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The identification of inadvertently sequenced mitochondrial pseudogenes (numts) is critical to any study employing
mitochondrial DNA sequence data. Failure to discriminate numts correctly can confound phylogenetic reconstruction
and studies of molecular evolution. This is especialy problematic for ribosomal mtDNA genes. Unlike protein-
coding loci, whose pseudogenes tend to accumulate diagnostic frameshift or premature stop mutations, functional
ribosomal genes are not constrained to maintain a reading frame and can accumulate insertion-deletion events of
varying length, particularly in nonpairing regions. Several authors have advocated using structural features of the
transcribed rRNA molecule to differentiate functional mitochondrial rRNA genes from their nuclear paralogs. We
explored this approach using the mitochondrial 12S rRNA gene and three known 12S numts from the human genome
in the context of anthropoid phylogeny and the inferred secondary structure of primate 12S rRNA. Contrary to
expectation, each of the three human numts exhibits striking concordance with secondary structure models, with
little, if any, indication of their pseudogene status, and would likely escape detection based on structural criteria
alone. Furthermore, we show that the unwitting inclusion of a particularly ancient (18-25 Myr old) and surprisingly
cryptic human numt in a phylogenetic analysis would yield a well-supported but dramatically incorrect conclusion
regarding anthropoid relationships. Though we endorse the use of secondary structure models for inferring positional
homology wholeheartedly, we caution against reliance on structural criteria for the discrimination of rRNA numts,

given the potential fallibility of this approach.

Introduction

Mitochondrial-derived nuclear pseudogenes
(numts: Lopez et a. 1994) represent both boon and bane
to molecular biologists (see reviews in Zhang and Hew-
itt 1996; Sorenson and Quinn 1998; Bensasson et al.
2001). They can provide valuable insight into ancestral
mtDNA nucleotide states, relative substitution rates in
the mitochondrial and nuclear genomes, and the history
of major intergenomic translocation events (Fukuda et
al. 1985; Lopez et a. 1994; Arctander 1995; Zischler et
al. 1995). However, their unwitting inclusion in molec-
ular studies can lead to spurious conclusions regarding
phylogenetic relationships, molecular evolutionary dy-
namics, or both (Zhang and Hewitt 1996; Bensasson et
al. 2001). Preferential polymerase chain reaction ampli-
fication of numts can occur (Arctander 1995; Collura
and Stewart 1995; Sorenson and Fleischer 1996; Zhang
and Hewitt 1996; Sorenson and Quinn 1998) and has
even been reported in ancient DNA studies (van der
Kuyl et al. 1995). This problem is particularly subtle for
noncoding mtDNA sequences (Arctander 1995). For ex-
ample, unlike protein-coding mtDNA loci, whose nucle-
ar pseudogenes tend to accumulate diagnostic frameshift
or premature stop mutations (e.g., Collura and Stewart
1997), functional ribosomal genes are not constrained to
maintain a reading frame and can accumulate insertion-
deletion (indel) events of varying length, particularly in
nonpairing regions. Consequently, the identification of

1 Present address: Department of Ecology and Evolutionary Bi-
ology, Yale University, New Haven, Connecticut

Key words: pseudogene, numt, 12S rRNA.

Address for correspondence and reprints: Link E. Olson, Depart-
ment of Cell and Molecular Biology, Northwestern University Medical
School, 303 E. Chicago Avenue, Chicago, Illinois 60611.

E-mail: lolson@fmnh.org.

Moal. Biol. Evol. 19(1):93-100. 2002
© 2002 by the Society for Molecular Biology and Evolution. ISSN: 0737-4038

sequenced rRNA numts is less straightforward. Using
examples from the human genome, we explore the ef-
fectiveness of using secondary structure models to iden-
tify rRNA numts and show that even relatively ancient
numts that negetively affect phylogenetic inference can
escape detection.

Several criteria have been proposed for discrimi-
nating between mtDNA and numt sequences (see Zhang
and Hewitt 1996; Bensasson et a. 2001). Those appli-
cable to rRNA genes involve either interpretation of the
phylogenetic topology, the inferred secondary structure
of the transcribed RNA molecule, or a combination of
the two. (We assume sequence ambiguities on chro-
matograms and multiple bands on autoradiograms are
automatically considered suspect and therefore limit our
discussion here to clean sequences.) Phylogenetic indi-
cators include “‘unusua or contradictory’” (Zhang and
Hewitt 1996, p. 250) or ‘‘aberrant”” (Arctander 1995, p.
18) results. However, the absence of prior knowledge of
phylogenetic relationships renders this criterion difficult
to apply in some situations (Arctander 1995), particu-
larly as the objective of many phylogenetic studies is
the inference of the phylogenetic position of a given
taxon (or taxa) in the first place. Significantly shorter
branches may also indicate nuclear introgressions under
the assumption that numts evolve more slowly than their
mMtDNA paralogs (Sorenson and Fleischer 1996; Soren-
son and Quinn 1998). These same authors point out,
however, that not only would recently introgressed cop-
ies fail detection by this criterion, but that the absence
of selective constraints would eventually allow numts to
accumulate substitutions at selectively conserved
mtDNA sites such that branch lengths leading to older
numts may be longer than those leading to their mtDNA
paralogs (e.g., see Lopez et al. 1994, 1997).

