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Abstract

Conservation of elusive species affected by habitat degradation, population fragmentation and poaching is challenging.
The remaining wild populations of a desert-adapted ungulate, Nubian ibex (Capra nubiana), within Oman are small and
fragmented. The appropriateness of captive insurance populations for reinforcing existing, or establishing new, wild popu-
lations remains uncertain for Oman due to ambiguity regarding their genetic provenance. For effective management of
this threatened species, it is essential to assess the genetic relationships between the wild and captive populations, and to
investigate hybridisation with domestic goats (Capra hircus). We identified 5,775 high-quality SNPs using double digest
restriction-site associated DNA (ddRAD), to assess genetic structure, gene flow and divergence between Oman’s wild
populations of Nubian ibex and in captivity, which are likely of North African provenance. We detected hybridisation
with goats in captivity and recommend that genetic assessments of captive individuals are routinely used to evaluate their
suitability for conservation programs. Building on previous mitochondrial evidence, substantial nuclear divergence (Fgr
= 0.540) was found between wild Oman and captive populations, providing further evidence that Nubian ibex may be
composed of multiple species and urgently needs a taxonomic review. Additionally, an appropriate insurance population
should be established for Oman’s threatened wild population. The data provided here will be invaluable for developing
marker systems to assess wild populations using low-quality DNA from non-invasive sampling. Consequently, it will sup-
port further research into Nubian ibex throughout their range and highlights the need to integrate genetic information for
effective conservation management of Nubian ibex.

Keywords ddRAD - SNP markers + Capra - Ex-situ conservation - Ungulate genetics - Oman - Hydridisation

Introduction

The conservation of wild species in their native habitat is
a priority for any wildlife management program. However,
many species are currently facing multiple threats imposed
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by anthropogenic activities, causing declines in wild popu-
lations (Nyhus 2016). In some cases, it may be appropriate
to establish insurance populations to preserve a representa-
tive portion of the wild population for use as sources for
reintroductions and reinforcements, known as ex-situ con-
servation (Price 1989; Beck et al. 1994; Leus 2011). If an
ex-situ conservation strategy is to be effective, it is vital to
determine precise taxonomies of the target populations to
resolve any relationships between closely related species
or populations, so the efforts and resources can be cor-
rectly targeted (Frankham et al. 2004). Setting conservation
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strategies for understudied species is particularly challeng-
ing due to a lack of available data about their population
size, dispersal, geographic range, threats, genetic diversity
and taxonomy, and this can limit our understanding of the
appropriate course of action for species recovery (Primack
2014).

Investigating the degree of distinction between species
and populations assists with accurately identifying the level
of vulnerability to extinction and, in turn, assists with pri-
oritising appropriate management, to plan reintroduction or
reinforcement strategies, and to avoid mixing between spe-
cies or distantly related populations (Allendorf et al. 2012).
Knowledge of the genetic diversity amongst populations of
threatened species can be used for effective management
planning, including developing plans for genetic rescue by
translocating individuals and planning appropriate insur-
ance populations suitable for future population reinforce-
ment. Fundamentally, it is essential to preserve and protect
multiple populations of endangered wild species in their
current habitats to guarantee wide levels of genetic diver-
sity which will ensure that the species retains the evolution-
ary resilience to cope with future environmental changes
(Allendorf et al. 2012).

Nubian ibex are classified as Vulnerable by the ITUCN
Red List (Ross et al. 2020a) and are threatened by several
human-induced changes, including hunting and habitat
loss, that have exacerbated population fragmentation seen
today (Giangaspero and Al-Ghafri 2014). In Oman, Nubian
ibex were known to have a wide distribution through the
southern and central regions of the country, while the rapid
expansion of urbanisation has created small isolated popu-
lations, many of which have become locally extinct (Alkon
et al. 2008). In the central region, the Al-Wusta Wildlife
Reserve (WWR) population is thought to be small and iso-
lated. Such populations have reduced gene flow, leading to
inbreeding, accumulation of deleterious alleles and loss of
genetic diversity (Frankham et al. 2019). Unchecked, these
factors in the long-term can exacerbate population decline
and increasingly smaller population sizes, which then might
be subjected to detrimental stochastic events and increased
risk of extinction (Reed 2004). Therefore, to conserve the
Nubian ibex in Oman, it is vital to implement conserva-
tion management including enhanced protection, transloca-
tion and a captive-breeding program to act as an insurance
population.

