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SUMMARY

The Eurasian cave lion was abundant across the Northern Hemisphere before the Late Pleistocene mega-
faunal extinctions. However, the extent of the distinction between cave and modern lions and their adaptive
differences have remained unclear. Using 12 cave lion genomes spanning more than 100,000 years, we show
that modern and cave lions were distinct evolutionary lineages with separate demographic histories and
unique non-synonymous variants. We also identify evidence of ancient gene flow between them, with the
best modern lion proxy for this ancestry being an extinct Southwest Asian population. This admixture corre-
lates with global ice extent, with 3.2%-4.4% modern lion ancestry detected in a ~20,000-year-old cave lion
from Central East Asia. These findings provide insight into the evolutionary history of the cave lion, once one
of the Northern Hemisphere’s most ecologically impactful megafaunal species.
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INTRODUCTION

Lions are among the most abundant and widespread mega-car-
nivores in the fossil record of the last c. 1 million years, with fos-
sils found across four continents, including Africa, Europe, Asia,
and the Americas at least as far south as Mexico.'™ The first fos-
sils with clear lion characteristics appear in East Africa from c.
1.9 million years ago (mya),* and outside Africa by c. 1 mya, in
El Kowm, Syria.®° They are represented in the fossil record in Eu-
rope (Italy and England) from c. 700 thousand years ago (kya)®®
and in North America from c. 300 ka,® reaching the southern
parts of North America (American lion, Panthera atrox), and
potentially even South America, from c. 130 ka.'® Lions are
currently restricted to a single, small population in India and frag-
mented populations in Africa (Panthera leo, hereafter referred to
as “modern lions”). Evidence from skeletal remains, preserved
soft tissue, and Pleistocene cave art indicates that extinct Late
Pleistocene lions from the Northern Holarctic (Panthera spelaea,
hereafter referred to as ‘“cave lions”) were morphologically
distinct from modern lions. They were larger than their modern
counterparts®'" and probably had lighter hair.'® Stable isotope
results, interpreted as evidence for an individualistic diet,'? and
Paleolithic art indicating that male cave lions lacked manes (or
that they were considerably reduced),’" have been used to sug-
gest that, unlike modern lions, cave lions were likely to be pre-
dominantly solitary, although this has been disputed.®'® This
distinction is also reflected at a genetic level, demonstrating
that modern lions and cave lions were distinct species based
on extensive mitochondrial sampling and nuclear DNA from a
small number of specimens.’*"'" Lions have been estimated to
have diverged from their closest extant relative, the leopard
(Panthera pardus), c. 2.6 mya, '® although due to complex admix-
ture events, these divergence times are challenging to estimate
precisely.'® Divergence times between modern lions and cave li-
ons have been estimated at c. 500 ka, based on nuclear genome
data,'* with American lions (P. atrox) constituting a sister lineage
to cave lions. However, estimates based on mitochondrial ge-
nomes and fossil constraints suggest the divergence may be
considerably older (up to 1.9 mya).'®"” Also, the extent to which
this genome-wide distinction holds across space and time is not
known. Fossil evidence suggests that cave lions showed exten-
sive temporal and spatial variation in morphology,®® with serial
replacement by discrete forms of decreasing size throughout
the Pleistocene.?’ Given the extensive historic distribution of
cave lions, if this continuous replacement was occurring, it would
imply substantial connectivity between lions over vast
geographic areas, a process that has been suggested to have
occurred from East to West.?” In contrast to the proposed high
levels of connectivity, it has also been hypothesized that gene
flow may have been periodically restricted between Eastern
and Western Eurasia, with the expansion of water bodies north-
ward (in particular the Caspian Sea, glacial lakes, and the Aral
Sea) and ice sheets southward being proposed as factors that
would have reduced, or even stopped, gene flow between
Eastern Eurasia and Europe.”® In addition, population replace-
ments may not have been synchronous across the species’
range, with ancestral size morphs being identified in more recent
contexts, in particular in Europe,”®™?? suggesting that this may
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have been a refugium for a more ancestral lineage. Moreover,
gaps in cave lion '*C dates might reflect local extirpation from
Europe for several thousand years during the Late Pleistocene,
prior to their range-wide terminal extinction.'' At the eastern
side of the distribution, it seems highly probable, based on the
dispersal patterns of other large mammals,®*® that the Bering
Strait and land bridge would have led to intermittent isolation
and connectivity, respectively, between c. 70 and 11 ka.?®
Together, these data suggest the possibility of geographically
and temporally restricted lineages and extinctions, hypotheses
that would not be possible to test with existing datasets.

Despite its commonness in the Holarctic fossil record
throughout much of the later Pleistocene, the cave lion appears
to have gone extinct more or less synchronously across its entire
range, with terminal fossil dates of between c. 14 and 13 ka."
The cave lion lineage therefore forms part of the global mega-
faunal extinctions that occurred during the last glacial-intergla-
cial transition, and it precedes the extinction of many of the
mega-herbivores.*?” Modern lion populations have also likely
declined since the Late Pleistocene,”® exacerbated more
recently due to anthropogenic factors®®° and ultimately leading
to the extinction of “Barbary lions” (North Africa), “Cape lions”
(South Africa), and “Mesopotamian lions” (Southwest Asia).'*
The extinction of cave lions probably had a disproportionately
large ecological effect across the Holarctic. Mega-carnivores
(>100 kg) can have top-down effects on ecosystems by regu-
lating the abundance and activity of large herbivores, either
through direct consumption or by inducing indirect behavioral
changes.?®*" Their abundance and wide distribution make it
likely that lions in particular would have had a considerable
influence on their ecosystem, including the evolution of other
sympatric carnivores,®**® although the complexity and intercon-
nectedness of these ecosystems makes inferring the outcome of
any given species extinction extremely difficult.>*

Cave lions are thought to have been distributed as far south as
the Caucasus, eastern Turkey, southern Siberia, and Manchuria,
and contact zones have been proposed with modern lions in
South-East Europe and/or the Caucasus.'* It has been argued
that modern lions only entered the former distribution range of
cave lions after they had gone extinct,"’ and previous studies
have not found any evidence for gene flow.'"'**° However, these
studies have either focused on mitochondrial DNA'-° or relied
on two cave lion nuclear genomes, both from Beringia and of
approximately the same age. This is over 5,000 km away from
the range of modern lions and any proposed contact zones,'*
leaving open the possibility of admixture between modern lions
and cave lions at different time points and/or locations. The plau-
sibility of this hypothesis is increased by the fact that felids have
a known history of extensive introgression, with ancient hybridi-
zation events having been detected across multiple taxonomic
groups, including those more distantly related than modern lions
and cave lions.'®19%637 Also, mismatches between cave lion
sample locations and sizes have led to the hypothesis that histor-
ic glacial cycles may have caused distribution shifts in cave lions,
for example, the range shifting southward during increased ice
extent.”’

Considering their important ecological role as a widely distrib-
uted apex predator, lions present an opportunity to better
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understand how long-term climatic changes influence evolu-
tionary processes over large geographic scales. In the present
study, we sequenced genomes of cave lions across a time series
spanning over 100,000 years to test whether modern and cave
lions are monophyletic throughout the Upper Middle Pleistocene
and Late Pleistocene, across their entire distribution. In addition,
we investigate inter- and intraspecific connectivity across an
extensive spatiotemporal scale. Together, these tests aim to
describe the broadscale evolutionary processes, namely popu-
lation structure and introgressive history, acting on this wide-
spread mega-carnivore in the lead-up to the extinction of what
would have been one of Pleistocene Eurasia’s most ecologically
important megafaunal species.

RESULTS AND DISCUSSION

Samples and sequencing

We generated whole-genome sequences from 10 cave lion sam-
ples, following an initial screening of 52 specimens. Mean
coverage of these samples was 3.5x (min 0.3x, max 19.5x).
We radiocarbon dated one sample that had not been dated pre-
viously and used mitochondrial tip-dating'” to estimate the ages
of samples with non-finite '*C dates (n = 4; Table S1).