A second widely advocated method for discrimi-
nating rIDNA numts involves aligning sequences to sec-
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ondary structure models to determine whether structur-
aly disruptive mutations or changes at phylogenetically
conserved positions have occurred (Hickson et al. 1996;
Sorenson and Fleischer 1996; Houde et al. 1997; Soren-
son and Quinn 1998). Unfortunately, no explicit criteria
have been proposed along these lines, leaving the un-
derlying question of what constitutes a permissible
change with regard to secondary structure or conserved
sites unanswered. Secondary structure itself evolves,
and novel structural features involving wholesale losses
of otherwise highly conserved elements have been re-
ported (e.g., Janke et al. 1994), as has the acquisition of
novel stem structures (Olson 1999). Also, as Sorenson
and Fleischer (1996) noted, numts will not necessarily
be identifiable by structurally incompatible changes or
substitutions in conserved sequence motifs owing,
again, to their presumably slower substitution rates (see
also Hickson et al. 1996).

Curiously, despite the apparent popularity of the
secondary structure method of detection, few studies
have used it to identify a suspected rRNA numt. Noor
and Larkin (2000) employed structural criteria in their
examination of suspiciously variable Drosophila 12S
rRNA sequences reported by previous authors. These
authors used three separate tests, two of which compared
the number of changes in conserved regions (conserved
sites and sites in stems) with those in nonconserved re-
gions within and between several species. A third test
compared minimal free energy values among taxa for a
portion of the 12S rRNA molecule folded according to
a structural model. Results of each of these tests sug-
gested either errors in the sequences in question or the
unintentional sequencing of one or more numts, al-
though additional sequencing under similar conditions
by Noor and Larkin (2000) failed to support a pseudo-
gene explanation.

We are unaware of any study that has critically ex-
amined the effectiveness of using secondary structure to
identify known numts. For example, none of the studies
reporting nuclear insertions of mitochondrial rRNA or
tRNA genesin table 1 of Zhang and Hewitt (1996) com-
pared their resulting sequences with secondary structure
models to ascertain the extent to which predicted struc-
ture was affected. Thus, the oft-cited utility of secondary
structure models in discriminating rDNA numts remains
largely speculative. We explore this approach using the
12S rRNA gene from the human mitochondria genome
and the recently completed Human Genome Project.
Given the known genomic origin and status of these
sequences in humans (functional mitochondrial gene or
nuclear pseudogene), the availability of mtDNA se-
guences for the same locus from several additional pri-
mates, a well-supported phylogenetic hypothesis for the
chosen taxa, and rigorously tested secondary structure
models for the rRNA subunit of interest, we are afforded
an unprecedented opportunity for examining this issue
in detail. We consider a hypothetical scenario in which
a species of uncertain phylogenetic affinity (Homo sa-
piens, in this case) is surveyed for a mitochondrial gene
(12S) whose status (nuclear paralog vs. functional mi-
tochondrial gene) we wish to determine using secondary

Table 1
Stem Nomenclature Synonymy
SD96? Ho6b

26 . 32
27 33
28 34
29 35
30 . 36
3l 38
32 39
3B 40
34 42
35 45
36 . 47
37 48

aSpringer and Douzery (1996) model.
b Hickson et al. (1996) model.

structure. We consider two structural models and a num-
ber of humts in an attempt to avoid erroneous conclu-
sions based on the potential idiosyncrasies of any single
pseudogene or structural hypothesis.

Methods

We performed a BLAST search (Altschul et al.
1997) of the draft Human Genome using the complete
human mitochondrial 12S rRNA gene (GenBank acces-
sion V00662) as the query sequence. We selected all
matches for which the beginning and end of the original
mitochondrial 12S were unambiguously present in order
to limit our study to reasonably complete pseudogenes.
Sequences were aligned by eye to the core secondary
structure model for mammalian 12S rRNA of Springer
and Douzery (1996) (SD96 hereafter). A second align-
ment for the third domain region of the gene was per-
formed with reference to the model of Hickson et al.
(1996) (H96 hereafter), which differs slightly from the
corresponding portion of the SD96 model. To date, these
differences with respect to mammalian 12S have not
been investigated critically, and the relative accuracy of
each model remains unknown. We therefore consider
both models separately but use the stem nomenclature
of Springer and Douzery (1996) for consistency (see
table 1). These models were chosen over alternatives
(e.g., Van de Peer et al. 2000) because they either focus
on mammalian 12S rRNA structure (SD96) or make
explicit hypotheses regarding conserved sequence mo-
tifs and nucleotides (H96). Bases involved in pairing
were identified for both stem (both models) and tertiary
(SD96 model only) interactions. The following addi-
tional primate mtDNA 12S sequences were included in
these alignments and all subsequent analyses (GenBank
accession numbers in parentheses): Lemur catta
(AF038013), Tarsius bancanus (AF153001), Papio
hamadryas (Y18001), Nasalis larvatus (AF069970),
Hylobates lar (X99256), Pongo pygmaeus (D38115),
Gorilla gorilla (X93347), Pan paniscus (D38116), and
Pan troglodytes (X93335). Alignments are available as
supplementary material on this journal’s web page. We
assume all GenBank mtDNA sequences used in this



study are themselves mitochondrial and not numts. We
follow Groves (1993) classification of primates in our
references to higher taxa and employ the age estimates
for primate taxa given in Goodman et al. (1998).

