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Genetic swamping of the c
ritically endangered
Scottish wildcat was recent and accelerated by
disease
Highlights
d The onset of significant hybridization is estimated to begin

from the late 1950s

d Hybridization arises from expansion after a bottleneck

estimated at 100 years ago

d Immune-related genes, including the MHC, show excess

domestic cat introgression

d All but 0.13% (3.2 Mb) of the Scottish wildcat genome is

present in our sample
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In brief

The Scottish wildcat has long been held

as a typical conservation exemplar

following anthropogenic hybridization.

Analysis of whole genomes frommodern,

museum, and archaeological samples by

Howard-McCombe et al. demonstrates

that hybridization with domestic cats has

been recent and potentially mediated by

pathogens.
.
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SUMMARY
The European wildcat population in Scotland is considered critically endangered as a result of hybridization
with introduced domestic cats,1,2 though the time frame over which this gene flow has taken place is un-
known. Here, using genome data from modern, museum, and ancient samples, we reconstructed the trajec-
tory and dated the decline of the local wildcat population from viable to severely hybridized. We demonstrate
that although domestic cats have been present in Britain for over 2,000 years,3 the onset of hybridization was
only within the last 70 years. Our analyses reveal that the domestic ancestry present in modern wildcats is
markedly over-represented in many parts of the genome, including the major histocompatibility complex
(MHC). We hypothesize that introgression provides wildcats with protection against diseases harbored
and introduced by domestic cats, and that this selection contributes to maladaptive genetic swamping
through linkage drag. Using the case of the Scottish wildcat, we demonstrate the importance of local
ancestry estimates to both understand the impacts of hybridization in wild populations and support conser-
vation efforts to mitigate the consequences of anthropogenic and environmental change.
RESULTS AND DISCUSSION

Understanding the causes and consequences of hybridization in

threatened species is a challenging priority for conservation.4–7
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For example, hybridization affects the operational definition of

species from a legislative perspective6; engenders discussion

of species identity, integrity, and genetic uniqueness7; and in-

forms discussions pertaining to whether preservation of genetic
mber 6, 2023 ª 2023 The Authors. Published by Elsevier Inc. 4761
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:jhmccombe@rzss.org.uk
mailto:hsenn@rzss.org.uk
mailto:dan.lawson@bristol.ac.uk
mailto:m.beaumont@bristol.ac.uk
mailto:m.beaumont@bristol.ac.uk
https://doi.org/10.1016/j.cub.2023.10.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2023.10.026&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Figure 1. Current range of European wild-

cats and estimated hybridization rates

Median proportion of hybrid individuals (i.e., any

individual with detectable domestic cat ancestry)

reported across the four main metapopulations

and Scottish population of European wildcat1 (for

the full list of reported values, see Data S1). The

image in the top right shows a captive wildcat in-

dividual from Scotland. Photo credit: Saving

Wildcats.
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diversity or preservation of habitats and associated ecosystem

function should be the goal.8 Many wild populations are now

subject to anthropogenic stressors9 and environmental

change.10,11 Thus, within conservation biology, a key question

is how to balance the input of potentially adaptive variation

from introgressive hybridization against the loss of biodiversity

that arises from genetic swamping.5

Hybridization between domestic cats and European wildcats

exemplifies many of these issues. The European wildcat (Felis

silvestris), historically distributed across western Eurasia from

Turkey to Britain12 (Figure 1), can hybridize with domestic cats

(F. catus) and produce fertile offspring. F. catus derived from

the African-Asian wildcat F. lybica,13 whose range extends

from southern Africa to China.12 F. lybica and F. catus are ge-

nomically divergent from F. silvestris (Table S1) and phenotypi-

cally distinguishable using a suite of morphological charac-

ters.1,14 Hybridization between domestic cat and wildcat

populations in continental Europe has been previously reported

(Data S1), and median hybridization rate (i.e., proportion of hy-

brids) ranges from 5.25% in western and central Europe to

21% on the Iberian Peninsula (Figure 1; Data S1).

As a consequence of combined pressures from persecution

and habitat loss,1 European wildcats have experienced dramatic

population declines and range contraction over the last few cen-

turies. In Britain, wildcats persisted in England and Wales until

the late 19th century15 but are now locally extinct. The remaining

extant population is fragmented across the Scottish Highlands.

Following the extinction of the lynx (Lynx lynx), which likely

took place in the 7th century CE,16,17 wildcats are now the only

extant wild felid species in Britain and the most endangered

mammalian carnivore.18 Habitat-based estimates of wildcat

population size suggest that between 30 and 430 individuals

remain in the wild.18 In Scotland, hybridization with domestic

cats is now far greater than in other European populations (Fig-

ure 1).19,20 Currently, no wild-living or captive Scottish wildcat

is measurably free of domestic cat ancestry.20 Genetic studies

show that the wild population can be described as a hybrid

swarm20,21 and is therefore at serious risk of extinction via ge-

netic swamping.2
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It is important to understand how the

uniquely acute anthropogenic hybridiza-

tion in Scotland has arisen in the

event that other European wildcat popu-

lations experience the same circum-

stances. Paleogenomic and zooarchaeo-

logical studies have demonstrated that

domestic cats have been present in Brit-
ain since at least �350 BCE.3 For most of their shared evolu-

tionary history (i.e., at least until the 16th century CE), hybridiza-

tion between wildcats and domestic cats was limited.3 It is

unclear, however, when wildcats in Britain transitioned from a

population with occasional hybridization to one at risk of immi-

nent extirpation1,2 as a direct result of introgression.

