introgression from
the markhor, a wild caprid species native to nearby
Himalayas, facilitated the rapid adaptation of Tibetan
goats to high altitudes on QTP (fig. 5F).

Subsequently, we examined if the haplotype (at least
101,703 bp in chr26:42,077,488—42,179,191) shared between
Tibetan goats and markhor was a result from incomplete
lineage sorting rather than introgression. Using a generation
time of 2 years (De Magalhdes and Costa, 2009) and a re-
combination rate of 1.0x 10~° (Hu et al, 2019) for goats
as well as a divergence time of 1.3 million years ago between
goats and markhor (Kumar et al,, 2017), the expected length
of a shared ancestral tract was only 153.85 bp (L=1/(1.0 X
108X [1.3 % 10°/2])), whereas the probability of the length
at 101,703 bp was 1 — GammaCDF (102,000, shape=2,
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Fig. 5. Identification of genomic region at the PAPSS2 locus introgressed into Tibetan goats from the markhor. (A) Allele sharing between
Tibetan goats and wild caprid species. A positive D suggests a higher degree of allele sharing between P2 and P3. Statistics with an absolute
Z-score greater than 3 are considered to be significant and shown with the red dashed lines. The highest value is observed between EAS-H
and the markhor. (B) Genome-wide distribution of D-statistics (top) and Q95 (bottom) values calculated for 50-kb window sliding with a
10-kb step across the genomes. Each dot represents a 50-kb window. (C) The pattern of SNP genotypes in the PAPSS2 gene region. Rows re-
present individuals and columns represent SNPs positions in the genomes. NJ phylogenetic tree of the whole-genome sequence (D) and the
PAPSS2 region (chr26:42,077,488-42,179,191) (E). (F) The illustration of genetic introgression from the markhor to Tibetan goats. The geograph-
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rate =1/L)=0 (supplementary fig. S17, Supplementary
Material online). This result suggested that the haplotype
shared between Tibetan goats and the markhor was very
unlikely due to incomplete lineage sorting but rather a re-
cent interspecific introgression.
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Discussion

Unraveling the genetic basis of adaptability in highland
mammals improves our understanding of their contem-
porary evolution of fitness under climate change and pro-
vides clues to clinical issues of high-altitude diseases. In this
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study, we leveraged 331 whole genomes and 104 transcrip-
tomes from 13 tissues of domestic goats and wild caprid
species to determine potential signatures of selection for
high-altitude adaptability in Tibetan goats. To address pos-
sible reference genome bias, we assembled a highly con-
tiguous and complementary genome of a female Tibetan
goat based on PacBio HiFi long reads and a reference-
guided approach. We identified PAPSS2 to show the stron-
gest signal of selection conferring the adaptation of
Tibetan goats to high altitudes on QTP, which was likely
overlooked in previous studies (Song et al. 2016; Kumar
et al. 2018; Guo et al. 2019, 2020). We further revealed
that unique alleles of PAPSS2 in Tibetan goats were derived
from a wild caprid species, the markhor, native to Central
Asia, Karakoram, and the Himalayas.

The environment on QTP, particularly hypoxic condi-
tions with low oxygen and temperature but strong ultra-
violet radiation, poses challenges to both animal and
human residents. Understanding the molecular mechan-
isms involved in the genetic adaptation to harsh condi-
tions could facilitate future breeding of new livestock
genotypes that are resilient to changing climate and envir-
onmental conditions. In this study, a genomic region on
chromosome 26 encompassing PTEN, ATAD1, and
PAPSS2 was identified as the most striking signal of selec-
tion for high-altitude adaptability in Tibetan goats. ATAD1
plays a critical role in regulating synaptic plasticity, learn-
ing, and memory (Ahrens-Nicklas et al. 2017). PTEN en-
codes a lipid dual-specificity phosphatase, which was
identified as a tumor suppressor with phosphatase activity.
Loss of PTEN facilitates HIF-10-mediated gene expression
(Zundel et al. 2000). PTEN was also determined as an adap-
tive gene in Tibetan goats by population genetic analyses
(Guo et al. 2019; Jin et al. 2020). However, our complemen-
tary analyses involving a more comprehensive set of gen-
omic and transcriptomic data provided strong support
for PAPSS2 to be involved in high-altitude adaptation
(fig. 2A and supplementary fig. S10, Supplementary
Material online). Mutations in PAPSS2 were reported
to be associated with androgen excess (Noordam et al.
2009) and skeletal abnormalities in humans (Miyake
et al. 2012; Perez-Garcia et al. 2022). It is suggested
that androgen bioactivity is associated with excessive er-
ythrocytosis and chronic mountain sickness (Gonzales
and Chaupis 2015). PAPSS2 was also identified as a major
selective gene for high-altitude and cold-environment
adaptability in horses (Librado et al. 2015; Shi et al.
2019).

