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High levels of mitochondrial DNA heteroplasmy in
single hair roots: Reanalysis and revision

The present study demonstrates a reinvestigation of the mitochondrial DNA sequence
heteroplasmy, which was previously found by the use of nested polymerase chain
reaction (PCR) technique in single hairs of 13 individuals. The direct PCR approach
was used for the amplification of mitochondrial DNA and a phylogenetic analysis
was applied to both data sets for the verification of the authenticity of sequences. The
comparative analysis of the sequencing results obtained from the same hair DNA
extracts – but using two different techniques – shows that direct mitochondrial DNA
amplification results in a considerably lower number of mixed positions. The majority
of the confirmed heteroplasmic variants preferentially occurs in mitochondrial DNA
hypervariable sites (mutational hotspots). However, the pattern of heteroplasmic
mutations observed in four extracts after nested PCR significantly differs from the pat-
tern of natural mutations. Some of these rare polymorphisms should be revised as
inconsistent with phylogenetic expectations. The results of the present study contri-
bute to the earlier reports by indicating that phylogenetic analysis is an effective tool
in a posteriori quality check of mitochondrial DNA data.
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1 Introduction

The analysis ofmitochondrial DNA (mtDNA) sequence poly-
morphism has been widely used in human population and
molecular evolution studies [1–4]. In recent years, mtDNA
typing has also become a useful tool in forensic applications
[5]. Among several aspects of mtDNA genetics, the exis-
tence of heteroplasmy seems to be one of the most widely
discussed. There is a considerable evidence that mtDNA
sequence heteroplasmy exists at an appreciable frequency
and segregates differentially in different tissues [6–10].
Furthermore, it was demonstrated that in some tissues,
including hair, heteroplasmy tends to occur at highly vari-
able levels [11–14]. In a majority of cases, new heteroplas-
mic mutations are observed preferentially at hypervariable
sites of the human mtDNA control region [15]. However, a
number of studies documented the existence of hetero-
plasmy at positions that had a lower-than-average rate of
evolutionary substitution [9, 16–18]. It is also stressed that
the detection of heteroplasmy varies with regard to the
employed analytical techniques [14, 16, 19].

Heteroplasmy in the mtDNA control region is one of the
chief issues in forensic DNA community. It appears to be
particularly important for forensic testing, where mtDNA
types are compared between unknown evidence and
reference samples. If heteroplasmy indeed affects multi-
ple bases within the mtDNA control region of an individual
and segregates variably among different tissues, then an
effective interpretation of cases where heteroplasmy is
encountered becomes more complicated [5, 20, 21].
However, it is also possible that some detectable hetero-
plasmic events constitute a fingerprint of artificial “phan-
tom” mutations, i.e., mutations generated in the mtDNA
typing process itself. Latest observations of Bandelt et
al. [22, 23] and Röhl et al. [4] suggest that phantom muta-
tions are widespread and affect mtDNA data presented in
both evolutionary and forensic studies.

A recent report on the very high levels of mtDNA hetero-
plasmy in the human mitochondrial DNA hypervariable
region I (HV1) from single hairs [24] has been one of the
most frequently debated. That report presents a list of
24 heteroplasmic positions found in hairs of 13 indivi-
duals, employing a nested PCR strategy (hereinafter
called “nested PCR”, 30�32 cycles). This protocol was
originally proposed and widely used by members of the
forensic DNA community [25–28]. It was suggested that
the very high levels of the observed heteroplasmy might
had been caused by contamination and/or possibly by
the amplification of nuclear pseudogenes [20, 21, 29]. It
was also stressed that the interpretation of instances of
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the observed heteroplasmy depended on the models of
mtDNA mutation and of human population genetics [29,
30]. In reply to recent studies concerning the high level
of heteroplasmy, the authors have reinvestigated the ear-
lier data [24]. Heteroplasmic samples have been retested
and phylogenetic analysis has been applied to both data
sets in order to verify the authenticity of sequences.

