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Abstract
The Western and Eastern species of  gorillas (Gorilla gorilla and Gorilla beringei) began diverging in the mid-Pleistocene, 
but in a complex pattern with ongoing gene flow following their initial split. We sequenced the complete mitochondrial 
genomes of  1 Eastern and 1 Western gorilla to provide the most accurate date for their mitochondrial divergence, and 
to analyze patterns of  nucleotide substitutions. The most recent common ancestor of  these genomes existed about 1.9 
million years ago, slightly more recent than that of  chimpanzee and bonobo. We in turn use this date as a calibration to 
reanalyze sequences from the Eastern lowland and mountain gorilla subspecies to estimate their mitochondrial divergence 
at approximately 380 000 years ago. These dates help frame a hypothesis whereby populations became isolated nearly 2 
million years ago with restricted maternal gene flow, followed by ongoing male migration until the recent past. This process 
of  divergence with prolonged hybridization occurred against the backdrop of  the African Pleistocene, characterized by 
intense fluctuations in temperature and aridity, while at the same time experiencing tectonic uplifting and consequent shifts 
in the drainage of  major river systems. Interestingly, this same pattern of  introgression following divergence and discrep-
ancies between mitochondrial and nuclear loci is seen in fossil hominins from Eurasia, suggesting that such processes may 
be common in hominids and that living gorillas may provide a useful model for understanding isolation and migration in 
our extinct relatives.
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The 3 living genera of  African apes (Gorilla, Pan, and Homo) 
diverged in the late Miocene, beginning approximately 8 or 9 
million years ago (Begun 2010; Brunet 2010; Harrison 2010; 
Wilkinson et  al. 2011). The lineage leading to humans pro-
duced a radiation of  many bipedal species—the exact number 
of  which is an open question—but eventually resulting in only 
1 living subspecies of  1 species, Homo sapiens sapiens (Wood and 
Lonergan 2008). In contrast, our closest living relatives exist 
as several species and subspecies. Two species of  Pan, chim-
panzees (Pan troglodytes) and bonobos (Pan paniscus), have been 
recognized essentially since the initial description of  the latter 
(Coolidge 1933). The divergence between chimpanzees and 

bonobos, as estimated from complete mitochondrial genome 
sequences, began about 2 million years ago (Mya), with the 
radiation of  the 4 chimpanzee subspecies beginning about 1 
Mya (Stone et al. 2010; Bjork et al. 2011). For many years, goril-
las were considered a single species with 3 traditionally recog-
nized subspecies (Groves 1967, 2003). However, beginning in 
the 1990s they have increasingly been referred to as 2 species: 
1) the Western gorilla (Gorilla gorilla) comprising 2 subspecies: 
the Western lowland gorilla (G. g. gorilla) and the Cross River 
gorilla (G. g. diehli), and 2) the Eastern gorilla (Gorilla beringei) 
comprising 2 subspecies: the mountain gorilla (G. b.  beringei) 
and the Eastern lowland gorilla (G. b. graueri) (Groves 2001).
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The Eastern and Western gorilla species are separated 
by approximately 1000 km (Figure  1). Barriers to gene 
flow between these species include the Congo and Ubangi 
Rivers and the more open woodland and savanna north of  
these large rivers. Chimpanzees, however, are not similarly 
divided, living sympatrically with both gorilla species and 
in the intervening habitat north of  the Congo River sys-
tem. Discussions of  the elevation of  the Eastern gorilla to 
a separate species (G. beringei), rather than a subspecies of  
G. gorilla, began with mtDNA data indicating that the diver-
gence between these gorilla populations may be as old, or 
older, than that between the 2 universally recognized spe-
cies of  Pan (Ruvolo et al. 1994; Morell 1994; Garner and 
Ryder 1996; Groves 1996, 2001, 2003). The estimated dates 
of  gorilla species divergence ranged from 1.3 to 2.7 Mya; 
with much of  the variability among mitochondrial loci 
attributed to the very short sequences used or varying dat-
ing methods (Ruvolo et al. 1994; Garner and Ryder 1996; 
Jensen-Seaman 2000; Jensen-Seaman et al. 2001; Thalmann 
et al. 2005). Subsequently, nucDNA sequence data revealed 
that the mtDNA divergence substantially predated the ces-
sation of  gene flow between the Eastern and Western 
gorillas, potentially with male-mediated gene flow continu-
ing until as recently as 77 kya years ago (Jensen-Seaman 
et al. 2001, 2003; Kaessmann et al. 2001; Thalmann et al. 
2007; Scally et  al. 2012). Despite these new data, most 
authors continue to recognize 2 living species of  Gorilla, 
as we do herein.

