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SUMMARY

High intra-specific genetic diversity is associated with adaptive potential, which is key for resilience to global
change. However, high variation may also support deleterious alleles through genetic load, thereby
increasing the risk of inbreeding depression if population sizes decrease. Purging of deleterious variation
has been demonstrated in some threatened species. However, less is known about the costs of declines
and inbreeding in species with large population sizes and high genetic diversity even though this encom-
passes many species globally that are expected to undergo population declines. Caribou is a species of
ecological and cultural significance in North America with a wide distribution supporting extensive pheno-
typic variation but with some populations undergoing significant declines resulting in their at-risk status in
Canada. We assessed intra-specific genetic variation, adaptive divergence, inbreeding, and genetic load
across populations with different demographic histories using an annotated chromosome-scale reference
genome and 66 whole-genome sequences. We found high genetic diversity and nine phylogenomic lineages
across the continent with adaptive diversification of genes, but also high genetic load among lineages. We
found highly divergent levels of inbreeding across individuals, including the loss of alleles by drift but not
increased purging in inbred individuals, which had more homozygous deleterious alleles. We also found com-
parable frequencies of homozygous deleterious alleles between lineages regardless of nucleotide diversity.
Thus, further inbreeding may need to be mitigated through conservation efforts. Our results highlight the
“double-edged sword” of genetic diversity that may be representative of other species atrisk affected by
anthropogenic activities.

INTRODUCTION by deleterious recessive mutations which are unmasked by

inbreeding, a category of overall genetic load which is the actual

Intra-specific diversity is crucial for adaptive potential and resil-
ience of species under environmental changes.'™ Therefore, un-
derstanding the drivers of intra-specific genetic variation and its
interplay with adaptive divergence is essential to understanding
how current species respond to environmental variations.”™”
Conversely, there is growing evidence suggesting that popula-
tions with high genetic diversity have a larger inbreeding or
masked load which is defined as the reduction of fithess caused

or potential loss of fitness due to deleterious alleles.®'° Recent
research on threatened populations or species with low genetic
diversity has demonstrated the purging of some putatively delete-
rious genetic variation, for example, in the Sumatran rhinoceros, '’
the kakapo, ' Alpine ibex,'® and Indian tigers.'* Some threatened
species nevertheless developed inbreeding depression likely due
to historical demography and a constant influx of deleterious mu-
tations with selection not sufficiently purging high enough
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Figure 1. Map and intra-specific diversity of sampled individuals

(A) A map showing the sample location of each of the individuals sequenced. The background shading indicates the Designatable Unit (DU) ranges, and the colors

of the points indicate which phylogenomic lineage the individual belongs to.

(B) Simplified version of the whole-genome phylogenomic reconstruction showing the caribou in each lineage. ON, MB, and AB refer to Canadian provinces

(Ontario, Manitoba, and Alberta, respectively).

(C) Genetic diversity (0) for each lineage. See also Figures S1 and S2 and Tables S1 and S2.

proportions, as well as the interplay between the level of deleteri-
ousness and the dominance of deleterious alleles.'®'®

Less is known about the costs of population declines and
inbreeding in species with large population sizes and high genetic
diversity,'” even though this encompasses many species globally
that will likely undergo rapid declines and fragmentation into iso-
lated populations due to anthropogenic impacts. Such species
with large historical effective populations sizes are expected to
have high inbreeding load and thus may be at high risk of
inbreeding depression upon a population bottleneck when
compared with populations that have maintained small sizes
over time.2® We investigate these processes in an example of
such a species, caribou (Rangifer tarandus), a widespread and
diverse species at risk.

Caribou (known as reindeer in Eurasia) is a highly mobile spe-
cies with a wide distribution, ranging from the high Arctic to the
boreal forests, and spanning from the east to the west coast of
North America'® (Figure 1A). Across its range, caribou have a
large amount of phenotypic and genetic variation and have
been divided into 12 conservation units, known as Designatable
Units (DUs), by the Committee on the Status of Endangered
Wildlife in Canada'® (Figure 1A). Caribou DUs face threats
including habitat destruction and climate change,’®2' with
nine DUs currently listed as endangered or threatened, two as
special concern, and one that is extinct.'®*? Globally, in 2015
the species changed from least concern to vulnerable on the In-
ternational Union for Conservation of Nature (IUCN) Red List due
to the species undergoing a 40% decline over three
generations.”®

We investigated intra-specific lineage diversity, genetic varia-
tion, adaptive diversification, inbreeding extent, and genetic load
in caribou across North America and Greenland using whole-
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genome sequencing thus undertaking a comprehensive recon-
struction of intra-specific caribou diversity. We first assess
intra-specific diversity and the processes that may have led to
high genetic variation, as well as adaptive diversification. We
then characterize inbreeding and compare genetic load in indi-
viduals with different demographic histories (high vs low
inbreeding) to understand the potential impact of population de-
clines on genetic diversity as well as on deleterious variation in a
genetically and phenotypically diverse species.

RESULTS AND DISCUSSION

Phylogenomic, genetic, and demographic diversity

We assembled a new caribou reference genome with a contig
N50 of 32.82 KB, scaffold N50 of 64.42 MB, and an L50 of 14,
with 99.5% of the assembly being on 36 scaffolds. As the chro-
mosome number is 70 for the species®* (34 autosome pairs plus
the sex chromosomes), this likely represents a chromosome-
scale assembly. We used RNA-seq data to perform a high-qual-
ity annotation of the genome, which identified the locations of
34,407 protein-coding genes. Using 66 re-sequenced genomes
from across North America and Greenland representing eight
DUs and 33 subpopulations (Figure 1A; Tables S1 and S2), phy-
logenomic reconstruction using two different methods was
generally consistent and separated caribou into nine major line-
ages (reciprocally monophyletic groups of individuals). Lineages
were not concordant with DU designations (Figures 1B and S1),
likely due to their designation based on life history, morphology,
as well as some genetic data.'® Our whole-genome phylogenies
reconstructed the two major lineages known from previous
studies using mitochondrial DNA®®; the North American lineage
(NAL) and the larger and more diverse Beringian-Eurasian
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lineage (BEL), which contains eight lineages in our results
(Figures 1B and S1). The only discordance between our two re-
constructions was that the NWB lineage was basal to the PMG
lineage instead of a sister group, and that the BRG lineage indi-
viduals were within (although on the outside) of the ARC group
instead of a sister lineage in the SNP based reconstruction (Fig-
ure S1B). We show the results based on the more powerful
method using full sequence data (Figure 1A), especially given
the large differences between BRG and ARC individuals in
further analyses. The principal component analysis (PCA) is
also concordant with the phylogenomic results separating into
three major clusters on PC1: the NAL individuals, NWB, PMG,
and CSM individuals, and the three major northern mountain lin-
eages (GRA, NM1, and NM2; Figure S2A). On PC2, the BRG and
ARC lineages separate (Figure S2A). ADMIXTURE similarly sep-
arates the NAL and BEL at K = 2 (both K= 1 and K = 2 had the
lowest and very similar cross validation error; 0.287 and 0.289,
respectively) and then separates the ARC and BRG at K = 3
(Figures S2B and S2C). However, the analysis loses power at
higher values of K likely due to small and uneven sample sizes
for this kind of analysis (Figures S2D and S2E). F; measured be-
tween lineages was highest between the NAL lineage and all
others (between 0.09 and 0.15), with next highest values be-
tween the ARC lineage and most others (between 0.15 and
0.04), and the rest generally following the branching order from
the phylogeny (Table S3).

We added to previously published demographic history recon-
structions®® using the pairwise sequentially Markovian coales-
cent?” (PSMC) and completed the analysis for newly sequenced
individuals and compiled all results (Figure S3). Historical trends
are generally similar and show large increases in effective popu-
lation size (Ne) beginning around 100,000 years ago, with Ng
varying between populations but always very high at the peak
sizes—into the hundreds of thousands at least (Figure S3). These
patterns have been shown to be related to glacial cycles occur-
ring at the time and represent very large N, values.?®

As well as exploring lineage diversity and demographic history,
we calculated individual genetic diversity, 6, an approximation of
heterozygosity under the infinite sites model."***° We found
overall high heterozygosity in caribou, although with some varia-
tion among individuals (overall mean of 0.0030, range of 0.0012 to
0.0036; Figures 1C and S2F). Some individuals from within the
NAL and ARC lineages had lower diversity than the others, with
the ARC lineage mean 6 at 0.0024 and the NAL at 0.0028
compared with the mean of all others at 0.0031 (Figures 1C and
S2F). When compared with other mammal species where
genome-wide heterozygosity has been calculated, our mean is
around some of the highest heterozygosity values (see Figure 3
in Morin et al.*°), demonstrating a high genetic diversity, as well
as high phylogenetic lineage diversity, in caribou. We also calcu-
lated nucleotide diversity of each lineage and found it to range be-
tween 0.0025 in the ARC and NAL lineages to 0.0028 in the BRG
lineage, (all others = 0.0027) also demonstrating high diversity
when compared across mammal species.®’ The lower diversity
seen in the ARC and NAL lineages may, at least in part, be ex-
plained by lower historical Ne. Although the historical peak in Ng
is always high, it is lowest in the NAL individuals when compared
with all other lineages, and with the most recent observable N,
using the PSMC analysis being lowest in the ARC individuals
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(Figure S3). These potential signatures of historical drift, when
compared with other lineages, may help explain their elevated
genetic differentiation (Table S3; Figures S2A-S2C) as well as
lower heterozygosity and nucleotide diversity.

