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is still very complicated and costly. In this paper, we provide evi-
dence of a paternal contribution of mtDNA in humans and that it is
consistent with control of the process by an autosomal dominant
gene. These results open up a new frontier in the study of mtDNA
genetics that may 1 d provide insights into alternative mechanisms
for the treatment of inherited mitochondrial diseases.

Results

Whole mtDNA sequencing analysis of patients with suspected mi-
tochondrial diseases has become a routine practice during the ad-
vancement of next-generation sequencing. However, the clinical
laboratories that perform such analyses tend to report only pre-
viously reported pathogenic or likely pathogenic mutations. Un-
usual results are often ignored, especially when they do not involve
likely pathogenic variants. This paper was initiated to examine just
such an instance of an unusual result observed in a set of patients
initially referred for clinical evaluation for mitochondrial disease.

The first proband identified in this paper (IV-2 from Family
A) was a 4-y-old boy who was evaluated for fatigue, hypotonia,
muscle pain, and ptosis at the MitoClinic at Cincinnati Children’s
Hospital Medical Center (CCHMC). He was suspected to have a
mitochondrial disorder. Other family members showed varying
clinical symptoms but were not suspected to have mitochondrial
disorders. His twin sister (IV-3) had speech delay but was other-
wise healthy, and his grandfather (II-4) had suffered a heart attack
but had no other conditions. His older sister (IV-1) was healthy. It
should be noted that his mother (III-6) was diagnosed with neu-
ropathy and leg pain that was suspected to be due to multiple
sclerosis, but this too was not considered highly to be attributed to
a mitochondrial disorder.

As the proband was suspected to be suffering from a mitochon-
drial disorder, whole mtDNA sequencing was performed and aligned
to the human mitochondrial sequence reference (NC_012920.1).
Although this analysis revealed no pathogenic or likely pathogenic
mutations, nine homoplasmic variants (the orange-red plus blue bar
in Fig. 1B, and IV-2 in Fig. 1C) and 31 heteroplasmic variants were
identified. Among these 31 heteroplasmic variants, first blood sam-
pling of the proband revealed an average heteroplasmy level of 29%
for 10 variants (the blue bar in Fig. 1B) and reciprocally 71% for the
other 21 variants (the orange-red bar in Fig. 1B and Dataset S1, IV-
2, column D-E). Due to this abnormally high level of heteroplasmy,
repeated sequencing and fresh blood sampling were performed to
verify the authenticity of our findings and rule out the possibility of
sample mix-up (Dataset S1, IV-2, column F-G and H-I). The repeat
sequencing fully confirmed the initial results. IV-2’s two sisters were
also tested and shared the same mtDNA heteroplasmy pattern
(Dataset S1, IV-1 and Dataset S1, IV-3). Apparently, the proband
and his sisters had inherited the mtDNA heteroplasmy pattern from
their mother (Dataset S1, III-6) as they had the same heteroplasmy
pattern with minor differences in heteroplasmy levels (40% vs. 60%
in the mother, Fig. 1 B and C, III-6). A single row of histograms was
used to represent all family members sharing the same mtDNA
haplogroup (e.g., IV-1, IV-2, IV-3, and III-6) to avoid redundancy.

To further explore the origin of this unique heteroplasmy
pattern in III-6 of Family A, we examined the mtDNA in the
grandmother (Dataset S1, I1-40) and grandfather (Dataset S1, II-
4) of the proband. Based on the position of their mtDNA variant
sites, it was revealed that all 21 variants at around a 60% het-
eroplasmy level in III-6 were maternally inherited from II-40
(the orange-red bar, Fig. 1 B and C, 1I-40) with a haplogroup
of USbldlc (SI Appendix, Fig. S1), whereas the other 10 variants
at around the 40% heteroplasmy level were inherited from her
father (the blue bar, Fig. 1 B and C, II-4). The nine homoplasmic
variants should be inherited from both her parents. In other
words, I11-6’s heteroplasmy pattern could be well explained by a
mixture of 30 variants (at the percentage of about 60%) mater-
nally from II-40 and 19 variants (at the percentage of about
40%) paternally from II-4. By analyzing the segregation of
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Fig. 1. Biparental mtDNA inheritance pattern in Family A. (A) Pedigree of
Family A. The black filled symbols indicate the four family members (lI-1, 1I-3,
1I-4, and 11I-6) showing biparental mtDNA transmission, and the diagonal
filled symbols indicate the six family members (liI-1, 11I-2, 1lI-5, V-1, IV-2, and
IV-3) carrying a high number and level of mtDNA heteroplasmy but with
normal maternal transmission. The IDs of the 11 family members tested by
whole mtDNA sequencing analysis have been underlined in the pedigree. (B)
Schematic of the mtDNA genotypes defined by the homoplasmic and/or
heteroplasmic variants aligned from the reference mitochondrial genome.
Blue bars represent the genotype of paternally derived mtDNA, whereas
purple-red and orange-red bars represent maternally derived mtDNA. Entries
labeled (D) represent deduced mtDNA genotypes. (C) Summary of the hap-
logroup and mtDNA variant numbers in Family A.