The Eastern lowland and mountain gorilla subspecies 
of  the Eastern Democratic Republic of  the Congo and the 
Albertine Rift can be found living as close as 100 km apart near 
Lake Edward. They are reciprocally monophyletic at mito-
chondrial loci, estimated by mtDNA data to have diverged 
approximately 400 kya with no strong evidence for recent 
maternal gene flow between these subspecies (Ruvolo et al. 
1994; Jensen-Seaman and Kidd 2001; but see Ackermann 
and Bishop 2010). In West Africa, the Cross River popula-
tions are also classified as distinct from other Western goril-
las, based on autosomal loci and anatomical data (Sarmiento 
and Oates 2000; Groves 2001; Thalmann et al. 2011), even 

though their mitochondrial haplotypes are not monophyletic 
with respect to other Western gorilla populations (Anthony, 
Johnson-Bawe, et al. 2007). In general, Western gorilla mito-
chondrial control region haplotypes fall into 2 major clades 
(C, D) that can be further subdivided into geographically 
defined subclades (Clifford et  al. 2004). Geographic pat-
terns of  genetic diversity suggest a role for Pleistocene forest 
refugia in driving haplotype structure within Western goril-
las and also suggest a role of  rivers as significant barriers to 
gene flow. In particular, the mid-Pleistocene expansion of  
the Sahara and savanna at the expense of  rain forest along 
with the coeval formation of  the Congo River system may 
have sealed off  female-mediated gene flow between what are 
now G. gorilla and G. beringei (Jensen-Seaman 2000; Thalmann 
et al. 2007). Subsequent restriction of  gorillas to forest refu-
gia likely induced changes in population size and migration in 
both Eastern and Western gorillas (Jensen-Seaman and Kidd 
2001; Clifford et  al. 2004; Anthony, Johnson-Bawe, et  al. 
2007).

Until recently, the only mitochondrial sequence data avail-
able from G.  beringei were short sequences from portions 
of  the COII, NADH5, and the first hypervariable region 
of  the D-loop (Ruvolo et al. 1994; Garner and Ryder 1996; 
Saltonstall et al. 1998; Jensen-Seaman et al. 2003; Thalmann 
et al. 2005). Short sequences provide unreliable estimates of  
divergence, especially between closely related taxa. Previous 
attempts to date the mtDNA split between the extant gorilla 
species have also been confounded by the presence of  nuclear 
integrations of  mitochondrial DNA, or numts (Garner and 
Ryder 1996; Jensen-Seaman et  al. 2004; Anthony, Clifford, 
et al. 2007). As such, it has been suggested that gorillas are 
particularly susceptible to inadvertent numt amplification, 
with 1 solution being to utilize only long-range amplification 
of  large DNA fragments (Thalmann et  al. 2004). Recently, 
long sequence contigs comprising most of  the mitochondrial 
genome were generated with whole-genome next-generation 
shotgun sequencing of  28 Western gorillas and 2 Eastern 
gorillas (Prado-Martinez et  al. 2013). These sequences do 
not include the ~1-kb D-loop, and no empirical methods to 
avoid numts. In order to provide a reliable estimate of  the 

Figure 1.  Extant gorilla populations in equatorial Africa and the major rivers that may have restricted gene flow in the past. 
Although distributions are shown as continuous, gorillas exist primarily in small isolated pockets of  remaining forest in West and 
East Africa. Distributions reproduced from Mitchell and Gonder (2013).
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mtDNA divergence between Eastern and Western goril-
las, we sequenced the complete mitochondrial genome of  1 
Eastern lowland gorilla and compared it to available complete 
mtDNA sequences of  Western lowland gorillas and other 
hominoids. Furthermore, to help understand the genetic 
diversity and history of  Western gorillas, we sequenced the 
complete mitochondrial genome of  1 representative of  the 
D3 haplotype clade to complement those available from the 
C haplogroup.

Materials and Methods
DNA Sequencing

Genomic DNA from 1 wild-born male Eastern lowland 
gorilla (“M’kubwa”; G.  b.  graueri) was obtained from the 
Coriell Cell Repositories, Hamden, NJ (ID PR00206). 
According to the International Gorilla studbook, this indi-
vidual was captured in the Eastern Democratic Republic 
of  the Congo in 1953, and died in the Houston Zoo in 
2004 (Studbook ID 9907, Niekisch 2011). Genomic DNA 
from 1 male Western lowland gorilla (“Chipua”; G.  gorilla 
gorilla) was extracted from a lymphoblast cell line, originally 
obtained from the Coriell Cell Repositories (Coriell ID 
PR00622 Studbook ID 1419, Niekisch 2011). Using 1 ng 
of  these genomic DNAs as templates, the mitochondrial 
genome was PCR-amplified in 3 overlapping fragments of  
7.1, 7.5, and 5.5 kb with primer pairs mt10261_F/mt726_R, 
mt551_F/mt7969_R, and mt7022/mt12400_R, respectively 
(see Supplementary Table  1 online for primer sequences). 
PCR volumes were 50 μl and included 0.4 mM each dNTP, 
0.8 μM each primer, 1.25 U LA-Taq polymerase (Takara Bio/
Clontech, Mountain View, CA), in 1X manufacturer’s buffer. 
Following a 2-min denaturation at 94 °C, reactions ran for 
35 cycles of  94 °C for 15 s, 60 °C for 15 s, and 72 °C for 
10 min, with a final extension of  10 min at 72 °C. Amplicons 
were purified with Wizard SV columns (Promega, Madison, 
WI) and sequenced with multiple primers in both directions 
(Supplementary Table 1 online) with BigDye v3.1 sequenc-
ing kit using an ABI3100 automated sequencer (Applied 
Biosystems/Life Technologies, Grand Island, NY). The 
SeqMan program of  the LaserGene package (DNA-Star, 
Madison, WI) was used to edit sequences, create contigs, and 
produce consensus sequences.

