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inhibitors could ameliorate a broad range of dis-
eases caused by accumulation of misfolded pro-
teins. Because many signaling pathways operate
on the same dynamic—phosphorylation in the ac-
tivation phase terminated by dephosphorylation—
delaying the termination phase of signaling
pathways through the selective inhibition of phos-
phatases may be of broad relevance to safely and
selectively manipulate cellular functions for ther-
apeutic benefit.
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Mountain gorilla genomes reveal the
impact of long-term population
decline and inbreeding
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Mountain gorillas are an endangered great ape subspecies and a prominent focus for
conservation, yet we know little about their genomic diversity and evolutionary past. We
sequenced whole genomes from multiple wild individuals and compared the genomes of all
four Gorilla subspecies. We found that the two eastern subspecies have experienced a
prolonged population decline over the past 100,000 years, resulting in very low genetic
diversity and an increased overall burden of deleterious variation. A further recent decline
in the mountain gorilla population has led to extensive inbreeding, such that individuals
are typically homozygous at 34% of their sequence, leading to the purging of severely
deleterious recessive mutations from the population. We discuss the causes of their
decline and the consequences for their future survival.

ountain gorillas came to the attention

of the western world as recently as 1902

(I) and survive today only in two small

and critically endangered populations in

central Africa (2). Current estimates place
their total population at around 800, of which just
over half are in the Virunga volcanic mountain
range on the borders of Rwanda, Uganda, and
the Democratic Republic of Congo (Fig. 1A) (3, 4).
Mountain gorillas face a number of threats to
their continued existence (5), and their survival
became an urgent concern during the 1960s,
when a precipitous decline in their numbers ap-
peared to put them at grave risk of extinction (6).
Active conservation efforts have since reversed
the decline (3), but a loss of genetic diversity asso-
ciated with small population size may still threat-
en their long-term viability. Infectious diseases
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such as Ebola, the cause of substantial recent
mortality in the western lowland population (7),
represent a particularly serious threat (8).

Despite extensive study of mountain gorillas
in the field, few genetic analyses have been
carried out, and these have been confined to
mitochondrial sequences and a limited number
of autosomal loci (9-1I). Unlike the other great
apes (12), mountain gorillas have not been studied
on a genome-wide scale, which is key to under-
standing their biology, evolution, and relation-
ship to sister taxa (Fig. 1B). It is also important in
assessing their current status and in forming strat-
egies for future conservation efforts. Phenotypic
indicators of inbreeding such as syndactyly have
been reported (13, 14), but the full genetic impact
of their decline is unknown. Additionally, the
severe population bottleneck experienced by moun-
tain gorillas provides an opportunity to study
processes that may have played a recurring role
in hominin evolution and extinction.

‘We performed whole-genome sequencing and
analysis for 13 eastern gorillas, comprising seven
mountain gorillas from the Virunga volcanoes
region and six eastern lowland gorillas. The moun-
tain gorillas originate from both sides of the
Virunga massif, including from three groups span-
ning a densely populated sector on the Rwandan
side, and plausibly represent genetic variation and
ancestry in the Virunga population at large (15).
Sequencing was performed to an average 26x
depth (table S1), and combining these data with
published gorilla genome sequences (12) yielded
a total data set of 44 samples spanning all four
gorilla subspecies (table S2).

Sequences were aligned to the gorilla ref-
erence genome (16), and several tools were used
to call variants across samples (75). Comparing
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Fig. 1. Geography, taxonomy and
genetic structure of gorilla spe-
cies. (A) Distribution of gorilla sub-
species (2). (B) Gorilla taxonomy.
(C) PCA plot of SNP data for all four
gorilla subspecies. (D) PCA plot of
SNP data from mountain and east-
ern lowland gorilla samples only.
(E) mtDNA and Y-chromosomal
phylogenies. Node heights are in
units of substitutions per base
pair; each tree is drawn to a
separate scale.

Nigeria

Equatorial
Guinea

Democratic
Republic
of Congo

0.3
g 02
C

8

5 0.1
>

S 00

2

n _

g o

S -02

o
-0.3

populations, we found that genetic diversity was
lower in the eastern species than in the western
by a factor of 2 to 3 (table S3), with mean auto-
somal heterozygosity (frequency of between-
chromosomal differences) of 6.5 x 10~* per base
pair in mountain and eastern lowland gorillas,
versus 1.9 x 10~ per base pair in the western
lowland population. These values are consistent
with the small reported census population sizes
of eastern gorillas relative to those in the west
(2). A detailed analysis of variation in mitochon-
drial DNA (mtDNA) showed little diversity in
mountain gorillas, with only three haplotypes in
total differing by just one to three mutations
(15). A similar situation was observed on the Y
chromosome, with only two sites differentiat-
ing the three male mountain gorillas (15).

