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ABSTRACT

The maternal mode of mitochondrial DNA (mtDNA)
inheritance is central to human genetics. Recently,
evidence for bi-parental inheritance of mtDNA was
claimed for individuals of three pedigrees that
suffered mitochondrial disorders. We sequenced
mtDNA using both direct Sanger and Massively Par-
allel Sequencing in several tissues of eleven mater-
nally related and other affiliated healthy individuals
of a family pedigree and observed mixed mitotypes
in eight individuals. Cells without nuclear DNA, i.e.
thrombocytes and hair shafts, only showed the mi-
totype of haplogroup (hg) V. Skin biopsies were pre-
pared to generate �◦ cells void of mtDNA, sequencing
of which resulted in a hg U4c1 mitotype. The position
of the Mega-NUMT sequence was determined by fluo-
rescence in situ hybridization and two different quan-
titative PCR assays were used to determine the num-
ber of contributing mtDNA copies. Thus, evidence
for the presence of repetitive, full mitogenome Mega-

NUMTs matching haplogroup U4c1 in various tissues
of eight maternally related individuals was provided.
Multi-copy Mega-NUMTs mimic mixtures of mtDNA
that cannot be experimentally avoided and thus may
appear in diverse fields of mtDNA research and diag-
nostics. We demonstrate that hair shaft mtDNA se-
quencing provides a simple but reliable approach to
exclude NUMTs as source of misleading results.

INTRODUCTION

The maternal inheritance of mitochondrial DNA (mtDNA)
(1) in humans stands as dogma, despite the fact that pater-
nal leakage or a ‘doubly uniparental’ mode of transmission
is well established in some animal species (2). This under-
standing is not only central to scientific applications in the
medical, forensic and population genetic fields, but also to
the investigation of human evolutionary history, including
the theory of ‘Mitochondrial Eve’ (3), which holds that all
modern humans derive from ancestors who lived in Africa
>300 000 years ago (4,5).
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Paternal leakage and recombination of human mtDNA
have been proposed (6), but the underlying data and/or
methods applied have been challenged (7), most of which
have been discredited as artifactual (8) and extreme-depth
re-sequencing of mtDNA failed to provide evidence of pa-
ternal transmission in humans (9). A highly acclaimed study
observed a mixture of two mtDNA haplotypes in the mus-
cle tissue of a male patient suffering mitochondrial myopa-
thy (10). In the affected muscle, the authors reported a mi-
nor maternally inherited mtDNA component along with a
dominant contribution matching the mtDNA sequence of
the father, with the exception of a 2 bp deletion. In the pa-
tient’s blood cells only the maternal mitotype was observed.
Furthermore, amplicon sequencing of blood samples from
the patient’s mother, father, sister and a paternal uncle as
well as from his sister’s muscle tissue also revealed a lack
of mixed mitotypes. Investigations in similar medical cases
were unsuccessful in detecting or confirming any additional
occurrences of paternal inheritance (11).

Recently, Luo et al. (12) reported phylogenetically plau-
sible mtDNA mixtures in the blood of three unrelated pa-
tients suffering mitochondrial disorders. MtDNA analysis
yielded the same mixed mitotypes also in some––but not
all––closely related family members. The authors attributed
the additional mitotype to ancestral fathers and claimed
evidence of ‘biparental mtDNA transmission with an au-
tosomal dominant-like inheritance mode’ (12), despite the
fact that the authors did not confirm their claims by exam-
ination of the ancestral father’s mtDNA. Furthermore, the
authors did not determine the cellular source (mtDNA or
nDNA) of the components.

In this study, we report the observation of mixed mtDNA
signatures in eight of eleven maternally related individuals
of a family pedigree, a constellation similar to the report
by Luo et al. (12). In our study, however, the individuals
were healthy and not aware of any pathological symptoms
or disease. We investigated the cause of the mixture through
carefully designed experiments that indicated the mixture
was present only in cells harboring nuclear DNA. We fur-
ther demonstrate that the mixtures are caused by the pres-
ence of nuclear elements of mtDNA (NUMTs) that repre-
sent full mitogenome sequences in multi-copy format (so-
called Mega-NUMTs; (13)).

MATERIALS AND METHODS

Biological samples

All biological samples were collected under written in-
formed consent (votes 44/10 and 319/12 of the Ethics Com-
mittee, Freiburg University, Germany). We repeatedly took
samples from diverse family members in different sessions
over a period of eleven years (Figure 1, Supplementary Fig-
ure S1, Supplementary Table S1). Buccal cells were taken
from 17 of 20 representatives of the family. Additionally,
peripheral venous blood and hairs (including roots) were
collected from some of these individuals. Paraffin embed-
ded intestinal tissue was available from the deceased mater-
nal grandmother (II.2). Femur and cranial bones of the de-
ceased great-grandmother (I.2) and great-grandfather (I.1)
were collected during the re-establishment of the grave site.
All specimens of these maternal ancestors were taken and

analyzed with the approval by the family members III.2,
III.4 and III.6. In addition, fibroblasts were gained from a
skin biopsy taken from individual III.4.

Measures of contamination prevention

We note here that it was critical in the early phase of the
study to exclude contamination as possible source of the
observed mtDNA mixtures. This is why contamination pre-
vention is described here in detail. The confirmatory re-
sults that were obtained later (e.g. results from mtDNA
sequencing of � 0 cells generated from fibroblasts (15) and
hair shafts, see below) serve as tangible proof that the
mixture was caused by the presence of the Mega-NUMT
and not by DNA contamination through an external
source.

Laboratories 1 (Institute of Forensic Medicine, Freiburg,
Germany) and 2 (Institute of Legal Medicine, Innsbruck,
Austria) have a long-standing tradition in forensic molec-
ular biology with particular emphasis on mtDNA analy-
sis. They successfully participated in all proficiency testing
programs of GEDNAP (16) that are required for forensic
laboratories. Both laboratories are accredited according to
ISO/IEC 17025 standards and use equipment and proto-
cols that are designed and validated to prevent contamina-
tion in a forensic genetic setting. Reagent blanks and ex-
traction negative controls were carried through the entire
process to monitor potential systematic DNA contamina-
tion. Staff personnel of both laboratories were typed in all
markers analyzed in this study (nuclear short tandem repeat
(STR) loci, mtDNA) to serve as contamination elimination
database.

Sampling of blood, buccal cells and hair took place in
laboratory 1 and at the premises of the family in the course
of joint meetings with the family members, during which
they were also informed about the course of the analyses
and their results (Supplementary Figure S1). Peripheral ve-
nous blood samples were collected in EDTA-tubes (Sarst-
edt, Nümbrecht, Germany) by a physician. Alternatively,
cellulose tissues with dried blood were delivered by family
members to laboratory 1. Blood aliquots and portions of
dried blood cellulose tissues were shared with laboratory 2,
where an independent analysis starting from DNA extrac-
tion was performed. Finally, we coordinated another inde-
pendent round of DNA testing on a blood sample from in-
dividual IV.3 taken by a diagnostic laboratory (MVZ Clot-
ten, Freiburg, Germany). Aliquots of this blood sample
were sent in sealed envelopes to laboratories 1 and 2 for in-
dependent analyses starting from DNA extraction.