To measure introgression among the reconstructed lineages,
we used D and f4-ratio tests, which control forincomplete lineage
sorting. These statistics gave many significant signatures of intro-
gression between groups (Data S1). We then calculated the
f-branch statistic, which accounts for many correlated signatures
of introgression using the f4-ratio statistics to show when along
the phylogeny introgression occurred, and whether the gene
flow was into an ancestral group. The f-branch results generally
indicated widespread introgression between lineages; however,
some lineages show only a small amount or even a lack of gene
flow (with the caveat that sister groups cannot be tested for gene
flow using ABBA BABA tests). For example, no lineage shows
gene flow into the ARC, GRA, or NM1 caribou lineages (Figure 2A).
To explore potential introgression between sister lineages, we
visualized “admixture graphs” in SplitsTree. Unsurprisingly these
graphs show some phylogenetic uncertainty, putatively due to
gene flow, withinlineages (Figure S4). We also see potential signals
of introgression between the NWB, PMG, and CSM lineages,
which may help to explain the placement of the PMG individuals
next to the NWB lineage in the phylogenetic reconstruction, as
well as some potential introgression between the three major
northern mountain lineages (GRA, NM1, and NM2).

Altogether our results point toward a high level of intra-specific
diversity in caribou, with some strong signals of introgression
among many of the lineages. Our results build on previous
studies showing high genetic diversity in caribou, for example,
large numbers of mitochondrial haplotypes®°®*? and high di-
versity in microsatellite loci.>**° The reasons behind the high
diversity and number of intra-specific lineages are likely multi-
faceted. The large Beringian refugium, where the individuals
from the BEL lineages spent the glacial cycles of the Quaternary,
harbored high levels of genetic diversity for some, particularly
cold adapted, species such as caribou,***” and is reflected in
the large diversity in the BEL vs the NAL caribou (Figure 1B).
Post-glacial expansion out of refugia can lead to genetic bottle-
necks and low diversity further away from the refugial popula-
tions.*® However, repeated secondary contact and admixture
between glacial lineages can increase genetic diversity,*>*° in
a similar mechanism to the “glacial pulse model,” which de-
scribes how lineage fusion during glacial cycles can be a source
of intra-specific lineage diversity.*" Indeed, well-known determi-
nants of diversification during adaptive radiations include high
standing variation, gene flow, and habitat to diversify into,*” all
of which are true for caribou post-glacial recolonizations. Histor-
ical demographic reconstruction supports very large N, in the
hundreds of thousands, during times of post-glacial expansion,
and so the high diversity we see today was likely, at least in
part, driven by these processes.?®

Adaptive genetic diversity

The same processes leading to high genetic variation will likely
also have increased standing adaptive variation in caribou. We
used the branch model approach in the codeml module of
PAML" to calculate the ratio of synonymous to non-synonymous
mutations (dN/dS ratio) within genes. Positive selection is
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Figure 2. Levels of introgression between lineages and their number of enriched functional pathways

(A) Heatmap showing the f-Branch statistics alongside the phylogeny. The gene flow is from the lineage indicated in the top phylogeny (x axis) going into the
phylogeny represented on the y axis. Dotted lines indicate where gene flow is going into an ancestral group on the phylogeny. Grayed out squares indicate tests
that could not be made with this statistic, and white squares indicate where no gene flow was detected.

(B) The number of enriched functional pathways within each lineage, under the categories biological processes and molecular function, from their rapidly evolving

genes. See also Figure S4, Table S3, Data S1, and S2S-S2AA.

indicated by a gene having a signature of a higher non-synony-
mous substitution rate.** To test this, the program performs likeli-
hood ratio tests to elucidate whether the “focal” branch has a
significantly different ratio from the rest of the phylogenetic tree
and is thus putatively a rapidly evolving gene within that branch
when compared with the overall phylogeny. We ran each of the
nine major linages from our whole-genome phylogeny as the
focal branch to find those rapidly evolving genes significant to
each, thus potentially involved in the adaptive diversification of
the lineage.

We found a number of rapidly evolving genes within each line-
age (Table S3; Data S2A-S2l). However, contrary to our expec-
tations to find more lineage specific genes in those with lower
levels of introgression (for example in the ARC lineage), we found
similar numbers of statistically significant genes after Bonferroni
correction for each both overall (X2 = 3.058, df = 8, p = 0.931) and
for the genes unique to each lineage (X2 = 8.142, df = 8, p = 0.420;
Table S3). This could be due to the relatively short time scale of
the diversification®® (all within ~120,000 years) limiting the num-
ber of genes within each lineage with a high dN/dS ratio. There
was overlap in the genes that pulled out as significant for each
lineage (Data S2A-S2l), which may be indicative of the diversifi-
cation occurring from a large pool of standing genetic variation,
which is known to be a driver of diversification during adaptive
radiations. It is important to note that it is possible that some
of the resulting genes are false positives, for example, due to
complex substitutions (e.g., in multiple nucleotides), or if a
gene falls into a region of high recombination. However, using
a Bonferroni correction has been shown to be a very conserva-
tive filter with the CodeML approach.**

We performed gene ontology (GO) analyses to assign functional
categories to the genes under both “molecular function” (molec-
ular-level processes or activities carried out by gene products)
and “biological process” (the larger biological objective which en-
compasses a number of molecular-level processes*®) and found a
number of processes represented in the significant genes such as

4 Current Biology 34, 1-13, March 25, 2024

immune processes, stress responses, carbohydrate binding,
among many others (Data S2J-S2R). We then performed enrich-
ment analyses for each lineage, also under both “biological pro-
cess” and “molecular function,” in order to find specific pathways
containing multiple genes with signatures of rapid evolution. We
found that caribou lineages had different numbers of enriched
pathways, with some lineages showing a significantly larger num-
ber compared with the others (X2 =112.71,df =8, p = 2.2e—16;
Figure 2B; Data S2S-S2AA). In particular, the CSM, NWB, and
PMG lineages all show high numbers of enriched pathways, and
these lineages also show some of the highest signatures of intro-
gression (Figure 2A and S4). Gene flow may further enhance the
variability of functional pathways by exchanging gene variants
among lineages creating new combinations, thereby increasing
adaptive potential. These combinational pathway changes may
well facilitate expression levels and timing prompting adaptation
to the range of ecozones inhabited by caribou and the larger Ran-
gifer range.’® It is known that gene flow can facilitate adaptive
diversification, as well as inflating standing genetic variation as a
whole*?*"*8 and may have been a driver of adaptive diversifica-
tion in these caribou lineages.

Inbreeding and genetic load

Despite their abundance as well as their high phenotypic, line-
age, and genetic diversity (Figure 1) with overall high introgres-
sion (Figure 2A), and differential adaptive genetic diversity of
caribou (Figure 2B; Table S3), some populations have undergone
dramatic declines in recent years. For example, the range of
boreal caribou in Ontario (NAL lineage) has become disjunct
and the populations along the southern edge of the distribution
(Lake Superior) have declined to very small numbers of individ-
uals and have already been shown to have elevated signatures
of inbreeding.”® Other populations, for example, the Qamanir-
juag barren-ground caribou (BRG lineage) are decreasing but
are still in large numbers®? (~250,000 individuals for the Qama-
nirjuaq caribou), while some, for example, northern mountain
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Figure 3. Inbreeding extent in the caribou lineages

(A) Fron, or the proportion of the genome in runs of homozygosity, (B) the number of runs of homozygosity in total, (C) the number of runs of homozygosity up to
one million base pairs, and (D) the number of runs of homozygosity over one million base pairs. The outlier dots for the ARC lineage (A-C) are the Kangerlussuaq
caribou from Greenland, for the GRA lineage (B-D) are Aishihik, for NWB (D) is one individual from South Slave, and for NM1 (A-D) is one individual from Frog. See

also Figure S5; Data S3J.

caribou from the Redstone (NM1 lineage) and Aishihik (GRA
lineage) have remained stable or are increasing® (see STAR
Methods for more detail on what is known about the effective
and census population sizes of each of the sampled caribou sub-
populations). We measured the effect of demography on signa-
tures of inbreeding using runs of homozygosity (ROH) estimation
and found varied levels of inbreeding across individuals ranging
from Fron (proportion of the genome in ROH) of 1% or less in the
barren-ground caribou in the BRG and GRA lineages, up to
around 56% in caribou from Kangerlussuaq in Greenland (ARC
lineage; Figures 3 and S5; Data S3J), a number comparable to
some of the most endangered species such as southern resident

killer whales,'® kakapo,'? and Indian tigers.'

The most inbred caribou are generally from the most northern
or southern portions of the distribution where genetic erosion
due an extreme environment (north) or anthropogenic distur-
bance (south) are the strongest*® except for the Aishihik caribou
that are known to have been introgressed with introduced rein-
deer.?® The caribou with the highest Fron are also those with
lower heterozygosity values (Figures 1C and 3), although the
magnitude of the variance in Frop is generally higher. However,
wider variation in Fron does align with results found across
mammal species.”’