There is an existing captive-breeding program for Nubian
ibex in Oman, but a recent study (Al-Ghafri et al. 2021)
has raised concerns about its appropriateness and the pos-
sibility of taxonomic inaccuracy. Using mitochondrial DNA
markers, Al-Ghafri et al. (2021) revealed significant differ-
entiation between the wild population of the Nubian ibex in
Oman and captive populations in both Oman and the United
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Arab Emirates (Fgq: D-loop 0.725, cytochrome b 0.968). In
the same study, population structure was found within cen-
tral and southern populations in Oman, and initial evidence
that the southern population is more genetically diverse than
the central one.

Whilst mitochondrial DNA analysis is a powerful tool
for conservation, enabling rapid, low-cost genetic data gen-
eration from even the low-quality samples that are often
available for threatened species (e.g. faecal samples), it is
not recommended for use as a sole genetic marker (Hurst
and Jiggins 2005). It has limited power to detect fine-scale
genetic structure, especially within and among populations
of the same species, or hybridisation because it is mater-
nally inherited and thus represents only the female evolu-
tionary history (Patwardhan et al. 2014). Multiple markers
representative of the entire genome, such as microsatel-
lites, single nucleotide polymorphisms (SNPs) and whole
genome sequencing (WGS), can provide estimations of
many biological parameters of vital importance to conser-
vation biology, such as population connectivity, hybridisa-
tion, accurate estimations of genetic diversity, inbreeding,
population structure and effective population size (Carroll
et al. 2018).

The development of genetic resources for non-model
species can be expensive and time-consuming, and requires
high-quality DNA samples or reference genomes (Andrews
et al. 2016). Reduced representation techniques to congru-
ently identify and genotype SNPs, including double-digest
restriction site-associated DNA sequencing (ddRAD; Peter-
son et al. 2012) have revolutionised their utility in conser-
vation (Hohenlohe et al. 2021). ddRAD sequences DNA
which has been fragmented by two restriction enzymes to
genotype thousands of SNPs across the genome in a rela-
tively inexpensive way without the need for existing spe-
cies-specific genomic resources. However, this approach
needs relatively high-quality DNA that retains intact restric-
tion enzyme sites to minimise bias in genome representa-
tion between sample types and produce sequences with
sufficiently high read depth to yield accurate SNP geno-
types. Ascertainment bias during SNP identification can
skew conclusions (Lachance and Tishkoff 2013), particu-
larly where SNPs are called using a non-specific reference
genome. This bias could influence certain applications, such
as studies of rare variants or specific genomic regions not
well-represented in the ascertainment process (Geibel et al.
2021). It can result in the underestimation of heterozygosity,
overestimation of inbreeding coefficients and can result in
biased patterns of population structure and distort the signal
of selective processes.

The use of ddRAD for SNP genotyping has proven infor-
mative and accurate in assisting practitioners to develop
conservation plans. For example, SNP panels generated by
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ddRAD have been used to assess relatedness and inbreeding
(sturgeon (Acipenser sturio) - Roques et al. 2019), produce
conservation and sustainable management plans (e.g. bea-
vers (Castor fiber) - Senn et al. 2014; elephants (Loxodonta
cyclotis) - Bourgeois et al. 2018; and Siamese rosewood
(Dalbergia cochinchinensis) - Hartvig et al. 2020), delin-
eate taxonomy, divergence and gene flow (black-footed
albatrosses (Phoebastria nigripes) - Dierickx et al. 2015;
manta rays (Mobulidae) - Hosegood et al. 2020; canids -
Krofel et al. 2022), investigate population structure, genetic
diversity and speciation (ticks (Dermacentor variabilis) -
Lado et al. 2019; Arabian tahr (Arabitragus jayakari) - Ross
et al. 2020b), identify microsatellites (goldsinny wrasse
(Ctenolabrus rupestris) -Jansson et al. 2016) and develop
DNA capture probes for scat samples (snow leopards (Pan-
thera uncia) - Janjua et al. 2020). It has also been used for
monitoring hybridization and introgression between popu-
lations (Senn et al. 2019; Mirzaei and Wesselingh 2021),
and delineating the evolutionary history of species (Muniz
et al. 2018).

Here, we employ a ddRAD approach to characterize and
genotype nuclear SNPs in wild and captive Nubian ibex.
This will create a valuable genetic toolkit for the species
which will allow us to: (i) evaluate the population genetic
structure and assess levels of genetic diversity; (ii) confirm
nuclear genetic differentiation between the wild and captive
population; (iii) assess any possible hybridisation or intro-
gression between domestic goats and Nubian ibex; (iv) aid
in developing a set of nuclear baits probes used to capture
SNPs from low quality DNA. The overall aim of using this
is to use the information obtained as a monitoring tool that
will assist future sustainable management and conservation
of this threatened species in the wild.