Buccal swabs of family members were obtained by the
group leaders of laboratories 1 (SL-B) and 2 (WP) using
ethylene oxide fumigated swabs from different companies
(Sarstedt; Prionics, Zürich, Switzerland; Applimed, Châtel-
St-Denis, Switzerland). For each manufacturer, devices with
differing lot numbers were used for sample collection. Sarst-
edt and Prionics indicated that the production and the dis-
tribution of their collection devices were performed under
controlled and DNA-free conditions. DNA extraction and
subsequent analysis were performed at least twice on inde-
pendently collected samples in both laboratories (Supple-
mentary Figure S1).
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Figure 1. Graphical representation of the pedigree according to Bennet et al. (14) indicating the observed mtDNA haplogroups. Analyzed tissues are
indicated above the circles and squares: ‘bc’: buccal cells, ‘bl’: blood, ‘bo’: bone, ‘in’: intestinal tissue.

DNA extraction

Blood, buccal cells and ρ◦ cells. Total genomic DNA
(gDNA, i.e. nuclear (n) plus mtDNA) was extracted from
blood either using the QIAamp DNA Blood Mini kit (lab-
oratory 1; Qiagen, Hilden, Germany) or using a BioRobot
EZ1 Advanced XL instrument and the EZ1 DNA Investi-
gator kit (laboratory 2; all Qiagen) following the vendor’s
protocols. Total genomic DNA from buccal cells was iso-
lated using a QuickGene-810 nucleic acid isolation system
and the QuickGene DNA tissue kit S (both Fujifilm, Tokyo,
Japan) following the manufacturer’s recommendations (lab-
oratory 1) or with Chelex 100 (17) in laboratory 2. DNA
from � ◦ cells (details see below) was extracted in laboratory
2 using the procedure described for blood.

Hair roots and hair shafts. In laboratory 1, DNA from
hair roots and shafts was extracted with the QIAamp Mi-
cro DNA kit (Qiagen) using a modified protocol (18). In
brief, prior to extraction, the hair roots and shafts were se-
quentially washed with AL buffer (Qiagen), ethanol (80%),
and HPLC-grade water for 5 min. Hair lysis was performed
using 160 �l Buffer ATL (Qiagen), 20 �l 1 M dithiothre-
itol (DDT; Sigma-Aldrich, St. Louis, MO, USA) and 20 �l
proteinase K (20 mg/ml; Roche, Mannheim, Germany) per
sample with a 60 min incubation at 56◦C and 800 rpm. The
post lysis step was performed using 200 �l Buffer AL (Qi-
agen) and 1 �l tRNA (Qiagen) for 10 min at 70◦C and 800
rpm. After addition of 200 �l absolute ethanol, the samples

were briefly vortexed, transferred into micro spin-columns
(Qiagen), washed with 500 �l AW1 and 500 �l AW2 (Qia-
gen), and DNA eluted in 45 �l HPLC grade H2O.

In laboratory 2, hair shafts were subjected to an ini-
tial mild lysis step to remove potentially non-donor related
adhering biological material. For this purpose, hair shafts
were completely submerged in up to 800 �l hair extrac-
tion buffer (19) containing 10 mM Tris (pH 8.0), 1 mM
CaCl2, 100 mM NaCl, 2% sodium dodecyl sulfate (SDS;
all Sigma-Aldrich) and 0.8 mg/ml proteinase K, and in-
cubated at 56◦C at 300 rpm for 2 h. Subsequently, the
sample-containing tubes were briefly spun, the hair extrac-
tion buffer discarded, and the hair shafts washed thrice with
fresh hair extraction buffer. Complete lysis was achieved by
overnight incubation at 56◦C and 300 rpm in 320 �l hair
extraction buffer supplemented with 0.9 mg/ml proteinase
K and 43 mM DDT. For automated DNA extraction, the
EZ1 DNA Investigator kit and a BioRobot EZ1 Advanced
XL instrument were used according to the large volume
hair DNA extraction protocol provided by the manufac-
turer (Qiagen).

Bone. In laboratory 1, bone slices from femur (∼1.5 ×
1.5 × 1.0 cm) were initially cleaned with sandpaper to re-
move external contaminants. Then, the samples were cut
into smaller pieces (<5 mm edge length) and their surfaces
were sequentially treated with HPLC-grade water, ethanol
(80%), and UV-C irradiation (20 min). Bone samples were
pulverized in a mill (type MM2, Retsch, Haan, Germany)
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using liquid nitrogen as coolant. 300 mg of the resulting fine
bone powder were decalcified under constant agitation in 2
ml 0.5 M disodium EDTA (pH 8.0 at room temperature;
Sigma-Aldrich) for 56 h. The EDTA was exchanged after
24 h and 48 h. After centrifugation at 600 × g for 5 min, the
supernatant was discarded and the pellet was washed three
times with sterile bidistilled H2O. Pellets were incubated in
400 �l extraction buffer (10 mM Tris–HCl, 10 mM EDTA,
100 mM NaCl, 2% SDS, 0.6% DTT, pH 8.0) supplemented
with 20 �l proteinase K (20 mg/ml) under constant shaking
at 56◦C for 40 h. Total gDNA was extracted from this solu-
tion by following a standard phenol/chloroform/isoamyl-
alcohol protocol (20). DNA was precipitated with ethanol
(at a final concentration of 75%), washed with ethanol
(80%) and vacuum-dried. The final pellets were solubilized
in 40 �l HPLC-grade water.

In laboratory 2, bone gDNA was extracted according
to the protocols detailed in (21,22). In brief, bone samples
were mechanically cleaned, soaked in sodium hypochlo-
rite solution (10%, 5 min), sequentially rinsed with molec-
ular biology grade water and absolute ethanol and sub-
jected to UV-C irradiation (15 min). Parts of the air-
dried bone specimens were powdered with a dental drill
at low speed settings. Between 100 and 400 mg of fine
bone powder and an extraction blank were carefully shaken
overnight at 56◦C overhead in 7 ml extraction buffer (0.5 M
Na2EDTA, pH 8.0 and 0.5% sodium N-lauroylsarcosinate,
both Sigma-Aldrich) and 100 �l proteinase K (20 mg/ml).
The tubes were centrifuged at 4000 × g for 3 min and
the supernatants were subjected to DNA extraction by the
phenol/chloroform/isoamyl-alcohol method (20). Centri-
con 30 spin filters (Merck Millipore, Billerica, MA, USA)
were used to concentrate the purified DNA solutions to a
volume of 100 �l by centrifugation (15–20 min at 3500 ×
g). The resulting retentates were further purified with the
MinElute PCR Purification Kit (Qiagen) according to the
manufacturer’s protocol and the DNA eluted in 50–100 �l
buffer EB (Qiagen).