Placing animals with different abilities to adapt to cer-
tain environments under uniform conditions may provide
clues to understand the target function of selection under
environmental change. Such experiments have been con-
ducted, for example, in mice (Cheviron et al, 2014) and
chickens (Ho et al., 2020). However, controlled relocation
experiments are logistically very difficult to establish for
larger animals such as goats. Therefore, we resorted to
an in vitro assay to investigate potential contribution of
PAPSS2 to cellular response to hypoxia. Our findings using

an in vitro gene knockout assay indicated PAPSS2 to be
functional in the cellular response to hypoxic challenge.

Harsh environments may promote the accumulation of
adaptive mutations. It is unlikely that many de novo muta-
tions can emerge at the same genomic region during a short
period of evolution (Jeong et al. 2016; Zhao et al. 2017; Hu
et al. 2019; Ren et al. 2022). The acquisition of adaptive intro-
gressions from other taxonomically related and spatially
close species may contribute to rapid adaptation of recipient
species. Recent studies suggest that around 6% of the con-
temporary Tibetan sheep genomes originate from recent
introgression of Argali, which enhanced the capacity of
Tibetan sheep to adapt to climatic changes and develop re-
silience to specific diseases such as pneumonia (Hu et al.
2019; Cao et al. 2027; Lv et al. 2022). Through a series of ana-
lyses, we provided additional evidence that Tibetan goats ex-
perienced adaptive introgression from the markhor, a wild
caprid species native to the Himalayan highlands (fig. 5C-E
and supplementary figs. $13-516, Supplementary Material
online). The most significantly introgressed genomic region
overlapped the strongest selection signature in the Tibetan
goat genome encompassing PAPSS2. The long and unique
haplotype of PAPSS2 (chr26:42,077,488-42,179,191) identi-
fied in Tibetan goats also indicated that the haplotype origi-
nated from a recent introgression event. Thus, it is plausible
that the unique but recent introgression of markhor genes
has triggered the adaptability of Tibetan goats to achieve
their better fitness to survive over the harsh environment
on QTP. In conclusion, we propose that the haplotype intro-
gressed from the markor contributes to an expeditious adap-
tation of Tibetan goats to high altitudes on QTP. Our
findings add to an increasing body of literature that domes-
tic goats, along with other mammals on QTP, underwent
strong selection for their rapid adaptation to high altitudes
via interspecific introgression (Miao et al. 2017; von Holdt
et al. 2017; Chen et al. 2018; Wu et al. 2018; Hu et al. 2019;
Signore et al. 2019; Wang et al. 2020; Cao et al. 2021;
Lv et al. 2022).

Conclusions

Using data from 331 genomes and 104 transcriptomes, we
revealed the strongest high-altitude adaptation signature
in Tibetan goats at the PAPSS2 locus. We further demon-
strated that the unique haplotype of Tibetan goat PAPSS2
originated from a recent introgression from the markhor,
providing evidence that this interspecific introgression
contributed to the high-altitude adaptability in Tibetan
goats. Our findings therefore support the important role
of interspecific introgression from wild relatives on the ra-
pid adaptation of livestock to extreme environments.

