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Multiple nuclear pseudogenes
of mitochondrial cytochrome b in Ctenomys
(Caviomorpha, Rodentia) with either great
similarity to or high divergence from the true
mitochondrial sequence
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A fragment of the mitochondrial cytochrome b gene was studied in 13 species of the South American
fossorial rodent Ctenomys using PCR with ‘universal’ primers and DNA sequencing after cloning.
Five different groups of sequences were found, one of which corresponds to the functional
mitochondrial gene (mt). The other four groups (A, B, C and D) were believed to be nuclear
pseudogenes. Sequences A—C were highly divergent from the mt sequences and included substitutions,
deletions and insertions such that they could not possibly have coded a functional protein. They all
shared a common insertion between positions 15055 and 15056 suggestive of a common origin,
although the A, B and C sequences otherwise differed greatly from each other. The D sequences also
could not have been functional on the basis of nucleotide sequence, but the differences with the mt
sequences were far more subtle and in a more limited study the D sequences could easily have been
classified as a true mtDNA sequence. It is suggested that there were two transfers of the cytochrome b
gene from the mitochondrion to the nucleus; the first leading to sequences A—C and the second to the
D sequence. Subsequent to transfer, a sequence of duplications within the nucleus appears to have
generated the full range of pseudogenes that are observed. This study adds to other recent
observations suggesting the frequent transfer of mtDNA sequences to the nucleus and reinforces the
necessity of great care in interpreting PCR-generated sequences, particularly those produced with
universal primers. There are now data from several species of mammals and birds relating to PCR-
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generated nuclear copies of cytochrome b, which we review.
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Introduction

In recent years it has become accepted that during the
evolution of the eukaryotic cell, many genes were
transferred from the mitochondrion (originally a free-
living bacterium) to the nucleus, in accordance with the
serial endosymbiosis theory (Margulis, 1970; Douglas,
1994). What has also become clear is that the transfer of
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genetic material between the mitochondrion and the
nucleus may still occur in a diverse array of eukaryotic
lineages, as demonstrated in yeast, fungi, flowering
plants, sea urchins, crabs, locusts, aphids, birds, rodents,
bovids, cetaceans, proboscideans, felids, primates and
humans (Van Den Boogaart ez al., 1982; Gellissen &
Michaelis, 1987; Blanchard & Schmidt, 1995, 1996;
Collura et al., 1996; Kvist et al., 1996; Zhang & Hewitt,
1996a; Schneider-Broussard & Neigel, 1997; Cracraft
et al., 1998; Kidd & Friesen, 1998; Tiedemann & von
Kistowski, 1998; De Woody et al., 1999; Greenwood &
Pidbo, 1999; and references therein). With regards these
recent transfers, most of the mitochondrial-like sequen-
ces within the nucleus are believed to be nonfunctional
and are appropriately classified as pseudogenes (Gellis-
sen & Michaelis, 1987; Perna & Kocher, 1996). Although
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examples of reverse transcriptase-derivatives of mito-
chondrial RNA have been documented in the nucleus
(Blanchard & Schmidt, 1995, 1996), the majority of the
nuclear mitochondrial-like sequences appear to derive
from direct insertions of mitochondrial DNA. Presence
of nontranscribed mitochondrial-like sequences in the
nuclear genome have been well-demonstrated (e.g. Zullo
et al., 1991) and in the cat there has been a single nuclear
insertion of about half of the mitochondrial genome
(Lopez et al., 1994). The escape of DNA from the
mitochondrion could be caused by transient breaches of
the mitochondrial membrane, either spontaneously or
during organelle division (Thorsness & Fox, 1993).
Mitochondria can also disintegrate sometimes (e.g.
as a result of bacterial endotoxin attack) allowing the
release of genetic material into the cytoplasm (Shay &
Werbin, 1992). The mtDNA fragments may insert
into the nuclear genome by end-joining at the position
of chromosome breaks (Blanchard & Schmidt, 1996).