Paraffin embedded intestinal tissue. In laboratory 1, paraf-
fin embedded intestinal tissue was extracted using the Re-
coverAll Total Nucleic Acid Isolation kit (Thermo Fisher
Scientific (TFS), Waltham, MA) according to the manufac-
turer’s protocol.

In laboratory 2, slices from the inner portion of the paraf-
fin blocks were cut and de-waxed in xylene (Sigma-Aldrich)
at 56◦C for at least 20 min. De-waxing was repeated af-
ter centrifugation in a benchtop centrifuge at maximum
speed for 1 min by another xylene soak of the resulting pel-
let at room temperature and re-centrifugation. The pellet
was washed three times with decreasing concentrations of
ethanol (100%, 96%, 80%) and DNA was extracted with
the BioRobot M48 workstation using the MagAttract DNA
Mini Kit (both Qiagen) according to the manufacturer’s in-
structions.

General procedure of mtDNA and gDNA real-time PCR
quantification

In laboratory 2, the mtDNA and/or gDNA content of all
extracts was determined by real-time quantitative (q) PCR

to ensure optimal sample input in subsequent experiments.
All quantification assays were run on a 7500 Fast Real-Time
PCR System (TFS) using the instrument’s standard temper-
ature ramp-speed setting. Genomic DNA contents were de-
termined by qPCR amplifying a ∼71 bp long part of the
multi-copy Alu Yb8 elements (23) as detailed in (24) with
modifications (25). For mtDNA quantification, a 143 bp
mitochondrial sequence (26) was co-amplified with a non-
competitive PCR positive control system, following the pro-
tocol published by (27). Both amplification primers and the
hybridization probe used for mtDNA amplification and de-
tection had perfectly matching binding sites on both mito-
types under study. MtDNA quantification results were ex-
pressed as ‘mitochondrial genome equivalents’ (mtGE; one
mtGE equals one double-stranded template molecule).

In experiments to estimate the Mega-NUMT copy num-
ber in mtDNA-free cultured fibroblasts (see section ‘Exper-
iments on � ◦ cells’ and Supplementary Figure S1), nDNA
and mtDNA quantification was also performed simultane-
ously in laboratory 2 with a quadruplex qPCR assay (28),
which was not available in the first round of general quan-
tification experiments. For details see section ‘NUMT insert
copy number estimation in DNA obtained from �◦ cells’.

Confirmation of kinship and contamination testing by auto-
somal short tandem repeat genotyping

In laboratory 1, all samples under study were subjected
to STR genotyping using the PowerPlex16 kit (Promega,
Madison, WI, USA) according to the manufacturer’s rec-
ommendations. Likewise, in laboratory 2, the PowerPlex
ESI 17 System (Promega), Identifiler Plus and Minifiler kits
(both TFS) were applied according to the manufacturers’
recommendations. Fluorescent electrophoretic sizing of the
PCR products was performed on ABI Prism Genetic An-
alyzer 3130xl (laboratory 1) or 3100 (laboratory 2) instru-
ments using default settings with Data Collection Software
v3.0 and analyzed using GeneMapper ID v3.2 (laboratory
1) or GeneMapper v3.7 (laboratory 2) (all TFS).

Experiments on buccal cells, blood, bone, hair and intestinal
tissue

MtDNA amplification and direct sequencing of PCR prod-
ucts. In both laboratories the entire mtDNA control re-
gion (CR) was sequenced after 32 and 35 cycle PCR ampli-
fication, respectively, by using primers F15900/R599 (Sup-
plementary Table S2) and following the procedures de-
scribed in (29). However, in deviation from the published
protocol, 1× Advantage 2 polymerase mix (Takara Bio Eu-
rope, Saint-Germain-en-Laye, France) was used instead of
AmpliTaq Gold DNA polymerase (TFS). Direct fluoro-
genic Sanger-type cycle-sequencing of the PCR products
was performed as described in (29). In laboratory 1, these
experimental conditions were also used to amplify the en-
tire CR with primers F15851/R639 and the resulting PCR
products were sequenced with primers F15851, F16268,
F29, R159 and R639 (Supplementary Table S2). Capillary
electrophoretic separation of cycle sequencing products was
carried out on ABI Prism Genetic Analyzer 3130xl (labora-
tory 1) or 3100 (laboratory 2) instruments, each equipped
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with a 36 cm capillary array and POP6 as sieving matrix
(all TFS). For raw-data acquisition, the ABI PRISM Ge-
netic Analyzer Data Collection software was used (v3.0
for 3130xl, v2.0. for 3100; both TFS). In both laborato-
ries, mtDNA sequence data were phylogenetically aligned
(31) and compared to the ‘revised Cambridge Reference Se-
quence’ (rCRS) (30,32) with Sequencher software (Version
4.9, GeneCodes, Ann Arbor, MI) following the nomencla-
ture guidelines for mtDNA typing (33–37).

In laboratory 1, this experimental workflow was applied
to gDNA extracts from buccal cells, blood, bone samples,
intestinal tissue and hair gDNA; Amplification with alter-
native PCR primers (F15851/R639, Supplementary Table
S2) was performed for additional CR sequencing on buccal
cell and blood samples.

In laboratory 2, amplification of the entire CR with
primers F15900 and R599 (Supplementary Table S2) (29)
was restricted to high-quality gDNA extracts from blood
and buccal cells (38). For mtDNA from bone and paraf-
fin embedded intestinal tissue two PCR ‘tiling’ approaches
(39) were used for sequencing analyses, as they reduced the
quality-requirements for the mtDNA templates by ampli-
fying the entire CR in the form of multiple overlapping
mid-sized or short-length PCR products. The experimen-
tal procedures for multiplexed PCR amplification and direct
Sanger-type sequencing followed the protocols published in
(38,39).

Moreover, in laboratory 2 full mitogenome sequencing
was performed using two different strategies. (i) Long-range
PCR amplification of the overlapping regions 2480–10858
and 10653–16569|1–2688 (40) was performed according to
(41). This particular PCR strategy was applied to gDNA
extracted from venous blood of individual IV.3 and from
mtDNA-free cultured fibroblasts (individual III.4, see sec-
tion ‘Experiments on � ◦ cells’). (ii) Next Generation Mas-
sively Parallel Sequencing (MPS) was performed using the
Precision ID mtDNA Whole Genome Panel (TFS) on an
Ion S5 instrument following the manufacturer’s recom-
mended protocol that is described in detail in (42).

