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Abstract

Obligate scavenging on the dead and decaying animal matter is a rare dietary specialization that in extant vertebrates is
restricted to vultures. These birds perform essential ecological services, yet many vulture species have undergone recent
steep population declines and are now endangered. To test for molecular adaptations underlying obligate scavenging in
vultures, and to assess whether genomic features might have contributed to their population declines, we generated
high-quality genomes of the Himalayan and bearded vultures, representing both independent origins of scavenging
within the Accipitridae, alongside a sister taxon, the upland buzzard. By comparing our data to published sequences from
other birds, we show that the evolution of obligate scavenging in vultures has been accompanied by widespread positive
selection acting on genes underlying gastric acid production, and immunity. Moreover, we find evidence of parallel
molecular evolution, with amino acid replacements shared among divergent lineages of these scavengers. Our genome-
wide screens also reveal that both the Himalayan and bearded vultures exhibit low levels of genetic diversity, equating to
around a half of the mean genetic diversity of other bird genomes examined. However, demographic reconstructions
indicate that population declines began at around the Last Glacial Maximum, predating the well-documented dramatic
declines of the past three decades. Taken together, our genomic analyses imply that vultures harbor unique adaptations
for processing carrion, but that modern populations are genetically depauperate and thus especially vulnerable to further
genetic erosion through anthropogenic activities.
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Introduction Himalayan vulture (Gyps himalayensis) (Martin 1996; Maming
et al. 2018). Despite their ecological and cultural importance,
vultures are of considerable conservation concern. Of the 22
extant species of vulture worldwide, 16 (73%) are at risk of
extinction, including those in the IUCN Red List category of
Extinct, Critically Endangered, Endangered, Vulnerable, or Near
Threatened, and 17 (77%) have decreasing population trends
(IUCN 2020). As such, vultures are among the world’s most
endangered groups of birds (Buechley and Sekercioglu 2016a).

Vultures also present a unique model system in which to
study the evolution of dietary adaptations. These birds were
traditionally classified as a single group on the basis of phe-
notypic similarity yet are now known to belong to two

The evolution of obligate scavenging in vultures has provided
humans with essential and irreplaceable ecological services. By
efficiently locating and consuming carrion, vultures play a piv-
otal role in decomposition and nutrient cycling (DeVault et al.
2003; Wilson and Wolkovich 2011). Moreover, they also sup-
press populations of other scavengers, including rats, insects,
and microbes, including potentially dangerous pathogens such
as rabies, anthrax, and bubonic plague (Buechley and
Sekercioglu 2016b). Vultures also hold important cultural sig-
nificance; for example, human populations inhabiting the
Qinghai-Tibet Plateau have long practiced traditional sky bur-
ials, in which the deceased are offered for consumption by the

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium,

provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com Open Access

Mol. Biol. Evol. 38(9):3649-3663  doi:10.1093/molbev/msab130  Advance Access publication May 4, 2021 3649



https://orcid.org/0000-0002-7848-6392

Zou et al. - doi:10.1093/molbev/msab130

MBE

separate lineages of the family Accipitridae (Old World vul-
tures) as well as the family Cathartidae (New World vultures)
(Buechley and Sekercioglu 2016b). Thus, obligate scavenging
has evolved independently on at least three occasions in birds.
To survive on carrion, vultures must overcome the risks of
ingesting rotten flesh. Indeed, these birds frequently feed on
the carcasses of animals that died of disease, and they are thus
exposed to a range of pathogens that would be harmful to
most species, including bacteria that lead to anthrax, tuber-
culosis, and brucellosis (Mendoza et al. 2018), as well as the
toxic metabolites of microorganism such as botulinum toxins,
cadaverine, and putrescine (Cope 2018).

Several ideas have been proposed to explain the ability of
vultures to subsist on carrion without becoming unwell
(Blumstein et al. 2017). First, obligate scavengers appear to
have the highest stomach acidity (pH ~1.3) of all birds, and it
has been suggested that this might serve to inactivate micro-
organisms (Beasley et al. 2015). In birds, gastrointestinal acid is
produced by the proventriculus and is thought to have
evolved as an ecological filter to kill microorganisms that
would otherwise damage commensal microbiota.
Supporting this hypothesis, there is some evidence that the
SST gene in the gastric acid secretion pathway has been pos-
itively selected in Accipitrimorphae (Chung et al. 2015).
Second, vultures might also derive some protection from
their own microbiomes. In New World vultures, for example,
it has been proposed that simple and highly conserved gut
microbiota promote the breakdown of carrion (Roggenbuck
et al. 2014), while in turkey vultures, the microbiomes of facial
skin may offer protection from dermatitis and pneumonia,
and gas gangrene and food poisoning (Mendoza et al. 2018).
Finally, and perhaps least surprising, vultures are also thought
to have strong immune systems compared to other verte-
brates (de la Lastra and de la Fuente 2007). Although evidence
for this idea remains limited, it has been shown that the toll-
like receptor 1 (TLR1) of the griffon vulture differs from that
of other birds, and it is posited that this confers immunolog-
ical function (de la Lastra and de la Fuente 2007).

To test for molecular adaptations underlying obligate scav-
enging in vultures, and to assess whether genomic features
might have contributed to their population declines, we se-
quenced and generated high-quality genome assemblies for
the Himalayan vulture (Gyps himalayensis) and bearded vul-
ture (Gypaetus barbatus)—representing both independent
origins of scavenging within the Accipitridae—and a sister
group of these taxa, the upland buzzard (Buteo hemilasius).
Currently, low-coverage genome data are available for two
other vultures, the cinereous vulture (Accipitridae) and the
turkey vulture (Cathartidae) (Zhang et al. 2014; Chung et al.
2015). By comparing our data to published sequences from
these and other birds, we examined whether the evolution of
obligate scavenging has been accompanied by molecular
adaptations for the detection and processing of carrion. As
such, we hypothesized that signatures of positive selection
would be seen in genes underlying gastric acid production,
and immunity. We also used these new data to infer genome-
wide patterns of heterozygosity and demographic histories, to
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assess whether recent declines in vulture numbers are related
to a loss of genetic diversity.

Results and Discussion

Genomic Landscapes of the Three Birds

We generated three high-quality genomes. The Himalayan
vulture (fig. 1A) was sequenced on a PacBio Sequel instru-
ment, which produced 69.9 Gb qualified reads (supplemen-
tary table S1, Supplementary Material online). The genome
size was estimated to be 1.26 Gb based on the k-mer spec-
trum (supplementary table S2, Supplementary Material on-
line) and the final assembly was 1.19 Gb comprising 961
contigs with high contiguity and completeness (~58.7%
mean coverage, contig N50 = 3.97 Mb; supplementary tables
S1 and S3, Supplementary Material online). The genome size
is similar to that of 48 bird genomes previously reported
(Zhang et al. 2014). The bearded vulture (fig. 1B) was se-
quenced using the lllumina HiSeq platform with 10x
Genomics. A total of 121-fold high-quality bases were gener-
ated across 1.29 Gb assembled sequence, with N50 values of
175.1kb and 3.91 Mb, respectively, for contigs and scaffolds
(supplementary tables S1 and S3, Supplementary Material
online). For genome of the upland buzzard (fig. 1C),
lllumina paired-end plus mate-pair sequencing vyielded
205.15-Gb qualified reads (coverage of 168.71x), resulting
in an assembly with size of 1.2 G, scaffold N50 of 5.83 Mb,
and contig N50 of 32.78 kb (supplementary tables S1 and S3,
Supplementary Material online).

