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Abstract. Sequences from nuclear mitochondrial
pseudogenes (numts) that originated by transfer of
genetic information from mitochondria to the nu-
cleus offer a unique opportunity to compare different
regimes of molecular evolution. Analyzing a 1621-nt-
long numt of the rRNA specifying mitochondrial
DNA residing on human chromosome 3 and its
corresponding mitochondrial gene in 18 anthropoid
primates, we were able to retrace about 40 MY of
primate rDNA evolutionary history. The results
illustrate strengths and weaknesses of mtDNA data
sets in reconstructing and dating the phylogenetic
history of primates. We were able to show the fol-
lowing. In contrast to numt-DNA, (1) the nucleotide
composition of mtDNA changed dramatically in the
different primate lineages. This is assumed to lead to
significant misinterpretations of the mitochondrial
evolutionary history. (2) Due to the nucleotide com-
positional plasticity of primate mtDNA, the phylo-
genetic reconstruction combining mitochondrial and
nuclear sequences is unlikely to yield reliable infor-
mation for either tree topologies or branch lengths.
This is because a major part of the underlying se-
quence evolution model — the nucleotide composi-
tion — is undergoing dramatic change in different
mitochondrial lineages. We propose that this problem
is also expressed in the occasional unexpected long
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branches leading to the “common ancestor’” of or-
thologous numt sequences of different primate taxa.
(3) The heterogenecous and lineage-specific evolution
of mitochondrial sequences in primates renders
molecular dating based on primate mtDNA prob-
lematic, whereas the numt sequences provide a much
more reliable base for dating.
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Introduction

Transfer of genetic information and integration of
mitochondrial DNA sequences into eukaryotic nu-
clear chromosomes is a frequent and apparently
continuous process over evolutionary time scales.
Mourier et al. (2001) queried the working draft se-
quence of the human genome to determine the fre-
quency and distribution of nuclear mitochondrial
pseudogenes (numts), the remnants of this transfer.
Altogether 296 numts were identified, ranging be-
tween 106 and 14,654 nt in size and representing all
positions of the mitochondrial genome. This is likely
to be an underestimate since some integrations are
too recent to have gained fixation and are therefore
polymorphic with respect to their presence in humans
(Thomas et al. 1996). Presumably, numt DNAs
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evolve without functional constraints and accumulate
mutational changes at a reduced rate compared to the
corresponding mitochondrial sequence. Thus, espe-
cially for long evolutionary periods of separation,
similarity between numts and extant mt sequences
will be eroded.

In a phylogenetic analysis Mourier et al. (2001)
pointed out the independent and continuing integra-
tion of numts on the lineage leading to humans. On
the other hand, it is also argued that large amounts of
existing numts represent the outcome of recurring
nuclear duplication events rather than being pre-
dominantly generated by multiple but independent
integration events (Hazkani-Covo et al. 2003). In
humans, numts are apparently regularly dispersed
over the chromosomal complement and represent
more than 500,000 nt of nuclear sequences (Tourmen
et al. 2002). To date, numts have been found in more
than 82 eukaryotic species including Fungi, Viridi-
plantae, and Metazoa (Bensasson et al. 2001). Numts
often contaminate sequence information from mito-
chondrial DNA sets used to infer phylogenetic and
population genetic affiliations between taxonomic
units. This demands a critical verification of the
genuine origin of sequences analyzed (Zhang and
Hewitt 1996). At the same time, numts provide a
unique and powerful tool to compare evolutionary
processes of homologous sequences at paralogous
locations.

Based on nucleotide divergence between ortholo-
gous 896-nt-long mitochondrial DNA fragments of
apes, Brown et al. (1982) propose that the evolu-
tionary rate of mitochondrial protein coding genes in
primates is on average 5 to 10 times higher than in
nuclear protein coding genes. In addition, it is obvi-
ous that the evolutionary rate of mtDNA may vary
substantially between genes and nucleotide positions
(Arctander 1995; Smith and Eyre-Walker 2003). The
heterogeneous mode of mitochondrial sequence evo-
lution is best reflected in the often observable con-
flicting branching orders resulting from phylogenetic
reconstructions based on either mitochondrial or
nuclear DNA information. One of the most promi-
nent examples is the phylogenetic position of tarsiers
in the primate tree. Whereas mitochondrial sequences
consistently cluster tarsiers and strepsirrhines to-
gether with high bootstrap or quartet puzzling sup-
port values (Schmitz et al. 2002a), retropositional
evidence obtained from nuclear DNA analyses clearly
indicates a sister group relationship of tarsiers and
anthropoids (Schmitz et al. 2001). In a second
example pertaining to the phylogenetic position of
the flying lemur (Cynocephalus variegatus, Dermop-
tera), we were able to reject a close phylogenetic
affiliation of flying lemurs with higher primates, that
was proposed on the basis of complete mitochondrial
genome comparisons (Arnason et al. 2002), by

defining the presence/absence pattern of six retro-
transposable markers (Schmitz et al. 2002b, 2003). As
a possible reason for these conflicting interpretations
between mtDNA- and nuclear DNA-based phyloge-
netic analyses, we proposed a lineage-specific direc-
tional mutation mechanism in mitochondrial DNA.
Gibson et al. (2004) lend support to this hypothesis
comparing a broader sample of complete eutherian
mitochondrial genomes. While the different mito-
chondrial genes and noncoding regions are selectively
forced according to their functionality, numts evolve
inoperably in a nuclear specific manner and presum-
ably without specific selection pressure. Fukuda et al.
(1985) described a reduced evolutionary rate of numts
after insertion into the nuclear DNA. As a result,
numts appear ‘“‘frozen” and represent ancestral
properties of their corresponding mitochondrial se-
quences at the time point of transposition. Perna and
Kocher (1996) describe numts as molecular fossils in
the nucleus. The level of fossilization is more pro-
nounced the higher the evolutionary rate of the
mitochondrial source gene.