Cloning analyses. In laboratory 1, purified (QIAquick
PCR purification kit, Qiagen) PCR products obtained from
blood and buccal DNA (individuals III.2, III.4, III.6, IV.1
and IV.3–7), from intestinal tissue (individual II.2), and
from bone (individuals I.1 and I.2) were cloned in chem-
ically competent One Shot Escherichia coli bacteria us-
ing pCR2.1 or pCR4-TOPO-TA vectors (all TFS). Alter-
natively, JM109 E. coli bacteria and the pGEM-T vector
(Promega) were used for this purpose according to the man-
ufacturer’s recommendations. The inserts covered at least
positions 70–300. Bacteria were grown overnight at 37◦C
on agar plates containing ampicillin (50 �g/ml; Roche) and
X-Gal (60 �g/ml; TFS) for selection. At least 96 colonies
were picked, directly amplified and sequenced or incubated
overnight in 1.25 ml LB medium (Carl Roth, Karlsruhe,
Germany) containing ampicillin (50 �g/ml) at 37◦C. Plas-
mid minipreps were performed with the Perfectprep Plas-
mid 96Vac Kit or Fast Plasmid Mini Kit (both 5-Prime
GmbH, Hamburg, Germany). Sequencing of cloned CR
segments (29) spanning at least positions 70–300 was per-
formed using 2 �l of the purified plasmid DNA in a total

volume of 10 �l, and with electrophoretic separation and
detection on an ABI PRISM 3130xl Genetic Analyzer us-
ing default conditions.

Analyses of peripheral blood mononuclear cells and single
thrombocytes

Preparation and sorting. In laboratory 1, peripheral blood
mononuclear cells (PBMC) from individuals III.2, III.4 and
III.6, IV.1 and IV.3 and single thrombocytes from individual
IV.3 derived from peripheral blood samples were isolated
using Leucosep centrifuge tubes (Greiner Bio-One, Frick-
enhausen, Germany; Figure 1, Supplementary Table S1).
Single cells were deposited in individual wells of 96-well
plates (ABgene, Hamburg, Germany) using a MoFlo cell
sorter (Beckman Coulter, Brea, CA). PBMCs were sorted
using forward (low angle, FSC) versus side scatter (90◦ scat-
ter, SSC) signals to distinguish between live and dead cells,
debris and other cell types. The area of forward scatter
versus pulse width was used to distinguish between single
cells and doublets. The thrombocytes were first stained with
anti-human CD42a FITC antibodies (Becton Dickinson,
Franklin Lakes, NJ, USA) and then sorted using forward
(low angle, FSC) logarithmic versus side scatter (90◦ scat-
ter, SSC) logarithmic signals. We then used FSC log ver-
sus pulse width to separate single thrombocytes versus dou-
blets, followed by a narrow gate on CD42a+ FITC to select
the labeled thrombocytes.

PCR amplification and direct sequencing of mtDNA tar-
gets. In laboratory 1, amplification of mtDNA from single
PBMCs and single thrombocytes was carried out in 96-well
plates as received from the respective deposition techniques
without prior DNA extraction.

36-cycle PCR amplification of PBMC and single throm-
bocyte DNA with primers F15/R381 or F15851/R639
(Supplementary Table S2), purification of the amplicons,
cycle-sequencing with primer F29 (Supplementary Table
S2) and post-sequencing manipulations were performed as
described in ‘MtDNA amplification and direct sequencing
of PCR products’ (laboratory 1).

Experiments on �◦ cells

Preparation of the primary fibroblasts from skin biopsies.
Skin biopsies (∼5 × 5 × 5 mm) were taken from the up-
per medial arm of donor III.4 and an unrelated person
who served as a control. These experiments took place at
the Institute for Biomedical Ageing Research, Innsbruck,
where the samples were immediately rinsed with phosphate
buffered saline (PBS, pH 7.4) and incubated for 30 min in
Dulbecco’s modified Eagle’s medium (DMEM, TFS) sup-
plemented with penicillin (500 IU/ml), streptomycin (500
�g/ml) and Fungizone (12 �g/ml, all three Sigma-Aldrich).
The dermis was separated from the epidermis after an
overnight incubation at 37◦C in DMEM supplemented with
dispase (2.5 mg/ml, Roche), penicillin (100 IU/ml), and
streptomycin (100 �g/ml). The hence separated dermis was
then incubated at 37◦C for 8 h in DMEM containing col-
lagenase A (1.5 mg/ml, Roche), dispase (2.5 mg/ml), peni-
cillin (100 IU/ml), and streptomycin (100 �g/ml). To ar-
rive at a single cell suspension, the obtained solution was
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filtered twice with a 100-�m cell strainer (Sigma-Aldrich).
The cells were counted and resuspended for expansion in
DMEM containing 10% fetal bovine serum (FBS), 2 mM L-
glutamine (both TFS), 100 IU/ml penicillin and 100 �g/ml
streptomycin. Skin fibroblasts were maintained in DMEM
as described before (43).

Generation of ρ0 skin fibroblasts. The generation of
mtDNA-free skin fibroblasts (� cells (15) followed a proto-
col described previously (44). Primary fibroblasts from the
skin biopsies were maintained in high glucose DMEM sup-
plemented with 10% FBS, 2 mM L-glutamine, 100 �g/ml
sodium pyruvate (TFS) and 50 �g/ml uridine (Sigma-
Aldrich) and passaged by trypsinization twice a week to
avoid confluency. Twenty-four hours after plating the cells
to a 10-cm Petri dish (1 × 105 cells/dish), 0, 50, 75 or 100
ng/ml ethidium bromide (EtBr; Sigma-Aldrich) were added
to the culture medium. Around 7–14 days after the addition
of EtBr, when dead cells began to peel off from the dish (de-
pendent on the EtBr concentration), the plates were washed
once with PBS to remove dead cells and fresh medium was
added with EtBr at the appropriate concentration. To mon-
itor pH, the medium was changed each time, when the
medium began to appear yellow. The cultures were subse-
quently expanded in DMEM, supplemented with EtBr and
after four months of cell culture, when PCR data confirmed
lack of mtDNA, the fibroblasts were trypsinized, washed
with PBS, resuspended in 1 ml PBS and stored at –80◦C un-
til further analysis.

mtDNA sequencing analysis on ρ◦ cell gDNA. MtDNA se-
quencing analysis of � ◦ cell gDNA (laboratory 1 and 2; Sup-
plementary Table S1) followed the routines described in sec-
tion ‘MtDNA amplification and direct sequencing of PCR
products’.

