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Deleterious mutations continuously accumulate in populations,
building up a burden that can threaten their survival, particularly
in small populations when inbreeding exposes recessive deleteri-
ous effects. Notwithstanding, this process also triggers genetic
purging, which can reduce the deleterious burden and mitigate fit-
ness inbreeding depression. Here, we analyzed 20 whole genomes
from the endangered Iberian lynx and 28 from the widespread
Eurasian lynx, sister species which constitute a good model to
study the dynamics of deleterious mutation burden under con-
trasting demographies, manifested in the consistently smaller pop-
ulation size and distribution area of the Iberian lynx. We also
derived analytical predictions for the evolution of the deleterious
burden following a bottleneck. We found 11% fewer derived
alleles for the more putatively deleterious missense category in
the Iberian lynx than in the Eurasian lynx, which, in light of our
theoretical predictions, should be ascribed to historical purging.
No signs of purging were found in centromeres nor in the X chro-
mosome, where selection against recessive deleterious alleles is
less affected by demography. The similar deleterious burden levels
for conspecific populations despite their contrasting recent demo-
graphies also point to sustained differences in historical popula-
tion sizes since species divergence as the main driver of the
augmented purging in the Iberian lynx. Beyond adding to the
ongoing debate on the relationship between deleterious burden
and population size, and on the impact of genetic factors in endan-
gered species viability, this work contributes a whole-genome cat-
alog of deleterious variants, which may become a valuable
resource for future conservation efforts.
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In the last few centuries, the ever-growing anthropogenic pres-
sures (1) have significantly accelerated the extinction of pop-

ulations and species across a wide spectrum of taxa (2–4). Small
populations are particularly susceptible to environmental and
demographic stochastic events (5), as well as to negative genetic
processes such as genetic drift, inbreeding depression, the accu-
mulation of deleterious variation, and the loss of adaptive
potential, which jeopardize their persistence (6). Most worry-
ingly, these genetic hazards may persist even when the original
cause of population decline is removed (7), creating a positive
feedback loop as the population spirals toward extinction (8).

Albeit highly relevant for conservation and evolutionary biol-
ogy, the dynamics of genetic load remain poorly understood.
Classically, this load has been defined in terms of consequences
on population fitness, although it can also be defined at the
individual level. It includes the reduction of expected fitness
due to segregating deleterious alleles (i.e., the expressed load),
the load from recessive deleterious effects hidden in heterozy-
gosis (i.e., the inbreeding load) responsible for inbreeding
depression, and the slow fitness decline due to the continuous

fixation of deleterious mutations (9). Characterizing these com-
ponents of the genetic load is not an easy task, since measuring
fitness in wild populations is extremely difficult (10). However,
nowadays, whole-genome sequencing offers the opportunity to
gain insights into the load of wild populations using a number
of genomic summaries, such as the average number of (segre-
gating plus fixed) derived alleles per individual (10), hereafter
the derived count. This is possible provided there exists a good
reference annotation that allows arranging the identified muta-
tions into rough deleteriousness categories according to the
genomic feature they lay in, their predicted effect on protein
function, and the degree of conservation of the site across
taxa (11). For deleterious categories, the derived count in indi-
viduals provides an appropriate and robust measure of the del-
eterious burden that can be interpreted at the individual or
population level. Since it takes into account the burden from
alleles occurring in heterozygosis, this measure is related to the
whole fitness load, including the hidden inbreeding load.

Significance

The dynamics of deleterious variation under contrasting
demographic scenarios remain poorly understood in spite of
their relevance in evolutionary and conservation terms. Here
we apply a genomic approach to study differences in the
burden of deleterious alleles between the endangered Ibe-
rian lynx (Lynx pardinus) and the widespread Eurasian lynx
(Lynx lynx). Our analysis unveils a significantly lower delete-
rious burden in the former species that should be ascribed
to genetic purging, that is, to the increased opportunities of
selection against recessive homozygotes due to the inbreed-
ing caused by its smaller population size, as illustrated by
our analytical predictions. This research provides theoretical
and empirical evidence on the evolutionary relevance of
genetic purging under certain demographic conditions.
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Therefore, the more recessive the deleterious effects, the looser
the relationship between this count and the fitness load
expressed in the individuals becomes (see ref. 10). When
applied to populations with a common origin but contrasting
demographies, such a genomic empirical approach can improve
our understanding of how genetic and demographic factors
shape the deleterious burden of small, endangered populations
(12), which, in turn, may lead to more effective management.
In these populations, genetic purging, that is, the increased
selective pressure against (partially) recessive deleterious alleles
due to increased homozygosis, is expected to translate into a
reduction in both the inbreeding load (13) and the derived
count in deleterious categories with prevailing recessive fitness
effects. At the same time, the reduced efficacy of purifying
selection caused by drift is expected to increase the derived
count of alleles with small deleterious effects (14, 15). There-
fore, genomic analysis can help to understand the relative roles
of the purging of deleterious alleles and the drift-driven relaxa-
tion of natural selection in the evolution of the deleterious bur-
den after a reduction in population size, and provide insights
into their fitness consequences. In recent years, several studies
focused mainly on the genetic consequences of the Out-Of-
Africa bottleneck have contributed to the ongoing debate on
whether human populations differ in their genetic load (10,
16–20). Only a few studies, however, have seized upon the
power of genomics to assess the deleterious burden in small,
endangered wild populations of nonmodel organisms (21–23).

The Iberian lynx (Lynx pardinus) and the Eurasian lynx
(Lynx lynx) are the two extant species of the Lynx genus in Eur-
asia. After their divergence, dated around 1.1 million years ago
(24, 25), they followed quite parallel demographic trajectories;
however, Iberian lynx population sizes remained consistently
smaller than those of the Eurasian lynx (26). Nowadays, they
show highly contrasting distribution areas and conservation sta-
tuses. The Iberian lynx, a habitat and prey specialist endemic to
the Iberian Peninsula, went through several bottlenecks and
has maintained small population sizes throughout its recent his-
tory. The extreme and well-documented decline during the sec-
ond half of the 20th century (27–29) resulted in the extirpation
of all populations except for two in southern Spain: 1) a central
population in Sierra de And�ujar in the Sierra Morena range
(AND), which maintained a comparatively larger population
size and remained well connected to other populations until
the mid-20th century, and 2) a smaller, peripheral population
in the protected area of Do~nana (DON), which has been effec-
tively isolated for around two centuries (30, 31). The species
was classified as “critically endangered” in the 2002 and 2008
International Union for Conservation of Nature (IUCN) red
lists (32) after its global population dwindled to less than 100
individuals. Nonetheless, active conservation efforts, which
include in situ, ex situ, and reintroduction programs (33, 34),
have since kick-started a remarkable recovery which led to the
downlisting of the species to “endangered” in the 2015 IUCN
red list (32), and have propelled its population to 1,100 free-
living lynxes in 2020 (35). Genetic erosion in the species is well
documented (26, 31, 36, 37), with studies on mitochondrial,
microsatellite, and genome-wide data providing evidence of a
high inbreeding rate, high differentiation between the two pop-
ulations, and a whole-genome species-wide nucleotide diversity
(π = 0.026%) that is among the lowest reported thus far, and
comparable to the single most genetically eroded population of
the island fox (Urocyon littoralis) (38). Furthermore, there are
documented signs of high inbreeding load in the species (39)
and inbreeding depression in the DON population (36).