We specifically addressed the question if either
heterogeneously evolving mitochondrial sequences or
presumably inoperable mitochondrial pseudogenes
residing in the nucleus are better suited for recon-
structing the primate phylogenetic tree. Furthermore,
we tested the reliability of results based on mixed data
sets consisting of both mitochondrial and paralogous
numt sequences. In the present study we retrace a 40-
MY-old numt integration, charting its course of
evolution and that of the corresponding mitochon-
drial gene in 18 primate species. To this end we ap-
plied numt flanking primers located in nuclear
regions adjacent to the numt sequences of different
primate taxa that are derived from a single nuclear
integration event of mtDNA which took place in a
common ancestor of the analyzed primate taxa.
Long-range combined with nested PCRs enabled us
to generate genuine mitochondrial sequences. In this
way we assured a comparison of orthologous mito-
chondrial sequences with one defined paralogous
numt, thus retracing their independent evolution
during primate divergence and over a time span of 40
MY.

Materials and Methods

Database Searches

To identify mitochondrial rRNA pseudogenes in the human Gen-
Bank working draft sequences, we performed a BLAST search of
mitochondrial rDNAs in genomic sequences. For technical sim-
plicity, we selected mitochondrial pseudogenes that could be PCR-
amplified from unique flanking nuclear sequences yielding frag-
ments smaller than 2000 nt. In this way we retrieved and focused on
a 1621-nt-long human mitochondrial pseudogene which is com-



Table 1. PCR primer sequences and amplified fragment length

Fragment size (nt)

Name Primer sequence mt Ymt
Imt-f 5"-AGG TTT GGT CCT AGC CTT-3’ 3828

Imt-r 5-GGG ATT AAT TAG TAC GGG AAG-¥

mt-f 5"-CGT AAA RAC GTT AGG TCA AGG TGT A-3 1753

mt-r 5-GAT CAC GTA GGA CTT TAA TCG TTG A-3’

int-f 5"-CAA RCC TAC CAA GCC TGK TGA TAG C-3’ 1067 1075
int-r 5-TTK TTT CCT AGK GTC TAA AGA GCT G-3¥ 753 822
Ymt-f 5"-CCT CCG TGG TCT TAT GGT CTG T-3' 1677
ymt-r 5-GTA GAA CCC CGT CCC TAC TGC T-3

Note. Imt-f: long mitochondrial fragment forward primer. Imt-r: long mitochondrial fragment reverse primer. mt-f: mitochondrial fragment
forward primer. mt-r: mitochondrial fragment reverse primer. ymt-f: pseudogene mitochondrial fragment forward primer. ymt-r:
pseudogene mitochondrial fragment reverse primer. int-f: pseudogene and mitochondrial fragment forward primer. int-r: pseudogene and

mitochondrial fragment reverse primer.

posed of 186 nt of 5" partial 12S rDNA, 69 nt of the valine tRNA,
and 1366 nt of the 16S rDNA. The human pseudogene sequence is
available in GenBank, accession number X02226, and was first
described by Nomiyama et al. (1985).

DNA Extraction

Primate tissues were either obtained from animals held in captivity
at the German Primate Center or the primate GeneBank (C. Roos;
http://www.dpz.gwdg.de/ GENEbank/genebank.html). Using stan-
dard protocols (Sambrook et al. 1989) genomic DNA was isolated
from the following primate tissue or blood samples:
Hominidae—Homo sapiens, Pan troglodytes, Gorilla gorilla, and
Symphalangus syndactylus; Cercopithecidae—Macaca fascicularis,
M. nemestrina, Papio hamadryas, Mandrillus sphinx, Cercopithecus
aethiops, Colobus guereza, Pygathrix nemaeus, and Presbytis
entellus;  Platyrrhini—Callithrix  jacchus, Callimico  goeldii,
Leontopithecus rosalia, Saguinus oedipus, Aotus azarae, Cebus
apella, Saimiri sciureus, Callicebus cupreus, Chiropotes albinasus,
and Lagothrix lagotricha; Tarsiidae—Tarsius bancanus; and
Strepsirrhini—Lemur catta.

