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Abstract

Numts are fragments of mitochondrial DNA (mtDNA) that have been translocated to the
nucleus, where they can persist while their mitochondrial counterparts continue to rapidly
evolve. Thus, numts represent “‘molecular fossils’ useful for comparison with mitochon-
drial variation, and are particularly suited for studies of the fast-evolving hypervariable
segment of the mitochondrial control region (HV1). Here we used information from numts
found in western gorillas (Gorilla gorilla) and eastern gorillas (Gorilla beringei) to estimate
that these two species diverged about 1.3 million years ago (Ma), an estimate similar to recent
calculations for the divergence of chimpanzee and bonobo. We also describe the sequence
of a gorilla numt still possessing a segment lost from all contemporary gorilla mtDNAs. In
contrast to that sequence, many numts of the HV1 are highly similar to authentic mitochondrial
organellar sequences, making it difficult to determine whether purported mitochondrial
sequences truly derive from that genome. We used all available organellar HV1 and
corresponding numt sequences from gorillas in a phylogenetic analysis aimed at distinguish-
ing these two types of sequences. Numts were found in several clades in the tree. This, in
combination with the fact that only a limited amount of the extant variation in gorillas has been
sampled, suggests that categorization of new sequences by the indirect means of phylogenetic
comparison would be prone to uncertainty. We conclude that for taxa such as gorillas that con-
tain numerous numts, direct approaches to the authentication of HV1 sequences, such as
amplification strategies relying upon the circularity of the mtDNA molecule, remain necessary.
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Introduction

Nuclear insertions of mitochondrial DNA (mtDNA) or
‘numts” are commonly found in animal genomes. They
are segments of mitochondrial DNA that have become
translocated to the nuclear genome (Du Buy & Riley 1967;
Lopez et al. 1994; Zischler et al. 1995; Perna & Kocher 1996;
Zhang & Hewitt 1996; Bensasson ef al. 2001; Ricchetti ef al.
2004). A mitochondrial segment loses its original function
upon arrival in the nuclear genome and so can readily
acquire mutations, although the mutation rate is typically
slower in the nucleus than in the mitochondria (Brown
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et al. 1982; Zischler et al. 1995; Mundy et al. 2000; Lii ef al.
2002). Unfortunately, because recently integrated numts
will tend to have a high sequence similarity to genuine
organellar mtDNA sequences, inadvertent amplification
of numts can be a nuisance in studies of mtDNA variation.
In the worst case, unrecognized inclusion of numts in an
analysis of mtDNA invalidates the analyses and can lead to
false conclusions (van der Kuyl et al. 1995; Bensasson ef al.
2001; Thalmann ef al. 2004). Therefore, the unambiguous
authentication of organellar sequences is a prerequisite for
studies inferring evolutionary histories from mtDNA data.

Assuming, however, that one can reliably distinguish
numts from authentic mtDNA, the numts themselves can
be very informative. Examples of their uses include cali-
bration of the relative rates of nuclear and mitochondrial
sequence divergence (Lopez et al. 1997), identification of
the extent and pattern of information transfer from the
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mitochondrion to the nucleus (Woischnik & Moraes 2002;
Bensasson et al. 2003), and confirmation of the recent
African ancestry of our own species (Zischler et al. 1995;
Mishmar et al. 2004). Here we demonstrate the use of
numts to investigate the population history of species, in
particular for dating a molecular divergence between West
and East African gorillas.

The western gorilla (Gorilla gorilla) and eastern gorilla
(Gorilla beringei) are separated by more than 1000 km,
exhibit behavioural and ecological differences (Doran &
McNeilage 1998), and are classified as two separate gorilla
species as a reflection of these facts and interpretation of
morphological, particularly craniometric differences (Groves
2001; Taylor & Groves 2003). Genetic investigations have
compared the phylogenetic relationship and degree of
divergence found between the two gorilla species with that
found between two other recently diverged equatorial
African great ape species, the common chimpanzee (Pan
troglodytes) and the bonobo (Pan paniscus). However,
analyses of noncoding nuclear loci showed that while
chimpanzees and bonobos were reciprocally monophyletic,
monophyly was not apparent between western and east-
ern gorillas, perhaps reflecting a rather recent population
split of ancestral gorillas (Kaessmann et al. 2001; Jensen-
Seaman et al. 2003). Any attempts to date recent separation
events using such nuclear data in which lineage sorting is
not complete are most likely to provide a time estimate for
the most recent common ancestor of the particular nuclear
segment, but not of the actual population split itself
(Edwards & Beerli 2000; Nichols 2001).