We also sequenced a museum specimen of one historic lion
from the now-extinct Southwest Asian population. This individ-
ual was included here with the aim of confirming its provenance
and incorporating an additional sample that would be informa-
tive about modern/cave lion gene flow (contingent on prove-
nance). We combined these genomes with 2 cave lion and

are shown by shape (circles are newly generated
genomes), and genome coverage is denoted by
shape size. Approximate glacial and tundra biome
extents at various time periods are shown by
polygons and dashed lines, respectively, based
on Huntley et al.*° Key samples referred to in the
text are “Yukon_33KYA” (N. America), “Aus-
tria_17KYA” (Europe), “CE_Asia_20KYA” (C.E.
Asia), and “NSI_52KYA” (New Siberian Islands).
(B) DensiTree’® phylogeny created (using
RAXML*" on 2 MB non-overlapping windows) for
all >1x lion genomes from Table S1. >99% of
RAXML phylogenies placed modern and cave li-
ons into monophyletic clades. The cave lion and
southern and northern modern lion lineages are
shown in grayscale, blue, and orange, respec-
tively, with corresponding colors on the maps.
(C) Modern lion genomes included in the present
study (Table S1). Pleo_Captivel and Pleo_
Captive2 are not shown on the map due to un-
certain provenance. Shapes correspond to sam-
ple age. Gray shading shows the putative histori-
cal species distribution,”” with southern and
northern modern lion lineages shown in blue and
orange, respectively, with corresponding colors
on the phylogeny.

Historical [
Modern

20 modern lion genomes that had previously been published, '
along with 6 outgroup species (Amur leopard,*® snow leopard,
Bengal and Siberian tigers,*® jaguar,'® and mainland clouded
leopard'?) (Table S1). The cave lion samples constitute a time se-
ries spanning c. 148-17 ka and come from a geographic distribu-
tion spanning central Europe (Austria; “Austria_17KYA”) to North
America (Yukon; “Yukon_33KYA”) and South-Central Asia.

Population structure

The Felidae phylogeny has been notoriously difficult to charac-
terize, even with whole-genome data, due to historic hybridiza-
tion events that can lead to discordant phylogenetic patterns
across the genome.'%*® It is therefore possible that a genome-
wide phylogenetic assessment (as has previously been carried
out) is not representative of the species tree. An assessment of
the lion phylogeny across the genome would thereby give addi-
tional support to the conclusion that modern and cave lions
constitute distinct species.

We investigated this using phylogenetic (TreeMix and a
maximume-likelihood, sliding-window approach) and f-statis-
tic-based analyses to describe genetic structure in lions
across their current and historic distribution. Both phyloge-
netic analyses identify cave lions and modern lions to be
reciprocally monophyletic across their genomes (>99% of
maximume-likelihood phylogenies for 500 kb, 1 Mb, and 2
Mb sliding windows) and modern lions to be separated into
southern/eastern (“southern modern lions”) and northern/
western (“northern modern lions”) clades (Figure 1B).
These results support previous observations based on
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mitochondrial’*'"** and nuclear'* data that modern and cave
lions are distinct lineages. In addition, the European cave lion
genome was basal to the other cave lion genomes in <5% of
trees (for all sliding-window sizes), providing no support for a
distinct lineage in Europe. The modern lion genomes of pre-
sumed Southwest Asian origin grouped together to the exclu-
sion of all other modern lions (based on TreeMix analysis, and
admixture graph topology strongly supported (p < 0.001)
compared with any topology where these three Mesopota-
mian lions were not in a monophyletic clade; Figure S2), con-
firming their provenance as Southwest Asian. In addition,
although the two captive but wild-born Indian lions (Gir Forest)
cluster with the Northern modern lion lineage based on
average genome-wide variation (TreeMix, Figures S2A and
S2B), they show clear evidence for recent introgression of
genomic tracts from the southern modern lion lineage
(Figure 1B). It has previously been argued that the remaining
Indian lion population, currently restricted to the Gir National
Park, is not indigenous to the region but rather introduced
from outside of India.**** Previous publications have found
no evidence for this claim.'*“® These Indian lions were wild-
born (Gir Forest) captive zoo animals, suggesting that there
has been recent introgression into the wild Indian population
from the southern modern lion lineage. Captive Asiatic lions
are known to have been recently interbred with African lions,
and our results suggest that either the two analyzed Indian li-
ons were not in fact wild born or that genetic leakage has
occurred from the Indian captive population into the wild Gir
Forest population. Outgroup f3 analyses identified that shared
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Figure 2. Admixture graph summarizing
cave lion genetic structure, approximate
divergence times, and admixture events
See also Figure S5H.

150 KYA

genetic drift between recent cave lions
(from Siberia [22 ka], Central East
[C.E.] Asia [20 ka], and Europe [17 ka])
and all other genomes increases
gradually over time. In addition, those
three most recent genomes share
more drift with each other than they
do with earlier genomes (Figures S5A-
S5C). This suggests geographically
extensive ancestry connectivity in cave
lions, similar to what has recently been
observed in wolves.”® The genome
from North America (Yukon_33KYA)
displays lower shared genetic drift
with other contemporary genomes, in
particular with the recent European
cave lion (Figure S5A). This finding of
genetic structure between Europe and
North America is in line with a previous
study of mitochondrial genomes sug-
gesting that there is some genetic
structure between Eastern and Western
cave lions, with monophyletic clades being almost entirely
segregated to the East and West (Beringia and North America
vs. the rest of the range).'”

To investigate the timing and extent of East-West connectivity
further, we used 4 statistics to compare our time series of Sibe-
rian genomes with contemporaneous but geographically distant
pairs of genomes. No genetic structure (i.e., non-significant f4
values) was detected across any spatial scale between C.E.
Asia and Siberia, suggesting complete ancestry homogenization
across this region. In contrast, Europe and North America both
showed genetic structure with respect to Siberia, with at least
some genetic structure persisting as far as the oldest Siberian
genome sample (148 ka; Figure S5D). To investigate any differ-
ences in cave lion genetic structure between the eastern and
western extents of their distribution, we used 4 statistics to
compare genomes from North America and Europe to our time
series of Siberian genomes. All comparisons show more shared
ancestry between East and West Eurasia compared with East
Eurasia and North America, again suggesting relatively high
levels of gene flow across Eurasia (Figure S5E). The test does
not distinguish between deep ancestry and recent structure
that may be present in North America; however, all significant
comparisons in this test (n = 4 of 10) are within the past 52 ka,
indicating that more recent processes also had some impact
on gene flow. Glacial cycles are thought to have been a driver
of historic faunal connectivity/isolation, with the Bering Strait
most likely to have last been open during the Eemian (c. 129 to
116 ka) but with subsequent periods of connectivity/isolation,
especially between c. 70 and 11 ka.?® Our results suggest that

100 KYA

50 KYA
35 KYA
20 KYA
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these periods of isolation led to the accumulation of local struc-
ture in North American cave lions, potentially including ancestry
originating from outside the cave lion clade that was not fully ho-
mogenized when connectivity was reestablished. Cave lion gene
flow appears to have been extensive across Eurasia, being de-
tected between Siberia and C.E. Asia, and Siberia and Europe,
between 33 and 22 ka, and between C.E. Asia and Europe be-
tween 22 and 20 ka (Figures S5F and S5G). These shifts in
ancestry differentiate cave lions that lived before compared
with after those time periods and demonstrate that ancestry con-
nectivity spans Eurasia and occurred over periods as short as c.
2 ka. Although additional older genomes would be required to
test the direction of this gene flow, what is clear is that large-
scale spatial connectivity occurred in cave lions, leading to ho-
mogenization of ancestry in large proportions of the genome,
over relatively short periods. Previous research based on mito-
chondrial data has also identified East-West structuring in cave
lions,'” although, in that case, Eastern Eurasia and North Amer-
ica form a clade to the exclusion of Western Eurasia. Our results
point to less ancestry shared between Eastern Eurasia and North
America compared with Eastern Eurasia and Western Eurasia,
although this finding is likely influenced by factors such as the
depth and proportion of the “deep ancestry” present in the North
American genome. These results in Eurasia are again similar to
what has been seen in wolves, where a small amount of deep ge-
netic structure persists for long (c. >100 ka) periods of time, but
ancestry is otherwise consistently homogenized over relatively
short timescales.