Here, we generated and analyzed whole-genome sequence

data to date the onset of significant hybridization in Britain and

assess potential consequences for wildcats carrying introgressed

domestic cat DNA.Our data comprised 22domestic cats, 30wild-

living individuals from Scotland sampled across the hybrid

swarm,20 and six wildcats from the UK captive population

(founded on wild animals from Scotland22). Seven additional

wildcat samples were obtained from Germany and Portugal. We

also made use of low-coverage, whole-genome sequence data

fromhistoricandarchaeological samples,specifically fourputative

Scottish wildcats (museum specimens sampled 1906–1939, 0.3–

4.73) and two archaeological samples from Medieval (16th cen-

tury, 0.93) and Mesolithic Britain (8,459–8,272 cal. BP, 0.23).3

Additional low-coverage genomic data (0.02–0.073) were ob-

tained from 20 museum samples of putative Scottish wildcats.

Domestic cat introgression in the Scottish wildcat
The continuum of genetic ancestry in the hybrid swarm is illus-

trated by a principal component analysis (PCA) of 65 putative

wildcats, hybrids, and domestic cats (Figure 2; sample informa-

tion provided in Data S1). Additional low-coverage whole-

genome data from historic and ancient samples are also pro-

jected onto the PCA (for sample information, see Data S1).

This shows that ancient and historic wildcat samples fromBritain

clustered with modern wildcats from continental Europe and

with an archaeological (8,459–8,272 cal. BP) wildcat from Scot-

land that pre-dates the introduction of domestic cats in the re-

gion. Given the confirmed absence of introgression in more

recent archaeological samples,3 this suggests a low degree of

introgression following the introduction of domestic cats

�350 BCE.3

To quantify domestic cat introgression in the Scottish wildcat

population, we computed F-statistics23 for both the historic and



Figure 2. Genetic clustering and observed

introgression across the sample set

(A) Principal component analysis shows strong

differentiation of wildcats from mainland Europe

(blue) and domestic cats (orange) across PC1, with

Scottish individuals (green) distributed between

these two groups. The clustering of museum and

archaeological samples from Britain (gray and

black) indicates this was not the historic situation in

Scotland.

(B) Introgressed domestic cat DNA was identified

in Scottish hybrids using MOSAIC. Horizontal bars

show example inferred ancestries for ten in-

dividuals sampled across the hybrid swarm

(shown on the PCA) for both copies of chromo-

some 11 (D2). Orange, probable domestic

ancestry; blue, wildcat.

See also Data S2.
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modern populations from Scotland (Data S1). A strong correla-

tion (R = 0.88, p < 2.2e�16) was observed between ancestry es-

timates computed using F4 ratios and those obtained from

STRUCTURE analyses of 35 SNPs routinely used to assay low-

quality DNA samples for conservation monitoring.20 A low-to-

zero rate of hybridization was evident in the historic samples

from Scotland, including data from the additional 20 individuals

sampled between 1903 and 1985. Evidence of statistically signif-

icant domestic cat introgressionwas observed in five individuals,

with estimated introgression ranging from 2.3% to 6.6% (Data

S1). Scottish wildcat individuals only exceeded more than

�5% domestic cat ancestry after 1956. All modern individuals

(1997–2018) showed evidence of introgression from domestic

cats, and the proportion of domestic ancestry ranged between

11% and 74%. A captive wildcat population was established in

the UK during the 1960s, initially from a small number of founders

and with no hybrid testing.22 Though this population has not

avoided introgression, the mean proportion of domestic cat

ancestry (18%) is significantly lower than that observed in the

modern wild population (Data S1).

Dating the onset of introgression and historical
population size
In order to date the onset of hybridization in Scotland, we used

MOSAIC24 to identify and quantify local ancestry (wildcat versus

domestic cat) across the hybrid genomes (examples shown for

chromosome D2, Figure 2; full results in Data S2), analyzing

each putative wildcat individual separately to account for poten-

tially continuous admixture. Local ancestry tract length can be

used to deduce the timing of admixture events.23,25 Based on

the analysis of 36 individuals from Scotland, the mean estimate

for the onset of hybridization was 8.6 (95% CI 8.3–9.8) genera-

tions before present. The distribution of hybridization events

from individual coancestry curves ranged between 4.7 and

17.9 generations (Table S2). Observed patterns of exponential

decay support the conclusion that admixture was rare prior to

�20 generations before the present25 (Data S3).

Using a generation time of 3 years (STAR Methods) and ac-

counting for sampling date (where known), our estimate for the
onset of hybridization is between the late 1950s and mid-

1990s (Figure 3). This time frame is consistent with results from

PCA and AdmixTools (Figure 2; Data S1), highlighting low levels

of introgression in early 20th century individuals, and confirms re-

sults from demographic modeling of the wildcat population in

Scotland.21 This result is also congruent with the breakdown in

the consistency of pelage markings (scored at seven key

morphological features on an ordinal scale of 1, 2, and 3 for do-

mestic, hybrid, or wildcat features, respectively) that began in

the late 1950s14 (Figure S1).