In contrast, the Eurasian lynx is one of the most widespread
felids in the world, with a distribution area that extends from
eastern Asia to central Europe and covers a wide range of habi-
tats. It is currently classified at the global level as “least concern”

by the IUCN. However, recently inferred demographic trajecto-
ries have revealed a generalized decline across its range during
the last millennia (40). This decline has been particularly intense
in the European part as a consequence of higher anthropogenic
pressure (40), to the point where many of the western-most pop-
ulations became extirpated during the 19th and 20th centuries,
and some of the remaining ones, such as those in Norway
(NOR) and the Białowie_za and Knyszyn Primeval Forests in
northeast Poland (POL), underwent severe bottlenecks and com-
plete genetic isolation for decades (41, 42). Meanwhile, the Kirov
(European Russia) population (KIR), which is part of a large
continuous patch of the species in eastern Europe, has main-
tained a relatively large size and good connectivity with neighbor-
ing populations (40, 43). Even so, genetic diversity for KIR (π =
0.046%) is barely twice as high as that of the Iberian lynx and still
below that of severely bottlenecked populations of other species,
such as the Apennine brown bear, the Scandinavian wolverine,
and the Amur tiger (40).

The contrasting demographic histories of the Iberian and the
Eurasian lynx, coupled with the availability of a reference
genome for the former species, showcases this dyad as a suitable
model for carrying out genome-wide studies of the dynamics of
the deleterious burden in bottlenecked populations. We specifi-
cally intend to address four questions: 1) whether there are
empirically measurable differences in the amount or the patterns
of the derived count between the Iberian lynx and the Eurasian
lynx; 2) whether such differences extend to populations within
each species; 3) whether differences in the derived count are
dominated by the relaxation of purifying selection or by genetic
purging; and 4) how these differences vary across genomic fea-
tures, mutation effect categories, and genomic regions with con-
trasting efficiency of natural selection. To better interpret the
observed patterns, we also extended the previous theoretical
model on the purging of the inbreeding genetic load (13, 44) to
develop analytical expressions predicting the evolution of the
derived count, and we obtained theoretical projections under
demographic scenarios similar to those inferred for the two lynx
species. Beyond broadening our understanding of genetic pro-
cesses in populations at the verge of extinction, such insights
could be critical to predict the fate of small lynx populations, and
to improve the efficacy of ongoing conservation programs.

Results
Genomic Diversity. We analyzed 48 genomes sampled from the
two remnant populations of the highly endangered Iberian lynx
and from three demographically distinct populations of the wide-
spread Eurasian lynx in order to unravel the dynamics of their
deleterious burden. The mean genome-wide heterozygosity
was 2.27 × 10�4 (±4.61 × 10�6) per base pair in the Iberian lynx
(n = 20), which is roughly half that found in the Eurasian lynx
(4.10 × 10�4 ± 7.10 × 10�6; n = 28). The genetic diversity of the
populations (Fig. 1) ranked parallel to the available estimates of
recent effective population sizes (31, 37, 40): KIR, 4.74 × 10�4

(±5.95 × 10�6); POL, 3.96 × 10�4 (±1.07 × 10�5); NOR,
3.28 × 10�4 (±1.76 × 10�5); AND, 2.75 × 10�4 (±6.46 × 10�6);
and DON, 1.54 × 10�4 (±4.48 × 10�6).

Variant Annotation. Bottlenecks and persistently small popula-
tion sizes are predicted to alter the efficacy of selection, leaving
an uneven footprint across sites under different pressures from
natural selection. To analyze the effects of diverse demographic
scenarios across populations, we considered several mutation
categories that are expected to differ in their effects on fitness.
Out of the total 4,245,741 high-confidence (i.e., postfiltering)
biallelic single-nucleotide polymorphisms (SNPs) that we iden-
tified across all samples, we annotated 2,743,496 (64.62%) in
intergenic regions (which are estimated to account for 58.08%
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of the callable genome after filtering), 1,404,222 (33.07%) in
introns (34.31%), 53,182 (1.25%) in coding sequences (CDS;
2.22%), and 889 (0.02%) in ultraconserved noncoding elements
(UCNEs; 0.09%). Within coding regions, SnpEff (45) identified
30,084 (56.6%) synonymous, 22,844 (43.0%) missense, and 560
(0.01%) loss-of-function (LoF) mutations. Among missense var-
iants, 13,657 mutations with low predicted impact (Provean score
> �2.5) were subclassified as tolerated, and 9,168 with high pre-
dicted impact (Provean score ≤ �2.5) were subclassified as delete-
rious. Similarly, UCNE variants were grouped according to
sequence conservation-based Genomic Evolutionary Rate Profiling
(GERP) scores (46) into two subcategories: moderate effect (mod-
erately constrained; 2 < GERP ≤ 5), with 339 mutations, and high
effect (highly constrained; GERP > 5), with 395 mutations.

Genetic Diversity within Annotation Categories. Genetic diversity
matched expectations of reduced heterozygosity in functional
regions relative to neutral regions, particularly for the puta-
tively more constrained categories (missense deleterious, LoF,
and UCNE high effect). Although between-population differ-
ences were smaller in less diverse categories, the population
ranking for genome-wide nucleotide diversity held across all
annotation categories (Fig. 1 and SI Appendix, Fig. S1). Pat-
terns of derived homozygosity were the inverse of diversity pat-
terns in the case of neutral categories, but, for the putatively
deleterious ones, differences between populations disappeared
or even changed sign (SI Appendix, Figs. S2 and S3).

Population Unfolded Site Frequency Spectra. Focusing only on
sites that are segregating within each species, we found a gen-
eral trend of more right-skewed frequency distributions for
mutations with a higher predicted impact on function (missense
deleterious, LoF, and UCNE categories) compared to inter-
genic and intronic mutations (SI Appendix, Fig. S4 and Table

S1), as expected for more efficient selection against more dele-
terious alleles. In contrast, the unfolded site frequency spectra
are roughly uniform across all categories in the highly bottle-
necked DON population. Additionally, in the smaller popula-
tions of each species (NOR, POL, and DON), we found a
higher proportion of derived alleles that are locally fixed com-
pared to the larger populations (KIR and AND), particularly
in the more neutral categories, as expected from classical
theory (14).

Derived Count Estimates. The derived count (i.e., the overall
number of deleterious derived alleles per individual, both seg-
regating and fixed) is a natural measurement of the deleterious
burden. Using this statistic for each annotation category, we
found similar average counts in the two species for both inter-
genic and introns, as expected for putatively neutral categories.
In contrast, we found a deficit of LoF (∼29%) and missense
deleterious (∼11%)—but not missense tolerated—mutations in
Iberian lynx with respect to Eurasian lynx (Fig. 2 and Table 1),
both of which remained significant even after applying Bonfer-
roni and false discovery rate (FDR) adjustments (47). Results
were nearly identical after applying a correction based on the
intronic category (SI Appendix, Table S2), and similar, although
with slightly lower statistical significance, when correcting by
the synonymous values (SI Appendix, Table S3). Results for the
high-confidence LoF subsets (which excluded mutations with
annotation warnings as well as those in genes at the upper end
of the mutation rate distribution) were nearly identical to those
for the main LoF dataset (SI Appendix, Fig. S5), suggesting this
result is not driven by annotation errors or the inclusion of
pseudogenes. Similar differences between species were also
observed for one-to-one orthologs and genes intolerant to vari-
ation (i.e., two subsets of purportedly functionally relevant
genes), although not for LoF mutations in one-to-one orthologs
(SI Appendix, Fig. S6). We also observed fewer UCNE high-
effect mutations and an unexpected slight deficit of synony-
mous derived alleles in Iberian lynx with respect to Eurasian
individuals, although neither reached statistical significance.
Notably, populations within each species showed no derived
count differences across any category (Fig. 2), despite their dis-
tinct recent demographic histories and genetic diversities.