Analyses of the three draft genomes showed that 95.5-
96.3% of the 8,338 avian BUSCOs were complete (supplemen-
tary table S3, Supplementary Material online), and that GC
content was 41.99-42.03% (supplementary table $4,
Supplementary Material online). Whole-genome annotation
for the Himalayan vulture was performed via three comple-
mentary methods (supplementary table S5, Supplementary
Material online). Similar to the numbers in the best-
characterized chicken genome, 17,849 protein-coding genes
were predicted after filtering low-quality genes (<50aa or
with internal stop codon) (supplementary table S6,
Supplementary Material online). For the bearded vulture
and the upland buzzard, the only homology-based prediction
was conducted due to the lack of RNA samples. A total of
16,774 and 17,218 protein-coding genes were annotated for
the two species respectively after filtering low-quality genes
(supplementary table S5, Supplementary Material online).
About 86% of genes were functionally annotated for the
Himalayan vulture, while 95% for both the bearded vulture
and the upland buzzard (supplementary table S6,
Supplementary Material online).

Analysis of Selection and Convergence

To identify all putative positively selected genes (PSGs) and
rapidly evolving genes (REGs) in vultures, we generated data
sets with and without the inclusion of the low-quality turkey
vulture genome; these data sets comprised 5,655 and 8,080
orthologous genes, respectively. The species tree topology
used for selection analysis is shown in figure 2A. When
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Fic. 1. Photographs of three birds. (A) Himalayan vulture (Image credit: Shiyi Tang); (B) Bearded vulture (Image credit: Hongfen Cao); (C) Upland
buzzard (Image credit: Chang Dai).
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Fic. 2. Diagram of gastric acid secretion pathway evolution in the three vultures. (A) Phylogenetic relationship of birds used in tests for selection.
Rapidly evolving genes are marked red, and positively selected genes are marked yellow. (B) Alterations in the gastric acid secretion pathway of
vultures. Genes in red are rapidly evolving genes, genes in orange are under positive selection, and blue genes are under convergent evolution.
ATP4B is a convergent gene between Himalayan vulture and Turkey vulture; CFTR is a convergent gene between Himalayan vulture and Bearded
vulture; and SLC26A7 is a convergent gene among all three vultures examined.

performing branch and branch-site model tests on the focal
vulture, other vultures were removed from the background
set of taxa. Our analysis yielded 70 PSGs (supplementary table
S7, Supplementary Material online) and 321 REGs (supple-
mentary table S8, Supplementary Material online) for
Himalayan vulture, 93 PSGs (supplementary table S9,
Supplementary Material online) and 352 REGs (supplemen-
tary table S10, Supplementary Material online) for the
bearded vulture, and 109 PSGs (supplementary table S11,
Supplementary Material online) and 281 REGs (supplemen-
tary table S12, Supplementary Material online) for the turkey
vulture. Among these genes, three (PIGR, NAA20, and
SLC25A44) are shared by all three vultures (supplementary
fig. S1, Supplementary Material online). The results of the
selection analysis for three control lineages (upland buzzard,
ground tit, and downy woodpecker) are shown in

supplementary table S13, Supplementary Material online.
Between the two closely related vultures (Himalayan vs.
Bearded vulture), positive selection or rapid evolution was
detected in orthologous genes for 54 times and in paralogous
genes for 60 times (supplementary table S14, Supplementary
Material online). Between the pair of distantly related vultures
(Himalayan vs. Turkey vulture), positive selection or rapid
evolution was detected in orthologous genes for 24 times
and in paralogous genes for 59 times; Between the other
pair of distantly related vultures (Bearded vs. Turkey vulture),
the corresponding numbers are 29 and 65 times, respectively
(supplementary table S14, Supplementary Material online).
Thus, distantly related scavengers tend to have more paralo-
gous genes that are positively selected or rapidly evolved than
orthologous genes, whereas closely related scavengers seem
to have comparable numbers of such paralogous and
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orthologous genes. For comparison, we also conducted selec-
tion analysis for the Upland buzzard (Buteo hemilasius) and
found two PSGs (KCNQ10, ADCY5) and three REGs (ATP12A,
CCKBR, and ADCY5) involved in the gastric acid secretion
pathway (fig. 2A). However, only one of these genes
(ADCY5) was also detected in one Old World vulture
(Bearded vulture, Gypaetus barbatus) (fig. 2A). In addition,
two PSG/REGs (CALM2, SST) are shared between the two Old
World vultures but not in other birds (fig. 2A). Thus, the
signatures seen in the two Old World vultures are likely con-
vergent rather than earlier changes in the ancestral lineage of
the two birds.

To test for convergence in vultures, we generated two data
sets among 25 bird species in which the turkey vulture ge-
nome is of low quality and other genomes are of high quality:
the first data set contained all 25 species that includes the
turkey vulture (5,221 orthologous genes, supplementary fig.
S2A, Supplementary Material online); and the second data set
contained 24 species that excludes the turkey vulture (6,335
orthologous genes, supplementary fig. S2B, Supplementary
Material online). In the first data set, we used the JTT-
Fgene model (Zou and Zhang 2015) and compared the ob-
served number of convergent amino acid substitutions
among all three vultures examined (Himalayan wvulture,
bearded vulture, and turkey vulture) with the neutral expect-
ations, and identified 10 genes that are under convergent
evolution among the three vultures (supplementary table
S15, Supplementary Material online, supplementary fig. S2A,
Supplementary Material online). Based on the PCOC method
(Rey et al. 2018), which considers shifts in amino acid prefer-
ence instead of convergent substitutions, a total of 210 genes
were found to have undergone convergent evolution (sup-
plementary table S16, Supplementary Material online). Three
genes (RMDNT1, OBSCN, and EPCAM) were identified by both
methods. In the second data set, convergence was examined
between the two Old World vultures (Himalayan and
bearded vulture). A total of 290 genes were identified under
the JTT-Fgene model (FDR < 0.1, Poisson test, supplementary
table S17, Supplementary Material online, supplementary fig.
S2B, Supplementary Material online), whereas 295 genes were
identified by the PCOC method (supplementary table S18,
Supplementary Material online). Thirty genes were detected
by both two methods (JTT-Fgene and PCOC, supplementary
table S19, Supplementary Material online).

