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Objective: To investigate the paternal mitochondrial DNA's effect on assisted reproductive technology
(ART) applications and possible paternal mitochondrial DNA transmission in male factor infertility
diagnosed fathers.

Study design: Study group was designed according to the families all of which applied to assisted
reproductive technologies as a result of male infertility. A total of 16 trios (48 mother-father-child
samples) which contain 7 newborns and 9 infants born by in vitro fertilization method (IVF-ICSI) were
studied using “Illumina, MiSeq” next-generation sequencing platform (Case-parent trio study). The study
has been conducted between February 2017 and May 2018.

Result(s): Sequencing analysis results were investigated on the basis of “mother-father-child”, “mother-
child” and “father-child” mitochondrial DNA whole genome sequence data, respectively. In 14 “trios” of
16; maternal mitochondrial DNA haplotype were detected for children, the remaining 2 “trios” had
different mitochondrial DNA haplotypes when compared to their mother and fathers. Also; “father-child”
sharing same genetic variants (SNP (“Single nucleotide polymorphism”) | MNP (“Multiple nucleotide
polymorphism”) [ INDEL (“Insertion/Deletion”) were found in 8 “trios”. In 5 “trios” of 16; 98-99% paternal
mitochondrial DNA genome sequence similarity were obtained by alignment of “father-child”
mitochondrial DNA genome.

Conclusion(s): This study is the first whole mitochondrial genome investigation for paternal
mitochondrial DNA contribution in human IVF | ICSI applied trio cases. Our findings for paternally
derived variants could be the result of intermolecular recombination between maternal and paternal
mitochondrial DNA.
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Introduction

Mitochondria exist in almost all eukaryotic cells. They are
semiautonomous, having their own genome together with their
transcriptional and protein synthesizing machinery [1]. Mitochon-
dria play an important role in numerous cellular functions
including calcium signaling, programmed cell death (apoptosis),
cellular aging and energy generation. They generate cellular
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adenosine triphosphate (ATP) and control the machinery for
cellular differentiation, cell death and cell cycle [2,3].

In humans, mitochondrial DNA (mtDNA) encodes 13 polypep-
tide subunits essential for the process of oxidative phosphoryla-
tion, 22 transfer RNAs and 2 ribosomal RNAs [4].

It is widely accepted that in the cells of most animals, mtDNA is
inherited solely from the mitochondria of the oocyte the animal
develops [5-7]. This pattern of inheritance is generally referred to
as “uniparental inheritance” and in case, it’s specifically called
“maternal inheritance” [8]. Although this phenomenon is wide-
spreadly accepted, its advantages and the evolutionary factors
remain as an unknown [9].

In mammals, sperm-derived paternal mitochondria generally
enter the oocyte cytoplasm after fertilization and temporarily co-
exist in the zygote alongside an excess of maternal mitochondria [7].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejogrb.2019.02.011&domain=pdf
mailto:candan_eker@hotmail.com
mailto:hgoksever@yahoo.com
mailto:karbur134@gmail.com
mailto:gunel@istanbul.edu.tr
https://doi.org/10.1016/j.ejogrb.2019.02.011
https://doi.org/10.1016/j.ejogrb.2019.02.011
http://www.sciencedirect.com/science/journal/03012115
www.elsevier.com/locate/ejogrb

184 C. Eker et al./European Journal of Obstetrics & Gynecology and Reproductive Biology 236 (2019) 183-192

Two hypotheses have been proposed to explain the mechanism
underlying the maternal inheritance of mtDNA. The paternal mtDNA
which is present at a much lower copy number, is simply diluted
away by the excess of oocyte mtDNA according to the “simple
dilution model” and consequently detectable in the offspring [10].
On the other hand, in the “active degradation model” the paternal
mtDNA or mitochondria are thought to be selectively degraded,
either before or after fertilization to actively prevent the transmis-
sion of paternal mtDNA to the next generation [8].

However, the role of sperm mitochondria and its final fate
after fertilization are still controversial. Although this may not
be true for several mammalian species including mice and
humans, the viewpoint of sperm mtDNA has a better fertilizing
capability and that sperm mtDNA is actively eliminated during
early embryogenesis is widely accepted [11]. Reviewing current
literature on paternal mitochondrial inheritance suggest that
the elimination of paternal mtDNA can be accomplished by
multiple mechanisms according to the species-specific and also
tissue-specific manner.