2 Materials and methods

2.1 Amplification and sequencing conditions

Thirteen samples previously reported as heteroplasmic
were reanalyzed. For the amplification of the hair DNA
extracts, prepared in the previous study [24, 41], a direct
PCR approach was used, amplifying the HV1 in two over-
lapping fragments (hereinafter called “direct PCR”). This
technique is widely employed by forensic mtDNA labora-
tories [14, 28, 31–33]. The following two sets of primers
were used for reanalysis: L15990 (5’ TTA ACT CCA CCA
TTA GCA CC 3’); H16239 (5’ TGG CTT TGG AGT TGC
AGT TG 3’); L16209 (5’ CCC CAT GCT TAC AAG CAA GT
3’); H16391 (5’ GAG GAT GGT GGT CAA GGG AC 3’). In
order to generate templates for sequencing both strands
of the PCR products, the primers were “tailed” with a
�21M13 universal primer sequence, as described pre-
viously [24]. Amplification was performed in 50 �L reac-
tions using a GeneAmp System 9600 thermal cycler (Per-
kin Elmer, Norwalk, CT, USA). Each amplification reaction
comprised 1�Promega buffer, 1.5 mM MgCl2, 200 �M of
each of the dNTPs (Promega, Madison, WI, USA), 0.4 �M

of each primer, 2.5 U of Taq Polymerase (Promega) and
1 ng of the hair DNA extract. Thermal cycling conditions
for primer pair L15990/H16239 were 2 min at 94�C,
followed by 38 cycles at 94�C for 20 s, 62�C for 20 s,
and 72�C for 30 s. The amplification with the primer pair
L16209/H16391 was carried out under the cycling condi-
tions given above, except for the annealing temperature
and time, which in this case was 56�C for 10 s. Negative
PCR controls and reagent blank controls were always
used. The amplification products were purified, sequenc-
ed and analyzed as described previously [24].

2.2 Phylogenetic classification of the HV1
sequences

The sequencing results obtained by a direct PCR were
compared with those obtained by nested PCR (presented
earlier) [24]. The phylogenetic analysis was applied to
both data sets in order to verify the authenticity of mtDNA
sequences. HV1 sequences were classified into hap-
logroups, according to the nomenclature suggested by
Richards et al. [1, 3] and Macaulay et al. [34] for West Eur-

asian mtDNAs. All available data published on HV1-RFLP
[3] or HV1 variability alone (summarized by Röhl et al. [4])
in West Eurasian populations were used for a compara-
tive analysis. Data on the HV1/HV2 sequence variability
in Poles were taken from an earlier study [35]. Variability
patterns observed for hair samples in the original experi-
ments and in the reanalysis were compared with data on
molecular stability for each site in the HV1 region of West
Eurasian populations [36]. A list of the HV1 mutational hot-
spots was used in accordance with Malyarchuk et al. [36].

2.3 Amplification of nuclear pseudogenes

In order to further verify experimentally the suggestion
that coamplification of nuclear pseudogenes may be a
possible explanation of the high levels of heteroplasmy
observed when using nested PCR, that amplification
technique was applied to semen samples enriched in
nuclear DNA. Semen samples were obtained from seven-
teen healthy donors and a differential lysis of sperm cells
was performed according to Zischler et al. [37]. This re-
sulted in obtaining a pelleted fraction of sperm nuclei
and the remaining fraction enriched in mtDNA. DNA was
isolated from both fractions by way of a standard organic
extraction protocol. Both DNA extracts were amplified for
HV1 and HV2, using the nested PCR strategy. Next, the
amplification products were purified, sequenced and an-
alyzed as described earlier [24]. The obtained sequences
were inspected for possible unusual polymorphisms and
subjected to a phylogenetic classification as described
above.

3 Results and discussion

3.1 Comparative analysis of heteroplasmy
levels obtained by two operational
approaches

A comparative analysis of mtDNA sequencing results,
which were obtained from the same hair extracts by using
the nested and direct PCR, shows a considerably lower
number of mixed positions found after direct mtDNA
amplification (Table 1). Out of the 13 samples reported pre-
viously as heteroplasmic, 5 were confirmed as such by a
direct PCR (samples No. 2, 3, 4, 7, 11; see Table 1). Out
of these, four sequence types have been found mostly
in different West Eurasian populations, including Poles.
Sample No. 11 reveals the sequence type which appears
to be extremely rare among human populations, al-
though homologous sequence types (e.g., profile 16063C-
16069T-16126C) have been traced in Poles, Germans, Rus-
sians and Karelians [35, 38, 39]. The confirmation of the
sequences by two independent techniques and the phylo-
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Table 1. Comparative analysis of mtDNA sequencing results obtained from the same hair extracts by the use of nested
or direct PCR