Data Archiving

In accordance with data archiving guidelines (Baker 2013), 
the assembled and annotated genome sequences have been 
deposited in GenBank under accession numbers KF914213 
and KF914214.

Primate mtDNA Sequence Alignments

The 2 novel gorilla mitochondrial genome sequences 
obtained in the present study were aligned with whole 
genome sequences from 2 additional published Western 
lowland gorilla (G.  g.  gorilla, GenBank accession numbers 
NC_001645 and NC_011120), 4 chimpanzees (Pan troglodytes 

troglodytes, HM068587; P. t. schweinfurthii, HM068591; P. t. verus, 
HM068593; P.  t.  ellioti, HM068585), 2 bonobos (Pan panis-
cus, GU189674 and GU189674), 1 human (Homo sapiens, 
J01415.2), Neanderthal (H.  neanderthalensis, FM865411), 
2 orangutans (Pongo abelii, NC_002083; and P.  pygmaeus, 
NC_001646), 1 gibbon (Hylobates lar, NC_002082), and 1 
macaque (Macaca mulatta, NC_005943) using the ClustalW 
online server (Larkin et al. 2007). From the alignment 2 data 
sets were created. One data set contained the concatenated 
12 protein-coding genes located on the heavy strand of  
the mitochondrial genome (10 887 nucleotides), following 
Raaum et  al. (2005), as they are likely to be evolving in a 
similar fashion. The other data set (15 599 nucleotides) con-
tained the entire mitochondrial genomes except the D-loop, 
which is largely unalignable across ape genera. We also com-
pared our sequences with the nearly complete gorilla mito-
chondrial genome sequences described by Prado-Martinez 
et al. (2013).

There is little mitochondrial sequence data available 
from mountain gorillas, so for dating of  the mitochondrial 
divergence between the Eastern lowland and mountain 
gorilla subspecies, we used 1 published NADH5 sequence 
(G.  b.  beringei, AF240447; Jensen-Seaman et  al. 2001), and 
12 previously published sequences from the first hypervari-
able region (HV1) of  the D-loop, including those from 2 
mountain gorillas (AY530103, AF089820), 2 Eastern low-
land gorillas (AF050738, AF187549), 7 Western lowland 
gorillas (AY530138, AY530141, AY530128, AY530132, 
AY530118, AY530119, AY530120), and 1 Cross River 
gorilla (AY530112) (Jensen-Seaman and Kidd 2001; Clifford 
et al. 2004).

Protein-Coding Genes, tRNA, and rRNA Analysis

For analysis of  individual genes, we used the mitochon-
drial genomes from 1 human (J01415.2), 1 chimpanzee 
(HM068587), 1 bonobo (GU189674), along with our 2 
novel gorilla mtDNA genome sequences. The protein 
coding, tRNA, and rRNA genes, as well as conceptu-
ally translated amino acid sequences, were aligned using 
ClustalW (Larkin et al. 2007). Genetic distances, transition 
and transversion rates, and rate heterogeneity parameters 
were estimated using MEGA v5.2.2 (Tamura et al. 2011). 
Pairwise Ka/Ks values between chimpanzee and bonobo, 
and Eastern and Western gorilla were calculated using 
“seqinr” package (Charif  and Lobry 2007) implemented in 
R v3.0.2. The difference in sequence divergence between 
chimpanzee–bonobo on one hand, and Western–Eastern 
gorillas on the other, was evaluated by creating 1000 boot-
strap pseudoreplicates of  each pairwise sequence align-
ment with the 12-gene data set using the SEQBOOT and 
DNADIST programs of  the PHYLIP v3.395 package 
(Felsenstein 1993).