To investigate the extent to which secondary struc-
ture can be used to identify numts, we first inspected
the correspondence of each human seguence to the
SD96 and H96 models visually to identify any major
indels occurring in either pairing regions or encompass-
ing the conserved sites identified by Hickson et al.
(1996) for Domain Il1. Nucleotides at these latter sites
were also compared with the conserved states of the
H96 model (their Appendix 1). Second, we surveyed
each primate sequence for the total number of disruptive
mutations, calculated as follows. For a given sequence,
the absence of a pair bond otherwise present in Bos and
at least two primate species at the homologous position
was counted as one, whether it was because of non-
pairing bases at that position (noncanonical T-G bonds
were alowed, but A—C bonds were not) or a deletion
encompassing one of the positions. Similarly, an uncom-
pensated insertion within any stem resulting in a bulge
was counted as one. Finaly, we calculated minimal free
energy values for Domain Il for all sequences (mito-
chondrial and pseudogene), according to the predicted
folding implied by both the SD96 and H96 models using
the online version of mfold Version 3.1 (Mathews et al.
1999; Zuker, Mathews, and Turner 1999). Predicted sta-
bility calculations were limited to Domain Il in order
to obtain comparable results for both structural models.
The additional two bases hypothesized to engage in pair-
ing at the beginning of stem 26 in the SD96 model,
which are not implicated in pairing in the H96 model,
were not included for this same reason.

Parsimony analyses were performed using PAUP*
4.0b8 (Swofford 2001). The branch and bound search
algorithm was employed with al characters equaly
weighted. Trees were rooted using Lemur and Tarsius
as outgroups. Bootstrap support was calculated using
100 branch and bound search replicates. Tree searches
were conducted for the alignment based on the SD96
model only, as the H96 model is limited to the third
domain of the 12S molecule. Ambiguously aligned re-
gions were excluded from parsimony searches. Separate
analyses were conducted for each human sequence
(three nuclear and one mitochondrial), and their respec-
tive phylogenetic positions were compared with the ex-
pected phylogeny of hominoids (Ruvolo 1997; Good-
man et al. 1998). A fifth analysis in which all four hu-
man sequences were included was also carried out in an
attempt to determine the relative age of each introgres-
sion event as well as to explore the possibility of gene
duplication with respect to the pseudogenes sampled,
i.e., whether one of the pseudogenes considered gave
rise to one or both of the remaining numts.

Results and Discussion

A BLAST search of the human nuclear genome
using the human mitochondrial 12S sequence resulted
in three matches meeting our previously listed criteria.
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These are located on chromosome 10 (952 bases span-
ning positions 151857-152793 in GenBank accession
NT024128.3, 88% identica under BLAST criteria),
chromosome 11 (952 bases, positions 1023270—
1024221 in NT009243.3, 95% identical), and chromo-
some 5 (957 bases, positions 730591-731547 in
NTO006961.3; 94% identical). These are hereafter re-
ferred to as numtl, numt2, and numt3, respectively.
Each of these possesses a seemingly intact 5’ and 3’
region, and the lengths fall within, or correspond closely
to, the range observed in hominoid mitochondrial 12S
(951956 bases), suggesting that no indel events longer
than a few bases have occurred in these copies. Finaly,
it warrants mention that additional shorter numts were
recovered in our BLAST search that were not included
in this study. On the basis of our brief examination of
several of these, it is obvious that numerous partial 12S
numts of varying length, antiquity, and preservation re-
side in the human nuclear genome, many of which
would undoubtedly be instantly recognized as nonfunc-
tional pseudogenes. We limited our investigation to
those copies that could theoretically escape detection
through the sequencing stage of a study employing com-
plete 12S rRNA gene sequences.

All three numts were readily alignable to both sec-
ondary structure models (fig. 1; H96 model and an ex-
panded version of fig. 1 are available online as supple-
mentary material). The only indels larger than one nu-
cleotide occurring within a putative stem structure in
any pseudogene are both found in numt3. These include
a 4-base deletion encompassing portions of either stem
1 or stem 3 (seefig. 1 for aternative placements of this
indel), which would result in the loss of three pair-bonds
in either case. No comparable indels were observed in
any mitochondrial sequence.