Focusing on autosomal regions with contrasting recombination
rates (SI Appendix, Fig. S7), we found a deficit of missense dele-
terious mutations in Iberian lynx relative to Eurasian lynx in the
highly recombining subtelomeric regions (although it did not
remain significant after multiple test correction; SI Appendix,
Table S4), but not in the low-recombination pericentromeric
regions (SI Appendix, Table S5). Moreover, we also found signifi-
cant differences between the two species for the variable Dtel-cen,
which results from subtracting the pericentromeric from the sub-
telomeric species average of the derived count. In other words,
the reduction in the telomeric derived count compared to the
centromeric derived count is larger for the Iberian lynx than for
the Eurasian lynx (SI Appendix, Table S6). For the X chromo-
some, the excess of missense deleterious mutations that we found
in Iberian lynx (SI Appendix, Fig. S7) contrasts with the deficit
observed in the genome-wide results, although the lack of contig-
uous blocks for the bootstrap prevented significance testing.

We also computed, for comparative purposes, other popula-
tion statistics that have typically been used to estimate genetic
load, such as the πN/πS and the PN/PS ratios (48), and the RX/Y

statistic (22, 49). However, as we briefly discuss in SI Appendix,
the first two (SI Appendix, Fig. S8) are highly dependent on
demographic and methodological factors and do not necessarily
reflect differences in selection regimes, and, in the case of the
RX/Y ratio (SI Appendix, Fig. S9), while it gives values consistent
with our derived count results, its interpretation in terms of
genetic theory is less straightforward.
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Fig. 1. Average nucleotide heterozygosity per annotation category and
population, with error bars. Note the different ordinate scales between
Upper and Lower. Blue, Eurasian lynx populations; red, Iberian lynx popu-
lations; dark tones, largest population of each species; light tones, smaller
populations. syn., synonymous; mod., moderate.
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Fixation Rate. The Iberian lynx showed a significantly higher
proportion of fixation of derived alleles across all neutral and
putatively selected categories, with the exception of the LoF
class, where the difference was nonsignificant (Fig. 3). As dis-
cussed below, this result is consistent with theoretical predic-
tions, according to which purging is expected to induce quicker

selection against deleterious alleles in the species with the
smaller population size, but is not able to reduce their final
fixation load driven by drift.

Theoretical Predictions of the Derived Count. The aim of these
predictions is to provide a general framework to interpret the
evolution of the derived count. They correspond to a simplified
demographic model (SI Appendix, Fig. S10) inspired by the
demography previously inferred for our two species (SI
Appendix; see also figure 1 in ref. 26) where, after an initial com-
mon decay in effective size about 105 generations ago, one of the
species undergoes a series of bottlenecks modeled after those of
the Iberian lynx, while the other one is assumed to persist at a
large constant size (a qualitatively informative simplification of
the Eurasian lynx history). These analytical results should there-
fore be interpreted as a qualitative illustration of the dynamics
of the derived count after a bottleneck, rather than as precise
quantitative predictions for these species. To illustrate the char-
acteristics of the mutations that could be purged in the putatively
deleterious categories under these demographic scenarios, pre-
dictions were computed for different combinations of represen-
tative values of the homozygous deleterious effect (s) and the
dominance coefficient (h). The per gamete mutation rate (λ)
was always set to one so that, to adjust predictions considering a
particular joint distribution for s and h, each predicted burden
should be multiplied by the gametic deleterious mutation rate
considered more plausible for each s,h class. While it is unlikely
that any single s,h pair could adequately represent the distribu-
tion of deleterious effects within any of the deleterious catego-
ries considered in our genomic analysis, these predictions can
help us to understand some characteristics of such effect distri-
butions. Notwithstanding, at least in the case of the putatively
more deleterious categories (missense deleterious and LoF), it
could be hypothesized that they are enriched in (partially) reces-
sive and moderately to strongly deleterious mutations.

Modeling the expected dynamics of the derived count (or
deleterious burden) of the two species showed that, after a bot-
tleneck, purging only produces a large reduction of the derived
count of the smaller population (relative to that of the larger
one) for deleterious mutations with h ≤ 0.25 (Fig. 4). Con-
versely, for mutations that are roughly additive (h = 0.45),
reductions in the effective size (Ne) such that Nes < 5 result in
increased burden accumulation in the long term. Within the
represented time scale, the increase in burden for roughly addi-
tive mutations is smaller than the reduction from purging
observed for recessive deleterious mutations (h = 0.05). Impor-
tantly, the latter contribute a much greater derived count rela-
tive to their mutation rate than those that are nearly additive
(note the different scaling of the ordinates axis in Fig. 4).

Discussion
In this study, we analyzed whole-genome sequences of the
endangered Iberian lynx and the widespread Eurasian lynx, sis-
ter species with historical differences in effective population
size and highly contrasting recent demographies and distribu-
tion ranges, to compare patterns of deleterious burden at the
species and population levels. We observed a significant deple-
tion in the number of derived deleterious alleles per individual
(adding together both segregating and fixed alleles), along with
lower genetic diversity and a higher fixation rate, in the Iberian
lynx relative to its sister species. Populations within each species
showed no differences in overall derived count levels, but we
observed higher homozygosity and fixation rate in the smallest
populations.

Species-Level Analysis. Our main finding was a significantly
smaller derived count in the endangered Iberian lynx than in
the widespread Eurasian lynx for the two main putatively
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Fig. 2. Average number of derived alleles per annotation category. Popu-
lation averages (represented by the dots) are all relative to the Kirov pop-
ulation average and shown with their error bars, with the darker tones
representing the largest population of each species and the lighter tones
representing the smaller populations. Species averages (represented by
the horizontal solid lines) are relative to the Eurasian lynx average, with
the colored ribbon representing the error. Asterisks mark the statistically
significant comparisons between the two species. Blue, Eurasian lynx; red,
Iberian lynx; m., missense; tol., tolerated; del., deleterious.

4 of 11 j PNAS Kleinman-Ruiz et al.
https://doi.org/10.1073/pnas.2110614119 Purging of deleterious burden in the endangered Iberian lynx

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110614119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110614119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110614119/-/DCSupplemental


deleterious categories—missense deleterious and LoF—which
contrasts with the absence of differences for the putatively neu-
tral categories.

As Fig. 4 illustrates, a smaller derived count in the histori-
cally smaller population should be ascribed to genetic purging
of deleterious alleles with high recessivity. These purging-
driven differences in the derived count between the two species
are a consequence of the higher rate of selection against homo-
zygotes following a more pronounced reduction in effective size
and, as shown in the figure, are not restricted to very small pop-
ulations. However, since the ultimate fixation rate of both addi-
tive and recessive deleterious alleles drops with Nes (14, 15), for
small enough populations (say Ne < 5/s), the continuous fixa-
tion of deleterious mutations will, at some point, overcome the
reduction of burden from purging. This point is not reached in
Fig. 4, due to the relatively short periods during which the
declining population had very small Ne values, but it is illus-
trated by the example presented in Fig. 5. Therefore, a larger
derived count in a smaller population does not exclude the pos-
sibility that purging may have occurred in the past, mitigating,
to some extent, its fitness inbreeding depression. Fig. 5 also
shows that the transiently smaller derived count of the smaller
population does not translate into a higher fitness because of
the concomitant increase in homozygosis. Nevertheless,
increased purging in the smaller population will result in some
reduction of its fitness inbreeding depression and its inbreeding
load (which is responsible for the inbreeding depression that
could occur in the future) and, therefore, in a somewhat
increased resilience to subsequent bottlenecks. For roughly
additive mutations, when Nes < 5, increased drift in the smaller
population leads to a larger derived count, which accumulates
very slowly but indefinitely (note that, in Fig. 4, the apparent
deceleration of this increase is due to the logarithmic scale
used for generations). In contrast, for recessive mutations,
purging effects are limited to the transition period from the
ancestral to the new mutation–selection–drift (MSD) balance,
which is approached faster for larger s(1/2 – h) and for smaller
Ne values (see ref. 13). Thus, the detection of differences in
derived count due to purging depends on the specific demo-
graphies and on the length of the periods involved.