Schwartz and Vissing had reported a case for paternal inheritance
in humans. It was demonstrated on a 28-year-old patient with a
muscle specific mitochondrial disease. The 90% of the mtDNA was
paternally derived from the muscle of this patient. He had a novel 2 bp
deletion in ND2 (MTNDZ2) “Mitochondrially Encoded NADH Dehydro-
genase 2” gene which encodes a subunit of the enzyme complex I of
the mitochondrial respiratory chain. They suggested that this
unusual mtDNA inheritance resulted from a failure to eliminate the
low levels of mtDNA normally present in human sperm [12].

In 2004, Kraytsberg et al. published a brief report describing
recombination between paternally and maternally inherited
mtDNA that solved the question of whether modern human
mtDNA may recombine [13]. Until recently, paternal or biparental
inheritance of mtDNA in humans had not been observed [14].
Kraytsberg and colleagues carried out a series of experiments to
identify potentially recombinant molecules and eliminate the risk
of experimental error. It was found that 7% of single mtDNA
molecules in the patient’s muscle cells contained alternating
paternal and maternal mtDNA segments providing the first direct
evidence for recombination.

Nevertheless, the mechanism underlying the maternal inheri-
tance of mitochondrial DNA has not been completely explained.
Recently, several lines of evidence suggest that different species
seem to employ distinct mechanisms to prevent the inheritance of
paternal mitochondrial DNA.

Therefore, the aim of this study is to investigate the paternal
mitochondrial DNA’s effect on assisted reproductive technology
applications working on the molecular basis of sperm mitochon-
drial DNA elimination and paternal mitochondrial DNA transmis-
sion in human.

Materials and methods
Patients and DNA extraction

Study group was designed according to the families all of which
applied to assisted reproductive technologies as a result of male
infertility. 48 mother-father-child samples which contain 16
children (15 boys and 1 daughter) born by in vitro fertilization
techniques (IVF - ICSI) were included in the study. Totally 13
families were included in this study which comprised of three childs
for Family 4 and two childs for Family 13, respectively. However,
each child was studied and evaluated within his / her own parent
trio. So, 16 different trios for mother-father-child mtDNA genome
sequence comparisons were performed in this study.

Our study population consists of infertile men with impaired
sperm parameters, which were all an indication for assisted

reproductive treatments including IVF or ICSI. While azoospermia
was the most commonly encountered spermiogram abnormality,
severe teratozoospermia and asthenozoospermia were also
present in the other patients.

All the couples were living in Istanbul, the largest city of Turkey,
and all couples were Caucasian. The study population was
collected from the largest tertiary care center in Istanbul, providing
care for practically most of the region’s infertile population.

Ethical approval for the study was obtained from the Ethics
Committee of Istanbul Faculty of Medicine (Istanbul, Turkey; Project
No: 26.06.2015-1331). The analyses were performed according to the
institutional review board-approved protocols for human study
participants at the Istanbul University. All participants provide
written informed consent for this research study.

Blood samples were obtained from either peripheral blood
lymphocytes (fathers, mothers and children at 10 months-4 years
of age) or cord blood (at delivery) collected in EDTA-containing
tubes from Istanbul University, Istanbul Faculty of Medicine,
Department of Obstetrics and Gynecology, Division of Reproduc-
tive Endocrinology and Infertility (Istanbul, Turkey). Clinical
details of the families were identified in Table 1.

Total genomic DNA was isolated and purified following the
manufacturer’s instructions from 200 pL blood samples by using
QIAamp® DNA Mini Kit (QIAGEN GmbH, Hilden, Germany,
#51304). The quantity and quality of DNA samples were measured
by NanoPhotometer, P330 (Implen GmbH, Munich, Germany).

