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Abstract

Any random genetic change is more likely to impair than improve fitness, a situation that owes to the fact that contemporary
genotypes bear a history of having been shaped by natural selection for a very long time. Most mutations are thus deleterious
and generate a genetic load that can be difficult to handle in small populations and increase the risk of extinction. We used
functional annotation and evolutionary conservation scores to study deleterious variation in 200+ genomes from the highly
inbred Scandinavian wolf population, founded by only three wolves and suffering from inbreeding depression, and neighboring
populations in northern Europe. The masked load was high in Russia and Finland with deleterious alleles segregating at lower
frequency than neutral variation. Genetic drift in the Scandinavian population led to the loss of ancestral alleles and fixation
of deleterious variants. The per-individual realized load increased with the extent of inbreeding and reached several hundred
homozygous deleterious genotypes in protein-coding genes, and a total of more than 50,000 homozygous deleterious genotypes
in the genome. Arrival of immigrants gave a temporary genetic rescue effect with ancestral alleles re-entering the population
and moving deleterious alleles into heterozygote genotypes. However, in the absence of permanent connectivity inbreeding has
then again led to the exposure of deleterious mutations. These observations provide genome-wide insight into the character of
genetic load and genetic rescue at the molecular level, and in relation to population history. They emphasize the importance

of securing gene flow in the management of endangered populations.
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ABSTRACT

Any random genetic change is more likely to impair than improve fitness, a situation that
owes to the fact that contemporary genotypes bear a history of having been shaped by natural
selection for a very long time. Most mutations are thus deleterious and generate a genetic load
that can be difficult to handle in small populations and increase the risk of extinction. We
used functional annotation and evolutionary conservation scores to study deleterious variation
in a total of 200+ genomes from the highly inbred Scandinavian wolf population, founded by
only three wolves and suffering from inbreeding depression, and neighboring wolf
populations in northern Europe. The masked load was high in Russia and Finland with
deleterious alleles segregating at lower frequency than neutral variation. Genetic drift in the
Scandinavian population led to the loss of ancestral alleles and fixation of deleterious
variants. The per-individual realized load increased with the extent of inbreeding and reached
several hundred homozygous deleterious genotypes in protein-coding genes, and a total of
more than 50,000 homozygous deleterious genotypes in the genome. Arrival of immigrants
gave a temporary genetic rescue effect with ancestral alleles re-entering the population and
moving deleterious alleles into heterozygote genotypes. However, in the absence of
permanent connectivity inbreeding has then again led to the exposure of deleterious
mutations. These observations provide genome-wide insight into the character of genetic load
and genetic rescue at the molecular level, and in relation to population history. They
emphasize the importance of securing gene flow in the management of endangered

populations.
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INTRODUCTION

At least two processes can place small populations in genetic peril. First, mating between
relatives (inbreeding) tends to increase the proportion of homozygous loci (Charlesworth &
Willis, 2009; Fisher, 1965; Franklin, 1977). This will expose recessive alleles to selection and
in the case of deleterious alleles increase the risk for inbreeding depression (Hedrick &
Garcia-Dorado, 2016; Keller & Waller, 2002). Inbreeding can be difficult to avoid in small
populations, like following a population bottleneck. Second, the magnitude of genetic drift is
inversely proportional to the effective population size (Ve). This means that the efficacy of
selection, as given by the scaled selection coefficient y = 2N.s, is lowered in small
populations. As a consequence, deleterious mutations can increase in frequency and

eventually get fixed (Charlesworth, 2009).

Empirical studies aimed at addressing the genetic vulnerability of populations have
traditionally used genetic markers to assess the degree and character of genetic diversity
(Allendorf, 2017; Avise, 1994). These markers often represent neutral loci that are not targets
for selection and thus only provide indirect estimates of levels of genomic diversity, let alone
can pinpoint the character of functional diversity. With large-scale genomic re-sequencing
data from population samples it became possible to obtain better estimates of genetic
diversity, including in genome-wide coding sequences (Davey et al., 2011; Luikart et al.,
2003). Yet, it is not straightforward to directly translate such data into information about
deleterious variation. In particular, the distribution of fitness effects of new mutations in
natural populations is often unknown. This has been overcome, at least to some extent, by
prediction of functional consequences of new mutations and/or assuming that derived
variation at evolutionary conserved sites represent candidates for deleterious variation
(Zoonomia Consortium, 2020; Lindblad-Toh et al., 2011; Margulieset al., 2003; Miller et al.,
2007). For example, the Genomic Evolutionary Rate Profiling (GERP) score uses
comparative genomic data from multi-species alignments to quantify the reduction in the
number of substitutions across a phylogeny compared to neutral expectations (Cooper et al.,
2005; Davydov et al., 2010). When the reduction is significant, sites are interpreted to evolve
under the influence of purifying selection and derived variants at such sites thus potentially

deleterious.
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The genetic load is the occurrence of deleterious alleles in the population, and can be divided
into realized load (expressed load) and masked load (potential load, inbreeding load)
(Bertorelle et al., 2022). The realized load is formed by all sites where a deleterious allele is
expressed, mainly sites that are homozygous for recessive deleterious alleles. The masked
load consists of hidden deleterious alleles, sites that are heterozygous where a recessive
deleterious allele does not contribute to loss of fitness. As long as a population remains large,
leaving limited room for genetic drift, most recessive deleterious alleles will segregate at low
frequency and rarely be exposed to selection. As a consequence, the masked load can be high
without immediate costs. If the population experiences a significant decline leading to
inbreeding, several scenarios for the resolution of the masked load are possible. Exposure of
recessive deleterious mutations in homozygous state can purge the gene pool from
unfavorable variants and the rate of loss of such alleles may be further accelerated by genetic
drift. However, it comes with the cost of inbreeding depression. Drift can also lead to the
opposite, that is, fixation of recessive deleterious mutations (mutational meltdown) and
thereby an increase in the drift load of the population, and decline in fitness (Lynch, Conery,
& Burger, 1995a,b). There is currently little empirical data at the molecular level available to

illustrate how the genetic load responds to sharp changes in demography.

The grey wolf is a keystone apex predator in large parts of the world and at the same time a
flagship mammalian species in the context of biodiversity conservation (Chapron et al., 2014;
Hindrikson et al., 2017). The decline of wolf populations is a concrete example of human-
induced alteration in the abundance of a once-common species, since the main reason for its
disappearance from many areas is human persecution (Mech, 1995). Many studies have
addressed the genetic consequences of decreased size of wolf populations, including in North
America (Adams et al., 2011; Hedrick et al., 2014; Hedrick et al., 2019; Hervey et al., 2021;
Leonard et al., 2005; Mufioz-Fuentes et al., 2010; Robinson et al., 2019; Sinding et al., 2018;
vonHoldt et al., 2016), Asia (Fan et al., 2016; Zhang et al., 2014) and Europe (Aspi et al.,
2006; Gomez-Sanchez et al., 2018; Pilot et al., 2010). Several studies have provided evidence
for inbreeding depression in wolf populations (Liberg et al., 2005; Réiikkonen et al., 2006;
Raikkonen et al., 2009).

After functional extinction, the Scandinavian wolf population was re-established in the 1980s
by the arrival of three immigrants (Wabakken et al., 2001). The population is highly inbred

with a mean inbreeding coefficient of 0.25—0.30 among reproducing pairs (Bensch et al.,
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2006; Flagstad et al., 2003; Vila et al., 2003; Wabakken et al., 2001; Akesson et al., 2016).
Genome-wide analysis has shown that the genome of most individuals contain very large
tracts of runs of homozygosity, reflecting chromosomal regions identical by descent from a
recent common ancestor (Kardos et al., 2018). Limited immigration has counteracted
depletion of genetic diversity and provided genetic rescue effects (Vila et al., 2003; Akesson
et al., 2016). There are strong opposing views on how the population should be managed
(Immonen & Husby, 2016; Laikre et al., 2022). Here we seek to assess the genomic incidence
of deleterious alleles and the character of the genetic load in relation to inbreeding and gene

flow in this population.