Hence, for dating of recent population splits, a genetic
marker evolving at a sufficient rate to allow phylogenetic
resolution at the level of interest is required. Because of its
smaller effective population size and rapid evolution,
mtDNA is particularly useful for analysis of the recent
evolutionary history of animal populations (Moore 1995;
Avise 2000). Analyses of mtDNA revealed reciprocal
monophyly within both the Pan and the Gorilla genera and,
as expected for loci completely linked on the same circular
molecule, the results were consistent among several seg-
ments of the mitochondrial genome (COII, Ruvolo et al.
1994; NADHS5, Jensen-Seaman et al. 2003; 12S, Thalmann
unpublished; HV1, Garner & Ryder 1996; Jensen-Seaman
2000). For the two chimpanzee species, estimates based
upon either mtDNA control region or COII sequences
suggest a divergence time of about 2.5 million years ago
(Ma) (Morin et al. 1994; Ruvolo 1997), similar to an estimate
of 2.7-2.8 Ma based on NADH5 data (Jensen-Seaman
2000), while estimates using restriction enzyme analysis of
the entire mitochondrial genome suggested 1.3 Ma for
chimpanzee—bonobo divergence (Ferris et al. 1981). Similarly,
different regions of the mitochondrial genome yielded
different estimates of the divergence time between the two
gorilla species, ranging from 2.7 Ma for NADHS5 data

(Jensen-Seaman 2000) and 2.2 Ma for the COII gene
(Ruvolo 1997) to highly variable estimates (2.7-7.6 Ma)
based upon HV1 data (Jensen-Seaman 2000).

The observed disparities between estimates from differ-
ent regions in the mtDNA probably reflect high variance
resulting from the small number of observed mutations.
As a noncoding segment with the highest rate of evolution
in the mtDNA genome, the HV1 of the control region
provides ample polymorphism information, but rate and
hence time estimations are complicated by the variable
rates of mutation among nucleotide positions in this
segment (Meyer et al. 1999). Here we use HV1 sequence
information from contemporary gorillas in combination
with data from ‘molecular fossils’ representing recently
transposed numts to investigate the timing of a molecular
divergence within gorillas. The comparison of the molecu-
lar estimates of the dates of divergences within gorillas
and chimpanzees is of particular interest for two reasons.
The first is the idea that a common biogeographical
event in Central Africa affected speciation of some primates
and perhaps other animals, and the second is the question
of whether the taxonomic designation of the chimpanzee
and gorilla species has been applied to lineages that have
been independently evolving for similar lengths of time.

While humans and other great apes have been subject
to particularly intensive investigation by means of HV1
sequencing in order to address questions such as the ori-
gin of modern humans (Vigilant et al. 1991) and the relative
amounts and geographical pattern of genetic variation
within ape species (Morin ef al. 1994; Gagneux et al. 1999;
Eriksson et al. 2004), it has been noted that for gorillas,
there is an apparent tendency for numts to be amplified in
addition to, or even instead of, authentic organellar mtDNA
(Clifford et al. 2004a; Jensen-Seaman et al. 2004; Thalmann
et al. 2004). Several approaches have been proposed to dis-
tinguish mitochondrial sequences from numts, including
both practical measures to reduce chances of numt ampli-
fication and analytical methods to distinguish numts from
authentic mtDNA (Bensasson et al. 2001 and references
therein). We previously showed that successful analysis of
authentic organellar HV1 sequences from one great ape —
the gorilla — is unlikely without use of long-range PCR
(polymerase chain reaction) to directly demonstrate the
authenticity of particular HV1 sequences by identifying
the same sequence from two overlapping long-range ampli-
fications of mtDNA (Thalmann et al. 2004). Unfortunately,
the necessary long-range amplification of segments thou-
sands of nucleotides in length is currently not possible
from the noninvasive samples obtainable from wild gorillas
(Thalmann unpublished data). Therefore, very little reliable
HV1 data useful for analysis of the population history
of gorillas exist, although other researchers have recently
attempted to apply indirect criteria for the authentification
of gorilla HV1 sequences (Clifford et al. 2004a).
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In this paper we present an analysis of multiple gorilla
numts, including a sequence still bearing a segment deleted
in current gorilla sequences, in comparison to authentic
gorilla mtDNA. We derive an estimate of a molecular
divergence time of western and eastern gorillas and com-
pare it to recent estimates for the two chimpanzee species.
Finally, we use all publicly available data to evaluate pro-
posed schemes for validation of gorilla HV1 sequences and
conclude that the plethora of numts means that direct
experimental authentication of gorilla HV1 sequences is an
unavoidable necessity.