Using MOSAIC local ancestry, we obtained ancestry-specific

estimates of recent effective population size with GONE26 (Fig-

ure 3), which uses linkage-disequilibrium (LD) information to infer

demographic history. For the wildcat population, results were

broadly consistent with the pattern of wildcat population decline

and recent expansion observed in historical records.15 We

observed a decline in the effective population size beginning in

the mid-19th century that accelerated in the 20th century, with

a population minimum 22 generations before present, around

1950. This is somewhat more recent than reported by previous

studies that, based on historical records of wildcat sightings,

proposed a population low for Scottish wildcats in the 1910s.15

Domestic ancestry from hybrid cats and five Scottish domestic

cat reference samples shows effective population size for do-

mestic cats increasing steadily over the last 150 generations.

The dramatic decline �5 generations before present may be

due to the effect of current Population Structure, which will in-

crease LD. By contrast, using the admixed data, a rapid popula-

tion decline was observed from �11 generations before the pre-

sent, likely due to mixture LD27 and consistent with the recent

onset of admixture shown in previous analyses (Figures 2 and 3).

Signatures of selection in the hybrid population
Genomic regions observed in hybrid individuals that contain

excess domestic or wildcat ancestry are candidates for selec-

tion. We counted excess local ancestry (STAR Methods) across

the combined (admixed) wild and captive sample, accounting

for each individual’s overall ancestry, which is indicative of selec-

tion post-dating admixture.28 Our analyses detected positive
Current Biology 33, 4761–4769, November 6, 2023 4763



Figure 3. Predicted pattern of 20th-century admixture in Scottish wildcats

(A) A histogram shows the distribution of estimated admixture events (green). Superimposed are the predicted proportions of domestic cat ancestry (AdmixTools

F4 ratio test) in historic and modern Scottish samples (modern samples fall within the bracket denoted with an asterisk). Modern samples were used for MOSAIC

analyses (generating the observed distribution of hybridization events).

(B) Estimates of recent effective population size (Ne); solid line indicates mean estimate, shaded area 95% confidence intervals. Ancestry-specific Ne (top) re-

covers historic decline and expansion of Scottish wildcats (blue) in the context of increasing domestic cat (orange) ownership in Britain. Analysis of the complete

data for the hybrid population (bottom) is confounded by admixture LD consistent with recent admixture in Scotland, which causes an artificial population crash

11 generations before present.

See also Figure S1, Table S2, and Data S1 and S3.
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selection on domestic cat ancestry in 43 regions spanning �26

Mb across 10 chromosomes, including one region that spanned

a portion of themajor histocompatibility complex (MHC) locus on

chromosome B2 (Figure 4). We also identified a region of purely

domestic ancestry on chromosome C2 (�3.2 Mb). Using Wright-

Fisher simulations of drift, assuming known ancestry, we

demonstrate that the overall distribution of excess domestic

genes at the MHC locus is not predicted by genetic drift alone

(Figure S2). Further, exclusion of the MHC region from

MOSAIC analysis showed that other regions of excess domestic

ancestry could not be explained by unusual patterns of LD within

the MHC itself (Figure S2).

Within regions of excess domestic ancestry, 273 genes were

identified based on the Ensembl gene annotation (v106)29 for do-

mestic cats. Using G-profiler,30 212 functional categories were

found to be significantly enriched for this set of genes

(p < 0.005, Benjamini-Hochberg correction). The strongest hit

(GO:0042611, p < 5.0e�24) was associated with the MHC protein

complex, and of the 66 categories with a corrected p < 1.0e�4

(for complete list, see Data S1), 55were directly linked to immune

function. While many immune genes are found in the regions of

excess domestic ancestry (Data S1), the MHC contains a large

number of genes associated with numerous GO terms. Further-

more, it is close to the centromere on chromosome B2 and thus

in a region of reduced recombination.31 Since each immune-

related GO term is associated with many MHC genes, it is likely

that the MHC region as a whole contributes strongly to any func-

tional enrichment in this category. Indeed, a G-profiler analysis
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excluding the MHC shows significant enrichment after multi-

ple-testing correction only for ‘‘severe combined immunodefi-

ciency.’’ Strikingly, selection in hybrids was only identified within

regions of domestic cat ancestry, and no wildcat ancestry

passed the detection threshold. It should be emphasized that

enrichment analysis should be viewed only as indicative under

recent admixture, as it assumes independence between genetic

regions, which are correlated due to admixture, and therefore

may overstate the strength of the evidence.

Domestic cats and feral domestic cats are recognized as a

reservoir of infectious diseases that pose a threat to all wild fe-

lids.32 Even in apparently healthy cats, the prevalence of feline

immunodeficiency virus (FIV) and feline leukemia virus in the

UK domestic cat population is predicted to be �6% and 5%,

respectively.33 A recent survey of 125 feral and hybrid cats in

Scotland identified the presence of many common pathogens

including FIV (7.3%), feline calicivirus (20%), and hemoplasma

species (Mycoplasma haemofelis, 4.8%;Mycoplasma haemomi-

nutum, 23.4%).32 Therefore, disease transmission is an impor-

tant potential driver of selection in wildcat populations, and hy-

bridization provides a mechanism for the transfer of pathogen

resistance (including MHC variants34,35) from domestic cats.