MATERIALS AND METHODS

Variant detection

We used published high-coverage, whole genome sequencing data of 209 wolves from three
previous studies (Kardos et al., 2018; Smeds et al., 2021; Smeds et al., 2019), with a known
pedigree for the Scandinavian population (Akesson & Svensson, 2016). Reads had already
been mapped with BWA-MEM version 0.7.17 (Li & Durbin, 2009) to the dog reference
genome (CanFam 3.1 (Lindblad-Toh et al., 2005)), and sorted, deduplicated, base-recalibrated
and individually variant called using samtools version 1.9 (Li et al., 2009), PICARD version

2.10.3 (http://broadinstitute.github.io/picard/) and GATK v 3.8 (McKenna et al., 2010). For

the present study, variant calls from the 209 individuals (gvcf format) were jointly genotyped
using GATK’s GenotypeGVCFs (v 3.8). Only biallelic single nucleotide polymorphisms were
used, and these variants were further “hard filtered” using GATK’s VariantFiltration (settings
from Alternative protocol 2 in GATK Best Practices (Van der Auwera et al., 2013)). To
ensure high quality of calls and reduce the risk of including duplicated regions, we only kept
sites (@) with an overall coverage between 10X and twice the genome-wide coverage, (b) that
had a genotype quality of at least 30 and (c) less than 10% missing data. Moreover, for all
analyses except the calculation of site frequency spectrums, we only included sites that had a
minor allele count of at least 2 in the whole data set. The X chromosome was analyzed
separately and only females were included for these sites to avoid SNP calling issues for the

haploid males.
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Polarization of alleles

We used publicly available short read data from two outgroups, Canis lupaster (African wolf,
SRA accession: SRR8049196) and Lupulella mesomelas (black-backed jackal, SRA
accession: ERR3210523), and mapped the sequences to the dog reference genome using the
same procedure as described above, keeping only sites covered with at least five reads per
outgroup. To avoid ascertainment bias towards the dog reference allele, we did not use called
genotypes for the outgroups but instead pseudo-haploidized the genomes by randomly
drawing one allele for each species using the read coverage as weight. This was done for each

filtered variant site from above using custom python scripts.

The ancestral state of polymorphisms segregating in wolves was inferred for all sites where
the outgroups agreed on one of the two alleles present in the wolf data set. Sites where the
outgroups did not agree or agreed on a third allele not present among the wolves were
removed from the analysis. The use of five agreeing outgroups (also including Canis
simensis, Canis adustus and Cuon alpinus) did not impact the results of the polarization per
se, but decreased the proportion of sites that could be polarized due a lower average coverage
of these three genome samples. The ancestral alleles were added to the vcf file using a custom
perl script. For all sites considered to contain deleterious variation, the derived allele was

assumed to be the deleterious allele. All analyses were based on polarized mutations only.

Inferring genotypes of founder males

Assigned haplotypes for 73 Scandinavian wolves, and the two male founders of the
population, for IMb windows were taken from (Viluma et al., 2022). Since the male founders
had not been sequenced, Viluma et al. inferred their haplotypes based on observed haplotype
combinations in their offspring. We translated founder male haplotypes to genotypes by for
each variant site matching haplotypes to genotypes in all sequenced individuals. For example,
if all individuals with haplotype A|A had the genotype 0/0, and all individuals with haplotype
A|B had the genotype 0/1, we could infer that allele 0 was associated with haplotype A and
allele 1 was associated with haplotype B. When all haplotypes had been associated with an
allele at each variant site, the two male founders were added to the vcf file with genotypes

entirely based on their inferred haplotypes. As a validation of this approach, we also inferred
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the genotypes of the sequenced female founder and compared these to the calls from the

genotyping, which were identical at 58,806 out of 59,323 sites (99.1%)).

Deleteriousness in coding regions

The command line version of Ensembl’s Variant Effect Predictor (VEP; (McLaren et al.,
2016)) release 99 was run using the settings --species “canis_familiaris” and --sift b to get
predictions of deleteriousness based on SIFT (Sorting Tolerant From Intolerant) scores. SIFT
uses both sequence homology and physical properties to predict if an amino acid substitution
has an impact on the protein function (Kumar et al., 2009). In overlapping genes or
transcripts, a single site can have more than one prediction, for example a site can be
synonymous in one gene but non-synonymous in another gene. For such cases, we only kept

the most severe effect for each site.

We focused the analysis of deleterious alleles representing missense rather than nonsense
mutations. The latter involve start, stop or splice codon(s), and mutations at such sites might
intuitively be considered candidates to affect gene function and be deleterious. However, the
distribution of conservation scores for this rather small category of mutations (1,023 in our
total data set) was similar to the genome-wide pattern (Figure S4) indicating technical issues
with gene annotation (like the presence of alternative splice variants or incorrectly placed start

or stop positions for translation), not uncommon in non-model species.

The Miyata score (Miyata et al., 1979) and Sneath’s Index (Sneath, 1966) were assigned for
each amino acid change reported in the VEP output using a custom python script inspired by

simpred (https://github.com/NBISweden/simpred.git). These models calculate the distance

between replaced amino acids; the Sneath’s index uses 134 categories of activity and
structure, and the Miyata’s distance is based on volume and polarity. A site was assigned
deleterious if the Miyata score was higher than 1.85 or if the Sneath Index was higher than 20,
respectively (thresholds taken from (Williamson Scott et al., 2005)).

Deleteriousness based on GERP scores

A multiple alignment with 100 vertebrate species (“100way alignment”) including the

CanFam3.1 reference genome was downloaded from the UCSC genome browser
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(http://hgdownload.soe.ucsc.edu/goldenPath/hg38/multiz1 00way/mat/). To avoid biases

towards the focal genome, the dog genome was removed from the alignment using MafFilter
version 1.1.2 (Dutheil et al., 2014) before GERP++ (version 20110522; (Davydov et al.,
2010)) was run using the tree file provided by UCSC
(http://hgdownload.soe.ucsc.edu/goldenPath/hg38/multiz1 00way/hg38.100way.nh) and hg38

as reference. The GERP scores were subsequently transferred to dog reference coordinates

using LiftOver between hg38 and canFam3.1 (Kuhn et al., 2013).

The range of GERP scores obtained from a particular alignment depends on the width of the
corresponding phylogenetic tree. Suitable thresholds for judging whether mutations shall be
considered deleterious or not will depend on the phylogenetic relationships among the species
included in the multiple alignment. As a guide for setting a threshold we compared the
distributions of GERP scores for sites assigned either synonymous or deleterious with VEP,
and found a GERP score of 4 to represent a compromise between excluding as many as
possible of tentatively neutral sites while including as many as possible of potentially

deleterious sites.

Calculations of genotype proportions

The vcfR package was used to read the vcf files into R (version 4.1.1; (R Team, 2021)), and
all subsequent calculations were performed in R using the package tidyverse (Wickham et al.,
2019). When calculating the proportions of heterozygous genotypes and homozygous derived
genotypes in an individual, we divided the number of sites of each genotype with the total
number of called genotypes for that individual (including sites homozygous for the ancestral

allele, genotyped because they were polymorphic in other individuals in our dataset).

RESULTS

We used whole-genome SNP data from 100 individuals of the highly inbred Scandinavian
wolf population and from an additional 109 wolves from Finland and Russia Karelia. The
Scandinavian wolves consisted of 73 animals sampled 19842015 that descend from the three
wolves that founded the population (“the original population”), 11 immigrants of which four

became integrated with the population 2008-2013 and bred in Scandinavia, and 16 offspring
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from matings between immigrants and individuals of the original population sampled 2010—

2015 (“immigrant descendants”).