Single-nucleotide insertions resulting in bulges
within stems are observed in both mitochondrial and
numt sequences (fig. 1). A single-nucleotide deletion in
stem 28 (both models) of Papio results in either the loss
of an otherwise ubiquitous bulge or the loss of an ad-
jacent pair bond, depending on the inferred positional
homology. Severa stems (e.g., 7, 19, 20, 34, 36) are
found to vary with respect to the number of pairing ba-
ses in both mitochondrial and numt sequences. Pairing
in both positions of stem 20 is lost entirely in Papio
(unless A—C bonds are considered), and only four of the
10 conserved bonds in stem 40 occur in numt 1.

Of the 56 conserved positions in the H96 model
for Domain I11, only three were found for which one or
more sequences possess an aternative base (fig. 1). Two
of these involve mutations to C's in positions otherwise
conserved for T's in stem 31; one occurs in humtl and
one in Lemur. The mutation in numtl occurs in the
fourth position of stem 31 and is not compensated for
in the corresponding nucleotide in 31’, indicating the
loss of a T-A pair bond in this stem. Noncanonical C—
A bonds are generally discounted, but they have none-
theless been suggested for this stem in other mammals
(Springer and Douzery 1996) and may be relatively
common among vertebrates in Domain 111 (Hickson et
a. 1996). In addition, other mammals possess a C at
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1 2 1 3 4 5 6
Homo AAT AGGTT TGG TCC T AGCCT T TCTATTAGC TC TTAGTAAG ATTA CACATGC AAGCATCCCCGTTCCA GTG AGTTC
numt 1 AAT AGGTT TGG TCC T AGCCT T TCTATTAAC TC TTAGTAAG ATTA CACAAGC AAGCATCGCCACCCTG GTG AAATA
numt 2 AAT AGGTT TGG TCC T AGCCT T TCTATTAGC TC TTAGTAGG ATTA CACATGC AAGCATCCCCGCCCCA GIG AGTC-
numt 3 BAAT AGGTT TGG TCG T AGCCT - ---ATTAGC TC TTAGTAAG ATTA CACATGC AAGCATCCCTGCCCCG GTIG AGTC-
[T AGC-- - -CTATTAGC]
7 8 8" 7! 9 10 10 9
Homo ACCT CTAA ATC ACCAC GAT CAAA AGGAAC A AGC ATCA AGCACGCA GCAA TGCAGCT CAAAAC GCT TAGCCTAGC
numt 1 ACCCT CTAA ATC ACTAC AAT CAAA AGGAGT A AGT ATCA AGCACGCA TTAG TGCAGCT CAAAAC ACT TTGCCTAGC
numt 2 ACCCT CTAA ATC ACCAC GAT CAAA AGGAAC A GGT ATCA AGCACGCA GCAA CGCAGCT CARAAC GCT TAGCCTAGC
numt 3 ACCCT CTAA ATC ACCAC GAT CAAA AGGAAC A AGT ATCA AGCACGCA GCAA CGCAGCT CARAAC GCT TAGCCTAGC
6" 11 11" 5! 12 12! 4 13
Homo CAC ACC CC CACG GG AAACA GCAGTG ATTAACC TTTAGCAATAARAC GAAA GTTTAACTAA G CTATACTAA CCCCA GGGTT
numtl CAC ACC CC CACG GG AGACA GCAGTG ATAAACC TTTAGCAATAAAC GAAA GTTTAACTGA G CTATACTAA CTTTA GGGTT
numt 2 CAC ACC TC CACG GG AGACA GCAGTG ATAAACC TTTAGCAATAAAC CAAA GTTTAACTAA G CCATACTAA CCCCA GGGTT
numt 3 CAC ACC CC CACG GG AGACA GCAGTG ATAAACC TTTAGCAATAAAC GAAA GTTTAACTAA G CTATACTAA CCCTA GGGTT
A 14 B _A' B' 14! 13! 3 15 _C 16
Homo GGT CAATT TCGTG CCA GC C ACC GC GGTCA CACGA TT AACCC AA GTCAATAGA AGCC GGC GT AAAGA GIGT TTTA
numtl GGT TAATT TCATG CCA GC C ACC AC GGTCA TACGA TG AACCC AA GCTAATAGA GACT GGC GT AAAGA ATGT TTTA
numt 2 GGT CAATT TCGTG CCA GC C ACC GC GGTCA CACGA TT AACCC AA GTCAATAGA AACC GGC AT AAAGA GIGT TTTA
numt 3 CGT CAAGT TCGTG CCA GC C ACC GC GGTCA CACGA TT AACCC AA GTCAATAGA AACC GGC GT AAAGA GIGT TTTA
i) 18 19 20 20" 19! 21 21"
Homo GA TCACCCCCTCCCCAA TABAGCT ARAACT CACCT GA GT TGTAAAAA AC TCC AGTTG ACACAAAATAGACT AC GAAA GT
numtl CA TTATCCCTCAA---- TAAAGCT AAATTT CACCT AA GT TGTAGAAA AC CCT AGTTG ATATAAAACAAACT AC GAAA GT
numt2 GA TCAATTCCCCTCAA- TAAAGCT AAAATT CATGT GA GT TGTAAAAA AC TCC AGTTG ATACAAAATAAACT AC GAAA GT
numt 3 GA TCAATTCCCCTCAA- TAAAGCT AAAATT CACCT GA GT TGTAAAAA AC TCC AGTTG ATACAAAATAAACT AC GAAA GT
18" 17" 16’ 52 23 23! 22!
Homo GGCTTTA ACATA TC TGAAC ACAC AATA GCTAAGACCCA AAC TGGG ATTAGATAC CCCA CTA TGCTTAGC CCTAAACCTC
numt 1 GGCTTTA ATATT TC TGAAT ACAC AATA GCGAAGATTCA AAC TGGG ATTAGATAC CCCA CTA TGCTCAGC CCTAAACTTC
numt 2 GGCTTTA ATGCA TC TGAAC ACAG AATA ACTAAGACCCA AAC TGGG ATTAGATAC CCCA CTA TGCTTAGC CCTAAACTTC
numt 3 GGCTTTA ACGCA TC TGAAC ACAC AATA GCTAAGACCCA AAC TGGG ATTAGATAC CCCA CTA TGCTTAGC CCTAAACCTC
24 el 24" i5i 25 25+ i 26
Homo BACAGTT AAATCA AC AA AACTGCT C GCC AGAACACTACG AGC CACA GCT TAAAACTCAAA GGA CC TGGCGGTGCTTCA
numt 1 AACAGTT AAATCA AC AA AACTGCT C GCC AGAACACTAGG AGC AACA GCT TAAAACTCAAA GGA CC TGGCGGTGCTTCA
numt 2 AACAGTT AAATTA AC AA AACTGCT C GCC AGAACACTACG AGC CACA GCT TAAAACTCAAA GGA CC TGGCGGTGCTTCA
numt 3 BAACAGTT AAATTA AC AA AACTGCT C GCC AGAACACTACG AGC CACA GCT TAAAACTCAAA GGA CC TGGCGGTGCTTCA
TG CGG Y A

