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Abstract

Ethiopian wolves, a canid species endemic to the Ethiopian Highlands, have been steadily declining in numbers for
decades. Currently, out of 35 extant species, it is now one of the world’s most endangered canids. Most conservation
efforts have focused on preventing disease, monitoring movements and behavior, and assessing the geographic
ranges of sub-populations. Here, we add an essential layer by determining the Ethiopian wolf’s demographic and evo-
lutionary history using high-coverage (~40x) whole-genome sequencing from 10 Ethiopian wolves from the Bale
Mountains. We observe exceptionally low diversity and enrichment of weakly deleterious variants in the
Ethiopian wolves in comparison with two North American gray wolf populations and four dog breeds. These patterns
are consequences of long-term small population size, rather than recent inbreeding. We infer the demographic his-
tory of the Ethiopian wolf and find it to be concordant with historic records and previous genetic analyses, suggesting
Ethiopian wolves experienced a series of both ancient and recent bottlenecks, resulting in a census population size of
fewer than 500 individuals and an estimated effective population size of approximately 100 individuals. Additionally,
long-term small population size may have limited the accumulation of strongly deleterious recessive mutations.
Finally, as the Ethiopian wolves have inhabited high-altitude areas for thousands of years, we searched for evidence
of high-altitude adaptation, finding evidence of positive selection at a transcription factor in a hypoxia-response
pathway [CREB-binding protein (CREBBP)]. Our findings are pertinent to continuing conservation efforts and under-
standing how demography influences the persistence of deleterious variation in small populations.
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Furthermore, recent research has shown that the small-
population paradigm (Gilpin and Soulé 1986) may not
fit all small populations (Robinson et al. 2018), and that
some small populations have the ability to avoid extinc-
tion presumably through the purging of strongly deleteri-
ous recessive alleles.

The Ethiopian wolf (Canis simensis) is endemic to the
Ethiopian Highlands, where it is restricted to the
Afroalpine habitat due to its specialized diet of burrowing
mole rats (Sillero-Zubiri and Gottelli 1995). The Ethiopian
wolf population has presumably been declining since the
Holocene (~10-15,000 years ago) when the Afroalpine
habitat began to retract (Gottelli et al. 2004), and has ex-

Introduction

Conservation biology has long been concerned with the
consequences of small effective population sizes in endan-
gered species and how it may lead to extinction (Gilpin
and Soulé 1986 ; Lande and Barrowdough 1987; Lande
1993; Caughley 1994; Lynch, Conery, and Biirger 1995a;
Lynch, Conery, and Biirger 1995b; Frankham 2005). Time
to extinction can be accelerated in small populations
due to the accumulation of deleterious mutations, in-
breeding depression, or loss of adaptive potential, all of
which can result in a large reduction in fitness (Lande
1988). Since the demographic history of a population im-
pacts the distribution and prevalence of deleterious vari-

ation (Ohta 1973; Lande 1988; Lohmueller et al. 2008)
elucidating the interaction between demography and gen-
etics is a key component of effective conservation.

perienced recent crashes caused by anthropogenic activity.
The expansion of human agriculture into the Highlands
has resulted in increased habitat fragmentation, and range
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restriction, in addition to rabies and canine distemper
virus outbreaks from increased proximity to domestic
dogs (Sillero-Zubiri et al. 1996a; Whitby et al. 1997;
Laurenson et al. 1998; Randall et al. 2004; Randall et al.
2006; Gordon et al. 2015). Two populations have become
locally extinct in the last 25 years (Gottelli et al. 2013) and
today, there remain fewer than 500 individuals (Group ICS
2011; Marino et al. 2013) sub-divided between six small
isolated populations, having between 15 and 200 wolves
each. These numbers are particularly concerning given
the smaller proportion of mature wolves, and the social
breeding system, whereby only a single dominant female
and a few males breed per pack, which results in a very
small effective population size (Sillero-Zubiri et al. 1996b;
Randall et al. 2004; Marino and Sillero-Zubiri 2011). The
largest remaining population is found in the Bale
Mountains, where approximately 250 wolves reside in
three genetically differentiated sub-populations (Randall
et al. 2010). Gene flow occurs between these sub-
populations through both male and female dispersal,
and it is believed these mating behaviors allow for inbreed-
ing avoidance despite this small population size (Randall
et al. 2007; Randall et al. 2010). Previous surveys of genetic
diversity have been conducted using either mitochondrial
DNA (Gottelli et al. 1994) or microsatellites (Randall et al.
2007; Randall et al. 2010). These studies have shown that
diversity in the remaining Ethiopian wolf populations is
low and have suggested that long-term effective popula-
tion sizes (N.) are small across sub-populations from the
Bale Mountains (Randall et al. 2010). However, this re-
search was limited to a handful of putatively neutral loci,
providing little information about loci under selection.

In sum, conservation efforts have provided a wealth of
information about the behavior, disease, diet, and range of
the Ethiopian wolf, but there is limited knowledge about
genetic diversity and historical demography. Here, we
determine how both ancient and recent demography
has affected the genetic diversity of Ethiopian wolves.
We generated high-coverage (~40X) whole-genome se-
quence data of 10 contemporary Ethiopian wolves from
the Bale Mountains. To examine the effect of long-term
small population sizes on deleterious mutations, we com-
pare the Ethiopian wolf with two gray wolves (Canis lu-
pus) populations: 1) the Arctic wolf, a large extant gray
wolf population and 2) the Isle Royale wolf, an isolated is-
land population which was founded in the 1940s by 2-3
wolves. The Isle Royale population has since remained at
a low population size averaging fewer than 25 wolves
and exhibits several features of inbreeding depression
(Peterson et al. 2014; Robinson et al. 2019). We also con-
trast these wild canids to four domestic dogs (Canis lupus
familiaris) breeds: labrador retriever, pug, border collie,
and Tibetan mastiff.

We find that the Ethiopian wolf exhibits remarkably low
diversity relative to both gray wolves and breed dogs, as
well as an enrichment of derived putatively deleterious
variation. The inferred demography of the Ethiopian wolf
includes multiple bottlenecks and suggests that the
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current effective size (N.) is quite low. Despite the low
Ne, the distribution of runs of homozygosity (ROHs) in
the Ethiopian wolf does not suggest that there has been
recent inbreeding in the population, demonstrating that
small populations can avoid inbreeding under specific so-
cial and mating structures. We also find evidence of adap-
tation to high altitude through positive selection at the
transcription factor CREB-binding protein (CREBBP).