MtDNA genome amplification

Whole genome mtDNA was amplified using two special primer
pairs (10 WM concentration of each) that generate two amplicons
approximately 9.1 kb and 11.2 kb in length (Sentromer, Istanbul,
Turkey) (Table 2). PCR was performed using TaKaRa LA Taq™ DNA
Polymerase Kit (TaKaRa, Kusatsu, Shiga, Japan, #RR002 M) and
10 wL (100 pg/ L) of purified total genomic DNA as template in a
50 L PCR reaction. The pre-heat lid option was set to 100°C on
BIO-RAD, T100 Thermal Cycler (Bio-Rad, CA, USA). PCR was
performed by one cycle of enzyme activation at 94°C for 5 min,
followed by 30 cycles of denaturation at 98°C for 15s and
annealing/extension at 68 °C for 10 s (slow ramp from 68 °C to 60 °C
at 0.2 °C per second), 60°C for 15s, 68 °C for 11 min, respectively.
The reaction was completed by 1 cycle of final extension at 72 °C for
10 min and was hold at 10°C. After whole mtDNA amplification,
5 L of each MTL1 (9.1 kb) and MTL2 (11.2 kb) PCR amplicons were
analyzed on 1% agarose gel with 1kb DNA ladder (Hibrigen,
Istanbul, Turkey). Amplified products were quantified using a
Qubit 3.0 Fluorometer (Life Technologies, UK) and Qubit™ dsDNA
HS Assay Kit (Invitrogen, Eugene, OR, USA) according to the
manufacturer’s protocol. Each mitochondrial amplicons were
diluted to 0.2 ng/.L final concentration with ultrapure nuclease-
free water and pooled in equimolar concentrations.

MtDNA library preparation and sequencing

Human mtDNA genome sequencing procedure of Illumina
sequencing platform (Document # 15037958, v01) was applied for
whole mitochondrial genome sequencing on the MiSeq system
(Illumina, San Diego, CA, USA). Nextera XT DNA Library Prep Kit
(Illumina, San Diego, CA, USA, #FC-131-1024) and Nextera XT DNA
Library Prep Index Kit (24 Indices, 96 Samples, lllumina, San Diego,
CA, USA, #FC-131-1001) were used for the library preparation,
template preparation and sequencing reactions, respectively.
Amplicons were tagmented (fragmented and tagged) and indexed
according to the Nextera XT protocol. Amplified DNA templates
were size selected, cleaned and normalized using “Ampure XP”
beads with Agencourt AMPure XP Kit (Beckman Coulter,
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Table 1
Clinical details for study participants.
Family Relationship Familial relation Age Gender (F/M) IVF | ICSI Male factor Blood sample type
diagnosis
Trio 1 Mother 1 No 22 Peripheral blood
Father 1 31 Azoospermia Peripheral blood
Child 1 Newborn Male ICSI Cord blood
Trio 2 Mother 2 No 38 Peripheral blood
Father 2 37 Azoospermia Peripheral blood
Child 2 Newborn Male ICSI Cord blood
Trio 3 Mother 3 No 34 Peripheral blood
Father 3 42 Azoospermia Peripheral blood
Child 3 Newborn Male ICSI Cord blood
Trio 4.1° Mother 4 No 26 Peripheral blood
Father 4 27 Asthenoteratospermia Peripheral blood
Child 4.1 Newborn Female IVF Cord blood
Trio 4.2° Mother 4 No 26 Peripheral blood
Father 4 27 Asthenoteratospermia Peripheral blood
Child 4.2 Newborn Male IVF Cord blood
Trio 4.3" Mother 4 No 26 Peripheral blood
Father 4 27 Asthenoteratospermia Peripheral blood
Child 4.3 Newborn Male IVF Cord blood
Trio 5 Mother 5 No 31 Peripheral blood
Father 5 35 Oligoteratozoospermia Peripheral blood
Child 5 2 Male ICSI Peripheral blood
Trio 6 Mother 6 No 33 Peripheral blood
Father 6 37 Asthenoteratospermia Peripheral blood
Child 6 Newborn Male IVF Cord blood
Trio 7 Mother 7 No 35 Peripheral blood
Father 7 44 Teratozoospermia Peripheral blood
Child 7 2 Male ICSI Peripheral blood
Trio 8 Mother 8 Yes'! 32 Peripheral blood
Father 8 (paternal side) 32 Asthenozoospermia Peripheral blood
Child 8 4 Male ICSI Peripheral blood
Trio 9 Mother 9 Yes? 27 Oligozoospermia and Teratozoospermia Peripheral blood
Father 9 (paternal side) 37 Peripheral blood
Child 9 22 months Male ICSI Peripheral blood
Trio 10 Mother 10 No 37 Oligozoospermia and Teratozoospermia Peripheral blood
Father 10 43 Peripheral blood
Child 10 4 Male ICSI Peripheral blood
Trio 11 Mother 11 No 36 Peripheral blood
Father 11 38 Asthenozoospermia Peripheral blood
Child 11 4 Male ICSI Peripheral blood
Trio 12 Mother 12 No 31 Asthenozoospermia and Teratozoospermia Peripheral blood
Father 12 35 Peripheral blood
Child 12 10 months Male ICSI Peripheral blood
Trio 13.1 Mother 13.1 No 29 Peripheral blood
++ Father 13.1 36 Azoospermia Peripheral blood
Child 13.1 2 Male ICSI Peripheral blood
Trio 13.2" Mother 13.2 No 29 Peripheral blood
Father 13.2 36 Azoospermia Peripheral blood
Child 13.2 2 Male ICSI Peripheral blood