Phylogenetic Analysis

For dating, we used a Bayesian Markov Chain Monte 
Carlo approach (MCMC) implemented in BEAST v1.7.5 
(Drummond and Rambaut 2007). The BEAST input file was 

http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/esu056/-/DC1
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generated using BEAUTi v1.7.5 (Drummond and Rambaut 
2007). An uncorrelated lognormal relaxed molecular clock 
was used to allow evolutionary rate to vary from branch to 
branch. This approach has been previously shown to pro-
vide better estimate of  time to most recent common ancestor 
(tMRCA) over the strict molecular clock that does not allow 
the evolutionary rate to vary among branches (Drummond 
et  al. 2006). The SRD06 model of  nucleotide substitution 
was used to partition the nucleotide data by codon position, 
so that the third codon position can differ from position 1 
and 2 (Shapiro et al. 2006). The rate of  evolution was cali-
brated using lognormally distributed priors as described in 
Raaum et al. (2005) with lognormal means of  zero and log-
normal standard deviation of  0.56. As discussed by several 
authors (Ho 2007; Bjork et al. 2011), lognormally distributed 
priors perform better than both normally distributed and 
exponentially distributed priors, when using fossil calibration 
points for dating the tree as it will sample values from the 
more distant past more frequently than recent values. We off-
set these distributions at the internal node of  human–chim-
panzee split by 5 Myr to ensure that the median values of  the 
distribution approximates the expected 6 Mya split (as per 
Bjork et  al. 2011). The same offset point was used for the 
NADH5 phylogeny construction.

MCMC simulation ran for 10 million generations for the 
12-gene and whole mtDNA genome data sets, discarding 
10% of  the generations as “burnin.” The maximum clade 
credibility (MCC) tree was identified and annotated using 
TreeAnnotator v1.7.5 (Drummond and Rambaut 2007). 
Nodes with posterior probabilities exceeding 90% (P > 0.9) 
were used for tree building. The MCC tree generated by 
TreeAnnotator v1.7.5 was visualized and dated using FigTree 
v1.4 (http://tree.bio.ed.ac.uk/software/figtree). Tracer v1.5 
(Rambaut and Drummond 2009) was used to summarize the 
posterior estimates of  the various parameters sampled by the 
Markov Chain. tMRCA means, medians, 95% highest poste-
rior density (95% HPD) intervals (all in Myr), and effective 
sample sizes (ESS) were calculated using Tracer.

For maximum likelihood and maximum parsimony phy-
logenetic reconstruction, the ClustalW alignments of  both 
data sets were used with 1000 bootstrapped replicates, using 
MEGA v5.2.2 (Tamura et al. 2011). A model test was first 
performed using jModelTest v2.1.4 ( Guindon and Gascuel 
2003; Darriba et al. 2012) to determine the best fitting nucle-
otide substitution model for each data set, using Akaike’s 
information criteria with correction (AICc) and Bayesian 
information criteria (BIC) values.

Results
DNA Sequencing

Complete mitochondrial genome sequences were obtained 
for 1 Eastern lowland gorilla (“M’kubwa,” G.  b.  graueri) 
and 1 Western lowland gorilla (“Chipua,” G.  g.  gorilla), and 
deposited in GenBank (accession numbers KF914213 and 
KF914214, respectively). The exact number of  cytosines 
within the first hypervariable region (HV1) of  the D-loop 

could not be determined for the Western lowland gorilla, 
presumably due to polymerase stutter or possible hetero-
plasmy. The Western lowland gorilla sequence was therefore 
submitted as …C8TTC10… in this region and annotated as 
undetermined, following previous publications (Garner and 
Ryder 1996; Thalmann et  al. 2005). Similarly in a poly-C 
stretch in the second hypervariable region (HV2), the num-
ber of  cytosines is submitted as 11 in our Western lowland 
gorilla and 12 in the Eastern gorilla, with some uncertainty. 
No nucleotide positions appeared to be heteroplasmic, 
although rigorous testing for this possibility was not done. 
All sequences appear to derive from authentic mitochon-
drial DNA, not numts, in that no apparently heterozygous 
sites were observed, nor were any premature stop codons 
or indels seen within protein-coding portions. We also note 
that the PCR amplicons generated to reconstruct the whole 
mtDNA genome in this study are 2 to 3 times larger than 
the largest gorilla numts reported in a recent comprehen-
sive search of  the gorilla genome for numts (Soto-Calderón 
2012), making amplification on numts unlikely. Phylogenetic 
analysis of  the novel HV1 sequences along with all previ-
ously published gorilla HV1 sequences confirms that wild-
born M’kubwa is an Eastern lowland gorilla belonging to 
haplogroup B and that the mtDNA of  Chipua belongs to 
the D3 haplogroup (Supplementary Figure 1 online), follow-
ing the HV1 haplotype nomenclature of  Anthony, Johnson-
Bawe, et al. (2007). We observed that 1 of  the 2 previously 
published complete genomes from G.  gorilla, NC_001645 
(Horai et  al. 1995) appears to be a composite sequence 
derived from more than 1 individual, with its D-loop clearly 
derived from haplogroup D, while the bulk of  its genome is 
much more similar to the other published G. gorilla sequence 
from haplogroup C (NC_011120; Xu and Arnason 1996). 
Therefore this sequence, NC_001645, was not used in any 
subsequent analyses.

