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Abstract

Inbreeding (mating between relatives) is a major concern for conservation as it
decreases the fitness of offspring and can increase the extinction risk of
populations. While pedigrees have traditionally been used to measure individual
inbreeding, molecular markers have opened up new avenues to characterize
inbreeding. However, a limitation has been that small numbers of markers can
only roughly measure the proportion of an individual’s genome that is identical-
by-descent (IBD) due to inbreeding. We used whole-genome resequencing of 97
grey wolves (Canis lupus) from the highly inbred Scandinavian wolf population,
originally founded by only two individuals, to identify IBD chromosome
segments as runs of homozygosity (ROH). This gave the very high resolution
required to precisely measure the realized IBD fraction of the genome as Fron.
We found a striking pattern of complete or near-complete homozygosity of
entire chromosomes in many individuals. The majority of individual IBD was
contributed by long IBD segments (>5cM) originating from common ancestors of
parents within the last ~10 generations. However, although most IBD segments
were very short (<0.02 cM) and originate from ancestors in deep history, they
contributed little to the total amount of individual IBD. Individual inbreeding
estimated with an extensive pedigree (Fp) was strongly correlated with realized
inbreeding measured with the entire genome (2 = 0.86). However, inbreeding
measured with the whole genome was more strongly correlated with multi-locus
heterozygosity estimated with as few as 500 SNPs, and with Fron estimated with
as few as 10,000 SNPs, than with Fp. Some immigrants were inbred, and two
substantially so and also related,, which is counter to the assumptions of
unrelated and non-inbred founders and immigrants in pedigree analysis of
inbreeding. These results document in unique detail the genomic consequences

of intensive inbreeding in a population of conservation concern.
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Small populations are particularly vulnerable to extinction due to demographic
stochasticity, reduced genetic variation, and inbreeding depressionl-4.
Inbreeding (mating between relatives) in small populations can lead to
decreased individual fitness and population growth rate, owing to the expression
of deleterious recessive alleles and increased homozygosity at loci with
heterozygous advantage3>. While inbreeding depression has long interested
biologists, its strength and genetic basis in the wild are still not well
understood®’. A major challenge has been accurately measuring individual

inbreeding in natural populations.

Individual inbreeding has classically been estimated with the pedigree
inbreeding coefficient (Fp) for an individual using path analysis on a known
pedigree389. Fp predicts F, the fraction of an individual’s genome that is identical-
by-descent (IBD), assuming that the pedigree founders, and any subsequent
immigrants are non-inbred and unrelated. However, not only are the necessary
multi-generation pedigrees difficult to obtain for most natural populations10.11,
but Fr often imprecisely measures F because of the stochastic effects of

Mendelian segregation and linkage7.12-17,

An alternative approach is to measure individual inbreeding indirectly by using
genetic markers to estimate multi-locus heterozygosity (MLH)18-21, as the major
effect of inbreeding is to reduce the genome-wide heterozygosity of the
offspring®. This reduction occurs because related parents pass on IBD
chromosome segments that arise from a single chromosome copy in a shared
ancestor, with these segments characterized by long stretches of homozygous
genotypes (i.e., runs of homozygosity, ROH)?. MLH and similar statistics have the
advantage of not requiring a pedigree, but suffer from low precision when using

few loci?1-24,

High-throughput sequencing technologies can make it possible to measure
genome-wide heterozygosity using thousands of genetic markers2>-28,
Importantly, whole-genome resequencing in species with high quality genome

assemblies should facilitate the identification of IBD chromosome segments as
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ROH, allowing the measurement of F as the fraction of the genome in long ROH
(Fron) with very little error??. Additionally, whole-genome resequencing of many
individuals from natural populations where high quality pedigrees are available
would allow rigorous empirical evaluation of how well Fp, MLH and Fron based

on smaller number of loci perform as estimators of F.

Here, we resequenced 97 genomes sampled from a semi-isolated and
bottlenecked wolf population in Scandinavia, This population is of high
conservation concern and has been subject to long-term studies of inbreeding,
inbreeding depression and genetic rescue3?-34, Importantly, the population
represents a rare example of having a nearly complete pedigree available30. First,
we sought to identify IBD chromosome segments and to quantify F among
individuals in the population. Second, we evaluated the statistical performance of
Fp, MLH, and Frou as measures of F. Finally, we searched for regions of the
genome that may harbor alleles with large phenotypic effects contributing to
inbreeding depression by scanning for chromosome segments where ROH were
exceptionally rare or absent. To our knowledge, this is the first study combining
whole-genome resequencing and pedigree information to study individual

inbreeding in the wild.

Results

Study population, pedigree, and whole-genome resequencing

After a long period of population decline, wolves became functionally extinct
from the Scandinavian Peninsula in 1960-1970s35. The contemporary
Scandinavian wolf population was founded by two individuals in the early
198053336, and is characterized by prolonged periods of isolation with only rare
reproductively successful immigrants3937. We sampled 97 wolves from
Scandinavia between 1977 and 2015, including 12 immigrants of which five
were founders of the population. These individuals were chosen to represent the

range of observed Fp values in the population, which were derived from a
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pedigree extending back to the first breeding event in 198334, Fp ranged from
zero (for 12 immigrants and 19 Scandinavian-born offspring to immigrant
founders) up to Fr = 0.49 for three Scandinavian-born siblings sampled after the
population had experienced a prolonged period of isolation. The number of

generations of pedigree known for each individual is given in Table S1.