NUMT insert copy number estimation in DNA obtained
from ρ◦ cells. The Mega-NUMT:nDNA copy number
ratio was estimated with droplet digital PCR (ddPCR;
performed at the Biomolecular Measurement Division of
NIST, Gaithersburg, MA) on four mtDNA and one autoso-
mal target sequences as detailed in (45). The amplified rCRS
ranges were chrM:3485–3553 (‘ND1’, 69 bp, (46)), 13288–
13392 (‘KAV’, 105 bp, (47)), 8446–8524 (‘BATZ’, 79 bp,
(24)) and 8294–8436 plus chr1:633463–633605 (‘AND’, 143
bp, (26)). The autosomal target sequence (‘ND14’) encom-
passed GRCh38 positions chr14:94841905–94842013 (109
bp, (45). For data analysis, all target molecules were as-
sumed to be double-stranded. The number of mtGEs per
� ◦ cell was determined by multiplying the mean apparent
Mega-NUMT:ND14 ratio by a factor of 2, to account for
the diploid nature of the cultured fibroblasts. To verify the
ddPCR results in question, a multiplexed real-time qPCR
assay described in (28) was additionally used in laboratory
2, which co-amplified a synthetic PCR positive control sys-
tem, two mtDNA sequences (ND1, AND) and an autoso-
mal multi-copy target (‘RNU2’) (48,49). Total gDNA ex-
tracted from nucleated blood cells (buffy coat) of a single
healthy human female donor (SRM2372a, component B,
NIST, Gaithersburg, MD, USA) served as metrologically

valid, certified mtDNA and gDNA real-time PCR quantifi-
cation standard with known mtDNA:nDNA ratio (45).

Chromosome preparation and fluorescence in situ hybridiza-
tion

These experiments were conducted at the Institute of Hu-
man Genetics, Jena, Germany. Metaphase spreads were
obtained from peripheral heparinized blood of individual
IV.3 by standard procedures (50). Briefly, T-lymphocytes
were cultured in Roswell Park Memorial Institute medium
(Sigma-Aldrich) for three days at 37◦C and 5% CO2 in a hu-
midified incubator. Cells were stimulated to leave G0-phase
by phytohemagglutinin (Roche). To cause metaphase arrest,
colcemid (10 �g/ml, TFS) was added 2 h before harvesting.
Harvested cells were subjected to hypotonic shock (in 75
mM KCl) to separate chromosomes from each other and
then suspended in fixative (methanol/acetic acid 3:1) and
stored at –20◦C. The cell suspension was spread on micro-
scope slides and air dried (51).

Fluorescence in situ hybridization (FISH) experiments
were performed as described previously (50). Briefly, a ∼8.5
kb long-range mtDNA PCR product (see section ‘MtDNA
amplification and direct sequencing of PCR products’) was
amplified from individual IV.3 and used as probe. In addi-
tion, we also used a centromeric probe specific for chromo-
somes 14 and 22 (D14/22Z1; Cytocell, Cambridge, UK).
The latter was directly labelled with Anti-Digoxigenin-
Rhodamin (Roche; red signal). The mtDNA probe was in-
directly labelled with Biotin-16-dUTP (Roche) by using two
consecutive rounds of degenerate oligonucleotide-primed
polymerase chain reaction (DOP-PCR – for details see (52).
0.25 �g of mtDNA probe, together with 2.5 �g of COT1
DNA were diluted in 7.5 �l of hybridization mix (Cyto-
cell), denatured at 95◦C and pre-hybridized for 20 min at
37◦C. In parallel, 0.5 �l of D14/22Z1 probe diluted in 2.5
�l of hybridization mix (Cytocell) was denatured at 95◦C
and stored at 4◦C. Also, the slides with spread chromo-
somes were denatured at 75◦C using a standard denatu-
ration buffer (50). Then, both probe solutions were mixed
and the overall 10 �l were added to the denatured slides
and hybridized overnight at 37◦C in a humid chamber.
After post-hybridization washes in 0.1× SSC/Tween (3 ×
5 min) the mtDNA probe was detected by Streptavidin-
FITC (Roche) leading to green FISH-signals. Images of 25
metaphases were captured using an Axioplan 2 microscope
(Zeiss, Jena, Germany) using the ISIS software (Metasys-
tems, Altlussheim, Germany).

RESULTS

Confirmation of kinship and exclusion of contamination

Autosomal STR typing of all family members confirmed
the expected kinship (Figure 1, Supplementary Figure S2)
and did not reveal any indication of a mixture at the nDNA
level. This excludes external contamination of the DNA ex-
tracts that were also used for mtDNA sequencing. Both
laboratories used different STR kits, however, the shared
STR markers yielded identical results. None of the STR
genotypes matched any of the entries of both laborato-
ries’ contamination elimination databases. Also, the hap-
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logroup (hg) U4c1 mitotype, which corresponds to the
Mega-NUMT sequence, was not found in these databases.
Furthermore, the results of repeated analyses within and
between laboratories were fully consistent across individu-
als and tissues (Supplementary Figure S1 and Supplemen-
tary Table S3). Finally, the samples collected and shipped
by an independent commercial laboratory (MVZ Clotten)
also confirmed the STR genotypes mentioned above, as well
as the mtDNA sequencing data described below. Negative
controls and extraction blanks were carried through the lab-
oratory process and did not result in STR genotypes or mi-
totypes.

Sequencing of pedigree members

Direct Sanger sequencing of PCR products of gDNA ex-
tracted from venous blood of individual IV.3 resulted in the
mixed mitotype 16179Y 16298Y 16356Y 16512Y 16519Y
72Y 73R 189R 195Y 200R 263G 315.1C 499R (Table 1,
Figure 1). Assuming two contributing sources, the decon-
volution of the mixture following phylogenetically estab-
lished mutation patterns resulted in hg HV0 (16298C 72C
200G 263G 315.1C) and hg U4c1 (16179T 16356C 16512C
16519C 73G 189G 195C 263G 315.1C 499A) CR mitotypes
(53). Sanger sequencing of cloned PCR products yielded
dominant hg HV0 (96% and 65%) and minor hg U4c1 mi-
totypes (4% and 35%) for DNA extracted from buccal cells
and blood samples from individual IV.3, respectively (Fig-
ure 2). Whole mitogenome sequencing was performed on
DNA extracted from blood of individual IV.3 using two
different approaches, (i) long-range PCR and Sanger se-
quencing with internal primers (41) and (ii) Next Genera-
tion Massively Parallel Mitogenome Sequencing (MPS) us-
ing a primer tiling assay (42). Both methods yielded iden-
tical mixture results that also matched the CR mitotypes
obtained by Sanger sequencing mentioned above (Table 1).
The coding region sequencing results were also identical
and yielded a mixture (assuming two contributors) of phy-
logenetically plausible hg V (nested in HV0) and U4c1 full
mitogenomes, thus confirming and extending the earlier CR
results (Table 1, Supplementary Table S4; these two mito-
types are further referred to as U and V throughout the
manuscript).