We calculated when the longest ROHs originated in the highly
inbred individuals. For the boreal caribou from the disjunct part
of the range in Ontario, which were estimated at 492 mature
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Figure 4. Genetic load as profiled using genomic evolutionary rate profiling (GERP)

(A) The number of all derived alleles, (B) the number of derived alleles with a positive GERP score for each lineage, (C) the number of derived alleles with a GERP
score over two for each lineage, (D) the average GERP score for all derived alleles for each lineage, (E) the average GERP score for the derived alleles with positive
scores for each lineage, and (F) the average GERP score for the derived alleles with scores over two for each lineage. For all plots, the number of alleles which are
heterozygous (green) and homozygous (orange) are shown separately. See also Data S4A.

adults as of 2012,%? the ROHs arise from shared parental ances-
tors around the late 1950s—-early 1960s, likely reflecting the
period when the range became fragmented and discontinuous
over the past century.®’ For the ltcha-ligachuz caribou, the
longest ROHs arise from shared parental ancestors in the early
1900s, coinciding to when declines were seen potentially due
to hunting.>® Exact historical population sizes are not known at
that time, but the population recovered from 350 animals in the
1970s up to a peak of 2,800 in 2003,°%°° although, is once again
declining and was estimated at 1,220 adults in 2012."%? The
Kangerlussuaq caribou in Greenland are known to have under-
gone a strong and sustained decline, maintaining low population
sizes for over a hundred years between 1845 and the 1950s.°*
Historical population sizes are not known however preceding
the decline (between 1845 and 1850) around 6,000 caribou
were hunted each year in the region suggesting a large popula-
tion size. Following the decline, caribou were reported to be
scarce with only around 300 caribou harvested between 1910-
1920.°* The longest ROH in the Greenland caribou arose during
this period (1884 and 1929, respectively). Caribou have subse-
quently increased steadily peaking in the 1970s. In recent years,
they have declined but were still estimated over 60,000 animals
in 2018.%

Overall, our results demonstrate that different demographic
histories have had a dramatic impact on levels of inbreeding
and so we investigated proxies of genetic load, which is the
actual or potential reduction in fitness due to mutation, with the
highly deleterious alleles expected to be at least partially
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recessive.®'%°> We measured whether there is evidence of
purging of deleterious variation, or the removal of highly delete-
rious alleles due to inbreeding causing homozygosity and thus
allowing selection to act on these mutations,'® in highly inbred
vs non-inbred individuals. Purging is dependent on the degree
of deleteriousness as well as dominance interactions of alleles,
and thus population bottlenecks have been shown to remove
highly deleterious recessive mutations, however mildly delete-
rious mutations can increase due to genetic drift and the reduced
efficacy of selection,’®'* and so we have measured multiple cat-
egories of putatively deleterious alleles at both the individual and
lineage level using two different methods.

The first method we used was multispecies comparisons and
genomic evolutionary rate profiling®® (GERP), where we calcu-
lated the number of derived alleles which were homozygous or
present in a heterozygous state per individual, as well as their
overall average GERP scores, in three categories of putative
deleteriousness; all derived alleles regardless of GERP score,
those with a positive GERP score and so at positions demon-
strating some level of evolutionary conservation across species,
and those with a GERP score over two (at the top end of the
score range in our dataset) and so at positions showing a high
level of evolutionary conservation across species and thus puta-
tively more highly deleterious. Overall, for the derived alleles with
a score over two, the number of homozygous loci per individual
is generally lower than the number of heterozygous ones (Fig-
ure 4C; Data S4A) when compared with the other two categories
of deleteriousness (Figures 4A and 4B; Data S4A). However,
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contrary to the pattern expected with purging of deleterious al-
leles, this is less so in the most inbred individuals (in the ARC
and NAL lineages) where the numbers of homozygous-derived
alleles with scores over two is higher and the number of derived
alleles present as heterozygous is lower than other individuals
(Figure 4; Data S4A). Similarly, when looking at the average
GERP scores for derived alleles over a score of two, we found
the average score in the inbred individuals to be similar though
slightly higher than non-inbred individuals (Figure 4F; Data S4A).

In line with the GERP analysis, using our new genome annota-
tion, we found fewer heterozygous and more homozygous
derived loss-of-function (LOF) and high-impact alleles in the
more inbred individuals, as well as for moderate- and low-impact
alleles (Figure 5; Data S4B). This is in contrast to similar analyses
in other species showing a decline in the number of alleles in the
most deleterious categories that are homozygous, e.g., LOF, for
the most inbred individuals, for example, in the Alpine ibex, ' In-
dian tigers,'* and Iberian lynx.>” Our results also follow the “drift
only” pattern described in Dussex et al.°® and thus indicate
genomic erosion and loss of overall diversity through drift

without preferential purging of deleterious variation due to
inbreeding.

In all categories, the numbers of derived alleles that are homo-
zygous was proportional to Fron both across all individuals (Fig-
ure S6) and when only considering lineages with relatively larger
sample sizes (at least eight individuals), two with signatures of
inbreeding and higher Fron values (NAL and ARC), and two with
low inbreeding (NM1 and NM2), although the relationship appears
to be slightly weaker in the lineages with low Fron values (Figure 6).
This is similar to patterns seen in species such as Indian tigers and
suggests that higher inbreeding may have a potential fithess
cost'* and is in contrast to patterns seen in some other species
such as killer whales where historical population processes ap-
peared to also have an impact on homozygous genetic load.'®

In addition to the individual based results, we calculated the
proportions of derived alleles which are present as heterozygous
in all individuals, fixed homozygous and segregating homozy-
gous in each deleteriousness category for all lineages
(Figures 7A-7F; Data S4C and S4D). We focus again on those lin-
eages with sample sizes of at least eight caribou, although
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lines were added for each lineage. See also Figure S6 and Data S4.

results were generally consistent across all lineages aside from a
potential skew in the PMG and BRG lineages with three and four
individuals, respectively (Figure S7). The proportions (to control
for the lower number of higher impact alleles) of derived alleles
that are homozygous and segregating were similar across dele-
teriousness categories and lineages (Figures 7C and 7F); howev-
er, some interesting patterns emerge in the proportions of alleles
which are fixed homozygous and sites where all individuals were
heterozygous. For alleles which are fixed homozygous, those
that are high impact, LOF, and with the highest GERP scores,
representing the most deleterious alleles, are found in lower pro-
portions than alleles in the lower impact categories across all lin-
eages apart from NMA1, likely indicating purifying selection
against these alleles (Figures 7B and 7E). The overall proportions
of alleles that are homozygous and fixed were higher in the ARC
lineage but lower in the NAL lineage when compared with the
non-inbred ones. For the ARC lineage, this may be due to the
overall increase in homozygosity of alleles as we see in
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the individual level results and again may indicate increased
risk of inbreeding depression. That the NAL lineage shows lower
proportions was more surprising and may be due to that lineage
containing individuals from the continuous range which may be
less likely to share the same fixed homozygous alleles as caribou
from the discontinuous Lake Superior range given that they are
now geographically isolated.*® Either way, the ARC and NAL lin-
eages, with higher inbreeding and lower nucleotide diversity, do
not have lower proportions of putatively highly deleterious alleles
compared with lower impact categories than do other non-
inbred lineages (Figures 7B and 7E), indicating no increased
purging due to inbreeding in those lineages.

Proportions of derived alleles that are present as heterozygous
in all individuals within a lineage, which are not as frequently
investigated, revealed an increase in the proportion of moder-
ate-impact alleles and those with a GERP score over two in all
lineages (Figures 7A and 7D). This intriguing pattern may be
caused by the differences in the level of deleteriousness across
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Figure 7. Per lineage proportions and site frequency spectra of genetic load

Proportions of derived alleles that are heterozygous in all individuals (A and D), fixed homozygous (B and E), and segregating homozygous (C and F) in all
categories of deleteriousness, as well as the site frequency spectra of all categories for each lineage (G-N). Only lineages with at least eight individuals (G and K
represent the ARC lineage, H and L the NAL lineage, | and M the NM1 lineage, and J and N the NM2 lineage) are shown. See also Figure S7 and Data S4C and S4D.

the categories. The moderate-impact category, which encom-
passes alleles such as non-synonymous mutations, are likely
to be of milder deleteriousness than the very-high-impact, LOF
alleles.’” Although we see evidence of some selection against
them being homozygous (Figures 7B and 7E), this is likely not
nearly as strong as for high-impact mutations. GERP analysis
is not as able to discriminate weakly from highly deleterious al-
leles,® therefore the “scores over two” category likely contains
a combination of both potentially explaining this pattern also be-
ing seen in alleles at positions with high conservation scores.
Given that the build-up of mildly deleterious alleles due to drift
has been cited as the reason for inbreeding depression occur-
ring, even with the purging of highly deleterious alleles in those
species (e.g., Grossen et al."®), that these putatively mildly dele-
terious alleles are present in slightly higher proportions as het-
erozygous across individuals could indicate some vulnerability
to this phenomenon in caribou. However, the overall proportion
of the derived alleles present as heterozygous across individuals
within a lineage is still very low when compared with those alleles
that are fixed or segregating homozygous (Figure 7). These re-
sults highlight the complexity of genetic load and the different
potential patterns due to dominance effects, levels of deleteri-
ousness, as well as demographic history differences between
populations and species.'®'®

As another way to test for purging of the derived putatively
highly deleterious alleles, we calculated the site frequency

spectrum (SFS) for each lineage for each category to see if
there are shifts in the spectrum for more deleterious alleles
(e.g., as seen in Kardos et al.,’® Grossen et al.,'® and Kahn
et al."¥). Once again, patterns are the same across lineages
(Figures 7G-7N and S7). For the genome annotation categories,
there is no strong shift in the spectrum apart from perhaps a
slight shift in the moderate-impact alleles (Figures 7G-71). The
GERP plots show a shift in the spectrum of the mutations in
the most highly conserved genomic positions with scores over
two (Figures 7K-7N), which may indicate selection against these
derived alleles overall, but is again seen across all lineages
regardless of inbreeding or nucleotide diversity. That we only
see this pattern in the GERP results could indicate that most of
the deleterious alleles in the genome are non-coding and thus
only detectable via an analysis such as GERP. Alternatively, it
could mean that annotation category is a bad predictor of actual
fitness effects (selection coefficient) in this system.