We performed whole-genome resequencing of all wolves at a mean sequence
read depth of 27.4 (s.d. = 10.3). After variant calling, we performed SNP filtering
based on genotype qualities, read depth, deviation from Hardy-Weinberg
genotype proportions, missing data, and minor allele frequency (MAF; see
Methods). Mean MAF was 0.17 at 10,688,886 SNPs remaining before filtering
based on allele frequency. After filtering based on allele frequency, the mean
MAF was 0.26 (s.d. = 0.13) at 6,701,147 SNPs. Given that almost one hundred
individuals were sequenced, the number of detected variants is low for a large
mammalian genome. However, low genetic diversity is expected given the small
population size and limited number of founders. Moreover, nucleotide diversity
estimated from the 12 immigrants was 0.001, which is in the lower end of what

has been reported among other vertebrates.

Runs of homozygosity (ROH)

We identified ROH (putative IBD chromosome segments) in the whole-genome
resequencing data using a likelihood ratio-based sliding window method which
accounts for SNP allele frequencies and sequencing errors22.38, We detected a
total of 269,309 ROH among the 97 wolves, ranging from 0 to 76.6 cM in genetic
map length, and from 2,695 bp to 95.8 Mb in physical length (Figure 1, Figure S1.
Describing ROH by genetic map length is motivated by the fact that
recombination determines the size of IBD segments. Additionally, our theoretical
understanding of the expected lengths of ROH, and of the variance of F around
pedigree expectations is in terms of ROH genetic map lengths12.17.39. The choice
of using physical versus genetic mapping coordinates of ROH had nearly no
effect on genomic estimates of inbreeding (Figure S2). Notably, many individuals

had ROH spanning either entire or nearly entire chromosomes, giving extreme
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patterns with a complete lack of heterozygosity over large parts of the genome

(Figures 2-3, Supplementary File 1).

Though there were many strikingly large ROH (Figures 2-3), most were very
short. Specifically, more than 50% of ROH were less than 0.02 cM long (Figure 1)
and these represent IBD segments that generally arise from ancestors in deep
history. We estimated the number of generations (g) back to the common
ancestor of the two homologous sequence copies for each ROH based on its map
length. The very short ROH (<0.02 cM long) are expected to arise an average
from ancestors 22,500 generations ago (i.e., g = 2,500 for a 0.02 cM ROH; see
Methods); 2,500 generations correspond to 10,000 years assuming a four-year
generation interval for wolves. Yet, the highly abundant, short ROH contributed
little to total IBD. For example, segments shorter than 0.02 cM represented only
1.3% of all IBD chromosome regions in the 97 wolves (Figure 1, Supplementary
File 1). In contrast, the less frequent but very long ROH arising from recent

ancestors accounted for the majority of total IBD sequence.

Genomic measures of inbreeding

We measured individual inbreeding as the proportion of the genome that was in
ROH (Fron) identified in the whole-genome resequencing data. Fron is an
estimator of the realized IBD fraction of the genome and was obtained using only
long ROH (i.e., ROH with small g-values). We conducted separate analyses using
different maximum values of g (10, 25, 50, and 100 generations) for the ROH
included in estimates of Fron. This ensured that we measured inbreeding due to
recent ancestors while also allowing us to evaluate the sensitivity of the results
to different maximum values of g. Including very short ROH would have meant
that Froun captured inbreeding due to distant ancestors, which is less likely to be
important to inbreeding depression because at least some deleterious alleles are

expected to be purged over long time spans3840,

There was a large range of Fron in the population. Fron measured using ROH with

g <10 ranged from 0.01 to 0.54 (mean = 0.27, 02 =0.02) among Scandinavian-
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born wolves (Figure 4, Figure S3). Unexpectedly, Fron of immigrants ranged from
0.01 up to 0.15 (mean = 0.045, 02 = 0.022) (Figure S3). This demonstrates that
some immigrants had relatively high inbreeding (the expected F of offspring
from half-sib mating is 0.125). For example, two immigrants that appeared in
northern Sweden in 2013 and were translocated by management authorities to
the wolf breeding range in southern Sweden were both inbred (Fron = 0.10 and
0.15, respectively). These translocated immigrants bred with each other the
same year and were clearly closely related since two of their offspring that were
sequenced had Fron = 0.26 and 0.24, respectively (suggesting that their parents
were related at approximately the level of full siblings). Excluding these two
related individuals, mean Fron of immigrants was 0.029 (o2 = 0.028). Emigration
from a small peripheral wolf population in Russia or Finland may explain the

non-zero inbreeding of immigrants into Scandinavia.

The non-zero Fron of immigrants is counter to the assumptions of unrelated and
non-inbred founders and immigrants in standard pedigree analysis of
inbreeding. Related pedigree founders mean that Frfails to capture all of the
inbreeding that is due to recent common ancestors of parents not included in the
pedigree. Having inbred founders also means that Fp fails to capture inbreeding

due to IBD segments in the founders.