Perspectives on anthropogenic hybridization
Our results demonstrate that though domestic cats have lived

sympatrically with wildcats in Britain for >2,000 years, gene

flow between the two populations was minimal until the second

half of the 20th century. The abrupt ending of this genetic



Figure 4. Evidence of selection for domestic cat genes in the hybrid population

(A) The mean proportion of domestic cat ancestry in the hybrid population varied across the genome. The dashed line indicates overall mean domestic ancestry;

the red bar shows the mean per chromosome.

(B) Several regions showed a significant excess of domestic ancestry (dashed line indicates the significance threshold used).

(C) This included the MHC locus on chromosome 5 (B2), where domestic variation may confer disease resistance.

(D) A summary of the top 66 functional categories (p < 1.0e�4), identified by G-profiler (each point represents a single term; terms with similar functions have been

grouped).

See also Figures S2–S4 and Data S1.
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segregation then led to the genetic swamping and near extirpa-

tion of the wildcat population in Britain.1,2 The high level of intro-

gression poses a challenge for the successful management of

this population. As with many jurisdictions,6 while wildcats are

a protected species in the UK, legal protection from persecution

extends neither to ‘‘hybrids’’ (colloquially taken to be F1 individ-

uals) nor to introgressed individuals that have different degrees

of backcrossing.2

The wildcat demographic decline in Britain pre-dates the

onset of significant hybridization (Figure 3). Our evidence sup-

ports the view that the population of wildcats in Scotland is

exceedingly low and has been affected by a strong recent bottle-

neck (70 individuals [CI 46–94], 33 generations before present)

(Figure 3). There has been some, limited, recovery following

this bottleneck, and the wildcat range has expanded over the

20th century from a small area in the northwest Highlands into

central Scotland.2 This range expansion is a proposed driver of

introgression in continental wildcat populations,36 since there

would have been a low population density of conspecific mates
at the leading edge of the expansion. A key isolating mechanism

between wildcats and domestic cats is ecological and spatial

separation,37 which likely breaks down due to habitat degrada-

tion and the spread of wildcats in anthropogenic environments38

where domestic cats predominate. Low wildcat population den-

sity across a fragmented habitat has persisted over the 20th cen-

tury in the face of prey fluctuation, persecution, slow habitat re-

covery (specifically afforestation), urbanization, and land-use

change, including intensive agriculture.2

In addition to the demographic factors noted here, our analysis

suggests that genetic swamping of wildcat ancestry has poten-

tially been exacerbated by asymmetrical selection favoring al-

leles acquired from domestic cats in immune genes such as

MHC (Figure 4). High levels of genetic diversity (including, e.g.,

sequence diversification or gene duplication) make the MHC a

difficult genomic region to analyze.39 Sequence alignment is

technically challenging, particularly for non-model organisms,

and tens of thousands of samples are required to obtain

completely reliable haplotypes40; strong balancing selection41
Current Biology 33, 4761–4769, November 6, 2023 4765
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acts to strongly reduce genetic separation between species,

leading to incomplete lineage sorting. However, our results do

not require perfect alignment (observed variant quality; Fig-

ure S3) and our interpretation is appropriate as long as the

excess of domestic cat ancestry, as inferred by MOSAIC, is

real. Beyond the predicted and observed genetic drag of domes-

tic cat ancestry into chromosome B2 (Figure 4), we ensured that

unadmixed wildcat and domestic cat samples are sufficiently

separated to allow a clear separation in a neighbor-joining tree

(Figure S4), implying that ancestry calls are correct on average.

Given the short timescale of hybridization that has led to the

observed long sections of introgressed ancestry (Figure 2), it is

likely that any putative signals of selection associated with these

patterns are strong. It should be noted, however, that on longer

timescales we may expect relationships between parental

ancestry and local recombination rates due to weakly delete-

rious variants and Bateson-Dobzhansky-Muller incompatibil-

ities.42 Intriguingly, and prompting the hypothesis that contact

with a large population harboring novel pathogens may induce

selection on the MHC, an analogous signal of excess local

ancestry is observed in humans at this locus,43 based on anal-

ysis of ancient DNA. Modern Europeans were observed to

possess excess Steppe pastoralist ancestry at the MHC (over

genome-wide averages), disproportionately replacing the MHC

genotype of their contemporary hunter-gatherers. As with do-

mestic cats and wildcats, the pastoralists are thought to have

formed a larger population and to have been exposed to a wider

range of diseases in comparison to hunter-gatherers.

A limitation of gene enrichment analysis for immunity is that

each immune-related GO term is shared by many MHC-associ-

ated loci, which means that the region as a whole has high

leverage in statistical tests. However, there are many immune-

related genes identified across the genome in regions of excess

domestic cat introgression. Therefore, it is reasonable to hypoth-

esize that contact between domestic cats and wildcats brings a

disease burden that is at least partially offset by introgression of

domestic immune genes, likely also dragging linkedmaladaptive

variants from the domestic genome into the wildcat population.