Sample Methods
(PCR)

HV1 sequence Haplogroup Frequencya)

Heteroplasmy revealed in both direct and
nested PCR

Poland
(n = 436)b)

West Eurasia
(n = 4072)c)

2 Both 16183C, 16189C, 16223T, 16278C/T X 1 (0.2) 25 (0.6)
3 Both 16129A, 16172C, 16223C/T, 16311C/T I 2 (0.5) 12 (0.3)
4 Both 16129A/G, 16316A/G H 0 5 (0.1)
7 Both 16129A, 16172C, 16223C/T, 16311C/T I 2 (0.5) 12 (0.3)

11 Both 16063C, 16069T, 16126C/T, 16303A J* 0 N.A.

Heteroplasmy revealed only after nested PCR

9 Direct 16311C H or HV* 7 (1.6) 75 (1.8)
Nested 16311C/T

cont. Cambridge Reference Sequence (CRS) H or HV* 69 (15.8) 539 (13.2)

5 Direct 16192T, 16256T, 16270T U5a 1 (0.2) 31 (0.8)
Nested 16192C/T, 16256T, 16270T

cont. 16256T, 16270T U5a 2 (0.5) 24 (0.6)

8 Direct 16168T, 16343G U3 1 (0.2) 5 (0.1)
Nested 16051A/G, 16168T, 16343G

cont. 16051G, 16168T, 16343G U3 0 N.A.

1 Direct 16311C H or HV* 7 (1.6) 75 (1.8)
Nested 16024C/T, 16105C/T, 16243C/T, 16311C

cont. 16024C, 16105C, 16243C, 16311C ? 0 0

6 Direct 16311C H or HV* 7 (1.6) 75 (1.8)
Nested 16126C/T (T �� C), 16311C

cont. 16126C, 16311C ? 0 0

10 Direct 16311C, 16354T H 0 2 (0.05)
Nested 16088C/T, 16090C/T, 16140C/T, 16311C, 16354T

cont. 16088C, 16090C, 16140C, 16311C, 16354T ? 0 0

12 Direct 16111T, 16167C/T (T �� C), 16288C, 16362C H 0 0
Nested 16111C/T, 16167C/T, 16288C/T, 16294C/T,

16296C/T, 16362C/T
cont. 16294T, 16296T ? 0 0

13 Direct 16126C, 16163G, 16186C, 16189C, 16294C T1 6 (1.4) 65 (1.6)
Nested 16125A/G, 16126C, 16163A/G, 16186C/T,

16189C/T, 16294C/T, 16296C/T
cont. 16125A, 16126C, 16296T ? 0 0

Sample nomenclature is maintained according to the previous study [24]. HV1 sequences are given together with their
haplogroup assignment and frequencies determined in human populations. Wherever discrepancies are observed be-
tween the results obtained by the use of both protocols, the supposedly contaminating sequence type (denoted as
“cont.” ) is given with its frequency in the databases. This type is supposed to be the sequence of a hypothetical second
homoplasmic DNA that would account for the heteroplasmy if it were present as a contaminant.
a) The number of observations and frequency (in %) of the HV1 type revealed by direct PCR. “?” denotes that the phylo-

genetic affiliation of the HV1 sequence cannot be determined without additional data. “N.A.” denotes a sequence type
which is not available in the West Eurasian database owing to the different sequencing range (16090–16365).

b) Data are from Malyarchuk et al. [35]
c) Data are from Richards et al. [3]

genetic plausibility of the mtDNA profiles obtained, lead
to the conclusion that the mixed positions revealed for
the hair samples described are authentic and appear to
be truly heteroplasmic in mitochondria. It should be