Methods

Sampling methods and laboratory procedures are
described in detail in Thalmann et al. (2004). In brief, in that
study we asked whether, when using typical methods for
mtDNA analysis from representatives of all of the great
apes, numt sequences were amplified in addition or
in preference to the authentic organellar DNA. We first
determined the one necessarily authentic organellar HV1
sequence for each individual, including one western
gorilla (Gorilla gorilla gorilla; Rok) and one eastern gorilla
(Gorilla beringei graueri; Mukisi) by reamplification of the
HV1 segment from two different overlapping long-range
amplification products that together covered the entire
mitochondrial genome. Then, with primers typically used
for HV1 analysis of the gorillas, we directly amplified the
HV1 segments from genomic DNAs, cloned the products,
and sequenced multiple clones, resulting in identification
of both sequences identical to the authentic HV1s and
additional sequences defined as numts.

Here we use a subset of the numt sequences found in
both gorilla species (Muk5 and Rok8 are herein termed
N,; Muk4 and Rok5 are N,) to investigate the timing of
divergence between the authentic gorilla mitochondrial
sequences and the numt sequences. The results of a relative
rate test (Tajima 1993), performed on those numts and the
authentic mtDNA sequences suggested the application
of one single substitution rate for all sequences, namely
Tamura and Nei’s modal rate of control region evolution
7.5 x 10-8 per site per year (Tamura & Nei 1993) and diver-
gence time was estimated using the equation,

6=2MNT

in which & is the sequence divergence between the
sequences, A is the substitution rate and T is the divergence
time.

To infer phylogenetic relationships, we used all numt
sequences (N = 8) obtained from the two gorillas studied,
as well as the two gorilla mtDNA HV1 sequences we veri-
fied and additional unique sequences from the public data-
base and designated there as either gorilla HV1 sequences
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(N =53) or numts (N =16). The total length of the
sequences used in the phylogenetic analyses was 220 bp
and omitted a variable length, cytosine-rich segment of
approximately 20-30 bp. Omission of such segments is
routine practice in HV1 analyses (Bendall & Sykes 1995)
because, as a result of the artefacts generated by slippage in
the PCR, it is difficult in practice to determine homopolymer
segments with confidence and furthermore because it is
substitutional differences that provide the necessary infor-
mation for a phylogenetic analysis. We also excluded two
sequences available in the database (accession numbers:
NC 001645, D38114) because of too much missing data.

Phylogenetic analyses using maximum parsimony (MP)
and neighbour joining (NJ) methods [applying different
substitution models: Kimura 2-parameter (Kimura 1980)
and the TN model (Tamura & Nei 1993)] as well as relative
rate tests (Tajima 1993) were performed with the software
MEGA2 (Kumar et al. 2001). Tree analyses using a quartet-
based maximum likelihood method (ML) and applying
the HKY substitution model (Hasegawa et al. 1985) were
carried out with TREEPUZZLE 5.0 (Schmidt et al. 2002). We per-
formed the analyses with and without the gamma distributed
rate heterogeneity model by applying an alpha value that
we obtained from TREEPUZZLE 5.0 and implemented into
MEGA2 manually. To account for missing sequence informa-
tion and small indels (insertion and deletions), we either
completely deleted those positions or used the pairwise
deletion option in MEGA2. We ran 1000 bootstrap or 1000
puzzling steps to assess the statistical support values for
the observed branching patterns.