Dating Mitochondrial Divergence

Both the 12-gene data set and the complete mtDNA 
sequence data set (see Methods) produced identical tree 
topologies, with the combined Bayesian posterior probability 
of  1.000 (Figure 2). The maximum parsimony tree and the 
maximum likelihood tree generated under the GTR+I+G 
model with either data set has an identical topology to the 
Bayesian tree, with all nodes supported in 99% or more 
of  bootstrap replicates (not shown). We estimate, using a 
Bayesian MCMC approach, that the divergence between 
the mitochondrial genomes of  the gorilla species occurred 
nearly 2 million years ago, slightly more recently than the 
chimpanzee–bonobo split, calibrated with a human–chim-
panzee divergence of  6 Mya (Table  1). In a gene-by-gene 
comparison using the 13 protein-coding genes, 8 of  the Pan 
species splits are older than the Gorilla species splits (Table 2). 
Of  the 1000 bootstrapped replicate pairwise sequence align-
ments created for the Pan and for the Gorilla species using 
the 12-gene data set, 97.1% exhibit a greater divergence 
between chimp and bonobo than between the Eastern and 
Western gorillas (Figure 3). The deepest split within Western 

http://tree.bio.ed.ac.uk/software/figtree
http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/esu056/-/DC1
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gorillas is between our novel Chipua sequence and previ-
ously published genomes, occurring relatively recently, less 
than 400 000 years ago. Estimated divergence dates from the 
complete mtDNA genome (excluding the D-loop) are very 
similar to the 12-gene data set (Table 1).

With no source of  high-quality genomic DNA from 
a mountain gorilla, we were not able to amplify long-range 
PCR products in order to sequence the complete mitochon-
drial genome of  this subspecies. Instead, we used a previously 

published sequence from the mountain gorilla NADH5 gene 
(AF240447) along with our novel sequences and a Bayesian 
MCMC approach to estimate the time of  the Eastern lowland 
(G. b. graueri) and mountain (G. b. beringei) gorilla divergence at 
0.378 (0.04–0.864) Mya, slightly more recent than the deepest 
split within G. gorilla (Figure 4). The dates obtained from HV1 
were substantially higher than NADH5; when calibrated with 
an Eastern–Western gorilla divergence of  2 Mya, the deepest 
split within Western gorillas is 1.775 Mya (1.176–2.599 Mya; 

Figure 2.  Phylogeny of  hominoid mitochondria, based on the 12 protein-coding genes of  the heavy strand, with dates inferred 
using a Bayesian MCMC approach with the human–chimpanzee divergence offset by 5 Myr to approximate a 6 Mya date for the 
human–chimpanzee split. Novel genome sequences are indicated with an asterisk.

Table 1  Dates with confidence intervals

12 Heavy strand genes Whole mtDNA minus D-loop

Taxon divergence tMRCAa 95% HPDb tMRCAa 95% HPDb

Old World monkey–Hominoid 32.215 25.288–40.411 32.535 25.339–40.758
Gibbon–Hominid 19.068 15.423–23.432 19.280 15.314–23.507
Pongo–African Apes 14.853 12.053–18.163 14.537 11.657–17.763
Pongo pygmaeus–P. abelii 4.090 3.192–5.213 3.989 3.015–5.089
Gorilla–Homo/Pan 8.396 7.063–10.192 8.280 6.919–10.003
Homo–Pan 5.983 5.200–7.058 5.982 5.197–7.082
Pan troglodytes–P. paniscus 2.163 1.742–2.691 2.172 1.715–2.679
P. t. troglodytes/P. t. schweinfurthii–P. t. verus/P. t. ellioti 1.054 0.824–1.330 1.027 0.803–1.304
Gorilla gorilla–G. beringei 1.900 1.456–2.397 1.895 1.438–2.391
Deepest root within Western gorilla 0.370 0.258–0.494 0.404 0.284–0.531
Human–Neanderthal 0.591 0.428–0.762 0.587 0.430–0.758

aTime to most recent common ancestor, in Myr.
b95% highest posterior density.
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median 1.685 Mya) and the G. graueri versus G. beringei split 
time is 0.929 Mya (0.764–2.028; median 0.803 Mya). Although 
the estimates of  the Eastern lowland and mountain gorilla 
mitochondrial divergence time differs depending on loci and 
calibration node, we note that in all circumstances the deepest 
split with Western gorillas is deeper than the split between the 
2 Eastern gorilla subspecies.