We used MLH as a second genomic measure of individual inbreeding. MLH
estimates the realized fraction of heterozygous SNPs across the genome (H), and
is related to F according to the expression H = Ho(1-F), where Ho is the genome-
wide heterozygosity of a hypothetical non-inbred individual?41. MLH was
strongly correlated with Frou (r? = 0.91) (Figure S4). A perfect correlation
between Fron and MLH is not expected because Fron accounts only for IBD
segments that are detected; the very shortest IBD segments arising from
ancestors in deep history are likely to go undetected because they contain too
few SNPs to reliably differentiate from non-IBD2°. Unlike Fron, MLH captures
variation in F due to all IBD segments, arising from recent ancestors as well as

the most distant ancestors.
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Performance of Fr and molecular measures of individual inbreeding

We used linear regression to evaluate the statistical performance of Fp, Fron, and
MLH as predictors of realized individual inbreeding. Fron measured with the
whole genome is equivalent to F, and the same applies to MLH with respect to H.
Fp was strongly correlated (12 = 0.86-0.87) with Frou (Figure 4). The linear
regression of Fp versus Fron had a slope of 1.0 and an intercept of -0.03 when
Fron was measured with only the longest ROH (g < 10). The negative intercept
shows that Fr was a downwardly biased measure of Fron, and the slope of 1.0
shows that the size of the downward bias was constant on average across the
range of observed Frou values (Figure 4). The correlations between Fp and Frou
were only slightly weaker (r2 = 0.83 to 0.84), and the slopes and intercepts were
unchanged, when immigrants were excluded from this analysis (Figure S5). The
choice of a maximum value of g for the ROH included in the measurement of Fron
did not substantively affect the correlation between Fp and Fron, but the
magnitude of the downward bias in Fr increased with higher values of threshold
of g (Figure 4). This makes sense as Frou calculated using ROH with larger values

of g captures inbreeding due to more distant ancestors.

The high variation in Fron among individuals with Fp = 0 weakened the precision
of Fp. Specifically, a combination of some highly inbred individuals and
individuals with Fron near zero clearly decreased the variance in Fron explained
by Fp (Figure 4). Fp is likely to have higher precision in populations with less
variation in Fron among founders and immigrants. An obvious strength of
genomic measures of individual inbreeding is that they do not require making a

priori assumptions regarding the inbreeding or relatedness of any individuals.

The relatively high precision of Fp as a measure of individual inbreeding
observed here (compared to previous simulation results27) is expected.
Theoretical and simulation-based investigations have shown that the precision
of Fr as a measure of F depends strongly on the number of chromosomes, the
recombination rate, and the distribution of recombination events across the

genome 512141639 Canids have a large number of chromosomes (38 autosomes).
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Thus, Fr is expected to be more precise in wolves compared to species with
fewer chromosomes, as long as pedigrees are deep and complete enough to
capture the great majority of recent common ancestors of parents. The high
variance in individual inbreeding in this study also must have contributed to the
high r2 from a regression of Fp versus Fron. We sampled from throughout the
range of Fr values observed in the population, which resulted in a higher
variance in Fr among the selected wolves (0% = 0.026) relative to the population
as a whole (02 = 0.006). This is expected to have increased the correlation of
realized genomic inbreeding with Fr and the molecular inbreeding measures
based on subsampled SNPs in the sampled wolves compared to the population as
a whole. All else equal, a lower correlation of F with Fr and molecular measures

of inbreeding is expected in populations with lower variance in F2442,

Performance of MLH as a measure of individual inbreeding

To evaluate the precision of MLH as a measure of H, we randomly subsampled
between 50 and 20,000 SNPs from the genome. For each subsampled set of loci, a
linear regression model with MLH measured from the subsampled loci was fitted
as the response variable, and MLH measured with the whole genome as the
predictor variable. We then used rZ from these regression models as a measure
of the precision of MLH. To ensure that the subsamples were drawn as
independently as possible from the genome, no locus was used in more than one

of the 100 subsamples for each number of loci analyzed.

The mean r2 between MLH based on subsampled loci and MLH from the whole
genome was 0.88 when 500 SNPs were used, and = 0.94 when 1,000 or more
SNPs were used (Figure 5). MLH and other measures of individual inbreeding are
expected to have high precision when the variance in F is as high as it was in this
study?2. The correlation between MLH based on subsampled loci and MLH
measured with the whole genome matches theoretical expectations remarkably
well. For example, the expected correlation between MLH (estimated with 500
loci) and realized genome-wide heterozygosity is 0.87 according to the analytical

results of Miller et al.22, very close to the observed r2 of 0.88. This is highly
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encouraging for studies of natural populations where pedigrees, mapped loci,
and large-scale SNP genotyping arrays or whole-genome resequencing data are
unavailable. This is also empirical evidence that individual inbreeding can be
more precisely measured with a modest number of molecular markers than with

pedigrees1427,

Performance of Fron as a measure of individual inbreeding

We used the same subsampling and regression approach applied above for MLH
to evaluate the performance of Fron. However, for Fron, we used subsamples of
10,000 SNPs and larger, and the predictor variable in the regression models was
Fron measured with the whole genome. Fron estimated with as few as 10,000
SNPs was strongly correlated with Frou estimated with the whole genome (mean
r2=0.97 [s.d. = 0.003] among 100 replicates, Figure S6). Fron estimated with
subsampled SNPs was slightly upwardly biased (Figure S7). This bias was likely
caused by overestimating the length of real IBD segments, or by incorrectly
calling an ROH where no true IBD segment existed when using relatively few loci.
We therefore urge caution when interpreting results of ROH analyses (e.g., for
estimating individual inbreeding or mapping loci responsible for inbreeding

depression) when only tens of thousands of loci are used.