emphasized that the maximum number of heteroplasmic
sites within single individual for HV1 was two positions,
which is in complete agreement with the findings of other
authors who used similar analytical methods [14].
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The second group of HV1 sequences includes those
sequence types which are characterized by heteroplasmy
revealed only after nested PCR analysis (Table 1). In the
case of four of such samples (No. 9, 6, 5 and 8), phyloge-
netically related HV1 sequences were identified after the
direct and nested PCR. The limited additional variability,
appearing here after nested PCR, occurs against the
background of defined haplogroups. Hence, it does not
change the haplogroup assignment of sequences. There-
fore, the results obtained after nested PCR are plausible
and can be attributed to a unique sensitivity of the tech-
nique. It is generally accepted that even the hair of an in-
dividual with normally undetectable levels of hetero-
plasmy may show different mtDNA sequences [12, 40].
Due to the high number of cycles employed in nested
PCR, it is likely that the existing minority variant has been
amplified to a degree which made its detection possible
by direct sequencing. It is noteworthy that similar ob-
servations (i.e., detection of additional heteroplasmic
sites in sequences belonging to H or HV haplogroups)
have recently been made by other forensic mtDNA labora-
tories [14].

The four remaining samples (No. 1, 10, 12 and 13) were
characterized by patterns of heteroplasmic positions
observable only after nested PCR. While corresponding
sequences derived from direct PCR show no hetero-
plasmy and can be easily affiliated into mtDNA hap-
logroups (Table 1), the specific mutation patterns revealed
after nested PCR make it impossible to localize the
respective sequences as a part of phylogeny. Thus, this
incompatibility would suggest that the mixed positions
revealed in those samples after nested PCR could be arti-
ficial.

3.2 Analysis of the HV1 mutational spectrum
revealed in heteroplasmic samples

Further insight into mutational spectra detected in hetero-
plasmic samples may be helpful in evaluating some of
the results obtained by the use of nested PCR. A recent
report by Malyarchuk et al. [36] provides a list of the
HV1 mutational hotspots, which is in concordance with
nucleotide positions that were described as rapidly evolv-
ing in the previous studies. If one assumes that hetero-
plasmy in somatic tissues has the same root cause as
population-level polymorphism, then heteroplasmic point
mutations should occur preferentially at mtDNA hyper-
variable sites (mutational hotspots).

Table 2 shows heteroplasmic sites revealed both in the
previous hair study and in this reanalysis, accompanied
by their estimated variability. These positions can be sub-
divided into three groups. The first group includes posi-

Table 2. Heteroplasmic sites revealed in the previous hair
study [24] and the reanalysis presented, accom-
panied by their estimated variability

Position Classification of
heteroplasmya)

Population variabilityb)

I II III Poland
(n = 436)c)

West
Eurasia
(n = 4072)d)

16024 1 0 –
16051 8 9.4 13.3e)

16088 10 0 0e)

16090 10 0 0e)

16105 1 0 0e)

16111 12 3.1 26.5
16125 13 0 2.9
16126f) 11 6 3.1 41.2
16129f) 4 21.9 64.7
16140 10 9.4 5.9
16163 13 3.1 8.8
16167 12 12 3.1 17.6
16186 13 3.1 23.5
16189f) 13 40.6 94.1
16192f) 5 18.8 35.3
16223 3, 7 6.3 29.4
16243 1 3.1 14.7
16278f) 2 18.8 50.0
16288 12 6.3 17.6
16294f) 13 12 12.5 32.4
16296 12, 13 3.1 11.8
16311f) 3, 7 9 34.4 64.7
16316 4 0 5.9
16362f) 12 28.1 64.7

Heteroplasmy is classified into three groups, depending
on the analytical technique by which it was revealed.
a) Group I, heteroplasmy revealed after nested PCR and

confirmed by direct PCR; Group II, nucleotide posi-
tions of sequence types revealed by direct PCR which
were found to be heteroplasmic after nested PCR;
Group III, new heteroplasmic variants revealed only
after nested PCR. Sample numbers according to
Table 1 indicate the presence of heteroplasmic posi-
tion in the respective group.

b) Frequency (in %) of parallel mutations which arose
independently in different haplogroups of the pre-
viously reconstructed mtDNA phylogenetic tree.