Adaptation in Gastric Acid Secretion Pathway

To determine whether the extreme stomach acidity that
characterizes vultures has arisen via selection acting on
enzymes controlling acid production, we estimated rates of
molecular evolution in 22 genes that belong to the gastric
acid secretion pathway (KEGG pathway: map04971) in 11
birds shown in figure 2A. We screened for two gene sets
that show genetic signatures of adaptive evolution: 1) posi-
tively selected genes and 2) rapidly evolving genes. Of these,
we found that the bearded vulture showed positive selection
in four loci (ADCY5, ITPR2, SLC26A7, and SST) and rapid
evolution in five (ADCY5 CALM2, ITPR2, KCNQ1, and
SLC4A2), the Himalayan vulture showed positive selection
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in one locus (CFTR) and rapid evolution in two loci (SST
and SSTR2), and Turkey vulture showed positive selection
in two genes (CHRM3 and ATP1B3), while four loci (ATP4B,
CALM3, CA2, and CCKBR) showing rapid evolution (fig. 2A
and B, supplementary table $20, Supplementary Material on-
line). However, functional enrichment was not observed in
the gastric acid secretion pathway for any set of genes (PSGs,
REGs, and convergent genes) in our genome-wide analysis.
We repeated these analyses for two nonscavenger control
species and detected no gastric acid secretion genes under
positive selection or rapid evolution in the ground tit, while
three loci under positive selection (ITPR3, KCNJ1, and MYLK3)
and none showing rapid evolution in the downy woodpecker.
No gene was shared by three vultures and two control line-
ages. SLC26A7 is a basolateral CI” /HCO3 exchanger in gastric
parietal cells and plays a major role in gastric acid secretion
(Petrovic et al. 2003). SST encodes a regulatory peptide that
inhibits gastric acid secretion by activation of the SSTR2 re-
ceptor (Lloyd et al. 1995; Patel 1999). We also found evidence
that SSTR2 underwent rapid evolution in the ancestral branch
of Accipitridae. CFTR encodes the cystic fibrosis transmem-
brane conductance regulator, which regulates Cl~ secretion
(Borowitz 2015). CHRM3 is a muscarinic receptor primarily
expressed in gastrointestinal tract and regulate the secretion
of gastric acid in parietal cells (Xie and Raufman 2016). ATP4B,
encodes the f subunit (H/Kf) of the gastric proton pump,
the heterodimeric gastric H4/K+4 ATPase, which transport
H™ into the Gl tract (Nguyen et al. 2004). H/K 3 stabilizes H-+/
K+ ATPase alpha subunit (H/Kx) and is required for the
enzymatic activity and in vivo function of the enzyme
(Scarff et al. 1999).

In addition to uncovering selection, we also found evi-
dence that three members of the gastric pathway have un-
dergone convergent evolution in vultures: ATP4B, CFTR, and
SLC26A7 (fig. 2B). The first of these, ATP4B, encodes the f§
subunit (H/KJ3) of the gastric proton pump, is a rapidly evolv-
ing gene in Turkey vulture. The third convergent gene,
SLC26A7, under selection in the bearded vulture, is a baso-
lateral CI”/HCOJ exchanger (Petrovic et al. 2003). In an anal-
ysis toward conserved nonexonic elements (CNEs), four genes
(CAMK2G, KCNQT, MYLK, and SLC26A7) in the gastric acid
secretion pathway were located by at least three CNEs that
showed signals of convergence in the three vultures
(Himalayan vulture, Bearded vulture, and Turkey vulture)
(supplementary fig. S3, Supplementary Material online).
KCNQ1 is located by seven convergent CNEs is a channel
gene for luminal K™, which plays an essential role in gastric
acid secretion (fig. 3A) (Grahammer et al. 2001). Five out of 60
CNEs near SLC26A7 were detected to undergo convergent
evolutionary rate shifts (fig. 3B). Among them, two CNEs lo-
cated in introns of SLC26A7 have faster rates in all the three
vultures (fig. 3B). Introns have been reported to be able to
enhance gene expression (Shaul 2017). This may indicate that
SLC26A7 has evolved to play a key role in gastric acid secre-
tion not only in coding region but also in the regulatory
region.

Although gastric acid secretion is a complex process in-
volving numerous proteins (Schubert and Peura 2008),
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Fic. 3. Convergent acceleration of conserved nonexonic elements (CNEs) in the three vultures. (A) One convergent CNE in intron 5 of KCNQ1 has a
higher relative rate in all three vultures examined; (B) Two convergent CNEs located in introns 6 and 13 of SLC26A7 have a higher relative rate in all
three vultures examined. Information of CNEs (scaffold, start, and end) was included in its name. P-values refer to the Wilcoxon-rank sum test for
rate acceleration on vulture branches when compared with other bird branches. AQUCH, Aquila chrysaetos; BUTHE, Buteo hemilasius; CATAU,
Cathartes aura; GALGA, Gallus gallus; GYPHI, Gyps himalayensis; GYPBA, Gypaetus barbatus; HALLE, Haliaeetus leucocephalus; NIPNI, Nipponia
nippon; PICPU, Picoides pubescens; PSEHU, Pseudopodoces humilis; TAEGU, Taeniopygia guttata.
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Fic. 4. Genomic features related to immune system of vultures. (A) Diagram of mucus defense system in vultures. Genes in red are rapidly evolving
genes, genes in orange are under positive selection, and blue genes are under convergent evolution. plg, polymeric immunoglobulin; Sig, secretory
immunoglobulin. (B) Immune genes show higher dN/dS values in branches leading to vultures. A total of 754 genes in GO terms related to the
immune response were retrieved, and we calculated the dN/dS ratios on the branches, leading to obligate scavengers, facultative scavengers, and
non-scavengers, under the two-ratio branch model of PAML. Background dN/dS ratios are calculated under the one-ratio branch model of PAML.
(C) Histogram of dN/dS (mean = SE) in different dietary categories. The mean dN/dS values at the branches of obligate scavengers are significantly
larger than background, non-scavenge, and facultative scavenge, respectively. ***P < 0.01, ** P < 0.05, *P < 0.1 (t test).

previous insights into the molecular basis of acidity in obligate
scavengers have been limited to the detection of rapid evo-
lution (two-ratio branch model of PAML) in a single gene
(SST) in the cinereous vulture (Chung et al. 2015). Indeed, no
genes associated with gastric acid secretion were detected in a
similar study of the turkey vulture (Zhou et al. 2019). Gastric
acid itself is mainly composed of hydrochloric acid (HCI), with
protons (H™) transported by gastric H', K*-ATPase (ATP4A
and ATP4B), and CI™ transported by CFTR (Borowitz 2015).
Additionally, different lines of evidence (from selection, con-
vergence, and CNEs) support that SLC26A7 has evolved at
both sequence level and regulatory level. Thus, our findings of
molecular adaptation in three key genes (ATP4B, CFTR, and
SLC26A7), along with several other genes (ADCY5, CA2,
CALM3, CALM2, CCKBR, CAMK2G, ITPR2, KCNQ1, MYLK,
SLC4A2, SST, and SSTR2) of the gastric acid secretion pathway
(fig. 2), provide compelling genetic basis for the evolution of
high stomach acidity in vultures.