* Child 4.1, Child 4.2 and Child 4.3 are triplets., ++: Child 13.1 and Child 13.2 are twins.
! “Mother 8” is daughter of “Father 8”s paternal uncle.
2 “Mother 9” and “Father 9”s paternal grandfathers are paternal cousin.

Table 2

List of primers used in whole genome mtDNA amplification (MTL1 amplicon (9.1 kb): MTL-F1 + MTL-R1; MTL2 amplicon (11.2 kb): MTL-F2 + MTL-R2).
Oligo Name Oligo Sequence (5'-3") Base number Purity Scale (nmol) Tm (°C)
MTL-F1 AAA GCA CAT ACC AAG GCC AC 20 HPLC 200 57.3
MTL-R1 TTG GCT CTC CTT GCA AAG TT 20 HPLC 200 55.3
MTL-F2 TAT CCG CCA TCC CAT ACATT 20 HPLC 200 55.3
MTL-R2 AAT GTT GAG CCG TAG ATG CC 20 HPLC 200 573

Indianapolis, IN, USA, #A63880). Bead-based normalized libraries 2 x 251-cycle run with 2 index reads on the MiSeq system
were pooled in a single tube with PhiX Control v3 (Illumina, San (Illumina, San Diego, CA, USA) (Fig. 1A).

Diego, CA, USA, #FC-110-3001) as a sequencing control. Libraries

were diluted and heat-denatured with regard to the MiSeq System Bioinformatics analysis

Denature and Dilute Libraries Guide (document #15039740).

Multiplex pools were sequenced using MiSeq Reagent Kit v2 Mitochondrial DNA genome sequencing data analysis was done
(Illumina, San Diego, CA, USA, #MS-102-2002) in paired-end, by using web-based bioinformatics tools: “mtDNA Variant



186 C. Eker et al./European Journal of Obstetrics & Gynecology and Reproductive Biology 236 (2019) 183-192

- Fu.t zmpl.\ﬁcatmn
MTL1 (9.1 kb), NITL2
(11.2 Xo) PCR amplicons.

- Quantify and make
equal of mitochondrial
amplicons.

Y —
- 16 trios (7 newboms, p—
9 infants). (

Spectrophotometric
measurement of DNA
concentration

oty - (NzzoPaotometer P330,
- A
\ 7

- Peripheral blood &
cord blood.

= - Bead-bated clean up
and normalization.
S J

(-Pool of normalized |

- Bsiciosmd
— - - Denaturation and
- Second amplification dilution of mtDNA pool.
(Library preparztion). - Sequencing library
51 eyl 2 inds fof i
- Tagmentation of input (tﬁ:!)'q" e rum, ex - Bioinformatics tools.
mtDNA. e — - Sequence mapping,
alipnment and
visualization,

x
*Map with BWA for \
Illumina (Galaxy
Version 1.2.3):
«FASTQ files »BAM files
«FreeBayes bayesian
genetic variant
detector (Galaxy
Version 1.1.0.46-0):
«BAM files—VCF files

* Unicycler assembly
(Galaxy Version
0.4.1.1):

*R1and R2FASTQ
files—FASTA sequences

*FASTA file analysis for
comparing mitochondrial

*IGV tool: indexing DNA sequence
«VCF file —vefidx similarities within each
+Visualization of novel and trio.
reported genome-wide
\_ variations within each trio | \ /
N >4 N s

Fig. 1. NGS application steps and study workflow.