Given the asymmetry in population and disease density, this

general phenomenon may have relevance for the conservation

and rewilding of species with domestic relatives, including gray

wolves,44,45 polecats,46 and ibexes.35

There is a potential advantage of hybridization in genetically

rescuing the small Scottish wildcat population from inbreeding

depression,47 but recent analyses48 show that there is a danger

of replacing a significant fraction of native wildcat diversity with

that of the phylogenetically, ecologically, and behaviorally

distinct domestic cat. A more compelling argument favoring do-

mestic diversity in the wildcat is that we have identified infectious

disease as the primary selected phenotype in hybrids. Maintain-

ing domestic cat variation at the MHC, and potentially at other

immune-related loci, may be important for population viability

in the presence of domestic cats, but at the risk of dragging

linked variants maladapted to the wildcat niche. Selective intro-

gression of the MHC has been previously reported both in the

case of anthropogenic hybridization35 and in a natural hybrid

zone.49

Our results indicate that the modern Scottish wildcat popula-

tion is heavily admixed. In this regard it is technically
4766 Current Biology 33, 4761–4769, November 6, 2023
‘‘genomically extinct’’ by the definition of Allendorf et al.4

because we have found no unadmixed individuals. In such cases

there may be evidence of strong selection against non-native al-

leles,50 whereas our evidence suggests that genome segments

from domestic cats are disproportionately favored. However,

our data provide sufficient information to demonstrate that an

attempt at reconstruction of the ancestral wildcat genome using

a de-introgression strategy,51 based on the estimated proportion

of wildcat ancestry per individual (hybrid index, HI), is theoreti-

cally feasible. To combat inbreeding depression andmaintain di-

versity, the inclusion of continental European wildcat genetic

variation may be important in the future. An alternative

approach6,8 would be to use HI within a program of habitat resto-

ration and exclusion of domestic cats and individuals with a low

HI, so that selection can favor wildcat traits in their natural envi-

ronment. In conclusion, our evidence demonstrates that the

captive Scottish wildcat population and wild-living hybrids retain

almost the full ancestral genome required to reconstruct the orig-

inal species, and these results will inform future conservation

strategies.
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Materials availability
This study did not generate new unique reagents.

Data and code availability

d Raw sequencing reads generated by this study are available at NCBI Short Read Archive under the BioProject:

PRJNA1030997.

d Code used to process and analyse raw data is available at GitHub (https://github.com/johowardmcc/Howard_McCombe_

et_al_CurrBiol_2023; https://github.com/danjlawson/localselection). Any additional information required to reanalyse the

data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

For this study whole-genome resequencing data were generated for 57 modern wildcats (F. silvestris, F. bieti, F. lybica, F. margarita)

and domestic cats. This included 40 putative wildcat/hybrid individuals and 5 domestic cats from Scotland, 6 German and 1 Portu-

guese wildcat (F. silvestris), 1 sample of F. bieti, 1 sample of F. margarita and 3 samples of F. lybica ornata (see Data S1). Additionally,

publicly available data were retrieved for 17 domestic cat samples, 1 sample of F. margarita, 1 sample of F. lybica ornata and 4 sam-

ples of F. bieti (for accession numbers see Data S1).

Low-coverage genetic data, including 4 whole-genome sequences, were generated for 24 historical samples of Scottish wildcats.

Whole-genome sequence data for two archaeological samples of British wildcats were provided by Jamieson et al.3

METHOD DETAILS

Data generation
Modern samples

Whole-genome sequence data were generated for 57 modern samples (Data S1). Raw read data from 23 additional samples were

obtained from public databases and downloaded in FASTQ format (NCBI accession numbers provided in Data S1).

Wild individuals from Scotland were selected with the aim of sampling a wide geographical distribution and range of genetic back-

grounds from across the hybrid swarm.20 DNA was extracted by theWildGenes laboratory, Royal Zoological Society of Scotland, as

described by Senn et al.20 European wildcat data, outside of Scotland, included six German wildcat individuals and one Portuguese

wildcat. DNA extraction for the German wildcat samples was carried out using the Qiagen DNeasy Tissue kit. For the Portuguese

sample DNA and library build was conducted by BioServe.

Sequencing of the Scottish samples was performed by the Beijing Genomics Institute (BGISEQ-500), generating paired-end read

data at 15x coverage. German wildcat samples were sequenced by Edinburgh Genomics, whole-genome sequencing PCR-free li-

braries on the HiSeq X platform, generating paired-end data at 30x coverage. The Portuguese wildcat sample was sequenced using

the Illumina HiSeq 2500 platform and aligned to the domestic cat reference genome v9.053 (accession: GCA_000181335.3) (mapped

read data, BAM format, were provided to the authors of this study).

Eleven individuals from this dataset were sampled from additional Felis spp. (specifically, F. margarita, F. bieti and F. lybica ornata,

using the taxonomy described in Kitchener et al.12) (Data S1). These samples were exclusively used to calculate F-statistics (see

‘Quantifying Introgression’) and were excluded from additional downstream analyses. DNA samples from one F. bieti, one

F. margarita and one F. lybica ornata were generated by BioServe and sequenced using the Illumina HiSeq platform. Two

F. lybica ornata samples were extracted using the Qiagen Puregene Kit and sequenced using the BGISEQ platform. An additional

four F. bieti, one F. lybica ornata and one F. margarita samples were available on public databases.