Overall, our analyses exploring genetic load at both the indi-
vidual and lineage levels show evidence for selection against
deleterious alleles but not more so due to inbreeding. In fact,
our results show increased numbers of derived alleles that are
homozygous in inbred individuals at all categories of deleterious-
ness (Figures 4 and 5; Data S4A-S4D), a relationship between
Fron and deleterious alleles that are homozygous (Figure 6),
potentially higher proportions of deleterious alleles that are fixed
in one of the most inbred lineages with lower nucleotide diversity
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(ARC lineage), and high proportions of putatively mildly delete-
rious alleles which are heterozygous (Figure 7). Our results may
indicate that, even despite extremely high levels of inbreeding
in some individuals (e.g., 22%-42% of the genome in ROH in
disjunct Ontario boreal caribou and 56% in Kangerlussuaq
caribou), the increased homozygosity and inbreeding does not
appear, as of yet, to have led to purging of highly deleterious al-
leles. Given that we see a shift in the SFS regardless of
inbreeding, there does appear to have been some purging of
deleterious alleles, but this likely occurred over a longer evolu-
tionary history and is thus relatively uniform across populations.
Recent population declines may have been over too short a time-
scale to substantially impact the distribution of allele frequencies
for putatively highly deleterious versus neutral alleles. However,
the analyses we have used cannot infer how deleterious alleles
are, and it is thus possible that some very highly deleterious al-
leles have been purged recently due to strong inbreeding, but
this effect is not visible with these types of analyses.

It is difficult to compare load across studies due to differ-
ences in genome annotations and data filtering, as well as the
multispecies alignment used for GERP analysis. However, our
data indicate hundreds of high-impact alleles which are homo-
zygous in each individual (between 221 and 416) as well as
thousands of moderate-impact alleles that are homozygous
(Data S4B), representing a large overall genetic load in caribou.
This is not surprising given their high historical effective popu-
lation sizes,”® high phenotypic diversity,”” and high genetic
and intra-specific lineage diversity and gene flow we recon-
structed here. It is, however, important to note that the genetic
load analyses we have conducted cannot directly measure
fitness and rely on commonly held assumptions that these in-
ferred deleterious alleles, on average, would have deleterious
impacts on fitness.'*

Preserving the high genetic diversity of caribou may be impor-
tant for their persistence and ability to adapt to environmental
changes.?® Given that small populations have not purged dele-
terious variation and show increased homozygosity, maintaining
connectivity between populations and lineages is important as
introgression appears to be a driver of increased genetic varia-
tion (Figure 2), allowing flow of adaptive genes®® and preventing
an increase in homozygous load as has been recommended in
other species (e.g., Smeds and Ellegren®). As some caribou
populations have recently declined to small census sizes, partic-
ular attention should be put in assessing the potential impact of
inbreeding on current and future trends.

Conservation implications

Much has been published recently in understanding the impacts
of low genetic variation and genetic load associated with
inbreeding in threatened and generally genetically depauperate
species.''71**761.52 However, high genetic load is likely sup-
ported in many widespread and diverse species with similar de-
mographic histories to caribou® that are perhaps not yet threat-
ened but that have started or will inevitably be impacted by
anthropogenic activities such as habitat loss and climate change
into the future. As caribou have already begun to be impacted
and undergo declines in some areas, the genetic erosion and
lack of purging even with high inbreeding levels might fore-
shadow what will occur in these other taxa.
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REAGENT or RESOURCE SOURCE IDENTIFIER

SnpEff Cingolani et al.®? http://pcingola.github.io/SnpEff/

BBmap 38.86 Bushnell et al.®® https://github.com/BiolnfoTools/BBMap
BWA-MEM Li® https://github.com/Ih3/bwa

htsbox N/A https://github.com/Ih3/htsbox

easySFS Gutenkunst et al.®® https://github.com/isaacovercast/easySFS

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Rebecca S. Taylor
(rebecca.taylor@ec.gc.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability

e All raw reads for re-sequenced genomes have been deposited to the NCBI Sequence Read Archive (SRA): PRUNAG34908,
PRJNAG94662, PRINA754521, PRUNA984705, PRIJNA1040806; all data are publicly available as of the date of publication.

@ Assembled reference genome and annotation are available at: https://www.caribougenome.ca/.

® All code used to run programs is accessible through https://github.com/BeckySTaylor/Phylogenomic_Analyses/.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For the caribou reference genome, fibroblast cells were used from captive caribou at Toronto Zoo. The 16 new re-sequenced ge-
nomes were sequenced from blood or tissue obtained from provincial or federal tissue archives.

METHOD DETAILS

Caribou reference genome assembly

To ensure high quality, contiguous DNA for chromosome-scale reference genome assembily, fibroblast cells were taken from caribou
at Toronto Zoo and cultured in T-75 flasks. Firstly, we pre-warmed DMEM1, DMEMS3 and trypsin to 37-38 °C, then discarded media
and rinsed each T-75 flask with 5 ml of DMEM1. We discarded the media, and added 3 ml of trypsin to each flask and incubate at
38 °C for 2 min. We checked to see that cells had lifted, and then added 9 ml of DMEMS3 to each flask, rinsed the flask growing surface
to retrieve as many cells as possible and transferred the entire volume to a 15 ml tube, leaving 4 x 15 ml tubes, 2 for each animal. We
then centrifuged at 200 x g for 5 min to pellet cells, discarded supernatant and re-suspend pellet in 0.8 ml of PBS. We combined
pellets for each individual together in a 2 ml tube, centrifuged in microcentrifuge at 200 x g for 5 min, and discarded the supernatant.
The samples were then flash frozen using liquid nitrogen and transferred to a dry shipper and shipped to Dovetail Genomics as we
wanted to improve our previous assembly also sequenced by Dovetail Genomics,®® by further scaffolding using Omni-C libraries.®”:%
For each Dovetail Omni-C library, chromatin was fixed in place with formaldehyde in the nucleus and then extracted. Fixed chromatin
was digested with DNAse |, chromatin ends were repaired and ligated to a biotinylated bridge adapter followed by proximity ligation
of adapter containing ends. After proximity ligation, crosslinks were reversed, and the DNA purified. Purified DNA was treated to re-
move biotin that was not internal to ligated fragments. Sequencing libraries were generated using NEBNext Ultra enzymes and lllu-
mina-compatible adapters. Biotin-containing fragments were isolated using streptavidin beads before PCR enrichment of each
library. The library was sequenced on an lllumina HiSegX platform to produce ~30x sequence coverage. Then HiRise used
MQ>50 reads for scaffolding.

The input de novo assembly and Dovetail OmniC library reads were used as input data for HiRise, a software pipeline designed
specifically for using proximity ligation data to scaffold genome assemblies.®” Dovetail OmniC library sequences were aligned to
the draft input assembly using bwa (https://github.com/Ih3/bwa). The separations of Dovetail OmniC read pairs mapped within draft
scaffolds were analyzed by HiRise to produce a likelihood model for genomic distance between read pairs, and the model was used
to identify and break putative misjoins, to score prospective joins, and make joins above a threshold. We used the stats.sh script in
the program BBMap version 38.42%° to calculate the assembly statistics.
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Genome annotation

Cells were cultured as above and shipped to Genewiz (Azenta Life Sciences) for RNA sequencing for the annotation. Total RNA
extraction was done using the QIAGEN RNeasy Plus Kit following manufacturer protocols. Total RNA was quantified using Qubit
RNA Assay and TapeStation 4200. Prior to library prep, we performed Dnase treatment followed by AMPure bead clean up and
QIAGEN FastSelect HMR rRNA depletion. Library preparation was done with the NEBNext Ultra Il RNA Library Prep Kit following
manufacturer protocols. Then these libraries were run on the NovaSeq6000 platform in 2 x 150 bp configuration. The annotation
was also performed by Dovetail Genomics. Repeat families found in the genome assemblies of caribou were identified de novo
and classified using the software package RepeatModeler (version 2.0.1). RepeatModeler depends on the programs RECON (version
1.08) and RepeatScout (version 1.0.6) for the de novo identification of repeats within the genome. The custom repeat library obtained
from RepeatModeler were used to discover, identify, and mask the repeats in the assembly file using RepeatMasker (Version 4.1.0).
Coding sequences from Bos taurus, caribou (www.caribougenome.ca) and reindeer®® were used to train the initial ab initio model for
caribou using the AUGUSTUS software (version 2.5.5). Six rounds of prediction optimisation were done with the software package
provided by AUGUSTUS. The same coding sequences were also used to train a separate ab initio model for caribou using SNAP
(version 2006-07-28). RNAseq reads were mapped onto the genome using the STAR aligner software (version 2.7) and intron hints
generated with the bam2hints tools within the AUGUSTUS software. MAKER, SNAP and AUGUSTUS (with intron-exon boundary
hints provided from RNA-Seq) were then used to predict for genes in the repeat-masked reference genome. To help guide the pre-
diction process, Swiss-Prot peptide sequences from the UniProt database were downloaded and used in conjunction with the pro-
tein sequences from Bos taurus, caribou (www.caribougenome.ca), and reindeer to generate peptide evidence in the Maker pipeline.
Only genes that were predicted by both SNAP and AUGUSTUS software were retained in the final gene sets. To help assess the
quality of the gene prediction, AED scores were generated for each of the predicted genes as part of the MAKER pipeline. Genes
were further characterised for their putative function by performing a BLAST search of the peptide sequences against the UniProt
database, and tRNAs were predicted using the software tRNAscan-SE (version 2.05).