PCR Procedure

PCR primers were chosen to hybridize in the nuclear flanks sur-
rounding the pseudogene, to clearly define the integration by its
flanking, unique sequences, and to avoid confusion with addi-
tional independent rDNA integrations at different loci. The hu-
man PCR fragment derived was 1677 nt long. In addition, we
designed two internal PCR primers resulting in overlapping PCR
fragments of 822 and 1075 nt, respectively. In order to retain
comparable sequences of genes and pseudogenes, we also ampli-
fied the paralogous mitochondrial gene sequences for all investi-
gated individuals. To avoid inadvertent PCR amplification of
possible mt pseudogenes, we first performed a long-range PCR of
an approximately 3800-nt mitochondrial fragment embedding the
rDNA target sequence with one primer at the 5" end of the 12S
rRNA and the second primer at the 3’ end of the transfer RNA
methionine gene and the beginning of the adjacent NADH2 gene.
This fragment was used as a template for subsequent PCR
amplification. The nested PCR amplification including the
pseudogene analogous region was 1753 nt in length. Using the
internal primers designed for the pseudogene in combination with
the mitochondrial specific primers, we amplified a 753- and a
1067-nt fragment. All primer sequences and additional informa-

tion are shown in Table 1. PCR reactions were carried out for 30
cycles, each consisting of 30 s at 94°C, 30 s at the primer specific
annealing temperature, and 60 s per l-kb fragment length at
72°C. The PCR fragments were purified by agarose gel electro-
phoresis, ligated into pGEM-T vector (PROMEGA), and elec-
troporated into TOP10 cells (Invitrogen). Plasmid sequencing was
performed with universal primers using an automated LI-COR
DNA sequencer 4200. In our nested PCR approach to amplify the
genuine mtDNA, the sequenced clones from all products display
one sequence, thus we can exclude an inadvertent coamplification
of pseudogenes.

Data Deposition

Hominidae: Homo sapiens (AF420032/AF420050), Pan troglodytes
(AF420033/AF420051), Gorilla gorilla (AF420034/AF420052),
Symphalangus syndactylus (AF420035/AF420053).

Cercopithecidae: Macaca fascicularis (AF420036/AF420054),
M. nemestrina  (AF420037/AF420055), Mandrillus  sphinx
(AF420039/AF420057), Papio hamadryas (AF420038/AF420056),
Cercopithecus aethiops (AF420040/AF420058), Colobus guereza
(AF420041/AF420059), Pygathrix nemaeus (AF420042/
AF420060), Presbytis entellus (AF420043/AF420061).

Platyrrhini: Leontopithecus rosalia (AF420044/AF420062),
Aotus azarae (AF420045/AF420063), Cebus apella (AF420046/
AF420064), Saimiri sciureus (AF420047/AF420065), Lagothrix
lagotricha (AF420049/AF420067), Chiroptotes albinasus
(AF420048/AF420066); Tarsiidae: Tarsius bancanus (AF348159).

Strepsirrhini: Lemur catta (AJ421451), Nycticebus coucang
(AJ309867); Scandentia, Tupaia belangeri (AF217811).

Papionini monophyly: Theropithecus gelada (AY603034); Loph-
ocebus aterrimus (AY603035); Cercopithecus aethiops (AY603036);
Cercocebus agilis (AY603037).

Remark: The Cebus apella mitochondrial
AF420064 includes an ~300-bp-long Alu retroposon.

pseudogene

Nucleotide Composition and Phylogenetic
Reconstruction

Nucleotide frequencies of the 18 analyzed anthropoids and 4 out-
group species were compiled with the PAUP* program (Swofford
2000). To analyze single- and double-stranded rDNA sequence
regions separately, we estimated a secondary structure model cor-
responding to Hixson and Brown (1986 [12S rRNA]), Sprinzl et al.
(1998 [tRNA]), and Gutell and Fox (1988 [16S rRNA]) (see sup-
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plemental Figs. IA-C at http://zmbe2.uni-muenster.de/expath/
addmat/numtl.htm).

Sequence alignments were carried out by CLUSTAL X
(Thompson et al. 1997). To account for nucleotide compositional
heterogeneity, phylogenetic reconstructions were performed using
the LogDet distance transformation with 10,000 bootstrap steps
(neighbor-joining search) as implemented in PAUP* (Swofford
2000). In addition, we performed a Bayesian inference using
MrBayes version 3.0 (Huelsenbeck and Ronquist 2001). The
specified model of sequence evolution has been set to GTR with
four rate categories to approximate the gamma distribution of rates
across sites. The Markov chain Monte Carlo (MCMC) process was
set so that three chains were run independently for 1,000,000
generations and with trees sampled every 100 generations. The
number of initial members in the chain to skip before starting
sampling was set to 500 trees.

Upon initial numt sequence comparison we identified a 23-nt
insertion in Papio and Mandrillus. To reconstruct the origin of the
“integration in an integration” in Old World monkeys and make
use of the molecular cladistic information of this insertion, we se-
quenced the orthologous regions of diverse representatives of
cercopithecoids (see above).

Spectrum from LogDet Distances

For hominoids, cercopithecoids, and platyrrhines we performed
separate phylogenetic reconstructions using members of the cor-
responding sister lineages as outgroups. For the well-accepted
nodes labeled with Arabic letters (Fig. 4), we performed a spectral
analysis as implemented in Spectrum 2.0 (http://taxonomy.zool-
ogy.gla.ac.uk/~mac/spectrum). To visualize supporting and con-
flicting splits, we draw a lento plot for the mtDNA and numtDNA
sequences, respectively (Fig. 5) (for details of the method see Penny
et al. 1999).