Gaps in cave lion '“C dates indicate that the species may have
gone locally extinct in Europe during the Last Glacial Maximum,
before being recolonized from Siberia by approximately 18.5
ka.'" If this, or other local extinctions, had occurred, they would
have removed any deep, local ancestry present in that region.
Therefore, to investigate the persistence of local genetic struc-
ture in Europe and North America, we used the gpWave/qpAdm
modeling framework, using an outgroup (clouded leopard) as a
proxy for unsampled deep ancestry. After validating that a
multi-source model was indeed appropriate (qpWave, all single
Siberian sources rejected at p = 6.8e 7 and p = 5.9¢~°2 for Eu-
rope and North America, respectively), we used gpAdm to esti-
mate deep ancestry for the European and North American indi-
viduals (modeled as 4.7% [standard error (SE) = 0.9%] and
7.4% [SE = 0.7%], respectively, although the proportion is un-
constrained when only using an outgroup). The C.E. Asian indi-
vidual was modeled as having 0.0% deep ancestry (SE =
0.5%). Similar estimates were obtained in admixture graph ana-
lyses for the North American individual, which was best modeled
with between 4% and 11% deep ancestry, whereas the Euro-
pean individual was modeled as having 10%-28% (Figures 2
and S5H). In these graph models, the deep ancestry detected
in the European genome originates from a lineage that branched
off relatively recently from our sampled cave lion diversity.
Conversely, the deep ancestry detected in the North American
individual originates from a point much further along the branch
between our sampled cave lion diversity and the split between
cave lions and clouded leopards (the split time between clouded
leopard and lions is thought to be at least 5 mya based on both
genetic and fossil evidence®’™*9). The deep European ancestry
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may therefore constitute an ancient, local cave lion origin,
consistent with the outgroup source in the gpAdm model being
a poor proxy, leading to a deflated value. In contrast, the deep
ancestry in the North American genome appears more likely to
have originated from some unknown source outside the cave
lion clade, a situation remarkably similar to that seen in North
American wolves (where this deep ancestry is explained by
admixture with a sister canid lineage, such as the coyote® or
red wolf).>°

As mentioned above, we cannot rule out ghost introgression
from a cryptic felid lineage in North American cave lions. A
possible candidate for this ghost ancestry is the extinct Amer-
ican lion (Panthera atrox). American lions were characterized
by a distribution in southern North America, extending as far
south as Mexico,® with a specimen (c. 67 ka) recently being
found in Yukon (North America), demonstrating that contact
likely did occur.®" To test our hypothesis that gene flow occurred
between cave lions and P. atrox, we would need to sample and
sequence from the P. atrox lineage. If the hypothesis were
confirmed, it would represent a remarkable level of similarity in
the population dynamics of cave lions and wolves, whereby
ancestry is rapidly homogenized across their distribution, except
for a component of deep ancestry remaining in genomes from
North America and Europe. In North America this deep ancestry
is consistent with introgression from a divergent lineage: coyotes
orred wolves in the case of wolves and possibly an extinct Amer-
ican lion in the case of lions.

Gene flow with modern lions

To investigate potential instances of gene flow between different
populations of modern lion and cave lion lineages, we used 4
statistics. Multiple, significant f4 statistics were consistent with
instance(s) of gene flow between modern lions and cave lions
(1Z|>3; f4[Outgroup, Modern Lion-X; Cave-Y, Cave-Z]), over the
course of the last 150 ka (Figure S3). This gene flow appears to
be at a low level (less than 5%) but with indications of temporal
variability, whereby the highest estimates of modern lion
ancestry are detectable in the cave lions aged 20, 22, and
64 ka (Figure 3A). This pattern was exemplified by a very clear
difference when comparing the second-youngest specimen
(a 20 ka individual from C.E. Asia) and the oldest specimen (a
148 ka individual from Yakutia), with 19 of the 21 comparisons
in the same direction, indicating more shared drift between the
younger cave lion and modern lions (f4[Outgroup, Lion-X;
CE_Asia_20KYA, Siberia_148KYA]; Figure 3C), including all sig-
nificant values (z < —3; 15 of 21 comparisons).

As the historic range of cave lions was geographically closer
to northern (modern) lions than southern lions, we would expect
(if the signal of gene flow were genuine) there to be a correspond-
ing asymmetry in cave lion gene flow when comparing northern
and southern modern lions. We assessed this asymmetry, and
our confidence in it, using Z scores calculated from f-statistics
of the type f4(Clouded leopard, Cave-X; Modern Lion1, Modern
Lion2). This analysis consistently showed affinity between
the cave lion individuals and the three modern lion individuals
from Southwest Asia (Figures 4 and S4), which our results sug-
gest belonged to the now-extinct Southwest Asian population
(Figure S2C).
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Figure 3. D-statistics and f4 ratios statistics
to investigate gene flow asymmetries be-
tween cave lions and modern lions

(A) Percentage modern lion ancestry (mean alpha
values from 4 ratio tests; y axis, red) for cave lions,
with ages shown on the x axis. Benthic d18 O
values are shown by a black line and on the
alternative y axis. Values are given as averages for
all combinations of high-coverage southern
modern lion donor (Pop1) and northern modern
lion donors (Pop5), with whiskers showing three
SEs of the mean alpha for each cave lion.

(B) Correlation between percentage of modern
lion ancestry in cave lion genomes and Benthic
d18 O values (a proxy for global ice volume and
deep ocean temperature).”’ Shaded area corre-
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However, this association between introgression and time,
exemplified by the comparison between the oldest and sec-
ond-youngest cave lion genomes (Figure 3C), did not appear
to hold for all cave lion individuals (Figure S3). To test this asso-
ciation further, we carried out f4-ratio tests to estimate the per-
centage of modern lion ancestry in cave lion genomes and
modeled this as a function of Benthic d18 O levels, which is
known to be a proxy for global ice volume and deep ocean tem-
perature®® (Figure 3). This revealed a strong correlation (R? =
0.808, p = 1.7e %), considerably higher than percentage modern
lion ancestry vs. time (R2 = 0.418, p = 0.032), although we could
not reject the null hypothesis that these two correlations were
equal (Steiger’s Z test; z=1.5969, p value = 0.1103). We hypoth-
esize that historic increased ice extent has resulted in periods of
increased modern-cave lion admixture. However, our earlier
findings of homogenization, population structure, and deep
ancestry demonstrate that there are likely additional conflicting
evolutionary processes that would also influence this associa-
tion. Notably, the North American cave lion genome, hypothe-
sized to contain P. atrox ancestry, and the northernmost individ-
ual (New Siberian Islands), are the two specimens that show the
largest negative deviation from the association (Figure 3). Taken
together, these results suggest that, following the split between
modern and cave lions, their isolation was punctuated by pe-
riods of contact and gene flow, likely driven by cyclical changes
in climate during the Pleistocene. The times that we find the
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5'80 values®?; Figure 3), presumably
pushing the cave lion distribution south-
ward, in line with our findings that the his-
toric Southwest Asia modern lion ge-
nomes show the strongest affinity to cave lions. This affinity is
stronger than that of North African and Western modern lions
(the other lions in the Northern modern lion lineage; Figure 4),
demonstrating that modern-cave lion gene flow occurred
following the formation of population structure in Northern mod-
ern lions. However, multiple pulses of gene flow (Figure 3), and
secondary admixture events between northern and southern
modern lions following their divergence ~70,000 years ago,'
likely contribute to the variable admixture patterns observed
across different modern lion donors (Figures 3, S3, and S4).
Modern lions are thought to have become established in South-
west Asia within the past 20 ka.?">*** However, large herbivores
would have been present in Central Asia during much of the Late
Pleistocene, and our results indicate that lions were also present
in this region, at least transiently, as early as 64,000 years ago,
coinciding with periods of ice expansion (Figure 3). Introgression
of this nature appears to be a feature of Pantherinae evolution, in
line with previously detected interspecies gene flow across Pan-
thera genomes. %9

Lion demographic history

In order to investigate demographic history, we carried out a
PSMC (pairwise sequentially Markovian coalescent) analysis
(Figure 5A) on four high-coverage modern lion individuals from
Southwest Asia, North Africa, and South Africa, as well as the
one high-coverage cave lion individual (20 ka). We used a
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mutation rate of 4.5e™° and a generation time of 5 years,

following de Manuel et al.’* The cave and modern lion demo-
graphic histories started to diverge approximately 1 mya.
Although the effective population size for cave lions was lower
than that of modern lions throughout most of their independent
demographic histories, the most recent N, estimates for the
cave lion are considerably higher than those of present-day
modern lions. The Southwest Asian lion shows a divergent,
and overall lower, effective population size relative to the other
modern lion populations. Interestingly, as with the demographic
histories of modern and cave lions, this appears to have started
relatively early (c. 500 ka), predating the presumed divergence of
the northern and southern modern lion lineages. Similarly ancient
divergent demographic histories have previously been identified
between different modern lion lineages (e.g., Northern and Cen-
tral African),’® suggesting that regional bottlenecks may have
been acting on these lion lineages before they were fully
separated.