mtDNA genotypes from II-4 and II-40 to III-6, we first dem-
onstrated biparental mtDNA transmission in a human pedigree
causing a high number and level of heteroplasmy in the offspring.

Testing in Additional Family Members. Significantly, we demon-
strated the same phenomenon within Family A by recruiting
additional family members and examining their mtDNAs. For
example, II-4 displayed a similar heteroplasmy pattern as in his
daughter (III-6) with six homoplasmic variants and 20 hetero-
plasmic variants (Dataset S1, II-4). To infer II-4’s maternal
mtDNA genotype (I-10), we further tested his sisters and niece
(1I-1, II-2, 11I-3, and III-3). Both II-1 (Dataset S1, II-1) and II-3
(Dataset S1, II-3) shared the same heteroplasmy pattern as I11-4
but with minor differences in the heteroplasmy levels. However,
III-3 (Dataset S1, III-3) only presented 13 homoplasmic variants
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that were passed maternally from II-2 (Dataset S1, II-2). It was
thus deduced that I-10 would have the exact same mtDNA ge-
notype as II-2 and III-3, based on maternal inheritance by de-
fault. Then, by matching these mtDNA variant sites, it was also
discovered that all seven heteroplasmic variants at around the
60% heteroplasmy level in II-4 to be maternally inherited from I-
10 (with a haplogroup of Hlal, SI Appendix, Fig. S2), whereas
the other 13 variants at around the 40% heteroplasmy level came
from his father (I-1 with a haplogroup of R0al, SI Appendix, Fig.
S3). The six homoplasmic variants should be inherited from both
his parents. That is, II-40’s heteroplasmy pattern appeared to be
caused by a mixture of 13 variants (at the percentage of about
60%) maternally from I-10 and 19 variants (at the percentage of
about 40%) paternally from I-1. It is also oddly coincidental that
these 19 variants are exactly the same variants passed from II-4
to his daughter (III-6), leading to a miscellaneous haplogroup of
R0Oal/H1al in II-4 and ROal/U5b1d1c in III-6, respectively. Again,
segregation of the mtDNA genotype demonstrated biparental
mtDNA transmission with an autosomal dominant inheritance
mode in this family. The alignment of a total of 46 differential
mtDNA variants in this family can be seen in SI Appendix, Table
S1, directly showing which ones are paternally or maternally
inherited as well as their relative heteroplasmy levels.

Recruitment and Surveillance of Unrelated Families for Biparental
Inheritance Patterns. To confirm the findings in Family A, we
recruited two additional families (Families B and C) whose pro-
bands initially presented with divergent pathologies that were sus-
pected to have some level of mitochondrial involvement. The
proband for Family B is a 35-y-old male with developmental delay,
chronic fatigue, diabetes, congenital heart disease, supraventricular
tachycardia (SVT), and status post ablation evaluated at MitoClinic
at CCHMC. The proband for Family C, on the other hand, is a
46-y-old female who was diagnosed with Guillain-Barré syndrome
at 6 y old and presented with prematurity, hyperextensibility, thin
translucent skin, chronic fatigue, diffuse body pain, and possible
periodic fever. This family was evaluated at the Mayo Clinic. De-
spite the differences in presentation between these probands, their
families were recruited for this study because both individuals
demonstrated a high number and level of mtDNA heteroplasmy
when their mitochondrial genomes were sequenced (Figs. 2 and 3).