Results

Calculation of divergence time

To verify the authenticity of mitochondrial HV1 sequences
obtained from one western and one eastern gorilla (Rokmt
and Mukmt, respectively, in Thalmann et al. 2004), we used
two overlapping long-range PCR products comprising
the entire mitochondrial genome. Subsequent PCRs were
performed on each amplification product targeting the
HV1 in the overlap and revealed one single sequence
for each individual. These authentic mitochondrial HV1
sequences were compared to sequences obtained from PCR
amplifications of total genomic DNAs of the same individuals.
A total of eight numts (NCBI acc.nb. Mukl: AJ812278;
Muk4: AJ812279; Muk5: AJ812280; Muk?7: AJ812281; Rok4:
AJ812282; Rok5: AJ812283; Rok8: AJ812284; Rokl1l1:
AJ812285) were identified from the two gorillas analysed,
four of which were exclusively found in either one or the
other gorilla. There were two instances in which numt
sequences from the western gorilla [Rok8 and Rok5 in
(Thalmann ef al. 2004)] were each highly similar (differing
by a single substitution over 255 bp) to two numt sequences
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from the eastern gorilla (Muk5 and Muk4), suggesting that
the two different pairs of sequences (Rok8 and Muk5, now
termed N;; Rok5 and Muk4, now termed N,) each represent
single numts that became integrated at a time before the
divergence of western and eastern gorillas. Whereas we
attribute the single substitution between the two sequences
each representing N, and N, to be allelic variation, N; and
N, are highly dissimilar, differing by nine to 11 substitu-
tions, and so probably represent two independent transpo-
sition events.

Although we are aware of the fact that numts typically
show a slower rate of evolution compared to their
mitochondrial counterparts, it is not totally clear how one
would estimate the mutation rate for a particular numt and
so we first assumed that the numts analysed here evolve
similarly to mtDNA HV1 sequences. This assumption was
supported by the results of relative rate tests (Tajima 1993).
Phylogenetic analyses revealed in a topology in which the
HV1 sequence derived from the western gorilla separates
from the branch leading to the numts and the eastern
gorilla HV1 sequence as depicted in the Fig. 1. We exam-
ined the constancy of evolutionary rates between the
mtDNA sequence from the eastern gorilla in relation to the
two numt sequences while using the mtDNA sequence
obtained from the western gorilla as an outgroup (Fig. 1).
The hypothesis of clock-like evolution could not be rejected
for both tests: mtDNA eastern gorilla vs. N, (x2 = 1.06, 1 df,
P =0.303) and mtDNA eastern gorilla vs. N, (2 =2.29, 1
df, P = 0.131). Thus, it seems that although likely under-
going a different rate of evolution in the nucleus, the numts
have not been in the nuclear genome sufficiently long
enough to result in detectable effect in the relative rate test.

Eastern Gorilla mi

Upper time limit
al which both
populations still have
hud reproductive
contict

Western Gorilla mi

Fig.1 Schematic diagram illustrating the phylogeny of the
authentic gorilla mt HV1 sequences (western Gorilla mt; eastern
Gorilla mt) and numt sequences (N;, N,), based upon maximum
parsimony and neighbour-joining analyses of the substitutional
differences between those sequences. The framing bold lines
indicate the populations of western and eastern gorillas and bold
branching lines show mtDNA lineages. The time that the numts
spent in the nuclear genome is illustrated by the grey lines. The
horizontal line indicates most recent estimated divergence time
of the numt sequences and the mtDNA sequence of the eastern
gorilla.

The times at which these sequences diverged from the
current mitochondrial lineage of the eastern gorilla were
estimated. Using the Tamura & Nei substitution model
(Tamura & Nei 1993), the amount of sequence divergence
() between the eastern gorilla mtDNA sequence and N; and
N, was calculated as 0.161 (SE. 0.029) and 0.136 (SE. 0.026),
respectively, and so we arrived at sequence divergence
times of 1.07 Ma and 0.91 Ma by applying a mutation rate
of 7.5 x 10-8 per site per year (Tamura & Nei 1993). By com-
parison, 1.36 Ma was the estimated divergence time of the
authentic mitochondrial sequences from the western and
eastern gorillas. However, the above calculations do not
take into account heterogeneity of mutation rates among
sites, therefore a gamma distribution with an alpha value
of 0.34 was incorporated to re-estimate the divergence times
of the respective sequences. This alpha value was calcu-
lated using the two authentic and numt sequences and is
comparable to alpha values determined using much larger
datasets of other hominoid HV1 sequences (Excoffier &
Yang 1999). This resulted in dates of 1.68 Ma and 1.3 Ma for
the splits between the authentic HV1 from the eastern
gorilla and N; and N,, respectively. Whereas these alpha-
corrected divergence times represented increases of 57.0%
and 42.8% for N, and N, respectively, it is noteworthy that
the value estimated for the authentic mtDNAs increased
by 77.4% (to 2.41 Ma), potentially indicating different evo-
lutionary rates between numts and mitochondrial sequences.