Adaptation of Defense System
Of our PSGs and REGs, several genes associated with mucus
clearance were only recorded in the vulture group (fig. 4A).
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PIGR is a PSG shared by three vultures, two of which (turkey
vulture and Himalayan vulture) show the same site under
selection. This gene encodes a receptor that transports poly-
meric Ig (IgA or IgM)—one of the main immunological agents
at mucosal barriers—from the basolateral surface of the ep-
ithelium to the apical side in gastrointestinal tract (Turula and
Wobus 2018). TFF1 and TFF2 were found to be rapidly
evolved at the ancestor branch of Accipitridae (figs. 2A and
4A). These two small secretory proteins encoding by TFF1 and
TFF2 are expressed mainly in the gastrointestinal tract and
play an important role in mucosal restitution and repair pro-
cesses (Tolusic et al. 2018). PTGES is a PSG in the bearded
vulture, which encodes a glutathione-dependent prostaglan-
din E (PGE) synthase. PGE2 has been reported to have a
stimulatory effect on mucus secretion (Bersimbaev et al.
1985). Eight genes related to mucin-type O-glycos biosynthe-
sis were identified in vultures: Himalayan vulture (1 PSG, 2
REGs), bearded vulture (4 REGs), and turkey vulture (1 REGs).
We further compared these genes with those found in a
group of mammalian scavenger, Hyaenidae (Westbury et al.
2021). Two genes (NAA25 and PTPNS) were shared by
Hyaenidae and the Himalayan vulture, six genes (TP53BP2,
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HERC2, STRADA, UBTF, PKP3, and SLC22A7) for Hyaenidae
and the bearded vulture, and two genes (USF3 and SLC26A3)
for Hyaenidae and the turkey vulture. Among them, the pro-
tein encoded by TP53BP2 was found to be significantly cor-
related with gastric cancer susceptibility (Ju et al. 2005). This
finding suggests that mammals and birds could share some
molecular adaptations underlying scavenging. We next con-
ducted GO enrichment analysis toward PSGs and REGs (P-
value < 0.05). GO terms were retained for further analysis if
they showed a P-value < 0.05 (Fisher’s exact test), and if they
did not occur in two control lineages. For the Himalayan
vulture, we found that PSGs and REGs were significantly
enriched in several immune-related terms and pathways
(supplementary table S21, Supplementary Material online,
supplementary fig. S4, Supplementary Material online): GO:
0050691~regulation of defense response to virus by host; GO:
0039702~viral budding via host ESCRT complex; GO:
0032715~negative regulation of interleukin-6 production;
GO: 0043029~ T cell homeostasis; gga04115~p53 signaling
pathway. For the bearded vulture (supplementary table S22,
Supplementary Material online, supplementary fig. S5,
Supplementary Material online), significant enrichment was
found in three terms (gga00512~Mucin type O-Glycan bio-
synthesis, gga01130~Biosynthesis of antibiotics, GO:
0032735~ positive regulation of interleukin-12 production).
Of note, O-glycans contribute to maintaining the structure
of mucins, a protein that covers and protects epithelial cells
from pathogens and gastric acid (Guzman-Aranguez and
Argueso 2010; Lang et al. 2007). For the turkey vulture (sup-
plementary table S23, Supplementary Material online, supple-
mentary fig. S6, Supplementary Material online), significant
enrichment was detected in seven immune-related terms:
GO: 0050727~regulation of inflammatory response; GO :
0046718~viral entry into host cell; GO: 0043922~ negative
regulation by host of viral transcription; GO:
0043923~ positive regulation by host of viral transcription;
GO: 00327432~positive regulation of interleukin-2 produc-
tion; GO: 0032757~ positive regulation of interleukin-8 pro-
duction; GO: 0045088~regulation of innate immune
response. These terms are specific to vultures and thus may
have implications for carrion feeding.

Of the convergent genes identified under the JTT-Fgene
model among three vultures (supplementary table S15,
Supplementary Material online, fig. 4A), three (EPCAM,
JCHAIN, and STING) are strongly associated with immune
defense, especially mucus defense system (Nochi et al. 2004;
Li et al. 2020; Hu et al. 2021). The protein EPCAM encoded by
the gene EPCAM is a transmembrane glycoprotein expressed
on the epithelial cells and primarily known to mediate homo-
typic cell contacts in epithelia tissues (Nochi et al. 2004).
Studies have shown that EPCAM may act as a physical homo-
philic interaction molecule between intestinal epithelial cells
(IECs) and intraepithelial lymphocytes (IELs) at the mucosal
epithelium for providing immunological barrier as a first line
of defense against mucosal infection (Nochi et al. 2004).
Furthermore, we also found EPCAM to be evolved conver-
gently by the PCOC method (supplementary table S16,
Supplementary Material online). JCHAIN is a small

polypeptide, expressed by mucosal and glandular plasma
cells, plays an important role in production of secretory anti-
bodies (Johnsen et al. 2000). STING, also known as “stimulator
of interferon genes,” is a signaling protein that plays an es-
sential role in controlling the transcription of several innate
immune molecules, such as type | interferons (IFNs) and
proinflammatory cytokines (Barber 2015). For convergent
genes identified by the PCOC method, significant enrichment
was observed in GO: 0032715~negative regulation of
interleukin-6  production  (supplementary table 524,
Supplementary Material online). CD74 and TLR2 are conver-
gent genes between the two Old World vultures (fig. 4A),
which may have critical roles in defensing pathogens in gastric
tract (Smith et al. 2003; Barrera et al. 2005).

In addition, the decarboxylation of amino acids during the
microbial breakdown of flesh produces biogenic amines (BAs)
such as cadaverine and putrescine (Karovicova and
Kohajdova 2005; Sherratt et al. 2006). Although these com-
pounds play crucial roles in the physiology and development
of eukaryotic cells, they are also toxic when consumed in
excess, inducing nausea, headaches, rashes, and changes in
blood pressure (Ladero et al. 2010). Since vultures appear to
be unique in their ability to process food resources that are
very rich in BAs (Sherratt et al. 2006), it is plausible that they
may have experienced selection on amine oxidases, the key
metabolic enzymes responsible for inactivating harmful exog-
enous BAs. To test this idea, & values of the diamine oxidase
gene (DAO) along each branch were estimated under the
free-ratio model of PAML (Yang 2007). LRT test indicated
that the free-ratio model is a better fit than the one-ratio
model that assumes one same w across all branches in inter-
preting our data set (chi-square test, P-value = 0.0013). We
found that the DAO gene has rapidly evolved at least for two
times. One is on the ancestral branch of Accipitridae
(e =0.2327) which coincided with the transition of nonsca-
venging to facultative scavenging the other (o = 02715) is
on the Himalayan vulture branch which represents the tran-
sition of facultative scavenging to obligate scavenging (sup-
plementary fig. S7, Supplementary Material online). Rapid
evolution has not occurred on the branch leading to the
bearded vulture, which could be explained by its specialized
feeding niche (bone-eating) (Buechley and Sekercioglu
2016b). Bones contain relatively less microorganisms and
are difficult to degrade and thus may contain no or little
biogenic amines.