c) Data from Malyarchuk et al. [35]
d Data from Richards et al. [3]
e) Data from Malyarchuk and Derenko [50]
f) Mutational hotspots

tions observed after both direct and nested PCR. The
second group includes nucleotide positions of sequence
types revealed by direct PCR, which were found to be
heteroplasmic after nested PCR. The third group includes
newly arisen mutations revealed exclusively after nested
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PCR. As shown in Table 2, the revealed heteroplasmic
positions are characterized by a different molecular sta-
bility. Sites 16126, 16129, 16189, 16192, 16278, 16294,
16311, 16362, indicated by Malyarchuk et al. as muta-
tional hotspots [36], were found to be heteroplasmic
mostly in the first and the second groups of positions.
Additionally, sites 16051, 16111, 16140, 16163, 16186,
16223, 16288, 16296, 16316 were detected as hetero-
plasmic and occurring independently in all three groups
of nucleotide positions. According to Bandelt et al. [23],
transitions for these sites were estimated to occur at a
rate as high as the average HV1 transitional rate. Yet, the
third group of mutations, newly arisen after nested PCR,
includes a whole list of rare positions 16024, 16088,
16090, 16105, 16125, which essentially differ from the
mutational spectra reconstructed phylogenetically on the
basis of population data (Table 2). As presented above,
these observations on molecular stability of particular
heteroplasmic sites are consistent with the evaluation of
entire HV1 sequences. The pattern of heteroplasmic
mutations, observed in samples No. 1, 10, 12 and 13 by
the use of nested PCR, significantly differs from that of
natural mutations. It is noteworthy that a number of pre-
vious studies [9, 16–18] documented also the existence of
heteroplasmy at rare positions (e.g., 16104, 16205,
16222, 16257, 16262, 16301). Therefore, in the light of
the current data, the relative lack of population variability
at particular mtDNA positions should not be raised as an
argument to question any single heteroplasmic site.
Unexpectedly, the combination of rare heteroplasmic
sites was revealed in the mutation patterns of four sam-
ples tested by way of nested PCR. Together with the non-
reproducibility of the results, this would suggest that
some of those mutations might be artifacts resulting from
specific conditions of nested PCR.

3.3. Consideration of sample contamination

There are several potential explanations of the apparent
differences between the results obtained when using
nested or direct PCR. First, contamination must be taken
into consideration as a possible explanation of the nested
PCR results. Although appropriate safety and control
measures were taken in the previous hair study [41],
nested PCR is known to be highly sensitive to contamina-
tion problems due to the large number of amplification
cycles. However, Table 1 shows that all HV1 sequences,
revealed after direct PCR, can be affiliated to certain mito-
chondrial haplogroups and almost all of these sequences
are spread among human populations. If one suggests
that it is due to mtDNA contamination that heteroplasmy
after nested PCR appeared, then the contaminating
sequence types should be observed in human popula-

tions. However, for a great majority of samples, the sup-
posedly contaminating sequences do not match any pop-
ulation HV1 sequence types (Table 1). The only exception
is the type corresponding to the most frequent European
Cambridge Reference Sequence [42]. This may explain
the appearance of heteroplasmy at position 16311 in
sample No. 9 (Table 1). Therefore, given the combinations
of rare positions occurring in the supposedly contami-
nated sequences, sample contamination does not seem
to be a sufficient explanation of the obtained nested PCR
results.

3.4 Possibility of inadvertent pseudogene
amplification

Coamplification of nuclear pseudogenes can be another
possible explanation of discrepancies observed between
the results of nested and direct PCR. A recent analysis by
Woischnik and Moraes [43] shows the presence of 612
independent integrations of mtDNA fragments into the
human genome. As it is reported, the amplification of
nuclear DNA corresponding to the mtDNA HV1 region
occurs under specific conditions [16, 44].

Since the efficiency of the possible pseudogene amplifi-
cation may vary between individual primer pairs, an
attempt to verify experimentally the potential of pseudo-
gene amplification was made using primer pairs from the
previous hair study [24]. To accomplish this, nuclear DNA-
enriched sperm nuclei fractions and mtDNA-enriched
fractions were prepared by a preferential lysis of semen
obtained from 17 subjects. Real-time DNA quantitation
revealed that the quantity of mtDNA in the nuclear DNA-
enriched fraction was more than three times lower than
that observed in the mtDNA-enriched fraction (data not
shown). However, irrespective of the specific conditions
favoring pseudogene amplification, mtDNA amplified effi-
ciently from all nuclear DNA-enriched fractions. There
were no differences found between sequences obtained
from nuclear- and mtDNA-enriched preparations. It is
important that no unique, unusual polymorphisms were
revealed and the mtDNA sequences can be easily
assigned to specific mtDNA haplogropups. This again
demonstrates an extremely high sensitivity but also spec-
ificity of the nested PCR technique. To conclude, these
results do not support the hypothesis that nuclear pseu-
dogene amplification contributed to rare heteroplasmic
positions observed after nested PCR.