Phylogenetic analyses

One phylogenetic analysis focused upon one of the four
numts identified in the analysis of sequenced clones from
amplifications of genomic DNA from a western gorilla.
This numt, termed Rok11 in Thalmann et al. (2004) (NCBI
acc.nb.AJ812285), is notable for possessing an approximately
100 bp segment absent from contemporary gorilla HV1
sequences (Foran ef al. 1988; Xu & Arnason 1996; Thalmann
et al. 2004). Tree reconstructions using exclusively that
100 bp segment, which is readily alignable to homologous
regions from all other great apes, were used to investigate
the relationship of this segment to HV1 segments from other
hominoids. The analyses yielded the topology expected
for hominoid evolution, with the gorilla numt sequence
located between the sequences from orangutans and the
branch leading to the chimpanzees and humans (Ruvolo
et al. 1994; Glazko & Nei 2003) (Fig. 2). Note that the length
of the sequence analysed is very short, resulting in low
statistical support values for some branches.

Because it contained a segment absent from all con-
temporary authentic gorilla HV1 sequences, the Rok11
sequence could easily be recognized as a nonorganellar,
nuclear copy of a gorilla mtDNA representing a molecular
fossil. However, this was an exceptionally clear case, and
we were interested in assessing whether it is possible to
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Fig.2 The phylogenetic arrangement of sequences of an
approximately 100 bp (reduced to 91 bp after deletion of gaps) seg-
ment of the mitochondrial HV1 from hominoids, which is absent
in contemporary gorilla mtDNAs, produced using neighbour-
joining tree analysis with the Kimura 2-parameter substitution
model. Nodes are labelled with the bootstrap values after 1000
bootstrap steps, values below 50 were omitted. Application of
different substitution models or tree building methods revealed
similar topologies with variation in the statistical support likely
attributable to the fact that the segment analysed here is only
91 bp in length. The different taxa are hominoid sequences taken
from the NCBI database with the following accession numbers: 55
humans — AHO001262, AJ586554; chimpanzees — AJ586556,
AF176732, A]586557, AF290608; bonobos — AJ586555, AF176756;
orangutans — AJ586559, AJ586558 and as an outgroup one gibbon
sequence —X99256, and the box indicates the sequence of the ancient
gorilla numt.

Cluster

Group 2

* %k *

confidently distinguish other numt sequences from
authentic gorilla HV1 sequences by means of phylogenetic
analyses. For this purpose, we reanalysed all complete,
publicly available sequences derived from studies of
gorilla HV1. This data set of 79 sequences thus included
proven and putative authentic gorilla HV1 sequences as
well as designated numts of gorilla HV1 (see Thalmann
et al. 2004 and database annotations). Regardless of the tree-
building method used (NJ, ML or MP), the use of different
substitution models, and of either pairwise or complete
deletion of missing sequence information, all approaches
yielded a similar topology (Fig.3). The numt sequence
containing the segment missing from contemporary
gorilla HV1 is placed outside of all other sequences, which
fall into two groupings. Group 1 contains sequences derived
from eastern gorillas, whereas group 2 is comprised of
sequences derived from western and eastern gorillas.
Within group 1 is the only sequence directly demonstrated
to represent an authentic organellar eastern gorilla HV1

Cluster
a

Group 1

Human

0.05

Fig. 3 A neighbour-joining tree produced using 79 gorilla sequences and a human sequence as an outgroup, applying the Tamura—Nei
substitution model as well as the assumption of rate heterogeneity among sites (alpha = 0.83) and pairwise deletion of indels. Despite slight
differences in the statistical support values, the topology did not change after applying other tree-building methods or changing the
assumed substitution model. Only bootstrap support values of 50 or greater are shown. For reasons of readability we used symbols instead
of the exact sequence IDs, but the annotated tree is available as supplementary information. The two verified authentic mtDNA sequences
are labelled with the respective names (western Gorilla mt and eastern Gorilla mt), whereas other putatively authentic HV1 sequences
are indicated by a star. Numt sequences identified in our previous study or designated as such in the GenBank database are marked
by arrows.
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sequence, as well as two numt sequences and other puta-
tive HV1 sequences from eastern gorillas. In group 2, the
sequences are arranged in at least two additional clusters
with modest bootstrap support (51 and 64, respectively).
Cluster ‘a’ contains putative HV1 sequences from western
gorillas and numts derived from both western and eastern
gorillas. Within cluster ‘b’ is the verified HV1 sequence of
a western gorilla, a second, very similar authentic western
gorilla HV1 sequence (Xu & Arnason 1996), and additional
numt and putative HV1 sequences. The nearness of numt
and authentic mtDNA sequences in both clusters highlights
the complex relationship of putative authentic organellar
and numt sequences, as highly similar pairs of putative
HV1 and numt sequences are found (Clifford et al. 2004a;
Thalmann et al. 2004). Overall, it does not appear that the
gorilla numt sequences fall into discrete, well-supported
groups easily distinguishable from the authentic or puta-
tively authentic gorilla HV1 sequences.