Results and Discussion

Genetic Diversity of the Ethiopian Wolf

We used multiple approaches to compare the genetic di-
versity of the Ethiopian wolf with gray wolves and dogs
(fig. 1). First, we assessed the phylogenetic relationships
among canids, and performed hierarchical clustering on
the shared identity-by-state (IBS) loci between individuals.
The Ethiopian wolf has the deepest divergence, as it
formed a separate clade from both wolves and dogs
(fig. 1A), which is concordant with recent phylogenetic
work showing Ethiopian wolves as being closer to the
root of the genus Canis (Gopalakrishnan et al. 2018;
Chavez et al. 2019). When we compute weighted
pairwise-Fst between the seven sampled groups, the
Ethiopian wolf is most differentiated from the gray wolves
and dogs, with an average pairwise-Fst of approximately
0.8 (supplementary fig. S1A, Supplementary Material on-
line). For example, when compared with other wolves
and dogs, the Arctic wolves have Fst of 0.38 and the
Tibetan Mastiffs have an Fst of 0.35. Unweighted average
Fst values are smaller in magnitude but reveal the same
qualitative patterns of differentiation (supplementary fig.
S1B, Supplementary Material online).

To summarize patterns of genetic variation in the
Ethiopian wolf, we compared the genome-wide average
number of pairwise differences (m) with those of other ca-
nids (fig. 1B). The Ethiopian wolf had the lowest levels of
diversity compared with the other wolf-like canids
(mean m ~ 0.000269) and the Arctic wolf had the highest
level of diversity (mean 1 = 0.00156). The Isle Royale wolf
had levels of diversity close to breed dogs (mean m =
0.00113). The pug had the lowest diversity in breed dogs
(mean 1 = 0.000679). To further assess this depletion of diver-
sity in the Ethiopian wolf, we examined the proportional site
frequency spectrum (SFS) in all wolf populations (fig. 1C).
Similar to the pattern we observed with m, Arctic wolves
had the highest proportion of singletons. The Ethiopian
wolves and the Isle Royale wolves had markedly lower pro-
portions of singletons. For the Ethiopian wolves, along with
the reduction of singletons, there was a flattening of the
SFS, suggesting a loss of rare alleles. This flattening in the
Ethiopian wolf is likely a consequence of population con-
tractions. The Isle Royale wolf SFS showed enrichment of
intermediate frequency variants, relative to any other
population, suggesting there was a recent contraction in
size coupled with severe inbreeding in this island popula-
tion (Robinson et al. 2019) (supplementary fig. S2,
Supplementary Material online).
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Fic. 1. Summaries of genetic variation in the Ethiopian wolf compared with other canids. (A) Hierarchical clustering based on shared IBS loci
between individuals, where the dendrogram is cut into K=4 groups. Note that the Ethiopian wolves are an outgroup compared with other
canids. (B) Diversity in dogs and wolves measured using the average number of pairwise differences between sequences, 7. Ethiopian wolves
have exceptionally low genetic diversity. Boxes represent the distribution over each chromosome. (C) The folded site frequency spectrum
(SFS) for each wolf population. The full-unfolded SFS can be found in supplementary fig. S2, Supplementary Material online.

Measures of Inbreeding

Next, we examined spatial patterns of heterozygosity and
ROH across the genome to assess whether recent inbreed-
ing has affected the Ethiopian wolf population (fig. 2). The
Ethiopian wolf showed signs of genomic-flatlining, where-
by individuals had very low diversity genome-wide and a
few peaks of heterozygosity, alongside stretches of short
(100 Kb up to 1 Mb) and intermediate-sized (1 Mb up to
10 Mb) ROH (supplementary Table S1, Supplementary
Material online). As short ROH tend to be formed by com-
mon ancestry in the distant past, the increase in short and
intermediate ROH along with the low heterozygosity in the
genome suggest a long-term small population size in the
Ethiopian wolf (Pemberton et al. 2012; Ceballos et al. 2018).
Conversely, the Arctic wolf had high levels of heterozygosity
across the genome and ROH were infrequent. These patterns
are consistent with a demographic history of large popula-
tion size (Musiani et al. 2007; Gray et al. 2009; Pollinger
et al. 2011). Whereas, the Isle Royale wolf had a saw-tooth
pattern of heterozygosity, stretches of high heterozygosity in-
tertwined with long ROH (10 Mb and greater). Isle Royale
wolf had the largest fraction of its genome in long ROH
(population mean ~430 Mb), even relative to dogs (largest
population mean ~289 Mb). The large amount of long
ROH is well explained by the recent population crash and ex-
tensive inbreeding in the Isle Royale wolf population (Hedrick
et al. 2014; Robinson et al. 2019).

We found that breed dogs generally had very long ROH
interspersed between regions with high heterozygosity
(fig. 2). Long ROH were particularly prominent in the
pug (population mean ~288 Mb), which also had lower le-
vels of heterozygosity relative to the other breed dogs.

These patterns are likely consequences of extremely small
effective population sizes in the recent history of the pug.
All breed dogs had an enrichment of long ROH (dog mean
~173 Mb) compared with the non-inbred Arctic and
Ethiopian wolves (mean ~85 Mb). The enrichment of
long ROH is a consequence of the domestication bottle-
neck (common to all dogs) and bottlenecks of varying in-
tensity experienced during breed formation (Boyko et al.
2010; Mooney et al. 2021) as well as inbreeding
(Lindblad-Toh et al. 2005). These breed formation bottle-
necks along with strong artificial selection for phenotypic
traits of interest likely played the most significant role in
generating long ROHs in dogs (Boyko et al. 2010).

In sum, unlike breed dogs and the Isle Royale wolf, over-
all the Ethiopian wolf population does not appear to carry
long ROH, except for one outlier individual, which are
characteristic of recent inbreeding. The outlier individual
is a product of recent inbreeding and when excluded
from analyses the average amount of the genome in a
long ROH drops to ~41 Mb in contrast to the ~66 Mb re-
ported in supplementary Table S1, Supplementary
Material online. Nevertheless, overall, patterns of heterozy-
gosity and shorter ROH suggest long-term small popula-
tion size and extensive genetic drift.