Many of the most recent discoveries of nuclear copies
of mitochondrial genes have been made by population
and evolutionary geneticists employing ‘universal’ prim-
ers at the PCR stage of DNA sequencing studies. These
universal primers, first suggested by Kocher er al.
(1989), will amplify mitochondrial genes in a previously
unstudied species. However, because of their low spe-
cificity to the particular mitochondrial sequence being
studied they may also amplify nuclear copies of the same
gene (Smith ez al., 1992; Arctander, 1995).

For our mtDNA studies investigating the phylogenetic
relationship among the numerous species of the South
American fossorial rodent genus Ctenomys (Mascheretti
et al., in press), we used universal PCR primers to
amplify a portion of the cytochrome b gene. These
primers generated several different anomalous sequences
that we believe to be nuclear pseudogenes. Our studies
reinforce a concern already expressed (Smith et a/., 1992;
Arctander, 1995; Collura et al., 1996; Zhang & Hewitt,
1996a,b) that it is easy to confuse nuclear and mitoc-
hondrial copies of the same gene. Our studies also
illustrate the potential of universal PCR primers to find
nuclear pseudogenes, thereby helping in the investigation
of mtDNA transfer to the nucleus and revealing genetic
markers that can be useful for evolutionary studies
(Perna & Kocher, 1996; Zhang & Hewitt, 1996a).

Materials and methods

Specimens

Details of the Crenomys that we screened for both
functional and anomalous mtDNA sequences are
reported elsewhere (Mascheretti ef al., in press). They
were collected from the central-east part of the distri-
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bution of the genus, i.e. in Argentina, Paraguay and
Bolivia. The functional mtDNA sequences themselves are
also described in Mascheretti et al. (in press). In this paper
we consider the anomalous sequences, making compar-
isons with data from the functional sequences as appro-
priate. The anomalous sequences have been submitted to
the GenBank Data Libraries (Accession Numbers:
AF210389 — AF210397, AF221718 — AF221745).

DNA extraction and sequencing

DNA was extracted from tail tissue preserved in
absolute ethanol following the standard phenol/chloro-
form procedure (Sambrook et al., 1989). A fragment of
the mitochondrial cytochrome b gene was amplified in
50 puL reactions with standard concentrations of primers
(L 14841 and H 15149: Kocher et al., 1989), buffer,
dNTPs and Taq polymerase. Each PCR cycle consisted
of 93°C for 1 min, 50°C for 1 min and 72°C for 2 min.
The cycle was repeated 35 times. PCR products
were purified using QIAquick PCR purification kit
(QIAGEN, Crawley, West Sussex, UK) following man-
ufacturer’s recommendations.

Following an initial demonstration that multiple
sequences were produced by PCR amplification, a strat-
egy of cloning the PCR products was adopted. They were
blunt-end-cloned in a pGem vector (Promega, Madison,
Wisconsin, USA), the plasmids were purified with Wizard
minipreps (Promega) and sequences generated with the
T7 primer. Routinely, DNA sequences were obtained
from three bacterial colonies for each individual on an
ABI 373 automated sequencer. If the functional mtDNA
sequence was not detected in those three colonies, addi-
tional colonies were examined until it was obtained.
Sequence traces were directly downloaded from the
sequencer to a Macintosh LC475 and checked using
Analysis software (ABI).

Phylogenetic analyses

The sequences that were produced were aligned and cut
to equal lengths using SeqEd (ABI). They were then
compared with the EMBL database using the FASTA
routine in the Genetics Computer Group package
(Wisconsin Package, 1994), to confirm their origin.
Phylogenies were reconstructed using maximum parsi-
mony (paup: Swofford, 1993) and distance (pPHYLIP:
Felsenstein, 1991) methods.