Materials and Methods

Sample Collection and DNA Sequencing
Blood samples from 91 animals (54 from Tibet, 33 from low
altitude, and 4 Siberian ibex) were collected for the
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isolation of genomic DNA using Qiagen DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany). The DNA was first
qualified by 1% agarose gel electrophoresis to monitor
its degradation and contamination and then quantified
by Qubit® DNA Assay Kit in Qubit® 3.0 Flurometer
(Invitrogen, USA). A total amount of 0.2 pug of the DNA
per sample passed quality check was used for DNA library
preparations. Sequencing library was generated using NEB
Next® UltraTM DNA Library Prep Kit for Illumina (NEB,
USA) following the manufacturer’'s recommendations
and index codes were added to each sample. Briefly, the
DNA was fragmented by sonication (Covaris, MA, USA)
to a size around 350 bp. Then DNA fragments were
endpolished, A-tailed, and ligated with the full-length
adapter for lllumina sequencing, followed by further PCR
amplification. After PCR products were purified by
AMPure XP system (Beckman Coulter, Beverly, USA),
DNA concentration was measured by the Qubit®3.0
Flurometer, and libraries were analyzed for size distribu-
tion by the NGS3K/Caliper and quantified by real-time
PCR. The clustering of the index-coded samples was per-
formed on a cBot Cluster Generation System using
lllumina PE Cluster Kit (lllumina, USA) according to the
manufacturer’s instructions. After cluster generation, the
DNA libraries were sequenced with Illumina TruSeq SBS
Kit v3 on HiSeq 2500 System at Novogene (http://www.
novogene.com).

Long Read Sequencing and Assembly of a Tibetan
Goat Genome

To provide a high-quality Tibetan goat reference genome,
the DNA of a female Tibetan goat sampled in Lhasa of
Tibet, China, was used for the PacBio long-read sequencing
and genome assembly.

The library was constructed and sequenced on PacBio®
RS Il System at BGI, Shenzhen, China. HiFi reads were gen-
erated based on circular consensus sequencing (CCS). A
total of 150 G data corresponding to more than 50-fold
genome coverage was generated.

The HiFi reads were assembled with hifiasm v0.16.1
using default parameters, followed by converting the pri-
mary contig gfa file into fasta format with gfatools. The
contigs were scaffolded using the reference-guided ap-
proach of RagTag v2.1.0 with the domestic goat reference
genome (the ARS1 assembly, version GCF_001704415.1)
(Bickhart et al. 2017), using minimap2 parameters
“-cxasm5.” We assessed genome quality using Merqury
v1.3 (Rhie et al. 2020) with the lllumina short reads from
the same individual. We assessed genome completeness
using BUSCO v.5.3.2 (Siméo et al. 2015) with the “cetartio-
dactyla” OrthoDB v10 using the metaeuk backend (com-
mit aa7ac2e). We assessed repetitive regions using
RepeatMasker (http://www.repeatmasker.org).

Read Alignment and Variant Calling
Trimmomatic v.0.36 (Bolger et al. 2014) was used for qual-
ity and adapter trimming before mapping reads to either
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the domestic goat reference genome (the ARS1 assembly,
version GCF_001704415.1) (Bickhart et al. 2017) or the
HiFi-based Tibetan goat assembly using BWA-MEM
v0.7.15 (Heng 2013). The aligned BAM files were
coordinate-sorted, and read groups were merged into
the same sample. Duplicates were marked using Picard
v2.1 (https://broadinstitute.github.io/picard/). We esti-
mated the coverage distribution at each called site
for each sample using QualiMap v2.2 (Okonechnikov
et al. 2016). Genotype calling was performed using the
HaplotyperCaller and GenotypeGVCF modules of
Genome Analysis Toolkit (GATK, v3.7.0) (McKenna et al.
2010). VariantFiltration of GATK was used to remove
SNPs with QD <2.0, FS>60.0, MQRankSum < —12.5,
ReadPosRankSum < —8.0, SOR>3.0, and MQ <40.0.
Only biallelic variants were retained and then SNPs with
MAF less than 0.05 and no more than 10% missing data
were extracted using VCFtools v0.1.15 (Danecek et al.
2011) with “—max-missing 0.9 —maf 0.05.”