Twelve of  the 13 protein-coding genes differs by at 
least 1 predicted amino acid between our Eastern lowland 
gorilla and our Western lowland gorilla for the gene-by-gene 
comparisons, although only 10 of  these genes contain an 
apparent fixed difference, where all 3 Western gorilla mito-
chondrial genomes code for a different amino acid than the 
single Eastern lowland gorilla genome. With only 1 complete 
G.  beringei sequence it is not possible to determine if  such 
differences are polymorphic within this species. All proteins 
appear to be evolving under purifying selection in general, 
in that all gene-wide Ka/Ks values are less than 1 (Table 2). 
This is also true for each chimpanzee–bonobo pairwise com-
parison. Of  the 22 tRNA genes, 9 are identical between all 

G. gorilla and G. graueri, with 21 substitutions found among 
the remaining 13 tRNA genes.

Integration of Previously Published Mitochondrial 
Genome Data

There are presently more than 200 gorilla sequences of  the 
first hypervariable region (HV1) of  the D-loop submitted 
to GenBank; mitochondrial haplogroups have traditionally 
been defined based on HV1 sequence in gorillas (Clifford 
et al. 2004). Recently, 29 nearly complete gorilla mitochon-
drial genome sequences have also been described, containing 
the entire coding sequence of  the genome but lacking the 
~1-kb D-loop (Supplemental Information online of  Prado-
Martinez et  al. 2013). We therefore took this opportunity 
to merge these data sets by creating a phylogenetic tree of  
these 29 genome sequences, along with the 2 novel complete 
mitochondrial genome sequences of  the present paper and 
the 1 previously reported G. gorilla sequence (NC_011120), 
excluding the D-loop. Of  the 29 gorillas sequenced by 

Table 2  Chimpanzee/bonobo versus Eastern/Western Gorilla genetic distance and pairwise Ka/Ks values

Locusa Chimp–Bonobo distanceb Western–Eastern gorilla distanceb Chimp–Bonobo Ka/Ks Western–Eastern Ka/Ks

ATPase6 0.040 0.054 0.317 0.321
ATPase8 0.018 0.015 0.300 0.408
COI 0.031 0.021 0.078 0.075
COII 0.028 0.033 0.000 0.116
COIII 0.042 0.031 0.118 0.170
Cytb 0.050 0.050 0.206 0.060
NADH1 0.051 0.040 0.091 0.144
NADH2 0.049 0.038 0.151 0.189
NADH3 0.027 0.036 0.143 0.313
NADH4 0.042 0.037 0.113 0.211
NADH4L 0.045 0.033 0.052 0.035
NADH5 0.062 0.058 0.253 0.173
NADH6 0.049 0.047 0.106 0.000
tRNAs 0.018 0.016 — —
12S rRNA 0.014 0.008 — —
16S rRNA 0.024 0.025 — —
D-Loop 0.105 0.103 — —

aGenetic distance results were calculated separately for each gene, with the exception of  the 22 tRNAs, which were concatenated into 1 sequence for analysis.
bGenetic distance calculated with MEGA v5.2.2.

Figure 3.  The mitochondrial genetic distances between Gorilla species compared to that of  the Pan species, of  1000 
bootstrapped replicates of  the 12-gene data set.

http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/esu056/-/DC1
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Prado-Martinez et  al. (2013) we had previously sequenced 
the HV1 region from 14 of  them using long-range PCR to 
avoid numts (unpublished data), and could infer an additional 
individual’s haplotype as we had sequenced her wild-born 
mother. With about half  of  the 29 gorillas directly haplo-
grouped we could provisionally, but confidently, assign the 
others to an existing haplogroup (Supplementary Figure  2 
online).

We compared our complete mitochondrial genome 
sequence of  M’kubwa (G. beringei), generated with long-range 
PCR and dideoxy dye terminator sequencing to the nearly 
complete sequence generated by Prado-Martinez et al. (2013) 
from the same individual, but using short-read whole-genome 
shotgun sequencing of  total genomic DNA. The sequences 
are identical at every nucleotide, excluding the ~1-kb D-loop 
not present in the latter sequence.