Molecular Dating

Average divergence times for three primate-splitting points were
estimated by subsampling the sequences to a total of 505 quartets
using the program QDate 1.11 (Rambaut and Bromham 1998).
This method can accommodate rate heterogeneity between taxa.
We calculated the splitting dates for the common ancestor of
Cercopithecinae, Cercopithecoidea, and Anthropoidea. Reference
points based on fossil evidence for the human—chimpanzee split (5
MYA), for the common ancestor of the subtribe Papioninae (8
MYA), the Cercopithecinae split (10 MYA), the common ancestor
of Colobini (12 MYA), and the last common ancestor of platyr-
rhines and the Cercopithecoidea (26 MYA) were taken from Del-
son (1992) and MacFadden (1990).

We specified the REV model of substitution with the con-
strained two-rate model and tested it against the five-rate model.
We incorporated four categories of site-specific rate heterogeneity
and defined the respective shape of the gamma distribution deter-
mined by the alpha parameter from the ML reconstruction
(e = 0.21 for mt and o = 1.07 for numt).

Relative Rate Test

To compare the relative rates of mt genes and the corresponding
numts, the adequate outgroup is the branching point of mtDNA
lineages that took place before the transposition event.
Accordingly, we chose Tarsius bancanus to test the molecular
clock. However, it turned out that tarsiers are too distant to detect
significant differences in molecular rates. To obtain a closer refer-

ence point, we estimated the hypothetical ancestral sequence at the
splitting point of the numts from a user-defined tree using the ML
method implemented in PAML (Yang 2000) and using MP method
implemented in PAUP* (Swofford 2000). To avoid misleading re-
sults by using a hypothetical reconstructed sequence as an outgroup
which might be problematic due to uncertainties in estimating the
character state at the most variable positions, we restricted our
analysis to the strict consensus nucleotide positions of ML and MP
derived ancestral sequences (including 1573 of 1623 nts of the
analyzed human sequence). RRTree version 1.1.11 was used to
compare lineage-specific substitution rates (Robinson et al. 1998).
A phylogenetic reconstruction of the mtDNA and numt DNA se-
quences under investigation is shown as supplemental Fig. 2 at
http://zmbe2.uni-muenster.de/expath/addmat/numtl.htm).

Results

In a GenBank screening we identified and analyzed
more than 20 human nuclear paralogues of the mito-
chondrial rDNA region. For the comparative analysis
of sequence evolution, we chose numts displaying an
appropriate size for PCR amplification with primers
located in the flanking nuclear regions. We determined
the time of transfer to the nucleus by relating the
numts with the respective mt rDNA sequences in a
phylogenetic tree reconstruction incorporating repre-
sentatives of all primate infraorders (Catarrhini,
Platyrrhini, Tarsiiformes, Lemuriformes). Finally, we
chose a 1621-nt-long insertion of mitochondrial
rDNA into the nuclear DNA that was transferred to
the nucleus in the common ancestor of all extant
anthropoid primates. This mitochondrial pseudogene
comprises 186 nt, which are homologous to the 3" end
of the 12S rRNA gene, the valine tRNA gene, and an
almost-complete 16S rRNA specifying region (1366
nt). The respective integration was described for the
human genome in Nomiyama et al. (1985). We were
able to localize the pseudogene and the nuclear
flanking regions on human chromosome 3.
Analyzing the selected numt locus for 18 different
anthropoid primates by PCR, we could verify the
presence-state in all of these, however, no PCR signal
was detectable in Tarsius and strepsirrhines. There
are two possible reasons for this. One is that the
transfer to the nucleus took place after the split of
tarsiers and the absence locus is too small to be
detectable by PCR. Alternatively, the flanking region
diverged to a degree that prevents PCR amplification.

Nucleotide Composition

In Fig. 1A we depict the nucleotide composition of
mt and numt sequences for all species under investi-
gation. Furthermore, we separately analyzed single-
and double-stranded regions (Figs. 1B and C). The
nucleotide composition is relatively constant in numts
and is expected to represent the distribution close to



Fig. 1. Nucleotide frequencies of the investigated
taxa. Frequencies for the pseudogenes are displayed

on a gray background. Nucleotide frequencies for
(A) the complete sequences and for (B) single-
stranded-, and (C) double-stranded regions of the
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the time point of transposition. On the other hand,
the mtDNA nucleotide composition with the CT
distribution in particular is rather plastic. Plasticity is
mainly expressed in the single-stranded regions of the
RNA genes analyzed.

Phylogenetic Reconstruction

In Schmitz et al. (2002a) we described an extensive
nucleotide compositional plasticity of mitochondrial
DNA in primates. Figure 1 shows that this holds
also for the analyzed mitochondrial rDNA se-
quences. At present, only the LogDet distance-based
transformation takes variation of nucleotide com-
position into account. We therefore applied the
LogDet distance transformation for phylogenetic
reconstructions and verified the resulting trees by
Bayesian estimations. The tree shown in Fig. 2
comprises the entire sampling of primates for both
the mt and numt sequences including a Scandentian

by triangles, and thymines by circles.

representative, Tupaia belangeri, as an outgroup.
The resulting tree topology is almost identical upon
excluding constant sites from the LogDet recon-
struction. In addition, we performed separate Log-
Det distance analyses of the mt and numt data sets
(see supplemental Figs. 3A and B at http://
zmbe2.uni-muenster.de/expath/addmat/numtl.htm).
The branching orders of those ‘“‘subtrees’” are con-
gruent to the tree drawn from the combined data
set.