A principal components analysis (PCA) of
11,743,407 single-nucleotide polymorphisms (SNPs)
across all samples (Fig. 1C) showed a hierarchical
structure consistent with the accepted Gorilla
taxonomy and the geographical distribution of
these populations. In particular, the separation
between eastern lowland and mountain gorilla
samples confirms them as genetically distinct
populations. Another PCA focusing on the east-
ern species only (Fig. 1D) revealed no substruc-
ture within the mountain gorillas sampled here,
but did show a separation of eastern lowland
gorillas into two subgroups, which may reflect
structure within the subspecies as a whole or
may only be a feature of the individuals we
have sampled. Similar patterns are also found
in a genetic structure analysis using the program
ADMIXTURE (fig. S3).

Copy number variation (CNV) among gorillas
was assessed with a read depth-based approach
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(17), and the number of fixed loss and gain events
between populations reflects the accepted taxon-
omy (table S5), although eastern lowland and
mountain gorillas showed an excess of shared
fixed deletions relative to western lowland goril-
las, potentially reflecting a small ancestral popu-
lation prior to their divergence. Diversity patterns
at polymorphic CNVs also resembled those seen
in SNPs (fig. S8) (15).

Accurate population monitoring and manage-
ment are of central importance for conservation,
and we cataloged 25,628 autosomal and 89 mtDNA
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Fig. 2. Linkage disequilibrium and homozygosity in gorillas. (A) LD decay (15) in gorilla and human
populations. Human samples are Utah residents with European ancestry (CEU) or Yoruba in Ibadan,
Nigeria (YRI). (B) Mean per-sample genome fractions found in homozygous tracts. Open bars show total
fractions for mountain (Gbb), eastern lowland (Gbg), Cross River (Ggd), and western lowland (Ggg)
gorillas; solid bars show fractions in tracts of length 2.5 to 10 Mb (gorillas) or 2.5 to 10 cM in an Altai
Neandertal and two human individuals [Karitiana (Kar) and Papuan (Pap)] (19). Error bars are +1 SD.

ancestry-informative SNP markers (AIMs) unique-
ly identifying eastern lowland and mountain
gorillas (as sampled here), as well as 1127 lineage-
specific CNV events (data files S1 and S2) (15).
We found that genome-wide linkage disequilib-
rium (LD) varies markedly between gorilla popula-
tions (Fig. 2A). Both eastern subspecies—particularly
mountain gorillas—show much more extensive
LD than western lowland gorillas, in whom the
decay of LD with genomic distance is similar to
that in African humans (75). These patterns re-
flect differing demographic histories and suggest
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arecent population bottleneck in the two eastern
subspecies.

An analysis of chromosomal sequence sharing
within individuals (genomic tracts of homozygo-
sity) provided insight into recent ancestry and a
measure of parental relatedness. Within moun-
tain and eastern lowland gorilla individuals, chro-
mosomes are typically homozygous over one-third
of their length (on average 34.5% and 38.4%, re-
spectively) (Fig. 2B), much higher than in western
lowland individuals (13.8%) and exceeding even
the most inbred human populations (18). We
observed longer tracts in the eastern species,
particularly in mountain gorillas, and a clear dis-
tinction in tract length distribution between east-
ern lowland and mountain gorillas (fig. S15) (15).
Very long tracts (2.5 to 10 Mb) are particularly
indicative of recent inbreeding, and homozygo-
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sity on this scale in mountain gorillas exceeds
not only that in other gorilla populations but
also that observed in the Altai Neandertal (19),
consistent with parental relatedness equivalent
to that between two half-siblings (19). These data
suggest that mountain gorillas may have expe-
rienced several recent generations of close in-
breeding. We also examined haplotype matching
between individuals, finding subclustering among
eastern lowland gorillas consistent with that seen
in Fig. 1D; individuals in one cluster displayed a
10% higher mean level of sequence sharing than
those in the other (fig. S16).

Whole-genome data also enabled us to explore
the longer-term demographic history of these
populations. Effective population size (IV.) in
each of the four subspecies, as inferred by the
PSMC algorithm (20), has varied over time (Fig. 3A),
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Fig. 3. Ancestral effective population size and gene flow between gorilla populations. (A) Inferred
effective population size (Ng) history for each of the samples studied. (B) Cross-population N, history,
based on paired male X-chromosomal sequences. Both plots are scaled using a generation time of
19.3 years and an autosomal mutation rate of 1.25 x 1078 per base pair per generation.
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Fig. 4. The genetic burden of missense mutations and purging of LoF
mutations in eastern gorillas. (A) Relative number of derived alleles at
LoF (red) and missense (orange) sites that are frequent in one population
and not another (15). Error bars represent +2 SD. (B) Circles indicate the
scaled number of LoF variant sites in each population where at least one
sample is homozygous for the derived allele. Boxplots show distributions of
the same statistic for matched samples of synonymous sites (15); whiskers
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and we note the decline of N, particularly in the
eastern species within the past 100,000 years. The
most recent values of inferred IV, are just 273 + 54
in mountain gorillas and 290 + 18 in eastern low-
land gorillas. N, which reflects genetic diversity,
is usually lower than census population size;
however, in 1981 the estimated census size in the
Virunga region was as low as 254 (3).