3.5 A possible PCR amplification error

The accumulation of errors by Taq DNA polymerase dur-
ing the template synthesis constitutes another possible
mechanism which may explain some of the rare hetero-
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plasmic positions revealed after nested PCR. This mech-
anism was previously considered by other authors report-
ing mtDNA heteroplasmy data [10, 16]. There are three
reasons for which enzyme errors might contribute to
some of the nested PCR results. The first reason is the
lack of reproducibility of results for samples No. 1, 10, 12
and 13 in which the group III mutations occurred (Table 2).
The second reason is that specific conditions of nested
PCR favor the occurrence of PCR replication errors. One
cannot exclude these mechanisms where errors intro-
duced by low-fidelity Taq polymerase in the first round
of PCR and normally undetectable by direct sequenc-
ing, are eventually made visible due to the subsequent
amplification for additional 32 cycles. One must also take
into consideration the length of the first D-loop amplicon
(1333 bp), which may not represent the most abundant
size class of mtDNA available for amplification from the
hair extracts. As it was demonstrated earlier, small amounts
of template DNA, longer amplicons, additional amplifica-
tion cycles and high enzyme concentrations may con-
tribute to the increase of the error rate of a conventional
PCR [45–47]. The third reason is that group III mutations
do not respect phylogenetic hierarchy of the data (see
Table 2). Moreover, Table 3 shows that the spectrum of
group III mutations is biased toward transitions T–C, one
of the most frequent errors made by the wild-type Taq
polymerase I [48]. Finally, the majority of T–C transitions
occurred on the 5’-GTand 5’-CTcontext, which may influ-
ence the rate of substitutions made by wild-type and
mutants of Taq DNA polymerase [47–49] (Table 3).

It must be stressed, however, that misincorporation dur-
ing PCR is not proposed as a general explanation of
all rare heteroplasmic events. This mechanism may con-
tribute to a limited number of observations. On the other
hand, heteroplasmy at rare positions does occur, as
demonstrated by this study and other reports. In the face

Table 3. Spectra of three groups of mutations revealed in
the HV1 sequences from hair and the effect of
5’-sequence context in T–C transitions

Transitions Group I Group II Group III

T–C 2 4 7
C–T 3 5 2
G–A 1 0 1
A–G 1 1 1
% of T–C out of

all transitions
28.6 40.0 63.6

5’-Sequence context in T–C transitions

CT 0 2 2
GT 2 2 3
AT 0 0 2

of these uncertainties, the exclusion of nested PCR from
the techniques employed in forensic casework would
be a more conservative approach. The interpretation of
sequence data obtained by direct PCR (i.e., lower number
of cycles) appears to be more straightforward and leads
to unambiguous conclusions even in the presence of het-
eroplasmy.

4 Concluding remarks

While the general conclusions of the previous study on
highly variable levels of heteroplasmy in hair are still war-
ranted, this reanalysis strongly emphasizes a different
ability of current protocols to reveal mixed sequences.
The uniquely sensitive nested PCR technique leads to
the detection of an additional variability, which may be dif-
ficult to interpret or in some instances, may appear to be
an artifact. At the same time, this reinvestigation into the
widely discussed data shows that phylogenetic analysis
may be of a considerable value in a posteriori evaluation
of authenticity and plausibility of the newly obtained
mtDNA sequences. Phylogenetic rules, which are similar
to those recently demonstrated as the effective tools in a
quality control of mtDNA population data, can also be
helpful in interpreting the difficult forensic cases in which
heteroplasmy is encountered.

Supplementary information. The electropherograms il-
lustrating the differences between the detection of het-
eroplasmic positions with nested and direct PCR strate-
gies are available online, http://www.zms-bydgoszcz.
w.pl. This site also includes control region sequences
found in nuclear- and mtDNA-enriched fractions of the
semen samples.
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