To further assess whether the evolution of scavenging in
Old World vultures is associated with selection in immune-
related genes, we performed analyses of molecular evolution
in 754 immune-related genes across 10 bird species (fig. 2A,
without Turkey vulture). The distribution densities of the AN/
dS values are shown in figure 4B. Comparing lineages with
contrasting levels of scavenging, we found that obligate scav-
engers (Himalayan vulture and bearded vulture) were char-
acterized by 11 genes (CEBPB, HAND2, HSIL5R2, IFIT5, IL20RB,
JCHAIN, NKX2-3, RNF26, SOX4, and TRAF3IP1) showing pos-
itive selection with dN/dS ratio (®w) > 1. In comparison, fac-
ultative scavengers (bald eagle, golden eagle, and buzzard),
and nonscavengers (chicken, crested ibis, downy woodpecker,
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and zebra finch) showed seven and two genes with o > 1,
respectively. Compared with either the background or two
other bird groups, obligate scavengers showed significantly
higher o values (Student’s t-test) (fig. 4C), further suggesting
that genetic changes in immune genes could help us explain
how vultures adapted to obligate scavenging. As a control,
the same analysis was performed on 451 reproductive genes
(GO: 0000003). Similar to immune genes, reproductive genes
also evolve more rapidly than almost all other gene categories
(Dapper and Wade 2020). No significant difference in dN/dS
values was observed between obligate scavengers and other
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bird groups (supplementary fig. S8, Supplementary Material
online). This finding suggests that the evolution of scavenging
in vultures is accompanied by the selection of immune genes.

Genetic Diversity and Demographic History of the
Two Vultures

We estimated genome-wide heterozygosity for each of the
three newly sequenced birds by mapping short reads back to
their respective reference genomes, recording 0.0012 hetero-
zygous sites/base pair for the Himalayan vulture (Gyps hima-
layensis), 0.0011 for the bearded vulture (Gypaetus barbatus),
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and 0.0019 for the upland buzzard (Buteo hemilasius) (fig. 5A).
By comparing these values to published data (Li et al. 2014)
we found that genome-wide heterozygosity of the two vul-
tures was similar to that reported for another wvulture
Cathartes aura (0.0012) (fig. 5A). Thus, these three vulture
genomes all appear to show remarkably low diversity, around
half of the mean genome diversity (0.0022) of the 42 birds
examined (fig. 5A) (Li et al. 2014).

Effective population size (Ne) is one of the most important
genetic parameters in population genetics (Wang et al. 2016),
with a low Ne associated with a loss of genetic diversity and an
increase in inbreeding (Bolton et al. 2018). We reconstructed
the demographic histories of G. himalayensis and G. barbatus
using the pairwise sequential Markovian coalescent (PSMC)
method (Li and Durbin 2011). Our PSMC analysis used
genomes of three individuals of G. himalayensis (XNO1-
XNO03) and one individual of G. barbatus and revealed similar
Ne fluctuations in both species (fig. 5B, supplementary fig. S9,
Supplementary Material online). For G. himalayensis, the Ne
showed two periods of population expansion, peaking at
~7 x 10° years ago and 3 x 10" years ago, with subsequent
declines to minima at ~1 x 10> million years ago and present
day (fig. 5B). The first population expansion coincided with
the prolongation of glacial cycle (Muller and MacDonald
1997) and the second occurred after the beginning of the
Last Glacial Period (LGP, 1x 10°-1.2 x 10°years ago)
(Rohling et al. 1998). The demographic history of
G. barbatus also showed two periods of population expansion
and contraction, with Ne peaks ~3 x 10°years ago and
3.5 x 10% years ago, again with evidence of a recent post-
LGM decline at 2.2 x 10°-1 x 10 years ago (fig. 5B).

We estimated genome-wide heterozygosity of the two
focal wvultures to be 0.0012 (Himalayan vulture) and
0.0011 (bearded vulture), both of which are lower than
that of Chlamydotis macqueenii (macQueen’s bustard,
“Vulnerable”) and Balearica regulorum (crowned crane,
“Endangered”), two birds that listed by the IUCN within
the recent past (fig. 1D) (Li et al. 2014). Vultures are among
the most threatened avian groups in the world (Buechley and
Sekercioglu 2016b) with 9 of the 22 species listed as “Critically
Endangered” (IUCN Red List category), three as “Endangered”
and, four as “Near Threatened” (Buechley and Sekercioglu
2016a). The number of mature individuals of Himalayan
and bearded vultures is estimated to be 66,000-334,000,
and 1,300-6,700, respectively (IUCN 2020). Although both
focal vulture species are classified as “Near Threatened,” the
low genetic diversity uncovered by our study indicates that
they may be more vulnerable than currently appreciated. Our
PSMC analysis also revealed that both vultures appear to have
declined in population size since the Last Glacial Maximum
(fig. 5B), predating the well-documented dramatic declines of
the past three decades, especially in Asia and Africa (Buechley
and Sekercioglu 2016a). Thus, these two vultures may have
experienced an ancient bottleneck at ~1 x 10*years ago
(fig. 5B), an observation that was also inferred from the ge-
nome of the Yangtze River dolphin (Zhou et al. 2013). It
therefore seems probable that modern vulture populations
are genetically depauperate due to a long-term loss of

diversity, and for this reason, they might be especially vulner-
able to ongoing human-induced declines, such as hunting,
secondary poisoning by pesticides, infrastructure construc-
tion, and reduction of food availability due to changes in
human lifestyle (DeVault et al. 2003; Wilson and Wolkovich
2011). Indeed, low genome-wide heterozygosity has been di-
rectly linked to inbreeding depression and a loss of fitness in
other endangered birds (Li et al. 2014). Therefore, we suggest
that more attention should be paid to vultures, and proactive
management, such as restricting human activities near their
nesting area, setting up artificial feeding sites, and standard-
izing monitoring and pharmacovigilance, should be consid-
ered to reduce the risk of extinction. Further genetic
sequencing of the Himalayan and bearded vultures will allow
assessments of recent population changes since the LGM, and
thus a more detailed insight into the effects of human activ-
ities on populations of these keystone birds.

Conclusions

In this study, we generated high-quality genomes of the
Himalayan and bearded vultures, representing both lineages
of Old World vultures, alongside a sister taxon, the upland
buzzard. Genome analyses showed that both vultures have
remarkably low genetic diversity that is only about a half of
the mean genetic diversity among all bird genomes examined,
and predicted that both vultures have declined in population
size since the Last Glacial Maximum. Moreover, we showed
that the evolution of obligate scavenging in vultures may have
been accompanied by widespread positive selection acting on
genes underlying gastric acid production and immunity. In
addition, we found evidence of parallel molecular evolution
that involved shared amino acid replacements among diver-
gent lineages of these scavengers. Our results provide impor-
tant insights into vulture conservation and molecular
adaptations underlying obligate scavenging.

Materials and Methods

Sampling and Genome Sequencing

We obtained blood from three captive Himalayan vultures
(XNO1, XN02, XN03) from Xining Wildlife Park, one bearded
vulture (XJ01) from Taxkorgan Nature Reserve, Xinjiang, and
one upland buzzard (BJ01) from the Beijing Raptor Rescue
Center. Sampling was nonlethal and approved by the Wuhan
University Institutional Animal Care and Use Committee.
Genomic DNA was isolated from blood samples using
Qiagen DNAeasy kits (Qiagen, Valencia, CA, USA).