For maximum parsimony, the shortest tree(s) were
found in an heuristic search with 10 replicates of 100
random stepwise addition of taxa. Where more than one
minimum-length tree was produced, a strict consensus
tree was calculated. Bootstrap values were based on 100
pseudoreplicates, using 10 random orders of input taxa.
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A variety of weighting schemes was used: the three
codon positions were unweighted or there was a 2:5:1
ratio for the first, second and third positions; transver-
sions were unweighted or allocated five, 10 or 20 times
more than transitions. Indels were unweighted.

Pairwise distances between taxa were calculated using
DNADIST in the pHYLIP package, under the assumptions
of the Kimura 2-parameter model. Trees were recon-
structed using the neighbour-joining method (Saitou &
Nei, 1987) and the seQBooT program was used to
produce bootstrap values from 1000 pseudoreplicates
of the data set. The data were either unweighted or
transversions were weighted five, 10 or 20 times more
than transitions.

Results

Sequence variability

The functional 260-bp cytochrome b sequence was
detected in all 47 individuals belonging to the 21 species
of Ctenomys that we examined (Mascheretti ez al., in
press). Studies with alternative PCR primers and a
detailed phylogenetic analysis confirmed these to be
the standard sequences from the mitochondrion (Mas-
cheretti ez al., in press). Additional anomalous sequences
were obtained in 22 individuals belonging to 13 species:
C. argentinus, C. azarae, C. boliviensis, C. d’orbignyi,
C. juris, C. latro, C. nattereri, C. occultus, C. opimus,
C. pilarensis, C. scagliai, C. tuconax and C. tucumanus.
In the remaining 25 individuals, only the functional
mtDNA sequence was found in the first three bacterial
clones examined; this does not necessarily imply an
absence of anomalous sequences in the individuals
concerned, only that those sequences did not insert into
the bacteria screened.

Four different groups of anomalous sequences were
found. These showed the highest homology to the
mitochondrial cytochrome b when compared with
sequences in the EMBL data bank, but they were very
peculiar in a number of aspects. They will be referred to
as the A, B, C and D sequences, as opposed to the
functional copy, referred to as the mt sequence. There
were two types of variation among individuals: in the
range of anomalous sequence groups that they were
shown to carry (A, B, C or D or some combination) and
in the precise nucleotide sequences recorded for each
sequence group. The between-individual variation in
the A, B, C and D nucleotide sequences, respectively,
will be considered in the phylogenetic analysis below;
it is important to note here, however, that no within-
individual variation in nucleotide sequence was recorded
for any of these sequence groups. With regards the range
of sequence groups found in the 22 specimens for which

anomalous sequences were demonstrated: 11 individuals
displayed one type of anomalous sequence only; C. latro
no. 2 had both an A and a D sequence; C. nattererino. 1
and C. tuconax no. 2 had both a C and a D sequence;
C. pilarensis no. 1 and C. scagliai no. 2 had an A, a B
and a C sequence; C. occultus no. 2 and C. opimus had
an A, a C and a D sequence; and C. boliviensis, C.
scagliai no. 1, C. tuconax no. 1 and C. tucumanus no. 1
had a B, a C and a D sequence.

There were numerous nucleotide differences among
the anomalous sequence groups and between the
anomalous sequence groups and the functional mtDNA
gene; these will be indicated with reference to the
numbered nucleotide positions of the functional
mtDNA gene (Mascheretti et al., in press). All anom-
alous sequences groups A, B and C shared the insertion
of a T between positions 15055 and 15056. Sequence A
was found in 11 individuals belonging to nine spe-
cies: C. argentinus, C. azarae, C. dorbignyi, C. latro,
C. nattereri, C. occultus, C. opimus, C. pilarensis and
C. scagliai. This sequence had a 10-bp deletion produc-
ing a frameshift between positions 14932 and 14941 and
a 4-bp deletion between positions 15125 and 15128.
Comparing all the A sequences with all the mt sequences
available from the same nine species (Mascheretti ez al.,
in press), and without considering nucleotides that were
variable among the mt sequences, an additional 51 base
substitutions were recorded in the A sequences. The
nature of these substitutions was certainly unexpected
from the perspective of a mitochondrial sequence: 23
changes were transitions and 28 were transversions; 13
changes occurred in the first position, nine in the second
and 29 in the third.

