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and CHRISTIAN STAUFFER* 1

*Institute of Forest Entomology, Forest Pathology and Forest Protection, Boku, University of Natural Resources and Life Sciences,
Hasenauerstrasse 38, Vienna, Austria, †Molecular Ecology Group, University of Innsbruck, Technikerstrasse 25, 6020 Innsbruck,
Austria

Abstract

Phylogeographic studies call for attention as nuclear copies of mitochondrial DNA (NUMT) may generate erroneous

results. Here, we report the presence of NUMTs differing only by 1–3 bp from authentic mitochondrial haplotypes, conse-

quently named cryptic NUMTs. In contrast to traditional NUMTs, for which reliable tools for detection are established,

cryptic NUMTs question the validity of phylogeographic analyses based solely on mitochondrial DNA, like the one pre-

sented here on the European bark beetle Ips typographus. Caution is called as cryptic NUMTs might be responsible for

haplotype richness found in several species, and the necessity of refined methods for NUMT detection is highlighted.
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As a result of its numerous remarkable characteristics,
mitochondrial DNA (mtDNA) has been the molecular
marker of choice to infer the phylogeography of species
(Hickerson et al. 2010). In spite of its usefulness in phy-
logeny, mitochondrial data are associated with a number
of pitfalls that have increasingly questioned the reliability
of mtDNA-based studies (e.g. Zhang & Hewitt 1996a).
Among the molecular processes that can hinder correct
amplification and interpretation of mtDNA sequences
are paternal leakage (Petri et al. 1996; Thomas et al. 1998),
presence of nuclear integrations of mtDNA (NUMTs)
(e.g. Song et al. 2008) and maternally inherited endo-
symbiont like Wolbachia (Hurst & Jiggins 2005). All of
these pitfalls were reported for insects, with the presence
of NUMTs as a frequent issue (e.g. Sunnucks & Hales
1996; Bensasson et al. 2000, 2001; Rokas et al. 2003; Pons
& Vogler 2005; Mestrovic et al. 2006; Keller et al. 2007;
Martins et al. 2007; Black IV & Bernhardt 2009; Hlaing
et al. 2009; Koutroumpa et al. 2009; Cai et al. 2011).

Stauffer et al. (1999) studied the phylogeography
of the European spruce bark beetle Ips typographus
(Coleoptera, Curculionidae) by sequencing a partial
region of the mitochondrial cytochrome C oxidase 1 gene
(Cox1). In 138 individuals from 18 European populations,
eight haplotypes were detected, and while there is
evidence for high gene flow among populations, a fixed

haplotype named HTI was detected in Scandinavia,
indicative of a founder effect (Stauffer et al. 1999).

We have assessed 421 individuals from 11 European
populations of I. typographus with the same Cox1 primers
as Stauffer et al. (1999) and found 32 haplotypes with 28
polymorphic sites. Only three haplotypes were identical
to Stauffer et al. (1999), namely HTI, HTII and HTVIII
(Fig. 1). The 29 others are new haplotypes and coded It1
to It29 (GenBank JN133853–JN133881). These haplotypes
gave clear, unambiguous sequence chromatograms and
were confirmed by sequencing independent PCR ampli-
cons. All mutations of these haplotypes were synony-
mous and on the third codon position except It2, It17 and
It26. These three haplotypes presented nonsynonymous
mutations but with no major changes of the Cox1 amino
acid structure. In agreement with Stauffer et al. (1999),
HTI and HTII were the most common haplotypes shared
by 223 and 129 individuals, respectively. However, a
new haplotype named It1, gathering 24 individuals,
appeared as the third most common haplotype found in
this study. A haplotype network, computed using TCS
version 1.21 (Clement et al. 2000), showed that HTI, HTII
and It1 were closely related (Fig. 1a). The majority of all
haplotypes diverged from these three main haplotypes
and differed by only one to two mutation steps.

Forty-seven individuals showed sequence chromato-
grams containing double peaks, indicative for potential
NUMT coamplification (Song et al. 2008). These ambigu-
ous peaks occurred at 17 sites, and eight of these sites
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matched with mutation sites defining haplotypes (data
not shown). To verify NUMT presence, we performed an
isolation of mtDNA using the Tamura & Aotsuka (1988)
alkaline lysis protocol modified by Sunnucks & Hales
(1996). One body half of 48 fresh I. typographus individu-
als from four different populations (Austria, Croatia, Slo-
vakia and Sweden) was subjected to this extraction
method, while the other half was extracted using the
GenElute Mammalian Genomic DNA miniprep kit
(Sigma-Aldrich, USA). Among these samples, 12
presented double peaks when mtDNA sequences were
generated from the Sigma-kit extracts. Using alkaline
lysis DNA, the double peaks were not present, and four
haplotypes (HTI, HTII, It1 and It21) were confirmed. This
result suggests that rather NUMTs than heteroplasmy
are the cause of the sequence ambiguity observed in
I. typographus. To further assess presence of NUMTs, we
cloned Cox1 amplicons of the total DNA of three individ-
uals with ambiguous sequences and sequenced 15, 14
and 16 plasmids per individual, respectively. After
removing sequences with singleton mutations that prob-
ably originate from Taq error during amplification (cf.