Discussion

Numits for dating

We have demonstrated at least two useful features of numts
in this study. The first is the preservation of ancestral
characters, which provides us with knowledge unobtainable
from contemporary samples. Namely, a single gorilla
numt contains a portion of the HV1 that is absent from
contemporary gorilla sequences (Foran et al. 1988; Xu &
Arnason 1996; Thalmann ef al. 2004). This ‘missing link’ in
the evolution of gorilla mitochondrial DNA shows a form
of gorilla mtDNA that existed after the divergence from
the common mitochondrial ancestor of gorillas, humans,
and chimpanzees and prior to the most recent common
ancestor of contemporary gorilla mtDNAs.

The second use of numts demonstrated here is in dating
of molecular divergences in order to provide insights into
the evolutionary history of species (Lopez et al. 1997). As
was pointed out by Bensasson ef al. (2001), the estimated
divergence time between a numt and contemporary mtDNA
sequences does not necessarily represent the time of trans-
position of the numt into the nuclear genome. This is
because after its divergence from the lineage that will
evolve to become the contemporary mtDNA sequences,
the sequence that will become a numt might have evolved
for an additional time as mitochondrial DNA before the
actual transposition. However, a particular numt that
appears in representatives of what are now two popula-
tions must have been integrated into the nucleus at a time
when the two populations were still one. We used two
such numts (N; and N,) to estimate that western and eastern
gorillas diverged no earlier than 0.91-1.68 Ma. Because the
common ancestor of the DNA sequences under considera-
tion is always older than the actual common ancestor of the

two populations (Nei 1987; Nichols 2001), this time esti-
mate represents a maximal time depth of the split between
Gorilla gorilla and Gorilla beringei.

Compared to other calculations of the divergence time of
western and eastern gorillas, such as the date of 2.2 Ma by
Ruvolo (1997) [recalculated by Jensen-Seaman (2000) as 1.89
Ma] that were based upon mitochondrial COII data that
did not show any indication of the inadvertent inclusion of
numts, our estimates suggest a more recent divergence,
and are similar to the estimated age of the most recent
common ancestor of gorilla noncoding X-chromosomal
sequences (mean: 1.28 Ma; Kaessmann et al. 2001). The
application of information from single genetic loci to infer
divergence times usually results in an estimation of an
upper time limit of a population split. This is because
polymorphism in the ancestral population will lead to
different loci having different histories, as well as to genetic
divergences that precede population divergences (Nei
1987; Moore 1995; Edwards & Beerli 2000). Thus, amalga-
mation of information derived from multiple loci would be
the best approach towards a more precise estimate of
divergence times (Moore 1995; Nichols 2001). First attempts
to use analysis of multiple nuclear loci in gorillas to esti-
mate relative diversity as compared to chimpanzees and
humans have yielded encouraging results but included
few individuals (Jensen-Seaman ef al. 2003) or only samples
from western gorillas (Yu et al. 2004). Future investigations
should concentrate on such markers and, to obtain a com-
prehensive view into the evolutionary history of gorillas,
should include sampling of individuals of known origin
from as many localities as possible.

Consideration of the apparent concordance of the diver-
gence dates within Pan (1.8—-0.8 Ma: Yu et al. 2003; Fischer
et al. 2004) and within Gorilla (1.68—0.91 Ma) suggests that
common biogeographical events may have affected both
genera. One possible scenario is that the effects of large
climatic and geological changes leading into the formation
of the Great Rift Valley some 1.5 Ma (Beadle 1981) simulta-
neously separated the two gorilla species and the two
chimpanzee species, a scenario that has also been suggested
by Jensen-Seaman (2000).