Detecting genomic regions that may contribute to inbreeding depression

Alleles that strongly reduce fitness when homozygous (i.e., either strongly
deleterious recessive or overdominant alleles) are likely to cause ROH to be
absent or exceptionally rare in the local chromosomal vicinity 74344, We
quantified the abundance of ROH with values of g<50 in non-overlapping 100 kb
windows across all 38 autosomes and used a permutation approach to test for
regions with lower than expected abundance of ROH given a random distribution
of ROH across the genome (see Methods for details). Ten such regions were
found on chromosomes 3, 11, 14, 16, 20, 21, and 22 (Figure 6, Table S2). Thus, it
appears that several genomic regions likely contained loci with strong enough

deleterious fitness effects when homozygous to substantially reduce the

10
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frequency of individuals carrying IBD segments in these regions. Repeating this
analysis with different ROH length thresholds (g < 10, 20 or 100) did not
substantively change the results (results not shown). As in many types of
genomic analysis, it is possible that technical artifacts such as genome assembly
errors or incorrectly mapped sequence reads could have contributed to some of
the regions with low ROH abundance. These genomic regions should therefore
be analyzed in further detail, including genotyping or sequencing of larger

population samples.

Discussion

This study is one of the first large-scale examples of the power of genome
resequencing to record the genomic consequences of inbreeding in a population
of conservation concern. The combination of a huge number of SNPs resulting
from the whole-genome resequencing of 97 individuals and a high-quality
genome assembly enabled us to precisely delineate IBD chromosome segments
as ROH, and to quantify realized genomic inbreeding, and to identify genomic
regions that likely contributed substantially to inbreeding depression in this
vulnerable population of Scandinavian wolves. In many individuals, the
signatures of inbreeding were remarkably visible as entire or nearly entire

chromosomes were completely homozygous (Figures 2 and 3).

Our results demonstrate that the vast majority of IBD segments in a recently
bottlenecked population are actually very short and originate from common
ancestors in the far past. However, quantitatively these short IBD segments
contributed little to individual Fron, which was primarily governed by more
limited numbers of very long segments resulting from common ancestors of
parents less than 10 generations ago. Still, while Fp correlated well with Fron
over a range of time spans to common ancestors, it becomes an increasingly
downward biased estimator of Frou as older IBD segments are taken into

account.

11
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Our results also provide empirical evidence based on large-scale whole-genome
resequencing that inbreeding is better measured with molecular genetic data
than with Fr estimated from an extensive pedigree. . While several previous
studies have assessed correlations among molecular measures of inbreeding and
Fp252628 none have rigorously evaluated the performance of F, and molecular
measures of inbreeding because the true realized genomic inbreeding was
unknown’. To our knowledge, this is the first study to carry out such an analysis.
Fr has been the standard measure of individual inbreeding for decades!0. While
pedigrees are clearly still useful for estimating inbreeding (e.g., in species with
many chromosomes!2), and for many other purposes??, molecular measures of F
are more powerful as they account for related and inbred pedigree founders and
immigrants, and the stochastic effects of linkage and Mendelian segregation.
Additionally, molecular approaches allow mapping of loci contributing to
inbreeding depression>44. An interesting question that arises from our
observations and that should be investigated further is the overall phenotypic
consequences of individuals within a population being IBD for different
haplotypes of very large chromosome segments. One might expect that this will
disclose ‘hidden’ phenotypic variation encoded by rare variants or variation that

is otherwise rarely seen due to dominance effects.

The demonstration of inbreeding and relatedness among immigrants has
important implications for population viability and the design of management
programs. In the case of the Scandinavian wolf population, having inbred and
related immigrants means that animals are on average more inbred than it
appears based on pedigree information alone (Figure 4). This emphasizes the
importance of immigration into the population to limit inbreeding and
inbreeding depression. Also, it highlights the importance of taking the genetic
status (i.e., the degree of inbreeding and relatedness arising from finite
population size and population fragmentation) of a larger metapopulation into
account. Importantly, a similar situation may apply to many other species of
conservation concern where a fragmented population structure increases the

likelihood for inbreeding and close relatedness among immigrants2e.

12
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Identifying regions of the genome with exceptionally low abundance of ROH is an
important step towards understanding the genetic basis of inbreeding
depression in Scandinavian wolves. These genomic regions are likely to contain
loci with overdominant or deleterious recessive alleles strongly contributing to
inbreeding depression. Future mapping studies could be used to directly test for
phenotypic effects of IBD in these regions. Ascertaining the loci underlying
inbreeding depression and the magnitude of their phenotypic effects is crucial to
advancing our understanding of the genetic basis of inbreeding depression and

the potential for purging to lessen the genetic load.

Methods

Study population and DNA samples

As in many other parts of the world*5, the wolf experienced a significant
population decline in Scandinavia during the last centuries. Once common and
spread over the entire Scandinavian peninsula, hunt and persecution eventually
led to the functional extinction of wolves in the 1960-70s35. The closest surviving
populations were found in eastern Finland (where it was rare) and western
Russia. The Scandinavian population was subsequently re-established in the
early 1980s by a single mating pair that are likely to have had an eastern
origin32:36, The founder female was killed in 1985 and the founding male
disappeared one year later. Subsequent breeding 1987-1990 consisted of
successive mating between sibling and parent-offspring pairs resulting in severe
inbreeding30.33.34 A third (male) founder immigrated and reproduced in the
population in 1991-1993 but no further successful immigration occurred until
2008, after which five reproductively successful immigrants have entered
Scandinavia from the Finnish-Russian population30.3646, Before the arrival of the
third founder, there was only one reproducing pack and likely no more than 10
wolves in the population. The immigrant male in 1991 had very high
reproductive success and the population subsequently grew to around 365