Sequence B was found in six individuals belonging to
five species: C. boliviensis, C. pilarensis, C. scagliai,
C. tuconax and C. tucumanus. These sequences had a
10-bp deletion between positions 14946 and 14955,
producing a frameshift, and a 3-bp deletion between
positions 15034 and 15036. The number of additional
substitutions relative to the mt sequences was 65, 30 of
which were transitions and 35 were transversions.
Nineteen replacements occurred in the first position of
codons, 18 in the second and 28 in the third.

Sequence C was found in 10 specimens belonging to
eight species: C. boliviensis, C. nattereri, C. occultus,
C. opimus, C. pilarensis, C. scagliai, C. tuconax and
C. tucumanus. This was the most distinct of all the
sequence types found. A 7-bp deletion between positions
15031 and 15037, another 1-bp deletion in position
15087 and a 30-bp deletion between positions 14914 and
14943 were observed. Ctenomys occultus no. 2 also had a
3-bp deletion between positions 14987 and 14989. There
was a total of 77 additional substitutions relative to the
mt sequences, 32 of which were transitions and 45
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transversions. The distribution of the substitutions by
codon position was 24 in the first position, 19 in the
second and 34 in the third.

And finally, sequence D was found in 14 specimens
from nine species: C. boliviensis, C. juris, C. latro,
C. nattereri, C. occultus, C. opimus, C. scagliai, C. tuc-
onax and C. tucumanus. This type of sequence was
particularly interesting because of its high degree of
homology with the functional mt sequence, in stark
contrast to sequences A—C. The 260-bp sequence did not
have any insertions or deletions. However, one individ-
ual (C. latro no.1) had a stop codon at position 15002,
which indicates that the sequence could not possibly
code for a functional protein. Further evidence suggest-
ing that sequence D is nonfunctional was obtained when
one individual (C. tucumanus no.1) was amplified with
primers 114841 (Kocher ef al., 1989) and HI15548
(MVZ16 in Smith & Patton, 1993) to produce a longer
fragment of 706 bp. This generated a standard D
sequence for the 260 bp already examined, but elsewhere
in the amplified fragment there were three short dele-
tions of 4 bp (positions 15477-15480), 9 bp (15483-15491)
and 2 bp (15529-15530).

There were, in general, 19 additional substitutions
when sequence D was compared with the mt sequences:
five transversions and 14 transitions, four in the first,
one in the second and 14 in the third codon position.
However, sequence D in C. boliviensis was rather
different. It shared only 11 out of the 19 additional
substitutions, and displayed three unique mutations.
There were no stop codons, insertions or deletions to
indicate that the sequence was functionless. Neverthe-
less, in the phylogenetic trees this sequence appeared
closely related to all the other D sequences with high
bootstrap support (see next section).

The data on additional substitutions are summarized
in Fig. 1 and show the distinctiveness of the D sequences
relative to the A, B and C sequences, in terms of more
transitions and third-position substitutions.

Sequences A-C all contained stop codons when
translated with the mitochondrial genetic code. The A
and C sequences both had two stop codons, whereas
sequence B had three. Sequence C also lacked a heme-
ligating histidine residue at position 82, crucial for the
normal function of the cytochrome » protein (Howell,
1989). The D sequences also coded some amino acids
that would render the cytochrome b dysfunctional. The
arginine at position 80 is mutated to cysteine in all the D
sequences, and the arginine at position 100 is mutated to
tryptophan in C. occultus and C. juris. The number of
amino acid changes that would be produced if the
anomalous sequences were translated is incredibly high:
43 for the A sequences, 48 for the B sequences, 60 for the
C sequences and 11 for the D sequences (50%, 56%,
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Fig. 1 Additional substitutions observed in anomalous
sequences A—D of Ctenomys spp. after their comparison with
mt sequences (see text). Details of the relative frequency of
these substitutions (a) as transitions and transversions and (b)
in first vs. second vs. third codon position.