Fic. 1.—Human mitochondrial 12S rDNA sequence and three nuclear pseudogenes from the human genome aligned to the core mammalian
secondary structure model of Springer and Douzery (1996). Stem boundaries are denoted above with single lines and are numbered according
to the SD96 model. Boundaries for bases involved in tertiary interactions are indicated with double lines above and labeled with upper-case
letters. For both types of interactions, canonical and G-T bonds are shaded (C-A bonds were not considered). An aternative alignment for the
region spanning stems 1 and 3 in numt3 is shown below in brackets. The portion of Domain Il corresponding to the region considered in the
H96 model and used in the free energy calculations (see table 2) is underlined. Letters below the alignment in this region represent the conserved
states in the H96 model (from their Appendix I; Y = Cor T, R = A or G); those for which one or more sequences in this study were found
to exhibit an aternative state are shown in bold. Note that these conserved positions may not correspond structurally in each model, i.e., some
pairing sites in the SD96 model do not pair in the H96 model and vice versa. An expanded version of this figure showing all additional primate
12S sequences and ambiguously aligned sites excluded from phylogenetic analyses is available online as supplementary material or from the

senior author.

this position (Springer and Douzery 1996; personal ob-
servation). Similarly, the C in what is otherwise the last
pairing position of stem 31 in the SD96 model observed
in Lemur is uncompensated at the corresponding posi-
tion in 31’, resulting in the loss of a T-A bond. The
third site found to possess a honconserved base in any
sequence occurs in the nonpairing region connecting
stems 36 and 27. Normally constrained to a purine, a
cytosine is observed in Papio, Nasalis, and numt1. With
respect to the highly conserved positions proposed by
Hickson et al. (1996), then, only one of the three pseu-
dogenes (numtl) exhibits any deviation, and for every
aberrant conserved site in numtl, one or more of the
mitochondrial sequences are found to be similarly vari-
able, either at the same position or within the same stem.

The total number of disruptive mutations for each
seguence is given in table 2. Not surprisingly, a much
greater range is encountered when the entire molecule
is considered (SD96 only), in which case numt1 exhibits

more than twice as many disruptive mutations as any
other sequence. Values for numts 2 and 3 do not fall
outside the range observed in other primate (MtDNA)
sequences. When only Domain |1l is considered, no
numt exceeds al other primate sequences in the number
of disruptive mutations observed.