For the Himalayan vulture, we used the individual XNO1
to construct 500bp and 20kb libraries with an lllumina
TruSeq Nano DNA Library Prep Kit and SMRTbell
Template Prep Kit, respectively. We sequenced the 500 bp
library on an lllumina HiSeq X platform (Genetron Health,
Beijing), generating 41.7 Gb raw data. The 20kb library was
sequenced on a PacBio Sequel platform with Sequel SMRT
cells TM v2 (Genome Center of Nextomics, Wuhan), gener-
ating 69.9 Gb subreads with an average length and N50 of
9.1kb and 13.9kb, respectively (supplementary table S1,
Supplementary Material online; supplementary fig. S10,
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Supplementary Material online, Supplementary Material on-
line). For the bearded vulture, ~50kb insert library was proc-
essed on a 10X Genomics GemCode platform using ~1ng
input DNA. For the GEM reaction procedure during PCR,
16 bp barcodes were introduced into droplets. Barcode librar-
ies were purified and sheared into 500 bp fragments for se-
quencing on the NovaSeq instrument. After sequencing, we
used the supernova-2.0.0 software to take the FASTQ file
containing the barcoded reads and build a graph-based as-
sembly to produce a FASTA file suitable for downstream
processing and analysis. In total, 175.55 Gb raw data was gen-
erated (supplementary table S1, Supplementary Material on-
line). For the buzzard, we constructed short-insert-sized (250,
500, 800 bp) and mate-pair (2kb and 5kb) DNA libraries,
generating a total of 249.25Gb raw data on an lllumina
HiSeq 2000 platform.

For the lllumina data, we used the following strategies to
filter raw data: 1) reads were filtered to remove the adapters;
2) reads were trimmed to remove two low-quality bases at
the 5’ end and three low-quality bases at the 3 end; 3) filtered
reads with N bases more than 10%; 4) filtered duplicated
reads due to PCR amplification; 5) filtered reads with low-
quality bases (<5) more than 50%. For the PacBio data, sub-
reads were filtered with the default parameters. Details of
data are shown in supplementary table S1, Supplementary
Material online.

De Novo Assembly for the Himalayan Vulture
Genome

Genome size was predicted according to k-mer spectra. Using
Jellyfish (Marcais and Kingsford 2011) (v2.1.3), 17-mers were
counted as 28,921,310,653 from short clean reads with a k-
mer depth of 23 (supplementary fig. S11, Supplementary
Material online). Thus, the genome size was estimated to
be ~126G (supplementary table S2, Supplementary
Material online). To assemble the Himalayan vulture genome
assembly, we used the software Falcon (v0.2.2) (Chin et al.
2016) with the following parameters: length_cutoff =13,000,
length_cutoff_pr = 13,000, max_diff =60, max_cov= 60,
min_cov= 2. The resulting assembly was 1.19 Gb and contig
N50 is 3.96 Mb, with contig number of 961 (supplementary
table S3, Supplementary Material online). The compositions
of three bird genomes were shown in supplementary table S4,
Supplementary Material online. Due to the high error rate
of PacBio raw reads, we used two steps to improve data
quality. First, long PacBio reads were mapped to the original
assembly using the BLASR (Chaisson and Tesler 2012)
with parameters: —bam —bestn 5 —minMatch 18 —nproc
4 —minSubreadLength 1000 -minAlnLength 500 -
minPctSimilarity 70 —minPctAccuracy 70 -hitPolicy ran-
dombest —randomSeed 1. We also used Pilon v1.20 (Walker
et al. 2014) to further correct the PacBio-corrected assembly
with lllumina short reads for two rounds. To further evaluate
the accuracy of the Himalayan vulture genome assembly, we
aligned the short read data from whole-genome sequencing
data against the genome assembly using the bowtie2
(Langmead and Salzberg 2012). Then, the resulting bam file
was processed with picard-2.9.0 (http://broadinstitute.github.
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io/picard/, last accessed March 10, 2018) to remove PCR
duplicates. After sorting with SAMtools v0.1.19 (Li et al.
2009), gatk-4.0.9.0 (McKenna et al. 2010) was applied to call
SNP/INDEL. Using genomic homozygous mutations detected
from the NGS data, we estimated that the genome accuracy
at the base level reached 99.998% (1-homogeneous_site/
genome_size).

Assembly for the Bearded Vulture Genome

To generate the de novo assembly, the supernova-2.1.1
(Weisenfeld et al. 2017) was used to assemble the 10x
Genomics linked-read data with default parameters. We
firstly constructed the basal graph using the de bruijn graph
and DISCOVAR algorithm, by concatenating successive edges
and deleting the shared K-1 bases at each junction. The sup-
per graphs were connected when the overlap of two edges is
longer than 200 bp. These steps were followed by connecting
adjacent contigs into one scaffold based on one read pair and
in one barcode type. The genome assembly was then phased
after adjustment of orientation and order. Finally, a gap-filling
step was performed by aligning 10X Genomics reads to the
phased assembly using longranger align.

Assembly for the Upland Buzzard Genome

Primary genome assembly was generated by ALLPATHS-LG
(Butler et al. 2008). Unipaths were built with the minimal
overlap of K=96. The short-insert reads (250 bp, 500 bp,
and 800 bp) are merged into single “super-reads” after error
correction. All these “super-reads” were then formed into an
initial unipath graph which was expected to be highly accu-
rate. However, it also contains gaps arising from bias in
lllumina data. We filled gaps in the unipath graph using
jumping reads (2 kb and 5 kb) by ignoring their pairing. This
unipath graph was used to determine the fragment size dis-
tribution for jumping pairs reads, and estimate the distances
between unipaths. Gapcloser (version 1.12) (Luo et al. 2012)
was then used to conduct gap-filling. Scaffolds were finally
improved by applying the fragScaff program (Adey et al.
2014).

Assessment of Genome Completeness and Genome
Contents

Gene content of the three bird genomes was quantified with
the Benchmarking Universal Single-Copy Orthologs (BUSCO)
set (Simao et al. 2015) using the parameters of chicken in
Augustus to validate the completeness (supplementary table
S4, Supplementary Material online). We compared GC con-
tent of the three bird genomes with that of Aquila chrysaetos,
Gallus gallus, Haliaeetus leucocephalus, and Taeniopygia gut-
tata using quast-4.6.3 (Gurevich et al. 2013) (supplementary
fig. S12, Supplementary Material online).

Evaluation of Genome Diversity

Cleaned reads were aligned to references with BWA (Li 2013)
with default options, followed by removal of PCR duplicates
using rmdup command in SAMtools (Li et al. 2009). Raw
results of mapping were processed using the mpileup com-
mand of SAMtools with the -Q 30 option and SNPs were
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called by “bcftools call” command. We counted the number
of heterozygous sites in each genome and calculated genome
diversity by the total number of heterozygous sites divided by
its genome size.

Genome Annotation

Repeat Annotation

A combination method of similarity searching and de novo
prediction was applied to identify repetitive elements in three
bird genomes. Transposable elements were identified using
RepeatMasker (Smit et al. 2015) and RepeatProteinMask
against the Repbase transposable element library (Jurka
1998). We used RepeatScount, PILER-DF  and
RepeatModeler-1.0.5 (Smit and Hubley 2010) to construct a
de novo transposable element library, which was then used by
RepeatMasker to predict repeats. We predicted tandem
repeats using TRF (Benson 1999). The Repbase-based anno-
tations and de novo annotations were then merged. The two
Old World vultures sequenced in this study seem to have
more hAT-Charlie compared with other birds (supplemen-
tary fig. S13, Supplementary Material online).