As most deleterious mutations are thought to have small
effects, and since it is usually accepted that mutations with
smaller s values tend to be less recessive, it may seem unex-
pected that purging causes a substantial reduction of the
derived count. However, the estimates of the dependence of
expected h on s are mainly based on the analysis of mutations
whose effect can be experimentally detected (50–52). Informa-
tion about h for deleterious mutations with s ≤ 10�2 is scarce,
with a recent study suggesting h close to zero for s > 4 × 10�4

(53) and thus effectively trivializing additive gene action. Fur-
thermore, even if most mildly deleterious new mutations were
additive, the smaller share of recessive ones could still make a
large relative contribution to burden, as Fig. 4 illustrates, and

lead to a net reduction in the overall derived count following a
population bottleneck.

Our main result should thus be interpreted as evidence of
genetic purging in the Iberian lynx. Beyond the prevailing reces-
sivity within the more deleterious categories (which is not at odds
with many new mutations being roughly additive), these results
also imply some historical reduction of 1) the inbreeding depres-
sion in the Iberian lynx, which may have enabled its long-term
persistence despite extensive genetic erosion, and 2) its inbreeding
load responsible for future inbreeding depression.

Although well supported by evolutionary experiments
(54–59), and simulations (e.g., refs. 60–63), including some con-
ducted for wild bottlenecked populations under plausible mod-
els of demographic history (21, 23), the purging of deleterious
variation in small populations has only been explored from a
genomics standpoint in the last few years. In humans, Narasim-
han et al. (49) found significantly fewer LoF alleles per individ-
ual in Finns and other newly founded populations when
compared to nonbottlenecked populations. Similarly, Xue et al.
(22) observed a significantly lower burden of LoF mutations
per individual in the bottlenecked eastern species of gorilla
(Gorilla beringei) than in its western counterpart (Gorilla
gorilla). Grossen et al. (21) recently found signs of increased
purging in the most bottlenecked Alpine ibex (Capra ibex) pop-
ulation, although significance testing was performed only for
the accompanying simulations. In contrast, in our study, the dif-
ferences in deleterious burden between the Iberian and the
Eurasian lynx are backed by a statistical approach that incorpo-
rates both the error due to individual sampling and evolution-
ary stochasticity and is further underpinned by multiple testing
correction procedures. The conspicuous purging in Iberian
lynx, possibly among the strongest reported so far in the litera-
ture, coupled with its low levels of genetic diversity, is fully
consistent with the long-term small population sizes and serial
bottlenecks reported for the species (26), as shown by our
predictions. Notwithstanding, it should be noted that LoF
mutations are often enriched in mapping, genotyping, and
annotation errors compared to other variants (64); thus, our
derived count results for this category must be viewed with
some caution despite their statistical significance and the reas-
suring outcomes of the additional validation tests. Nevertheless,
the significant purging effects detected for the missense delete-
rious category constitute a particularly reliable and relevant
finding.

To further test the robustness of our observations of aug-
mented purging in Iberian lynx, we analyzed genome compart-
ments with disparate predicted efficiency of selection due to
differences in either recombination rate or sex-dependent
ploidy. Briefly, the lower recombination rates in pericentro-
meric regions (65) can slow down the action of purging (66),
compared to high recombination subtelomeric regions (65).
Accordingly, we did not find any difference between the two
species for pericentromeric derived count, but the burden of

Table 1. Summary of the statistical analysis of derived count differences between the Eurasian lynx and the Iberian lynx

Category
Mean derived count of Iberian

relative to Eurasian lynx Z value P value (two-tailed)

Synonymous 0.967 1.097 0.273
Missense tolerated 0.999 0.026 0.979
Missense deleterious* 0.893 2.612 0.009
LoF* 0.710 2.659 0.007
UCNE 1.029 �0.221 0.824

The table shows, for the five tested genomic categories, the mean derived count of Iberian lynx relative to Eurasian lynx, the value of the Z test
performed using the overall error of the species mean σ(M), and the resulting two-tailed P value.
*The hypothesis of equal derived count for both species would be rejected in favor of the hypothesis that loads are different even after a 5% significance
sequential Bonferroni multitest adjustment or using a 5% FDR.
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missense deleterious mutations in subtelomeric regions was sig-
nificantly smaller in the Iberian lynx than in the Eurasian lynx.
On the other hand, we did not observe any deficit of missense
deleterious mutations in the Iberian lynx relative to the Eur-
asian lynx in the X chromosome. In mammals, the (partially)
recessive deleterious alleles in this chromosome are continu-
ously exposed to selection in males regardless of population
size, so that there should be very little burden ascribed to
substantially recessive deleterious alleles to be exposed by
inbreeding (67, 68). Thus, purging is not expected to produce
appreciable differences between species in the deleterious bur-
den of this chromosome. Taken together, these results indicate

that the reduced burden in the Iberian lynx is associated with
regions where a more effective purging is predicted and, at the
same time, is not observed where the derived count ascribed to
recessive alleles is expected to be negligible in both species.
These observations reinforce the purging hypothesis.

Deleterious effects in the missense tolerated category are
expected to be less severe than in the missense deleterious one,
and, in this study, their patterns are virtually identical to those
of the neutral categories. A parsimonious explanation for this
result is that the evolution of missense tolerated mutations is
driven mainly by genetic drift in both species, which suggests,
on the basis of theory (14), that their s values are usually, at
most, on the order of the inverse of the historical effective size
(s ≤ 1/Ne) for the Eurasian lynx (i.e., the most abundant spe-
cies), estimated to be below 20,000 in the last ∼50,000 y (26).
There are other alternative explanations for this result.
Missense tolerated mutations could have roughly additive
effects large enough to allow efficient selection that leads to
similar counts in both species, although this seems unexpected
for such a putatively less severe category. Alternatively, the
accumulation of additive deleterious mutations behaving as
neutral in the smaller population could be compensated by a
serendipitously similar fraction of high-effect recessive variants
being purged. The starkly different results that we obtained for
the missense subcategories illustrate the wide variability in
dominance and selection coefficients among these mutations,
and highlight the pertinence of the more fine-grained
approaches that we have applied to this (as well as the UCNE)
category, as previous studies have suggested (10, 69) or have
shown (e.g., refs. 20 and 21).