Materials and methods

The total sample set consisted of 47 samples representing
wild Nubian ibex, captive-bred Nubian ibex and domestic
goats. The wild ibex samples consist of twelve Nubian ibex
samples (11 tissue samples and one blood sample) collected
from wild animals at Al-Wusta Wildlife Reserve (n=2),
Shalim (n=9) and one tissue sample was obtained from
the Natural History Museum of Oman from a whole frozen
animal originated from WWR (stored at -20 C, died 1988).
The nine tissue samples were obtained from nine confis-
cated animals across two separate incidents, and a tissue
sample taken during the post-mortem of a wild-caught ani-
mal which died prior to its return to the wild. A whole blood
sample (EDTA) was taken from a wild, live-caught animal
during the fitting of radio collaring for future monitoring.

The samples from captive animals consist of 30 blood
samples collected from captive centres in Oman (one insti-
tution) and United Arab Emirates (UAE, two institutions).
These whole blood (EDTA) samples were taken after
approval obtained from the centres’ authorities and during
routine veterinary examination.

Lastly, five blood samples from goats were collected
from Al-Wusta Wildlife Reserve (WWR), approved by both
the reserve administration and the owner, and collected dur-
ing veterinary treatments. All samples described above were
collected between 2013 and 2018 and are detailed in supple-
mentary material (S1).

DNA extraction

DNA from tissue and blood samples were extracted using
DNeasy Blood and Tissue kit (QIAGEN®™, Germany)
according to the manufacturer’s instructions. A detailed
methodology is included in the supplementary materials of
Al-Ghafti et al. (2021).

Construction of ddRAD libraries

SNP discovery was conducted via ddRAD sequencing using
a modified Peterson et al. (2012) protocol, described in
Brown et al. (2016) and Manousaki et al. (2016). Detailed
methods and minor additional modifications are included
in supplementary material (S2) and are described briefly
here. DNA was normalised to 7ng/pl prior to digestion with
SbfI (restriction site; CCTGCAGQG) and Sphl (restriction
site; GCATG"C). Combinatorial 5-7 bp inline barcodes
and Illumina primer sequences were then ligated to DNA
fragments, after which the samples were pooled and size-
selected to (400 —700 bp). The purified DNA was amplified
by PCR to incorporate [llumina adapter sequences, and the
resultant, cleaned library was sequenced on a single lane of
an Illumina HiSeq 2500/4000/X. ddRAD and sequencing
was performed across two separate libraries, with positive
controls within each library and across libraries to enable
data quality checking (see the supplementary material (S1)
for a list of the repeated samples).

Bioinformatics

FastQC (Andrews 2010) was used to check for the quality
of reads for each sample. The raw reads were trimmed to
135 bp and demultiplexed using the process radtags mod-
ule in STACK v2.52 (Rochette et al. 2019) with default
parameters to remove low quality reads and those with
uncalled bases.

SNP genotyping was performed as described in Dicks et
al. (2023) by first aligning reads against the domestic goat
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reference genome (Capra hircus) (GCA_001704415.1)
using the Burrows-Wheeler Aligner v0.7.17 (Burrows and
Wheeler 1994). Closely related reference genomes, includ-
ing congeneric species, have been shown to be highly effec-
tive for SNP identification where conspecific references
are unavailable, with limited bias on downstream analyses
(Galla et al. 2019; Samaha et al. 2021). Unmapped reads
were excluded using Samtools v1.10 (Li et al. 2009) and
SNPs were called using gstacks in STACKS with the
marukilow model, retaining only the first SNP on a RAD
tag. A custom Snakemake pipeline (Koster and Rahmann
2012) was used for mapping and SNP calling (Dicks et al.
2023).

Genotype filtering

SNP filtering was conducted for all samples (30 captives,
11 wilds and 5 goats) using PLINK 1.9 (Chang et al. 2015).
Loci were discarded if more than 10% of the genotypes
were missing and if the minor allele frequency (MAF) fell
below 5%. Individuals were excluded if more than 10% of
the genotypes were missing.

Linkage disequilibrium was calculated for each of the
three putative populations independently (captive ibex,
wild ibex, and goats) after excluding two putative hybrids
(NUBO021 and NUBO039 — see below for classification crite-
ria). For any pair of SNPs with r* of 0.5 or greater in any sin-
gle population, we retained the SNP with the highest global
genotyping rate (Fig. S1). Additionally, we assessed SNPs
for deviations from Hardy-Weinberg Equilibrium (HWE)
for each population using PLINK, where SNPs deviating
from HWE in multiple populations were assumed to be
technical artifacts. No SNPs were found to deviate from
HWE in multiple populations after correcting for multiple
testing using the Benjamini and Yekutieli (2001) false dis-
covery rate.