Demographic History of the Ethiopian Wolf

Our results are largely consistent with previous surveys of
genetic diversity (Gottelli et al. 1994; Randall et al. 2007;
Randall et al. 2010) and demographic analysis which sug-
gested that the effective population size of Ethiopian
wolves has been decreasing through time (Gottelli et al.
2004; Randall et al. 2010). However, none of the previous
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Fic. 2. Distribution of homozygosity across canid genomes. (A) Sliding-windows of heterozygosity across the genome from a single representative
sample in each population. Chromosomes are ordered from 1 to 38. Note the low heterozygosity across the entire Ethiopian wolf genome. (B)
The distribution of short (10 Kb—1 Mb), intermediate (1-10 Mb), and long ROH (10-63 Mb) in dogs and wolves. Each row of the ROH plot
represents a single individual. Supplementary Table S1, Supplementary Material online reports the population averages per ROH range.

studies reconstructed the demographic history of the
Ethiopian wolf. Given multiple genomes and high-
coverage data, we were able to infer the demographic his-
tory of the Ethiopian wolf using approximate Bayesian
computation (ABC). We inferred demographic parameters
using the distribution of segregating sites (S) and 7 from a
subset of four individuals (see Methods for details). We fit
a three-epoch model (fig. 3) with a series of instantaneous
population contractions, chosen based on population size
change trajectories from running MSMC2 independently
on four genomes (supplementary fig. S3, Supplementary
Material online). The ABC inference suggested a large ances-
tral population size of approximatley 159,754 individuals
and an ancient population contraction approximately
13,572 generations ago. The ancient contraction was severe
and decreased population size to approximately 11,600 in-
dividuals, or 7% of the original population size. This contrac-
tion was followed by an additional recent severe
contraction, which decreased the current effective popula-
tion size to approximately 100 individuals (fig. 3). Our esti-
mated current effective population size is on the same order
of magnitude as estimates from field surveys, which place -
current census size as 197 mature individuals and decreas-
ing  (https://www.iucnredlist.org/species/3748/10051312).
Importantly, we inferred this most recent contraction to
100 individuals occurred 861 generations ago, suggesting
that the Ethiopian wolf has had a small population size
for a very long time. Such a demographic history can explain
the low levels of heterozygosity across the genome.

Deleterious Variation
We next examined the prevalence of deleterious variation
in the Ethiopian wolf. Understanding the prevalence of
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deleterious mutations is particularly relevant in the
Ethiopian wolf because of their small population size, re-
cent population bottlenecks due to disease, and recent
sub-population extinctions. To compare across canids,
we first polarized alleles using the wild dog (Lycaon pictus)
as an outgroup. Then, GERP was used to annotate variants
as putatively neutral or deleterious (see Methods for de-
tails). We implemented multiple approaches to count
deleterious variants in the genome of an individual: 1)
summing homozygous derived genotypes (counting
homozygotes); 2) summing the total number of homozy-
gous and heterozygous derived genotypes (counting var-
iants); and 3) tallying twice the number of homozygous
derived genotypes plus heterozygous genotypes (counting
alleles). If deleterious alleles are recessive, counting derived
homozygotes is most relevant. Conversely counting alleles
is most relevant if deleterious alleles have additive effects
on fitness (Lohmueller 2014; Simons and Sella 2016).
Overall, breed dogs had slightly more homozygous dele-
terious variants than the Arctic wolf, and the Isle Royale
wolf carried deleterious variation at levels closer to dogs
(Marsden et al. 2016; Robinson et al. 2019) (supplementary
fig. S4, Supplementary Material online). This was expected gi-
ven the recent breed formation bottleneck and inbreeding.
Remarkably, we found that the Ethiopian wolf carried
more neutral and deleterious derived homozygotes than
dogs and wolves (supplementary fig. S4, Supplementary
Material online). On average, we observed a 1.56-fold
(Mann-Whitney U (MWU) P-value =3.655¢ %) and
1.76-fold (MWU P-value = 1.872e~*) increase of deleterious
homozygotes in the Ethiopian wolf relative to dogs or wolves,
respectively. When counting variants, all three wolf popula-
tions carried comparable numbers of deleterious derived var-
iants, and there was a slight increase of synonymous variants
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relative to dog (1.13-fold and MWU P-value = 3.653e™%).
The Ethiopian wolf also appeared to have a depletion of neu-
tral segregating variants, suggesting that most derived alleles
are fixed rather than segregating as heterozygotes. This result
is concordant with our observations of low genome-wide di-
versity (fig. 1B). Finally, when counting alleles, we found the
Ethiopian wolf carried a comparable number of neutral alleles
as dogs and wolves, and a 1.29-fold (MWU P-value=
3.665¢ %) and 1.24-fold (MWU P-value = 1.872e%) increase
of deleterious derived alleles relative to dogs and wolves, re-
spectively. Carrying a similar number of neutral alleles de-
monstrated that the pipeline to process and merge the
data was successful, as the number of derived neutral alleles
per genome is predicted to be insensitive to demographic his-
tory (Simons and Sella 2016). The elevated levels of predicted
deleterious homozygous genotypes and derived alleles in the
Ethiopian wolf compared with gray wolf populations and
breed dogs, and no phenotypic manifestation of inbreeding
suggest an accumulation of weakly deleterious variation
due to continued small population size.