The current best estimate of the divergence time for cave lions
and modern lions is approximately 0.5 mya.'* However, this
divergence time is younger than expected, given that lion fossils
are found in Syria by c¢. 1 mya,”® and in Europe from c. 0.7 mya
(Italy®; UK"), and considering divergence estimates of up to 1.9
mya based on mitochondrial genomes with fossil con-
straints.'®'” Through simulations (Figure 5B), we were able to
demonstrate that older divergence times are possible (including
this upper-end estimate) once gene flow between cave and
modern lions is accounted for. The highest density point of plau-
sible values across all cave lion genomes occurred at a diver-
gence time of 1.71 mya (342 K generations, assuming a genera-
tion time of 5 years), broadly in line with previous estimates
based on mitochondrial sequences with fossil calibrations.’®'”
However, this analysis demonstrated that there were multiple
viable combinations of divergence time and migration rate esti-
mates between modern and cave lions that were consistent
with our data. The estimate also depended on a variety of demo-
graphic factors, including (1) time since introgression, (2) extent
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Figure 4. Investigation of asymmetry in
B gene flow between cave lions and the
different modern lion populations
(A) Boxplots summarize the Z scores of 4 statis-
tics for each of the cave lion samples compared
with all combinations of the modern lion samples
,;f . (see Figure S4), grouped by modern lion popula-
tion (y axis). Left-shifted values indicate higher
-z ? evidence for gene flow from cave lions into the
named modern lion population on the y axis.
(B) QQ plot comparing the distributions of f4 sta-
tistic Z scores for comparisons involving each
modern lion population (points; y axis quantiles),
vs. the distribution for the comparisons involving
the Southwest Asian lion (dashed line; x axis
quantiles). Deviation of points from the dashed line
indicates that the Z score distribution for other
modern lion populations differs from that of the
Southwest Asian lion, consistent with the stronger
affinity between Southwest Asian lions and cave
lions (as indicated by the direction and magnitude
of Z scores in the left panel).
See also Figures S3 and S4.

of introgression (number of individuals), and (3) rate of cave lion
ancestry turnover/replacement. Accurate determination of diver-
gence time therefore requires separating out these contributory
factors, which would be a valuable avenue for future research us-
ing increased temporal and spatial density of samples.

Unique protein-coding changes in cave lion genes
Despite the split between cave and modern lions having
occurred relatively recently, it has been proposed that these
lion lineages possess several differences relating to their
morphology, behavior, and ecology, in particular body size,* "’
males’ mane,'® and sociality."'~"® Our dataset presents an op-
portunity to investigate functional genetic differences uniquely
associated with the cave lion lineage.

After strict site filtering for depth, repeat elements, and missing
data, we investigated 1.37 billion sites (58.8%) across six diploid
outgroup individuals (Bengal tiger, Siberian tiger, mainland
clouded leopard, jaguar, leopard, and snow leopard), 12 pseu-
dohaploid cave lion individuals, and 21 pseudohaploid modern
lion individuals. Across all genomes and variable positions
(97.0 million), 0.54% (524,205) and 0.38% (371,538) of sites
had alleles that were unique to, and fixed in, the cave lion indi-
viduals, respectively. Across all of the same individuals and var-
iable positions (97.0 million), 26.3% (25.5 million) and 44.6%
(43.3 million) of sites had alleles that were exclusive to the
cave lion and modern lion lineages but not fixed within those lin-
eages. To characterize the potential of this genetic variation to
contribute to functional biological differences, we (1) carried
out McDonald-Kreitman tests®® to identify genes that had under-
gone strong positive selection in the cave lion lineage; (2) identi-
fied mutations predicted to have a high level of disruptive protein
impact that were fixed in, and exclusive to, the cave lion lineage
(using SnpEff°®°"); and (3) carried out a test to identify genes with
an excess of de novo (exclusive to cave lions relative to other fe-
lids), non-synonymous mutations in cave lions. Such genes
could constitute candidates for local adaptations and/or genes
under ongoing selection during the time span covered by our
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Figure 5. Demographic history of extinct
jb:l()g&;ﬁ}a)) and living lions
28 (A) PSMC analysis showing changes in effective
population size for four modern lion individuals:
Barbary (“Pleo_Barbary1”), Southwest Asian
(“Pleo_SouthwestAsia2”), and South African
(“Pleo_RSA”), of which Southwest Asian and
Barbary are extinct, and one cave lion genome
(“CE_Asia_20KYA”). One hundred bootstrap rep-
licates are shown for each individual. Generation
time (5 years) and mutation rate (4.5 x 10’9) are
from de Manuel et al.,"* with years displayed on a
log scale.
(B) Density plot (white lines) of plausible diver-

1e-5 3e-5

gence time estimates between cave and modern lions (based on overlap between simulated and empirical F(A|B) values and migration rates). Background color
corresponds to a measure of proximity of the summary statistics between the simulated and empirical data, calculated as abs(simulated F(A|B) — empirical

F(A|B)) + abs(simulated F(A|B) — empirical F(A|B)).

temporal dataset (see STAR Methods, “partitioning of variation
and identification of positive selection”). We then identified
whether these corresponded with overrepresented biological
functions, using a Gene Ontology (GO) analysis.®°°

Due to the low number of fixed, derived, non-synonymous mu-
tations in cave lions, the McDonald-Kreitman test did not identify
any clear signals of selection in the genomes studied. However,
as this test focuses only on fixed variation across all genomes
sampled, any signal of selection would not be evident if an allele
was only locally fixed or became fixed during the time period
covered by our samples. However, we did identify 33 mutations
predicted to have a high level of disruptive protein impact that
were fixed in, and unique to, the cave lion lineage (Table S3).

We also identified numerous genes with an excess of de novo,
non-synonymous mutations in cave lions. Many of the overrep-
resented biological functions associated with these genes relate
to biologically meaningful diversifications in morphology and
physiology. In particular, several functions relating to the brain,
central nervous system, vision, circulatory system development,
and growth (Figure 6), which we hypothesize to be under
ongoing selection. Although we note that our current sample
size is not large enough to explicitly test directional selection in
these genes, they provide promising candidates for future
studies focusing on cave lion adaptation to the Holarctic ecosys-
tems of the Late Pleistocene.

Conclusions
Our results demonstrate that cave and modern lions were
distinct evolutionary lineages across their whole-genome and
spatial distribution, with independent demographic trajectories.
We show that lineage-specific mutations have led to consider-
able functional differentiation at numerous sites throughout the
cave lion genome. We also detect an excess of non-synonymous
variation in cave lion genes associated with the brain, central
nervous system, vision, circulatory system development, and
growth. These findings are consistent with local adaptation
and/or ongoing selection in cave lions spanning our sampling
period, a hypothesis that could be tested with additional
specimens.

We carried out an extensive analysis of the temporal and
spatial genomic structure of cave lions and detected several par-
allels with an extant contemporaneous carnivore, the wolf. We
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detected extensive population connectivity, with evidence of
ancestry being replaced across the cave lion distribution, as
well as with minority fractions of local deep ancestry persisting
in the North American and European genomes. In North Amer-
ican wolves, this deep ancestry is explained by coyote® or red
wolf*° introgression, whereas for North American cave lions,
we hypothesize that this is due to admixture with the extinct
American lion.

Cave lions showed a distinct demographic history from
modern lions from c. 1 mya, with a lower effective population
size for cave lions throughout the majority of their history. This
holds true until the most recent time estimates, when the magni-
tude is reversed, a notable observation for modern lion conser-
vation, given what we know about the subsequent decline and
eventual extinction of the cave lion. Despite this considerable
demographic and genetic differentiation between the lion
lineages, they were able to interbreed, and we detected multiple
signals of modern-cave lion introgression during the Late Pleis-
tocene. Before going extinct, cave lions appear to have interbred
with modern lions in the northernmost part of the modern lion
distribution. This modern lion ancestry occurs at levels of up to
3.2%-4.4% of the genome in cave lion individuals, and the level
of introgression appears to be associated with glacial extent, be-
ing at highest levels during the Last Glacial Maximum. The most
likely modern lion candidates for these introgression events are
Southwest Asian lions, a northern population of modern lions
that itself went extinct in the 20™ century. We did not identify
any gene-flow signals that suggested additional contact zones,
for instance, the Balkans; however, additional (higher coverage)
specimens from Europe would be required to fully test this hy-
pothesis. Our observations are consistent with a situation in
which the cave lion distribution expanded south during periods
of increased global ice volume in the Late Pleistocene, driving
an increased rate of introgression.