Gene Prediction

For the bearded vulture and buzzard, only homology-based
prediction was used while three different types of approaches
were applied for the Himalayan vulture genome prediction,
these results were shown in supplementary table S5,
Supplementary Material online.

Homology-Based Prediction. We performed homology-based
gene prediction with five steps. First, protein sequences of
human, mouse, chicken, zebra finch, and bald eagle were
aligned to the masked genome assemblies using genblastg,
which uses tblastn hits to define high-quality gene models
(She et al. 2011). The raw gene models were obtained in this
step. Second, candidate gene regions were extracted from
filtered and extended gene models. Third, the candidate
gene regions were blasted against a query protein database
to find the best match. Fourth, taking the best matches, final
gene models were built using GeneWise (Birney et al. 2004).
Finally, the gene models with the highest score for each can-
didate gene region were retained.

RNA-Seq Based Prediction. We also performed annotation
based on transcripts. Raw RNA-seq data isolated from the
Himalayan vulture blood were cleaned with trimmomatic-
036 (Bolger et al. 2014) and assembled de novo using
Trinity (Grabherr et al. 2011). The resulting transcripts were
trimmed using seqclean to remove vectors, adaptors, and
primers. Then, the tool Launch_PASA_pipeline.pl in PASA
(Haas et al. 2003) was used to map clean transcripts to the
Himalayan vulture genome. Gene models were extracted us-
ing the tool pasa_asmbls_to_training_set.dbi. Finally, using
tophat (Trapnell et al. 2009), we mapped RNA-seq reads to
the repeat-masked genome and retrieved information of in-
tron hints using bam2hints in augustus-3.2.3.

Ab Initio Prediction. HMM parameters were trained under a
standard procedure both for Augustus (Stanke et al. 2006),

and SNAP (Korf 2004) with high-quality gene models derived
from the step (b). Augustus was run with hints file that could
highly improve the gene prediction.

Gene Models Merging. Gene models from three gene predic-
tion methods were then integrated using EVM (Haas et al.
2008). We finally annotated 22,122 protein-coding genes in
the Himalayan vulture genome. The gene number, gene
length distribution, coding sequence (CDS) length distribu-
tion, exon length distribution, and intron length distribution
were comparable with those in other three birds (supplemen-
tary table S5, Supplementary Material online).

Functional Annotation of Protein-Coding Genes
Gene functions were assigned according to the best match of
the alignment to the SwissProt (Apweiler et al. 2010), using
BLASTP (Altschul et al. 1990). We annotated motifs and
domains by searching against publicly available databases,
including Pfam, PRINTS, PROSITE, ProDom, and SMART us-
ing InterProScan (Quevillon et al. 2005). Gene Ontology (GO)
terms for each gene were retrieved using go_enrichment
package (https://github.com/enormandeau/go_enrichment,
last accessed August 10, 2019). Furthermore, all genes were
submitted to the online sever KAAS for KEGG pathway an-
notation (Moriya et al. 2007). Results are shown in supple-
mentary table S6, Supplementary Material online.

Ortholog Definition and Alignment

To identify putative orthologs, we used the reciprocal best hit
(rbh) (Wall et al. 2003). Here, we used the protein sequence of
chicken as reference to conduct reciprocal blast with protein
sequences of other bird species. The best-hit pairs were be-
lieved to be orthologs. The code used here is accessible at
https://github.com/)infengChen/Scripts (last accessed March
5, 2021). Orthologous genes were firstly aligned using prank
(Loytynoja 2014) with parameters “-codon +F —termgap.”
Alignments were then processed by Fasparser (Sun 2018)
and Gblocks (Castresana 2000) to remove ambiguously
aligned blocks with default parameters and “-b5=N -t=c
-b0 = 10,” respectively.

Identification of PSGs and REGs

Using the rbh methodology described above, a gene set with
8,080 orthologous genes were generated among the
Himalayan vulture, bald eagle, upland buzzard, golden eagle,
bearded vulture, sowny woodpecker, zebra finch, ground tit,
crested Ibis, and chicken. The resulting alignment and tree
topology shown in figure 2A (without Turkey vulture) were
used as inputs for CODEML implemented in PAML v4.9e
(Yang 2007). To identify PSGs, we used the branch-site model,
in which an alternative model allows sites to be under positive
selection on the foreground branch, whereas a null model
limits sites to evolve neutrally or under purifying selection. To
identify REGs, we used the branch model, in which the alter-
native model allows different rates for different branches and
the null model assigns the same ratio to all branches. When
performing the branch and branch-site model tests on the
focal vulture, other vultures were removed from background

3659


https://github.com/enormandeau/go_enrichment
https://github.com/enormandeau/go_enrichment
https://github.com/JinfengChen/Scripts
https://github.com/JinfengChen/Scripts

Zou et al. - doi:10.1093/molbev/msab130

MBE

set of taxa. For example, to identify PSGs in the Gyps hima-
layensis lineage, we first removed Gypaetus barbatus, and
then ran the branch-site model. Likelihood ratio tests
(LRTs) were used to calculate P-values. We checked the dis-
tribution of P-values produced by LRT (supplementary fig.
S14, Supplementary Material online) and observed an excess
of P-values close to 1 (70-86% P-values greater than 0.98) for
the branch-site model, in which false discovery rate (FDR)
correction is largely inappropriate and too conservative
(Potter et al. 2021). As a result, following a recent study
(Potter et al. 2021), we newly added two post hoc filtering
steps to reduce false positives in selection analysis with the
branch-site model: 1) Uncorrected P-value generated by LRT
was less than 0.05, and at least one site identified by Bayes
empirical Bayes (BEB) analysis should belong to the site class
2a or 2b with a posterior probability >0.5; 2) Genes with a
median interval between such BEB sites less than 10 amino
acids were discarded, which helps reduce bias caused by align-
ment error. For the turkey vulture, a gene set containing 5,640
orthologous genes was established across 11 birds (fig. 2A).
When conducting selection tests on the turkey vulture, the
Himalayan vulture and bearded wvulture were removed.
Finally, we repeated these analyses for two nonscavenger
control species (ground tit and downy woodpecker) to en-
sure our findings are specific to vultures.

Convergent Evolution among Vultures

To test for convergence among vultures, we expanded our
data set to include 25 bird species for which high-quality
genomes were available and the turkey vulture genome is
of low quality. We applied a reciprocal best-hit strategy to
generate two data sets: The first data set includes the turkey
vulture (5221 orthologous genes, supplementary fig. S2A,
Supplementary Material online); and the second data set
excludes the turkey vulture (6,335 orthologous genes, supple-
mentary fig. S2B, Supplementary Material online). Protein
sequences were aligned using prank as described previously.
Signals of convergent evolution were detected using two
methods: 1) method of Zhang and Kumar (Zhang and
Kumar 1997; Zou and Zhang 2015). A site was assumed as
a convergent site if amino acids of a focused node at that site
are the same but different with their most recent ancestral
amino acids. Amino acid sequences of internal nodes were
reconstructed by CODEML in PAML. For each gene, the num-
ber of observed convergent site was compared with the neu-
tral expectations derived from the JTT-fgene model, and the
Poisson test was then used to evaluate the difference. 2)
PCOC, which considers shifts in amino acid preference in-
stead of convergent substitutions (Rey et al. 2018). In PCOC, a
vector of amino acid frequencies that was called profile was
modeled for each position and each branch. Two models
were implemented in PCOC: convergent model and noncon-
vergent model. Under the convergent model, a site on con-
vergent branches evolves under the profile different from that
of nonconvergent branches. Under the nonconvergent
model, a site is modeled to evolve under a same profile for
both convergent and nonconvergent branches. PCOC then
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detects convergent sites by identifying the better fit between
the two models.