Compared with Family A, a strikingly similar mtDNA trans-
mission pattern was demonstrated in Families B and C (see SI
Appendix, Figs. S4-S6 and Table S2 and Dataset S2 for Family B
and SI Appendix, Figs. S7T-S9 and Table S3 and Dataset S3 for
Family C). Taking Family B for illustration, II-3 having 29 het-
eroplasmic and seven homoplasmic variants (Dataset S2, II-3)
should have inherited mtDNA from both his father (I-1, hap-
logroup of K1b2a, SI Appendix, Fig. S4) and his mother (I-10,
haplogroup of H, SI Appendix, Fig. S5), who were supposed to
possess 34 and nine homoplasmic variants, respectively (Fig. 2B).
II-3 further transmitted his mtDNA that he inherited from I-1 to
his son (III-2, Dataset S2, III-2), who also inherited all of his
mother’s mtDNA (II-30, carrying 34 variants and a haplogroup
of T2ala) (Dataset S2, II-30 and SI Appendix, Fig. S6). However,
III-2’s sister (III-1, Dataset S2, III-1) and half-brother (III-5,
Dataset S2, III-5) only inherited the maternal mtDNA. Fresh
blood sampling and repeated mtDNA sequencing in a second
independent laboratory were also performed to rule out the
possibility of sample mix-up for III-2 (Dataset S2, III-2, column
F-G and H-I). Additionally, these samples were further verified
using Pacific Bio single molecular sequencing (see Materials and
Methods) and by restriction fragment length polymorphism
(RFLP) analysis of Family A (SI Appendix, Fig. S10), and these
results were fully consistent with the previous sequencing. Fi-
nally, it should be noted that our analysis failed to identify any
pathogenic or likely pathogenic variants in either Family B or
Family C, similar to what was observed in Family A.
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Fig. 2. Biparental mtDNA inheritance pattern shown in Family B. (4) Pedigree
of Family B. The black filled symbols indicate the two family members (1Il-3 and
lI-2) showing biparental mtDNA transmission. The IDs of five family mem-
bers tested by whole mtDNA sequencing analysis have been underlined in
the pedigree. (B) Schematic of the mtDNA genotype defined by the homo-
plasmic and/or heteroplasmic variants aligned from the reference mito-
chondrial genome. Blue bars represent the genotype of paternally derived
mtDNA, whereas purple-red and orange-red bars represent maternally de-
rived mtDNA. Entries labeled (D) represent deduced mtDNA genotypes. (C)
Summary of the haplogroup and mtDNA variant numbers in Family B.

Discussion

Our results clearly demonstrate biparental transmission of mtDNA
in humans, counter to the central dogma of mitochondrial inheri-
tance. This test has been confirmed in three separate lineages with
multiple generations and by two other laboratories.

The Initial Discovery of Paternal mtDNA Transmission. Strictly pa-
ternal mtDNA inheritance has been observed in algae and
plants, and biparental mtDNA inheritance (via paternal leak-
age) is well documented in yeast (8). Paternal mtDNA leakage
has also been observed occasionally in several species, such as
Drosophila (9-12), mouse (13), and sheep (14). However, whether
paternal mtDNA transmission exists in humans is controversial.
Previous studies using human polyploid embryos generated by
in vitro fertilization and intracytoplasmic sperm injection tech-
niques have shown that paternal mtDNA can only be detected at
the four-to-eight-cell stage by paternal allele-specific nested po-
lymerase chain reaction (PCR) and restriction enzyme digestion
analysis (15).

PNAS | December 18,2018 | vol. 115 | no.51 | 13041

GENETICS


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810946115/-/DCSupplemental

L T

/

1\

BN AS  PNAS D)

Downloaded by guest on September 16, 2021

émﬁ

3 4 5 iy

=

%_
@_
O_

B § 100
g' K(I
z
= e e R e e e R Y
} 100
0@ £ &
B3
H = erSeza e
2 "I‘Lii;ﬂ?.:ﬁn:r”-:;u'::r?:2:5?—:.:"‘?-‘%32%;?-’." T
CREFSSC e EECC e e ee S e
100
gl 1
g ES B e e
£ CoESEnTYEESIAED
g
30z @
gl
E 2
i
n-e  gioo
M7 g el
V1 240
2 20]
2
c : no. of no. (percentage level )of
Family C_ID Haplogroup hom_variants het_variants
10 Kzblala 34
1-10®© 41
i3 TR 12 29(~30%) 22 (~70%)
11-30 33
11-6/11-7/1V-1 ieblalal 27 6 (~24%) 7 (~76%)

Fig. 3. Biparental mtDNA inheritance pattern in Family C. (A) Pedigree of
Family C. The black filled symbols indicate the three family members (II-3, I1I-
6, and I11-7) showing biparental mtDNA transmission, and the diagonal filled
symbols indicate the two family members (IV-1 and IV-2) carrying a high
number and level of mtDNA heteroplasmy but with normal maternal
transmission. The IDs of the five family members tested by whole mtDNA
sequencing analysis have been underlined in the pedigree. (B) Schematic of
the mtDNA genotypes defined by the homoplasmic and/or heteroplasmic
variants aligned from the reference mitochondrial genome. Blue bars rep-
resent the genotype of paternally derived mtDNA, whereas purple-red and
orange-red bars represent maternally derived mtDNA. Entries labeled (D)
represent deduced mtDNA genotypes. (C) Summary of the haplogroup and
mtDNA variant numbers in Family C.