Adaptation to High Altitude

The Ethiopian wolf exclusively inhabits the high-altitude
(3,000-4,500 m) regions of the Bale Mountains and has
specialized to hunt mole rats native to this area (Gottelli
and Sillero-Zubiri 1992; Sillero-Zubiri and Gottelli 1995)
(fig. 4A). The Ethiopian wolf has been restricted to high-
altitude for thousands of generations. Thus, we hypothe-
sized that the species may have adapted to a hypoxic
environment, much like the Tibetan wolves and Tibetan
mastiffs had (Li et al. 2014; Miao et al. 2017; vonHoldt
et al. 2017; Witt and Huerta-Sanchez 2019; Wang et al.
2020a). We performed a genome-wide scan for signatures
of positive selection where we focused on high-altitude
genes (see Methods). We compared the Ethiopian wolf
with multiple breed dogs (Tibetan mastiff and border col-
lie) and the Arctic wolf, and searched for genes showing
unusually high average Fsy, low levels of diversity (1) and
elevated counts of homozygous genotypes for derived al-
leles (see fig. 4). There was a single gene within the hypoxia
inducible factor (HIF)-1a pathway (fig. 4B), CREBBP, that

Past
Epoch 1

NANC[ENT = 159,755
CI (113,241 - 199,713)

Epoch 2

Ninrervioiate = 11,671

CI (3,476 - 49,919)

Epoch 3
Ncurrent = 110

CI (22 -136) Present

fell within the top 5% of all Fst comparisons, regardless
of which reference population was used (fig. 4C).
Additionally, CREBBP had: 1) low values of w (fig. 4D); 2)
an enrichment of sites fixed for the derived allele in the
Ethiopian wolves relative to the three comparison groups,
for example sites that are fixed as either ancestral in
Ethiopian wolves and derived in the comparison popula-
tion or derived in Ethiopian wolves and ancestral in the
comparison population (fig. 4E); and 3) an enrichment of
fixed derived homozygous sites (fig. 4F) in CREBBP relative
to all other genes in the Ethiopian wolf genome.

Importantly, there were no other genes in the genome
that were more extreme in all these patterns of genetic
variation than CREBBP. Furthermore, to ensure that these
patterns were not simply reflecting genomic phenomena
that is potentially unusual in CREBBP that are unrelated
to its role in altitude adaptation, we performed a control
analysis. Here, we repeated the Fst analysis, but now con-
sidering border collie as the focal population of interest in-
stead of the Ethiopian wolf. We compared the border collie
with the Arctic wolf and Tibetan mastiff. In these compar-
isons, CREBBP is not an outlier for Fst (supplementary fig.
S5, Supplementary Material online). Finally, we compared
CREBBP-derived allele counts with other genes in the
HIF-1a pathway that were identified as outliers in at least
one scan (supplementary Table S3, Supplementary
Material online). We observed that CREBBP contains
more fixed derived alleles than any other gene in a TMb
flanking region. This finding suggests that CREBBP, rather
than another nearby gene, may be the target of selection.
The three other genes in the HIF-1a pathway that showed
elevated differentiation did not show elevated counts of
derived alleles compared with the genes surrounding
them (supplementary fig. S6, Supplementary Material on-
line). Taken together, our results suggest that the patterns
of genetic variation in CREBBP are unique with respect to
the rest of the genome. Thus, this gene may contribute to
the adaptation of the Ethiopian wolf to the high-altitude
Bale Mountains environment.

CREB is a transcription factor that is critical to cellular
processes, such as cell development, proliferation, differen-
tiation, hypoxia-response, and circadian rhythm (Ginty
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Fic. 4. Signals of high-altitude adaptation in the Ethiopian wolf. (A) Topography of the Ethiopian wolf habitat and sub-population locations. The
lowest altitude begins at sea level and the highest altitude where the Bale Mountain population resides is approximately 4000 meters above sea
level. Topography is modified from Gutema et al. 2018. (B) The primary protein-interaction network for CREBBP (represented by a red node) in
Canis lupus familiaris from STRING (Szklarczyk et al. 2016). Each node represents a protein-coding gene, and the edges represent protein—protein
associations that contribute to a shared function. The colors of each edge represent methods of validation of interactions (turquoise: curated
database; purple: experimentally curated; green: text mining, black: co-expression). For (C)—(E), the vertical dashed line indicates where CREBBP
falls in the distribution. P-values were computed as the proportion of genes with summary statistic values as or more extreme than what was
observed for CREBBP. (C) The distribution of unweighted mean Fst per gene when comparing the Ethiopian wolf to each reference population.
(D) Distribution of T per gene for each population. (E) The distribution of oppositely fixed sites (fixed as ancestral in Ethiopian wolf and derived
in comparison population or the converse) per gene when comparing the Ethiopian wolf with each reference population. (F) The count of fixed
derived homozygous alleles in each gene within a 1 Mb window around CREBBP. CREBBP has the largest number of fixed derived sites.

etal. 1993; Arany et al. 1996; Kallio et al. 1998; Shaywitz and golden jackals (Mufioz-Fuentes et al. 2011; Axelsson et al.
Greenberg 1999). One of the primary protein—protein in- 2012; Baker et al. 2017; Grey et al. 2018). Due to the loss
teractions of CREBBP is with HIF-10 (fig. 4B), which has of PRDM?9 function, meiotic recombination is believed to
been validated with multiple methods shown above with occur by a different mechanism in canid species than in
STRING (Szklarczyk et al. 2016). The CREB transcriptional other mammals (Mufoz-Fuentes et al. 2011). Since the
complex (CREB, CREBBP, and p300) interacts with mul- Ethiopian wolf is an outgroup on the canid phylogeny com-
tiple hypoxia-activated genes via HIF-1a in response to pared with dogs, coyotes, and golden jackals, whether
oxygen deprivation (Arany et al. 1996; Kallio et al. 1998). PRDMY9 also contains loss-of-function mutations in
Since p300 directly interacts with DNA-bound HIF-1, the Ethiopian wolves can be used to date when the
CREB transcriptional complex can physically modulate loss-of-function events occurred. Thus, we reconstructed
the cellular response to hypoxia (Arany et al. 1996). Cells the gene tree using amino acid (or nucleotide) sequences
can specifically adapt to hypoxic conditions via of PRDM9 (supplementary fig. S7, Supplementary Material
HIF-1-dependent induction of erythropoietin (Epo) which online) using the domestic cat as the outgroup. We com-
increases red blood cell production (Scholz et al. 1990; pared PRDM9 with GAPDH, a housekeeping gene that is in-
Arany et al. 1996; Kallio et al. 1998). Furthermore, previous volved with glycolysis and other cellular processes as a
work on pathways involved in response to hypoxia in hu- control (supplementary fig. S7, Supplementary Material
man Ethiopian populations identified BHLHE41 as show- online). The phylogenetic tree for GAPDH follows the ex-
ing a strong signature of selection, and CREBBP directly pected species tree given inter-species evolutionary diver-
interacts with BHLHE41 (Witt and Huerta-Sanchez 2019). gence. In comparison, for PRDM9 we observed that the

human and macaque clustered together, as expected,
and remained close to the other species that retained a

Loss of PRDM9 functional copy of PRDM9, whereas canids formed a single
Finally, we examined PRDM?Y, a gene known for its involve- divergent clade. We used GeneWise (Birney et al. 2004)
ment in specific hot spots associated with meiotic recom- to test whether PRDM9 was functional. We observed mul-
bination in humans and other mammalian species. PRDM9 tiple frameshift mutations and stop codons in the zinc-
contains loss-of-function mutations in dogs, coyotes, and finger region of PRDM9 in all the canid species
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(supplementary file, Supplementary Material online).
Thus, our results indicated that the functionality of
PRDM?9 was lost prior to the speciation of the Ethiopian
wolf, and likely has been lost across the entire grouping
of wolf-like canids since the Dhole also retained a non-
functional copy of PRDM9.