Caribou samples background

Whole genome sequences of 50 individuals used in this study are available on the National Centre for Biotechnology (NCBI) under
BioProject Accession numbers NCBI: PRINA634908, PRINAG94662, PRINA754521, PRINAQ84705°%°%%* (Table S2). For this
study, we sequenced 16 new genomes (Figure 1; Table S2) using the same protocols as before.?®®® In total, we have sequenced
the genomes of caribou representing 33 different subpopulations across North America and Greenland. For many of the subpopu-
lations we have some information on census sizes (Table S1) and population trends which we outline here. All of the information we
provide here, unless otherwise cited, comes from the COSEWIC status repor‘(s.22

Peary caribou (DU1) are listed as threatened under the species-at-risk-act (SARA) and sits within the ARC lineage. The first counts
for Peary caribou were made in the 1960s, and there were an estimated 50,000 caribou at this time. In the late 1980’s the population
was at an estimated 22,000, but there was a mass die-off reducing the total population to just 5,400 mature individuals by 1996. The
most recent estimated census population is 13,200 mature individuals (2015). There are four subpopulations of Peary caribou, and
we include two samples from one of those, the Western Queen Elizabeth subpopulation which appears to have been increasing since
the 1990s.

The Dolphin Union caribou (DU2), from which we sampled two individuals, are listed as endangered under the SARA and sit within
the ARC lineage. This herd underwent a strong decline starting in the early 1900s, eventually starting to increase again in the 1970s
with migration returning to the mainland. By 1993 up to 7,000 were once again migrating annually across Coronation Gulf and Dease
Strait and in 1997 the population was estimated at 34,558 individuals. However, data suggests a decline of around 50-60% over the
last 18 years (as of 2017).

The barren-ground caribou (DU3) are listed as threatened under the SARA, with 14-15 subpopulations. The overall census size for
adult barren-ground caribou is estimated at 800,000 (as of 2016), down from 2 million in the 1990s. Barren-ground caribou are
thought to fluctuate in abundance. Most subpopulations are declining, and here we use samples two samples each from four sub-
populations: Bluenose-west, Qamanirjuaq (both BRG lineage), Porcupine (in the GRA lineage), and Baffin Island (in the ARC lineage).
Bluenose-West have declined by over 80% and Qamanirjuaq by ~40% during the last three generations. Porcupine caribou have
increased in recent generations, whereas Baffin Island caribou have undergone a dramatic decline of 98% between 1991 and
2014 and there is a large degree of uncertainty in population estimates, and especially low abundance was found on North Baffin.

Northern mountain caribou (DU7) is listed as special concern under the SARA and is estimated to contain a total of 43,000-48,000
mature individuals as of 2014. We find the northern mountain caribou to be split between four phylogenomic lineages; CSM, GRA,
NM1, and NM2. There are 45 subpopulations, and we have one to two genome sequences from each of 12 subpopulations: Aishihik,
Atlin, Chase, Frog, Graham, Hart River, Itcha-ligachuz, Muskwa, Pink Mountain, Spatzizi, Tay, and Tsenaglode. We also have six
genome sequences from a 13" subpopulation, the larger Redstone subpopulation. The population trends for sampled populations
are largely unknown, apart from Aishihik which is increasing, Atlin and Redstone which are stable, and ltcha-ligachuz which is
decreasing.

Central mountain caribou (DU8) are listed as endangered under the SARA and sit within the CSM lineage, estimated at 469 mature
individuals as of 2014. This DU has undergone a large decline of at least 64% over the last three generations. There are 10 subpop-
ulations all of which contain fewer than 250 individuals with two now extirpated. All subpopulations have been undergoing long term
declines. We have one genome from each of two subpopulations, Kennedy Siding and Quintette.
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Southern mountain caribou (DU9) are listed as endangered under the SARA and sit within the CSM lineage, estimated at 1,395
mature individuals as of 2014, and have undergone a 45% decline in the last three generations. There are 15 subpopulations all
but one of which have been undergoing declines for the last 27 years and contain fewer than 500 individuals, with two subpopulations
now extirpated. We have two genomes from one subpopulation, Columbia North.

The boreal caribou (DU6), listed as threatened under the SARA, covers and extremely large range across Canada, however pre-
vious genetic evidence, as well as our current results, indicate that boreal caribou belong to two phylogenomic lineages and the
phenotype evolved in parallel.>” The boreal caribou from the Northwest Territories are from the NWB lineage and the rest sit within
the NAL lineage in our results. In total, it was estimated that there are between 24,722 and 30,513 boreal DU individuals as of 2014,
and there are currently 51 subpopulations, most of which are in decline. We have six genomes from the Northwest Territories boreal
caribou, and 12 genomes from another six of the subpopulations: Coastal, Nipigon, Far North, Kesagami, Naosap, and Cold Lake.

The eastern migratory caribou (DU5) sit within the NAL lineage and is recommended for listing as endangered by COSEWIC. In total
the eastern migratory DU was estimated to contain 170,636 mature individuals as of 2017, with an overall decline of 80% recorded
over three generations. There are four subpopulations, and we have two genome sequences each from two of them; The eastern
migratory caribou from the Southern Hudson Bay subpopulation and the George River subpopulation — a subpopulation which
has undergone a particularly dramatic decline of 99% in three generations. It is known that eastern migratory subpopulations
have historically fluctuated, however the George River subpopulation, which used the be the largest-sized subpopulation, is now
lower than ever recorded and it is unclear if it will increase due to new threats.

We have two genomes from the Kangerlussuag-Sisimiut caribou population on Greenland. Historically, the herd was in high
numbers between 1815 and around 1845, however there was subsequently a huge decline in numbers, remaining low until the
1950s when numbers began to increase steadily again peaking in the 1970s.°* The herd has been increasing once again in recent
years.®”

QUANTIFICATION AND STATISTICAL ANALYSIS

Re-sequenced whole genome filtering

Samples were extracted using a Qiagen DNAeasy tissue extraction kit following the manufacturer’s instructions (Qiagen). Samples
were run on a Qubit fluorometer (Thermo Fisher Scientific) using the High Sensitivity Assay Kit and normalized to 20 ng/ul at a final
volume of 50 ul. The DNA was shipped to The Centre for Applied Genomics (TCAG) at the Hospital for Sick Children (Toronto, Ontario)
for library preparation and sequencing. The samples were sequenced two per lane on an lllumina HiSeq X.

All code used to filter and map re-sequenced genomes, as well as for downstream analyses, can be found on GitHub (https://
github.com/BeckySTaylor/Phylogenomic_Analyses). Raw reads for all 66 individuals were cleaned using Trimmomatic version
0.38%° using a sliding window of 4 base pairs to trim once phred score dropped below 15. We aligned all trimmed reads to the
new reference genome, which we first indexed using Bowtie2 version 2.3.0.°° We converted the SAM files to BAM files and sorted
them using Samtools version 1.5,°” and then added read group information using GATK4.°® Using GATK4, we removed duplicates
and used ‘HaplotypeCaller’ to call variants and produce a variant calling format (VCF) file. We used the ‘CombineGVCFs’ function,
followed by ‘GenotypeGVCFs’ to produce a VCF file containing all individuals. We did two rounds of filtering on the VCF file using
VCFtools version 0.1.16.°° We removed indels, and any site low-quality genotype calls (minGQ) and low-quality sites (minQ), with
scores below 20, as well as any site with a depth of less than five or more than double the mean depth of all genomes, filtering to
remove sites with a depth of more than 55. For the second round of filtering, we made two VCF files; one made using a more ‘strin-
gent’ filter to remove all missing data, and a ‘less stringent’ filter to removed sites with more than 5% missing data, resulting in
17,595,673 and 41,321,354 SNPs respectively.

We also downloaded the raw reads for five Fennoscandian Wild Tundra reindeer genomes to use as outgroups for phylogenomic
analyses (ID numbers NMBU 38-42 from Weldenegodguad et al.,”° European Nucleotide Archive: PRJEB37216). We mapped and
filtered the reads as above, as well as producing a VCF file containing these and the 66 caribou genomes. We filtered the VCF file in
VCFtools as above, this time removing sites with a depth over 48 (double the mean of this data set) and removing sites with more than
5% missing data, we had 16,119,954 SNPs.

We chose downstream analyses, outlined below, which are appropriate for our sampling across the very large caribou range,
which included one or two samples from each of 33 different caribou subpopulations, representing eight DUs. Future work will
aim to increase sample size within each subpopulation to enable analyses such as recent Ne reconstruction which need more
than 1-2 samples at a fine scale to run and cannot be done grouping samples with genetic differentiation between them (e.g., using
GONE or StairwayPlot2). Given the extremely large range of caribou and high number of subpopulations, this will require a huge
sequencing effort and likely need to be done at a more regional scale. Many of the results we present here are, however, plotted
grouped by lineage for clarity, but all statistics for each individual are given in the supplementary materials.