In 2002, Schwartz and Vissing published a report in NEJM
describing a single male with mitochondrial myopathy and ex-
ercise intolerance who appeared to possess two different
mtDNA haplotypes (16). One haplotype came from the mother,
and the other came from the father (with the exception of a 2-bp
deletion in the ND2 gene of the mtDNA, which was found only
in the patient). This novel microdeletion arose sporadically on
the paternal mtDNA background, although it cannot be ruled
out that the father may also harbor this mutation at a low level
in other tissues. Initially, direct sequencing of PCR-amplified
mtDNA indicated that the patient’s muscle tissues were homo-
plasmic for the paternal mtDNA haplotype. However, by per-
forming mtDNA analysis with solid-phase minisequencing and
fragment analysis from different tissues in the index patient
and his parents, the authors were able to demonstrate that the
patient’s muscle tissues possessed a mtDNA sequence ~90%

13042 | www.pnas.org/cgi/doi/10.1073/pnas.1810946115

identical to the paternal haplotype as well as 10% maternal
(normal) mtDNA, suggesting biparental mtDNA inheritance.
However, paternal mtDNA was present only in the patient’s
skeletal muscle, whereas mtDNA from all other tissues studied
in the patient showed no paternal mtDNA haplotype.

This single case report generated significant attention in the
field as it was the first clue that biparental mtDNA transmission
may be possible in humans. A separate group at Harvard Medical
School was able to independently confirm the existence of the
paternal haplotype in the patient from the NEJM paper, uncov-
ering potential evidence of mtDNA recombination in the process

17). For over 16 y, however, no additional cases of biparental
inheritance have been reported, despite efforts to turn up addi-
tional cases by several independent groups (18-20). With the ad-
vent of next-generation sequencing, this hypothesis was revisited.
Ultradeep mtDNA resequencing revealed no evidence of paternal
mtDNA haplotypes transmitted to offspring in humans (21). Fur-
thermore, a separate review of the literature by Bandelt et al. (22)
concluded that other instances of mixed haplogroups in 20 other
publications were likely due to contamination or mislabeled sam-
ples, effectively ruling out both paternal mtDNA inheritance as
well as the possibility of mtDNA recombination. Results, such as
these, have led many in the field to conclude that the findings in
the single case report may have been due to technical issues or
sample mix-up and to move on to other topics of investigation.

A Resurgence of the Paternal Transmission Hypothesis. The results
presented in this paper make a robust case for paternal trans-
mission of mtDNA. Here, we report biparental mtDNA inheri-
tance (either directly or indirectly) in 17 members in three
multigeneration families. Thirteen of these individuals were iden-
tified directly by sequencing of the mitochondrial genome, whereas
four could be inferred based on preexisting maternal heteroplasmy
caused by biparental inheritance in the previous generation.

Our developed methodology allowed the simultaneous: (i) char-
acterization of complete nucleotide sequences of the mitochondrial
genome, (if) annotation of all heteroplasmic positions in mtDNA at
very high sensitivity, and (iii) estimation of the mutant load at each
position. In addition, this method does not require prior knowledge
of the mtDNA sequence. The mtDNA heteroplasmy levels were
readily calculated without complex calibration or computation. This
method is sensitive for the detection and quantification of the het-
eroplasmy level with virtually no false positives according to our tests
(23). These samples underwent whole mtDNA sequencing involving
different batches, and each batch contains at least 12 samples in one
pool to be loaded on the sequencer. None of the other samples in
these batches have shown multiple heteroplasmy.