B
~N N
* mtDNA Server: « mtDNA Variant
-mtDNA haplotype Processor v1.0.0:
analysis with R1 and
R2 FASTQ files. *R1 and R2FASTQdata
loadi
ERI] Ahgnment with BWA-
+(HaploGrep classification
based on Phylotree 16). MEM algorithm
*FASTQ filee—VCF
(Variant call files).
« Varjant visualization
using VCF files on web-
‘based and Excel format.
A S 4 N >4
Processor”, “mtDNA Variant Analyzer”, “Integrative Genomics

Viewer (IGV)”, “mtDNA Server” and “BLASTN”. FASTQ files from
the sequencer were processed into VCF files using the “mtDNA
Variant Processor v1.0.0” application (https://basespace.illumina.
com/apps/2382380/mtDNA-Variant-Processor?preferredversion).
The VCF outputs were then displayed in the web-based “mtDNA
Variant Analyzer v1.0.0” application for visualization and report
generation in an Excel file format including single nucleotide
variants (SNVs), insertions, deletions compared by revised Cam-
bridge reference sequence (rCRS, NC_012920) (https://basespace.
illumina.com/apps/2381379/mtDNA-Variant-Analyzer?preferred-
version) (Fig. 1B).

IGV was used to visualize the sequence alignment data from
mitochondrial genome data sets of each trio (http://software.
broadinstitute.org/software/igv/). FASTQ reads were aligned to
the “Homo_sapiens_nuHg19_mtrCRS (hgl19 with mtDNA
replaced with rCRS)” reference genome using “Map with BWA
for Illumina (Galaxy Version 1.2.3)” and BAM files were
generated for each sequenced sample (https://usegalaxy.org;
NGS:Variant Analysis). After the preferred file format for
viewing alignments in IGV was generated, all VCF files were
indexed using “igv tool” and “mother-father-child” alignment
data were compared with rCRS (NC_012920) to detect genome-
wide variations within each trio.

Mitochondrial DNA haplotypes were identified from FASTQ
reads of each sample on “mtDNA-Server” free service for the
analysis of human mitochondrial DNA data (https://mtdna-server.
uibk.ac.at/index.html). Detected haplogroups were generated
using HaploGrep classification (http://haplogrep.uibk.ac.at) based
on Phylotree 16.

“Nucleotide BLAST” (BLASTN-Basic Local Alignment Search
Tool) was used to compare mtDNA nucleotide sequences of each
trio and to find the sequence similarities between “mother-child”
and “father-child”. FASTQ files were converted to FASTA file format
to create assemblies with “Unicycler (Galaxy Version 0.4.1.1)" tool
(https://usegalaxy.org; NGS:Assembly). FASTA sequences were
used to compare mitochondrial DNA sequences for each trio

sample data set (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_-
TYPE=BlastSearch).

Results

Study group was designed according to the case-parent trio
study. Our primary aim was to investigate the paternal mitochon-
drial DNA transmission on children borned by IVF or ICSI. Literature
data has been suggested that male infertility factors could have
unfavourable effects on paternal mitochondria degradation and
normal embryo development. In addition to this, mutations in
mtDNA have been described in subfertile men. Therefore, we have
selected the fathers with male factor infertility to increase the
possibility to pick up the children whose sharing paternal mtDNA
variants as distinct from maternal mitochondrial DNA sequence.