70% and 13% of the residues, respectively). Evidently,
the proteins coded by these sequences could not be
functional.

Table 1 shows the nucleotide diversity () within and
between groups of sequences. The differences between
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Table 1 Nucleotide diversity (n,%) within and between
the mt, A, B, C and D clades of Crenomys species

mt A B C D
Within 5.67 1.94 1.23 1.69 2.98
mt — 26.47 32.54 35.50 14.58
A 22.67 — 29.11 38.08 2891
B 29.09 27.52 — 38.23  34.72
C 31.82 35.27 36.77 — 32.12
D 10.25 26.44 32.62 29.79 —

For the between-clade nucleotide diversity, the raw value
is shown above the diagonal.

Below the diagonal, we present the nucleotide diversity
corrected for within-clade diversity

(TaBcorrected = Tap—[(ma + 7p)/2]: Nei, 1987).

the A, B, C, D and mt sequences were very high at
approximately 23% to 37%, the only exception being
the comparison between the D sequences and mt, which
was only 10%. The values within the groups of the
anomalous sequences (1.23% to 2.98%) were consider-
ably lower than the value for the mitochondrial gene
(5.67%). Considering all within-lineage substitutions,
the transition:transversion ratios for the A, B, C, D and
mt sequences were 6:5, 4:1 plus one variable for three
nucleotides, 6:4, 6:3, 103:22, respectively. Equivalent
values for the ratio of 1st:2nd:3rd position substitutions
were: 3:7:1, 3:3:0, 4:3:3, 4:2:3 and 24:6:95. Over the
period of diversification of the genus Crenmomys, the
anomalous sequences have clearly accumulated a higher
proportion of transversions and first and second posi-
tion changes than the functional mitochondrial gene.

Phylogenetic analyses

Preliminary phylogenetic analysis (not shown) using
data from the EMBL database indicated that sequences
A-D grouped with mtDNA sequences of the rodent
suborder Caviomorpha, but there was considerable
uncertainty in the position of sequences relative to other
members of the superfamily Octodontoidea to which
Ctenomys belongs. However, the sequence for the South
American porcupine Coendou bicolor (Lara et al., 1996),
a caviomorph distantly related to Crenomys, was basal
in all phylogenies in relation to the Crenomys mt, A, B,
C and D sequences. Therefore, the Coendou sequence
was used as an outgroup in phylogenies examining the
relationship among the different Crenomys sequences.
Figure 2a shows the strict consensus tree produced
with parsimony analysis of all anomalous sequences
obtained and one representative mtDNA sequence for
each species (equal weighting 1st:2nd:3rd codon posi-
tions and transitions : transversions, and ignoring dele-
tions). A near-identical distance tree was obtained with

the same dataset based on the Kimura 2-parameter
model (Fig. 2b). Similar trees were obtained with
different weighting schemes.

The most striking features of the phylogenies are the
close relationship of the mt and D sequences and
the somewhat less close relationship to each other of the
A and B sequences. The C sequences are particularly
divergent. It should be noted, however, that deletions
and insertions were ignored in tree-construction. In
general, this should have little effect on the phylogeny.
The indels are usually specific to either the A, B or C
sequences. However, the insertion between positions
15055 and 15056 is shared by sequences A—C. If this
insertion is considered to have been a single event, then
sequences A—C should be ‘forced’ together in a single
clade by, for instance, giving a very high weighting to
shared indels during tree-construction. Clearly, if a
distance tree was forced in this way, the branches within
the A-B—C lineage would be very long, indicating the
lack of similarity among the A, B and C sequences apart
from the presence of the common insertion.