To further confirm these remarkable results and to exclude the
possibility of sample mix-up and/or contamination, the whole
mtDNA sequencing procedure was repeated independently in at
least two different laboratories by different laboratory techni-
cians with newly obtained blood samples. All results were re-
producible, indicating no artifacts or contamination exist. More
importantly, the multiple mtDNA variants that were paternally
transmitted differ in both number and position among each of
these three families as well as the related haplogroup (R0al in
Family A, K1b2a in Family B, and K2blala in Family C, re-
spectively), providing two distinct forms of evidence supporting
transmission of the paternal mtDNA.

Therefore, we have unequivocally demonstrated the existence
of biparental mtDNA inheritance as evidenced by the high num-
ber and level of mtDNA heteroplasmy in these three unrelated
multigeneration families. Most interestingly, the mixed hap-
logroups in these samples are very reminiscent of the mixed
haplogroups found in the 20 studies that were dismissed by Ban-
delt et al. as due to contamination or sample mix-up. One is forced
to wonder how many other instances of individuals with biparental
mtDNA inheritance have been dismissed as technical errors, and
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whether Schwartz and Vissing’s original discovery has really been
given the proper follow-up that it deserves. We suspect that these
results will initiate a broader reassessment of the topic.

Possible Mechanisms of Biparental mtDNA Inheritance. This un-
expected paternal transmission of mtDNA raises several ques-
tions about how exactly paternal mtDNA can escape its normal
fate of being eliminated from the embryo. Maternal transmission
of mtDNA is the result of active elimination of paternal mito-
chondria, and the genes underlying this elimination process are
intriguing candidates for the locus underlying the autosomal
dominant inheritance pattern observed in our pedigrees.

Unfortunately, the molecular mechanisms underlying paternal
mitochondrial elimination are only partially elucidated. In fact, it
appears likely that a different combination of mechanisms
operates depending on the species in question. In mice and C.
elegans, the lysosomal pathway has been established to be very
critical in this process (24). Autophagy is also thought to be
critical in the elimination of paternal mitochondria in Caeno-
rhabditis elegans (25) through the LC3-dependent autophago-
some (26) and mitophagy (27). Recently, it has also been
reported that mitochondrial endonuclease G relocates from the
intermembrane space of paternal mitochondria to the matrix
after fertilization where it proceeds to degrade or eliminate pa-
ternal mtDNA (28). It is not difficult to imagine how a defect in
such an EndoG-like pathway in humans might produce a pa-
ternal contribution, such as the one observed here.

We propose that the paternal mtDNA transmission in these
families should be accompanied by segregation of a mutation in
one nuclear gene involved in paternal mitochondrial elimination
and that there is a high probability that the gene in question
operates through one of the pathways identified above. Taking
Family A as an example, II-1, II-3, and II-4 should have inherited
this mutated gene from I-1 thus causing a paternal mtDNA
transmission, whereas II-2 inherited the normal allelic gene. 11-4
further passed this mutation to III-6 but not III-7, causing a
similar heteroplasmy pattern in III-6 but maternal transmission
in III-7. IV-2 and his siblings (IV-1 and IV-3) inherited the exact
heteroplasmic mtDNA pattern from III-6, displaying a normal
maternal mtDNA transmission. This may give us a hint that,
mechanistically speaking, the nuclear mutation will affect the
paternal mitochondrial elimination from the paternal side.

The requirement that the nuclear allele be present on the
paternal side may also suggest that the unidentified locus has
some involvement in the control of mtDNA replication. The
amount of paternal mitochondria passed on to the fertilized
embryo is likely to be quite low relative to the maternal mito-
chondria already present in the oocyte (~0.1% according to one
estimate) (29). Even in the absence of active paternal mito-
chondrial elimination, the percentage of paternal mtDNA would
remain undetectable without a mechanism that preferentially
increases paternal mtDNA abundance relative to maternal
mtDNA. This suggests a high likelihood that the gene in question
also has some involvement in mtDNA replication or copy
number control, particularly during the blastocyst stage when
mtDNA replication resumes (30). A variety of nuclear-encoded
factors mediate mtDNA replication, and overexpression of at
least one of these proteins (the HMG box protein TFAM) has
already been shown to increase the mtDNA copy number in vivo
(31). There may even be a synergistic interaction between the
particular mtDNA variants and the unidentified nuclear gene
that only allows paternal transmission to occur when both
elements are present. There is already precedence for mtDNA
sequence variants—such as polymorphisms in the conserved
sequence box II—leading to different replication rates between
otherwise similar mtDNAs (32). Perhaps the unidentified nuclear
gene exerts its influence on paternal mtDNA abundance by inter-
acting with a similar variant or group of variants involved in mtDNA
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replication or copy number control. The key point that will need to
be explained in any of these models is the means by which paternal
mtDNA abundance is selectively increased while leaving the ma-
ternal mtDNA level untouched (or even decreased).