Regarding the UCNE category, where most mutations are
expected to be strongly deleterious, the number of variants is
so small that SEs are too large to allow any relevant conclu-
sions. That said, in the case of the UCNE high-effect subcate-
gory, which is enriched in highly conserved sites, the relative
deficit of derived copies in Iberian lynx (although nonsignifi-
cant) is also suggestive of purging, whereas no such reduction is
observed in UCNE moderate-effect sites. Surprisingly, we also
found a slight relative deficit of derived copies in Iberian lynx
for the synonymous category. Although there is increasing evi-
dence that some synonymous mutations have deleterious effects
(70–72), these are expected to be small, and, to our knowledge,
ubiquitous purging within this category has not been described
in the literature thus far. Rather, neutral processes such as
GC-biased gene conversion have been identified as the main
driver of synonymous variation patterns in mammals with small
populations (73, 74). Since differences between the two lynx
species for the synonymous category are nonsignificant, they
can nevertheless be attributed to stochasticity.

Within-Species Population-Level Analysis. Contrary to what we
observed in the species-level comparison, we did not find signif-
icant differences in the derived count between populations of
the same species, despite their distinct recent demographic his-
tories. There are some plausible explanations for this. First, the
differences in recent demographic history between the sampled
populations remain poorly known beyond their general trend of
decline (particularly in the case of the Eurasian lynx popula-
tions), including the number, intensity, and duration of the
bottlenecks, the patterns of migration and isolation, and the
possibility of sporadic interspersed growth periods—and some
of these events have opposing expected effects on the deleteri-
ous burden. In the case of the Iberian lynx, purging might have
been boosted by increased fragmentation during the period of
accelerated demographic decline, although this may have
occurred mostly before the isolation of its two remnant popula-
tions. Second, the joint effect of genetic drift and selection is
appreciably driven by the latter only for alleles whose
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Fig. 3. Average number of fixed derived alleles (with error bars) per
annotation category and species relative to the Eurasian lynx values. Blue,
Eurasian lynx; red, Iberian lynx.
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homozygous deleterious effect is at least on the order of the
inverse of the historical effective population size: s ≥ 1/Ne (14).
Among these alleles, only relatively recessive ones can be
selected more efficiently in smaller populations than in larger
ones. Given the above, and the recency of the small size of

most of our sampled populations, purging can reduce their bur-
den below that of a larger population only for considerably
recessive deleterious alleles that are relatively severe. For exam-
ple, out of the cases considered in Fig. 4, only s = 0.1 leads to
Nes > 1 in DON during its recent isolation period, while drift is
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Fig. 4. Predicted evolution of the derived count against the number of generations before present (in decimal logarithm) for two populations derived from
a common ancestor that was close to the mutation–selection balance (effective size n = 106). Thin line, Iberian lynx; thick line, Eurasian lynx. The demography
of both populations, represented in SI Appendix, Fig. S10, is modeled after that of the two lynx species analyzed here. The effective sizes after each
bottleneck are shown in the first panel. Panels reflect different combinations of h,s values, always assuming a per gamete mutation rate of λ = 1.

A B

Fig. 5. Example illustrating the role of purging and drift in determining the evolution of the derived count and the fitness average through generations
for two populations with effective sizes Ne = 104 and 2,500 (thick and thin lines, respectively) derived from a common population at the MSD balance
with Ne = 106. (A) Evolution of the haploid derived count. (B) Evolution of the average fitness: Solid lines give predictions matching those of the derived
count in A (i.e., computed considering purging, mutation, and standard selection by using equation 14 from the Full Model approach in ref. 13); dashed
lines give analogous fitness predictions assuming no purging. Per gamete mutation rate of λ = 0.1, s = 0.001, h = 0.05.
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expected to be the leading evolutionary force in the remaining
cases. However, deleterious mutations with s ≥ 0.1 are expected
to contribute a very small fraction of the derived count (75–77).
Therefore, it would have been rather unexpected to detect a
burden reduction in DON relative to AND. In contrast, the
detection of purging at the species level suggests that many
mutations in the putatively more deleterious categories have
deleterious effects below 10%, and that a possibly small but still
relevant fraction of them are substantially recessive (h < 0.25).
Our predictions suggest that these effects are generally on the
order of 1% or below, although effects between 1% and 10%
could also be relevant, particularly if fragmentation during the
Iberian lynx demographic decline played a role in promoting
purging at the species level. In addition, the absence of differ-
ential purging at the population level reinforces the conclusion
that the genome-wide purging observed in Iberian lynx took
place before its two remnant populations became isolated, and
can be attributed to its smaller long-term effective size due to
the historical species-wide bottlenecks (26).

Despite the lack of derived count differences within each spe-
cies, the smaller populations did show a more uniform distribu-
tion of frequencies, less diversity, higher homozygosity, and
increased fixation compared to the larger ones. Although differ-
ences were much smaller for deleterious than for putatively neu-
tral categories, these patterns, in particular, the increased burden
in homozygosis and the presence of locally fixed deleterious
alleles, might be indicative of some additional fitness deteriora-
tion in these smaller populations. In fact, although strongly dele-
terious mutations make a small contribution to the derived count,
they can make a substantial contribution to the fitness inbreeding
depression and inbreeding load (78). Therefore, a tiny increase
in the number of deleterious alleles in homozygosis can produce
an important fitness decline. In connection with this, there is evi-
dence of substantial decay of fitness traits in the DON population
during the recent period of isolation in the form of a decrease in
survival and litter size with time, concomitant with an increase of
homozygosity (36), which is suggestive of inbreeding depression.
Since no such signs have been observed in the AND population,
its decline may have been slow enough to have allowed additional
(albeit undetectable) purging against severely deleterious alleles
in the initial period after the isolation of both populations, which
would be consistent with their reconstructed demography (31).
At the same time, as noted above, a large share of the burden
historically constrained by selection in the Iberian lynx has likely
experienced drift-driven evolution during the very recent past,
with severe population declines. Thus, it may have induced some
level of undetectable species-wide fitness inbreeding depression
when compared to the Eurasian lynx.

Together, these processes that are expected to occur at the
population and species level imply the existence of a gap
between the prediction of the fitness inbreeding load (and
inbreeding depression) and the burden of deleterious alleles
assessed in genomic analyses, even after their partition into cat-
egories according to their putative severity. It has recently been
proposed that, since neutral genetic variation has a nonstraight-
forward association with adaptive genetic variation, its use in
conservation management should be replaced with that of
mapped functional genomic variants (ref. 79, but see refs. 80
and 81). However, the aforementioned gap illustrates the possi-
ble consequences of our inability to assess the magnitude of
fitness effects for putatively deleterious alleles. While this prob-
lem should be progressively reduced at least for large-effect
mutations [for example, results from knockout experiments
using model organisms may provide rough estimates of the del-
eterious effects of LoF mutations (82)], all in all, the existence
of such a gap calls for caution when using genomic information
to assist conservation decisions, and advocates an integrative
approach that incorporates careful quantitative fitness analyses

together with the assessment of both the neutral genetic diver-
sity (including the reconstruction of the demographic history)
and the burden of deleterious alleles (81).