Kinship was estimated to determine repeatability
across positive controls and assess levels of relatedness
amongst samples. The KING-robust method (Manichaikul
et al. 2010), an allele-frequency independent method, was
selected due to the expectation of admixture and variation
in allele-frequency spectrums amongst populations/species.
KING-robust estimates were calculated within NgsRelate
v2 (Hanghgj et al. 2019; Nehr et al. 2021) and relationships
were supported by comparison with RO and R1 estimates
following Waples et al. (2019). We pruned the sample set
to retain a single genotyping attempt for all samples identi-
fied as identical, known hereafter as the “full sample set”.
We then further pruned the sample set to retain only those
individuals considered third-degree relatives or more dis-
tantly related by applying a KING-robust threshold of
0.0884 within the PLINK 2.0 command ‘--king-cutoff”,

@ Springer

known hereafter as the “unrelated sample set”. All subse-
quent analyses were carried out using the “unrelated sample
set” unless specified.

Many population genetic analyses assume independence
of loci (e.g. STRUCUTRE). Linkage between loci increases
as inbreeding increases within populations, and therefore
identifying independent loci becomes increasingly chal-
lenging in such populations. Therefore, the effect of increas-
ingly stringent linkage disequilibrium (LD) thresholds was
assessed: 2<0.5, r*<0.2 and 2<0.05, estimated using
PLINK 1.9 (Chang et al. 2015) using the “unrelated sample
set” after excluding repeated samples.

Population structure

The Bayesian clustering method STRUCTURE v2.3.4
(Pritchard et al. 2000) was used to assess the demographic
history of the population, parallelised using ParallelStruc-
ture v1.0 (Besnier and Glover 2013) and each number of
clusters (K 1 to 8) was repeated 10 times to account for
uneven sampling (Puechmaille 2016). The admixture model
was run with 1,000,000 MCMC chains and a burn-in of
500,000. PopHELPER (Francis 2017) and CLUMPP (Jako-
bsson and Rosenberg 2007) were used to combine the out-
puts from multiple runs and align clusters for visualisation.
The Evanno method (Evanno et al. 2005) was used to assess
the most probably number of clusters and visualised using
POPHELPER (Francis 2017). STRUCTURE was carried out
using the “full sample set” and the “unrelated sample set”.

With all three populations included (goats, wild ibex and
captive ibex), individuals were classified as putative hybrids
when an individual had at least 25% assignment to an alter-
native population cluster K = 3. Additionally, STRUCTURE
was carried out for wild and captive ibex within the “unre-
lated sample set” only, both including (4,449 variable SNPs
and 22 samples) and excluding (2,297 variable SNPs and 21
samples) the putative hybrid.

To further investigate population structure, we used the
ADEGENET R package (Jombart 2012) to run Principal
Component Analysis (PCA). Pairwise Fqp was calculated in
HIERFSTAT (Goudet 2005; de Meelis and Goudet 2007)
after excluding putative hybrids, and significance was cal-
culated using 999 bootstraps with 95% confidence intervals.

Population genetic diversity analysis

Prior to estimates of genetic diversity, putative hybrid indi-
viduals (NUB021 and NUB039) were excluded. Observed
(Hp) and expected heterozygosity (Hg) were estimated
using HIERFSTAT version 0.5.10 in R (Goudet 2005; de
Meetis and Goudet 2007). Allelic richness (AR) and pri-
vate allelic richness (PA) between the wild and captive



Conservation Genetics Resources (2024) 16:293-305

297

individuals were calculated using the rarefaction method in
ADZE-1.0 (Szpiech et al. 2008) based on the smallest sam-
ple size (wild samples; n=7). Unless specified, all analyses
were carried out in R version 4.1.3 (R Core Team 2022).
PGDspider v.2.0.5.0 (Lischer and Excoffier 2012) was used
to convert file types.

Results
SNP discovery and genotype filtering

A total of 32,461 SNPs were identified and genotyped in
this study. After SNP filtering, 5,775 SNPs were retained for
subsequent analysis (Fig. S2). These included 5,500 SNPs
mapped to 29 autosomal chromosomes on the domestic goat
genome, 155 SNPs located on the sex chromosomes, and a
further 120 SNPs located on unassembled scaffolds. There
were 1,271 variable SNPs in wild Nubian ibex, 1,405 vari-
able SNPs in captive Nubian ibex, and 973 variable SNPs
in goats. After removing low quality and repeated samples,
46 individual samples were retained (11 wild Nubian ibex,
30 captive Nubian ibex and 5 goats). An initial assessment
of population structure identified two captive ibex individu-
als (NUB021 and NUBO039) as putative hybrids with goats
(Fig. S3).