Conclusions

Our study is the first to use whole-genome sequence data to
investigate genetic diversity and infer the demographic his-
tory of the Ethiopian wolf, a severely endangered canid.
Despite showing molecular evidence for adaptation to its
high-altitude environment, the species has been steadily de-
clining for millennia and experienced recent sub-population
extinction. We have shown that despite having a long-term
small effective population size, low genetic diversity, and an
enrichment of deleterious variation relative to breed dogs
and gray wolves, the Ethiopian wolf has persisted for about
13,500 generations since an ancient contraction (or
~27,000 or 40,500 years ago, assuming a 2- or 3-year gener-
ation time). Throughout the years, the population has con-
tinued declining and experiencing both recent crashes and
sub-population extinction due to anthropogenic forces.
The most recent crashes are a result of human agriculture
in the Highlands and disease due to the introduction and
close proximity to domestic dogs (Sillero-Zubiri et al.
1996a; Whitby et al. 1997; Laurenson et al. 1998; Randall
et al. 2004; Randall et al. 2006; Gordon et al. 2015). Close
proximity to the domestic dog has not only resulted in dis-
ease but also resulted in admixture between the two species.
In some cases, admixture with dogs may actually enhance
adaptation and disease resistance (vonHoldt et al. 2017;
Cubaynes et al. 2022). However, we found no evidence of ad-
mixture with sampled domestic dogs in our dataset or village
dogs (supplementary fig. S8-510, Supplementary Material
online) when we merge the data with previously published
datasets (Hayward et al. 2016; Fitak et al. 2018). Our findings
do not mean that a recent admixture has not occurred be-
tween these populations, but that this admixture is not de-
tectable within our data. We believe this result is likely
because we pre-screened our data with STRUCTURE to be
unadmixed with domestic dogs (see Methods).

Given the recent population crashes, sub-population ex-
tinction, and long-term small population size of the
Ethiopian wolf, the observed enrichment of derived dele-
terious homozygotes is expected (supplementary fig. S4,
Supplementary Material online) and has been observed
in other small populations. For example, the Ethiopian
wolf has levels of heterozygosity (fig. 2) and levels of dele-
terious homozygous alleles (supplementary fig. S4,
Supplementary Material online) comparable with that of
the Island Fox population (Robinson et al. 2016; Robinson
et al. 2018). Furthermore, we observe that the majority of
sites in the genome are homozygous and that most dele-
terious mutations are carried as homozygotes rather than
heterozygotes when comparing counts of variants with
counts of homozygotes (supplementary fig. S4,

Supplementary Material online). Despite this population
accumulating weakly deleterious variation, there have
not been any reported cases of apparent inbreeding de-
pression (Sillero-Zubiri et al. 1996b; Randall et al. 2007;
Randall et al. 2010), suggesting that purging has perhaps re-
moved the most strongly deleterious recessive variants, as
observed in simulations (Kyriazis et al. 2021) and empirical
data from other small populations (Xue et al. 2015;
Robinson et al. 2018; Grossen et al. 2020). Thus, our results
combined with the literature mentioned above suggest
that the long-term persistence of the Ethiopian wolf could
be enabled through the purging of strongly deleterious re-
cessive alleles and avoidance of inbreeding.

Overall, our results have illuminated unique interac-
tions between demography and genetics in the Ethiopian
wolf, which can better inform conservation efforts, that
previously focused on addressing disease, monitoring
movement,s and social behavior, and the ranges of extant
sub-populations. Specifically, wild populations may be less
susceptible to inbreeding depression as individuals possess
mechanisms for inbreeding avoidance and our genomic
analysis suggests an absence of appreciable recent inbreed-
ing. Moreover, inbreeding depression is likely to be less se-
vere in this species due to purging in the past and the
long-term small population size (Kyriazis et al. 2021).
Nonetheless, the genetic exchange should be re-
established between now-isolated populations to maintain
variation and enhance adaptation to climate change.
Finally, there are no captive breeding populations of
Ethiopian wolves. Captive reservoirs could be augmented
by a frozen sperm or egg collection obtained from live or
recently deceased individuals. Efforts to establish a reser-
voir in captivity are a pressing concern, especially given
habitat loss, climate change, and expanding human popu-
lations (Gottelli and Sillero-Zubiri 1992; Gottelli et al. 1994;
Marino et al. 2013).

Materials and Methods

Ethiopian Wolf Samples

The Ethiopian wolf samples for this study were selected
from 85 previously collected tissue samples from the
Bale Mountains population for which relatedness and
microsatellite data were available (Randall et al. 2010).
The Bale Mountains population has previously been
shown to consist of three sub-populations, Sanetti
Plateau, Morebawa, and Web Valley (Randall et al.
2010). These populations are genetically differentiated
due to restricted gene flow between areas. Moreover, indi-
vidual packs are primarily composed of close relatives. We
used the microsatellite data to select individuals for se-
quencing that clustered with the Morebawa population
and avoided sampling close relatives. All selected wolves
had pairwise relatedness values <0.11. All but one selected
wolf had a STRUCTURE (Pritchard et al. 2000) cluster as-
signment value for the Morebawa population of >0.88.
The one exception, T431, had an assignment value of
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0.489 and appeared to be admixed between Morebawa
and Sanetti Plateau. STRUCTURE also allowed us to pre-
screen the data to ensure there was no evidence of admix-
ture with domestic dogs. The IDs of the wolves that were
selected for sequencing included T699, T294, T279, T47,
T392, T437, T431, T577, T852, T30. Tissue samples from
these individuals were sent to MedGenome for extraction,
library preparation, and sequencing to approximately 40 X
coverage using lllumina HiSeq X Ten machines. The sec-
tion below describes how the raw sequence data was pro-
cessed. The data are available on SRA under project
PRJNA889449.