The Bayesian phylogenetic reconstruction, allow-
ing us to correct for rate heterogeneity across sites
but not taking biases in nucleotide composition into
account, also failed to find the widely accepted pri-
mate consensus tree and shows a similar topology
compared to the LogDet reconstruction. A closer
look into internal branches exhibits several additional
misinterpretations generated by applying the Bayes-
ian algorithm. This is exemplified for the mitochon-
drial part of the tree by displaying a paraphyly of the
marmosets as well as a paraphyly of the Papionini
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(see supplemental Fig. 4 at http://zmbe2.uni-muen-
ster.de/expath/addmat/numtl.htm). Therefore, the
LogDet tree that takes varying nucleotide composi-
tions into account is closest to the widely accepted
primate phylogenetic tree topology.

Further support for the Old World monkey tree
topology was obtained by a highly informative, so-
called “‘rare genomic change” (RGC; see Springer et
al. 2004). We were able to define an insertion of 23 nt
in the numt sequence of all Papionini, thus clearly
separating them from the remaining cercopithecoids
(Fig. 3).

The tree presented in Fig. 2 shows several striking
characteristics. (1) Tarsius bancanus is the descendant
of the basal primate split. This artificial placement
was described by Andrews et al. (1998) and was dis-
cussed for the entire mitochondrial genome by
Schmitz et al. (2001). Using retrotranspositional evi-
dence, we have been able to show that tarsiers are the
appropriate sister group to anthropoid primates
(Schmitz et al. 2001, 2005). (2) From the presence of
numts in all platyrrhines we would expect that all
numts split off before the separation of platyrrhines.
This is not the case in Fig. 2. (3) There is an unex-
pected long branch connecting all numts. (4) There
are some conflicting phylogenetic relationships be-

part of the tree. The Old World monkeys (OWM)
include the Hominoidea and Cercopithecoidea.
NWM, New World monkeys. Note that this tree
topology is not congruent with the actual
evolutionary history (see text).

ACTCTACTGAACTCCTAACATCACACTATTCACTCCTAACATCACTCCTAACATCAGTGTATTACT
ACTCTACTGAACTCCTAACATCACACTATTCACTCCTAACATCACTCCTAACATCAATCTATTACT
ACTCTACTGAACTCCTAACATCACACTATTCACTCCTAACATCACTCCTAACATCAATCTATTACT
ACTCTACTGAACTCCTAACATCACACTATTCACTCCTAACATCACTCCTAACATCAATCTATTACT
ACTCTACTGAACTCCTAACATCACACTATTCACTCCTAACATCACTCCTAACATCAATGTATTACT
ACTCTACTGAACTCCTAACATCACACTGG ACTAATCTATTACT
ACTCTACTGAACTCCTAACATCACACTGG ACTAATCTATTACT
ACTCTACTGAACTCCTAACATCACACTGG ACTAATCAA-TACT
ACTCTACTGAACTCCTAACATCACACTGG ACTAATCTATTACT
ACTCTACTGAACTCCTAACACCACACTGG ACTAATCTATTACT
ACTCTACTGAACTCCTAACACCACACTGG ACTAATCTATTACT

Pha Tge Msp Cag Lat

<

TCACTCCTAACATCACTCCTAAC

Fig. 3. Papionini monophyly supported by an insertion. The
common ancestry of Papionini (boxed species) is shown by an or-
thologous insertion of a 23-nt sequence (arrow). Duplicated regions
are shown by lines above the sequences. Pha (Papio hamadryas),
Tge (Theropithecus gelada), Mfa (Macaca fascicularis), Msp
(Mandrillus sphinx), Cag (Cercocebus agilis), Lat (Lophocebus
aterrimus), Mfa (Macaca fascicularis), Cae (Cercopithecus aethi-
ops), Cgu (Colobus guereza), Pne (Pygathrix nemaeus), and Pen
(Presbytis entellus).

tween the mt and the numt branches. To account for
the latter point, we performed detailed LogDet
analyses of the phylogenetic relationships of each
primate infraorder (Fig. 4).

Based on Fig. 4 we performed a spectral analysis
to visualize support and conflict of the branching
points labeled a-i. Again, we used the LogDet
transformation matrix to compute the distribution of
phylogenetic signal and random noise. Although the
supporting signal is strong in some splits, the con-



Table 2. Quartet dating analysis from fossil calibration points for mt and numt

LCA Reference (MYA) mt numt

Cercopithecoidea 13 13.4 £ 0.4 (8/8/0) 15.5 £ 0.4 (0/0/16)
Catarrhini 25 20.5 + 1.1 (0/0/25) 249 + 1.8 (0/0/25)
Anthropoidea 40 38.1 £ 4.5(29/23/412) 51.2 + 4 (0/8/456)

Note. Reference dating of DNA sequences by Page and Goodman (2001). Numbers in parentheses indicate faulty quartets (first number),
quartets with significance (second number), and nonsignificant (third number) log likelihood differences between the constrained two-rate
model and the unconstrained five-rate model (see Materials and Methods), respectively. LCA, last common ancestor; MYA, million years

ago.

flicting signals are prominent in the mitochondrial
data set while being only marginal in the numt subset
of sequences. In two cases (e and i) the conflicting
signal of the mitochondrial data exceeds the phylo-
genetic signal. This leads to the collapse of the
branches as seen in Fig. 4. In addition to phylogenetic
reconstructions based on sequence information, we
could recognize an insertion of 23 nt in the Papionini
numts of  Papio, Theropithecus, Mandrillus,
Cercocebus, and Lophocebus that is absent in other
primates. This presence/absence pattern can be used
as a molecular cladistic marker to solve the highly
controversial discussed monophyly of this subgroup
of Papionini (Fig. 3).