Whole genome phylogenomic reconstruction

For the phylogenomic reconstruction, we used IQtree version 1.6.12.”° First, we made a consensus fasta file for each individual from
the VCF file which included the reindeer using the ‘consensus’ command in BCFtools. We found that running IQtree on the full
genome sequences required too much computational power, so we split the genome into seven sections of close to 300 million
base pairs, made a phylogeny with each, and then made a consensus tree as follows. Firstly, we used the ‘CSplit’ command to split

Current Biology 34, 1-13.e1-e7, March 25, 2024 e4



https://github.com/BeckySTaylor/Phylogenomic_Analyses
https://github.com/BeckySTaylor/Phylogenomic_Analyses

Please cite this article in press as: Taylor et al., High genetic load without purging in caribou, a diverse species at risk, Current Biology (2024), https://
doi.org/10.1016/j.cub.2024.02.002

¢ CellPress Current Biology

OPEN ACCESS

each individual fasta file into one file per scaffold, retaining the files for scaffolds 1-36 (which contains ~99% of the reference genome,
see results). We concatenated all caribou individuals together for each scaffold, and ran each scaffold from 1-36 in Model Finder in
IQtree. Using the Bayesian Information Criterion, Model Finder gave the model TVM+F+I+G4 for all scaffolds apart from 33 where it
selected GTR+F+I+G4. For all scaffolds the scores for these two models were close, and for scaffold 33 the likelihood score for the
two models was similar (111,917,190.538 and 111,917,210.388), and so when concatenating the scaffolds, we used TVM+F+1+G4
for the full phylogenomic run.

To run the phylogenomic analysis, we then concatenated scaffolds together for each individual into seven fasta files of roughly 300
million base pairs (scaffolds 1-3, 4-7, 8-11, 12-16, 17-21, 22-27, 28-35), excluding scaffold 36 which is putatively part of the X chro-
mosome based on the presence of known X chromosome genes on that scaffold.?""%> We then reformatted each so that the
sequence was on one line using ‘awk’ and ‘grep’ commands, and then concatenated all individuals together into one file, including
the reindeer, for each of the seven sections so we had one fasta file with all individuals for each of the ~300 million base pair regions.
We then ran IQtree using 100,000 bootstraps to obtain branch supports® (-bb command) to produce the phylogenies. We then made
a consensus phylogeny from the seven using the IQtree ‘-con’ command.

We also reconstructed an unrooted phylogeny following the protocol from von Seth etal.”' We used ngsDist’ ' to estimate a genetic
distance matrix with 1000 bootstrap replicates from the genotypes allowing no missing data. We then used FASTME v2.1.6.2"° to
reconstruct the phylogeny, adding bootstrap support to the nodes using RAXML-ng v1.0.1.7°

|.ﬁ t71

Genetic diversity and demographic history

We used Plink version 1.9” to convert the VCF file with the 66 caribou and no missing data into a BED file. We then pruned the dataset
to remove sites with a correlation co-efficient of 0.1 or above in sliding windows of 50 SNPs, leaving 3,916,295 putatively unlinked
SNPs, and then ran a PCA also in plink, and plotted in R studio version 1.2.5041. We also performed an assignment test using
ADMIXTURE version 1.3.0”° using the same dataset testing K1 to 10 and performing ten iterations of each and plotted the outputs
in R studio (Figure S2).

To estimate individual genetic diversity, we used mIRho v2.9%° to calculate heterozygosity for each individual from the bam files.
mIRho calculates 6, an estimator of the population mutation rate which approximates heterozygosity under the infinite sites
model,'"?%2° which can be calculated from whole genomes as heterozygosity using 6 = 4N.u°° (where p is the mutation rate) The
files were first filtered using Samtools to remove bases with a mapping quality below 30, sites with a base quality below 30, and
with a depth over 10X the average for the dataset. To estimate nucleotide diversity for each lineage, we used BCFtools to create
a VCF file with all sites (variant and invariant) from the bam files, again filtering low-quality genotype calls (minGQ) and low-quality
sites (minQ), as well as any site with a depth of less more than double the mean depth of all genomes as above. We then used
pixy v1.2.7°° to estimate nucleotide diversity of the 35 putative autosomes, testing two window sizes (50kb and 10kb). Results
were consistent so we present results for 50kb windows.

To assess genetic distance between lineages we calculated Wier and Cockerham weighted Fg”* between each pair of lineages
using the VCF file with no missing data in VCFtools using a window size of 50kb and a step size of 25 kb (Table S3). We also measured
introgression between each pair of lineages using ABBA BABA tests to control forincomplete lineage sorting. We used Dsuite version
0.5"" to run the ‘Dtrios’ function to calculate D and f4-ratio statistics, grouping our individuals by the lineages uncovered in our phy-
logenomic analysis (see results), using the phylogeny as input using the ‘-t command. When groups share branches on a phylogeny,
many elevated D and f4-ratio statistics can occur, however these correlated statistics can be informative to uncover the relative time
of the gene flow events across the phylogeny and to discover whether the gene flow occurred on internal branches by using the
f-branch statistic.”” We calculated the f-branch statistics using the output from Dtrios, and then plotted alongside the phylogeny us-
ing the ‘dtools.py’ script included with DSuite, setting the p-value to 0.05. As these statistics are unable to measure gene flow be-
tween sister groups, we used SplitsTree’® to visualize the phylogenetic network as an ‘admixture graph’, using the seven files
SplitsTree output by IQtree (one for each of the 300 million base pair phylogenomic analyses; Figure S4).

Reconstruction of historical effective population sizes has already been performed using the pairwise sequentially Markovian coa-
lescent®” (PSMC) for most of the individuals.?® We analyzed the rest of the individuals in PSMC using the same filtering and param-
eters as used previously (Figure S3).%°

Rapidly evolving genes and gene ontology analysis
We used GWideCodeML," a python package to run the codeml function of PAML*® in a computationally efficient way using genome-
wide data. We used our annotation file to extract all genes from the genomes of our individuals to use in GWideCodeML. To do this,
we made a consensus fasta file for each individual in the VCF file with our 66 caribou filtering to remove sites with more than 5%
missing data, as described above. We then used the ‘-x’ function in Gffread version 0.12.3%° which pulls out the coding sequence
for each gene as indicated in the annotation file and splices them together (to remove introns), to create one fasta file per individual
with all genes. We reformatted the files so each gene sequence is on one line using ‘awk’ commands, and then renamed the header
line of each gene to include the ID of each individual (in addition to the gene ID from the annotation) using ‘sed’ commands. We used
the ‘CSplit’ command to split the files into one file per gene, and then concatenated the files for each gene - resulting in one file per
gene containing the sequence for all 66 individuals.

We first ran the genes using an unrooted version of the tree as required by codeml. We removed the outgroup reindeer and then
used the ‘ape’ package in R studio to transform the tree into an unrooted version with a trifurcation at the root, the format needed
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by codeml. We used the branch model, which uses a Likelihood Ratio Test (LRT) to test whether the genes have a significantly
different dN/dS ratio on the focal branch, compared to all other branches of the tree. We tested this for each of the nine major
lineages uncovered in our phylogenomic analysis, excluding one individual, the boreal caribou from Alberta, which is a hybrid be-
tween the NAL and BEL lineages as indicated by the PCA analysis (Figure S2). We then performed a Bonferroni multiple testing
correction on the Likelihood ratio results, adjusting the significance threshold to account for running the model over nine lineages.
We then took those sites where the focal branch was putatively under positive selection (larger dN/dS ratio), and as some genes
can be significant in multiple branches, we also calculated how many genes were unique to each branch. We then used a chi-
squared test in R studio to determine if there were a significantly different number of positively selected genes across the different
lineages.

To assign putative functions to the significant genes (after Bonferroni correction), we used ShinyGo v0.76.2°" and assigned func-
tions based on the GO Biological Process and GO Molecular Function databases. The enrichment analysis outputs any biological
pathways over-represented in the list of genes with signatures of positive selection and was performed for the significant rapidly
evolving genes for each of the nine major lineages separately.

Runs of homozygosity (ROH) estimation

To estimate the proportion of the genome in ROH we used Plink from the VCF file with no missing data and not LD pruned, and only
using scaffolds 1-35 to ensure removing sex chromosomes as above. To test the impact of the key settings (homozyg-snp, ho-
mozyg-density, homozyg-gap, homozyg-window-snp, homozyg-window-het, homozyg-het) on the resulting data, we ran 11
different combinations to optimize the runs (Data S3A). Due to our high coverage (over 15X as recommended for this analysis
in Plink) and very high SNP density dataset (an average of ~1 SNP every 125 bp) many of the settings did not affect the results
and for those that did we chose a conservative approach (results for all runs available Data S3B-S3K) and landed on final settings
of homozyg-snp 100, homozyg-density 20, homozyg-gap 1000, homozyg-window-snp 100, homozyg-window-het 1, homozyg-
window-missing 5, and homozyg-het 3. Homozyg-kb and homozyg-window-threshold were set using recommendations from
Meyermans et al.,”® so using a homozyg-kb set the same as the scanning window size (100) and using their formula setting ho-
mozyg-window-threshold to 0.05. To calculate when the longest ROHs originated, we used g = 100/(2rL)°®, with L being the length
of ROH in MB, r representing the recombination rate for which we used 1.04 cM/Mb as calculated for red deer,’” and g the number
of generations ago.