Validity of gorilla HV1 sequences

The second part of our study focused not upon the useful
attributes of numts, but rather on their potential to confuse
phylogenetic analyses by masquerading as authentic
organellar sequences. Our results are consistent with those
we obtained earlier with a smaller data set (Thalmann ef al.
2004), and showed that numt sequences were scattered
throughout the phylogenetic tree composed of both putative
and authenticated gorilla HV1 and numt sequences.
This lack of a neat separation of numt sequences into
a divergent clade implies that for gorillas, phylogenetic

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 14, 179-188



analyses cannot be relied upon to distinguish numts from
authentic sequences (see also Jensen-Seaman ef al. 2004).
This is disappointing, because some studies in other taxa
have shown instances in which detected numts reliably
fall outside the monophyletic arrangement of authentic
mitochondrial sequences and can therefore be easily
distinguished (Zischler et al. 1995; Sorenson & Fleischer
1996). The high similarity of some gorilla numt sequences
to authentic gorilla HV1 sequences suggests that some of
the numts are of relatively recent origin. This is consistent
with conclusions from analyses of the complete human
genome, which have shown that the process of transposi-
tion of information from the mitochondrion to the nucleus
is an ongoing process (Mourier et al. 2001; Bensasson ef al.
2003; Ricchetti et al. 2004). However, it is not yet under-
stood why the prevalence of detected numts appears to vary
among taxa and be particularly high in gorillas (Bensasson
et al. 2001; Jensen-Seaman et al. 2004; Thalmann et al. 2004).

Thus we conclude, as we did earlier based upon ana-
lyses of a smaller dataset, that reliable analyses of gorilla
HV1 sequences require extraordinary technical measures
to ensure validity (Thalmann ef al. 2004). This contradicts
conclusions reached by Clifford and coworkers, who
recently presented a phylogeographical analysis of gorillas
based upon HV1 sequences (Clifford et al. 2004a). The
authors relied upon examination of particular nucleotide
positions in the sequences as well as phylogenetic analyses
as means to distinguish organellar from nuclear-derived
sequences. It is worth examining their approach in some
detail to see if it might reliably facilitate HV1 analyses from
gorillas.

Clifford and colleagues assume that numt sequences
should share certain characteristic sequence features and
group together in the tree analysis (Clifford et al. 2004a).
Three key elements in their classification of sequences as
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authentic organellar HV1 or numts were six single nucle-
otide positions, a cytosine-rich segment approximately 20—
30 bp in length, and the phylogenetic pattern. It appears
that an initial phylogenetic analysis of putative organellar
and numt sequences was conducted to form sets of
sequences with defined variation at these six positions and
in the C-rich segment. With regard to the six nucleotide
positions, a potential difficulty is that the HV1 is a non-
coding, rapidly evolving DNA segment and mutations can
occur repeatedly at positions (Meyer et al. 1999). In fact,
just a single transition, the most common type of substitu-
tion, at one of the six diagnostic sites proposed would be
sufficient to transform putative authentic HV1 sequences
(their category ‘Haplogroup D’) into a numt (‘Numt Class
'), and vice versa.

The second element of the classification scheme used by
Clifford and colleagues to distinguish authentic organellar
from numt sequences was qualitative assessment of a
stretch containing mostly cytosine residues and exhibiting
length variation among individuals. A difficulty arising in the
application of this criterion is that templates with homopoly-
mer segments tend to pose problems for the polymerase
during the PCR, causing sequencing reactions to stutter.
As aresult of this fact and the occurrence of more than one
endogenous sequence in the template, direct sequencing of
the gorilla HV1 yields ambiguous, unreadable sequences
in most cases (Garner & Ryder 1996; B. Bradley, H. Siedel
personal communication). Cloning of PCR products allows
determination of the sequences of individual molecules
and reveals that in products from the same amplification,
different variants can be found within the polycytosine
stretch. This is illustrated in Fig. 4, which shows for one
individual an alignment of the polycytosine stretch deter-
mined from single clone sequences obtained from two
reamplifications each of two different long-range PCR

Fig.4 An alignment of 25 different clones

a T A T e e Ercca

A2 J -AACCCCCTCCTTCCCCCCCC. - - - TCCT CoCAasT  showing the cytosine-rich region (with
A3 AT AABCCCOCCOTTOCCO00TCCC - TEETCTACCCAAT . o

a1 : A CCTECCEETTORCEenCee. - -TooTocarccnsr theCstretchitself highlighted) and the sur-
B1 T CCCCOCCCTTCOCCECC- - TCCTCOT ( rounding nucleotide positions as sequenced
B2 T AAGCTCECCOTTCCEOEECEEE - - TEOT I CCAA : .
e d M e e e ARG fromonevs'/esterngorllla.The.cl'one.sdenve
B4 T B RGO LD feia s s TCC from four independent amplifications, as
B5 T “ACCCCCNCCCTTCCOCCCECC- -TE-T1 indicated by the letters A-D in the clone
Bi TCA AGCCCECCE T TER0EETCCE - - TEaT

ci T CCCoECCCTToCEECCE . - - TEET names.