Free energy values for the predicted folding of Do-
main |11 are givenin table 2. In all but one case (Lemur),
sequences were more stable when folded according to
the H96 model than when folded to the SD96 model,
suggesting the former may be more accurate for this
region of 12Sin primates if thermal stability is the pri-
mary target of selection. Numts 1 and 3 were less stable
than all other primate sequences according to the SD96
model, but both fell within the range of primate values
for the H96 model. Numt 2, on the other hand, fell with-
in the range of nonhuman hominoid values for the SD96
model and had the lowest free energy of any sequence
according to the H96 model.
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27 28 29 29" 30
Homo TATCCCT CTAGA GG AGCCTGTTCT GTA ATCG ATAAACCC CGAT CAACCTCA CCACCTC TTGCTCA
numtl1 CATCCCT CTAGA GG AGCCTGTTCT ATA ATCG ATAAACCC CAAT TCACCTCA CCACCTC TTGCTCA
numt2 TATCCCT CTAGA GG AGCCTGTTCT GTA ATCG ATAAACCC CGAT CAACCTCA CCACCTC TTGCTCA
numt3 TATCCCT CTAGA GG AGCCTGTTCT GTA ATCG ATAAACCC CGAT CAACCTCA CCACCTC TTGCTCA

YG G R T G c C A Y

31 32 33 33" 33 32 34 34
Homo GCCTATATACCGCCATCTT C-A GC A-A A~CCCT GATGA AGG CTACAAA GT AA GC GCAAGT AC CCAC- GT AAAG
numtl ACCCATATACCGCCATCTT C-A GC A-A A-CCCT GACAA AGG CCACAAA GT AA GC ACAAGT AT CTAC- AT AAAA
numt?2 GCCTATATACCGCCACCTT C-A GC A-A A-CCCT GACGA AGG CCGCAAA GT AA GC GCAAGT AC CCAC- GT AAAG
numt3 GCCTATATACCGCCATCTT CTA GC ATA ATCTCT GACGA AGG CTGCAAA GT AA GC GCAAGT AC CCACC GT AAAG

YYTR RTA T A

31° 30° 28" 35 35 _
Homo ACG-TTAGGTCAAGGTGTAGC CCAT GAGGTGG CA AGAAATGGGCT ACATT TTCT ACCCC AGAA AA--CTACGATA
numtl ATG-TTAGGTCAAGGTGTAGC CTAT GAGGTGG CA AGAAATGGGCT ACATT TTCT ACCCC AGAA AATTCTACAATA
numt2 ACG-TTAGGTCAAGGTGTAGC CCAT GAGGTGG CA AGAAATGGGCT ACATT TTCT ACTTC AGAA AA--CTACGATA
numt3 ATGCTTAGGTCAAGGTGTAGC CCAT GAGCTGG CA AGAAATGGGCT ACATT TTCT ACTTC AGAA AA--~CTACGATA

A Yya T A T A R T YT ACA T
36 36" _ 27" 37 37"
Homo GCCCTTATG AAA CTTAAGGGT CGAAGGTGGA TTTAG CAGTA AACTAAG AGTAGAGTG CTTAGTT GAACAGGGCCC
numtl ACCCTTATG AAA CCTGAGGGT CCAAGGAGGA TTTAG TAGTA AATTAAG AACAGAGTG CTTAATT GAATAGGGCCA
numt?2 ACCCTGATG AAA TTTAAGGGT CGAAGGTGGA TTTAG CAGTA AACTAAG AGTAGAGTG CTTAGTT GAACAGGGCCC
numt3 ACCCTTATG AAA TTTAAGGGT CGAAGGTGGA TTTAG CAGTA AACTAAG AGTAGAGTG CGTAGTT GAACAGGGCCC
R G A GTA T A RR
26 D 38 39 39p
Homo TGAAGCGCGTACA CA C C GCCCGTC ACC CTCCTC AA GTA TACTTCAAAGGACATTTAACTAAAACCCCTACGCATTT----
numtl TAAAGCACGCACA CA C C ACCCATC ACC CTCCTC AA GTA TATTTCAAGGACTATCTAACTAAAACCCCTATGCATTT----
numt?2 TGAAGCGCGTACA CA C C GCCCGTC ACC CTCCTC AA GTA TACTTCAAAGGACACTTAACTAAAACCCCTACGCATTT----
numt3 TGAAGCGCGTACA CA C C GCCCGTC ACC CTCCTC AA GTA TACTTCAAAGGACATTTAACTAAAAACCCCCCTGCGCTATTT
R R R GY
39p" 39" 38" D 40 40"

Homo ATA TA GAGGAG ACAA GTCGTAAC AT G G TAAGTGTACT GGAA AGTGCACTTG GACGAAC
numtli ATA TA GAGGAG ATAA GTTGGATA AA C C AAGGTGTAGC TTAA CATAAAGCAC CCTGCTT
numt?2 ATA TA GAGGAG ATAA GTCGTAAC AT G G TAAGTGTACT GGAA AGTGCACTTG GACGAAC
numt3 ATA TA GAGGAG ATAA GTCGTAAC AT G G TAAGTGTACT GGAA AGTGCACTTG GACGAAC

Fic. 1 (Continued)

Results of parsimony analyses are shown in fig. 2.
When only mitochondrial sequences are analyzed (fig.
2A), a single most-parsimonious topology is recovered.
Although the expected human-chimp sister relationship
is not obtained, bootstrap support for the conflicting go-
rilla-chimp clade is weak; all other nodes receive =80%
bootstrap support and conform to the well-corroborated