Kobayashi et al. 1999), we obtained 17 sequence types
with one corresponding to haplotype HTI isolated from
each individual. The 16 other sequence types resemble
NUMTs, which we consequently named ItNumt1-16
(GenBank JN133882–JN133897). Like the 32 other haplo-
types, the NUMT sequence types showed no additional
stop codons or indels, resembling the code of functional
Cox1 protein. Two of the individuals revealed seven and
one individual six NUMT sequence types. The presence
of multiple NUMT copies within insect individuals has
been reported so far in grasshoppers (Zhang & Hewitt
1996b; Bensasson et al. 2000), aphids (Sunnucks & Hales
1996), a longhorned beetle (Koutroumpa et al. 2009), a
mosquito (Hlaing et al. 2009) and a bark beetle (Cai et al.
2011). Phylogenetic analyses (neighbour joining, maxi-
mum parsimony and maximum likelihood) computed
with PAUP* version 4b10 (Swofford 2002) showed that
nine of the NUMT sequence types (ItNumt1-9) formed a
clade with a sequence divergence up to 1.8% compared
to the mitochondrial haplotypes, whereas seven NUMT
sequences (ItNumt10-16) grouped within the authentic
mitochondrial haplotypes (Fig. 1b), differing only by

Fig. 1 (a) Haplotype network of the 32 mitochondrial haplotypes of I. typographus found in this study. Each white circle corresponds to
one haplotype and shows the proportion of individuals belonging to it. Haplotypes coded with HT and roman numbers are those
identical to Stauffer et al. (1999), while newly identified ones are coded It1-It29. The different sequence types of NUMTs from three
I. typographus individuals with ambiguous sites are represented by black circles and are coded ItNumt1 to ItNumt16. The Cox1 sequences
confirmed by alkaline lysis are represented by a w. Each link between circles indicates one mutational event. (b) Neighbour-joining tree
of the 32 haplotypes of I. typographus associated with the haplotypes found by Stauffer et al. (1999), coded HTI to HTVIII, as well as
the NUMT sequence types from the three individuals. The authentic Cox1 sequences confirmed by alkaline lysis are represented by a
w. Only bootstrap support (1000 replicates) higher than 50% is shown.
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1–3 bp (Fig. 1a). We consequently named these pseudo-
genes cryptic NUMTs.

Until now, cryptic NUMTs, differing only by 1–
3 bp from their mitochondrial counterparts, have only
been reported in A. aegypti (Hlaing et al. 2009). As a
result of the low amount of mutations, this class of
NUMTs is not only under high risk to be coamplified
with the mtDNA but also difficult to distinguish from
the authentic mitochondrial sequences. The most com-
mon tests to safeguard against traditional NUMT con-
tamination are the search for double peaks,
nonsynonymous mutations, indels, frameshifts and
additional stop codons (Song et al. 2008). In case of the
majority of the I. typographus NUMTs presented here,
mutational state (i.e. lack of additional stop codons, in-
dels and nonsynonymous mutations), sequence length
and functional Cox1 protein coding did not distinguish
the cryptic NUMTs from the authentic mtDNA
sequences. Consequently, such NUMTs may lead to an
overestimation of the genetic diversity indices (i.e. the
number of haplotypes, haplotype diversity and nucleo-
tide diversity) and can even result in a misinterpreta-
tion of the phylogeography. In this study, we detected
four times more haplotypes than Stauffer et al. (1999),
and both studies bear the risk of being contaminated
by NUMTs. However, we could not verify that one of
the haplotypes detected by Stauffer et al. (1999) is a
NUMT. The presence of cryptic NUMTs might be
responsible for the putative haplotype richness of
some other scolytid species. Indeed, Cognato et al.
(2005) found 131 haplotypes in 218 samples of
Dendroctonus valens. This high haplotype diversity
could not be confirmed by Cai et al. (2008). Later, the
presence of NUMTs was highlighted by Cai et al.
(2011).

NUMT contamination is an issue in phylogeography
since more than 15 years. The current tools for NUMT
detection and elimination are defined and widely
accepted. The evidence of cryptic NUMTs with minimal
differences to the authentic sequences calls for attention
as they could slip undetected through most commonly
applied NUMT identification methods. In a mixed tem-
plate containing closely related sequences, the outcome
of end-point PCR is a highly stochastic process and may
range from complete suppression of one template to an
almost 1:1 ratio in the final amplicon (Suzuki & Giovan-
noni 1996; Schnell & Mendoza 1997), but only the latter
case will generate the suspicious double peaks that paved
the way for NUMT identification in our study. Further-
more, enrichment for mtDNA by alkaline lysis requires
the availability of fresh tissue and is, even then, not
always reliable (Sword et al. 2007; Koutroumpa et al.
2009). Recent developments in next-generation sequenc-
ing (Meyer et al. 2008; Tautz et al. 2010) may relax the

process of NUMT detection in the future. Until these new
methods become broadly applicable, cautionary
approaches like cloning and sequencing of a subset of
samples should be applied whenever an unusual rich-
ness of haplotypes is identified in a species. Alterna-
tively, RNA extraction and RT-PCR or quantitative PCR
techniques making use of the unequal copy numbers and
methylation states of mtDNA and NUMT template might
be implemented in future studies. In medium term,
advances in Illumina shotgun sequencing and short-read
assembly will allow the assessment of cryptic NUMT
copy numbers, genomic location and extent of the trans-
ferred region for single nonmodel species.
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