c2 T AR C O AT T ik fa o s e e GeT

c3 TCA AAEGUEEEEER . e CoT

c4 T ACCCCCCOCT -+ ==cssasa2=22 CCT

c5 T CCCCCCCCECT === = =aacan-x CCT

C6 AT RCCCCCCCOCET -~ - - - - -7 -~ CCT

c7 T ACCCCCR LT - s = s CCTCH

ca T CCTCCCCCTTCCCCCCCCC- -CTCE

co T AAGCTCECCOCTTICECECECCCCCTEBTCCACCLAAT

L[| | AACCCCCCCCTTECCCCTECCE - - TCOCTCCACCCAAT

o1 I LWACCCCCCCTCTTECCCCCCCCCC-TCOTCTACCOAAN

D1 T ABCCGOGED- Lo st [

D2 T AGETCCCCCOTT

D3 T Py e e

D4 T L o e e el A A AT A
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products. In addition to substititutional changes, length
variants are also apparent, but convention dictates that
such changes be excluded from phylogenetic analyses
because they arise through different mutational processes
than do substitutions (Saitou & Ueda 1994; Zhang & Gerstein
2003). These concerns notwithstanding, we checked whether
the eight numt sequences derived in our previous study
(Thalmann et al. 2004) presented C-stretch segments con-
sistent with the proposed scheme (Clifford et al. 2004a). We
found that whereas it would be possible to distinguish
the authentic mitochondrial C-stretch of the western gorilla
from those of the numt sequences, the authentic mtDNA
segment obtained from the eastern gorilla showed only
two transitional changes (C-T) compared to one numt
sequence (Muk1), making a distinction based on this
criterion highly questionable.

The third means used by Clifford and coworkers to dis-
tinguish numt and authentic organellar sequences was
identification by phylogenetic analysis of clades composed
exclusively of numts. The phylogenetic analyses presented
here and previously (Fig. 4 in Thalmann et al. 2004) suggest
that the tree topologies vary depending upon the set of
sequences included, and that discrete, well-supported
clades containing all numts are not apparent. In fact, Clifford
and coworkers recently found it necessary to postulate
a third numt clade to account for numts not present in their
initial analysis (Clifford et al. 2004b).

Finally, it is important to note additional key assumptions
underlying their proposed classification scheme (Clifford
et al. 2004a). One is that representative sets of authentic
organellar HV1 and numt sequences have been reliably
identified. But the sequences used have been deemed
authentic organellar representatives or numts based on ad
hoc criteria involving phylogenetic analyses, and for a few
cases, the assessment of several clone sequences, rather
than direct determination of necessarily authentic HV1
sequences. This means that it is not impossible that some
have been misclassified. Even assuming that the authentic
HV1 sequences have been correctly identified, as the
sequences used as the basis of the scheme come from goril-
las of captive origin, it is uncertain how well the extent of
gorilla HV1 variation in the wild has been sampled. Evid-
ence suggests that integration of mitochondrial sequences
into the nucleus is an ongoing process (Mourier ef al. 2001;
Bensasson ef al. 2003; Ricchetti ef al. 2004), making recognition
of recent numts particularly challenging and suggesting
that it would be difficult to determine when all numts present
in gorillas have been identified.

In conclusion, the lack of criteria of demonstrated reli-
ability for distinguishing authentic organellar HV1 and
numt sequences means that use of the mtDNA molecule to
gain insights into the population history of the gorillas
remains limited to cases in which high-quality DNA
derived from blood or tissue can be subjected to molecular

analytical methods for determination of necessarily
authentic mtDNA sequences (Thalmann ef al. 2004). Numt
sequences remain a nuisance for studies of mtDNA variation,
but as sequencing of entire genomes of various species
becomes commonplace, we can look forward to the identi-
fication of additional numts appropriate for population
genetic analysis, including the identification of numts
polymorphic for presence and absence within taxa and so
useful for the understanding of intraspecific genetic vari-
ation (Ricchetti et al. 2004).
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