Kinship analyses identified all positive control samples
as identical (wild ibex NUB003 and NUB153, and goat
HIRO001), demonstrating high repeatability of genotyping
between and within libraries. Additionally, two wild ibex
individuals were identified as being sampled repeatedly
(individual 1 - NUB002, NUB005, NUB007 and NUBOOS;
individual 2 — NUB003, NUB004; see Table S1). A typi-
cal kinship distribution was found across the captive ibex,
except for the two individuals detected as hybrids which
showed depressed R1 estimates (Fig. S4). Pruning related
individuals removed a further 15 captive ibex, resulting in
the “unrelated sample set” containing seven wild ibex, 15
captive ibex (including one of the two putative hybrids) and
five goats (Table S2).

The impact of LD thresholds was tested by increasing
stringency from 12 of 0.5, testing r* 0.2 and r* 0.05, resulting
in the total number of SNPs decreasing from 5775 to 2184
and 1509, respectively. Within these SNP sets, the number of
variable SNPs dropped to a minimum of 135 within the wild
population (Fig. S5a). Population structure analyses using
PCA and STRUCTURE showed minimal impact of LD
threshold on the major patterns between the three primary
populations (captive and wild ibex, and goats) (Fig. S5B-D).
Additionally, at both 1> 0.2 and 0.05, putative hybrid indi-
viduals (discussed subsequently in more detail) could not be
detected by PCA, and admixture detected by STRUCTURE

was less pronounced than at 1* 0.5. Fg; estimates at more
stringent LD thresholds also show the same patterns of
divergence (Table S3), where pairwise Fqp increases as the
LD threshold becomes more stringent. The LD threshold of
>=0.5 was therefore selected due to the enhanced informa-
tion provided by greater number of SNPs, given the mini-
mal impact of allowing some non-independence of loci on
downstream analyses and acknowledging the inherent chal-
lenges of assessing linkage across putatively divergent taxa
in the context of raised identity-by-descent.

Population structure

Both STRUCTURE and PCA analyses reveal three primary
groupings: wild Nubian ibex, captive Nubian ibex and goats
(Fig. 1A and B). The most likely number of clusters (K) in
STRUCTURE was found to be between three and four using
the Evanno method (Fig. S6). For all values of K, goats
were identified as clustering independently from both the
wild and captive ibex (Fig. 1A), suggesting reduced diver-
gence between the wild and captive ibex than between both
ibex groups and goats. However, separation of the wild and
captive ibex was apparent from K=3 (averaged Q scores
shown in Table S4). This pattern was reflected in the PCA
analysis where PC1, which captured 69.1% of the variation,
separates the ibex from goats (Fig. 1B). From K =3 onwards
in STRUCTURE, additional population structure was iden-
tified between wild and captive Nubian ibex (Fig. 1A). PC2
also detected this divergence between the two Nubian ibex
groups (Fig. 1B).

One captive Nubian ibex (NUB021) showed high lev-
els of admixture between goats and captive Nubian ibex in
STRUCTURE (Fig. 1A) and divergence from the primary
population clusters in the PCA (Fig. 1B). During an initial
STRUCTURE analysis prior to kinship filtering, a second
individual (NUBO039) was found to be related to NUBO021
and showed similar admixture (Fig. S2A). These two
individuals were therefore considered putative ibex: goat
hybrids.

Population structure between wild and captive Nubian
ibex was further investigated by repeating these analyses
for ibex only, excluding both goats and putative hybrid
individuals (Fig. 1C and D). The Evanno method iden-
tified the most likely value of K to be either two or three
(Fig. S5). Wild ibex are first separated from captive ibex
in both STRUCTURE K =2 (Fig. 1C) and PCA (Fig. 1D),
where PC1 reflects this divergence, capturing 49.9% of the
variation. Additional substructure is subsequently identi-
fied within the captive ibex population. In STRUCTURE,
six captive ibex showed assignment to both the captive ibex
(cluster 1 in Fig. 1C) and an alternative cluster (cluster 2
or 3 in Fig. 1C), however only for three individuals was
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Fig. 1 Population structure of unrelated samples of wild Nubian ibex,
captive Nubian ibex and goats (5775 variable SNPs) (A) and (B), and
of wild and captive ibex only (2297 variable SNPs) (C) and (D). Infer-
ences from STRUCTURE are visualised in (A) and (C). Each col-
umn represents one sample divided into K colours, where K is the
predefined number of clusters assumed, and the length of the coloured
segment represents the individual’s estimated proportion of member-
ship to a particular cluster. Each panel represents a different value of K

Table 1 Pairwise Fg; estimates for wild ibex, captive ibex and goats
below diagonal. Above diagonal are the 95% confidence intervals. All
pairwise comparisons were significant at p <0.001. Hybrid individuals
were excluded from this analysis