A total of 16 trios (48 individuals) which contain 7 newborns
and 9 infants born by in vitro fertilization method (ICSI-IVF) and
their parents were studied using “Illumina, MiSeq” next-genera-
tion sequencing platform. Total genomic DNA was isolated from
either peripheral blood lymphocytes or cord blood samples.
Mitochondrial DNA genome was amplified using two special
primer pairs by polymerase chain reaction method to generate the
entire human mitochondrial genome. Sequencing reads were
analyzed in mitochondrial DNA databases and the results were
evaluated within each family. Bioinformatics analysis of whole
mtDNA genome sequence data allowed determination of novel and
reported variations for each individual. In bioinformatics analysis,
we aligned whole mtDNA genome sequence of 48 individuals
against to the revised Cambridge Reference Sequence (rCRS,
NC_012920) using “mtDNA Variant Analyzer” and “Integrative
Genomics Viewer” analysis tools, respectively.

Sequencing results were investigated on the basis of “mother-
father-child”, “mother-child” and “father-child” data reads. Mito-
chondrial DNA haplogroups and haplotypes were identified by
using “mtDNA-Server” program in accordance with HaploGrep
classification. In 14 “trios” of 16; maternal mitochondrial DNA
haplotype was detected for child, the remaining 2 “trios” had
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different mitochondrial DNA haplotypes when compared to their
mother and fathers (Table 3,Fig. 2). In Trio 2, mtDNA haplotype of
child 2 (B4clal) was detected different from his mother’s
(H13a2b1) and father’s (U4b1b1). In Trio 4.3, child 4.3 had
maternal mtDNA haplogroup, but different mtDNA haplotype
(U4b1lala) from mother 4 (U4blalal) and father 4 (G2a2a).

It was detected four different mitochondrial variations at
nucleotides m.73 A> G, m.11719 G > A, m.14766 C>T, m.16519 T> C
in Trio 2 and two variations at nucleotides m.2706 A> G, m.4769
A> G in Trio 10 which were observed as shared variants between
paternal and offspring mtDNA according to the “mtDNA Variant
Analyzer” results (Table 4). In addition to that, the detailed NGS
data output was added as Supplementary Table 1.

We investigated the paternal mitochondrial DNA transmission
by genome-scale IGV analysis tool. In this context, we evaluated
the genetic variants that observed on maternal mtDNA without
paternal and child or paternal-child shared mtDNA variants
without maternal. Also; “father-child” sharing same genetic
variants (SNP (“Single nucleotide polymorphism”) | MNP (“Multiple
nucleotide polymorphism”) | INDEL (“Insertion/Deletion”) were
detected in 8 trios. In Trio 1, it was found two distinct variations
between mother and child. Although “mother 1” had INDEL
variation at nucleotide m.5467-5471 in ND2 “Mitochondrially
Encoded NADH Dehydrogenase 2" gene, “child 1” and “father 1” had
normal allele sequence for reference genome. Also; “mother 1” had
heteroplasmic INDEL variation at position m.16292-16294 (D-
Loop) and “child 1 - father 1” had homoplasmic INDEL variation on
the same mitochondrial DNA position (Figs. 3A, 4 A). It was the first
case report for paternal mtDNA transmission of a 28 years old
patient with mitochondrial myopathy due to a novel 2 bp deletion
in the ND2 gene (known as MT-ND2) [12].

While “child 2 - father 2” had novel homoplasmic mitochon-
drial variants at position m.7028 (T/T), m.11719 (A/A), m.14133 (G/
G), m.14766 (T/T), m.16519 (C/C), “mother 2” had normal allelic
sequence for rCRS reference genome in Trio 2 (Fig. 3B). The
mitochondrial variation m.7028 C>T was in the COX1 (MT-CO1)
“Mitochondrially Encoded Cytochrome C Oxidase I” gene, m.11719
G>A was in the MT-ND4 “Mitochondrially Encoded NADH
Dehydrogenase 4” gene, m.14133 A>G was in the MT-ND5
“Mitochondrially Encoded NADH Dehydrogenase 5” gene, m.14133
A > G was in the MT-ND5 gene, m.14766 (C>T) was in the MT-CYB

Table 3

Comparing the “mother-father-child” mtDNA haplotypes obtained by mtDNA-
Server analysis tool, List of mtDNA haplotypes within each trio (based on Phylotree
16).