Sequence Data Processing

We merged the newly generated Ethiopian wolf sequence
data with several existing canid whole-genome sequencing
datasets. These included: Arctic wolf (N=15) (Robinson
et al. 2019) with approximately 39 X coverage, Isle Royale
wolf (N=10) (Robinson et al. 2019) with approximately
24 x coverage, pug (N=15) (Marchant et al. 2017) with
approximately 47 X coverage, labrador retriever (N =10)
(Plassais et al. 2019) with approximately 30 X coverage,
Tibetan mastiff (N = 10) (Plassais et al. 2019) with approxi-
mately 15 X coverage, border collie (N = 10) (Plassais et al.
2019) with approximately 24 X coverage. Data sets were
chosen to be composed of the highest coverage sequencing
data possible for publicly available data. Data from
Robinson et al. are available on SRA under PRINA512209;
from Marchant et al. are available on European
Nucleotide Archive (ENA) under PRJEB17926; and from
Plassais et al. are available on SRA under PRJNA448733.

Raw whole-genome sequences were processed follow-
ing GaTK best practices and with steps 1 through 9 in
the NGS pipeline from Phung et al. 2019 (https://github.
com/tanyaphung/NGS_pipeline). In brief, fastq files were
first aligned to the dog genome (canFam3.1) with BWA
(Li and Durbin 2010), duplicate reads were marked with
Picard tools  (http://broadinstitute.github.io/picard/),
poor reads were removed using samtools (Li et al. 2009;
Li 2011), and base quality scores were recalibrated with
BQSR in GaTK v3.8 (Van der Auwera et al. 2013). We per-
formed joint genotyping with Haplotype Caller and emit-
ted all sites (variant and invariant). We need to output
both variant and invariant sites to compute  and generate
the site frequency spectra (SFS). To reduce bias in SNP call-
ing accuracy between dogs, where we had many samples,
and the wolves, where we had fewer samples, we con-
ducted joint genotyping on each dog breed and each
wild canid species separately. For example, joint genotyp-
ing was conducted on the Ethiopian wolves as a group,
and jointly on the labrador retrievers as a group.

We then applied post hoc filtering to the seven popula-
tions VCFs. Specifically, we applied GaTK filtering
recommendations for variant sites in non-model species:
QD <20, FS>60.0, MQ<40.0, MQRankSum < — 12.5,
ReadPosRankSum < —8.0, and a minimum genotype qual-
ity (GQ) of 20 and we removed clustered SNPs (> 3 SNPs
within 10 base pairs). For invariant sites, where no best
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practices were available, we removed sites with QUAL <
30, and RGQ < 1. For both variant and invariant sites, we
applied a minimum depth filter of 10 for each genotype,
as previous work has found heterozygous calls are unreli-
able below this depth (Marsden et al. 2016), and a max-
imum depth filter of 2.5 times the average genomic
coverage (specific for each sample). We also removed
any sites where all individuals were heterozygous, sites
where fewer than 80% of individuals in a group had a geno-
type call after post hoc filtering was applied, and any sites
within the UCSC repeat regions (http://hgdownload.soe.
ucsc.edu/goldenPath/canFam3/database/rmsk.txt.gz).

As a final step, we merged all autosomal data into a sin-
gle joint-VCF for our analyses that contained sites that
were present in at least 90% of individuals. There was a to-
tal of 8,818,790 sites that were variable in at least one indi-
vidual in the final merged data set. This data processing
pipeline is necessary for us to confidently compare across
species while retaining information about variant and in-
variant sites.

Relatedness

Relatedness between individuals was computed using
VCFTools (Danecek et al. 2011), specifically the —relatedness2
option which incorporates the KING (Manichaikul et al.
2010) algorithm for computing pairwise kinship. The results
were cross-checked using the PLINK (Chang et al. 2015) —gen-
ome command to estimate relatedness. First degree relatives
were removed from each sampled group resulting in the fol-
lowing sample sizes used for subsequent analyses: Ethiopian
wolf (N=10), Arctic wolf (N=14), Isle Royale wolf (N=
10), pug (N = 15), labrador retriever (N = 10), Tibetan mastiff
(N=9), border collie (N=7).

Variant Annotation

The ancestral allele at each site was determined using the
African wild dog (NCBI SRA: SAMNO09924608) (Chavez
et al. 2019) aligned to the canFam3.1 reference. For sites
where the wild dog was homozygous, we used the wild
dog allele as the ancestral allele. For sites where the wild
dog was heterozygous and one of the alleles matched the
canFam3.1 reference allele, we used that allele as the ances-
tral allele. Variant annotation was done using Ensembl VEP
(version 94) with SIFT annotations enabled (McLaren et al.
2010; Kumar et al. 2018). Genomic Evolutionary Rate
Profiling (GERP) scores (Davydov et al. 2010) were used
alongside VEP to annotate variants as either neutral (syn-
onymous with GERP Score <2) or deleterious (nonsynon-
ymous with a GERP score >4). For details about how
GERP scores were generated, see Marsden et al. (2016).
Counts were compared using a Wilcoxon Rank Sum test.

Runs of Homozygosity

ROH were called in VCFTools version 0.1.16 (Danecek et al.
2011) with the ~LROH command and BCFTools version
1.3.1 (Li 2011) using “bcftools roh” and converting positions
to ranges with an open source perl script linked here. We
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used three approaches to call ROH: 1) using VCFTools and
calling ROH separately for each population; 2) using
BCFTools without a genetic map; and 3) using BCFTools
with a genetic map from canFam3.1. Ultimately, we chose
to use option one for our analyses because BCFTools rough-
ly doubled (with a genetic map) or quadrupled (without a
genetic map) the number of small and intermediate length
ROH in the Ethiopians wolves, relative to VCFTools
(supplementary fig. S11, Supplementary Material online).
After calling ROH with VCFTools, we tallied the number
of callable sites in each individual’s genome that lie within
each ROH. Our final set of ROH included those at least
10 Kb in length and where at least 40% of the run over-
lapped callable sites. Frop was calculated as the length of
the genome within a ROH of at least 1 Mb divided by the
total length of the canFam3.1 genome.