We identified 10,622,231 autosomal variant sites of which 8,313,538 could be polarized using
two outgroups. We began by focusing on protein-coding regions in the genome and identified
59,323 SNPs in 14,261 different genes. These SNPs were classified as synonymous (33,895),
missense (24,405) and nonsense (1,023) mutations. Further, 17,790 of the missense variants
could confidently be divided into deleterious (4,809) and tolerated (12,981) mutations based
on SIFT scores. We will mainly focus on synonymous and deleterious missense variants to
contrast a category of potentially neutral mutations with mutations that are likely to contribute

to the genetic load.

The effect of genetic drift

Most variants in a population typically segregate at low frequency (Figure 1A). An unfolded
site frequency spectrum for alleles in the three founders (Figure 1B) was shifted further to the
left for deleterious mutations compared to synonymous mutations, just as in a large
population (Figure 1A), consistent with purifying selection. About half of the deleterious
mutations that entered the Scandinavian population were represented by only one copy in the
founders. On the opposite side of the spectrum, all three founders were homozygous for 47
deleterious mutations segregating in neighboring populations; these mutations were thus
directly fixed in the Scandinavian population. The number of variants, both synonymous and
deleterious, decreased over time in the original Scandinavian population (Table S1). For
example, there were 1,369 deleterious alleles segregating in the three founders, but only 1,006
remaining after five generations of inbreeding; about one-quarter of alleles had thus become

lost by genetic drift.

To further examine the effect of drift we compared allele frequencies in the three founders
with that in the population after five generations of inbreeding, represented by 11 wolves
sampled 20072015 (Figure 2). For 30 deleterious and 618 synonymous mutations that were
polymorphic in the founders, all 11 inbred individuals were homozygous for the derived
genotype, indicating that these sites had become fixed in the population. The significant
variation in allele frequencies among inbred wolves for each of the six possible starting

frequencies (given three founders; Figure 2) indicates that the power of genetic drift in this



278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311

small and bottlenecked population was strong. We note that of the tentatively fixed sites,
which had three copies of each allele in the founders, 61% became fixed for the ancestral

allele and 39% for the derived allele (y* test, p=0.028).

The arrival and breeding of four immigrants 2008—2013 meant that many new alleles entered
the population, including alleles that had become lost by drift in the original population. Of
the 30 sites that tentatively had become fixed for the derived deleterious allele in the original
population, 28 had regained the ancestral allele in 16 immigrant descendants sampled 2010-
2015. For the 47 sites fixed for the derived allele already among the three original founders,
21 had regained the ancestral allele in immigrant descendants. Immigrants also contributed
additional deleterious alleles (1,890 in total). There were 1,993 deleterious variants in
immigrant descendants, almost twice as many as in the 11 inbred wolves with only original

Scandinavian ancestry sampled approximately during the same time period.

The number of variants was higher in Finland and Russia than in the original Scandinavian
population for all functional categories (Table 1). For example, while 4,640 and 3,756
deleterious missense mutations were seen in the Finnish and Russian samples, respectively,
only 1,404 were present in the original Scandinavian population. The number of variants in a
sample depends on the number of unrelated individuals studied. Although the sample size
from the original Scandinavian population was large, the lower number of detected variants

can clearly be attributed to its very narrow genetic basis.

The effect of inbreeding

Inbreeding is expected to shift genotype frequencies. To examine if this led to the exposure of
deleterious mutations in the Scandinavian population, we followed changes in genotype
frequencies over time and compared frequencies between populations. First, it was clear that
the three founders of the original population had a lower proportion of heterozygous sites
(deleterious: mean = 0.111 + 0.020; synonymous: mean = 0.174 + 0.029) than immigrant
wolves (0.179 £ 0.017; 0.238 £ 0.016) as well as wolves from Finland (0.190 &+ 0.015; 0.243
+0.017) and Russia (0.186 + 0.008; 0.241 £ 0.009) (Figure 3A). The population thus started
with less neutral and functional diversity than would have been the case with any three

random individuals from the samples of Finnish, Russian and immigrant wolves.

10
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Second, we found a clear and continuous reduction over time in the proportion of
heterozygous genotypes in the original population, both for synonymous and deleterious
mutations (Figure 3A). Third, the pattern for homozygous derived genotypes was essentially
reversed (Figure 3B). Inbreeding resulted in an increased proportion of homozygous
genotypes, both for neutral sites and deleterious mutations. The same patterns were found
when grouping the individuals according to the fraction of the genome represented by runs of
homozygosity (Fron), a measure of inbreeding (Table S2): the proportion of homozygous

derived genotypes increased with Fron.

Fourth, immigrants contributing to reproduction in Scandinavia 2008-2013 were genetically
more variable (had a higher proportion of heterozygous genotypes) than individuals of the
inbred population (Figure 3A). Offspring from matings between immigrants and inbred
individuals of the original population had a higher proportion of heterozygous genotypes and
lower proportion of homozygous derived genotypes than inbred wolves from the same time
period. However, just as in the original population, the proportion of heterozygous genotypes

again decreased following new generations of inbreeding.

To test if the observations made above were robust to the method used for assessing the
deleteriousness of non-synonymous mutations, we also applied two classical models of
deleteriousness based on physiochemical properties of amino acids: the Sneath’s index (7,185
deleterious mutations identified) and the Miyata’s distance (8,668). The relative patterns of
diversity differences among groups of wolves were similar for all methods (see Figure S1A-

B).

Finally, we considered the absolute number of sites with homozygous deleterious missense
mutations in protein-coding genes per individual. The three founders of the Scandinavian
population had 175, 205 and 236 such sites, respectively. However, after six generations of
inbreeding, the number of homozygous deleterious missense sites had increased to a mean of
278 £ 10.7 per individual, some of which may contribute to inbreeding depression. The
number was higher than in the Russian population (mean 218 + 19.1), among immigrants

(mean 221 £ 20.8) and in the Finnish population (mean 240 + 35.2).

Genes on the X-chromosome

11
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We identified 1,473 synonymous and 191 deleterious variants in 432 X-linked genes
segregating in 74 females from the total sample. Of these variants, 275 and 25 were detected
in the original Scandinavian population, respectively. With less data we could not perform the
same analyses as with autosomal sequences but it was clear that deleterious alleles on the X-
chromosome segregated at lower frequency than deleterious alleles on autosomes (Figure S2).
As an example, in the Russian population the frequency of singleton deleterious alleles was
2.1 times higher than the frequency of singleton synonymous alleles on the X-chromosome
compared to 1.5 higher on autosomes. Since recessive X-linked alleles are exposed to
selection in males, purifying selection (and thus purging) should be more effective on the X-

chromosome than on autosomes.

Analyses based on GERP

An alternative way to assess the potentially deleterious effects of mutations is to use
conservation scores based on alignment of homologous sequences from a large number of
species. This allows studying any alignable region of the genome, i.e. also including non-
coding sequences, and provides a quantitative estimate of deleteriousness. Figure 4A shows
the distribution of GERP scores for synonymous and deleterious missense mutations in
protein-coding genes, and Figure 4B the distribution of scores for 4,995,746 polymorphic
sites across the whole wolf genome. The density plot for deleterious mutations in protein-
coding genes is heavily skewed towards high GERP scores, as expected, although we note
that some missense mutations considered deleterious by VEP/SIFT do not appear particularly
conserved. Technical (for instance, incorrect polarization of segregating alleles) or biological
reasons (like turnover of conserved sequences; Huber et al., 2020) could potentially explain

this seemingly unexpected observation.

Based on the distributions of synonymous and deleterious missense mutations we set a GERP
score threshold of 4 for defining a mutation as potentially deleterious (see Methods). With
this threshold, 7.5% (376,835) of all mutations present in alignable regions of the 200+ wolf
genomes analyzed in this study were deemed potentially deleterious. In Finland, Russia and
among immigrants to Scandinavia the mean number of deleterious sites per individual
genome was about 90,000 (Table S3). It was lower among the three founders of the original
Scandinavian population and further decreased to 35,000—40,000 after six generations of

inbreeding in the population.