Genetic load

We used two approaches to estimate genetic load, one annotation free method and one using our new annotation, to ensure concor-
dance of our results using different approaches and in case of any bias arising from the annotation. For this, we used both genomic
evolutionary rate profiling (GERP) analysis®® and SnpEff®> which used our new annotation. For the GERP analysis we largely followed
the protocol from von Seth et al.'” Firstly, we generated a TimeTree phylogeny (http://www.timetree.org/) of 48 mammal species rep-
resenting those with available genomes from the even-toed and odd-toed ungulates due to turnover of constrained sites over larger
phylogenetic distances.’® We downloaded the reference genomes for each of the 48 species and converted to fastq format using
BBmap v38.86,°° and then aligned to the caribou reference genomes using BWA-MEM.®* We converted the resulting alignment files
to BAM format and filtered them to remove reads aligning to more than one location as well as supplementary reads and sorted the
resulting file. We then used htsbox (https://github.com/Ih3/htsbox) with quality filters (-R -q 30 -Q 30 -I 35 -s 1) to convert into fasta
format, and then split each file to make one file per scaffold for the first 36 scaffolds (~99% of the genome assembly) which were then
concatenated together to make one fasta alignment file for each scaffold with all species.

The resulting alignment files were run through a modified version of the gerpcol function in GERP (tar file available here:
https://github.com/BeckySTaylor/Phylogenomic_Analyses). Because it can lead to biases®® the focal species, here caribou,
should not be included in the GERP analysis. However, this leads to missing data in the alignment which makes it difficult to
interpret the output files which don’t print which site the score pertains to. We modified the code for the gerpcol function to
print out the position for each score, as well as the allele for three specified sister species, here the white-tailed deer, the
moose, and the red deer, which are used to determine the ancestral alleles for each site. This was run using a Ts/Tv ratio of
2.06 as calculated in BCFtools for our caribou dataset. Additionally, as the TimeTree phylogeny outputs the branch lengths
in millions of years but gercol requires substitutions per site, we used a tree scaling factor (-s) of 0.0022 reflecting the number
of mutations per million years on average per site based on the average mammal mutation rate of 2.2 x 10—-9'°°. We then wrote
a custom R script (available here: https://github.com/BeckySTaylor/Phylogenomic_Analyses) to automate taking the output and
extracting the derived alleles (based on the three outgroup species) at all positions in the genome, all positions with positive
scores, as well as all positions with a score over 2 (representing the top portion of the possible score range which is a maximum
of 2.46 for our dataset and therefore the most highly constrained sites) from our 66 caribou genomes using the VCF file with no
missing data.

To get another measure of genetic load, we ran SnpEff using our new annotation and then pulled out SNPs labelled as loss of
function (LOF), high impact (which includes the LOF), moderate impact (e.g. missense variants), and low impact (e.g. synonymous
variants). We extracted derived alleles only using three outgroup species using the same custom R script as above from the GERP
analysis. For the results from both GERP and SnpEff, we compiled the number of heterozygous and homozygous variants for each
individual for each category. We also calculated how many fixed homozygous alleles, alleles which were heterozygous in all
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individuals, and segregating homozygous alleles there are for each lineage by extracting all positions for each lineage where at least
one individual has the allele of interest, and calculated the proportions of each to allow comparisons across the load categories (as
there are many more derived alleles in the lower impact categories). All numbers are presented in Data S4C and S4D. We also used
this data to calculate the site frequency spectrum for each category for each lineage using easySFS®° (available: https:/github.com/
isaacovercast/easySFS) using default settings, and again plotted the proportions of derived alleles in each category with all numbers
available in Data S4C and S4D. We removed one individual from the in-text results (PCID 35326, NAL lineage) due a slight skew in the
genetic load results likely due this individual also being used for the reference genome, although results for this individual is included
in Data S4A and S4B.
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Figure S1. Phylogenomic reconstructions of the caribou genomes, related to Figure 1. Maximum likelihood
phylogenomic reconstruction using the whole genome sequences and five reindeer genomes as outgroups
(A) and a SNP based phylogenomic reconstruction (B) of the 66 caribou. Bootstrap supports are shown on the
nodes. Each individual is identified on the tree with their PCID number (Table S2) and their Designatable Unit;
BG — barren-ground, BO — boreal, CM — central mountain, DU — Dolphin Union, EM — eastern migratory, GL —
Greenland, NM — northern mountain, PY — Peary, and SM — southern mountain.
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Figure S3. Reconstruction of historical effective population sizes (Ne) using the pairwise sequentially
Markovian coalescent (PSMC), related to STAR Methods. Panels include the individuals in the NAL
(A), NWB (B), PMG (C), CSM (D), ARC (E), BRG (F), GRA (G), NM1 (H), and NM2 (I) lineages.
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Figure S5. Runs of Homozygosity estimation, related to Figure 3. The proportion of the genome in runs
of homozygosity (Fron; A), the number of runs of homozygosity for each individual (B) the number of
runs of homozygosity in each individual under different length classes (C) and the number of runs of
homozygosity over 1 million base pairs (1MB) for each individual (D).
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Figure S6. Fron versus homozygous genetic load, related to Figure 6. Plots show numbers of derived homozygous alleles representing different
deleterious categories, including high impact (A), loss of function (B) moderate impact (C), low impact (D), all derived sites (E), positive GERP
scores (F), and GERP scores over two (G). Linear regression lines were added including all individuals.
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Figure S7. Per lineage proportions and site frequency spectra of genetic load, related to Figure 7. Panels show the proportions of alleles which are
heterozygous in all individuals (A and D), fixed homozygous (B and E). and segregating homozygous (C and F) in all categories of deleteriousness, as well as
the site frequency spectra of all categories for each lineage (G and P represent the ARC lineage, H and Q represent the BRG lineage, | and R represent the
CSM lineage, J and S represent the GRA lineage, K and T represent the NAL lineage, L and U represent the NM1 lineage, M and V represent the NM2 lineage,
N and W represent the NWB lineage, and O and X represent the PMG lineage).



DU Subpopulation Most recent  Year of most  Year(s) of Closest population  Year of
population recent sampling estimate to year closest
estimate estimate sampled estimate

Peary Western Queen 7,300 2012-2013 1993 Unknown exactly 1994-5

Elizabeth but there was a
catastrophic die off
in 1994-5 when the
Bathurst and
adjacent islands
crashed
from 3,155 to 542

Dolphin Union Dolphin Union 18,000 2015 1986 34,558 1997

Barrenground Bluenose West 15,268 2015 2013 20,465 2012

Barrenground Qamanirjuaq 264,718 2014 2007/8 348,661 2008

Barrenground Porcupine 197,000 2013 2001 123,000 2001

Barrenground Baffin Island 4,856 2014 1995 235,000 1991

Barrenground Fortymile 40,000 2022 1994 22,000 1990

Northern mountain  Aishihik 1,813 2009 2002 889 1997

Northern mountain  Atlin 514-857 2007 2006 514-857 2007

Northern mountain  Chase 404 2009 2004 301 2002

Northern mountain Frog 199 2001 2002/3 199 2001

Northern mountain  Graham 637 2009 2021 637 2009

Northern mountain Hart River 1853 2006 1999/2000 1853 2006

Northern mountain  Itcha-ligachuz 1220 2012 2006 1547 2007

Northern mountain Muskwa 828 2007 2006 828 2007

Northern mountain Pink Mountain 1145 1993 2004 1145 1993

Northern mountain  Spatzizi 2258 1994 2003 2258 1994

Northern mountain  Tay 2907 1991 2002/5 2907 1991

Northern mountain  Tsenaglode 85-340 2008 2006 85-340 2008

Northern mountain Redstone >7300 2012 2013/4 and 2019 >7300 2012

Central mountain Kennedy Siding 29 2014 2018 29 2014

Central mountain Quintette 87 2014 2021 87 2014

Southern mountain  Columbia North 157 2013 2014 157 2013

Boreal Northwest Territories 6,500 2012 2013/5 and 6,500 2012

2019/20

Boreal Coastal 492 2012 1999, 2011-2017 492 2012

Boreal Nipigon 300 2012 2011/12 300 2012

Boreal Far North Unknown 2012 2009 Unknown 2012

Boreal Kesagami 492 2012 2009 492 2012

Boreal Naosap 100-200 2012 2008/9 100-200 2012

Boreal Cold Lake 150 2012 2014 150 2012

Eastern migratory Southern Hudson Bay 12,479 2011 1992 At least 10,798 1994

Eastern migratory George River 6,704 2016 2008 27,600 2012

Greenland Kangerlussuag- 60,469 2018 2009 98,300 2010

Sisimiut

Table S1. Caribou subpopulations and census sizes, related to Figure 1. Information on census sizes of
the sampled subpopulations, giving the population estimates as per COSEWIC status reports (for Canadian
subpopulations) in numbers of mature individuals, both for the most recent estimate and the estimate
closest to the sampling time.