Conserved Nonexonic Elements Analysis

To identify conserved nonexonic elements (CNEs), we started
from the whole-genome alignment and used the phast pack-
age (Hubisz et al. 2011) to identify conserved elements.
Analyses in this section were accomplished by a Python script
which could be accessed at Github. Using LASTZ, 10 repeat-
masked genomes (shown in fig. 2A) were aligned to the ref-
erence genome of chicken (GRCg6a). The Multiz program
(Blanchette et al. 2004) was used to produce a multiple align-
ment. Then, we extracted 4-fold degenerate sites from our
whole-genome alignment and used phyloFit to estimate a
neutral phylogenetic model (nonconserved model). Next,
we estimated rho (expected substitution rate of conserved
elements relative to neutrality) using phastCons with the
option of “—target-coverage 0.25 —expected-length 20 —
estimate_rho,” and we ran separately on nonoverlapping
10~ bp windows of the input alignment. Conserved models
for each window were combined by phyloBoot and then used
for initial conserved element prediction. Exon regions were
excluded from the highly conserved elements to generate
CNEs, using the command “subtract” in BEDTools (https://
bedtools.readthedocs. io/en/latest/, last accessed December
15, 2020). A final set of 847,300 CNEs with a minimum of 30-
bp in length were identified. We mainly focused on CNEs
(n=1515,771) which are located in the intergenic regions, in
introns and within the 10-kb upstream or downstream flank-
ing regions of genes. Trees with branch lengths for each CNE
were generated by “baseml” in PAML. Convergent evolution-
ary rate shifts for CNEs were detected by RERconverge, a R
package that can test for associations between genes’ relative
rates and traits of interest on a phylogeny (Kowalczyk et al.
2019).

Evolution of the High Gastric Acidity in Vultures
Vultures have stomachs with the highest acidity (pH = 1.0)
where most microbes cannot survive. In order to identify
candidate genes contributing to its extremely acidic stom-
achs, we select 37 genes in gastric acid secretion pathway
(map04971) from the KEGG database. Then, we retrieved
ortholog sequences of selected genes in the species of
figure 2A, using the rbh methodology described above. A total
of 22 homologous genes were retrieved. From the common
ancestral branch of Accipitridae, PSGs and REGs were identi-
fied on all branches leading to the three vultures. When
performing the branch and branch-site model tests on ter-
minal branches of the three vultures, other vultures were
excluded from background group of taxa. We also conducted
selection analysis toward two control lineages (ground tit and
downy woodpecker) to test whether selection detected in
our analysis was specific to genes in vultures.

Evolution of Immune System in Vultures

We first retrieved 1,179 genes associated with immunity un-
der GO: 0002376 ~ immune system process in chicken. Using
immune genes of chicken as query, a total of 754 orthologous
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genes were then defined among 10 birds (fig. 2A). Ten birds
were then classified into three dietary groups: obligate scav-
enging group (Himalayan vulture and Turkey vulture), facul-
tative scavenging group (Bald eagle, Golden eagle, and
Buzzard), and nonscavenging group (Chicken, Crested ibis,
Downy woodpecker, Zebra finch, and Ground tit) according
to levels of scavenging (Buechley and Sekercioglu 2016a;
Sanchez-Zapata et al. 2010). Background dN/dS ratio (w)
was calculated under one-ratio branch model (model 1) of
PAML. The @ values of the three dietary groups described
above were calculated under the two-ratio branch model
(model 2) implemented in PAML. The distribution densities
and a box plot of the dN/dS values were shown (fig. 4). Mean
o values of different groups were compared using the
Student’s t-test.

Evolution of DAO Gene

We failed to find DAO gene in genomes of zebra finch, downy
woodpecker and crested ibis. Therefore, we recovered the
DAO gene in eight additional bird genomes currently acces-
sible, they are Accipiter nisus, Strigops habroptila,
Pseudopodoces humilis, Calidris pugnax, Strix occidentalis,
Nannopterum auritus, Anser indicus, and Chlamydotis undu-
lata. To estimate the lineage-specific evolutionary rate for
each branch, codeml| with the free-ratio model (model =
1) was run using the tree topology shown in supplementary
figure S3, Supplementary Material online as the prior tree
topology. The likelihood under this model was tested by like-
lihood ratio test (LRT) against the one-ratio model (model =
0). The significance of the LRT value was evaluated by the chi-
square test with df = 14.

Demographic History Reconstruction

For assessing demographic histories of the Himalayan vulture,
we supplemented our genome assembly (the individual
XNO1) with resequencing of two further individuals (XNO02,
XNO03) sequenced at an average sequencing depth of 54x.
Raw clean reads of these three individuals were mapping onto
contigs (>50 kb) of the genome assembly. To remove contigs
or scaffolds that belongs to sex chromosomes, we aligned
newly sequenced genomes to the genome of chicken using
lastz (Harris 2007). SAMtools (Li et al. 2009) and vcfutils.pl
were then used to generate the consensus genomes for each
individual. The PSMC program (Li and Durbin 2011) was used
to reconstruct effective population size (Ne) fluctuations,
with 100 bootstraps for each individual. For the last plotting
step, 1.4 x 10~ ° substitutions per site per generation (Zhang
et al. 2014) and 10years as generation time were specified
(Gautschi 2001). For the bearded vulture, the same procedure
and same parameters were used to reconstruct its demo-
graphic history. For both species, 100 rounds of bootstrapping
analysis were performed, and the results were shown in sup-
plementary figure S8, Supplementary Material online.

Data Availability

The whole-genome sequence data of Gyps himalayensis,
Gypaetus barbatus, and Buteo hemilasius have been deposited
in the Genome Warehouse in BIG Data Center (National

Genomics Data Center Members and Partners 2020),
Beijing Institute of Genomics (China National Center for
Bioinformation), Chinese Academy of Sciences, under the
accession number GWHBAOP00000000 for Himalayan vul-
ture, GWHBAOQO00000000 for Bearded wvulture, and
GWHANWEF00000000 for Upland buzzard. They are publicly
accessible at http://bigd.bigac.cn/gwh (last accessed February
29, 2021). Short-read data have also been deposited into the
Genome Sequence Archive in BIG Data Center under acces-
sion number CRA003024. All these data have also been de-
posited into GenBank under BioProject number
PRJNAG648843. The scripts and pipelines used in this study
have been deposited at github (https://github.com/BIGtigr/
GenomicPipelines, last accessed April 25, 2021).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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