Genetic Diversity

We calculated m, the average number of pairwise differ-
ences per site, in a subsample of six individuals from
each population. T was computed across the genome as:

n Z,-L:1 2pi(1 —pj)
n—1 L

T =

where n is the total number of chromosomes sampled, p is
the frequency of a given allele, and L is the length in base
pairs of the sampled region.

Population Differentiation

Genome-wide unweighted (per site Fst) and weighted Fst
(supplementary fig. S1, Supplementary Material online)
between all pairs of populations was computed using
Weir and Cockerham’s formula (Weir and Cockerham
1984) as implemented in the -weir-fst-pop command
from VCFTools (Danecek et al. 2011). Importantly, the
weighted Fs1 estimator computes the variance compo-
nents in the numerator and denominator of Fsy separately
for all SNPs across the genome first and then divides at the
end to obtain Fst (rather than computing Fst for each SNP
and then finding the mean over all SNPs).

We used the unsupervised learning model in
ADMIXTURE (Alexander et al. 2009) to determine the
number of distinct genetic clusters within the data.
780,150 LD-pruned were used after implementing the sug-
gested PLINK (Chang et al. 2015) command from the man-
ual. SNPs were ascertained in a 50-step window that
advances 10 SNPs at a time, and only kept if r* was less
than 0.1 with any other SNP in the window. The number
of source populations varied between K=2 and K=10,
and the lowest cross-validation error was produced
when K=6 (supplementary fig. S8, Supplementary
Material online). We saw no admixture between
Ethiopian wolves and dogs in this analysis, but this is un-
surprising given our sample selection.

PCA (supplementary fig. S9, Supplementary Material
online) of the genetic variation data was conducted in R

using a combination of SNPRelate (Zheng et al. 2012),
PC-AiR (Conomos et al. 2015), and PC-Relate (Conomos
et al. 2016). We first generated a genetic relatedness matrix
using SNPRelate’s implementation of KING (Manichaikul
et al. 2010), to correct for ancestry, then PC-AiR and
PC-Relate were used to perform PCA as these methods
are robust to population structure, cryptic relatedness,
and admixture. We also performed hierarchical clustering
on the IBS matrix generated by SNPRelate’s implementa-
tion of KING with the default settings.

Demographic Inference

We inferred the population history of the Ethiopian wolf
using ABC (Tavaré et al. 1997). We took an approach simi-
lar to Robinson et al. (2016). First, we ran MSMC2
(Malaspinas et al. 2016; Schiffels and Wang 2020; Wang
et al. 2020b) on each of the four individuals separately
(EW2, EW3, EW9, EW10) to determine possible demo-
graphic history and inform priors for changes in popula-
tion size and the bottleneck time (see supplementary fig.
S3, Supplementary Material online). MSMC2 was run for
25 iterations with the parameters “-I 25 -t 4”. The results
suggest a population contraction. Thus, we considered a
three-epoch demographic model with serial contractions.
We set priors for Nancient ranging from to 40,000 to
200,000 individuals, Nntermipiate from 1,000-60,000 indi-
viduals, Ncyrrent from 10-1,000 individuals, an ancient
bottleneck (TBOT ancient) from 1,500-15,000 generations
ago, and a recent bottleneck (TBOTgecent) from 10-1,000
generations ago. We drew parameter values from a uni-
form prior distribution and performed 200,000 coalescent
simulations. We assessed the fit of the model to the data
using a joint statistic of m and segregating sites (S).

Coalescent simulations were performed with ms
(Hudson 2002). We simulated data for n = 4 diploid indivi-
duals across 21,724 neutral regions of at least 1 Kb in length.
As natural selection can confound demographic inference
(Schrider et al. 2016; Pouyet et al. 2018), we identified neu-
tral regions in canFam3.1 using the approach of Phung and
colleagues (2019). Neutral regions are outside of genes, out-
side of phastCons (Siepel et al. 2005) conserved regions, and
are at least 0.4 centimorgans (cM) away from the nearest
gene. For each neutral region in the empirical data, S was
tabulated with the VCFTools —snpdensity option and a
window size of 10 base pairs and —site-pi option was used
to compute 7 per site. Simulated neutral regions were
length-matched to our remaining empirical data from
four genomes that were not used to inform the prior
(EW4, EWS5, EW6, EW7). For all analyses, we assumed a mu-
tation rate of 4.96e~°° (Phung et al. 2019) and a generation
time of 3 years (Gottelli et al. 2004).

We used the following approach for the simulations.
First, draw once from the uniform prior for each parameter
to create a set of parameter values the simulation. Second,
for each neutral region, generate a set of simulation values
to be used in ms based on the drawn parameter values.
Thus, each region will have a value population-scaled
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mutation rate () for the population in the present, popu-
lation recombination rate (p), length of the window (/),
timing of the second epoch (scaled by 4 X Ncyrrent)s
population size during the second epoch (scaled by
Ncurrent), timing of the third epoch (scaled by 4 X
Ncurrent), and finally, population size during the third
epoch (scaled by Ncyrrent)- Similar to previous work
(Robinson et al. 2016) for computing p, recombination
rate, r, across regions varied and was assumed to be distrib-
uted following a gamma distribution with parameters
(0.1,0.0000001). This is done to mimic the recombination
rate map from dogs. Therefore, r had a mean of 1x10™®
and a standard deviation of 3.16 X 10~%. After we sampled
one r value, we obtained p as 4 X N, X r X . Third, simulate
each of the 21,724 neutral regions. Fourth, we used the
summary statistics in ms to compute S and 7. We repeated
these steps for each simulation replicate.

From each of the 200,000 replicates, we obtained a dis-
tribution of both S and m across the 21,724 neutral regions
that we compared with empirical data. In order to com-
pare whole number counts for S and floats for 7, each sum-
mary statistic was binned. We denoted the maximum
number of bins as M, which was fixed to be 50. For S, a
bin is defined as the number of SNPs within the neutral re-
gion. For 7, we split the range, from the minimum of 0 to
the maximum value of 0.0025, using increments of 0.0005.
Thus, we partitioned m, into 50 bins and had a comparable
number of bins with our SNP counts, S. In other words, the
lowest value of  corresponded to the lowest value of S,
and so on.