Limitations of the study

In this study, we investigated the evolutionary history of cave li-
ons within the broader context of the modern lion lineage, using
genomes spanning the Late Pleistocene. Although the sample
size is limited, the spatial and temporal distribution of the ge-
nomes from both extinct and extant species makes this a
uniquely valuable dataset. Using these data, we identified gene
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Figure 6. Candidate genes hypothesized as being under selection in the cave lion

These genes were identified as having an excess of non-synonymous mutations on the cave lion lineage, relative to synonymous mutations (with significance
assessed using chi-squared tests [-log10(p)]). Dashed red and dark red lines show the top 1% significant and Bonferroni-corrected p values, respectively. A
subset of biological functions that are overrepresented within the top 1% of the candidate genes (based on p values, see Tables S4 and S5) are identified with

solid lines connected to the genes with the corresponding GO annotations.

flow between modern and cave lions and found that levels of
introgression were strongly correlated with a proxy for historical
global ice extent. Although this correlation was stronger than that
with time alone, the difference was not statistically significant.

We also identified genes in cave lions with an excess of de
novo, non-synonymous mutations associated with biologically
meaningful changes in morphology and physiology. Although
our current sample size is not sufficient to explicitly test for
directional selection in these genes, they represent promising
candidates for future studies on cave lion adaptation to Holarctic
ecosystems during the Late Pleistocene.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Cave Lion Austria_17KYA Ersmark et al.*®
Cave Lion Yukon_33KYA Barnett et al.’®
Cave Lion Siberia_44KYA Present Study
Cave Lion Siberia_30KYA Stanton et al."”
Cave Lion SiberiaA_33KYA Stanton et al.'”
Cave Lion NSI_52KYA Ersmark et al.*®
Cave Lion Siberia_47KYA Stanton et al."’
Cave Lion Siberia_22KYA Ersmark et al.*®
Cave Lion Siberia_148KYA Ersmark et al.*®
Cave Lion Siberia_64KYA Stanton et al."”
Cave Lion SiberiaB_33KYA de Manuel et al.™
Cave Lion CE_Asia_20KYA Ersmark et al.*®
Modern lion Pleo_SouthwestAsia1 de Manuel et al.™*
Modern lion Pleo_Barbary?2 de Manuel et al.’
Modern lion Pleo_Barbary3 de Manuel et al.'*
Modern lion Pleo_Cape2 de Manuel et al.™
Modern lion Pleo_SouthwestAsia3 Present study
Modern lion Pleo_Gabon de Manuel et al."*
Modern lion Pleo_Senegal? de Manuel et al.™
Modern lion Pleo_Indial de Manuel et al.™
Modern lion Pleo_Tanzania2 de Manuel et al.™*
Modern lion Pleo_Tanzanial de Manuel et al.’
Modern lion Pleo_India2 de Manuel et al.
Modern lion Pleo_Botswanat de Manuel et al.’
Modern lion Pleo_Botswana2 de Manuel et al.™
Modern lion Pleo_Senegall de Manuel et al.™
Modern lion Pleo_Cape1 de Manuel et al.™
Modern lion Pleo_Sudan de Manuel et al.™
Modern lion Pleo_SouthwestAsia2 de Manuel et al.™*
Modern lion Pleo_RSA de Manuel et al.™
Modern lion Pleo_Barbary1 de Manuel et al.'*
Modern lion Pleo_Captive2 de Manuel et al.™
Modern lion Pleo_Captivet de Manuel et al.™
Felid outgroup Siberian Kim et al.*®

Felid outgroup Snowleopard Kim et al.*®

Felid outgroup Bengal Kim et al.*®

Felid outgroup CloudedLeopard de Manuel et al.™
Felid outgroup Pantheraonca Figueiré et al.’®
Felid outgroup Pantherapardus Kim et al.*®
Chemicals peptides and recombinant proteins

USER enzyme New England Biolabs NEB #M5508
AccuPrime reaction mix Life Technologies Cat #12344040
AccuPrime Pfx DNA polymerase Life Technologies Cat #12344024

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

EDTA ThermoFisher Scientific Cat #15575020

UREA VWR Cat #443874G

Proteinase K VWR Cat #1.24568.0100

Tango Buffer (10X) ThermoFisher Scientific Cat #BY5

ATP (100mM) ThermoFisher Scientific Cat #R0441

T4 Polynucleotide Kinase (10U/ul) ThermoFisher Scientific Cat #EK0032

T4 DNA Polymerase (5U/ul) ThermoFisher Scientific Cat #EP0062

T4 DNA Ligase (5U/ul) ThermoFisher Scientific Cat #ELOO11

Bst Polymerase, LF (8U/ul) New England Biolabs Cat #M0275S

Agencourt AMPure XP beads Beckman Coulter Cat #10136224

Critical commercial assays

MinElute PCR purification kit QIAGEN Cat #28115

QiaQuick PCR purification kit QIAGEN Cat #28106

Agilent High Sensitivity kit Agilent Cat #5067-4626

Deposited data

Raw sequencing data This study ENA: PRJEB83684

Software and algorithms

SeqPrep v1.137 St. John®® https://github.com/jstjohn/SeqPrep
BWA v0.7.17 Li and Durbin®’ https://bio-bwa.sourceforge.net/
SAMtools v1.9 Li®? http://www.htslib.org/

bcftools v1.8 Li%® http://www.htslib.org/

PLINK v1.9 Purcell et al.®* https://www.cog-genomics.org/plink2
SNPeff v5.0 Cingolani et al.*® and Cingolani®” http://snpeff.sourceforge.net/index.html
GATK v3.7 McKenna et al.®® https://gatk.broadinstitute.org/hc/en-us

Msprime v1.2.0
Samremovedup

BEDtools v2.27.1

Baumdicker et al.®®
Skoglund®”

Quinlan and Hall®®

https://tskit.dev/msprime/docs/stable/intro.html

https://github.com/NBISweden/GenErode/blob/main/

workflow/scripts/samremovedup.py
https://bedtools.readthedocs.io/en/latest/

Htsbox Lic® https://github.com/Ih3/htsbox

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study analysed subfossil remains of Panthera spelaea (cave lion), radiocarbon-dated to c. >16,803 years before present (listed in
the key resources table, and Table S1). The material does not constitute living experimental animals, human participants, or extant
biological models.

METHOD DETAILS

Sample collection and dating

We generated whole genome sequences from 10 cave lion samples, following an initial screening of 52 specimens. We '“C dated the
one specimen that had not previously been dated, and for the samples that were beyond the '*C limit, we used the mitochondrial tip
dates estimated in Stanton et al. (n=4; Table S1).'” For these, the younger “tip-date only” estimates were used as these dates were
more in line with the most up-to-date estimate for the modern-cave lion divergence.'* We also sequenced the genome of a lion spec-
imen from Southwest Asia, following the methods described in de Manuel et al.’* and added all these newly sequenced genomes to
20 already sequenced modern lion genomes from de Manuel et al.'* and six outgroup felid species (see Table S1). Basic library in-
formation for the newly generated genomes is given in Table S2.