Population Genetic Analysis

For phylogenetic reconstruction, genetic distances were
calculated using Plink v1.9 (Purcell et al. 2007). The dis-
tance matrix was used to construct an NJ tree implemen-
ted in MEGA v6.0 (Tamura et al. 2013). The final tree
topology was visualized using iTOL (Letunic and Bork
2016). PCA (Patterson et al. 2006) was performed using
smartpca in EIGENSOFT package with default parameters
and the following settings: numoutlieriter =0 and num-
chrom =29. Population structure analysis and individual
clustering were carried out using ADMIXTURE v1.3
(Alexander et al. 2009), considering between two and eight
ancestral clusters.

Identification of Selection Signatures and GWAS
The Fst (Weir and Cockerham 1984) and XP-EHH (Sabeti
et al. 2007) statistics were calculated between high- and
low-altitude goats using VCFtools with a 50-kb sliding
window and a step of 10 kb. The threshold of Fst was de-
termined by permutation. The phenotype data were per-
muted, Fst calculated, and the genome-wide highest Fst
value was recorded. We repeated 200 times and ordered
the highest 200 values, then we took the lowest value of
the top 5% set as the threshold for genome-wide signifi-
cance. The threshold of XP-EHH was determined by the
Z-transformation of each value and the Z-score> 3.7
(corresponding to adjusted P < 0.05) was applied to re-
trieve putative selective sweeps. The intersection of can-
didate genes obtained by the two methods was used.
GWAS was conducted with the genome-wide efficient
mixed-model association (GEMMA) software (Zhou
and Stephens, 2012).

To investigate the genotypes of candidate regions in
other samples, a total of 542 samples were used, including
the goats sequenced in this study and additional goat gen-
omes (from other ongoing studies).
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RNA-seq

Total RNA of 13 tissues (hypothalamus, cerebrum, cerebel-
lum, heart, liver, spleen, lung, kidney, rumen, large intes-
tine, small intestine, muscle, and skin) from eight adult
goats (Tibetan goats at high altitude, n =4; Guanzhong
goats at low altitude, n =4) as well as the murine NIH/
3T3 cells (wild-type and papss2™~ knockout) was ex-
tracted using TRIzol reagent from Invitrogen (Thermo
Fisher Scientificc MA, USA) according to the manufac-
turer’s instructions and subjected to quality control using
a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific, MA, USA), agarose gel electrophoresis, and the
Agilent 2100 Bioanalyzer (Agilent Technologies, CA,
USA). The library construction and sequencing were
done at the Novogene according to its pipeline (https://
www.novogene.com/eu-en/services/research-services/
transcriptomesequencing/mrna-sequencing/).

From the raw RNA-seq data, the sequencing adapter
reads with unknown nucleotides larger than 5% and the
bases with low quality (more than half of the bases’ qual-
ities were less than 10) were removed with Trimmomatic
v0.36 (Bolger et al. 2014). The clean data were mapped to
the goat reference genome (version GCF_001704415.1)
using STAR v.020201 (Dobin et al. 2013), and DEGs were
calculated using Cufflinks (Trapnell et al. 2012). GO enrich-
ment analysis was conducted using Metascape (http://
metascape.org) (Zhou et al. 2019), and R language was
used to display significantly enriched GO term:s.

Luciferase Reporter Assay

Fragments with and without the PAPSS2 233-bp deletion
region were amplified through PCR. Primers were listed
in supplementary data S8, Supplementary Material online.
Then, the fragments were cloned into pGL3-Promoter vec-
tor (Miaoling Plasmid Sharing Platform, Wuhan, China)
within Xmal site and verified by Sanger sequencing. The
HEK293T cells were cultured in DMEM high glucose me-
dium (HyClone) supplied with sodium pyruvate, 10%
FBS, 4.0 mM glutamine, streptomycin (100 mg/mL), and
penicillin (100 U/mL) at 37 °C in 5% CO,. The HEK293T
cells were transfected with the indicated reporter plasmids
together with pRL Renilla Luciferase Control Reporter
Vectors (Promega, WI, USA) by Lipofectamine™ 3000
transfection reagent from Invitrogen (Thermo Fisher
Scientific, MA, USA). The luciferase activity was measured
after 48 h of the transfection with Dual Luciferase Reporter
Gene Assay Kit (Beyotime, Shanghai, China).