Discussion
The sequence of  the Eastern gorilla (G. beringei) completes 
an important data set, as it is the last living hominid species 
to have its mitochondrial genome completely sequenced. In 
addition, the haplogroup D3 Western gorilla mitochondrial 
genome sequence further extends the genetic diversity sam-
pled in this species by adding the most divergent complete 
mitochondrial sequence in G.  gorilla. We note the impor-
tance of  providing this sequence in making estimates of  the 
amount of  mtDNA diversity in this species, since 1 of  the 
2 previously described mitochondrial genome sequences is 
apparently a composite produced from at least 2 individuals, 
1 of  whom is from haplogroup C and 1 from haplogroup 

D. The use of  large amplicons successfully avoided inadvert-
ent PCR amplification of  numts, a common difficulty in the 
analysis of  mitochondri Anthony al DNA in gorillas (Jensen-
Seaman et al. 2004; Thalmann et al. 2004; Anthony, Clifford, 
et al. 2007). With the exception of  2 stretches of  cytosines 
in the control region, all bases were called with complete 
confidence. We believe that our estimate of  the tMRCA of  
the gorilla species’ mitochondrial genomes using a Bayesian 
MCMC provides the most accurate estimate to date, as it is 
the first to be based on complete genome sequence. We do 
recognize, however, that such estimates are dependent on 
calibration from an imperfect fossil record and a number of  
assumptions regarding the nature of  the nucleotide substitu-
tions. Only short mitochondrial sequences from a few loci 
are available from the mountain gorilla, and so at this time 
the divergence estimates between G. b. beringei and G. b. grau-
eri remain tentative.

As noted previously, the divergence of  the Eastern and 
Western gorilla species’ mitochondrial genomes substan-
tially predated the complete cessation of  nuclear gene flow. 
Evidence for this comes from the observation that numts 
closely related to both Eastern and Western mtDNA hap-
lotypes are found in both the Eastern and Western gorilla 
species (Jensen-Seaman et  al. 2004; Thalmann et  al. 2005;  
Anthony, Clifford, et  al. 2007; Soto-Calderón 2012). Also, 
the genetic distances and divergence dates estimated from 
autosomal, X chromosomal, and Y chromosomal loci are 
consistently much less than those from mitochondrial genes 
(Burrows and Ryder 1997; Jensen-Seaman et al. 2001, 2003; 
Kaessmann et  al. 2001; Altheide 2002; Scally et  al. 2012). 
While the actual estimated divergence dates depend on a 
variety of  factors that may differ among genetic systems 

Figure 4.  MCC tree from NADH5 gene sequence, with the human–chimpanzee divergence offset by 5 Myr to approximate a 6 
Mya date for this divergence. The tMRCA of  the 2 subspecies of  G. beringei is estimated to be approximately 380 kya.

http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/esu056/-/DC1
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including mutation rate, population size, and selection—
along with assumptions of  models and calibrations—this 
strong discrepancy between mitochondrial and nuclear loci 
is seen most clearly when these same loci are compared in 
other hominid species, such as chimpanzees (Jensen-Seaman 
et al. 2001; Mailund et al. 2012). One explanation is that long 
distance male-mediated gene flow persisted much longer 
than female gene flow as gorilla populations became iso-
lated. This is consistent with the described dispersal patterns 
of  gorillas where females tend to emigrate from their natal 
group to quickly join a neighboring group, whereas male 
gorillas may spend years traveling very long distances before 
establishing or taking over a reproductive group (Harcourt 
1978; Douadi et al. 2007; Inoue et al. 2013). There is theo-
retical support for this sex-biased model (Birky et al. 1989) 
and empirical support seen in other primate species with 
strong female philopatry (Evans et  al. 2010). However, 
a recent study failed to detect any significant sex-bias in 
genetic structure of  Western gorillas across large distances 
(Fünfstück et al. 2014). An alternative explanation is simply 
that mitochondrial DNA is a single locus, and like any other 
locus may not be representative of  the majority of  genetic 
loci. We also recognize the possibility that selection, in the 
form of  mito-nuclear incompatibility, could restrict mito-
chondrial introgression in the presence of  nuclear gene flow 
(e.g., Trier et al. 2014).

Our estimated tMRCA of  1.9 Mya is an estimate of  the 
time of  cessation of  female-mediated gene flow between 
populations that would ultimately become the Eastern and 
Western gorilla species. Perhaps the habitat fragmentation 
of  the early to mid-Pleistocene created islands of  forest 
refugia in central Africa between which males would travel, 
but females would not. The available paths of  migration 
between West Africa and the Eastern populations could 
have been further reduced by the formation of  the Congo/
Ubangi River system around this same time, restricting the 
swath of  suitable forest habitat north of  these rivers and 
south of  the savanna (Figure 1; Groves 1971; Beadle 1981; 
Stankiewicz and de Wit 2006; Schultheiβ et al. 2014). It is in 
this context that we note that the mitochondrial divergence 
in gorillas began around the same time as that between 
chimpanzees and bonobos, and much earlier than the deep-
est split within common chimpanzees (Table 1). It is there-
fore intriguing to speculate that perhaps the species-level 
splits in both Gorilla and Pan had a common cause. Although 
aridity induced habitat fragmentation is commonly invoked 
to explain Pleistocene allopatric speciation events, equato-
rial Africa may have been experiencing a wetter, warmer 
phase around 1.8 Mya (Trauth et al. 2009), suggesting that 
changes in river drainage may be an equally likely cause, 
especially considering the effects of  major rivers on the pat-
terns of  genetic variation in extant Western lowland goril-
las (Anthony, Johnson-Bawe, et  al. 2007; Fünfstück et  al. 
2014). What is certain is that the Pleistocene was a time of  
tremendous climatic fluctuation in Africa, and renewed tec-
tonic activity along the East African Rift, leading to numer-
ous events that may have initiated speciation in gorillas, and 
perhaps chimpanzees as well.