12
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Using polymorphism data from the whole genome we estimated the individual masked load
as the sum of the GERP scores of all deleterious derived alleles in heterozygous genotypes,
divided by the number of called genotypes per individual to account for differences in
callability between individuals. The load was highest in wolves from Finland and Russia, and
in immigrants to Scandinavia (Figure 5). The three founders of the original Scandinavian
populations had somewhat lower masked load, and the load further decreased during
subsequent generations of inbreeding. Like for VEP/SIFT data on heterozygous genotypes,
the arrival and breeding of new immigrants to the Scandinavian population increased the
masked load but this was followed by a decrease during subsequent generations of

inbreeding.

The realized load, the sum of GERP scores of deleterious derived alleles in homozygous
genotypes divided by all called sites, showed the opposite pattern (Figure 5B), again similar
to VEP/SIFT data on homozygous genotypes in protein-coding genes. In this case the load
was generally lowest in the larger populations and in immigrants (about 40,000 derived
homozygous sites per individual). In Scandinavia, the realized load increased with inbreeding
(up to over 52,000 sites), was balanced by the integration of new immigrants (=43,000 sites)

and then again increased with subsequent inbreeding (=47,000 sites after three generations).

Finally, we considered a set of mutations in protein-coding genes that are candidates for being
truly deleterious, namely the intersect of deleterious missense mutations and mutations with a
GERP score >4. This set shows a site frequency spectrum that is further shifted to the left
compared to synonymous mutations and deleterious missense mutations with a GERP score
<4. (Figure S3). In the 11 inbred wolves sampled 2007-2015, there were on average 75.5 +
10.5 homozygous “highly deleterious” genotypes per individual, compared to 47.9 + 5.0 in

the first-generation offspring to the founders.

DISCUSSION

Although the concept of genetic load was formulated more than 70 years ago (Muller, 1950),
it is not until very recently it has become possible to estimate the load with other than

quantitative genetic approaches. While such approaches have provided important insights into

13
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the relationship between inbreeding and fitness (Morton et al., 1956), they cannot address the
molecular basis of the genetic load or be used in natural populations of non-model species
without information on inbreeding coefficients and access to phenotypic data. Those obstacles
can be overcome by whole-genome sequencing of population samples followed by analyses
of the functional character of segregating variation in the data, a direction of research with
considerable current interest (Barbosa et al., 2021; Benazzo et al., 2017; Dussex et al., 2021;
Freedman et al., 2014; Grossen et al., 2020; Han et al., 2019; Khan et al., 2021; Kleinman-
Ruiz et al., 2022; Pérez-Pereira et al., 2022; van Oosterhout, 2020; von Seth et al., 2021).

Our results demonstrate that the masked genetic load in wolf populations in northern Europe
is high. For example, in the Russian reference sample of 14 individuals we found more than
20,000 missense mutations in protein-coding genes, of which 3,756 were confidently assigned
as deleterious with an average of more than 1,000 mutations per individual. Most deleterious
variants were rare and segregated at lower frequency than neutral alleles, consistent with the
action of purifying selection. Considering the whole genome, Russian wolves showed on
average some 90,000 mutations with a GERP score above 4, again indicating that mutations
with potentially negative effects on fitness are common in wolf genomes. Since this analysis
was only possible for regions of the genome alignable across a very large number of species,
the actual number of deleterious mutations in wolf genomes is likely to be higher. In large
populations such mutations will rarely drift to high frequencies and become exposed to

selection in homozygote form. In other words, they are not purged.

The cost for high levels of masked load in neighboring populations is paid by the wolf
population in Scandinavia. After functional extinction in the 1960s (preceded by a rapid
population decline; wolves were common over the Scandinavian peninsula until the 19%
century), re-establishment by immigration of three founders from Finland or Russia in the
1980s meant that the population became highly inbred and likely affected by strong genetic
drift. We could see genetic signatures of both these processes. Although some deleterious
alleles became lost after a number of generations of inbreeding, the proportion of
homozygous genotypes of derived deleterious alleles increased. This was seen both for
deleterious missense mutations and potentially deleterious mutations with high GERP scores
across the whole genome. Moreover, some deleterious alleles more or less directly became
fixed in the Scandinavian population, either because all three founders were homozygous or

because deleterious alleles reached fixation after a few generations only (Figure 2). The most
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inbred individuals showed nearly 300 sites homozygous for deleterious alleles in protein-
coding genes, and more than 50,000 such sites in the rest of the genome, which gives a

quantitative estimate of the magnitude of the realized load.

Inbreeding depression has been documented in the Scandinavian wolf population, involving
morphological (Rdikkonen et al., 2006; Riikkonen et al., 2013) as well as fitness-related traits
(Bensch et al., 2006; Liberg et al., 2005). Inbreeding depression has also been recorded
among wolves on Isle Royal (Robinson et al., 2019), in red wolves (Brzeski et al., 2014) and
in Mexican wolves (Fredrickson et al., 2007). Wolves were once abundant and widespread
over the northern Hemisphere. Analyses of ancient wolf genomes indicate that connectivity
between wolf populations across continents was high, resembling panmixia, throughout Late
Pleistocene (Bergstrom, 2022); indeed, the dispersal capacity of wolves is significant (Mech,
2020). Contemporary populations in Eurasia share a common ancestry that can be traced back
to unidirectional gene flow from Siberia during the Last Glacial Maximum, although the
survival of deep local ancestries argues against local extinctions during this process
(Bergstrom, 2022; Loog et al., 2020; Ramos-Madrigal et al., 2021). There are thus reasons to
believe that the high masked load we detected in Finland and Russia, and in immigrants to
Scandinavia, was characteristic to many wolf populations before human persecution in the
last centuries led to rapid and significant population declines and fragmented distributions
(e.g. Hindrikson et al., 2017). With this demographic history, and without pronounced periods
of purging as seen in some other species (Grossen et al., 2020; Khan et al., 2021; Kleinman-
Ruiz et al., 2022; Robinson et al., 2018), contemporary wolf populations may be particularly
sensitive to inbreeding depression by carrying a high masked load. We suggest that this could
be the case as well for other vertebrate predators that suffered from human persecution during

Anthropocene, increasing the risk for extinction (Kyriazis et al., 2021).

The arrival and breeding of new immigrants to the Scandinavian wolf population had positive
effects on genetic diversity. New alleles arrived, ancestral alleles that had become lost in the
original population re-entered the population and the proportion of homozygous genotypes of
derived deleterious alleles decreased. These observations are concrete manifestations of
genetic rescue at the molecular level and are consistent with concurrent population expansion
and increased breeding success in the Scandinavian population (Vila et al., 2003; Akesson et
al., 2016). Empirical evidence (from data on demography or fitness-related traits) for genetic

rescue have been reported in several species (Frankham, 2015), including in other wolf
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populations (Adams et al., 2011; Fredrickson et al., 2007), but have rarely included genomic

data demonstrating how deleterious alleles get masked.

Management of endangered and isolated populations emphasizes the importance of gene flow
to counteract inbreeding and loss of genetic diversity (Whiteley et al., 2015). Our results
demonstrate such effects in the Scandinavian wolf population and they also show that
continuous immigration is necessary to make rescue effects other than just temporary.
Genomic signatures of inbreeding were soon again apparent after the arrival of new
immigrants 2008-2013, with decreased proportions of heterozygous genotypes and increased
proportions of homozygous derived alleles. Maintaining connectivity to the larger populations
in Finland and Russia should thus be of prime importance to wolf conservation in
Scandinavia (Laikre et al., 2016). This recommendation is independent of whether
maintaining neutral or functional diversity is considered the most important conservation goal
(DeWoody et al., 2021; Kardos et al., 2021; Kyriazis et al., 2021; Ralls et al., 2020; Teixeira
& Huber, 2021).