Summary. The results presented in this paper provide clear and
provocative evidence for the biparental transmission of mtDNA in
three separate multigeneration families as confirmed by two in-
dependent laboratories. Clearly, these results will need to be brought
in agreement with the fact that maternal inheritance remains abso-
lutely dominant on an evolutionary timescale and that occasional
paternal transmission events seem to have left no detectable mark on
the human genetic record. Still, this remains an unprecedented op-
portunity in the field. Elucidation of the molecular mechanism by
which this biparental transmission occurs will expand our funda-
mental understanding of the process of mitochondrial inheritance
and may provide an alternative approach to minimize the conse-
quences of the transmission of pathogenic maternal mtDNA in hu-
mans. Whatever the mechanism of this unusual phenomenon may
be, it is clear that years of research will be required to fully un-
derstand and exploit the ramifications of this discovery.

Materials and Methods

Patients. Three unrelated multigeneration families with high numbers and
levels of mtDNA heteroplasmy were identified. Two families (Family A and
Family B) were evaluated at the MitoClinic and referred to the Mitochondrial
Diagnostic Laboratory at the Human Genetics Division of CCHMC, Family C
was evaluated at the Mayo Clinic, and genetic testing was performed at the
Diagnostic Laboratory at Baylor College of Medicine. To derive the origin of
these unusual heteroplasmy events, written informed consent was obtained
from all of the participating family members. This study was approved by the
Institutional Review Board of CCHMC (approval Study ID: 2013-7868).

Family A: Proband (IV-2) was a 4-y-old boy who was evaluated for fatigue,
hypotonia, muscle pain, and ptosis at the MitoClinic at CCHMC. He was
suspected to have a mitochondrial disorder. His twin sister (IV-3) had
speech delay but was otherwise healthy, and his older sister (IV-1) was
healthy. His mother (lll-6) was diagnosed with neuropathy and leg pain.
She was suspected to have multiple sclerosis. His grandfather (11-4) had
suffered a heart attack but had no other conditions.

Family B: Proband (lll-2) is a 35-y-old male with developmental delay,
chronic fatigue, diabetes, congenital heart disease, SVT, and status post
ablation. He was suspected to have a mitochondrial disorder and was
evaluated at MitoClinic at CCHMC. His sister (lll-1) was diagnosed with
cerebral palsy and was suspected to have mitochondrial disease.

Family C: Proband (lIl-6) is a 46-y-old female who was diagnosed with
Guillain-Barré syndrome at 6 y old and presented with prematurity, hyper-
extensibility, thin translucent skin, chronic fatigue, diffuse body pain, and
possible periodic fever. The family was evaluated at the Mayo Clinic.

Whole Mitochondrial Genome Sequencing Analysis. The whole mitochondrial
genome sequencing analysis for these three families was performed in-
dependently at two different CLIA-accredited laboratories, respectively, at
CCHMC (Method 1) and Baylor College of Medicine (Method 2). Genomic DNA
was isolated from the blood samples of the patients and their family members
using the Gentra DNA extraction kit (Qiagen) according to the manufacturer’s
instructions. Entire mtDNA was amplified by a single long range PCR as pre-
viously described (23, 33-35). One hundred nanograms of total genomic DNA
isolated from blood were used as the template in a 50 pL PCR system.