Another interesting feature of the phylogenies, that is
particularly clear in the distance tree (Fig. 2b) is that the
D sequence found in C. boliviensis is distinctive from all
other D sequences. In other respects the relationship of
sequences from different species is difficult to resolve for
any particular type of anomalous sequence; presumably
reflecting the short length of sequence examined. With
regards the relationships of the sequences found within
species, there are five cases where exactly the same
anomalous sequence has been found in different individ-
vals of the same species. For sequences A, C and D there
are also cases where small differences in sequence have
been found between individuals of the same species.

Discussion

Evidence that the anomalous sequences
are nuclear pseudogenes

Mitochondrial-like sequences additional to the normal
mitochondrial sequence could represent heteroplasmy
or intramitochondrial duplications instead of nuclear
pseudogenes. It is important, therefore, to rule out these
alternatives in the case of the anomalous sequences in
Ctenomys.

There has been considerable recent interest in the
medical implications of heteroplasmy (Larsson & Clay-
ton, 1995; Liang & Wong, 1998; Chinnery et al., 1999).
Humans with cells that include a mixture of both
normal mitochondria and mitochondria with deleterious
mutations may develop disease if the defective mito-
chondrial type becomes predominant in postmitotic
tissue such as skeletal muscle and neurones (Chinnery &
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Fig. 2 Phylogenetic analysis of all 41 anomalous sequences obtained from 13 species of Ctenomys together with one representative
mt sequence from each of those species. Note that the same sequence was sometimes found in two individuals (such that there were
30 distinct anomalous sequences). In construction of these trees indels were ignored and all nucleotide changes were weighted
equally. The sequence for the South American porcupine Coendou bicolor (Lara et al., 1996) was used as an outgroup. Bootstrap
values (%) are indicated over branches. (a) Strict consensus of the 170 equally parsimonious trees (395 steps long, consistency
index = 0.678). (b) Neighbour-joining tree. Note that in both trees all the mt sequences group into a single well-defined lineage,
likewise the A, B, C and D sequences each form clear, separate lincages.

Samuels, 1999). In our studies we have also shown the
presence of defective mitochondrial-like sequences in
Ctenomys. However, we have no reason to believe that
the Ctenomys that we examined were diseased or liable
to disease. Even more pertinent, the substantial diver-
gence between the functional and functionless cyto-
chrome b sequences (e.g. Figure 2b) implies long-term
survival of the anomalous sequences. This rules out
heteroplasmy as an explanation for persistence of the
functionless sequences as there is a general expectation
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that mitochondrial heteroplasmy should be short-lived
(Avise, 1991; Bergstrom & Pritchard, 1998).
Persistence of the anomalous sequences as intrami-
tochondrial duplications also appears unlikely. Three
anomalous sequences have been found in each of eight
different individuals. If the mitochondria of these
individuals are holding those three copies plus the
functional gene, the total amount of DNA would be
increased considerably, which could violate constraints
on the amount of DNA that the mitochondria can
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tolerate to maintain efficient replication (Moritz et al.,
1987; Rand & Harrison, 1989).

The rate of evolution of the anomalous sequences also
strongly suggests a nuclear rather than a mitochondrial
localization. Within-lineage nucleotide diversity is lower
for the anomalous sequences than for the mt sequence
(Table 1), consistent with the expectation of a slower
rate of evolution in the nucleus (Brown, 1985). A func-
tionless gene in the mitochodrion may be expected to
evolve faster than the functional version of the gene, not
slower.

Therefore, there are several lines of evidence that
suggest that the anomalous sequences A-D are
nuclear pseudogenes, and that status will be assumed
herewith.