Table 2
Disruptive Mutations and Free Energy Values

DISRUPTIVE MUTATIONS AG® (keal/mol),

Entire Gene Domain Il Domain 111
SPECIES SD96 SD9%6  H9%6 SD96  H9%6
Bos............. — — —29.4b —43.0°
Lemur .......... 7 3 5 -30.8 —-304
Tarsius. ......... 6 2 3 -364 -373
Papio........... 10 3 3 -328 —406
Nasalis.......... =8 2 3 —395 —452
Hylobates .. ..... 5 2 4 -390 -451
Pongo .......... 5 1 2 —-388 —533
Gorilla.......... 5 0 0 —-484 -555
Pan paniscus. . . . . 5 0 0 -50.1 -57.2
Pan troglodytes. . . 5 0 0 —48.2 —553
Homo........... 4 0 0 —48.8 —55.9
numtl........... 21 3 2 -271 -347
numt2........... 6 1 1 —435 -—58.0
numt3........... 10 3 3 —-286 —388

aValue represents a minimum estimate due to missing data at the 5’ region.
b Free energy values shown for Bos are based on the model as taken directly
from each respective paper.

phylogenetic hypothesis relating these taxa. Analysesin
which individual numts were substituted for the human
mitochondrial sequence are shown in fig. 2B-D, and the
results of an analysis with all sequences included are
summarized in fig 2E. The well-supported phylogenetic
position of numtl (fig. 2B and E) suggests that it intro-
gressed from the mitochondrial genome prior to the
hominoid radiation. A 4-base deletion occurring in al
hominoid sequences (including all numts) in the non-
pairing region (in both models) between stems 30 and
31 serves to establish a maximum age of origin for
numtl. A survey of 44 additional primate 12S sequences
in GenBank (see Appendix) suggests this 4-base deletion
is unique to catarrhines, and that the introgression of
numtl therefore likely postdated the platyrrhine-catar-
rhine divergence. Collectively, this evidence indicates
that numt1 originated between 18 and 25 MYA. Numts
2 and 3, on the other hand, appear to be of much more
recent origin, apparently having diverged from the hu-
man mitochondrial genome sometime after the diver-
gence of orangutans from the remaining hominids (fig.
2C-E). The poorly resolved phylogenetic position of
numts 2 and 3 relative to the Gorilla, Pan, and Homo
mitochondrial sequences limits inferences of the relative
timing of these introgressions. The possibility that either
numt2 or numt3 gave rise to the other cannot be dis-
counted based on our analyses, given the recovery of
this arrangement in two of the nine most-parsimonious
trees.
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FiG. 2—Results of parsimony analyses. Outgroup taxa (lemur and tarsier) were used to root the trees but are not shown here. Values
represent bootstrap support, scale bar represents 10 changes. A, mitochondrial sequences only, single most-parsimonious tree. B& C, nonhuman
mitochondrial sequences and numts 1 and 2, respectively, single most-parsimonious trees. D, nonhuman mitochondrial sequences and numt3,
strict consensus of two equally parsimonious trees. E, All sequences included, strict consensus of nine equally parsimonious trees.

If nodes that receive less than 70% bootstrap sup-
port are collapsed, the topologies in fig. 2A, C, and D
become identical. This suggests that the unintentional
inclusion of two of the three numts would probably not
result in a topology discordant with the true phylogeny
of hominids. The unwitting analysis of numt1, however,
would result in a dramatically different hypothesis of
relationships. In none of the trees in fig. 2 do branch
lengths leading to any numt appear disproportionate, and
relative-rates tests (Tgjima 1993) failed to single out any
pseudogene sequences with respect to the mitochondrial
sequences (results not shown).

In our exploration of the inferred structural char-
acteristics of three 12S rRNA pseudogenes from the hu-
man genome, we found only two structurally disruptive
indel events in stem regions, both of which, ironically,
occur in what is likely to be the most recently intro-
gressed copy (numt3). The more disruptive of the two—
suggesting the loss of three pair bonds in one or possibly
two stems—is well outside the region amplified by the
popular Kocher et a. (1989) primers and is hence not
included in the H96 model; the same is true for the
inordinate loss of pair bonds in stem 40 of numtl. Nei-
ther of the other numts exhibits any immediately sus-



picious indels. A simple count of disruptive mutations
would suggest numt 1 (but not numts 2 or 3) to be an
outlier, but only when the entire gene is assayed; none
of the numts appear inordinately modified when Domain
Il aone is considered. This suggests that studies em-
ploying only partial 12S sequences, which may be more
prone to numt contamination to begin with (e.g., van der
Kuyl et al. 1995), may be even further compromised if
secondary structure alone is used to check for numt
amplification.