Wild Captive Goats
Wwild 0.498-0.529 0.874-0.885
Captive 0.514 0.876-0.888
Goats 0.880 0.882

the assignment greater than 0.05 (averaged Q scores shown
in Table S5). At K=2, the secondary cluster was the same
as wild ibex. At K=3, a unique third cluster was identified
as the source of the admixture for those three individuals
(NUB020 — Qjysters=0.382, NUB040 — Q (}y6er3=0.236,
and NUB059 — Q (4e:3=0.506) (Fig. 1C). Within the PCA,
PC2 (5.9% of variation) captures structure within the cap-
tive ibex population and the same three high-proportion
admixed individuals were identified as deviating from the
main cluster (Fig. 1D). These three individuals did not devi-
ate towards the wild ibex cluster, supporting a possible
alternative source of admixture.
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Pairwise Fgr between wild and captive ibex was 0.514
(Table 1). Higher levels of fixation were observed for com-
parisons between wild ibex and goats (Fgr = 0.880) and
between the captive ibex population and goats (Fgp = 0.882).

Population genetic diversity

Table 2 shows the population genetic diversity estimates for
the three populations. H, and H, estimates were overlapping
within and between wild (Ho=0.080 and Hy = 0.089), but
captive Nubian ibex had reduced observed heterozygosity
compared with expectations (Ho=0.072 and Hg = 0.082).
Estimates for goats were marginally lower (Ho=0.072 and
Hg = 0.073) but overlapped with estimates for captive ibex.
F|g was raised in both the wild and captive populations (wild
Fig = 0.081; captive Fig= 0.112), with 95% CI not over-
lapping zero, indicating a deviation from Hardy-Weinberg
Equilibrium in this population.

A subtle difference was found in private alleles between
wild (PA=0.178) and captive populations (PA=0.170). The
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Table 2 Genetic diversity estimates for the three populations based on 5,775 SNPs, showing observed heterozygosity (H,), expected heterozygos-
ity (Hp), fixation index (Fig), private allelic richness (PA) and allelic richness (AR). 95% confidence limits (CL) are shown in brackets for each

measure. NA indicates this measure was not calculated

Population Sample size  Number of variable SNPs  H Hg Fig AR PA
(95% CL) (95% CL) (95% CL) (95% CL) (95% CL)
(n=17) (n=7)
Wild 7 1,263 0.080 0.089 0.081 1.1957 0.1779
(0.075-0.084) (0.084-0.094) (0.059-0.104) (1.1956-1.1958) (0.1777-0.1780)
Captive 14* 1,397 0.073 0.082 0.112 1.1872 0.1693
(0.069-0.077) (0.078-0.087) (0.096-0.129) (1.1871-1.1873) (0.1692-0.1695)
Goats 5 973 0.072 0.073 -0.006 NA NA

(0.067-0.077) (0.069-0.078) (-0.034-0.022)

# note that one captive individual identified as a putative hybrid was excluded from these analyses

allelic richness was found to be slightly higher in the wild
population compared to the captive (AR =1.20 and 1.19 for
wild and captive respectively). Detailed results with confi-
dence intervals of the estimation of the allelic richness and
private alleles between populations are shown in Table S6.

Discussion

The availability of genomic resources for organisms of
high conservation importance is advantageous to support
conservation management decisions by enabling targeted
approaches for degraded DNA (Primmer 2009), and by
generating reliable and precise estimations of population
genetic statistics and identify relationships between popu-
lations and species. Here, we developed this resource for
Nubian ibex in the form of >32,000 RAD-tags which can
be used for future development a genotyping system for
degraded DNA samples, such as target enrichment probes.
Using this resource here, we were able to carry out a first
genomic assessment of Nubian ibex using 5,775 high-qual-
ity SNPs to carry out a preliminary assessment of the wild
ibex in Oman and determine the utility of the current captive
insurance populations for reintroductions and reinforcement
in Oman.

Captive Nubian ibex are divergent from wild Omani
Nubian ibex, and not just because of recent genetic drift
induced by small population size in captivity.

We identified clear evidence of divergence between
the wild and captive Nubian ibex populations using both
STrRUCTURE and PCA. This was supported by a high level
of differentiation using pairwise Fgp (Fgr = 0.514). This
level of divergence is in line with whole genome sequenc-
ing SNP estimates for giraffe subspecies (Fgr 0.51-0.62)
(Bertola et al. 2024) for which taxonomic revision to spe-
cies level has been recommended (Fennessy et al. 2016).
These results support those obtained by the mitochondrial
study, which did not detect any shared haplotypes between
the same wild and captive Nubian ibex populations, and
where the Fgr estimated for D-loop was 0.725 and for

cytochrome b was 0.968 (Al-Ghafri et al. 2021). Although
signals of population strucure can arise rapidly in captive
populations because they often experince high levels of drift
due to small founder base, the differntiation observed here
is extreme. The current results support the possibility that
these might be different taxa.