(estimated range 300-443) by the winter season 2014 /201545,

13
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Parentage assignment and pedigree construction

To determine parental identities, we used a two-step process based on the variation at
19-36 microsatellite loci (see Akesson et al.*°) and field observations (Liberg et al.®
Akesson et al.*®). First, parents were determined by genetic exclusion of putative
parental pairs, i.e. a pair of identified individuals that were known to have scent-
marked in the same territory. If all putative parental pairs could be excluded assuming
no more than two Mendelian mismatches, we used parental assignment in CERVUS
v3.0 using the entire database of individuals identified between 1983 and 2016. The
genealogy of >99% of the breeding individuals in the population could be
reconstructed. For a more detailed description of the reconstruction of the pedigree,

see Akesson et al.°,

Sample collection and DNA extraction

We selected 97 DNA-samples collected invasively from live caught (blood or skin
tissue) or dead (tissue) wolves in Scandinavia. Captures, handling and collaring
of wolves3! was in accordance with ethical requirements and have been
approved by the Swedish Animal Welfare Agency (Permit Number: C 281/6) and
the Norwegian Experimental Animal Ethics Committee (permit number:

2014/284738-1).

The individuals used in the study were chosen based on a sampling scheme
consisting of (i) all wolves sampled before 1991 and (ii) wolves distributed in
predefined individual categories (Table S1) characterizing five inbreeding
classes (0<Fp<0.1, 0.1<Fp<0.2, 0.2<Fp<0.3, 0.3<Fp<0.4, 0.4<Fp<0.5) and three
temporal classes (sampling year period 1991-1998, 1999-2006, 2007-2014). The
representation from each category varied depending on the availability of

individuals. Genomic DNA from tissue and blood was isolated using standard

14
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phenol/chloroform-isoamylalcohol extraction and the precipitate was solved in

20-100 pl distilled water.

Whole-genome resequencing and variant calling and filtering

Library construction and 150 basepair paired-end sequencing was performed on
an [llumina HiSegX with standard procedures. Sequencing reads were mapped to
the dog genome build CanFam3.1, using BWA v0.7.1347. The resulting BAM files

were sorted using SAMtools v1.348, duplicate marked using Picard v1.118

(http://broadinstitute.github.io/picard/), and locally realigned around indels
using GATK v3.3.049:50, Read information was updated in the bam files with

Picard FixMatelnformation.

A first round of variant calling was performed with GATK HaplotypeCaller and
the whole cohort genotyped using GATK GenotypeGVCFs. The resulting variant
list was filtered for low quality variants with low allele frequency using bcftools

v1.3 (http://samtools.github.io /bcftools/) (filtering criteria: INFO/AF < 0.01 &&

INFO/MQRankSum<-0.2). The variants passing this filter were used as a true
positive set of variant sites for BQSR, performed with GATK. Variant calling was
repeated for the recalibrated bam files and then the whole cohort re-genotyped

using GATK.

We applied several SNP filters to ensure high quality of the data. First, all tri-
allelic loci, loci with only heterozygous or only homozygous genotypes, and loci
with mean read depth (among all 97 individuals) of less than 10 or greater than
52 (twice the mean sequence read depth genome-wide) were removed. Second,
genotypes with Phred-scaled genotype quality scores of less than 20 and loci that
had missing genotypes in >15 individuals were discarded. We then removed loci
where the P-value was <0.001 in a test for an excess of heterozygotes relative to
Hardy-Weinberg genotype proportions using the --hardy function in VCFtools>°.
Finally, we retained only loci with minor allele frequency 20.05. The
heterozygote excess and read depth filters were successful at removing SNPs in

regions with poor read mapping (Figures S8-S9).
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Inferring SNP linkage map positions

The genetic map position (in cM) of each SNP in the wolf whole-genome
resequencing data were inferred from a recent sex-averaged high-density
domestic dog linkage map51. This was done by first identifying the closest
upstream and downstream SNP included in the dog map. We then interpolated
the genetic position of the focal SNP while assuming that the recombination rate

was constant between the two flanking linkage-mapped SNPs2°.

Quantifying individual inbreeding

The pedigree was determined using parentage information derived from field
observations and microsatellite-based parentage assignments as described
previously3034. Fp was calculated using CFC v1.0 software52. To estimate Fron, we
identified ROH using a likelihood ratio method17.29.38, First, we split each
chromosome up into sliding windows that each included 100 adjacent SNPs,
using a step size of 10 SNPs. For each 100-SNP window i, and individual j, we
calculated the probability (Pr) of the genotype at each SNP k (Gk) assuming the
SNP was IBD, and separately assuming the SNP was non-IBD. We then calculated
a LOD score by summing the logio of the ratio of these probabilities across all loci

within the window:

k
LOD(.L i) =Zlogm

=l

{ Pr(G, | IBD) J
PK(G, | non—IBD)

The genotype probabilities under IBD and non-IBD were calculated according to
Wang et al.17, accounting for occasional heterozygous positions within ROH
resulting from sequencing errors, read mapping errors (e.g., due to segmental
duplications), and occasional mutations. Specifically, we accepted that 2% of
SNPs would be heterozygous within IBD segments. Using shorter window sizes
(40- and 60-SNP windows) resulted in obvious IBD segments being artificially
broken in regions with poor mapping of sequence reads (results not shown).