Implications for Conservation. Following the recent description
of the retention of key functional variation in the Iberian lynx
by interlocus balancing selection (83), the genetic purging of
deleterious variation likely constitutes yet another important
mechanism to explain its long-term persistence, but several
signs of extensive genetic erosion are still present in the species.
These include values of overall nucleotide diversity well below
the already low ones of the Eurasian lynx, which are consistent
with previously reported measures of genome-wide diversity
(26, 40), and larger homozygosity and fixation rates. In connec-
tion with this, the positive correlation found in the Iberian lynx
between the proportion of abnormal sperm and the degree of
individual inbreeding (39) indicates that the inbreeding load
remaining in the species is still a concern. Moreover, several
deleterious traits with a likely genetic basis have been observed
in recent years (84–86). These signs of inbreeding depression
emphasize the importance of the current conservation meas-
ures aimed at reducing inbreeding and increasing the effective
size of the Iberian lynx. In particular, the admixture in captivity
(34) of both remnant populations, AND and DON, should help
alleviate the accumulation of inbreeding and facilitate the purg-
ing of deleterious alleles which may have become fixed in one
of the two populations in recent times. Additionally, transloca-
tion in the wild (33) is not expected to introduce a dramatic
amount of load in any of the two populations considering their
recent demography (31). In any case, reconnection in the wild
through either translocation or, ideally, restoration of natural
connectivity should improve the species survival (87). Notwith-
standing, deleterious alleles fixed at the species level can no
longer be removed from these populations by increasing their
size, which leaves some concern over their long-term fitness,
and highlights that maintaining large population sizes should
always be a conservation priority.

The larger derived count observed for the Eurasian lynx pop-
ulations (compared to Iberian lynx) in deleterious categories is
consistent with the higher fitness inbreeding load expected for
larger outbred populations (44, 88). Although this inbreeding
load should not be expressed in these populations, it alerts us
to the possible risk of future inbreeding depression in a poten-
tial program using individuals from the largest populations to
rescue endangered isolated conspecific populations (where a
few of the most severely deleterious mutations could have been
purged in the past with imperceptible impact on the overall del-
eterious burden). This risk derived from introducing load dur-
ing rescue is conveniently illustrated by the well-documented
case of extinction of the Isle Royale wolves, ascribed to the
inbreeding load introduced by a single continental migrant
male (89–91). The consequences of introducing inbreeding
load by prioritizing large nonpurged donor populations with
high genetic diversity in rescue programs have been noted by
Kyriazis et al. (ref. 92, but see ref. 93 for criticisms). In fact,
risks can be even more severe than warned by these authors
(due to the unrealistic distribution of the deleterious effects
assumed in their simulations), particularly under scenarios
where the size of the rescued population allowed for purging in
the past but is presently too small to enable the purging of the
introduced load (87). Prior studies have called upon the need
to establish integrative conservation actions for several Euro-
pean populations of the Eurasian lynx (40, 94, 95). On the basis
of their declining demographic trends and their random differ-
entiation following anthropogenic fragmentation and isolation
(40), we argue that connectivity should be preventively favored
between small, likely purged populations, and translocations
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from large populations should be initiated only when reason-
able prospects for rapid growth exist.

Beyond the quantitative analyses of deleterious burden and
patterns of deleterious variation in the Iberian and the Eur-
asian lynx, this work provides a genome-wide database of over
4 million derived mutations, of which several thousand are
potentially deleterious and likely deserve further research. Inci-
dentally, some deleterious traits believed to have a genetic
basis, such as idiopathic epilepsy, membranous glomerulone-
phritis, and cryptorchidism, are currently relatively common in
the Iberian lynx (84, 86), even in the captive population, despite
its high level of admixture (34). Further investigation of these
traits through genome-wide association studies and candidate
gene approaches may ultimately lead to the identification of
variants of major effect, whose selection could be eventually
integrated into the ongoing genetic management.

Materials and Methods
Sampling and Genomic Datasets. Our sample included 31 Iberian lynx individu-
als from the last two remnant populations of AND (n = 19) and DON (n= 12), in
southern Spain, before they were reconnected through translocations and rein-
troductions, and 29 Eurasian lynx from KIR (n = 13), NOR (n = 8), and POL (n =
8). For details on the demography of these populations, please refer to SI
Appendix. Additionally, we included one individual bobcat (Lynx rufus), from
the Jerez Zoo (Spain). A summary of the sample is provided in SI Appendix,
Table S7. We arranged samples in four datasets for depth-filtering purposes.
Our main analyses were carried out on 48 samples (12 each from AND and KIR,
and eight each from DON, NOR, and POL) resequenced at a depth of ∼5.75×
(range: 5× to 7×) using Illumina HiSeq2000 v3 and v4. See SI Appendix for fur-
ther details on each dataset.

DNA Extraction, Library Preparation, and Sequencing. DNA was extracted
from good-quality tissue or blood samples. Paired-end libraries were pre-
pared, and then sequenced in a fraction of a sequencing lane of HiSeq2000
flowcell v3 (Illumina Inc.), as detailed in SI Appendix.

Read Processing and Mapping. Read processing and mapping were mostly
performed as described elsewhere (40), and are further detailed in SI
Appendix. Trimmed reads weremapped to the Iberian lynx reference genome
using BWA-MEM (96) with default parameters.

Variant Calling, Polarization, and Filtering. GATK v3.7 HaplotypeCaller (97)
was used to generate variation data for the pool of 60 Iberian and Eurasian
lynx samples. Repetitive, low-complexity, and low-mappability regions, which
together account for 46.24% of the genome (26), were excluded from the call-
ing. To polarize variants into the ancestral and derived states, we applied par-
simony criteria using information from three outgroup species: bobcat,
domestic cat (Felis catus), and tiger (Panthera tigris). For the bobcat, we took
the available whole-genome mapping against the Iberian lynx reference
genome (40), while, for the latter two species, the information for our final
set of filtered variants was retrieved from the available Iberian lynx–cat–tiger
synteny (26). Finally, a stepwise filtering framework was designed to keep
only high-confidence biallelic SNPs. See SI Appendix for additional details.

Variant Annotation. We used SnpEff v4.3i (45) to annotate variants based on a
custom annotation file (SI Appendix). This resource enabled the classification
of variants into intergenic, intronic, CDS, and UCNE categories. The ability of
SnpEff to predict the functional effects of variants allowed us to define three
further mutation categories within CDS: synonymous, missense (i.e., nonsy-
nonymous), and LoF. The latter group comprises variants whose predicted
impact on function is classified by SnpEff as high effect, including stop-gained,
start-gained, start lost, splice acceptor, and splice donor variants. Because LoF
mutations are usually enriched in errors relative to other mutation types (64),
we also identified high-confidence mutations to validate our results for this
category (SI Appendix). In addition, we split missense variants on the basis of
their degree of conservation, the biochemical distance between the encoded
amino acids, and the sequence context, as inferred by Provean v1.1.5 (98), into
“missense tolerated” (Provean score > �2.5) and “missense deleterious” (Pro-
vean score≤�2.5). Similarly, variants in regions annotated as UCNEwere cate-
gorized according to their presumed evolutionary constraint, estimated
through GERP scores (46) that were remapped from human to lynx, into
“UCNE moderate effect” (2 < GERP ≤ 5) and “UCNE high effect” (GERP > 5).
See SI Appendix for further details.

Genomic Variables Based on Individual Counts. The alternative allele count
was recorded across sites and annotation categories to obtain the individual
counts of derived alleles (i.e., the derived count), heterozygous derived alleles,
and homozygous derived alleles. Similarly, individual counts of fixed derived
alleles were tallied to compare the fixation rates between the two species. For
each of these four variables, we then calculated the population arithmetic
mean of the individual counts, and the species average of the corresponding
population means weighted by their corresponding sampling sizes. We also
recorded the derived count per individual for two subsets of (purportedly)
functionally relevant genes, as well as the autosomal subtelomeric and peri-
centromeric regions, and the X chromosome (SI Appendix). Average per-site
estimates of heterozygosity were also estimated (SI Appendix).