The native range of Nubian ibex is naturally fragmented
throughout the Arabian peninsula, the Levant and North
Africa (Ross et al. 2020a). Anecdotal evidence suggests
that the founder base of the captive population originated in
North Africa (Al-Ghafri 2023). Without additional samples
from across the native range of Nubian ibex, it is therefore
not possible to fully evaluate the potential combined influ-
ences of isolation by distance, evolutionary divergence due
to speciation, and genetic drift or selection within captivity
on the results presented here. However, they do highlight an
urgent need for further study to understand the population
structure and taxonomy of Nubian ibex using both genetic
and traditional taxonomic methods. The levels of diver-
gence seen suggest very low levels of gene flow between
these two populations for an extended period and that the
risk of outbreeding depression is not insignificant if these
populations are mixed (Frankham et al. 2011).

Captive populations should not be used for reinforce-
ments or reintroductions in Oman, and possibly elsewhere
in the southern Arabian Peninsula. Our results suggest that
there are no known appropriate insurance populations for
the populations of Nubian ibex from Oman, at least within
the captive instsitutions assessed.

Hybridisation within captive nubian ibex

Two samples from the captive population were identified as
putative hybrids using STRUCTURE. We sequenced two
mitochondrial markers (D-loop and cytochrome b) follow-
ing Al-Ghafri et al. (2021) (data not shown here), and both
individuals had haplotypes matching domestic goats. This
evidence is strongly indicative of a recent cross with domes-
tic goats.

@ Springer
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In addition to introgression from goats, evidence of
introgression into the captive population from a secondary
source was detected (Fig. 1). Recent introgression from the
Omani population of wild ibex into the captive population
is possible (Fig. 1A); however, when considering ibex only,
both STRUCTURE K =3 (Fig. 1C) and PCA (Fig. 1D) sug-
gest an alternative source. This alternative source was not
detected when goats were included in the analyses (Fig. 1A
and B), which is unsurprising when source populations are
unsampled “ghost populations” (Lawson et al. 2018), and
may be exacerbated by a bias towards alleles shared with
goats resulting from SNP calling using the goat reference
genome. In an additional analysis (Fig. S3B), the presence
of a single ibex: goat hybrid within the ibex-only analysis
was, however, sufficient to separate goat ancestry from the
“ghost” source population (K=4 onwards). It is therefore
likely that the captive ibex have experienced admixture
from either (i) other unsampled geographic localities of
Nubian ibex or (ii) another species which is more closely
related to Nubian ibex than goats.

Hybridization between non-goat Capra spp and the
domestic goat C. hircus is known to occur and can produce
fertile offspring (Iacolina et al. 2019). For example introgres-
sion was found between Alpine ibex (C. ibex) and domestic
goats in the Swiss Alps (Grossen et al. 2014), and between
Alpine ibex, Nubian ibex and bezoar (C. aegagrus) (Turcek
and Hickey 1951). Introgression is increasingly possible
where pastoralism and wild populations overlap (Harrison
and Larson 2014), and occurs accidently or deliberately dur-
ing captive breeding (Stiiwe and Nievergelt 1991).

Introgression from domestic goats into the captive
Nubian ibex population presents potential threats to the cap-
tive population, such as genetic swamping and outbreeding
depression (Adavoudi and Pilot 2021). In addition, hybrid
individuals may face enhanced challenges to survival upon
release due to a combination of adaptation to captivity and
a loss of genetic adaptations to the extreme environments
that Nubian ibex inhabit (Mufioz-Fuentes et al. 2010; Tor-
res et al. 2017). However, the impact of hybridisation can
range from negligible to significant effects, which either
put species survival in jeopardy or can serve as a poten-
tial pathway to evolution (Hirashiki et al. 2021). Both
putative ibex: goat individuals are likely first or second gen-
eration crosses (NUB021 Q4 jernative=0-474/0.62, NUB039
QAlternative=0'345/O'4815 where QAlternative is the sum of
assignments to alternative clusters at K=3/K=4), so it
remains unclear if these they would be fully fertile. Using
hybridised individuals within reintroductions could lead to
introgression of non-ibex alleles into the wild population,
with unknown consequences. Therefore, detecting hybrids
is of high importance in captive breeding centers to ensure

@ Springer

appropriate insurance populations exist and is vital when
selecting individuals for reintroduction efforts.