Likewise, assuming fewer heterozygous positions within IBD segments (e.g.,
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0.1%) artificially broke up obvious IBD segments in regions with apparent poor

mapping of sequence reads.

We estimated g for each ROH in order to include only IBD segments arising from
recent ancestors when estimating Fron. For each ROH, we solved for g in the
equation I = 100/2g cM, where [ is the length of the ROH in cM3°. We estimated
the map length of each ROH in cM by interpolating the mapping positions of each
SNP in the genome from a recent high-density linkage map of the domestic dog
genome>!, assuming that the recombination rate is conserved between domestic

dogs and wolves.

Permutation test for regions with exceptionally low ROH abundance

We used a permutation (randomization) approach to simulate the null
distribution of ROH abundance in 100 kb windows. For each of 5,000,000
permutations, we first randomly sampled 97 individuals with replacement from
the sequenced wolves. We then randomly selected a 100 kb chromosome
segment from the genome of each individual independently. We then quantified
ROH abundance for the segment as the sum of the lengths of all IBD parts of the
97 sampled chromosome segments (in kb) divided by the length of the segment
(100 kb). A P-value for each 100 kb segment in the genome was calculated as the
proportion of the 5,000,000 permuted ROH abundance estimates that were
smaller than the observed ROH abundance. The P-value was set to 1/5,000,001
for segments where none of the 5,000,000 permutation repetitions produced an
ROH abundance < the observed value. We used the Bonferroni method to correct
for multiple testing. Specifically, the P-value below which a test was considered
statistically significant was set to 0.05 divided by 22,055 (the number of
analyzed 100 kb windows).

ROH abundance has previously been strongly related to the recombination rate
and SNP density in other taxa (e.g., humans and birds), with low ROH abundance
found in regions with high recombination rate and/or relatively low SNP

density2943, We tested for such effects in the present study to determine if
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genome-wide variation in recombination rate or genetic diversity were likely
explanations for the observed pattern of ROH abundance across the genome. We
measured nucleotide diversity (), ROH density (as described above), and the
mean recombination rate (in cM/Mb from the domestic dog linkage map>8) in
100 kb windows across the genome. We then fitted a regression model of ROH
density versus m, then a separate regression model of ROH density versus
recombation rate. ROH abundance was only very weakly correlated with
nucleotide diversity (r2 = 0.006, Figure S10) and recombination rate (2 = 0.0005,
Figure S11). Thus, levels of genetic diversity and recombination rate do not
appear to substantially affect the pattern of ROH abundance across the genome

in this population of wolves.
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745  Figure 1. The length distribution of ROH shorter than 0.5 cM (A) and 0.5 cM or
746  longe (B) identified in 97 Scandinavian wolf genomes. The blue points show the
747  cumulative contribution of ROH of different lengths to the total length of IBD
748  regions (right vertical axis). Note that A and B have different ranges on the y-
749  axis.
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Figure 2. Heterozygosity across the 38 autosomes of 21 Scandinavian wolves.
Heterozygosity was measured in non-overlapping 100 kb windows as the
proportion of SNPs within each window that were heterozygous in the
individual. The y-axis ranges from zero to one for each individual. The top ten
individuals are immigrants into the population, followed by 11 Scandinavian-
born individuals. The bottom individual is the most highly inbred wolf in the
study. Chromosomes 1-38 are arranged left to right, with alternating blue and
orange representing different chromosomes. Detailed plots of heterozygosity
and identified ROH are provided for each chromosome in each of the 97

individuals in Supplementary File 1.
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Figure 4. The relationship between Fp and Fron measured with the whole
genome in Scandinavian wolves. Fp is shown on the y-axis, and Fron measured
using ROH arising from relatively recent ancestors (g < 10-100 generations) on
the x-axis. Immigrants are shown as orange points, and Scandinavian-born
individuals are shown as blue points. The dashed line has an intercept of zero
and a slope of one. Points below the line thus represent cases where Fp
underestimated Fron. The solid line is the fitted line from a regression of Fp

versus FroH.
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Table S1. Identity, sex (M, male; F, female), origin, pedigree-based inbreeding
(Fp) and the longest ancestral path (i.e. highest number of generations to a
founder) of the 97 wolves included in the study. The individuals were chosen
based a sampling scheme consisting of (i) all wolves sampled before 1991
(temporal class 1983-1990) plus all immigrants and (ii) randomly selected

wolves within five predefined inbreeding classes and three temporal classes.

Longest .
ID Sex Origin Fr ancestr [nbreeding Temporal
class class
al path
D-05-18 M  Immigrant 0 - - - -
D-77-01 M  Immigrant 0 - - - -
D-79-01 F Immigrant 0 - - - -
D-85-01* F Immigrant 0 - - - -
G23-13* M  Immigrant 0 - - - -
G31-13* F Immigrant 0 - - - -
G82-10 F Immigrant 0 - - - -
M-02-15 M  Immigrant 0 - - - -
M-05-01 M  Immigrant 0 - - - -
M-07-02 M  Immigrant 0 - - - -
M-09-03* M  Immigrant 0 - - - -
M-10-10* M  Immigrant 0 - - - -
D-84-03 M  Scandinavian born 0 0-0.1 1983-
1 1990
o 1983-
D-85-02 M  Scandinavian born 0 1 0-0.1 1990
o 1983-
D-86-01 M  Scandinavian born 0 1 0-0.1 1990
D-89-01 M  Scandinavian born 0.25 0.2-0.3 1983-
2 1990
D-91-01 F  Scandinavian born 0.25 0.2-0.3 1983-
2 1990
D-89-03 F  Scandinavian born 0.25 0.2-0.3 1983-
2 1990
D-92-05 M  Scandinavian born 0.25 0.2-0.3 1983-
2 1990
D-93-02 F Scandinavian born 0.25 0.2-0.3 1983-
2 1990
D-93-03 F Scandinavian born 0.375 0.3-0.4 1983-
3 1990
M-98-02 M  Scandinavian born 0.375 03-04 129
3 1990
D-92-06 M  Scandinavian born 0.375 03-04 1283
3 1990
D-94-01 F Scandinavian born 0.375 0.3-0.4 1983-
3 1990
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ID