Molecular Dating

In order to establish the effects of the different evo-
lutionary histories of mt and numts on molecular
dating, we performed a QDating based on five cali-
bration points deduced from the fossil record (see
Materials and Methods). We focused our analyses on
the splitting date of the last common ancestors of
Cercopithecoidea, Catarrhini, and Anthropoidea and
compared this to the reference dating of Page and
Goodman (2001) of 13, 25, and 40 MYA, respec-
tively (Table 2). Comparing the dating results as
computed from the mtDNA subset, it became obvi-
ous that the numt sequences tend to predate the
mtDNA derived splitting dates. However, in 37 of a
total of 505 quartets the mt sequences gave incorrect
confidence intervals and were therefore excluded
from the analyses. In 31 quartets the mt sequences
gave significant differences between a two-rate and a
five-rate model of evolution. In contrast, numt data
include only eight quartets with lineages showing
significantly more than two evolutionary rates.
However, most erroneous quartets and significant
rate heterogeneities arose from including platyrrhines
in the molecular calibration. The rapid radiation of
platyrrhines accompanying the colonization of South
America some 40 MYA is the probable reason for a
heterogeneous evolutionary pattern (Singer et al.
2003).

Relative Rate Test

It is obvious from the supplemental Fig. 2 (http://
zmbe2.uni-muenster.de/expath/addmat/numtl.htm)
that the terminal branches based on the mitochondrial
data are almost longer than those leading to the
pseudogene sequences. To obtain relative evolution-
ary rates it is absolutely essential to have an adequate
outgroup. Because the outgroup to gene and pseudo-
gene, Tarsius bancanus, is highly problematic and the
remaining strepsirrhines are too distant to give
meaningful results, we reconstructed a hypothetical
sequence of the lineage before the transposition event
took place to use as the closest synthetic outgroup. As
a result, all hominoid and cercopithecid terminal
branches are significantly longer when comparing the
mtDNA subset to the numt sequences. However, in
platyrrhines we could detect no significant differences
in the relative rates comparing mt and numt sequences
(data not shown).

Discussion

The study of genes and their corresponding pseudo-
genes allows a retracing of selective constraints as
well as changes in the mutational pattern at the
molecular level. In general, pseudogenes are probably
free from functional constraints and evolve at higher
rates than their paralogues. An entirely different sit-
uation emerges when fast-evolving mitochondrial
genes transpose to chromosomal locations. Depend-
ing on which mitochondrial region emigrates, the
evolutionary rate may slow down to 1/10, with the
mitochondrial region continuing to evolve in a
nucleus-like manner.

In this study we compare the evolutionary path-
way of a pseudogene which separated from the cor-
responding mitochondrial gene more than 40 MYA.
From the presence of the orthologous numt in all
higher primates we expected the branch leading to the
pseudogenes to be basal to higher primates. However,
in Fig. 2 all numts cluster amid the higher primates.
This artificial clustering is affected by rooting the tree
with strepsirrhines, Tarsius, and the Tupaia inde-
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pendent of their individual use or as a paraphyletic
outgroup cluster. The presence of the numts in all
analyzed NWMs clearly uncovers this reconstruction
error.

It has to be stressed at this point that the example
presented herein represents a system in which true
orthology between the analyzed primate rDNA
numts is assured. This is due to the fact that single-
copy nuclear flanks are used as PCR anchors to
amplify numts in different primate taxa that are de-
rived from a single integration event of mtDNA into
nuclear DNA that happened in a common ancestor
of the respective taxa. It is therefore conceivable that
two independent integrations of the same mitochon-
drial region which took place at around the same time
point in primate evolution—and thus displaying
similar nucleotide compositions—will be clustered
together as sister groups in a phylogenetic tree
reconstruction despite the fact that they are derived
from different integration events. The hypothesis that
numt sequences arose to a considerable part by
duplication (Collura et al. 1996; Hazkani-Covo et al.
2003) should therefore be scrutinized again incorpo-
rating information of the numt flanking nuclear re-
gions to verify the true orthology between the numt
sequences analyzed.