Inspection of conserved positionsin the H96 model
similarly fails to elicit alarm. Two of the three numts
(not surprisingly, the two youngest) are invariant at all
of these sites. Numtl varies at only two positions, but
so0 do other mammalian mitochondrial sequences at both
positions for the same nucleotide. Broadening the tax-
onomic sample to include other primates would likely
assuage suspicion. All 25 cercopithecid (Old World
monkeys) and 16 out of 17 platyrrhine (New World
monkeys) 12S sequences from GenBank listed in the
Appendix possess either aC or aT at this position (rath-
er than the A or G proposed in the H96 model), sug-
gesting that the selective constraints that have main-
tained a purine at this position in other animal taxa are
not acting similarly in primates.

Thus, with the possible exception of numt3, a thor-
ough visual inspection of these sequences against a
structural model would likely fail to identify the pseu-
dogenes. Numtl, by far the oldest copy, appears ques-
tionable when all disruptive mutations are counted along
the entire molecule, but not when shorter pieces are con-
sidered. Comparisons of predicted stability for Domain
Il are perhaps more sophisticated, but their results are
equally equivocal and cast as much suspicion on some
mitochondrial sequences (e.g., Lemur) as on some pseu-
dogenes, whereas one pseudogene surpasses al other
sequences in estimated thermal stability. As would be
predicted based on its age, numtl is the least stable of
the human sequences, falling outside the range of free
energies observed in other primates in the SD96 model
but not under the H96 model. This potential for model-
dependent conclusions has implications beyond our
study, particularly for studies investigating the evolution
of rRNA. We suggest that either alternative models of
secondary structure need to be considered or that such
models be fine-tuned for the taxa of interest. With re-
spect to our hypothetical scenario, we believe that, in
the absence of additional evidence, numtsl, 2, and pos-
sibly 3 would be accepted as mitochondria if inadver-
tently sequenced and subjected to a cursory check
against secondary structure. Thisis particularly sobering
in the case of numtl, given its well-supported phylo-
genetic placement, which differs substantially from that
of humans and could lead to myriad erroneous conclu-
sions if accepted as a mitochondrial sequence. Whereas
a more exhaustive investigation of these sequences
might very well identify a pseudogene signature for
these numts, casual inspection of secondary structure
can clearly be insufficient for discriminating both re-
cently introgressed as well as relatively ancient mito-
chondrial rRNA pseudogenes.
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Reference to secondary structure is often claimed
to be or advocated (e.g., Houde et al. 1997) as a means
of confirming the cytoplasmic origin of sequenced mi-
tochondrial rRNA genes. The expectation that rRNA
pseudogenes will eventually accumulate structurally dis-
ruptive mutations in the form of excessive point substi-
tutions or indel events or both is certainly a reasonable
one, and reference to secondary structure is likely a rel-
atively rapid method of numt identification if such mu-
tations have occurred. Criteria for accepting a given
rDNA sequence as mitochondrial based on structural
characteristics alone are often vague, at best, and prob-
ably for a good reason—namely, uncertainty as to what
constitutes structurally and selectively tenable muta-
tions. Although we strongly advocate the use of second-
ary structure for inferring positional homology (see Kjer
1995) and studying character evolution (regardless of
the dizzying tedium involved), we caution against re-
lying on concordance to secondary structure as a means
of identifying pseudogenes, as this may engender false
confidence. Rather, we suggest that researchers who sus-
pect such numts employ more direct methods such as
cloning or singe-stranded conformation polymorphism
(Bensasson et al. 2001).
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APPENDIX

Forty-four additional primate 12S sequences sur-
veyed for the deletion between stems 30 and 31 and the
conserved position discussed in the text. GenBank ac-
cession numbers in parentheses.

Tarsius syrichta (AF069976), Callithrix pygmaea
(AF069983), Callithrix jacchus (AF069982), Callimico
goeldii (AF069981), Saguinus geoffroyi (F069972), Sa-
guinus oedipus (AF069973), Leontopithecus rosalia
(AF069969), Cebus apella (AF069965), Saimiri sci-
ureus (AF069974), Aotus trivirgatus (AF069977), Al-
ouatta palliata (AF069964), Alouatta seniculus
(AF069975), Ateles sp. (AF069978), Brachyteles arach-
noides (AF069979), Callicebus moloch (AF069980),
Chiropotes satanas (AF069966), Lagothrix lagotricha
(AF069968), Pithecia pithecia (AF069971), Cercocebus
aterrimus (L35192), Cercocebus torquatus (L35204),
Cercopithecus aethiops (L35185, L35187, L35189,
L 35190, L35194, L35207), Cercopithecus ascanius
(L35202), Cercopithecus cephus (L35191), Cercopithe-
cus diana (L35193), Cercopithecus galeritus (L35208),
Cercopithecus mitis (L35197), Cercopithecus mona
(L35198), Cercopithecus neglectus (L35182), Cercopi-
thecus nictitans (L35199), Cercopithecus patas
(L35186), Colobus guereza (L35195), Macaca mulatta
(L35203), Macaca sylvanus (L35188), Mandrillus
sphinx (L35196), Miopithecus talapoin (L35205), Papio
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cynocephalus (L35184), Papio ursinus (L35206), Pres-
bytis cristatus (L35200), and Gorilla gorilla (L35209).
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