Statistical Error and Significance Testing. In order to estimate the statistical
errors of the population and species averages for the different genomic varia-
bles, which allow testing of whether the observed differences between them
are significant, we developed a resampling simulation procedure which takes
into account both the sampling variance within each population or species
and the evolutionary stochasticity (SI Appendix).

Theoretical Predictions of the Derived Count. Here we consider the model
developed by Garc�ıa-Dorado (13, 44) that predicts the inbreeding load at the
MSD balance and its evolution after a reduction in population size, and we
extend it to obtain predictions for the expected value and evolution of the
per gamete (i.e., haploid) derived count of deleterious alleles (see SI Appendix
for the extended description of the method). It assumes an ancestral popula-
tion with a relatively large effective size (N0) and predicts the overall count of
segregating and fixed deleterious alleles through generations after the
effective size reduces to N1, including both the deleterious alleles that were
segregating in the ancestral population and those arising due to continuous
mutation as the population approaches a new MSD balance. This method
involves several approximations (as explained in SI Appendix) but provides
very illustrative predictions. To improve our understanding of the contribution
of deleterious mutations of different effects to the evolution of the derived
count of the different putatively deleterious categories, we computed these
predictions for a set of illustrative s,h values representing mutations of differ-
ent severity (s = 0.001, 0.01, and 0.1) and dominance (h). Since h ≈ 0 can lead
to huge amounts of hidden burden for very large populations and, therefore,
to very large contributions of purging to the evolution of the overall derived
count, we considered the more conservative h = 0.05 value and, for the sake
of symmetry, h = 0.25 and 0.45.

Data Availability. Raw sequence data of all newly reported samples are avail-
able in the European Nucleotide Archive under the accession code
PRJEB44874 (99). The putatively deleterious mutations database is available in
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42. W. Jȩdrzejewski et al., Population dynamics (1869-1994), demography, and home
ranges of the lynx in Białowie _za Primeval Forest (Poland and Belarus). Ecography
19, 122–138 (1996).

43. M. Ratkiewicz et al., Long-range gene flow and the effects of climatic and ecologi-
cal factors on genetic structuring in a large, solitary carnivore: The Eurasian lynx.
PLoS One 9, e115160 (2014).

44. A. Garc�ıa-Dorado, Shortcut predictions for fitness properties at the mutation-selec-
tion-drift balance and for its buildup after size reduction under different manage-
ment strategies.Genetics 176, 983–997 (2007).

45. P. Cingolani et al., A program for annotating and predicting the effects of single
nucleotide polymorphisms, SnpEff: SNPs in the genome ofDrosophilamelanogaster
strain w1118; iso-2; iso-3. Fly (Austin) 6, 80–92 (2012).

46. E. V. Davydov et al., Identifying a high fraction of the human genome to be under
selective constraint using GERP++. PLOS Comput. Biol. 6, e1001025 (2010).

47. Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: A practical and pow-
erful approach tomultiple testing. J. R. Stat. Soc. B 57, 289–300 (1995).

48. J. H. McDonald, M. Kreitman, Adaptive protein evolution at the Adh locus in Dro-
sophila.Nature 351, 652–654 (1991).

49. V. M. Narasimhan et al., Health and population effects of rare gene knockouts in
adult humans with related parents. Science 352, 474–477 (2016).

50. T. Mukai, S. I. Chigusa, L. E. Mettler, J. F. Crow, Mutation rate and dominance of
genes affecting viability inDrosophila melanogaster.Genetics 72, 335–355 (1972).

51. A. Garc�ıa-Dorado, A. Caballero, On the average coefficient of dominance of delete-
rious spontaneousmutations.Genetics 155, 1991–2001 (2000).

52. A. F. Agrawal, M. C. Whitlock, Inferences about the distribution of dominance
drawn from yeast gene knockout data.Genetics 187, 553–566 (2011).

53. C. D. Huber, A. Durvasula, A. M. Hancock, K. E. Lohmueller, Gene expression drives
the evolution of dominance.Nat. Commun. 9, 2750 (2018).

54. B. D. H. Latter, J. C. Mulley, D. Reid, L. Pascoe, Reduced genetic load revealed by
slow inbreeding inDrosophilamelanogaster.Genetics 139, 287–297 (1995).

55. W. R. Swindell, J. L. Bouzat, Reduced inbreeding depression due to historical
inbreeding in Drosophila melanogaster: Evidence for purging. J. Evol. Biol. 19,
1257–1264 (2006).

56. V. Avila, C. Amador, A. Garc�ıa-Dorado, The purge of genetic load through restricted
panmixia in aDrosophila experiment. J. Evol. Biol. 23, 1937–1946 (2010).

57. N. Pekkala, K. Emily Knott, J. S. Kotiaho, M. Puurtinen, Inbreeding rate modifies the
dynamics of genetic load in small populations. Ecol. Evol. 2, 1791–1804 (2012).

58. D. Bersab�e, A. Garc�ıa-Dorado, On the genetic parameter determining the efficiency
of purging: An estimate for Drosophila egg-to-pupae viability. J. Evol. Biol. 26,
375–385 (2013).

59. E. L�opez-Cortegano, A. Vilas, A. Caballero, A. Garc�ıa-Dorado, Estimation of genetic
purging under competitive conditions. Evolution 70, 1856–1870 (2016).

60. J. J. O’Grady et al., Realistic levels of inbreeding depression strongly affect extinc-
tion risk inwild populations. Biol. Conserv. 133, 42–51 (2006).

61. M. A. R. de Cara, B. Villanueva, M. A. Toro, J. Fern�andez, Purging deleterious muta-
tions in conservation programmes: Combining optimal contributions with inbred
matings.Heredity 110, 530–537 (2013).

62. J. Wang, W. G. Hill, D. Charlesworth, B. Charlesworth, Dynamics of inbreeding
depression due to deleteriousmutations in small populations:Mutation parameters
and inbreeding rate.Genet. Res. 74, 165–178 (1999).

63. A. P�erez-Figueroa, A. Caballero, A. Garc�ıa-Dorado, C. L�opez-Fanjul, The action of
purifying selection, mutation and drift on fitness epistatic systems. Genetics 183,
299–313 (2009).

64. D. G.MacArthur et al.; 1000 Genomes Project Consortium, A systematic survey of loss-
of-function variants in humanprotein-codinggenes. Science 335, 823–828 (2012).

65. A. Kong et al., A high-resolution recombination map of the human genome. Nat.
Genet. 31, 241–247 (2002).

66. D. Bersab�e, A. Caballero, A. P�erez-Figueroa, A. Garc�ıa-Dorado, On the consequences
of purging and linkage on fitness and genetic diversity. G3-Genes Genom. Genet. 6,
171–181 (2016).

67. B. Charlesworth, J. A. Coyne, N. H. Barton, The relative rates of evolution of sex
chromosomes and autosomes.Am. Nat. 130, 113–146 (1987).

68. K. R. Veeramah, R. N. Gutenkunst, A. E. Woerner, J. C. Watkins, M. F. Hammer, Evi-
dence for increased levels of positive and negative selection on the X chromosome
versus autosomes in humans.Mol. Biol. Evol. 31, 2267–2282 (2014).

69. M. Kardos, H. R. Taylor, H. Ellegren, G. Luikart, F. W. Allendorf, Genomics advances
the study of inbreeding depression in thewild. Evol. Appl. 9, 1205–1218 (2016).