Sex Origin

Fp

Longest
ancestr

Inbreeding Temporal

al path class class

o 1991-

D-92-01 M  Scandinavian born 0 2 0-0.1 1998
o 1991-

D-99-02 M  Scandinavian born 0 9 0-0.1 1998
o 1991-

D-93-01 M  Scandinavian born 0 9 0-0.1 1998
o 1991-

D-92-02 M  Scandinavian born 0 2 0-0.1 1998
o 1991-

D-96-01 M  Scandinavian born 0 2 0-0.1 1998
o 1991-

M-98-03 F Scandinavian born 0 2 0-0.1 1998
M-98-08 M  Scandinavian born 0.125 0.1-0.2 1991-
4 1998

M-00-09 M  Scandinavian born 0.125 0.1-0.2 1991-
4 1998

D-00-15 M  Scandinavian born 0.125 0.1-0.2 1991-
4 1998

D-01-18 M  Scandinavian born 0.125 0.1-0.2 1991-
4 1998

D-05-23 M Scandinavian born 0.234 0.2-0.3 1991-
5 1998

M-01-10 F Scandinavian born 0.234 0.2-0.3 1991-
5 1998

M-03-07 F Scandinavian born 0.234 0.2-0.3 1991-
5 1998

M-98-01 F Scandinavian born 0.281 0.2-0.3 1991-
5 1998

M-03-06 M  Scandinavian born 0.188 0.1-0.2 1999-
6 2006

M-09-17 M  Scandinavian born 0.188 0.1-0.2 1999-
6 2006

G9-05 M  Scandinavian born 0.188 0.1-0.2 1999-
6 2006

D-10-20 F Scandinavian born 0.188 0.1-0.2 1999-
6 2006

D-07-24 F  Scandinavian born 0.215 0.2-0.3 1999-
8 2006

D-06-14 F Scandinavian born 0.261 0.2-0.3 1999-
7 2006

M-09-05 M  Scandinavian born 0.227 0.2-0.3 1999-
7 2006

D-00-12 F Scandinavian born 0.281 0.2-0.3 1999-
5 2006

D-10-29 M  Scandinavian born 0.227 0.2-0.3 1999-
7 2006
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D-10-30 M  Scandinavian born 0.27 0.2-0.3 1999-
6 2006
M-00-10 M  Scandinavian born 0.313 0.3-0.4 1999-
5 2006
M-06-03 M  Scandinavian born 0.302 0.3-0.4 1999-
7 2006
D-06-16 F Scandinavian born 0.305 0.3-0.4 1999-
5 2006
M-06-04 F Scandinavian born 0.302 0.3-0.4 1999-
7 2006
D-11-17 F  Scandinavian born 0.324 0.3-0.4 1999-
7 2006
M-01-06 F  Scandinavian born 0.305 0.3-0.4 1999-
5 2006
M-05-07 F Scandinavian born 0.302 0.3-0.4 1999-
7 2006
D-08-20 M  Scandinavian born 0.324 0.3-0.4 1999-
7 2006
D-07-09 F  Scandinavian born 0.438 0.4-0.5 1999-
8 2006
D-07-17 M  Scandinavian born 0.438 0.4-0.5 1999-
8 2006
D-08-08 F Scandinavian born 0.438 0.4-0.5 1999-
8 2006
M-07-06 M  Scandinavian born 0.437 0.4-0.5 1999-
8 2006
D-08-10 F  Scandinavian born 0.434 0.4-0.5 1999-
6 2006
D-07-28 M Scandinavian born 0.434 0.4-0.5 1999-
6 2006
o 2007-