MtDNA analysis was extended to a total of 19 additional
family members, of which 10 were maternally related to in-
dividual IV.3 (Figure 1). Sanger sequencing of CR ampli-
cons derived from gDNA showed this mixed mitotype in
blood and––less pronounced––in buccal samples provided
by six maternally related family members of individual IV.3,
i.e. her brother (IV.1), her mother (III.2), her aunt (III.4)
and her three cousins (IV.4–6; Table 1, Figure 1, Supplemen-
tary Figure S3). Furthermore, the mixed mitotype was also
observed in an intestinal sample from her deceased grand-
mother (II.2; Table 1, Figure 2). In contrast, her aunt (III.6),
her cousin (IV.7) and her deceased great-grandmother (I.2)
harbored only the V mitotype in blood, buccal cells and
bone tissue, respectively (Figure 1, Table 1). The remaining
pedigree members outside this maternal lineage, i.e. individ-
uals I.1, II.1, III.1, III.3, III.5, IV.2, V.1-.3 yielded different
single-source mitotypes that were all different from the mi-
totypes presented above. On the basis of these data, neither

individual I.1 nor I.2 were identified as the source of the U
mitotype in the family tree examined here (Figure 1, Sup-
plementary Table S3) (see discussion).

Confirmatory sequencing of cloning and FACS products of
selected tissues

Blood and buccal samples as well as intestinal tissue and
bone samples from maternally related individuals I.2, II.2,
III.2, III.4, III.6, IV.1 and IV.3–7 were further subjected to
cloning analysis. The sequencing results of the clones con-
firmed the above described mixture in all samples. Also,
the lack of the U mitotype was confirmed by cloning ex-
periments in individuals I.2 (bone) and III.6, IV.7 (blood
and buccal cells) that exclusively resulted in the V mitotype.
Sanger sequencing of 249 clones developed from the bone
tissue of I.2 did not reveal any U contribution (Figure 2).
The cloning analyses of the bone sample of I.1 also yielded
no U mitotype (data not shown).

PBMCs were isolated from peripheral venous blood of in-
dividual IV.3, her brother (IV.1), her mother (III.2) and her
aunts (III.4, III.6). CR Sanger sequencing of several hun-
dred single cells per individual confirmed the mixture ob-
served with direct sequencing of whole blood in these indi-
viduals and also confirmed the findings that aunt III.6 har-
bored only the V mitotype (Figures 1 and 2, Supplementary
Figure S3).

Sequencing of tissues with reduced nuclear content

Single thrombocytes, void of nuclei, were isolated from pe-
ripheral venous blood of individual IV.3 and extracted for
direct Sanger sequencing. In contrast to the observed U/V
mixture in whole blood of IV.3, only the V mitotype was
detected in a total of 113 isolated thrombocytes (Figure 2)
suggesting that the U mitotype was not originating from the
mitochondria. Hair samples were taken from all nine living
individuals of the matriline and the root portions were ex-
cised for separate analyses. Direct sequencing of hair shaft
extracts (that typically lack high molecular weight nDNA)
predominantly yielded the V mitotype (in 55 of 56 analyzed
samples; 4–7 samples per individual; Figure 2). Only one
hair shaft showed the U/V mixture in individual IV.5, of
whom a total of seven hair shafts were sequenced. These
results confirm the findings observed in single thrombo-
cytes with the single exception of the mixture in IV.5, which
we attribute to some nucleic remnants in that sample. In
contrast, the root portions of the corresponding hair sam-
ples all yielded the U/V mixture except for individuals IV.7
and III.6 that––in agreement with direct CR sequencing of
blood and buccal cells––resulted only in the V mitotype
(Figure 2). Hair roots also yielded pure V mitotypes in indi-
viduals III.4 (3 out of 5), IV.1 (2 out of 5), IV.4 (1 out of 6),
IV.5 (4 out of 6) and IV.6 (2 out of 5), which may be caused
by an excessive mtDNA to nDNA ratio in these samples.
Furthermore, short amplicon MPS on independently taken
hair shaft samples yielded only the V mitotype in all nine
investigated individuals (Supplementary Table S4). In con-
clusion, the results from the hair analyses further corrobo-
rate the assumption that the U contribution did not derive
from the mitochondria.
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Table 1. MtDNA control region (CR) sequences of eleven maternally related family members and the mtDNA coding region (codR) sequence of individual
IV.3. MtDNA CR sequences span rCRS (30) nucleotide positions (ntps) 16024–576 and were generated from blood, buccal, bone and intestinal tissue
samples. The mtDNA codR sequence (ntps 577–16023) was generated from a blood sample of individual IV.3. by direct sequencing of PCR products. In
buccal cells and the intestinal tissue the hg V mitotype (nested in hg HV0) was the quantitatively dominant type, whereas the hg U4c1 (U) mitotype was
present as the minor component at the limit of detection for Sanger sequencing (<20%; Figure 1 and Supplementary Figure S3). In blood, the U mitotype
generally exceeded the lower detection limits. Individuals IV.7, III.6 and I.2 showed only the V mitotype in blood, buccal cells and bone. Direct CR and
full mitogenome long-range PCR Sanger sequencing of the DNA extracted from �◦ cells of individual III.4 exclusively yielded the U mitotype. Signature
variants for hg estimation are color-coded: hg V (HV0) – blue; hg U (U4c1) – green

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/3/1517/6101596 by Albert-Ludw

igs-U
niversitaet Freiburg user on 11 M

ay 2021



Nucleic Acids Research, 2021, Vol. 49, No. 3 1525

Individual Single PBMC (FACS) Buccal samples (clones) Blood samples (clones) Single thrombocytes (FACS) Hair roots Hair shafts

IV.3

IV.1 n.d.

III.2 n.d.

IV.4 n.d. n.d.

IV.6 n.d. n.d.

IV.5 n.d. n.d.

ρ0 cells

III.4

IV.7 n.d. n.d.

III.6 n.d.

 Intestinal tissue (clones) Bone tissue (clones)

II.2 n.d. n.d. n.d. n.d. n.d.

I.2 n.d. n.d. n.d. n.d. n.d.
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Figure 2. Bar charts representing the observed mtDNA CR sequencing results from single PBMCs (Peripheral Blood Mononuclear Cells) and thrombo-
cytes (both separated by single cell FACS), single hair roots, single hair shafts and �◦ cells, as well as single clones generated from buccal cells, blood, bone
and intestinal tissue samples. The height of the bar relates to the number of observations, whereas the numbers above the plots indicate the absolute count
of analyzed cells or clones. ‘M’: mixed sequence of both the hg V mitotype (V) and the hg U4c1 mitotype (U), ‘n.d.’: not detected.
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Sequencing of �0 cells

The hypothesis that the U mitotype did not originate from
the mitochondria was subjected to a more substantive test
by analyzing �◦ cells (depleted of mtDNA) that were pre-
pared from a skin biopsy of individual III.4, who showed
the U/V mixture in blood and buccal cells. CR Sanger se-
quencing of the � ◦ cell DNA exclusively yielded the U mi-
totype, providing a strong proof that the U mitotype in-
deed derived from nDNA (Table 1, Figure 2). This find-
ing was confirmed by Sanger sequencing results obtained
for the two overlapping long-range PCR products, which
cover the sequence of the entire human mitochondrial
genome. According to these results the source of the U mito-
type corresponded to nuclear mitochondrial-like sequences
(NUMTs), while the V mitotype was exclusively observed
in samples containing mitochondria and thus represents the
authentic mtDNA in this matriline.