C.scagliai2 C.opimus-A

C.tuconax1-C

C.tuconax1-B
C.tucumanus1-B
C.scagliail,2-B

87 C.boliviensis-B
9'(4» C.pilarensis1-8

Universal primers and the generation
of pseudogenes

For the cytochrome b gene, there are now several
examples in mammals and birds where nuclear pseudo-
genes have been detected using ‘universal’ primers.
Specifically the primers L14724 and H15915 of Irwin
et al. (1991) used to amplify the whole gene and the
primers L14841 and H15149 of Kocher et al. (1989) for a
small section of the gene have generated pseudogenes.
Smith et al. (1992) and De Woody et al. (1999) detected
single types of nuclear pseudogene in the rodents
Chroeomys jelskii and Microtus arvalis, using 114841/
H15149 and 1.14724/H15915, respectively. Collura &
Stewart (1995) detected two nuclear versions of

© The Genetical Society of Great Britain, Heredity, 84, 538-547.



cytochrome b in one orang-utan individual with L14724/
H15915 and multiple pseudogenes were found with the
same primers in proboscis monkeys (Collura ez al., 1996).
In their study of tigers, Cracraft ez al. (1998) discovered a
single nuclear version of a stretch of mtDNA that
included the cytochrome b gene and part of the control
region, again using 1.14724 as one of the primers.

In addition to these rather small-scale studies, Arc-
tander (1995) used L14841/H15149 to generate a frag-
ment of cytochrome b from seven individuals of three
species of the South American bird genus Scytalopus
and one individual of the closely related Myornis senilis,
and found different anomalous sequences in each
individual. However, the anomalous sequences were all
closely related and formed a single class of pseudogene.

Therefore, our discovery of nuclear cytochrome b
pseudogenes in Crenomys using universal primers, and
particularly the L14841/H15149 primers of Kocher
et al. (1989), are by no means unprecedented. Using
these primers we have documented four different classes
of pseudogene which are all found throughout the genus
Ctenomys. Although sequences A-D are likely to be the
only common pseudogenes detectable under the partic-
ular PCR and cloning conditions that we used, this does
not mean that other pseudogenes cannot be detected
in Ctenomys with these particular universal primers.
Indeed, we believe that the C. boliviensis class D
pseudogene may in fact be a single representative of a
new class of pseudogenes (see below).

Clearly, the great similarity of the D and mt sequences
in Ctenomys provides a particularly striking illustration
of the dangers of universal primers in generating nuclear
pseudogenes, which may be mistaken for true mtDNA
sequences. Over the 260 bp sequenced, the class D
pseudogene of C. boliviensis showed no stop codons,
insertions or deletions to indicate that the sequence was
functionless. This builds on other examples from the
literature. Collura ez al. (1996) and Cracraft ez al. (1998)
provide examples in the proboscis monkey and the tiger
of nuclear copies of the whole cytochrome b gene
without indels or stop codons. Arctander (1995)
describes a situation in birds where cytochrome b
pseudogenes have been misinterpreted as functional
mtDNA sequences.

Origin and evolution of the Ctenomys
pseudogenes

Our study was an analysis of repeated copies of a short
mitochondrial-like sequence present in the nuclear
genome. The full extent of the mitochondrial integration
that we sampled is unknown, as is the location of these
mitochondrial-like sequences. Clearly, such information
would be very informative (see Lopez et al., 1994), and
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could be used in a future study to help test some of the
conjectures that we make below.

Because of the short length of sequence, we will not
attempt to speculate on the timing of the transfer(s) of
mtDNA sequences to the nucleus. However, given the
wide range of Crenomys species that carry each of
the four classes of nuclear pseudogene, we propose that
the transfer(s) took place either early in radiation of
Ctenomys or previous to it. Our preliminary phyloge-
netic analyses indicated that transfer(s) took place
within the caviomorph lineage of rodents.

To consider further the evolution of pseudogenes in
Ctenomys, it is worth generalizing to data from other
sources. Studies from a variety of species suggest that
large stretches of mtDNA can integrate in an undam-
aged state into the nuclear genome (Blanchard &
Schmidt, 1995, 1996; Collura et al., 1996; Cracraft
et al., 1998). However, subsequent to integration these
sequences accumulate indels and substitutions, consis-
tent with their status as pseudogenes (Ophir & Graur,
1997). Taking together all available data on indels in
cytochrome b nuclear pseudogenes (Table 2), it is clear
that deletions are much more common than insertions
and that the majority of indels observed are very short
(1-4 bp). The preponderance of deletions over insertions
has also been observed in nuclear-derived and -located
processed pseudogenes (Ophir & Graur, 1997).