Caribou Sampling location Latitude/longitude Designatable Unit Canadian Sub- Lineage Sample Mean
PCID population type depth
15460 Lower Keel River, NT 64.725884, -127.051600 Northern Mountain Redstone NM1 Tissue 38 (38)
17825 Deline, NT 65.496308, -122.825531  Boreal Northwest Tissue 37 (37)
Territories NWB
17896 Drum Lake, NT 63.891177,-126.276909  Northern Mountain Redstone NM1 Tissue 36 (36)
20917 Ft. Severn, ON 55.802900, -87.779700 Eastern migratory Southern Tissue 35 (34)
Hudson Bay NAL
21332 South Brochet Junction, MB  57.755310, -101.063060  Barren-ground Qamanirijuaq BRG Tissue 36 (36)
21350 Brochet Junction area, MB 58.010560, -100.865000  Barren-ground Qamanirijuaq BRG Tissue 35(35)
22832 Hearst, ON 51.372380, -84.307190 Boreal Far North NAL Hair 19 (19)
23507 Clearwater Fiord, NU 66.566670, -67.450000 Barren-ground Baffin Island ARC Tissue 14 (13)
23508 Clearwater Fiord, NU 66.566670, -67.450000 Barren-ground Baffin Island ARC Tissue 21 (21)
24476 Cold Lake, AB 54.994044, -110,695547  Boreal Cold Lake NAL Fecal 14 (14)
27177 Colville Lake, NT 67.075993, -124.668217  Barren-ground Bluenose West BRG Tissue 38 (38)
27186 Fort Good Hope, NT 66.924900, -126.385300  Barren-ground Bluenose West BRG Tissue 36 (36)
27601 Haines Junction, YT 61.610434, -137.911647 Northern Mountain Aishihik GRA Tissue 17 (17)
27602 Haines Junction, YT 61.610434,-137.911647  Northern Mountain Aishihik GRA Tissue 16 (15)
27673 Circle, AK 64.285646, -143.215339  Barren-ground NA, Fortymile Tissue 17 (17)
herd GRA
27689 Nain, NL 56.913347,-61.716601 Eastern migratory George River NAL Tissue 36 (36)
27694 Nain, NL 56.913347, -61.716601 Eastern migratory George River NAL Tissue 36 (36)
27703 Dawson, YT 64.613165, -137.538322  Northern Mountain Hart River GRA Tissue 16 (15)
27706 Dawson, YT 64.613165, -137.538322  Northern Mountain Hart River GRA Tissue 17 (16)
27737 Old Crow, YT 67.660545, -140.955926  Barren-ground Porcupine GRA Tissue 37 (37)
27738 Old Crow, YT 67.660545, -140.955926  Barren-ground Porcupine GRA Tissue 37 (37)
27772 Ross River, YT 62.918412,-132.461189  Northern Mountain Tay NM1 Tissue 18 (18)
27773 Ross River, YT 62.918412,-132.461189  Northern Mountain Tay NM1 Tissue 22 (22)
28320 Muskwa, BC 58.665390, -125.28550 Northern Mountain Muskwa NM2 Tissue 25 (25)
28327 Frog, BC 57.842710, -126.473040 Northern Mountain Frog NM2 Tissue 34 (34)
28330 Pink Mountain, BC 57.345540, -123.581560 Northern Mountain Pink Mountain PMG Tissue 15 (14)
28332 Spatzizi, BC 57.040520, -126.824510  Northern Mountain Spatzizi NM2 Tissue 22 (22)
28336 Chase, BC 56.585820, -126.117780 Northern Mountain Chase NM2 Tissue 19 (18)
28337 Frog, BC 57.930390, -126.365520  Northern Mountain Frog NM2 Tissue 35(35)
28348 Tsenaglode, BC 58.028320, -129.558730  Northern Mountain Tsenaglode NM2 Tissue 23 (23)
28395 Itcha-llgachuz, BC 52.614600, -124.846290  Northern Mountain Itcha-llgachuz CSM Tissue 32 (32)
28402 Itcha-llgachuz, BC 52.796100, -124.735300 Northern Mountain Itcha-llgachuz CSM Tissue 34 (33)
28575 Atlin, BC 59.657170, -132.959110 Northern Mountain Atlin NM2 Tissue 35(35)
28580 Atlin, BC 59.812640, -133.145770  Northern Mountain Atlin NM2 Tissue 33 (33)
28646 Columbia North, BC 51.750000, -118.430000 Southern Mountain Columbia North  CSM Tissue 35(35)
28649 Columbia North, BC 51.750000, -118.430000 Southern Mountain Columbia North  CSM Tissue 34 (34)
32527 Cambridge Bay, NT 69.163000, -105.228000 Dolphin Union Dolphin Union ARC Tissue 22 (22)
32529 Cambridge Bay, NT 69.163000, -105.228000 Dolphin Union Dolphin Union ARC Tissue 18 (17)
34549 Cornwallis Island, NT 75.080000, -95.000000 Peary Western Queen Tissue 37 (37)
Elizabeth ARC
34550 Cornwallis Island, NT 75.080000, -95.000000 Peary Western Queen Tissue 37 (37)
Elizabeth ARC
34590 Pen Island, ON 55.024000, -83.537000 Eastern migratory Southern Tissue 35(35)
Hudson Bay NAL
35082 Deline, NT 65.661384, -124.565284  Boreal Northwest Tissue 37 (36)
Territories NWB
35324 The Pas, MB 53.156200, -100.733400 Boreal Naosap NAL Tissue 34 (33)
35326 Snow Lake, MB 54.093300, -100.449700 Boreal Naosap NAL Tissue 35 (35)



39590
39650
39651
39653
39654
41660
41667
45932
45933
45935
45936
45967
45968
45994
48050

48057

48075

48094

48100

48105

48111
48112

Neys Area, ON
Michipicoten Island, ON
Michipicoten Island, ON

Pukaskwa National Park, ON

Cochrane, ON
Kangerlussuag, Greenland
Kangerlussuag, Greenland
Nipigon, ON

Nipigon, ON

Keel River, NT

Keel River, NT

Caribou Flats, NT

Caribou Flats, NT

Slate Islands, ON

South Slave, NT

South Slave, NT
South Slave, NT
South Slave, NT
Quintette, BC
Graham, BC

Graham, BC
Kennedy Siding, BC

48.8019, -86.6660
47.751900, -85.745700
47.752000, -85.838500
48.326400, -86.182900
50.168700, -80.289700
67.247700, -50.289200
67.942700, -50.340300
50.908, -88.34

50.252, -87.83
64.210245, -126.514643
64.210245, -126.514643
63.669889, -127.969174
63.669889, -127.969174
48.667988, -87.025123
62.14911, -116.21731

60.85677, -116.86862
60.218901, -116.222633
61.870213, -115.970767
54.67372, -121.30541
56.32065, -122.93355

56.85783, -123.30222
55.3311, -122.0964

Boreal

Boreal

Boreal

Boreal

Boreal

Greenland
Greenland

Boreal

Boreal

Northern Mountain
Northern Mountain
Northern Mountain
Northern Mountain
Boreal

Boreal

Boreal

Boreal

Boreal

Central Mountain
Northern Mountain

Northern Mountain
Central Mountain

coastal
Coastal
Coastal
Coastal
Kesagami
NA

NA
Nipigon
Nipigon
Redstone
Redstone
Redstone
Redstone
Coastal
Northwest
Territories
Northwest
Territories
Northwest
Territories
Northwest
Territories
Quintette
Graham
Graham
Kennedy Siding

NAL
NAL
NAL
NAL
NAL
ARC
ARC
NAL
NAL
NM1
NM1
NM1
NM1
NAL

NWB
NWB
NWB
NWB
CSM

PMG

PMG
CSM

Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Antler
Blood

Blood
Blood
Blood
Blood
Blood

Blood
Blood

33(33)
35 (35)
37 (37)
37 (37)
36 (36)
34 (33)
30 (29)
16 (15)
18 (18)
21(21)
19 (19)
16 (16)
20 (20)
18 (17)
19 (19)

16 (16)
22 (22)
15 (14)
19 (19)
22 (22)

16 (16)
23 (23)

Table S2. Metadata for samples used for whole genome re-sequencing, related to Figure 1 and STAR

Methods. Information includes ID numbers (PCID), sampling location including the Canadian province

(AB = Alberta, BC = British Columbia, MB = Manitoba, NL = Newfoundland and Labrador, NT = Northwest
Territories, NU = Nunavut, ON = Ontario, YT = Yukon Territory) or U.S. state (AK = Alaska), the

Designatable Unit to which they belong, the sample type used for DNA extraction, and the average

depth in the VCF files used for analyses with no missing data and when allowing 5% missing data shown

in brackets.



Number of genes  Number of unique NAL NWB PMG CSM ARC BRG GRA NM2
with a significant  genes with a
dN/dS ratio significant dN/dS
ratio
NAL 764 245
NWB 758 250 0.089
PMG 779 287 0.0907 0.024
CSM 787 270 0.1043 0.0369 0.0355
ARC 791 282 0.1494 0.0758 0.0838 0.0856
BRG 777 276 0.0922 0.0216 0.0314 0.0318 0.0378
GRA 749 271 0.1083 0.0296 0.0345 0.0352 0.0653 0.0119
NM2 777 265 0.1111 0.0301 0.0338 0.0345 0.072 0.0201 0.0162
NM1 742 278 0.1071 0.025 0.0318 0.0334 0.0661 0.0142 0.0095 0.01

Table S3. Rapidly evolving genes and F.;, related to Figure 2 and STAR Methods. The overall number of
significant rapidly evolving genes as well as the number of unique genes for each lineage, and Wier and
Cockerham weighted F<:between each pair of lineages. The red values may need to be taken with

caution due to very low sample sizes for those lineages.
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