Historic samples

Genetic data were obtained from historic and ancient wildcat samples (n = 26, Data S1) from Britain as described in Jamieson et al.3

(see also below). These data comprised two datasets: whole-genome sequencing of four historic samples from Scotland and two

ancient samples from Britain, and low-coverage data (not whole-genome sequencing) from 20 additional historic samples from

Scotland.

Low-coverage data were generated using the extraction protocol described in Senn et al.20

Whole-genome sequence data were generated from four historic specimens from Scotland, sampled between 1906 and 1939

(Data S1). DNA was extracted from these samples using the method described in Senn et al.20 Whole-genome sequence data

from two archaeological samples were processed as described in Jamieson et al.3 In brief, bone samples were cut using a Dremel

3000 electric hand-drillto between 50 and 200mg. The surface of the bone was removed using a circular cutting disk to eliminate any

surface contamination of modern DNA. The bones were powdered using a Retsch MM400 micro-dismembrator. The DNA was ex-

tracted using a protocol based on Dabney et al.73 with modifications from Damgaard et al.74

Samples were sequenced as part of a larger palaeogenomic study, as described in Jamieson et al.3: Illumina libraries were built

following either Gansauge andMeyer75 or Carøe et al.,76 but with the addition of a six basepair barcode added to the IS1_adapter.P5

and IS3_adapter.P5+P7 adapter pair. The libraries were then amplified on an Applied Biosystems StepOnePlus Real-Time PCR
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system to check that library building was successful, and to determine the minimum number of cycles to use during the indexing

amplification PCR reaction. A six base-pair barcode was used during the indexing amplification reaction resulting in each library be-

ing double-barcoded with an ‘‘internal adapter’’ directing adjacent to the ancient DNA strand and which would be the first bases

sequenced, and a traditional external barcode that would be sequenced during Illumina barcode sequencing. The number of PCR

cycles was determined by performing qPCR (Quantitative PCR) using the StepOne Real-Time PCR System (Applied Biosystems) ac-

cording to the manufacturer’s instructions. The amplified libraries were then pooled together in three batches and purified using the

QIAGEN MinElute columns following the manufacturer’s instructions. This was followed by size selection using SPRI beads (Beck-

man Coulter), 32 mL of DNA extract using Carøe et al.’s method.76 SPRI beads (Beckman Coulter) were used for purification of the

libraries as instructed in the protocol. The prepared libraries were then assessed for the optimal number of cycles for PCR and quality

control conducted on a TapeStation 2200 (Agilent Technologies) prior to being sent for sequencing. The first batch was sequenced

on a single lane of a HiSeq 4000 instrument at the Crick Institute, London. The second and third batches were sequenced on a single

lane each of a HiSeq4000 instrument at Novogene, Sacramento.

Libraries with >15% endogenous DNA were selected for deeper sequencing. These libraries were sequenced in two batches, the

first consisted of five indexed libraries sequenced alongside another five indexed libraries from another project, the second batch

consisted of six indexed libraries sequenced alongside another ten indexed libraries from another project. Both were sequenced

on one lane each of a NovaSeq 6000 at Novogene, Sacramento. For a summary per sample see Table S3.

Sequence alignment and variant calling
Modern samples

All bioinformatic processing used the BlueCrystal Phase 3 platform. Poor-quality read data were removed from FASTQ files using

Trimmomatic.56 A sliding window approach removed bases from the 30 end of any sequence of four positions with a mean quality

score less than 20. Bases at the leading or trailing ends of forward or reverse reads with a quality score less than three were removed.

Trimmed read data were aligned to the domestic cat reference genome v9.053 (accession: GCA_000181335.3), using Bowtie,57 and

the default parameters for paired-end data. Samtools59 was used to sort and index BAM files per sample. Alignment rate appeared to

be consistent across domestic cat, wildcat, and hybrid samples (mean alignment rate of 96.1%, 97.6%and 98.3% for domestic cats,

putative wildcats and known hybrid samples, respectively).

Read-group information was added and duplicate reads were identified and flagged for each BAM file using GATK

AddOrReplaceReadGroups and GATK MarkDuplicates58 (GATK v4.0.8.1).

GATK was used to call variants per sample, using HaplotypeCaller in GVCF mode. GATK GenomicsDBImport was used to aggre-

gate per-sample GVCFs for joint-genotyping (per chromosome) with GenotypeGVCFs.

An existing set of high-quality reference data is not available for Felis silvestris, so a hard-filtering approach was taken instead of

variant recalibration with GATK. Two rounds of filtering were carried out. Firstly, usingGATKSelectVariants, filtering out sites with low

quality by read depth (QD < 2), poor mapping quality (MQ < 40,MQRankSum< -12.5, ReadPosRankSumTest< -8), or strand bias

(FS > 60, SOR>3). Read depth, variant quality and SNP density were then assessed per chromosome to inform a second round

of filtering using VCFtools60 and BCFtools,61 removing sites with low-quality calls (QUAL<50) or excessive read depths

(DP > 2000). Four closely related individuals in the captive population (kinship >0.125, as identified using pedigree information22)

were removed from the dataset. Multi-allelic sites and sites with a genotyping rate of less than 100% were discarded. After this,

11,863,892 biallelic SNPs remained for analyses.