Given the rarity of insertions in cytochrome » nuclear
pseudogenes, the common occurrence of the insertion of
T between positions 155055 and 155056 in the A, B and
C sequences suggests common ancestry, i.e. that these
sequences derive from a single integration of mtDNA
into the nuclear genome. This integrated sequence then
gained the insertion and, on the basis of the phylogenies

Table 2 Frequency of indels of different size classes
recorded in cytochrome b nuclear pseudogenes in mammals
and birds

Length (bp) Deletions Insertions
1 8 4
2 2 0
3 7 1
4 4 1
5 0 0
6-10 5 0

11-15 1 0

16-20 2 0

21-25 0 0

26-30 1 0

Data from the present study, Smith et al. (1992), Arctander
(1995), Kvist et al. (1996) and De Woody et al. (1999). Deletions
of different size in the same location within a particular lineage are
treated as independent (see text).
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(Fig. 2), it duplicated, thus generating class AB and C
pseudogenes. Subsequently, the class AB pseudogene
would have duplicated to generate the current situation
of separate class A and B pseudogenes. Given the sub-
stantial divergence between the A, B and C sequences
(Fig. 2b), it may be suggested that these duplications
occurred in the distant past; more sequence is needed to
estimate properly the timing of these events.

Although the presence of an insertion is a useful
phylogenetic marker for the Ctenomys cytochrome b
pseudogenes, interpretation of the deletions that are
found in these pseudogenes is more problematic. All the
deletions recorded in the A, B and C sequences have, in
the discussion up to now, been considered independent.
However, some of these deletions are overlapping. Thus,
the 30-bp deletion in the C sequences overlaps the 10-bp
deletion in the A sequences. Likewise, the 7-bp deletion
in the C sequences overlaps the 3-bp deletion in the B
sequence. The larger deletions could represent enlarge-
ment of the smaller deletions rather than independent
events. This aspect of pseudogene evolution needs to be
investigated further (see Ophir & Graur, 1997).

The occurrence of duplications in the evolution of
the A, B and C pseudogenes in Ctenomys is in line with
data from other species (e.g. Zullo et al., 1991; Lopez
et al., 1994; Collura & Stewart, 1995). There have been
various suggestions relating to amplification of the
mitochondrial sequences before, during or after inte-
gration into the nuclear genome, but no clear consen-
sus (Zullo et al., 1991; Lopez et al., 1994; Blanchard &
Schmidt, 1995, 1996; Hu & Thilly, 1995) and, indeed,
one might expect such duplications to occur in a
variety of different ways.

Duplication subsequent to single transfers from the
mitochondrion to the nucleus is one way in which
numbers of mitochondrial-like sequences in the nucleus
can increase. The other way is for there to be multiple
transfers of mtDNA sequences. It has been suggested,
for instance, that control region sequences have been
transmitted from the mitochondrion to the nucleus at
least six separate times in the evolution of pochard
ducks of the genera Aythya and Netta (Sorenson &
Fleischer, 1996). In Ctenomys, we believe that the class
D pseudogene represents a second transfer of a cyto-
chrome b sequence from the mitochondrion to the
nucleus, that occurred more recently than that which led
to the A, B and C pseudogenes. The rather divergent
C. boliviensis D pseudogene sequence could represent
either a duplication of the standard class D pseudogene
or an independent integration event.

Clearly, further studies of D sequences would be
worthwhile, not only to elucidate the issue of number of
transfers and duplications involving the cytochrome 4 in
Ctenomys, but also because these sequences are the most

likely to be useful in phylogenetic studies of the species.
They could be valuable ‘molecular fossils’ that could be
used to establish the ancestral cytochrome b sequence
for the genus (Perna & Kocher, 1996).
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