70. S. Zheng, H. Kim, R. G. W. Verhaak, Silent mutations make some noise. Cell 156,
1129–1131 (2014).

10 of 11 j PNAS Kleinman-Ruiz et al.
https://doi.org/10.1073/pnas.2110614119 Purging of deleterious burden in the endangered Iberian lynx

https://www.iucnredlist.org/species/12520/174111773
https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/censodelinceiberico2020_tcm30-526750.pdf
https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/censodelinceiberico2020_tcm30-526750.pdf
https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/censodelinceiberico2020_tcm30-526750.pdf


71. R. C. Hunt, V. L. Simhadri, M. Iandoli, Z. E. Sauna, C. Kimchi-Sarfaty, Exposing synon-
ymousmutations. Trends Genet. 30, 308–321 (2014).

72. P. Wen, P. Xiao, J. Xia, dbDSM: Amanually curated database for deleterious synony-
mousmutations. Bioinformatics 32, 1914–1916 (2016).

73. F. Pouyet, D. Mouchiroud, L. Duret, M. S�emon, Recombination, meiotic expression
and human codon usage. eLife 6, e27344 (2017).

74. N. Galtier et al., Codon usage bias in animals: Disentangling the effects of natural
selection, effective population size, and GC-biased gene conversion.Mol. Biol. Evol.
35, 1092–1103 (2018).

75. A. Garc�ıa-Dorado, The rate and effects distribution of viabilitymutation inDrosoph-
ila: Minimumdistance estimation. Evolution 51, 1130–1139 (1997).

76. A. Eyre-Walker, P. D. Keightley, The distribution of fitness effects of newmutations.
Nat. Rev. Genet. 8, 610–618 (2007).

77. B. Y. Kim, C. D. Huber, K. E. Lohmueller, Inference of the distribution of selection
coefficients for new nonsynonymous mutations using large samples. Genetics 206,
345–361 (2017).

78. C. Amador, A. Garc�ıa-Dorado, D. Bersab�e, C. L�opez-Fanjul, Regeneration of the vari-
ance of metric traits by spontaneous mutation in a Drosophila population. Genet.
Res. 92, 91–102 (2010).

79. J. C. Teixeira, C. D. Huber, The inflated significance of neutral genetic diversity in
conservation genetics. Proc. Natl. Acad. Sci. U.S.A. 118, e2015096118 (2021).

80. J. A. DeWoody, A. M. Harder, S. Mathur, J. R. Willoughby, The long-standing signifi-
cance of genetic diversity in conservation.Mol. Ecol. 30, 4147–4154 (2021).

81. A. Garc�ıa-Dorado, A. Caballero, Neutral genetic diversity as a useful tool for conser-
vation biology. Conserv. Genet. 22, 541–545 (2021).

82. V. Mu~noz-Fuentes et al.; IMPC consortium, The International Mouse Phenotyping
Consortium (IMPC): A functional catalogue of themammalian genome that informs
conservation. Conserv. Genet. 19, 995–1005 (2018).

83. E. Marmesat, K. Schmidt, A. P. Saveljev, I. V. Seryodkin, J. A. Godoy, Retention of
functional variation despite extreme genomic erosion: MHC allelic repertoires in
the Lynx genus. BMC Evol. Biol. 17, 158 (2017).

84. F. Mart�ınez, X.Manteca, J. Pastor, Retrospective study of morbidity andmortality of
captive Iberian lynx (Lynx pardinus) in the ex situ conservation programme (2004-
June 2010). J. ZooWildl. Med. 44, 845–852 (2013).

85. L. Pe~na et al., Histopathological and immunohistochemical findings in lymphoid tis-
sues of the endangered Iberian lynx (Lynx pardinus). Comp. Immunol. Microbiol.
Infect. Dis. 29, 114–126 (2006).

86. A. Jim�enez et al., Membranous glomerulonephritis in the Iberian lynx (Lynx pardi-
nus).Vet. Immunol. Immunopathol. 121, 34–43 (2008).

87. N. P�erez-Pereira, A. Caballero, A. Garc�ıa-Dorado, Reviewing the consequences of
genetic purging on the success of rescue programs. Conserv. Genet. 23, 1–17 (2022).

88. A. Garc�ıa-Dorado, Tolerant versus sensitive genomes: The impact of deleterious
mutation on fitness and conservation. Conserv. Genet. 4, 311–324 (2003).

89. P. W. Hedrick, J. A. Robinson, R. O. Peterson, J. A. Vucetich, Genetics and extinction
and the example of Isle Royale wolves.Anim. Conserv. 22, 302–309 (2019).

90. J. A. Robinson et al., Genomic signatures of extensive inbreeding in Isle Royale
wolves, a population on the threshold of extinction. Sci. Adv. 5, eaau0757 (2019).

91. P. W. Hedrick, M. Kardos, R. O. Peterson, J. A. Vucetich, Genomic variation of
inbreeding and ancestry in the remaining two Isle Royale wolves. J. Hered. 108,
120–126 (2017).

92. C. C. Kyriazis, R. K. Wayne, K. E. Lohmueller, Strongly deleterious mutations are a
primary determinant of extinction risk due to inbreeding depression. Evol. Lett. 5,
33–47 (2020).

93. K. Ralls, P. Sunnucks, R. C. Lacy, R. Frankham, Genetic rescue: A critique of the evi-
dence supports maximizing genetic diversity rather than minimizing the introduc-
tion of putatively harmful genetic variation. Biol. Conserv. 251, 108784 (2020).

94. S. A. Mueller et al., The rise of a large carnivore population in Central Europe:
Genetic evaluation of lynx reintroduction in the Harz Mountains. Conserv. Genet.
21, 577–587 (2020).

95. L. Boitani et al., “Key actions for large carnivorepopulations” (Report to DG Envi-
ronment, European Commission, Bruxelles. Contract no. 07.0307/2013/654446/SER/
B3, Institute of Applied Ecology, Rome, Italy, 2015).

96. H. Li, Aligning sequence reads, clone sequences and assembly contigs with BWA-
MEM. arXiv [Preprint] (2013). https://arxiv.org/abs/1303.3997v2 (Accessed 8 October
2017).

97. A. McKenna et al., The Genome Analysis Toolkit: A MapReduce framework for
analyzing next-generation DNA sequencing data.Genome Res. 20, 1297–1303 (2010).

98. Y. Choi, A. P. Chan, PROVEAN web server: A tool to predict the functional effect of
amino acid substitutions and indels. Bioinformatics 31, 2745–2747 (2015).

99. D. Kleinman-Ruiz et al., Iberian and Eurasian lynx 6x samples. European Nucleo-
tide Archive. https://www.ebi.ac.uk/ena/browser/view/PRJEB44874?show=reads.
Deposited 9 July 2021.

100. D. Kleinman-Ruiz et al., Iberian and Eurasian lynx putatively deleterious mutations
database. DIGITAL.CSIC. https://digital.csic.es/handle/10261/224885. Deposited 15
December 2020.

101. D. Kleinman-Ruiz, Scripts from “Purging of deleterious burden in the endan-
gered Iberian lynx”. GitHub. https://github.com/Arynio/genome-annotation.
Accessed 6 November 2021.

EV
O
LU

TI
O
N

Kleinman-Ruiz et al.
Purging of deleterious burden in the endangered Iberian lynx

PNAS j 11 of 11
https://doi.org/10.1073/pnas.2110614119

https://arxiv.org/abs/1303.3997v2
https://www.ebi.ac.uk/ena/browser/view/PRJEB44874?show=reads
https://digital.csic.es/handle/10261/224885
https://github.com/Arynio/genome-annotation

	TF1
	TF2