Next two distance metrics were used to create a joint
statistic, J;, s, and decide which simulations to accept or re-
ject. For m, we compute:

M
o= Y |E— X
i=0

where i is the bin of interest and M is the maximum
number of bins (fixed to be 50). Here, each value of i
has corresponding range (e.g, i=0 corresponds to [0,
0.0005], i=1 corresponds to [0.0005, 0.001] ... i=50),
E; is the number of regions from the empirical data
that have a value of m within range i, and X; is the num-
ber of regions from the simulated data that have a value
of  within bin i.
For S, we computed the score:

M

as = Z|Ei— Xil

i=0

where i corresponds to SNP counts for that bin. Then, E; is
the number of regions from the empirical data with a SNP
count equal to i, and X; is the number of regions from the
simulated data with a SNP count equal to i.

Finally, our joint statistic was computed for all bins as

M
Jus = E i Omi T G,
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The top 200 simulations that minimized J,. s were kept and
composed the posterior distribution. Supplementary
figures S12 and S13, Supplementary Material online com-
pare bins of T and S from the top 200 simulations against
the empirical data, shows the posterior and priors for each
parameter, and supplementary Table S2, Supplementary
Material online contains the 95% credible interval for
each parameter point estimate.

ABC was used for inference because it provides a more
flexible and reliable framework than MSMC2 (Beichman
et al. 2017; Beichman et al. 2018). We only use 8 of the
10 wolves when conducting inference to avoid overfitting
and using all 10 wolves does not add any more variation to
the higher frequency bins. We use four wolves for generat-
ing the priors from MSMC2, four wolves for training the
demographic model, and drop the remaining two wolves.

Statistics to Detect Positive Selection

Since the Ethiopian wolf genome is highly homozygous, we
did not use haplotype tests for positive selection. Instead,
we used a combination of outlier methods (Fsy, 7, and de-
rived allele counts) to identify potential regions of the gen-
ome undergoing positive natural selection. We compared
the Ethiopian wolf with several other groups: border collie,
Tibetan mastiff, and Arctic wolf. We chose to include the bor-
der collie and Arctic wolf since neither has been shown to be
adapted to high-altitude. Conversely the Tibetan mastiff has
been shown to have adapted to high-altitude (Gou et al.
2014; Miao et al. 2017, Wang et al. 2020b; Witt and
Huerta-Sanchez 2019). We do not use the Isle Royale wolf
as its recent demographic history may confound analyses.

To perform the selection scan, first, we computed the
value of Fst per gene between the Ethiopian wolf and
each comparison population with VCFTools using the un-
weighted values from —weir-fst-pop command. Here, Fst is
calculated for each SNP and then averaged over all the
SNPs in each gene. We downloaded canFam3.1 gene coor-
dinates from Ensembl, which included 14,970 gene annota-
tions once we narrow down to single transcript per gene.
We then summed the per site Fst and divided by the total
number of sites within each gene. Genes with fewer than
20 SNPs were not included, leaving us with 9,850 genes.
The top 5% of genes with the highest Fst values across
all three population comparisons were retained. This re-
sulted in a total of 82 genes for further analysis.

Then, candidate genes for high-altitude adaptation were
identified. These candidate genes were either in the HIF-1a
pathway, when using PANTHER (http://www.pantherdb.
org/), or in a curated list of previously identified loci from
high-altitude adaptation selection scans (Witt and
Huerta-Sanchez 2019). CREBBP was the only candidate
gene that was found as an outlier in all three Fst comparisons
(i.e, it was the only candidate in the set of 82 extreme genes).

Using CREBBP as the focal gene, we then calculated a
number of other summary statistics that might be affected
by positive selection. We wanted to assess whether other
genes in the genome had more extreme values of the
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statistics than CREBBP. First, we examined 7t per gene in each
comparison group, border collie, Ethiopian wolf, and Arctic
wolf, where m per site was computed using the VCFTools —
site-pi command. 7 per site was summed across all variants
within each gene, then we and divided by the total number
of sites within each gene. As with the Fs analysis, genes with
fewer than 20 SNPs were not included.

Second, we examined the number of sites fixed in oppos-
ite directions between the Ethiopian wolf and each of the
other wolf-like canid populations. Third, we determined
the derived allele (with respect to the Wild dog) count in
each gene, and within genes in a 1-Mb window around it.

We determined whether any of the 82 genes identified
as Fst outliers overlapped with genes that also have a value
of m less than or equal to CREBBP in Ethiopian wolves.
There were 37 genes that had more extreme values of
(supplementary Table S4, Supplementary Material online).
However, none of 37 genes fell within the tail of all fixed
sites distribution comparisons as well.

Phylogenetic Tree Reconstruction and Multiple
Sequence Alignment in PRDM9

Given that Ethiopian wolves are an outgroup to most ca-
nids (Gopalakrishnan et al. 2018), we wanted to test
whether they have a functional version of PRDMOY.
PRDM9 is involved in recombination and is responsible
for the positioning of recombination hotspots in the gen-
ome. We compared PRDM9 with another gene, GAPDH,
which is a housekeeping gene in the glycolysis pathway.
The PRDM9 and GAPDH coordinates of hg19, mm10,
rheMac2, and canFam2 were identified using the ECR
browser (https://ecrbrowser.dcode.org/) and a fasta file
was generated. The data for felCat8 was pulled from
UCSC. These fasta files were subsequently merged with a
second fasta file containing the homologous regions of a
single Arctic wolf (AW15), a single Ethiopian wolf (EW7),
a single Tibetan mastiff (TM3), and a single Dhole
(Dhole01) (Plassais et al. 2019). Then, multiple sequence
alignment was conducted using an online version of
MAFFT (https://mafft.cbrc.jp/alignment/server/). Finally,
a neighbor-joining tree was constructed using the Jukes—
Cantor substitution model (Jukes and Cantor 1969).

For PRDM9, GeneWise (Birney et al. 2004) was used to
align the protein sequence of the Ethiopian wolf, Arctic
wolf, and Tibetan mastiff relative to hg19 DNA sequence.
GeneWise allowed us to identify intronic and frameshift
errors, which would affect the functionality of the gene.

Supplementary material

Supplementary data are available at Molecular Biology and
Evolution online.
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