In Schmitz et al. (2002a) we described the mito-
chondrial specific change of the mode of evolution on
the lincage leading to higher primates. To avoid
basing our comparison on inappropriate trees, we
focus on detailed and well-supported parts of the tree
with clear outgroup rooting (Fig. 4). For hominoids
the numt sequences revealed the same tree topology
as mt sequences and showed comparably stronger
support for the human chimpanzee clade (Fig. 4A).
In cercopithecids the branching order differs between
mt and numt sequences. The Papionini clade merging
Papio and Mandrillus is not supported by the mt data
set. In the numt data set we found strong bootstrap
support (100%) for the Papionini. This result was
further supported by a 23-mt insertion whose pres-
ence could be traced back to the common ancestor of
all Papionini (Fig. 3). However, the phylogenetic
resolution in platyrrhines was very weak. Neverthe-
less, the numt data set revealed a split merging to-
gether Leontopithecus, Aotus, Cebus, and Saimiri.
Recently, we found a molecular cladistic marker
supporting this clade (Singer et al. 2003). Figure 5
indicates that although the phylogenetic signal of the
mitochondrial data set is stronger compared to numt
data, the phylogenetic noise is getting stronger as
well, leading to the collapse of the widely accepted
phylogenetic history in two cases (nodes e and 1). The
strong mitochondrial clustering of the mandrills with
macaques is stable independent of sampling, rooting,
and methods of reconstruction. We suppose that
directional mutation pressure leading to nucleotide
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A 51 97
~| a
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Mandrillus sphinx

—
B 100
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Mandrillus sphinx
Papio hamadryas
Cercopithecus aethiops
Colobus guereza
100

71
[o]5) | —
55
94
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Papio hamadryas

Macaca fascicularis

Pygathrix nemaeus
Presbytis entellus
Homo sapiens
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<{63 192
i
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Saimiri sciureus

Lagothrix lagotricha
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0.05 substitutions/site

Fig. 4. Detailed phylogenetic reconstructions for mitochondrial
genes (left) and mitochondrial pseudogenes (right). LogDet-based
reconstruction for (A) Hominidae, (B) Cercopithecidae, and (C)
Platyrrhini. Bootstrap values are indicated at the corresponding
nodes. Branch lengths represent nucleotide substitutions per site.
Lowercase letters indicate splits that were tested in a lento plot for
support and conflicting signals (see Fig. 5).

compositional effects is the main source of inhomo-
geneity in mitochondrial data. In Fig. 1 we show the
nucleotide composition for the investigated species
for the complete data set (Fig. 1A), as well as for the
single-stranded (Fig. 1B) and double-stranded (Fig.
1C) RNA-specifying regions. In comparison to the
numt sequences, a high variation of the nucleotide
composition is expressed in the mitochondrial DNA.
However, the more constrained double-stranded re-
gion (Fig. 1C) represents a more homogeneous dis-
tribution of nucleotides and comes closer to the
distribution as found in numts. Representing the
sampling of Fig. 4B and restricting the analyses to the
mt double-stranded regions, we found no further
support for the erroneous clade merging the maca-
ques and the mandrill in phylogenetic reconstructions
(tree not shown). This indicates once more the effects
of mitochondrial nucleotide compositional plasticity
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Fig. 5. Lento plot for the splits indicated as lowercase letters in
Fig. 4 for (A) mitochondrial genes and (B) pseudogenes. Bars
above the horizontal line denote the expected number of changes
per site. Bars below the horizontal line characterize the relative
conflict for incompatible splits.

on phylogenetic reconstructions. It has to be men-
tioned that nucleotide composition may be one, but
not necessarily the only, parameter confounding
phylogenetic tree reconstructions based on mito-
chondrial rDNA sequences. Restricting phylogenetic
analyses to double-stranded rDNA sequence regions
may be problematic because of a possible accumula-
tion of compensatory changes that keep the second-
ary structures of rRNA intact. Thus, the assumption
of independent evolution of single sites is likely to be
violated. On the other hand, by interacting with dif-
ferent ribosomal proteins single-stranded rRNA re-
gions may be particularly wunder functional
constraints and may therefore show a heterogeneous
conservation pattern.

Transitions| Transversions

Zhang and Hewitt (1996) mentioned that the ratio of
transitions (T1) versus transversions (Tv) is usually an
order of magnitude lower in numts than in mt. One
example is the Ti/Tv ratio of 10 and 1.7 for respective
mt and numt cytbh sequences of the bird genus Scy-
talopus (Arctander 1995). The hypothetical translo-
cation time is more than 5 MYA. On the other hand,
Zischler et al. (1998) show mt and numt data of the
mt control region present in all hominoids and absent
in cercopithecoids. This implies a transposition time
of more than 18 MY with Ti/Tv ratios of 0.9 and 4.8
for mt and numt, respectively. Our present mito-
chondrial RNA gene data of the more than 40-MY-
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old integration in primates give a Ti/Tv ratio of 1.59
and 2.2 for mt and numt, respectively. Mundy et al.
(2000) found a Ti/Tv ratio of 4.25 and 2.57 for
platyrrhine-specific cyth mt and numts. They also
found a respective value of 2.35 for two different
numts and a value of 4.51 for an older numt. From
this heterogeneity in the Ti/Tv ratios, we propose that
there is no certain mechanism maintaining a charac-
teristic Ti/Tv ratio in numts.