ACKNOWLEDGEMENTS

We acknowledge funding from the Swedish Research Council and the Knut and Alice
Wallenberg Foundation and bioinformatic advice from Marcin Kierczak at the National

Bioinformatics Infrastructure Sweden at ScilifelLab.

CONFLICT OF INTERESTS

The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS
HE conceived of the study, LS performed all analyses, LS and HE interpreted the data and

wrote the paper.
DATA AVAILABILITY STATEMENT
Raw data in this study are publicly available with the following accession numbers:

PRJEB20635, PRJEB28342 and PRJEB38198. The final vcf files (both coding and genome

16



515
516
517

wide) will be made available on Dryad. All custom scripts and all commands for running the
software used in the study are available on github (https://github.com/linneas/wolf-

deleterious).

17



518
519

520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565

References

Adams, J. R., Vucetich, L. M., Hedrick, P. W., Peterson, R. O., & Vucetich, J. A. (2011).
Genomic sweep and potential genetic rescue during limiting environmental conditions
in an isolated wolf population. Proceedings of the Royal Society B: Biological
Sciences, 278(1723), 3336-3344. doi:10.1098/rspb.2011.0261

Allendorf, F. W. (2017). Genetics and the conservation of natural populations: allozymes to
genomes. Molecular Ecology, 26(2), 420-430. doi:10.1111/mec.13948

Aspi, J., Roininen, E., Ruokonen, M., Kojola, 1., & Vila, C. (2006). Genetic diversity,
population structure, effective population size and demographic history of the Finnish
wolf population. Molecular Ecology, 15(6), 1561-1576. doi:10.1111/5.1365-
294X.2006.02877.x

Avise, J. C. (1994). Molecular Markers, Natural History and Evolution. New York: Chapman
& Hall.

Barbosa, S., Andrews, K. R., Goldberg, A. R., Gour, D. S., Hohenlohe, P. A., Conway, C. J.,
& Waits, L. P. (2021). The role of neutral and adaptive genomic variation in
population diversification and speciation in two ground squirrel species of
conservation concern. Molecular Ecology, 30(19), 4673-4694.
doi:https://doi.org/10.1111/mec.16096

Benazzo, A., Trucchi, E., Cahill, J. A., Maisano Delser, P., Mona, S., Fumagalli, M., . . .
Bertorelle, G. (2017). Survival and divergence in a small group: The extraordinary
genomic history of the endangered Apennine brown bear stragglers. Proceedings of
the National Academy of Sciences USA, 114(45), E95809.
doi:10.1073/pnas.1707279114

Bensch, S., Andrén, H., Hansson, B., Pedersen, H. C., Sand, H., Sejberg, D., . . . Liberg, O.
(2006). Selection for heterozygosity gives hope to a wild population of inbred wolves.
PLOS ONE, 1(1), €72. doi:10.1371/journal.pone.0000072

Bergstrom, A. (2022). Grey wolf genomic history reveals a dual ancestry of dogs. Nature, in
press. doi:https://doi.org/10.1038/s41586-022-04824-9

Bertorelle, G., Raffini, F., Bosse, M., Bortoluzzi, C., Iannucci, A., Trucchi, E., . . . van
Oosterhout, C. (2022). Genetic load: genomic estimates and applications in non-model
animals. Nature Reviews Genetics. doi:10.1038/s41576-022-00448-x

Brzeski, K. E., Rabon, D. R., Jr., Chamberlain, M. J., Waits, L. P., & Taylor, S. S. (2014).
Inbreeding and inbreeding depression in endangered red wolves (Canis rufus).
Molecular Ecology, 23(17), 4241-4255. doi:10.1111/mec.12871

Chapron, G., Kaczensky, P., Linnell, J. D. C., von Arx, M., Huber, D., Andrén, H., . . .
Boitani, L. (2014). Recovery of large carnivores in Europe’s modern human-
dominated landscapes. Science, 346(6216), 1517.

Charlesworth, B. (2009). Effective population size and patterns of molecular evolution and
variation. Nature Reviews Genetics, 10(3), 195-205. doi:10.1038/nrg2526

Charlesworth, D., & Willis, J. H. (2009). The genetics of inbreeding depression. Nature
Reviews Genetics, 10(11), 783-796.

Cooper, G. M., Stone, E. A., Asimenos, G., Green, E. D., Batzoglou, S., & Sidow, A. (2005).
Distribution and intensity of constraint in mammalian genomic sequence. Genome
Research, 15(7), 901-913. doi:10.1101/gr.3577405

Davey, J. W., Hohenlohe, P. A., Etter, P. D., Boone, J. Q., Catchen, J. M., & Blaxter, M. L.
(2011). Genome-wide genetic marker discovery and genotyping using next-generation
sequencing. Nature Reviews Genetics, 12(7), 499-510. doi:10.1038/nrg3012

18



566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

Davydov, E. V., Goode, D. L., Sirota, M., Cooper, G. M., Sidow, A., & Batzoglou, S. (2010).
Identifying a high fraction of the human genome to be under selective constraint using
GERP++. PLoS Computational Biology, 6(12), €1001025.
doi:10.1371/journal.pcbi. 1001025

DeWoody, J. A., Harder, A. M., Mathur, S., & Willoughby, J. R. (2021). The long-standing
significance of genetic diversity in conservation. Molecular Ecology, 30(17), 4147-
4154. doi:https://doi.org/10.1111/mec.16051

Dussex, N., van der Valk, T., Morales, H. E., Wheat, C. W., Diez-del-Molino, D., von Seth,
J., ... Dalén, L. (2021). Population genomics of the critically endangered kakapo. Cel/
Genomics, 1(1), 100002. doi:https://doi.org/10.1016/j.xgen.2021.100002

Dutheil, J. Y., Gaillard, S., & Stukenbrock, E. H. (2014). MafFilter: a highly flexible and
extensible multiple genome alignment files processor. BMC Genomics, 15(1), 53.
doi:10.1186/1471-2164-15-53

Fan, Z., Silva, P., Gronau, 1., Wang, S., Armero, A. S., Schweizer, R. M., . . . Wayne, R. K.
(2016). Worldwide patterns of genomic variation and admixture in gray wolves.
Genome Research, 26(2), 163-173. doi:10.1101/gr.197517.115

Fisher, R. A. (1965). The Theory of Inbreeding: Oliver and Boyd.

Flagstad, 9., Walker, C. W., Vila, C., Sundqvist, A. K., Fernholm, B., Hufthammer, A. K., . .
. Ellegren, H. (2003). Two centuries of the Scandinavian wolf population: patterns of
genetic variability and migration during an era of dramatic decline. Molecular
Ecology, 12(4), 869-880. doi:10.1046/j.1365-294X.2003.01784.x

Frankham, R. (2015). Genetic rescue of small inbred populations: meta-analysis reveals large
and consistent benefits of gene flow. Molecular Ecology, 24(11), 2610-2618.
doi:10.1111/mec.13139

Franklin, I. R. (1977). The distribution of the proportion of the genome which is homozygous
by descent in inbred individuals. Theoretical Population Biology, 11(1), 60-80.
doi:http://dx.doi.org/10.1016/0040-5809(77)90007-7

Fredrickson, R. J., Siminski, P., Woolf, M., & Hedrick, P. W. (2007). Genetic rescue and
inbreeding depression in Mexican wolves. Proceedings of the Royal Society B:
Biological Sciences, 274(1623), 2365-2371. doi:10.1098/rspb.2007.0785

Freedman, A. H., Gronau, 1., Schweizer, R. M., Ortega-Del Vecchyo, D., Han, E., Silva, P.
M., ... Novembre, J. (2014). Genome sequencing highlights the dynamic early history
of dogs. PLoS Genetics, 10(1), e1004016. doi:10.1371/journal.pgen.1004016

Gomez-Sanchez, D., Olalde, 1., Sastre, N., Enseiiat, C., Carrasco, R., Marques-Bonet, T., . . .
Ramirez, O. (2018). On the path to extinction: Inbreeding and admixture in a
declining grey wolf population. Molecular Ecology, 27(18), 3599-3612.
doi:https://doi.org/10.1111/mec.14824