Molecular lab work and sequencing

For the ten new cave lion genomes included in the present study (Table S1), DNA was extracted and sequencing libraries prepared
following the methodology of Stanton et al.’” These libraries were used as stock for between 9-13 indexing PCR amplifications per
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sample using double-unique p5-p7 indexed primers and then pooled. Pools were purified and size selected using Agencourt AMPure
XP beads (Beckman Coulter, Brea, CA, USA) to remove long and short fragments and quantified on a Bioanalyzer 2100 (Agilent,
Santa Clara, CA, USA). The pools were sequenced across four lllumina NovaSeq6000 S4 (150 bp paired-end [PE] setup) lanes
(two full lanes and two quarter lanes) at the ScilifeLab sequencing facility in Stockholm.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatic pre-processing

Sequencing reads were trimmed and overlapping reads merged using SeqPrep v1.137,°° with default settings but with a minor modi-
fication in the source code, allowing us to choose the best quality scores of bases in the merged region instead of aggregating the
scores following Palkopoulou et al.”® We hard masked repeat regions in the cat genome (Felis_catus_9.0, GCA_000181335.3) using
RepeatModeller v1.0.11.”" Merged reads >35 bp were then mapped to this masked genome using BWA-ALN v0.7.13,°" using de-
activated seeding (- 16,500), more substitutions (—n 0.01), and allowing up to two gaps (—o 2). Duplicates were removed (separately
for each PCR reaction) using a custom perl script that removes reads with identical start and end positions, keeping the first observed
such read.®” Indels were realigned using GATK v3.7.5°

Variant calling and ascertainment panel

When mapping to a haploid genome, DNA fragments carrying the reference allele are more likely to map successfully. The short read
lengths in ancient DNA studies increase the proportion of multiple matching sites in the genome, potentially exacerbating the impact
of this bias on downstream analysis.”? In order to investigate the extent to which reference bias was affecting our genotype calls, we
carried out 4 tests using popstats,”>’* using the setup f4(outgroup [leopard], Lion X, Reference, cat). In this formulation, reference
bias would appear as consistent attraction between Lion X and the reference, in the form of significant negative values. This test was
initially carried out on the full (transversions only) set of SNPs (n = 8,166,803 SNPs) that was ascertained across all lion samples (both
modern and cave lion). This dataset showed clear evidence of reference bias, with all samples showing significant negative f4 values
(Figure S1A). In addition, sample age appeared to be associated with the amount of reference bias, with all historic and ancient sam-
ples showing lower f4 values than the modern ones. In order to account for this reference bias, we instead ascertained SNPs in a set
of eight high coverage individuals (>18X; Bengal tiger, clouded leopard, jaguar, leopard, Siberian tiger, snow leopard, modern lion
and cave lion) and used this panel to ascertain variants across all individuals (Supplementary Text and Figures, “SNP Ascertain-
ment”, Figure S1). For these high coverage individuals, we called variants using bcftools v1.8,%° filtering out base and mapping qual-
ities lower than 30, sites with depths <1/3 or >2X the genome-wide average, removed sites within 5 bp of an indel, sites within repeat
regions (using RepeatMasker v 4.1.2”"7°), sites from genomic regions with poor mappability properties,’® and sites where one of the
alleles was observed in <20% of the reads. The same test as above for reference bias was again carried out, leading to a substantial
shift towards zero for all individuals (Figure S1B), with most tests having non-significant f4-values and overlapping standard error bars
between all samples and sample types. Following these filtering steps, the high-coverage SNP panel contained 1,100,134 SNPs, and
was therefore used for all SNP-based analyses.

Pseudohaploid dataset generation

The above ascertainment panel was used to identify pseudohaploid calls across all individuals. First, a pseudohaploid genome was
created, by randomly selecting reads from the above bam files using htsbox®? following duplicate removal, indel realignment, and
<35 bp read-length filtering. These pseudohaploid genomes were then converted and combined into a vcf file, keeping only sites
from the above ascertainment panel. Transitions were then filtered out from the final, combined vcf file.

Population and phylogenetic analysis

We used TreeMix’” and DensiTree"® in order to investigate relationships within and between lion populations. We built phylogenies
using RAXML"" on 2, 1 and 0.5 MB, pseudohaploidized non-overlapping sliding windows for all genomes with >1X coverage, with a
GTR+G substitution model, and then jointly visualised the phylogenies using DensiTree (Figure 1B). To investigate the effect of sliding
window size, DNA damage, and the placement of the European cave lion genome, we repeated this analysis with window sizes of
2 Mb, 1 Mb and 500 Kb, this time including the European individual (“Austria_17KYA”), and both including and excluding transitions.
We then counted the number of tree topologies for each of these situations whereby modern and cave lions were reciprocally mono-
phyletic, and instances where the European genome was basal to the other cave lion genomes. For TreeMix, we excluded individuals
with <1X mean genome coverage, and removed sites with missing data, leading to a dataset of 25 individuals (15 modern lions,
9 cave lions and 1 outgroup) and 393,645 sites, and ran the analysis with 0-5 admixture edges (Figures S2D-S2F).

Population Genetic Structure And Exploratory Gene Flow Analysis

In order to describe genetic structure and identify potential instances of gene flow between lion populations and outgroups, we used
an exploratory admixture graph analysis in AdmixTools 2.0.0, on a subset of cave lions, modern lions and outgroups representing a
range of locations and ages. We selected four cave lion and six modern lion individuals representing a range of locations and ages
(expanded dataset), corresponding to (cave lions): East Asia (20 ka, “CE_Asia_20KYA”), Siberia (33 ka, “SiberiaA_33KYA”), New
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Siberian Islands (52 ka, “NSI_52KYA”), Siberia (148 ka, “Siberia_148KYA”) and (modern lions): Southwest Asia
(Pleo_SouthwestAsial, Pleo_SouthwestAsia2, Pleo_SouthwestAsia3), North Africa (“Pleo_Barbary1”), Central Africa (“Pleo_Su-
dan”), and South Africa (“Pleo_RSA”). We randomly searched trees with no admixture (plusminus_generations = 15, stop_gen =
200, stop_gen2 = 50) to identify the best supported topology. Three specimens from Southwest Asia were included, because the
provenance of one of these, Pleo_SouthwestAsia2, was of suspected Southwest Asian origin, but this was not previously
confirmed.'* We then repeated the tree search after excluding Pleo_SouthwestAsia1&3, and allowing for n=1-2 admixture edges (nu-
m_admix = n; Figure S2).

Shared ancestry and admixture proportion calculations

We investigated shared genetic drift between all combinations of lions, using clouded leopard as an outgroup. We investigated which
cave lion populations were closest to modern lions, and visa versa, using 4 statistics (carried out in popstats’®* on all permutations
of cave lion (“Cave-X") and modern lion (“Lion-Y*’ and “Lion-Z"), with the formulations, f4(Clouded leopard, Cave-X; Lion-Y, Lion-Z),
and f4(Clouded leopard, Modern-X; Cave-Y, Cave-Z) (Figures S3 and S4). This relationship was tested further using f4-ratios to es-
timate admixture proportion between different cave lion specimens and modern lions (Figure 3A). This test was carried out using the
following setup: Pop1 (A in Patterson et al.”®) = High Coverage Modern Southern Lion-A / Pop2 (O) = CloudedLeopard / Pop3 (X)
CaveLion-X/Pop4 (C) = Old Cave Lion (“Siberia_148KYA”) / Pop5 (B) = Modern Lion Source-B. In this setup, “High Coverage South-
ern Modern Lion-A” was all southern modern lion genomes with coverage >5X, and “CaveLion-X" and “Modern Lion Source-B” were
all cave lion and modern northern lion genomes, respectively. Mean values were plotted against benthic 180 as a proxy for global ice
extent®® (Figure 3).

Cave lion genetic structure

In order to investigate broad patterns of genetic structure across space and time in cave lions, we calculated outgroup f3 statistics of
the form f3(Recent cave lion, Cave X; Outgroup) (Figures S5A-S5C). To specifically investigate cave lion genetic structure between
Siberia versus North America and Siberia versus Europe, we tested all combinations of f4 statistics of the form:

f4(Out, Cave-X[Eastern Eurasia]; Cave[N.America], Cave[Europe])
Where the North American sample was “Yukon_33KYA” and the European sample was “Austria_17KYA”. To investigate the time-
depth of genetic structure in North America, Europe and Central East Asia, we carried out f4 statistics of the form:

f4(Out, Cave[Siberia,Age-X]; Cave[Region=N.America/Europe/C.E.Asia], Cave[Recent Siberia])

This analysis made use of the non-Siberian genomes, to investigate if genetic structure existed between that location and Siberia,
and if so, how old that genetic structure was. “Cave[Recent Siberia]” corresponded to a Siberian genome contemporary to the
genome of interest: SiberiaA_33KYA for North America (Yukon_33KYA), Siberia_22KYA for Europe (“Austria_17KYA”) and C.E.Asian
(“CE_Asia_20KYA”), with “Cave[Age-X]” being all older Siberian genomes. A significant value (Z-score > 3) in this test is therefore
evidence of “local ancestry” that predates the test genome (“Siberia, Age-X"), within the genome of interest (“Cave[Region=N.Amer-
ica/Europe/C.E.Asia]”. If ancestry had been fully homogenised between Siberia and the region (Yukon/Europe/C.E.Asia) since the
date of the older genome (“Siberia, Age-X”), we would expect this test to be non-significant (Figure S5D).