For Method 1, the primers specifically recognize genuine mtDNA: F-2120
(GGACACTAGGAAAAAACCTTGTAGAGAGAG) and R-2119 (AAA-
GAGCTGTTCCTCTTTGGACTAACA). PCR amplifications were performed using
TaKaRa LA Taqg Hot Start polymerase (TaKaRa Biotechnology). PCR conditions
were: 94 °C for 1 min; 98 °C for 10's; and 68 °C for 16 min, 30 cycles; 72 °C for
10 min and held at 4 °C. The amplified mtDNA was used for library prepa-
ration by a Nextera XT DNA kit (lllumina). Sequencing was performed on the
lllumina MiSeq platform (DNA Core Facility, CCHMC), and the data were
analyzed using the NextGENe software. Briefly, sequence reads ranging
from 100 to 200 bps were quality filtered and processed using NextGENe
software and an algorithm similar to BLAT. The sequence error correction
feature (condensation) was performed to reduce false positive variants and
produce a sample consensus sequence and variant calls. Alignment without
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sequence condensation was used to calculate the percentage of the mito-
chondrial genome with depth of coverage of 1000x. Starting from quality
FASTQ reads, the reads were quality filtered and were converted to the
FASTA format. Filtered reads were then aligned to the human mitochondrial
sequence reference NC_012920.1 followed by variant calling. Variant het-
eroplasmy was calculated by NextGENe software as follows: Base hetero-
plasmy (mutant allele frequency %) = mutant allele (forward + reverse)/
total coverage of all alleles C, G, T, and A (forward + reverse) x 100. The
clinical significance of the variants was analyzed with MitoMaster (https:/
www.mitomap.org/foswiki/bin/view/MITOMASTER/WebHome) (23, 33, 34).
For Method 2, the forward and reverse primers used for long range
PCR were mt16426F (CCGCACAAGAGTGCTACTCTCCTC) and mt16425R
(GATATTGATTTCACGGAGGATGGTG). PCR amplifications were performed
using TaKaRa LA Tag Hot Start polymerase (TaKaRa Biotechnology). PCR
conditions were: 95 °C for 2 min; 95 °C for 20 s; and 68 °C for 18 min, 30
cycles; 68 °C for 20 min and held at 4 °C (35). The amplified PCR products
were fragmented to 200 bp, which were purified with AMPure XP beads.
After end repair, 3’-adenylation, and Illumina InPE adapter ligation, DNA
samples were enriched by PCR with Herculase Il polymerase (Agilent Tech-
nologies). Twelve indexed DNA libraries were pooled together with equi-
molar ratios. Each pooled library was sequenced in a single lane of one flow
cell on a HiSeq2000 with a 76 or 100 bp paired-end or single-end read
chemistry. After demultiplexing with Illumina CASAVA software, the reads
belonging to the same index were filtered to remove any reads with a
median quality score below 25 by NextGENe software (SoftGenetics). Reads
with one unknown assigned base call were also removed. The data were
processed, and variant calls were made with two different heteroplasmy
cutoff values, 20% and 1%. The aligned reads were examined with a
NextGENe Viewer (35). To assure that every indexed sample was scored
correctly during pool sequencing, an internal identity control system (InQC)
was designed and incorporated into the analysis of each sample. Fourteen
nuclear DNA regions containing polymorphic markers were amplified in a
multiplex PCR, and the resulting DNA fragments were mixed with the long
range-PCR-enriched mtDNA fragments from the same individual for index-
ing and massively parallel sequencing. In parallel, genotyping the same 14
nuclear markers of the same sample by either TagMan assay or Sanger se-
quencing was performed independently. The genotyping result derived
from the parallel testing was compared with those generated by massively
parallel sequencing to verify sample identity. An unmatched result is always
an indication of sample switching or cross-contamination during procedures,
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such as the library preparation process. Should these results not match, re-
peat analysis or another investigation is warranted. Also, to ensure the
quantification of the heteroplasmy by massively parallel sequencing was
reliable, a set of cloned synthetic 150-bp control DNAs was supplemented
into each indexed sample as ExQCs.

To further verify the results of the previously described sequencing
analysis, long range PCR products of the entire mtDNA were submitted for
SMRT sequencing at the Institute of Genome Science, University of Maryland,
which has the equipment and expertise needed for this experiment. Spe-
cifically, DNA libraries were constructed and prepared for sequencing using
the SMRTbell Template Prep Kit 2.0 and the DNA/Polymerase Binding Kit 2.0
(Pacific Biosciences) according to the manufacturer’s instructions. Only
16.5 kb fragments were size selected with the BluePippin device (Sage Sci-
ences) and were sequenced with the DNA Sequencing Kit 2.0 (Pacific Bio-
sciences) using a 4 h movie collection. The data were analyzed using PacBio’s
Long Amplicon Analysis module (Smrtanalysis 2.3.0) to find phased con-
sensus sequences with the analysis only being run for subreads longer than
13 K bp. The resulting phased sequences were aligned to the mitochondrial
reference genome, and variant calling was performed for each. The variants
were then used to assign a genotype to each phased sequence by comparing
them with variants found in the parental/ancestral mitochondrial genomes
(36). Circular consensus sequence was also generated from the amplicon data
and was used to calculate allele/haplogroup frequencies (37). The mitochon-
drial haplogroups were identified using MitoMaster as described previously.