Historic samples

Historic and ancient whole-genome data were genotyped as described in Jamieson et al.3 For the low-coverage historical data, Sam-

tools59 v.1.9 was used to coordinate sort and index the resulting bam files. Bcftools61 (v1.8) mpileup (–adjust-MQ 50) and bcftools call

(-vmO z) were used to generate genotype likelihoods and call variants across all samples. Subsequent filtering removed one individ-

ual (WCQ1030) with large proportions of missing data. Hard-filtering of variants retained bi-allelic loci of moderate quality

(QUALR20). Of these, only sites also genotyped in the modern data were retained for downstream analyses (72,389 SNPs).

Phasing
Beagle v.5.263 was used to phase modern samples genotyped at 11,863,892 SNPs. A genetic linkage map has been generated for

domestic cats.31 This was modified to phase the wildcat dataset, pruning the original dataset to remove non-contiguous SNPs, and

imposing aminimum recombination rate of 5 x 10-7. The finalmap used for phasing included 5,860markers. Beagle was run using 100

iterations and a burn-in of 50.

Phased data were subsequently thinned; a minor allele count of at least three was imposed, and variants thinned at random to one

SNP per 2kb. The total number of SNPs remaining for analyses was 1,011,786.

QUANTIFICATION AND STATISTICAL ANALYSIS

Population structure
Principal component analysis (PCA) of 71 modern, historic and archaeological samples (65 modern, 4 historic and 2 archaeological)

used Eigensoft’s smartpca.64,65 Prior to PCA, low coverage (historic and ancient) samples were filtered to include only bi-allelic sites

with a genotyping quality score of at least 20 (QUALR20). Modern data were used to compute the first ten principal components
e3 Current Biology 33, 4761–4769.e1–e5, November 6, 2023
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(PCs), projecting low-coverage samples onto these axes (lsqproject = YES). Outlier removal was disabled (outliermode = 2). To mini-

mise missing-ness across the dataset, PCs were computed using those SNPs genotyped in at least one lowcoverage sample,

thinned to one SNP per 1kb. The final number of markers used for PCA was 862,730. Missing data in the historic and archaeological

samples varied between 1.5% (WCQ1008) and 78.1% (AJ419).

Population pairwise FST (Table S1) was calculated between domestic cats, continental wildcats, captive Scottish wildcats and

wild-living Scottish samples using VCFtools60 –weir-fst-pop.

Quantifying introgression
F4 statistics were calculated using AdmixTools23 and its R interface, admixr.66 Ancestry proportions were estimated for all putative

Scottish wildcats: historic (whole genome sequences and additional low coverage data, n = 23), modern wild-living (n = 30) andmod-

ern captive (n = 6) using the F4 ratio test and qpAdm. Models tested are summarised in Data S1. Scenarios, including the historic

screening data, were based on the analysis of 72,389 SNPs.

(QUALR20, genotyped in at least one historic sample) and the rest used 862,730 SNPs, as described above for PCA.

Dating admixture
MOSAIC24 analysis used 65 modern samples, genotyped at 1,011,786 SNPs (see Population Structure’). Three reference panels

were provided to MOSAIC: wildcats from mainland Europe (n = 7), Scottish domestic (n = 5) and non-Scottish domestic cats

(n = 17). We specified a model of two-way admixture (A = 2). Given the observed introgression in the captive Scottish wildcat pop-

ulation (Data S1), these samples (n = 6) were treated as admixed and included in the target population.

Coancestry curves were fitted for the target population as a whole and for each sample individually (Data S3), allowing for the fact

that individuals within a population may experience an admixture event at different points in their history.25 Sampling date was ac-

counted for, where possible, to give an estimated date of admixture per sample (Table S2). The population mean estimate for the

onset of admixture was taken from the three coancestry curves generated for the target population as a whole. Confidence intervals

for the inferred population mean were generated using 100 bootstrap samples.

To determine a calendar date from these data, we employed the standard life-table generation time, i.e., the mean age of the par-

ents of an individual when it is born, averaged across all individuals in the population.77,78 An accurate generation time remains un-

certain for wildcats, as is the case for many elusive species for which it is challenging to obtain detailed life tables. Additionally, the

impact of hybridization on reproductive rate is not understood. Breeding age is usually between 1 and 8 years in captivewildcats1 and

estimates of generation time, including those previously used to date hybridization between wildcats and domestic cats, range be-

tween two79 to three36,80 years.

An exploratory test, including the captive Scottish wildcat population as an additional reference panel, showed MOSAIC to be

robust to admixed panels, a finding that accords with Salter-Townshend & Myers.24

Masking domestic ancestry in hybrid individuals
Using local ancestry estimates from MOSAIC,24 regions of putative introgressed domestic cat ancestry (visualised in Data S2) were

removed (or ‘masked’) from individual genomes to obtain ancestry-specific measures. For each chromosome ancestry estimates

were first mapped back to the original phasing (pre-MOSAIC phase hunter), using MOSAIC’s phase_local(localanc, final.flips),

and then mapped to the corresponding bp position using the MOSAIC function grid_to_pos() (Salter-Townshend, personal commu-

nication, November 2021). Sites with >0.8 probability of wildcat ancestry across both haplotypes (per individual) were retained for

downstream analyses. The remaining sites were coded as missing data (‘‘.’’). Genotype information was modified in R using

vcfR.67 VCFs generated per chromosome, using this method, were combined using bcftools61 concat.