To investigate the magnitude of the persistent, local ancestry, we used a time series of Siberian genomes and an outgroup species
(Clouded Leopard) within a gpAdm and gpWave framework. We first directly tested if a multi-source model was appropriate for North
America and Europe using gpWave. In both cases, the “right” populations used were "Siberia_148KYA", "Siberia_64KYA", "NSI_52-
KYA", "Siberia_47KYA", "Siberia_44KYA", "SiberiaA_33KYA", "SiberiaB_33KYA", "Siberia_30KYA", "CE_Asia_20KYA", and
"Clouded leopard". The “left” populations used were "Austria_17KYA" and "Siberia_22KYA" to test the number of migrations into
Europe, and "Yukon_33KYA" and “Siberia_22KYA" to test the number of migrations into North America. Both models were able
to strongly reject a hypothesis of a single ancestry source (p = 6.8e™°” and p = 5.9e7%2, respectively).

Toinvestigate the presence and magnitude of “deep ancestry” that predates any local cave lion genetic structure, we used gpAdm
on the European (“Austria_17KYA”), C.E. Asian (“CE_Asia_20KYA”) and North American (“Yukon_33KYA”) targets, with left (Euro-
pean and C.E. Asian) = “Siberia_22KYA” & Leopard (outgroup) and left (North American) = “SiberiaA_33KYA” & Leopard (outgroup);
right (European and C.E. Asian) = Clouded leopard, Siberia_148KYA, Siberia_64KYA, NSI_52KYA, Siberia_47KYA, Siberia_44KYA,
SiberiaA_33KYA, SiberiaB_33KYA, Yukon_33KYA, Siberia_30KYA and right (North American) = CloudedLeopard, Siberia_148KYA,
Siberia_64KYA, NSI_52KYA, Siberia_47KYA, Siberia_44KYA. These were designed to use all available genomes in the right popu-
lations prior to the time of the target genome, with Clouded leopard included to polarise allele frequencies. Leopard was used as
a proxy for deep ancestry that predates all lion genomes.

Timing ancestry homogenisation in cave lions

In order to investigate the timescale over which this Eurasian-wide homogenisation occurred, we carried out f4 statistics of the form:
f4(Outgroup,Cave-X;Siberia_Young1,Siberia_O0Ild1)
f4(Outgroup,Cave-X;CE_Asia_Young2,Siberia_0Id2)
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This setup tests for the timing of population connectivity. If Cave-X had been completely isolated from Siberia between the period
Siberia_Young1 to Siberia_Old1, we would expect it to be symmetrically related to the old and young genomes in the test.
Conversely, more shared drift with the younger Siberian genome would demonstrate gene-flow between Siberia and Cave-X during
this time period. In the same way, additional shared drift over a younger time period (Young2 to Old2) demonstrates additional gene-
flow event(s) (Figure S5E).

Admixture graphs

To verify and summarise the genetic structure results, we constructed an admixture graph using a subset of the above cave lion ge-
nomes (covering the main timescale/regions sampled). We ran the find_graphs function in AdmixTools2 (plusminus_generations =
15, stop_gen = 200, stop_gen2 = 50), with both 0 and 1 admixture edge. We then iteratively added admixture edges on to the “1-
admixture-edge” graph with the lowest score, using the graph_plusone function. We concluded that the graph with n = 2 admixture
edges was the most appropriate (Figure S5H). Notably, the admixture edge for the European sample originates from a relatively much
less deep position than for the North American sample in the admixture graph. The estimates of genetic drift along these graph edges
indicates that the deep ancestry detected in the European genome occurs relatively close to the sampled, cave lion diversity: Approx-
imately 8% along the branch between the ancestor of “Siberia_148KYA” and the common ancestor of lions and clouded leopards
(10/[10+58+55] = 0.08), likely placing this ancestry within, or very close to, the overall cave lion diversity. The deep ancestry detected
in the North American individual originates from a point over 50% along the branch between our sampled cave lion diversity and the
split between cave lions and clouded leopards ([10+58]/[10+58+55] = 0.55). However, a caveat to this is that because the deep an-
cestries in the model originate from unsampled populations, the admixture fraction and the point of divergence are confounded with
each other and therefore not necessarily well-constrained: there might be many possible combinations of admixture fractions and
divergence points that all would be compatible with the data.

To compare the fits of these graphs, we 1. Carried out an out of sample adjustment and bootstrap resampling (as per “out-of-sam-
ple-adjustments”’®). One, two, and three admixture edges were a significantly better fit than zero admixture edges (p = 0.027,
p = 0.020, p = 0.007), but none of the graphs with admixture edges were a significantly better fit than any of the others (p > 0.05).
Confidence intervals were calculated using the gpgraph_resample_snps function. We also assessed the fit of the admixture graphs
by, 2. Extracting the worst residual, and the number of z-scores from the f4 comparisons that are |z| > 3. The worst residual for the
n=0,1, 2 & 3 admixture edges was 13.13, 7.18, 5.58 and 5.58, respectively. Finally we, 3. Identified the number of z-scores
where -3 > z > 3 for the same set of graphs, above. The number of z-scores outside of the range -3 > z > 3, for the one, two, and
three admixture edge graphs was 9.93% (201 of 2025 comparisons), 4.15% (84 of 2025 comparisons), 1.68% (34 of 2025), and
1.58% (32 of 2025), respectively.

Based on the graphs with admixture edges being a better fit than the one without (test 1, above), and due to the residuals being a
better fit until n = 2 admixture edges, but not beyond that (tests 2 & 3, above), we conclude that the graph with n = 2 admixture edges
was the most appropriate (Figure S5H).

Demographic inference

We investigated changes in effective population size using PSMC, on representatives of four modern lion populations (Southwest
Asian, “Pleo_SouthwestAsia2”; Barbary, “Pleo_Barbary1”; South Africa, “Pleo_RSA”), and the one high coverage cave lion genome
(“CE_Asia_20KYA”). Reads were re-mapped to the lion genome®° using the same settings as above for the cat genome. We called
variants using bcftools v1.8%° and converted the VCF file to a consensus fastq using vefutils,®” excluding sites with coverage <1/3X or
>2X the genome-wide mean coverage. We then converted the consensus fastq to a PSMC fasta, and ran PSMC with 100 bootstrap
replicates, a lion generation time of 5 years and a mutation rate of 4.5e-9 as per de Manuel et al.,"* using PSMC.2" The timescale for
the cave lion was adjusted to reflect its '*C age (19,782 ybp).

Lion divergence times

There is considerable variation in estimates of divergence time between modern and cave lions when considering nuclear genomes
only,’* and based on mitochondrial genomes and fossil constraints.’®'” Given that admixture is known to complicate divergence
time estimates in other felids, '® we hypothesise that shared ancestry between modern and cave lion lineages is lowering this previous
nuclear-based divergence time estimate. Different levels of gene-flow at different time points (Figure 3) would imply that multiple
combinations of divergence time and gene-flow estimates may be consistent with the empirical data, however assuming reciprocal
monophyly (Figures 1B and S2), the correct divergence could be inferred by identifying where the highest density of viable parameter
combinations occur.

We used this approach in an attempt to constrain the divergence time estimate, using simulations carried out in msprime (v1.2.0)°°
using a range of divergence times and rates of migration between modern and cave lions. F(Agerivea|Bneterozygous) statistics®® were
then estimated for each of these parameters, for multiple modern and cave lion combinations, and compared to empirical estimates
of F(A|B). For these models, we assumed a split of an ancestral lion lineage split from an outgroup 6.19 MYA,*° before splitting into
modern and cave lion lineages 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2 ma. A split between a North and South cave lion populations (of
equal effective population size) 200 ka (to predate the oldest cave lion genome), and a split between North and South modern lion
lineages 70 ka."* To account for the high level of ancestry connectivity within cave lions, we modelled continuous gene-flow from the
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North to the South population (rate = 0.9). We included bi-directional gene-flow between the southern cave lion and northern modern
lion populations, at rates of between 1.0e® to 3.0e75, in steps of 1.0e™® (total of 30 steps). We modelled this (modern/cave) gene-flow
as “pulses”, occurring 100 years before each sampled cave lion genome, lasting for 1 generation, to reflect our finding that introgres-
sion rate appears to vary over time. A generation time of five years was used'* and estimates of effective population size were taken
from the above PSMC analysis. F(A|B) values were calculated for both simulated and empirical data, using popstats,”® and alpha
(ancestry proportion) calculated for the simulated data in the same way as for the empirical data (f4 ratios, above). We then identified
viable combinations of divergence time and migration rate as those where simulations overlapped with empirical estimates.