For the RFLP analysis, PCR amplification was performed to amplify a 789 bp
segment of mtDNA, including the hypervariable region HV2. PCR amplification
was performed using TaKaRa LA Taq Hot Start polymerase (TaKaRa Bio-
technology). PCR conditions were: 95 °C for 2 min; 95 °C for 20 s; and 68 °C for
1 min, 35 cycles; 68 °C for 10 min and held at 4 °C. The forward and reverse primers
used for amplification were mt16426F (CCGCACAAGAGTGCTACTCTCCTC) and
hmtR2 626 (TTTATGGGGTGATGTGAGCC). The resulting PCR products were then
digested with the restriction endonucleases ApaLl and Fokl (New England Biolabs)
and were compared against the expected band sizes for each haplogroup.

ACKNOWLEDGMENTS. We thank the patients and their families for partici-
pating in our study. We also thank the various DNA Cores where the next-
generation sequencing was performed, Kejian Zhang, and Min-Xin Guan for
their stimulating discussion. This work was supported, in part, by the Cincinnati
Children’s Hospital Research Foundation and National Institute of Child Health
and Human Development Grant 1R01HD092989-01A1 (to T.H.).

20. Filosto M, et al. (2003) Lack of paternal inheritance of muscle mitochondrial DNA in
sporadic mitochondrial myopathies. Ann Neurol 54:524-526.

21. Pyle A, et al. (2015) Extreme-depth re-sequencing of mitochondrial DNA finds no
evidence of paternal transmission in humans. PLoS Genet 11:€1005040.

22. Bandelt HJ, Kong QP, Parson W, Salas A (2005) More evidence for non-maternal in-
heritance of mitochondrial DNA? J Med Genet 42:957-960.

23. Tang S, Huang T (2010) Characterization of mitochondrial DNA heteroplasmy using a
parallel sequencing system. Biotechniques 48:287-296.

24. Zhou Q, Li H, Xue D (2011) Elimination of paternal mitochondria through the lyso-
somal degradation pathway in C. elegans. Cell Res 21:1662-1669.

25. Sato M, Sato K (2011) Degradation of paternal mitochondria by fertilization-triggered
autophagy in C. elegans embryos. Science 334:1141-1144.

26. Djeddi A, et al. (2015) Sperm-inherited organelle clearance in C. elegans relies on LC3-
dependent autophagosome targeting to the pericentrosomal area. Development
142:1705-1716.

27. Ashrafi G, Schwarz TL (2013) The pathways of mitophagy for quality control and
clearance of mitochondria. Cell Death Differ 20:31-42.

28. Zhou Q, et al. (2016) Mitochondrial endonuclease G mediates breakdown of paternal
mitochondria upon fertilization. Science 353:394-399.

29. Ladoukakis ED, Eyre-Walker A (2004) Evolutionary genetics: Direct evidence of re-
combination in human mitochondrial DNA. Heredity (Edinb) 93:321.

30. Piko L, Taylor KD (1987) Amounts of mitochondrial DNA and abundance of some
mitochondrial gene transcripts in early mouse embryos. Dev Biol 123:364-374.

31. Ekstrand M, et al. (2004) Mitochondrial transcription factor A regulates mtDNA copy
number in mammals. Hum Mol Genet 13:935-944.

32. Kang E, et al. (2016) Mitochondrial replacement in human oocytes carrying patho-
genic mitochondrial DNA mutations. Nature 540:270-275.

33. Huang T (2011) Next generation sequencing to characterize mitochondrial genomic
DNA heteroplasmy. Curr Protoc Hum Genet Chapter 19:Unit19.18.

34. Ma H, et al. (2015) Metabolic rescue in pluripotent cells from patients with mtDNA
disease. Nature 524:234-238.

35. Zhang W, Cui H, Wong LJ (2012) Comprehensive one-step molecular analyses of mi-
tochondrial genome by massively parallel sequencing. Clin Chem 58:1322-1331.

36. Kurtz S, et al. (2004) Versatile and open software for comparing large genomes.
Genome Biol 5:R12.

37. Chaisson MJ, Tesler G (2012) Mapping single molecule sequencing reads using basic
local alignment with successive refinement (BLASR): Application and theory. BMC
Bioinformatics 13:238.

Luo et al.


https://www.mitomap.org/foswiki/bin/view/MITOMASTER/WebHome
https://www.mitomap.org/foswiki/bin/view/MITOMASTER/WebHome
https://www.pnas.org/cgi/doi/10.1073/pnas.1810946115