Nuclear location and copy-number of the U mitotype

FISH and two different mtDNA quantification methods
were used to determine the chromosomal location and
copy-number of the U mitotype. FISH located the NUMT
at chromosome 14q31 (Figure 3) using a blood sample pro-
vided by individual IV.3. Droplet digital PCR was used
to estimate the number of mtDNA inserts forming the
Mega-NUMT sequence on chromosome 14. To simplify
this task, gDNA was extracted from mtDNA-free fibrob-
lasts (�◦ cells) (15) from individual III.4, which were ex-
posed to different concentrations of EtBr during cell cul-
ture. Even the fibroblasts subjected to the lowest concen-
tration of EtBr (50 ng/ml) showed a substantial loss of
mtDNA relative to EtBr-free controls, The mtDNA con-
tent did not further decrease with higher EtBr concentra-
tions (up to 100 ng/ml; data not shown). Based on the com-
bined ddPCR data, we arrived at an estimate of 45.00 ±
5.27 (n = 20) U mitotype copies per Mega-NUMT (Figure
4). To cross-check these ddPCR results, we subjected the
same DNA extracts to single-tube gDNA/mtDNA quan-
tification by means of a quadruplex real-time qPCR assay
(28). This approach yielded 56.16 ± 4.35 (n = 76) mitochon-
drial genome equivalents per Mega-NUMT (Figure 4).

DISCUSSION

‘Mitochondrial–DNA-like sequences’ were described in hu-
mans and other species already in 1983 ((54) and references
therein), shortly after the first human mitogenome sequence
was published (32). The term ‘nuclear mtDNA segment’,
short NUMT, was coined by Lopez et al. in 1994, who
observed the transposition of a 7.9 kb mtDNA fragment
into the nDNA of the domestic cat (55). Ten years later a
comprehensive study revealed the presence of a plethora of
NUMTs in the human genome, including almost full mi-
togenome sequences (56). Since then and particularly with
the emergence of MPS technologies NUMTs have been
regularly described in studies investigating mtDNA (e.g.
(42,57)).

A recent study that claimed bi-parental inheritance of
mtDNA in three families suffering mitochondrial disease

((12), see more details below) received crucial comments
by multiple groups. Among those, Lutz-Bonengel and Par-
son criticized that the authors did not exclude NUMTs as
source for the observed mtDNA mixtures (58). In another
response Balciuniene & Balciunas suggested the presence
of ‘multi-copy mtDNA concatemers’, which they termed
‘Mega-NUMTs’ (13).

In this study, we provide strong evidence for the pres-
ence of Mega-NUMTs in eight healthy, maternally related
members of a family pedigree. We came across this bio-
logical phenomenon by pure coincidence, as a laboratory
trainee, individual IV.3, provided a buccal swab and a blood
sample for contamination elimination purposes. Sequenc-
ing the mtDNA from blood of this individual resulted in a
mixture of two phylogenetically plausible mitogenome se-
quences corresponding to hgs V and U4c1. The presence
of the mixture was also visible in the buccal sample, with
the U mitotype being present at a smaller fraction than in
blood (Supplementary Figure S3). Cloning analyses con-
firmed the mixture for both tissues (Figure 2). The number
of mitochondria is known to vary between different tissues,
whereas each cell contains only one nucleus. This explains
the observed differences of the relative contribution of the
U mitotype (nDNA) to the V mitotype (mtDNA).

The following considerations suggest the presence of a
full mitogenome NUMT as opposed to partial mitogenome
sequences. The PCR amplification of the entire human mi-
togenome by generating two ∼8.5 kb fragments overlapping
at both ends is straightforward when starting from a circular
template (see Supplementary Figure S1 in (59)). However,
with a linear target such as a NUMT sequence, the situa-
tion is more complicated. A single, non-repetitive, linearized
complete mitogenome would at best allow the amplification
of one of the two long-range PCR products generated in
this study but not of both. In theory, several other mtDNA
derived matrices may be suitable for the long-range PCR
results obtained here, e.g. two separate targets contain-
ing at least the amplified sequences (positions 2480–10858,
8,378 bp; 10653–16569|1–2688, 8,605 bp) and––based on
our results––featuring the same sequence in the two over-
lapping ∼200 bp regions would be one of these possibil-
ities. Another theoretical possibility would be a linear se-
quence containing at least the positions 2480–16569|1–2688
(16,777 bp) or the positions 16053–16569|1–10858 (16,774
bp), which would also meet the template requirements of
our long-range PCR results. However, instead of postulat-
ing two independent templates or a partially elongated mi-
togenome sequence, the presence of a tandemly repeated
complete human mtDNA sequence seems more plausible,
as it represents a logic component for a large mtDNA con-
catemer that has been described earlier (60).

The U mitotype was only observed (in mixture with the
V mitotype) in tissues that contained nDNA, i.e. in whole
blood, buccal cells, intestinal tissue and hair roots. Tissues
that naturally lack intact nDNA, such as single thrombo-
cytes, exclusively yielded the V mitotype. Hair shafts that
are known to contain only minute amounts of high molec-
ular weight nDNA (61), also yielded only the V mitotype
in 55 of 56 analyzed hair shafts. Only one of the seven hair
shaft samples from individual IV.5 showed the U mitotype
in addition to the V mitotype. This could be due to some
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Figure 3. Characterization of the mtDNA insertion (Mega-NUMT) on chromosome 14. (A) Metaphase FISH generated with the Metasystems (ISIS) soft-
ware show the Mega-NUMT on chromosome 14 (green, FITC signal, arrows). Centromeric FISH probe for chromosomes 14/22 was applied as a control
(red, Rhodamin signal). Accordingly, this FISH probe shows specific signals on both chromosomes 14 and co-hybridization signal in the centromeric part
of both chromosomes 22. (B and C) Detailed results per chromosome using an overlay of the green and red color channels, the fluorescence intensity profile
along the chromosome, and the inverted DAPI image. (B) Derivative chromosome 14 containing the Mega-NUMT insertion at 14q31. (C) Homologue
chromosome 14 without the NUMT insertion.

residual amount of nDNA in that particular extract. The
hair roots of all affected individuals also contained the U
mitotype in mixture with the V mitotype. In some of the
hair root samples only the V mitotype was detected, which
would be expected by loss or degradation of nDNA as is
routinely observed with hair samples in forensic analyses
(62).

These experiments were conducted in earlier stages of the
study and suggested that the hg U mitotype did not origi-
nate from the cells’ mitochondria. In order to test this hy-
pothesis in a more substantiate way, we sequenced � 0 cells,
in which mtDNA was depleted. These experiments resulted
only in the U mitotype without any detectable traces of the
V sequence, even when using sensitive short amplicon MPS.
This result provides very strong evidence that the source
of the U mitotype was associated with nDNA, while the
V mitotype was located within the mitochondria and con-
stitutes the mtDNA in the investigated matriline. Finally,
the U mitotype was located to chromosome 14 (14q13) us-
ing FISH. Quantitative analyses resulted in 45 to 56 mi-
togenome copies, which suggests that the nuclear insert is
between 700 kbp and 900 kbp in size. The exact mitogenome
copy number and its nucleotide sequence might be deter-
mined by long-range sequencing in the future.