Oncemasked, strong negative correlation was observed between proportion of missing data and hybrid index (R = -0.96, p < 2.2e-

16). Two individuals (WCQ099 and WCQ165) were removed due to a high proportion of missing data (imiss>0.99), supporting these

individuals as putative feral domestic cats. Subsequent PCA using the masked data eliminated the hybrid swarm observed in Fig-

ure 1, and clustered Scottish wildcats with wildcats from mainland Europe and ancient and historic samples from Britain. Principal

components were computed in Eigensoft64,65 with sevenwildcats frommainland Europe and 22 domestic cats genotyped at 959,539

SNPs, projecting the remaining samples (ancient, historic, or with masked domestic cat ancestry).

Recent effective population size
Recent effective population size was estimated using GONE.26 GONE26 was run using the default settings and exploiting phasing

information (PHASE = 1) and linkage information from the modified domestic cat recombination map (generated with fineSTRUC-

TURE’s70 convertrecfile.pl). All modern individuals of putative Scottish wildcat ancestry were included in the analyses (captive

and wild-living), genotyped at the thinned set of markers described above (see ‘Population Structure’), autosomes only (nSNPs =

972,731).

GONE analyses also included ancestry specific estimates of effective population size. For this, haploid data were generated,

removing domestic cat or wildcat ancestry (as identified byMOSAIC24) per haplotype, using the method as described above (‘Mask-

ing domestic ancestry in hybrid individuals’). GONE was run treating these data as pseudohaploid (PHASE = 0). For wildcat ancestry

this analysis was run using 34 individuals (68 haploids, excluding putative feral domestic cats WCQ0099 and WCQ0165) genotyped
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at 204,637 SNPs (removing monomorphic loci). For domestic ancestry this analysis was run using 41 individuals (82 haploids,

including WCQ0099, WCQ0165 and the five domestic cat reference samples from Scotland), genotyped at 362,348 SNPs.

These data were not dense enough to generate confidence intervals by resampling subsets of SNPs, as described by Santiago

et al.26 Although the trajectory was consistent, Ne appeared to be dependent on sample size using this method. Instead, we applied

a leave-one-out jack-knife approach, running each analysis 18 times, leaving out data from one chromosome for each run. Jack-knife

bias appeared to be small using this method (mean of -551.61 and 251.02 for wildcat and domestic cat ancestry-specific estimates,

respectively).

Tests for selection
Themethod described by Nelson et al.28 was used to identify regions of excess wildcat or domestic ancestry in the hybrid population,

based on local ancestry estimates from.

MOSAIC24 (see ‘Dating Admixture’). Briefly, this method assumes that the local ancestry of each SNP l for haplotype i is binomially

distributed with probability pi, given by the genome-wide ancestry of individual i. By treating each haplotype as independent, the total

local ancestry is Poisson-binomial distributed and the p value is computed using a two-tailed test accounting for multiple testing.

These p values were shown to be well-calibrated for a simulated population (using ms71) of 1000 individuals that admixed 30 gen-

erations ago. Because there is no modelling of SNPs, the model does not depend on LD except for multiple-testing correction to

which it is conservative, and is therefore robust to genetic drift.

To further empirically verify that the MHC signal cannot be explained by genetic drift, we implemented a diploid Wright-Fisher

model with crossover recombination via meiosis, with recombination occurring uniformly at random at rate 1 per Morgan of a 3 Mor-

gan genome. We initialised the simulation to have the mean domestic ancestry observed (0.42) in our data. We followed local

ancestry explicitly and ran the simulation a fixed number of generations G with a fixed population size N, before sampling 36 individ-

uals to match our sample. The count of ancestry as modelled in Figure 4 is compared in Figure S2. For no values of G between 5 and

20 and N between 400 and 1200 do we see the extreme domestic ancestry observed in the hybridised wildcats, with a clear net

excess genome-wide, and the distribution on chromosome B2 is an outlier. Code is at https://github.com/danjlawson/

localsancestrybreeding in the ‘geneticdrift’ folder.

Domestic cat genes within these regions were identified using the Ensembl gene annotation v10629 (http://www.ensembl.org/

biomart/martview/). Tests for functional enrichment across this set of genes were carried out using g-profiler,30 using all available

data sources for the domestic cat (Gene Ontology, KEGG and Human Phenotype Ontology), a significance threshold of p = 0.05,

following a Benjamini-Hochberg correction, and otherwise default settings.
e5 Current Biology 33, 4761–4769.e1–e5, November 6, 2023

https://github.com/danjlawson/localsancestrybreeding
https://github.com/danjlawson/localsancestrybreeding
http://www.ensembl.org/biomart/martview/
http://www.ensembl.org/biomart/martview/

	Genetic swamping of the critically endangered Scottish wildcat was recent and accelerated by disease
	Results and discussion
	Domestic cat introgression in the Scottish wildcat
	Dating the onset of introgression and historical population size
	Signatures of selection in the hybrid population
	Perspectives on anthropogenic hybridization

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Data generation
	Modern samples
	Historic samples

	Sequence alignment and variant calling
	Modern samples
	Historic samples

	Phasing

	Quantification and statistical analysis
	Population structure
	Quantifying introgression
	Dating admixture
	Masking domestic ancestry in hybrid individuals
	Recent effective population size
	Tests for selection