Grossen, C., Guillaume, F., Keller, L. F., & Croll, D. (2020). Purging of highly deleterious
mutations through severe bottlenecks in Alpine ibex. Nature Communications, 11(1),
1001. doi:10.1038/s41467-020-14803-1

Han, S., Andrés, A. M., Marques-Bonet, T., & Kuhlwilm, M. (2019). Genetic variation in Pan
species is shaped by demographic history and harbors lineage-specific functions.
Genome Biology and Evolution, 11(4), 1178-1191. doi:10.1093/gbe/evz047

Hedrick, P. W., & Garcia-Dorado, A. (2016). Understanding inbreeding depression, purging,
and genetic rescue. Trends in Ecology & Evolution, 31(12), 940-952.
do0i:10.1016/j.tree.2016.09.005

Hedrick, P. W., Peterson, R. O., Vucetich, L. M., Adams, J. R., & Vucetich, J. A. (2014).
Genetic rescue in Isle Royale wolves: genetic analysis and the collapse of the
population. Conservation Genetics, 15(5), 1111-1121. doi:10.1007/s10592-014-0604-
1

19



616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663

Hedrick, P. W., Robinson, J. A., Peterson, R. O., & Vucetich, J. A. (2019). Genetics and
extinction and the example of Isle Royale wolves. Animal Conservation, 22(3), 302-
309. doi:https://doi.org/10.1111/acv.12479

Hervey, S. D., Rutledge, L. Y., Patterson, B. R., Romanski, M. C., Vucetich, J. A., Belant, J.
L., ... Brzeski, K. E. (2021). A first genetic assessment of the newly introduced Isle
Royale gray wolves (Canis lupus). Conservation Genetics, 22(6), 913-926.
doi:10.1007/s10592-021-01373-y

Hindrikson, M., Remm, J., Pilot, M., Godinho, R., Stronen, A. V., Baltrunaite, L., . . . Saarma,
U. (2017). Wolf population genetics in Europe: a systematic review, meta-analysis
and suggestions for conservation and management. Biological Reviews, 92(3), 1601-
1629. doi:10.1111/brv.12298

Huber, C. D., Kim, B. Y., & Lohmueller, K. E. (2020). Population genetic models of GERP
scores suggest pervasive turnover of constrained sites across mammalian evolution.
PLoS Genetics, 16(5), €1008827. doi:10.1371/journal.pgen. 1008827

Immonen, E., & Husby, A. (2016). Protected species: Norway wolf cull will hit genetic
diversity. Nature, 539(7627), 31. doi:10.1038/539031a

Kardos, M., Akesson, M., Fountain, T., Flagstad, O., Liberg, O., Olason, P., . . . Ellegren, H.
(2018). Genomic consequences of intensive inbreeding in an isolated wolf population.
Nature Ecology & Evolution, 2(1), 124-131. doi:10.1038/s41559-017-0375-4

Kardos, M., Armstrong, E. E., Fitzpatrick, S. W., Hauser, S., Hedrick, P. W., Miller, J. M., . .
. Funk, W. C. (2021). The crucial role of genome-wide genetic variation in
conservation. Proceedings of the National Academy of Sciences USA, 118(48),
€2104642118. doi:10.1073/pnas.2104642118

Keller, L. F., & Waller, D. M. (2002). Inbreeding effects in wild populations. Trends in
Ecology & Evolution, 17(5), 230-241. doi:http://dx.doi.org/10.1016/S0169-
5347(02)02489-8

Khan, A., Patel, K., Shukla, H., Viswanathan, A., van der Valk, T., Borthakur, U., . ..
Ramakrishnan, U. (2021). Genomic evidence for inbreeding depression and purging of
deleterious genetic variation in Indian tigers. Proceedings of the National Academy of
Sciences USA, 118(49), €2023018118. doi:10.1073/pnas.2023018118

Kleinman-Ruiz, D., Lucena-Perez, M., Villanueva, B., Fernandez, J., Saveljev, A. P.,
Ratkiewicz, M., . . . Godoy, J. A. (2022). Purging of deleterious burden in the
endangered Iberian lynx. Proceedings of the National Academy of Sciences USA,
119(11),¢2110614119. doi:10.1073/pnas.2110614119

Kuhn, R. M., Haussler, D., & Kent, W. J. (2013). The UCSC genome browser and associated
tools. Brief Bioinform, 14(2), 144-161. doi:10.1093/bib/bbs038

Kumar, P., Henikoff, S., & Ng, P. C. (2009). Predicting the effects of coding non-
synonymous variants on protein function using the SIFT algorithm. Nature Protocols,
4(7), 1073-1081. doi:10.1038/nprot.2009.86

Kyriazis, C. C., Wayne, R. K., & Lohmueller, K. E. (2021). Strongly deleterious mutations
are a primary determinant of extinction risk due to inbreeding depression. Evolution
Letters, 5(1), 33-47. doi:https://doi.org/10.1002/ev13.209

Laikre, L., Allendorf, F. W., Aspi, J., Carroll, C., Dalén, L., Fredrickson, R., . . . Vucetich, J.
A. (2022). Planned cull endangers Swedish wolf population. Science, 377(6602), 162.
doi:10.1126/science.add5299

Laikre, L., Olsson, F., Jansson, E., Hossjer, O., & Ryman, N. (2016). Metapopulation
effective size and conservation genetic goals for the Fennoscandian wolf (Canis lupus)
population. Heredity, 117(4), 279-289. doi:10.1038/hdy.2016.44

20



664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712

Leonard, J. A., Vila, C., & Wayne, R. K. (2005). Legacy lost: genetic variability and
population size of extirpated US grey wolves (Canis lupus). Molecular Ecology,
14(1), 9-17. doi:10.1111/5.1365-294X.2004.02389.x

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows—Wheeler
transform. Bioinformatics, 25(14), 1754-1760. doi:10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., . . . Durbin, R. (2009).
The Sequence Alignment/Map format and SAMtools. Bioinformatics, 25(16), 2078-
2079. doi:10.1093/bioinformatics/btp352

Liberg, O., Andrén, H., Pedersen, H.-C., Sand, H., Sejberg, D., Wabakken, P., . . . Bensch, S.
(2005). Severe inbreeding depression in a wild wolf (Canis lupus) population. Biology
Letters, 1(1), 17-20. doi:10.1098/rsbl.2004.0266

Lindblad-Toh, K., Garber, M., Zuk, O., Lin, M. F., Parker, B. J., Washietl, S., . . . Kellis, M.
(2011). A high-resolution map of human evolutionary constraint using 29 mammals.
Nature, 478(7370), 476-482. doi:10.1038/nature10530

Lindblad-Toh, K., Wade, C. M., Mikkelsen, T. S., Karlsson, E. K., Jaffe, D. B., Kamal, M., . .
. Lander, E. S. (2005). Genome sequence, comparative analysis and haplotype
structure of the domestic dog. Nature, 438(7069), 803-819. doi:10.1038/nature04338

Loog, L., Thalmann, O., Sinding, M.-H. S., Schuenemann, V. J., Perri, A., Germonpré, M., . .
. Manica, A. (2020). Ancient DNA suggests modern wolves trace their origin to a Late
Pleistocene expansion from Beringia. Molecular Ecology, 29(9), 1596-1610.
doi:https://doi.org/10.1111/mec.15329

Luikart, G., England, P. R., Tallmon, D., Jordan, S., & Taberlet, P. (2003). The power and
promise of population genomics: from genotyping to genome typing. Nature Reviews
Genetics, 4(12), 981-994. doi:10.1038/nrg1226

Lynch, M., Conery, J., & Burger, R. (1995a). Mutation accumulation and the extinction of
small populations. The American Naturalist, 146(4), 489-518.