The existence of introgression from goats into captive
Nubian ibex raises concern about possibility of this happen-
ing in wild populations, especially with increasing encroach-
ment of the land for pastoralism. These concerns need to be
addressed in detail in future studies through wider sampling
and regular monitoring of the wild Nubian ibex population
to ascertain if there is any evidence of possible hybridisation
and assess the likelihood of this risk. The power of the SNP
panel developed in this study to detect hybridisation is evi-
dent and it will therefore be valuable for future monitoring
of hybridisation in wild populations.

Genetic diversity within nubian ibex

Although the primary purpose of these analyses was to
develop a genetic toolkit for Nubian ibex, we were able
to take a preliminary look at the nuclear genetic diversity
within the captive population and Oman’s wild Nubian ibex.
The captive populations were previously found to have low
mitochondrial diversity (Al-Ghafri et al. 2021), and nuclear
data continues to indicate low levels of genetic diversity.
The fixation index was raised for the captive ibex (Fig =
0.113+0.016 after excluding the putative hybrid), which
is indicative of raised inbreeding levels. It is possible this
could be a Wahlund effect, whereby observed heterozygos-
ity is reduced compared to expectations due to the presence
of multiple populations, given the evidence of low levels
of introgression into the captive population (Fig. 1). Cap-
tive populations frequently have low genetic diversity due
to genetic drift and small founder bases (Jiang et al. 2005;
Reiners et al. 2014; Chen et al. 2019), although this can be
mitigated by appropriate management (Lacy et al. 2012).

Despite our limited sample set from a single subpopu-
lation (Shalim) in Oman, we found that genetic diversity
shows indications of being reduced (Fig = 0.081+0.023).
The small sample size of the wild ibex population used
in this study may lead to ascertainment bias, particularly
reduced identification of rare alleles (Malomane et al. 2018),
and an underestimation of its genetic diversity (Kalinowski
2005). Shalim was previously found to have the highest
haplotype diversity, but intermediate nucleotide diversity at
the mitochondrial D-loop, compared to other populations in
Oman (Al-Ghafri et al. 2021). Therefore, caution must be
taken in extrapolating these results across Oman. A larger
study is required to assess nuclear diversity throughout the
wild population and careful conservation management may
be required to prevent further loss of genetic diversity.
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Development of a genetic resource to inform
conservation

Conservation management decisions are greatly enhanced
by integrating genetic information (Pierson et al. 2016;
Hoban et al. 2022), and reduced genome representation
methods have proven valuable for generating accurate
information for selecting individuals for captive breeding
and for release into the wild (Chattopadhyay et al. 2019;
Ogden et al. 2020). The thousands of nuclear loci developed
in this study have already identified substantial divergence
between wild and captive ibex, identifying a need for taxo-
nomic review and a lack of appropriate source population
for reintroduction into Oman.

The preliminary population genetic data presented here
for the wild Oman population hint at reduced diversity and
a need for further assessment to define appropriate manage-
ment action for this metapopulation. Nubian ibex are elu-
sive and inhabit challenging terrain, and faecal samples are
frequently the only available additional material for genetic
analysis (Al-Ghafri et al. 2021). The >32,000 RAD-tags
generated here will enable the development of advanced
molecular techniques, such as target capture (Jones and
Good 2016) will be needed to overcome the challenges pre-
sented by high levels of non-target DNA and degraded target
DNA. Once developed, such a method would also enable
on-going monitoring of wild populations with directly com-
parable genetic data.

Conclusion

The evaluation of population structure of Nubian ibex in
Oman will play an imperative role in directing conserva-
tion efforts towards the successful genetic management of
this species. Achieving this goal has thus far been greatly
hampered by a lack of nuclear genetic resources. The thou-
sands of SNPs discovered in this study for this threatened
and understudied species in the far east of the Arabian Pen-
insula will provide an important conservation toolbox to aid
in its protection and provide a vital foundation for future
conservation planning.

This research has revealed an urgent need to review tax-
onomy of Nubian ibex throughout its range to understand
whether or not Nubian ibex in Oman should be considered
to be a different subspecies or species and how this relates
to (as yet unsampled) populations across the wider Arabian
Peninsula. Should taxonomic review separate these groups,
the southern Arabian Nubian ibex will be at a much greater
extinction risk than current assessments conclude (Ross et
al. 2020a). Additionally, these data provide immediately rel-
evant conservation information. Firstly, they have provided

clarity that an appropriate insurance population for Oman
is lacking, and that reintroduction efforts should carefully
consider the genetic provenance of source populations, both
in terms of appropriateness of the founder base as well as
introgression from domestic goat. Finally, they reveal that
the inbreeding levels of the wild population are uncertain
and further genetic assessments are needed. The genomic
tools generated throughout this study will greatly facilitate
empirical evidence on which conservation strategies can be
fine-tuned.
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