Partitioning of variation and identification of positive selection

Filtered VCF files were generated as for those in “Variant calling and ascertainment panel”, above, except that all sites were included
rather than just variable positions. The pseudohaploid allele calls for lions were then added to this VCF of all sites. To investigate how
variation was partitioned across our dataset we filtered the VCF file to exclude sites with missing data at >50% of individuals within
any of the following groups: Outgroups, modern lions, and cave lions. We then extracted and counted all combinations of the
following conditions within each of those groups, using bcftools v1.8%%: Fixed for reference allele, fixed for alternate allele, variable
for reference/alternate. We identified all variable positions that were either classified as synonymous or non-synonymous, using
SnpEff,°®°” and carried out a McDonald-Kreitman test® for positive selection across the cave lion genome. We then identified
“high” impact mutations (using SnpEff°®°’; loss of function or severe disruption of the gene) that were fixed in, and unique to the
cave lion lineage (relative to the domestic cat, all six outgroups, and modern lions). Finally, we investigated genes with an excess
of de novo non-synonymous mutations in cave lions (i.e. as above, but not limited to fixed variation), relative to the expectation based
on alleles polymorphic across modern and cave lions. This test thereby identifies cave lion genes with an excess of unique non-syn-
onymous mutations. Those genes with the best evidence for an excess of unique non-synonymous mutations (lowest 1% of p-values
with denovo_N:denovo_S ratio > P_N:P_S ratio; n = 124, p = 3.1e™* - 3.8¢7'%) were included in a Gene Ontology enrichment test using
GO (Figure 6).58:5°
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Figure S1. f4 tests to investigate the extent of reference bias in the full SNP dataset, related to STAR Methods

These values were calculated as: f4(outgroup, Lion X, Reference, cat), with reference bias appearing as gene flow between Lion X and the reference, in the form of
significant negative values. Whiskers correspond to three SEs and colors correspond to sample type.

(A) Loci were ascertained in all lion individuals with no outgroup ascertainment, and leopard (P. pardus) used as the outgroup for the f4 statistic. Consistent
significant negative values and large variation between sample types signify considerable reference bias.

(B) Loci were ascertained in the following six outgroup taxa: Bengal tiger (P. tigris), clouded leopard (Neofelis nebulosa), leopard (P. pardus), jaguar (P. onca),
Siberian tiger (P. tigris), snow leopard (P. uncia), in one high- coverage modern lion sample (Panthera leo, Central Africa), and the ancient high-coverage cave lion
(“CE_Asia_20KYA,” Central East Asia). All six outgroup taxa were tested as the outgroup for the f4 test, with points jittered on the x -axis. The shift of values
towards zero, and no obvious variation between sample types, suggests no systematic reference bias.
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Figure S2. TreeMix phylogeny and admixture graphs to investigate lion population structure, related to STAR Methods

TreeMix phylogeny of lions and cave lions, related to Star Methods, with (A) 0 and (B) 3 migration edges. The optimal number of migration edges (m) was
determined to be three (tested 0-10 edges, with 10 repeats for each), based on the second-order rate of change in likelihood (Am).%*> Low coverage (<1xX)
individuals, and sites with missing data, were excluded.

(C-F) Admixture graphs to investigate topology and gene flow in modern and cave lions. (C) Two low-coverage Mesopotamian lions were included to investigate the
placement of the “Pleo_SouthwestAsia2” specimen. (D-F) Best-supported admixture graphs (excluding samples “Pleo_SouthwestAsia1” and “Pleo_SouthwestAsia3”),
including 0-2 admixture edges, respectively. The graph with two admixture edges has the highest likelihood, although after computing out-of-sample scores and
bootstrapping resampled SNP blocks,””’® neither model with admixture was a significantly better fit than the corresponding one with n —1 admixture edges (Ovs. 1,p =
0.280; 1 vs. 2, p =0.127).
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Figure S3. f4 tests to explore potential asymmetries in modern lion ancestry within different cave lion genomes, using the formulation
f4(Clouded leopard, Modern Lion; Cave-Y, Cave-X), related to Figures 3 and 4
The horizontal red line shows the mean 4 value, and Z scores less than —3 or greater than 3 are shown as triangles. All combinations of Modern Lion and Cave-X

were carried out, with Cave-Y being kept constant per plot (A-L);, values greater than zero (horizontal black dashed line) indicate that the modern lion (colored by
region) is closer to Cave-X (x axis) than Cave-Y (plot title).
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Figure S4. f4 tests to investigate asymmetries in ancestry between the modern lions and each of the cave lion samples, using the formulation
f4(Clouded leopard, Cave-X; Lion-Y, Lion-2), related to Figure 4
All combinations of Cave-X and Lion-Y and Lion-Z were carried out (A-L), with Cave-X given in the title of each plot. The top three modern lions on the x -axis on
each plot correspond to the individuals from the extinct Southwest Asian population (Pleo_SouthwestAsia1-3).
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Figure S5. Shared genetic drift and homogenization of ancestry over time, related to Figure 2

(A-C) Shared genetic drift in cave lions over time, calculated as f3(Recent cave lion, Cave-X; Outgroup), with the “recent cave lion” corresponding to an in-
dividuals from Europe (A), C.E. Asia (B), and Siberia (C). The sample from North America (“Yukon_33KYA”) is shown in red, and consistently shows less shared
genetic drift than other contemporary individuals, especially when compared with the European specimen (“Austria_17KYA”). Whiskers show three standard
errorSEs.

(D) f4 statistics of the form f4(Out, Cave[Siberia, Age-X]; Cave[Region = N.America/Europe/C.E.Asia], Cave[Recent Siberia]). In this test, a significant (z > 3) result
demonstrates persistent genetic structure in the cave lion from the region listed, with the age of “Cave[Siberia, Age-X]” indicating the age of that structure.
(E) f4 statistics of the form f4(Out, Cave-X[Eastern Eurasia]; Cave[N.America], Cave[Europe]), with significant positive values (z > 3) consistently demonstrating
affinity between Eastern Eurasia and Europe, relative to Eastern Eurasia and North America.

(F and G) f4 statistics testing the timescale of homogenization of ancestry across Eurasia. (F) f4 tests for two Siberian cave lions over the period of 22-33 ka,
against all other cave lion individuals: f4(Outgroup, Cave-X; Siberia_22KYA, Siberia_33KYA). (G) f4 tests for a 20 ka and 22 ka cave lion from C.E. Asia and Siberia,
respectively, against all other cave lion individuals: f4(Outgroup, Cave-X; CE_Asia_20KYA, Siberia_22KYA).

(H) Admixture graph with two admixture edges, based on comparison between graphs using out- of- sample scores and bootstrapping, the value for the worst
residual, and the number of residuals for which f4 values |z| > 3. Percentages show the relative proportions of admixture, and the whole numbers in parentheses
show the range of predicted drift along each admixture edge.




	CELL14502_proof.pdf
	Paleogenomes reveal the evolutionary relationship between modern and cave lions
	Introduction
	Results and discussion
	Samples and sequencing
	Population structure
	Gene flow with modern lions
	Lion demographic history
	Unique protein-coding changes in cave lion genes
	Conclusions
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Method details
	Sample collection and dating
	Molecular lab work and sequencing

	Quantification and statistical analysis
	Bioinformatic pre-processing
	Variant calling and ascertainment panel
	Pseudohaploid dataset generation
	Population and phylogenetic analysis
	Population Genetic Structure And Exploratory Gene Flow Analysis
	Shared ancestry and admixture proportion calculations
	Cave lion genetic structure
	f4(Out, Cave-X[Eastern Eurasia]; Cave[N.America], Cave[Europe])
	f4(Out, Cave[Siberia,Age-X]; Cave[Region=N.America/Europe/C.E.Asia], Cave[Recent Siberia])
	Timing ancestry homogenisation in cave lions
	Admixture graphs
	Demographic inference
	Lion divergence times
	Partitioning of variation and identification of positive selection