Lynch, M., Conery, J., & Biirger, R. (1995b). Mutational meltdowns in sexual populations.
Evolution, 49(6), 1067-1080. doi:https://doi.org/10.1111/j.1558-5646.1995.tb04434 x

Margulies, E. H., Blanchette, M., Program, N. C. S., Haussler, D., & Green, E. D. (2003).
Identification and characterization of multi-species conserved sequences. Genome
Research, 13(12),2507-2518. doi:10.1101/gr.1602203

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., . . .
DePristo, M. A. (2010). The Genome Analysis Toolkit: a MapReduce framework for
analyzing next-generation DNA sequencing data. Genome Research, 20(9), 1297-
1303. doi:10.1101/gr.107524.110

McLaren, W., Gil, L., Hunt, S. E., Riat, H. S., Ritchie, G. R. S., Thormann, A, . . .
Cunningham, F. (2016). The Ensembl Variant Effect Predictor. Genome Biology,
17(1), 122. doi:10.1186/s13059-016-0974-4

Mech, L. D. (1995). The challenge and opportunity of recovering wolf populations.
Conservation Biology, 9(2), 270-278. doi:https://doi.org/10.1046/j.1523-
1739.1995.9020270.x

Mech, L. D. (2020). Unexplained patterns of grey wolf Canis lupus natal dispersal. Mammal
Review, 50(3), 314-323. doi:https://doi.org/10.1111/mam.12198

Miller, W., Rosenbloom, K., Hardison, R. C., Hou, M., Taylor, J., Raney, B., . .. Kent, W. J.
(2007). 28-way vertebrate alignment and conservation track in the UCSC Genome
Browser. Genome Research, 17(12), 1797-1808. doi:10.1101/gr.6761107

Miyata, T., Miyazawa, S., & Yasunaga, T. (1979). Two types of amino acid substitutions in
protein evolution. Journal of Molecular Evolution, 12(3), 219-236.
doi:10.1007/BF01732340

21



713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761

Morton, N. E., Crow, J. F., & Muller, H. J. (1956). An estimate of the mutational damage in
man from data on consanguineous marriages. Proceedings of the National Academy of
Sciences USA, 42(11), 855-863. doi:10.1073/pnas.42.11.855

Muller, H. J. (1950). Our load of mutations. Am J Hum Genet, 2(2), 111-176.

Muiioz-Fuentes, V., Darimont, C. T., Paquet, P. C., & Leonard, J. A. (2010). The genetic
legacy of extirpation and re-colonization in Vancouver Island wolves. Conservation
Genetics, 11(2), 547-556. doi:10.1007/s10592-009-9974-1

Pérez-Pereira, N., Caballero, A., & Garcia-Dorado, A. (2022). Reviewing the consequences of
genetic purging on the success of rescue programs. Conservation Genetics, 23(1), 1-
17. doi:10.1007/s10592-021-01405-7

Pilot, M., Branicki, W., Jedrzejewski, W., Goszczynski, J., Jedrzejewska, B., Dykyy, I, . ..
Tsingarska, E. (2010). Phylogeographic history of grey wolves in Europe. BMC
Evolutionary Biology, 10, 104. doi:10.1186/1471-2148-10-104

R Team, R. C. (2021). R: A language and environment for statistical computing. Retrieved
from https://www.R-project.org/

Ralls, K., Sunnucks, P., Lacy, R. C., & Frankham, R. (2020). Genetic rescue: A critique of the
evidence supports maximizing genetic diversity rather than minimizing the
introduction of putatively harmful genetic variation. Biological Conservation, 251,
108784. doi:https://doi.org/10.1016/j.biocon.2020.108784

Ramos-Madrigal, J., Sinding, M.-H. S., Carge, C., Mak, S. S. T., Niemann, J., Samaniego
Castruita, J. A., . .. Gopalakrishnan, S. (2021). Genomes of Pleistocene siberian
wolves uncover multiple extinct wolf lineages. Current Biology, 31(1), 198-206.
doi:https://doi.org/10.1016/j.cub.2020.10.002

Robinson, J. A., Brown, C., Kim, B. Y., Lohmueller, K. E., & Wayne, R. K. (2018). Purging
of strongly deleterious mutations explains long-term persistence and absence of
inbreeding depression in island doxes. Current Biology, 28(21), 3487-3494.
do0i:10.1016/j.cub.2018.08.066

Robinson, J. A., Riikko6nen, J., Vucetich, L. M., Vucetich, J. A., Peterson, R. O., Lohmueller,
K. E., & Wayne, R. K. (2019). Genomic signatures of extensive inbreeding in Isle
Royale wolves, a population on the threshold of extinction. Science Advances, 5(5),
eaau0757. doi:10.1126/sciadv.aau0757

Réikkdnen, J., Bignert, A., Mortensen, P., & Fernholm, B. (2006). Congenital defects in a
highly inbred wild wolf population (Canis lupus). Mammalian Biology, 71(2), 65-73.
doi:https://doi.org/10.1016/j.mambio.2005.12.002

Réikkdnen, J., Vucetich, J. A., Peterson, R. O., & Nelson, M. P. (2009). Congenital bone
deformities and the inbred wolves (Canis lupus) of Isle Royale. Biological
Conservation, 142(5), 1025-1031. doi:https://doi.org/10.1016/j.biocon.2009.01.014

Raikkonen, J., Vucetich, J. A., Vucetich, L. M., Peterson, R. O., & Nelson, M. P. (2013).
What the inbred Scandinavian wolf population tells us about the nature of
conservation. PLOS ONE, 8(6), €67218. doi:10.1371/journal.pone.0067218

Sinding, M.-H. S., Gopalakrishan, S., Vieira, F. G., Samaniego Castruita, J. A., Raundrup, K.,
Heide Jorgensen, M. P, . . . Gilbert, M. T. P. (2018). Population genomics of grey
wolves and wolf-like canids in North America. PLoS Genetics, 14(11), e1007745.
doi:10.1371/journal.pgen.1007745

Smeds, L., Aspi, J., Berglund, J., Kojola, 1., Tirronen, K., & Ellegren, H. (2021). Whole-
genome analyses provide no evidence for dog introgression in Fennoscandian wolf
populations. Evolutionary Applications, 14(3), 721-734. doi:10.1111/eva.13151

Smeds, L., Kojola, I., & Ellegren, H. (2019). The evolutionary history of grey wolf Y
chromosomes. Molecular Ecology, 28(9), 2173-2191. doi:10.1111/mec.15054

22



762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811

Sneath, P. H. A. (1966). Relations between chemical structure and biological activity in
peptides. Journal of Theoretical Biology, 12(2), 157-195.
doi:https://doi.org/10.1016/0022-5193(66)90112-3

Teixeira, J. C., & Huber, C. D. (2021). The inflated significance of neutral genetic diversity in
conservation genetics. Proceedings of the National Academy of Sciences USA,
118(10), €2015096118. doi:10.1073/pnas.2015096118

Van der Auwera, G. A., Carneiro, M. O., Hartl, C., Poplin, R., Del Angel, G., Levy-
Moonshine, A., . .. DePristo, M. A. (2013). From FastQ data to high confidence
variant calls: the Genome Analysis Toolkit best practices pipeline. Current Protocols
in Bioinformatics, 43(1110), 11.10.11-11.10.33. doi:10.1002/0471250953.bi1110s43

van Oosterhout, C. (2020). Mutation load is the spectre of species conservation. Nature
Ecology & Evolution, 4(8), 1004-1006. doi:10.1038/s41559-020-1204-8

Vila, C., Sundqvist, A.-K., Flagstad, @., Seddon, J., Bjornerfeldt, S., Kojola, L., . . . Ellegren,
H. (2003). Rescue of a severely bottlenecked wolf (Canis lupus) population by a
single immigrant. Proceedings of the Royal Society B: Biological Sciences, 270(1510),
91-97. doi:10.1098/rspb.2002.2184

Viluma, A., Flagstad, 9., Akesson, M., Wikenros, C., Sand, H., Wabakken, P., & Ellegren, H.
(2022). Whole-genome resequencing of temporally stratified samples reveals
substantial loss of haplotype diversity in the highly inbred Scandinavian wolf
population. Genome Research, 32(3), 449-458. doi:10.1101/gr.276070.121

von Seth, J., Dussex, N., Diez-del-Molino, D., van der Valk, T., Kutschera, V. E., Kierczak,
M., ... Dalén, L. (2021). Genomic insights into the conservation status of the world’s
last remaining Sumatran rhinoceros populations. Nature Communications, 12(1),
2393. doi:10.1038/s41467-021-22386-8

vonHoldt, B. M., Cahill, J. A., Fan, Z., Gronau, 1., Robinson, J., Pollinger, J. P., ... Wayne,
R. K. (2016). Whole-genome sequence analysis shows that two endemic species of
North American wolf are admixtures of the coyote and gray wolf. Science Advances,
2,e1501714.