Genotyping Analysis of the 233-bp Deletion
Genomic DNA was extracted from goat blood samples
with Blood Genomic DNA Mini Kit (CWBIO, MA, USA)
and used for genotyping and sequencing. To genotype
the 233-bp deletion variant, we designed primers that
span the deletion region for PCR amplification, and
Sanger sequencing was performed (supplementary data
S8, Supplementary Material online).

Functional Validation of PAPSS2 in the NIH/3T3 Cells
The single-guide RNAs (sgRNAs) were designed in the cod-
ing sequence (CDS) region of the murine papss2 gene using
an online tool (https://zlab.bio/guide-design-resources). The
sgRNAs were ligated into pGL3-U6-sgRNA-PGK-GFP plas-
mid within Bsal site by Solution | (TakaRa, Tokyo, Japan)
and confirmed by Sanger sequencing. Each plasmid was co-
transfected into the NIH/3T3 cells (ATCC, CRL-1658) with
pST1374-NLS-FLAG-Linker-Cas9 by Lipofectamine™ 3000
transfection reagent. The NIH/3T3 cells were cultured in
DMEM high glucose medium with 10% FBS at 37 °C in 5%
CO,. After 72 h of transfection, the fluorescent cells were
selected by flow cytometer for monoclonal culture. After
enlarged culture, gDNA was extracted for PCR and Sanger
sequencing. The papss2 mRNA expression in the NIH/3T3
cells was determined by quantitative PCR (qPCR). The
papss2-deficient cells were incubated in a humidified at-
mosphere under normal (21% O,) and hypoxic (3% O,)
conditions at 37°C (Heracell™ 150i CO, Incubator,
Thermo Fisher Scientific, MA, USA).

Flow cytometry was conducted to assess cell apoptosis
using Annexin V-FITC/PI Apoptosis Detection Kit (A211-
01, Vazyme, China) according to the manufacturer’s in-
structions. Briefly, the cells were collected after treatment,
washed with ice-cold PBS, resuspended in 400 L of bind-
ing buffer, then incubated with 3 pL of Annexin V-FITC
and 3 pL of Pl at room temperature in the dark for
15 min. The samples were analyzed by a flow cytometer
within 1 h (CytoFLEX, Beckman, China). All the cells
stained positively for Annexin V-FITC were determined
as apoptotic cells.

Genetic Introgression Analysis

D-statistics method (Malinsky et al. 2020) was used to de-
termine whether there was an introgression from wild ca-
prid species into Tibetan goats. We used f; (Martin et al.
2015) to conduct a genome-wide screening of the intro-
gression regions from wild caprid species with a 50-kb slid-
ing window and a step of 10 kb. The Q95 analysis (Racimo
et al. 2017) was used to scan the whole genome with a
50-kb sliding window and a step of 10 kb and re-verify
the source of introgression in selected regions. We anno-
tated the adaptive introgression at top 1% of the genome
intervals. The genetic relationship of this region was eval-
uated using the phylogenetic tree by Plink v1.9 (Purcell
et al. 2007) with parameters —indep-pairwise 50 5 0.2, while
SNPs were filtered with parameter —maf 0.01685.

A partitioned DFS analysis (Martin and Amos 2021) was
performed to polarize the introgression between EAS-H
and markhor. In this analysis, Argali was used as the out-
group. Markhor was used as P3 (source population).
EAS-H was set as P2, while EAS-L was set as P1. The fre-
quency spectrum was calculated by genomics_general
(https://github.com/simonhmartin/genomics_general),
and the number of samples for P1 and P2 were both down-
sampled to 10. Then the DFS was computed from empir-
ical data. Furthermore, we also generated DFS plots under
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different demographic models using the online tool
(Martin and Amos 2021).

Supplementary material

Supplementary data are available at Molecular Biology and
Evolution online.
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