G67-15 F Scandinavian born 0 1 0-0.1 2014
o 2007-

M-10-04 F Scandinavian born 0 3 0-0.1 2014
o 2007-

G47-11 F Scandinavian born 0 9 0-0.1 2014
o 2007-

G37-10 M  Scandinavian born 0 3 0-0.1 2014
o 2007-

M-11-02 F Scandinavian born 0 3 0-0.1 2014
o 2007-

G100-14 M  Scandinavian born 0 1 0-0.1 2014
o 2007-

D-10-53 M  Scandinavian born 0 9 0-0.1 2014
G106-13 M  Scandinavian born 0.166 0.1-0.2 2007-
10 2014
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G111-14 M  Scandinavian born 0.158 0.1-0.2 2007-
10 2014
G139-12 F Scandinavian born 0.158 0.1-0.2 2007-
10 2014
G109-11 M  Scandinavian born 0.139 0.1-0.2 2007-
9 2014
G100-12 M  Scandinavian born 0.139 0.1-0.2 2007-
9 2014
D-08-21 M  Scandinavian born 0.223 0.2-0.3 2007-
8 2014
G87-12 F  Scandinavian born 0.274 0.2-0.3 2007-
9 2014
D-11-58 F Scandinavian born 0.257 0.2-0.3 2007-
8 2014
D-08-19 F Scandinavian born 0.267 0.2-0.3 2007-
8 2014
D-10-50 M  Scandinavian born 0.275 0.2-0.3 2007-
8 2014
G32-12 M  Scandinavian born 0.306 0.3-0.4 2007-
8 2014
D-10-68 M  Scandinavian born 0.311 0.3-0.4 2007-
8 2014
G32-15 F Scandinavian born 0.361 0.3-0.4 2007-
11 2014
G126-13 M  Scandinavian born 0.307 0.3-0.4 2007-
9 2014
G97-13 M  Scandinavian born 0.306 0.3-0.4 2007-
8 2014
G174-13 F Scandinavian born 0.311 0.3-0.4 2007-
10 2014
D-11-22 F Scandinavian born 0.352 0.3-0.4 2007-
9 2014
D-07-16 M  Scandinavian born 0.434 0.4-0.5 2007-
6 2014
G58-15 F  Scandinavianborn 0.462 04-05  2007-
9 2014
G50-12 M  Scandinavian born 0.413 0.4-0.5 2007-
9 2014
G175-13 M  Scandinavian born 0.413 0.4-0.5 2007-
9 2014
D-10-15 F Scandinavian born 0.486 0.4-0.5 2007-
9 2014
D-10-23 F Scandinavian born 0.486 0.4-0.5 2007-
9 2014
G34-10 F  Scandinavian born 0.47 0.4-0.5 2007-
8 2014
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819
820
821
822
823

824
825
826
827
828
829

830
831

832
833
834
835
836
837
838

Longest Inbreeding Temporal

ID Sex Origin Fr ancestr
class class
al path
D-10-44 M Scandinavian born 0.486 0.4-0.5 2007-
) 9 o 2014
G110-11 F Scandinavian born 0.41 0.4-0.5 2007-
' 8 B 2014
*founders

Table S2. ROH regions with statistically significant deficit of ROH abundance.
Shown are the chromosome with start and stop position (in Mb), segment
lengths (Mb), mean recombination rate (cM/Mb), nucleotide diversity (1), the
number of SNPs present in the segment, and ROH density. Note that adjacent 100
kb windows with statistically significant permutation tests were joined in the
table.

Mean Rec.
Chr.  Start(Mb) End (Mb) Length (Mb) Rate. yi4 SNPs ROH Density
(cM/Mb)

3 91.8 91.89 0.09 0.39  0.0001 40 8.9
11 26.7 28.2 1.5 0.6 0.0008 3,486 9
11 28.3 29.3 1 0.55 0.0012 3,545 10.1
11 72.4 731 0.7 1.69 0.0025 5,202 10.1
14 0 0.2 0.2 0.57  0.0005 271 3.5
16 59.3 59.6 0.3 1.27  0.0001 122 7.2
20 54.7 54.9 0.2 0.55  0.0005 312 10.3
20 55.7 55.9 0.2 2 0.0012 678 10.5
21 0 0.1 0.1 11.53  0.0004 164 10.9
22 55.8 56.1 0.3 0.86 0.0017 1,474 10
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Figure S1. Distribution of the lengths of ROH. The genetic map lengths (in cM) of
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lengths (in Mb) of ROH.
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Figure S2. Scatterplot of FROH measured using physical mapping of ROH versus
FROH measured using genetic mapping of ROH. The ROH shown are those with
values of g < 50. The results were essentially identical using other thresholds of
ROH length, and when using all ROH (data not shown). The r2 value and the fitted
solid line are from a linear regression model. The dashed line has an intercept of
zero and a slope of one.
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Figure S3. The distribution of Fron for immigrants and Scandinavian-born
wolves calculated using only ROH with g < 10 generations. The filled point and

error bars represent the mean +/- one standard deviation.
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877  Figure S5. The relationship between Fp and Fron measured with the whole

878  genome in Scandinavian wolves, after excluding immigrants from the data. Fp is
879  shown on the y-axis, and Fron measured using ROH arising from relatively recent
880 ancestors (g < 10-100 generations). The dashed line has an intercept of zero and
881 aslope of one. Points below the line thus represent cases where Fp

882  underestimated Fron. The solid line is the fitted line from a regression of Fp

883  versus Fron.

884

885

38



886
887

888
889
890
891
892
893
894
895
896

©
£ ¢
2 o - ¢
@ o
o))
® t
o & |
g o
N
F o
L o
>
T
o &
UEE o
S
8 _
e | I I |
10K 15K 25K 35K

Number of SNPs

Figure S6. The precision of Frou as a function of the number of SNPs (x103)
analyzed. The r? from regressions of Frou (estimated with subsamples of SNPs)
versus Fron calculated from the whole genome (using ROH with g < 10) is shown
on the y-axis. The number of subsampled SNPs is shown on the x-axis. The gray
points represent the r2 values from each of the 100 analyses for each number of
SNPs. The black points and error bars represent the mean r2 +/- one standard

deviation of r2 for each number of SNPs analyzed.
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Figure S9. Heterozygosity across chromosome 1 in 100 kb windows for five
wolves. The results shown are from analysis of data not filtered based on
sequence read depth and deviation from Hardy-Weinberg proportions (A), and
after filtering SNPs based on sequence read depth and deviation from Hardy-

Weinberg proportions as described in the main text (B).
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value, r?, and solid black fitted line are from a linear regression model.
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