Molecular Dating

The accuracy of molecular dating depends on two
basic requirements: first, a reliable fossil calibration
of the molecular clock and, second, an accumulation
of mutation over time in comparable stretches. The
data presented indicate a high heterogeneity of the
mitochondrial evolutionary rates in conjunction with
a high plasticity of the nucleotide composition among
different primate lineages. These cast doubt on the
suitability of mitochondrial data for molecular dating
in primates. On the other hand, numts represent
homogeneity in both the rate of evolution and the
nucleotide composition. For numts, quartet dating
was therefore universally applicable while mitochon-
drial data produced 37 erroneous results of 505 pos-
sible quartets (Table 2). Finally, numt data tend to
predate the currently established fossil splitting
points (Table 2). Tavare et al. (2002) calculated an
earlier divergence time for the first divergence of
primates. Based on numt data our results support an
earlier splitting point for Cercopithecoidea and
Anthropoidea.

Rate and Pattern of Sequence Evolution in
Mitochondrial rDNA and Corresponding Pseudogenes

There are two main features in the evolution of
mitochondrial rDNA and corresponding nuclear
pseudogenes that set them apart from each other.
First, there is a pronounced difference in evolutionary
rate heterogeneity over sites with alpha values,
describing the gamma distribution of rates across the
sites of 0.21 vs. 1.07 in mt and numt, respectively.
Thus, nucleotide substitutions in the nuclear copies
are distributed more randomly, whereas rate hetero-
geneity is more pronounced in mitochondrial rDNA.
This most likely results from structural constraints
exerted on the mitochondrial encoded rRNA mole-
cule.

Second, the overall rate of evolution is lowered in
the nuclear compartment, as can be seen upon com-
paring terminal branch lengths. Due to the differ-
ences in evolutionary rate for the different
mitochondrial genes, with, e.g., tDNA evolving
considerably slower than noncoding control regions,
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Table 3. Nucleotide changes on the common branch of pseudo-
genes

A C G T
A 5 6 7
C 6 0 23
G 15 2 1
T 9 33° 1

Note. The X axis indicates the nucleotide in the common ancestor
of the genes and pseudogenes. The Y axis indicates the changes on
the lineage leading to the pseudogenes “including three CpG sites.

this can be expected to a different extent for the
various mtDNA-numt combinations. However, one
of the sticking problems concerning the evolution of
mitochondrial pseudogenes, an unexpected long
branch leading to the most recent common ancestor
(MRCA) of the numt sequences of single taxa, is
expressed in the presented data set too. Extrapolating
from a reduced evolutionary rate in the terminal
branches of rDNA numts compared to the long
branches leading to the mitochondrial rDNA se-
quences, the extended basal branch does not fit the
hypothesis of numt evolution.

To take a closer look at the nucleotide composi-
tional conditions that make up this branch, we ana-
lyzed all character changes on the lincage leading to
the numts (see Table 3). From this substitution ma-
trix it is obvious that C-T and T-C transitions
dominate the changes that occurred on the branch
leading to the common numt ancestor. However, of
33 C-to-T and 23 T-to-C changes, only 3 and 6,
respectively, exhibit a consistency index (CI) exceed-
ing 0.5. This indicates that the long branch leading to
the numts is dominated by a majority of phyloge-
netically noninformative character changes.

Collura and Stewart (1995) argue that certain
molecular processes during transposition may cause
damage during the process of transposition entailing
the unexpected long branch leading to the pseudo-
genes. In the face of the reduced numt evolutionary
rate we would expect these changes to be reflected in
high CI values, which apparently is not the case in
our rDNA example. This is in line with the assump-
tion that recent mitochondrial integrations should
display a damage-induced increased branch length as
well, which has not been confirmed by observation so
far. Considering numt evolution on the nuclear level
only, Zischler et al. (1998) suggested that changes
caused by the methylation of CpG sites in the nuclear
DNA could in part bring about the unexpected long
branch leading to numts. However, in our sequences
we could determine only few potential CpG methyl-
ation sites, which cannot fully explain the increased
branch length.

Regarding sequence evolution on the mitochon-
drial site and taking into account the nucleotide

compositions displayed in Fig. 1, we propose that
the long branch leading to the numts is also
brought about by the compositional plasticity of
primate mitochondrial DNA. First, sequences of
similar nucleotide compositions are likely to be
clustered in phylogenetic tree reconstructions, and
second, there is a possibility for reconstruction
artifacts due to uneven nucleotide composition
upon uniting mitochondrial genes and nuclear
pseudogenes in a dataset.

We were able to show that nucleotide composi-
tional changes are mostly expressed in the mt rDNA
loop regions and that the phylogenetic signal is more
robust in the conserved double-stranded region (Fig.
1). Restricting the analysis to double-stranded RNA
specifying sequences, the branch leading to the
pseudogenes is in fact only 2.6 times longer than the
average of the terminal pseudogene branches. In
comparison, the single-strand regions show a value of
10.2 (data not shown). We therefore propose that the
longer the divergence time and the higher the evolu-
tionary rate difference between genes and pseudo-
genes, the less convincing the phylogenetic tree on the
basis of a mixed set of both mitochondrial and nu-
clear data. The long branch leading to the pseudo-
gene is therefore predominantly not an expression of
synapomorphic evolution of the nuclear pseudo-
genes. Rather, it can be explained by a divergence of
the evolutionary mode mainly on the mitochondrial
site. This is expressed in the nucleotide composition
that is conserved upon integration into the nuclear
genome, which causes difficulties when merging two
different data sets together in one underlying recon-
struction model.
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