Wabakken, P., Sand, H., Liberg, O., & Bjérvall, A. (2001). The recovery, distribution, and
population dynamics of wolves on the Scandinavian peninsula, 1978-1998. Canadian
Journal of Zoology, 79(4), 710-725. doi:10.1139/z01-029

Whiteley, A. R., Fitzpatrick, S. W., Funk, W. C., & Tallmon, D. A. (2015). Genetic rescue to
the rescue. Trends in Ecology & Evolution, 30(1), 42-49.
doi:https://doi.org/10.1016/j.tree.2014.10.009

Wickham, H., Averick, M., Bryan, J., & Chang, W. (2019). Welcome to the Tidyverse.
Journal of Open Source Software, 4(43), 1686.

Williamson Scott, H., Hernandez, R., Fledel-Alon, A., Zhu, L., Nielsen, R., & Bustamante
Carlos, D. (2005). Simultaneous inference of selection and population growth from
patterns of variation in the human genome. Proceedings of the National Academy of
Sciences, 102(22), 7882-7887. doi:10.1073/pnas.0502300102

Zhang, W., Fan, Z., Han, E., Hou, R., Zhang, L., Galaverni, M., . . . Zhang, Z. (2014).
Hypoxia adaptations in the grey wolf (Canis lupus chanco) from Qinghai-Tibet
plateau. PLoS Genetics, 10(7), e1004466. doi:10.1371/journal.pgen.1004466

Zoonomia Consortium, (2020). A comparative genomics multitool for scientific discovery
and conservation. Nature, 587(7833), 240-245. doi:10.1038/s41586-020-2876-6

Akesson, M., Liberg, O., Sand, H., Wabakken, P., Bensch, S., & Flagstad, @. (2016). Genetic
rescue in a severely inbred wolf population. Molecular Ecology, 25(19), 4745-4756.

Akesson, M., & Svensson, L. (2016). Sammanstillning av slikttridet éver den skandinaviska
vargstammen fram till 2015 (In Swedish). Retrieved from
http://www.viltskadecenter.se/pdfs/slakttrad-skand-varg-2015.pdf

23



812
813
814

815
816
817

Table 1. Number of single nucleotide variants per functional category of protein-coding

genes for the different wolf populations. Number of individuals per sample in parenthesis.

Original Scandinavia

(n=73) Finland (n=95) Russia (n=14)
Mean Mean per Mean per
No per ind No ind No ind
Total 25,992 57,722 50,128

Synonymous 15,588 8,194 + 951 33,024 11,794+344 29015 11,675+ 185
Missense 9,951 5080619 23,702 7,681 +230 20,225 7,563 +127
Tolerated* 5,616 2,808 £357 12,618 4266+ 124 10,858 4202+71
Deleterious™ 1,404 603 +85 4,640 1,144+50 3,756 1,109 + 33
Nonsense 453 236 + 30 996 349 + 14 888 343 £ 11

*Confidently assigned by SIFT.
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Figure 1. Site frequency spectrum for synonymous (light blue) and deleterious missense

(dark blue) mutations in A) 14 Russian wolves and B) the three Scandinavian founders.
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Figure 2. Allele frequency changes in Scandinavian wolves after five generations of
inbreeding at A) synonymous and B) deleterious missense sites. Only sites with data for all

three founders and at least eight individuals after five generations are included.
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for synonymous sites (top) and deleterious missense sites (bottom) in different wolf samples.

Scandinavian-born wolves are separated by number of generations to closest founder.

Descendants to the first three founders are denoted F1-F6, while descendants to later

reproducing immigrants are denoted L1-L3.
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Supplementary Tables

Table S1. Number of derived mutations in protein-coding genes per generation in the
Scandinavian population. The number of sampled individuals for each generation is denoted
in parenthesis.

Generations to original founders

1 (n=9) 2 (n=16) 3 (n=21) 4 (n=15) 5m=8) 6 (n=3)
Synonymous 15,232 14,563 14,156 13,555 12,508 8,854
Deleterious 1,347 1,270 1,211 1,118 1,006 634
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868  Table S2. Number of variants seen and proportion of homozygous derived genotypes in

869  Scandinavian-born wolves grouped according to inbreeding measured as proportion of the

870  genome in runs of homozygosity (Fron). The number of sampled individuals for each group is

871  denoted in parenthesis.
872

Fron in descendants to original founders

0-0.2 (n=13) 0.2-0.3 (n=25) 0.3-0.4 (n=19)  0.4< (n=15)
Synonymous
variants seen 15,373 14,216 14,231 13,502
prop. homozygous der. 0.103+£0.005  0.118 £0.004 0.123 £0.005 0.134 +£0.005
Deleterious
variants seen 1,369 1,228 1,224 1,125
prop. homozygous der. 0.038 £0.003  0.046 £0.003 0.049 +0.003 0.056 + 0.005

873
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Table S3. Average number of sites contributing to load in the different groups (number of

individuals in parenthesis). Numbers are normalized by the fraction of total calls per

individual to account for differences in missing data.

Group (n individuals)

Average number of sites contributing to load

Masked

Realized

Finland (95)
Russia (14)

Non-reproducing immigrants (7)

Founders (3)
F1(9)

F2 (16)

F3 (21)

F4 (15)

F5 (8)

F6 (3)
Reproducing immigrants (4)
L1 (7)

L2 (6)

L3 (3)

92,161 + 5,747
91,270 + 2,374
90,403 + 5,633
65,882 £ 10,734
70,979 + 4,245
54,383 + 5,564
49,647 + 8,335
42911 5,706
56,028 £ 21,236
38,158 + 3,623
96,112 + 6,574
78,692 + 6,687
74,569 + 11,770
54,793 + 6,606

41,061 £ 2,756
40,119 + 1,393
39,609 + 1,838
42,918 + 4,945
39,164 + 1,141
45,446 + 2,489
47,763 £ 2,606
48,556 + 3,958
48,528 + 4,908
52,739 + 1,235
39,357 2,131
41,503 + 4,783
41,075 + 2,488
46,946 + 3,782
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Figure S1. Proportion of A) heterozygous genotypes and B) homozygous derived genotypes

for deleterious sites inferred from SIFT scores (top), Miyata distances (middle) and Sneath’s

Index (bottom). Descendants to the first three founders are denoted F1-F6, while descendants

to the reproducing immigrants are denoted L1-L3.
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Figure S2. Site frequency spectrum for synonymous and deleterious missense of protein-
coding genes on the X-chromosome (outside the pseudo-autosomal region) sites in A) eight

Russian females and B) the three Scandinavian founders.
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Figure S3. Site frequency spectrum for synonymous (light blue) and deleterious missense
sites in protein-coding genes divided into those with GERP score <4 (dark blue) and >4

(green) in A) 14 Russian wolves and B) the three Scandinavian founders.
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Figure S4. GERP score distributions for A) synonymous (light blue), deleterious missense

(dark blue) and nonsense (green) mutations, and B) the whole genome (grey).
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