As judged from the date when inferred N,
began to differ, the divergence of eastern and
western gorillas began at least 150,000 years
ago, but a more direct analysis using male X-
chromosomal sequences suggests that they ex-
changed genetic material until around 20,000
years ago (Fig. 3B) (15). Given that this also coin-
cides with a notable decline in western lowland
gorilla N, (Fig. 3A), it may be that environmental
changes during the Last Glacial Maximum (26,000
to0 19,000 years ago), when dry savannah replaced
tropical forest over much of the Congo basin (21),
triggered a collapse in the western population and
complete separation of the two species. Indeed,
changes in forestation across the center of the
continent over the past 150,000 years may have
had a substantial influence on speciation and
diversity in African apes more generally, includ-
ing ancient humans (72).

We found no evidence for more recent east-
west genetic contact, and D-statistic analysis
provided no strong support for differences in
east-west gene flow between subspecies pairs
in either species (table S17).

These evolutionary differences between sub-
species allowed us to investigate the relationship
between demography and selection at protein-
coding loci. To facilitate this, we classified coding
sequence variants into three groups: synonymous,
missense, and loss-of-function (LoF) (15). Ac-
counting for potential reference bias, we found
a relatively larger number of derived missense al-
leles in eastern gorillas, particularly in mountain
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show 5th and 95th percentiles; P values are the proportion of each sample
distribution smaller than the corresponding LoF count. (C) Circles show the
rate of LoF variants relative to synonymous variants in homozygous tracts for
each sample; diamonds show the same ratio in nonhomozygous regions.
Horizontal bars indicate population means; P values for each subspecies cor-
respond to a Kolmogorov-Smirnov test for difference in distribution between
homozygous and nonhomozygous regions.
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gorillas, relative to western lowland gorillas
(Fig. 4A). This is consistent with long-term dif-
ferences in N, (Fig. 3A), because selection in a
larger population is more effective at removing
moderately deleterious variants. In contrast, we
found that mountain gorillas have relatively
fewer LoF variants than western lowland goril-
las. This is again consistent with low N, and in-
breeding, wherein alleles are more frequently
exposed in a homozygous state, and because LoF
variants are more likely to be strongly deleteri-
ous, they are less likely to persist in the popu-
lation even if recessive (22). Further evidence for
the purging of severely deleterious mutations
from mountain and eastern lowland gorillas
comes from the lack of any deficit of homozy-
gous LoF genotypes in mountain gorillas (Fig.
4B) and the observation that LoF variants in
both subspecies occur at the same rate in homo-
zygous and heterozygous tracts (Fig. 4C) (15).

Finally, we looked at variation in genes using
function inferred from homology, focusing on
possible selection and adaptation in mountain
gorillas. Such adaptation might be expected from
the fact that mountain gorillas range over high
altitudes (1500 to 4000 m), with consequences
for diet, morphology, and physiology (23). How-
ever, we found no significant enrichment in any
functional category of genes, although there are
interesting examples related to nervous system
morphology, immunoglobulin quantity, and red
blood cell morphology (I5). Mountain gorillas
carry a significant excess of variants in genes as-
sociated with blood coagulation in humans (fig.
S21), perhaps linked to high-altitude living (15).
We also identified variants associated with car-
diomyopathy, including in one deceased indi-
vidual (Kaboko) in whom post mortem analysis
revealed evidence of muscular hypertrophy (15).
Cardiovascular disease has been identified as a
notable cause of death in captive western lowland
gorillas (24).

Concern about the survival of mountain goril-
las is focused largely on the threat from human
encroachment on their habitat (2, 5), and their

SCIENCE sciencemag.org

severe recent population decline may be respon-
sible for the high level of inbreeding that we
observe. An increased burden of deleterious mu-
tation and low genetic diversity—including at
the major histocompatibility locus, of central im-
portance to the immune system (fig. S22)—have
likely reduced their resilience to environmen-
tal change and pathogen evolution. However,
the origins of this condition extend far into their
history, because both eastern subspecies have
experienced a long decline over tens of millennia.
Indeed, the demographic histories of mountain
and eastern lowland gorillas (Fig. 3A) bear un-
happy resemblance to similar histories inferred
from Neandertals before their disappearance (19).
Nonetheless, the same evidence suggests that
such a fate is not inevitable: These subspecies
have survived for thousands of generations at
low population levels and may have developed
physiological and behavioral strategies to miti-
gate inbreeding, such as natal dispersal and gene
flow between isolated populations (25). The purg-
ing of strongly deleterious mutations may also be
an important factor. Our findings reinforce the
imperative to sustain conservation efforts that
have helped to keep mountain gorillas from the
brink of extinction, and provide a genomic re-
source for future conservation and research.
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