Trio Mother mtDNA Father mtDNA Child mtDNA
Number Haplotype Haplotype Haplotype
Trio 1 T2c1 T1al T2c1

Trio 2° H13a2b1 U4b1b1 B4clal
Trio 3 H26a1 J1b5b H26a1
Trio 4.1 U4blalal G2a2a U4blalal
Trio 4.2 U4b1lalal G2a2a U4blalal
Trio 4.3" U4blalal G2a2a U4blala
Trio 5 w4d G2a2 w4d

Trio 6 U8b1la2 Kla U8b1a2
Trio 7 K1a4f J1b1b K1a4f
Trio 8 15a2 H15 15a2

Trio 9 I5a H13a2c1 I5a

Trio 10 ROala Uda ROala
Trio 11 J1b3b U2b1 J1b3b
Trio 12 H5el K1a19 H5el

Trio 13.1 U4blalal Ulala U4blalal
Trio 13.2 U4blalal Ulala U4blalal

" In trio 2, child mtDNA haplogroup was detected different from his mother’s and
father’s.

™ In trio 4.3, mtDNA haplogroup was the same for “mother-child”, but mtDNA
haplotype was different.

mtDNA haplogroup distribution

HEEEE .
v T KX 1 J W R G B

m European haplogroups ~ m Asian haplogroups

Fig. 2. Distribution of mtDNA haplogroup lineages according to the rCRS (GenBank
NC_012920, Mitomap).

“Mitochondrially Encoded Cytochrome B” gene, m.14766 (C > T) was
in the MT-CYB gene and m.16519T>C was in the MT-DLOOP1
“Mitochondrial Displacement Loop” region.

In Trio 3; “mother 3” had a polymorphism at nucleotides
m.8563 A > C (SNP), but “child 3 - father 3” had wild type allel on
m.8563 (A/A) region. However; “mother 3” had a MNP variation at
nucleotides m.8909-8914 (TCTTAC /| CCTAAA), “child 3” did not
have any variation at this location which was near the COX3
“Mitochondrially Encoded Cytochrome C Oxidase III” gene (Fig. 3C). In
Trio 4.1; as “mother 4” had a heteroplasmic MNP variant at
nucleotides m.8269-8279 (GT | GTACCCCCTCT), “child 4.1” had a
homoplasmic variant at position m.8269-8279 (GT/GT) (Fig. 3D).

It was determined two novel variations at nucleotides m.8896
G > C, m.8909-8914 (TCTTAC | CCTAAA, MNP) for “child 5 - father
5” without “mother 5” in Trio 5. These variations were in the ATP6
“Mitochondrially Encoded ATP Synthase 6” gene (Fig. 4B).

In Trio 8; “child 8 - father 8” had three different SNP variations
at nucleotides m.3483 G > C, m.3488 T > A, m.3492 A > C which was
in the MT-ND1“Mitochondrially Encoded NADH Dehydrogenase 1"
gene, but “mother 8” had wild type genotype at that mitochondrial
region (Fig. 4C).

In Trio 9; as “child 9 - father 9” had a novel variation at
nucleotides m.8896 G > C in the ATP6 gene, “mother 9” had wild
type genotype (Fig. 4D).

InTrio 10; while “mother 10” had two SNP variations within MT-
ND2 gene at nucleotides m.5192 A > C, m.5208 A > C, “child 10” and
“father 10” did not have any variation in that location (Fig. 4E). In
relation to those of shared genetic variants, “mother-father-child”
and “father-child” comparative mtDNA nucleotide BLAST sequence
alignment results were added as Supplementary Fig. 1 and
Supplementary Table 2, respectively.

Bioinformatics analysis results confirmed by different pro-
grammes, simultaneously and mitochondrial genetic variations
were compared within each trio. Paternal /| maternal polymor-
phisms, insertion |/ deletion variations were evaluated and
common shared variants were summarized in Table 5.