Mitochondrial DNA sequencing showed the U/V mix-
ture in eight of the eleven maternally related individuals in
this pedigree. The maternal great-grandmother (I.2) to our
reference individual IV.3, as well as her aunt (III.6) and her
cousin (IV.7) harbored only the V mitotype. We therefore
conclude that III.6 has inherited (and transmitted) the ho-
mologue chromosome 14 lacking the Mega-NUMT inser-
tion. Also, the children of individuals IV.1 and IV.2 (V.1–
3), that exclusively showed the hg H24 mitotype from their
mother (IV.2) have inherited the unaffected chromosome
14. We were able to obtain a blood sample from child V.2

that confirmed this reasoning by yielding only the H24 mi-
totype without any traces of U sequences.

From the great-grandmother (I.2) and the great-
grandfather (I.1) we obtained bone samples during the
re-establishment of the grave site. The bone sample of I.2
yielded only the V mitotype with both direct sequencing as
well as sequencing of 249 clones. Also, the bone samples of
the great-grandfather (I.1) did not yield any U component.
However, one of these two samples (I.1 or I.2) would be
expected to contain the U mitotype (either as NUMT or
as mtDNA prior to nuclear integration) to explain the
presence of the NUMT in individual II.2 and the rest
of the pedigree. We exclude false paternity as a possible
reason for this finding (see above), but cannot exclude that
the generally low amount of nDNA and particularly the
degraded nature of nDNA in aged bones from graves may
have concealed the U mitotype in generation I. We observed
signs of DNA degradation in the STR electropherograms
of I.1 and I.2 (data not shown), but can only speculate as
to how much the NUMT portion may have been affected
by it. A possibility for future investigation of this question
would be additional experiments targeting small amplicon
(42) or primer capture extension assays (63).

A recent study reported phylogenetically plausible
mtDNA mixtures in the blood of three unrelated patients
with mitochondrial disorders and in some of the closely
related family members (12). These results were explained
with biparental inheritance of mtDNA. However, these
conclusions were challenged (58,59,64,65) because the au-
thors failed to exclude a significant NUMT contribution
to the observed mixture by experimental work such as de-
scribed herein. There are striking similarities between the
study of Luo et al. (12) and our study: first, all observed
mixtures consisted of full mitogenome sequences that rep-
resented modern mtDNA haplogroups. Fixed NUMTs are
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Figure 4. Estimated number of mtDNA building blocks of the chromosome 14 Mega-NUMT. The ostensible mtDNA copy number per NUMT was
estimated by droplet digital PCR (45.00 ± 5.27; n = 20) and real-time PCR quantification (56.16 ± 4.35; n = 76) in �◦ cell DNA extracts. The results
obtained for fibroblasts of an unrelated individual (control) demonstrated efficacy of �◦ cell culture. Information contained in here summarizes data on
four (ddPCR) or two (qPCR) mtDNA and one nDNA quantification target sequences and four different concentrations of ethidium bromide (0, 50, 75
and 100 ng/ml) applied to �◦ cell cultures. The lower/upper hinges of the boxes indicate the first/third quartiles (Q1/Q3), horizontal lines within boxes
denote the median and the whiskers extend from Q1/Q3 to the minimum/maximum values in the dataset or, in the presence of outliers, from Q1/Q3 to
the upper/lower fence of the distribution (i.e. Q1 – 1.5 × IQR, Q3 + 1.5 × IQR; IQR = Q3 – Q1). Potential outliers are shown as individual black dots
below/above whiskers and the arithmetic mean is indicated by a white dot with black border. -EtBr: standard cell culture conditions without addition of
ethidium bromide; +EtBr: �◦ cell culture with ethidium bromide (combined data for 50, 75 and 100 ng/ml culture medium); qPCR: real-time quantitative
PCR results; ddPCR: droplet digital PCR results.

generally known to consist of ‘archaic’ sequence motifs, by
which they can be easily discerned from modern mtDNA
(56). Second, the Mega-NUMTs were present at high copy
number, which enabled their detection through direct se-
quencing approaches in diverse tissues. Our results were
paralleled in a recent study that identified Mega-NUMTs
in seven of more than 11,000 investigated trios (31 affected
individuals) (60). The authors located the Mega-NUMTs
to chromosomes 3, 7, 12, 13 and 17. There, only the fa-
thers were found to carry the Mega-NUMT, whereas the
results of our study and the study by (12) suggest that also
the mothers passed the nuclear insert to the next genera-
tion, what would be expected if the NUMT segregated in
an autosomal dominant manner regardless of its parental
origin ((13); Figure 1 and Figures 1–3 in (12). Therefore, the
observed restriction to fathers passing the Mega-NUMT in
(60) may relate to their strategy for NUMT detection (see
Figure 3 in (60)). In summary, these studies provide evi-
dence that full mitogenome Mega-NUMTs do exist and,

depending on the applied allele frequency detection, may
be more common than currently thought. Our study for the
first time proves the existence of Mega-NUMTs by physi-
cally separating mtDNA from nDNA through � 0 cells, by
locating the nuclear component via FISH and by sequenc-
ing tissues that naturally lack intact nuclear DNA (hair
shafts and thrombocytes).

In routine practice, e.g. medical counselling after mtDNA
screening analysis, co-amplification and sequencing of both
targets, i.e. the Mega-NUMT and the genuine mtDNA can-
not be avoided in tissues like blood or buccal cells and
thus may be mistakenly considered as heteroplasmic events.
The generation of �◦ cells or the selective enrichment of
mtDNA during DNA extraction, e.g. by CsCl-ethidium
bromide density gradient ultracentrifugation, are imprac-
tical for routine work. However, we suggest the sequence
analysis of hair shafts from the affected individual as an ele-
gant alternative. While hair shafts usually contain sufficient
amounts of mtDNA for PCR-based analyses, they typically
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contain only minute amounts of highly degraded nuclear
DNA (61). Consequently, PCR assays aiming at mtDNA
target sequences will almost exclusively yield amplicons de-
riving from the actual mtDNA copies being present in a hair
shaft, as demonstrated in our study. Alternatively, the analy-
sis of thrombocytes can be performed that are void of nuclei
and thus should only result in genuine mtDNA sequences.
Based on our findings, reports on paternal inheritance of
mtDNA should now require explicit exclusion of NUMTs
as the reason for the observed mixed sequence patterns. We
suggest mtDNA sequencing of DNA extracted from hair
shafts or thrombocytes and––if feasible––from � ◦ cells as a
requirement for future studies that claim paternal leakage
of mtDNA in humans.
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