Historically, following a major revision of  taxonomy 
by Groves, gorillas were considered a single species with 
3 subspecies (Groves 1967, 2003). Beginning in the mid-
1990s, the consensus of  the field began to change with 
many authors recognizing 2 gorilla species, G.  gorilla and 
G.  beringei. This rethinking was explicitly triggered by the 
observation of  what appeared to be a surprisingly ancient 
split between the Western and Eastern gorilla populations, 
based solely on mitochondrial DNA sequence (Ruvolo et al. 
1994; Morell 1994; Garner and Ryder 1996; Groves 1996, 
2001, 2003). Interestingly, the average sequence divergence 
between Western and Eastern gorillas was reported to be 
larger than that between the universally recognized chimpan-
zee and bonobo species at both the COII gene and the HV1 
(Ruvolo et  al. 1994; Garner and Ryder 1996). Our results 
show a clear advantage in utilizing the complete mtDNA 
sequence, which reveal that the chimpanzee–bonobo mito-
chondrial genomes are actually slightly more divergent over-
all than the Eastern–Western gorilla genomes (Figure 3), and 
that the COII gene, by chance, is among the most aberrant 
loci (Table  2). Although we now recognize that mtDNA 
does not provide a complete picture of  the events sur-
rounding the genetic isolation of  G. gorilla and G. beringei, it 
is unlikely that the consensus opinion will revert to a single 
species taxonomy, nor do we advocate as such. The picture 
that is now emerging is that the ancestral gorilla populations 
began to separate nearly 2 million years ago, based on our 
dating of  the mitochondrial divergence at 1.9 Mya as well 
as the dating of  the average nuclear sequence divergence 
between Eastern and Western gorilla genomes at 1.75 Mya 
(Scally et al. 2012), or somewhat more recent (0.9–1.6 Mya; 
Thalmann et al. 2007). Following this initial split, gene flow 
continued among these populations until about 100 kya, per-
haps predominantly via male migration. The overall degree 
of  anatomical and molecular differentiation between Eastern 
and Western gorillas is clearly greater than between any chim-
panzee subspecies, and on par with other sister species pairs 
in primates (Groves 2001). The fact that the genetic evidence 
refutes a simple clean break as predicted by vicariance-driven 
allopatric speciation does not negate the overall distinctive-
ness of  the 2 currently recognized gorilla species. We note 
that another recent analysis has placed the initial gorilla diver-
gence to be much more recent (300–500 kya), based solely 
on nuclear data (Mailund et al. 2012). Our hope is that the 
2 new complete mitochondrial genome sequences described 
herein, along with previously published great ape mtDNA 
sequences, can be combined with whole nuclear genome data 
to develop an isolation–migration model that simultaneously 
considers both genomes as a means to fully understand the 
speciation dynamics of  gorillas.

The data from our study provide the most accurate dates 
of  mitochondrial lineage divergence in gorillas, both within 
the diverse Western species, as well as between the Western 
and Eastern species. The study of  gorilla mitochondrial 
DNA variation based on whole genomes has lagged behind 
that of  chimpanzees and bonobos (Stone et al. 2010; Bjork 
et  al. 2011), and we hope that the present paper is a first 
step toward remedying that paucity of  data. Combining 
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the mitochondrial data and recent whole nuclear genome 
sequences from gorillas with realistic estimates of  migration 
rates and distances of  both sexes could be used to develop 
and test more complex models of  ape speciation processes 
(Ackermann and Bishop 2010; Mailund et al. 2012). Finally, 
we note that many of  the same complexities seen in extant 
great apes may have also occurred in extinct hominins such 
as Neanderthals, Denisovans, and the hominins from Sima 
de los Huesos, where anatomical and molecular data reveal 
a complex pattern of  isolation and migration, potentially the 
result of  hybridization between subspecies or species, sex-
biased gene flow, incomplete linage sorting, mitochondrial 
paraphyly, and geographically structured variation (Krause 
et al. 2010; Reich et al. 2010; Meyer et al. 2012, 2014; Prüfer 
et al. 2014). As such, models of  great ape divergence could in 
turn be used to inform scenarios to explain Eurasian homi-
nin demographic evolution whose migratory behavior and 
demographic structure cannot be directly observed.

Supplementary Material
Supplementary material can be found at http://www.jhered.
oxfordjournals.org/.
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