MiSeq NGS workflow was completed by 93.5% Q-Score value for
whole experiment. Adapter sequences were removed from the
forward and reverse reads until there were no more than 3 adapter
bases on the end of the sequence read. BWA-MEM (Burrows-
Wheeler Alignment algorithm) which has a significant positive
impact on detection of variants [15] was performed for the
alignment. Analysis parameters were setted as Q30 (Minimum
Basecall Quality Score for a Call), 10% (Analysis Threshold), 25%
(Interpretation Threshold) and 10 (Minimum Read Count) for
variant calling analysis.
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Table 4
mtDNA Variant Analyzer (v1.0.0) Results (Father-child shared variants).
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Family Relationship Position rCRS A C G T Ins Del Variant Detail
Trio 2 Mother m.73 A 100 0.0 0.0 0.0 0.0 0.0

Father m.73 0.0 0.0 100 0.0 0.0 0.0 A>G

Child m.73 0.0 0.0 100 0.0 0.0 0.0 A>G
Trio 2 Mother m.11719 G 0.0 0.0 100 0.0 0.0 0.0

Father m.11719 100 0.0 0.0 0.0 0.0 0.0 G>A

Child m.11719 100 0.0 0.0 0.0 0.0 0.0 G>A
Trio 2 Mother m.14766 C 0.0 100 0.0 0.0 0.0 0.0

Father m.14766 0.0 0.0 0.0 100 0.0 0.0 T

Child m.14766 0.0 0.0 0.0 100 0.0 0.0 C>T
Trio 2 Mother m.16519 T 0.0 0.0 0.0 100 0.0 0.0

Father m.16519 0.0 100 0.0 0.0 0.0 0.0 T>C

Child m.16519 0.0 100 0.0 0.0 0.0 0.0 T>C
Trio 10 Mother m.2706 A 0.0 0.0 0.0 0.0 0.0 0.0

Father m.2706 0.0 0.0 100 0.0 0.0 0.0 A>G

Child m.2706 0.0 0.0 100 0.0 0.0 0.0 A>G
Trio 10 Mother m.4769 A 0.0 0.0 0.0 0.0 0.0 0.0

Father m.4769 0.0 0.0 100 0.0 0.0 0.0 A>G

Child m.4769 0.0 0.0 100 0.0 0.0 0.0 A>G

rCRS: revised Cambridge Reference Sequence (rCRS, NC_012920), Ins: Insertion, Del:
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Fig. 3. IGV analysis results for mtDNA genome comparison.

A. Trio 1: m.5467-5471, INDEL variation, Ref: CCACG (CCACG | ACCT, Mother 1: +, Father 1: -, Child 1: -), m.16292-16294, INDEL variation, Ref: CAC (CAC | TAT) (Mother 1:
Heteroplasmic mtDNA variant, Father 1: Homoplasmic mtDNA variant, Child 1: Homoplasmic mtDNA variant).

B. Trio 2: Mother 2: -, Father 2: +, Child 2: + variants. 1; m.7028 (T/T), 2; m.11719 (A/A), 3; m.14133 (G/G), 4; m.14766 (T/T), 5; m.16519 (C/C).

C. Trio 3: 1; m.8563 (A/C, SNP, Mother 3: +, Father 3-Child 3: -), 2; m.8909-8914 (TCTTAC/CCTAAA, MNP, Reference: TCTTAC, Mother 3-Father 3: +, Child 3: -).

D. Trio 4.1: m.8269-8279, MNP variation (Ref seq. GCACCCCCTCT) (Mother 4: GT /| GTACCCCCTCT -Heteroplasmic variant, Father 4: No variation, Child 4.1: GT | GT-

Homoplasmic variant).
rCRS: revised Cambridge Reference Sequence (mtDNA).

Discussion

The paternal transmission of mtDNA to the offspring has been
proved by scientific findings in human and animals. However, it is
still a huge question how oftenitis occurring in human. Because only
one case had been reported up to now, maternal inheritance whichis
the general accepted rule for mtDNA inheritance would not have
been refused for now and a few case in the future. It would be opened
the scientific debate related to mtDNA recombination when human

researches on paternal mtDNA inheritance have been increased.
Also, it would be reconsidered as anthropological research based on
mtDNA analysis of modern human migration and evolution.

In mammals, sperm-derived paternal mitochondria and their
mtDNA usually enter the oocyte cytoplasm after fertilization. It
is thought that some mechanisms such as simple dilution
model, active degradation model including ubiquitination,
autophagy and proteasomal or lysosomal pathways have
function to prevent the inheritance of paternal mtDNA to the
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Fig. 4. Paternal derived variation carried childs unlike maternal mtDNA sequence.

A. Trio 1: m.5467-5471, INDEL variation (Mother 1: CCACG |/ ACCT, Father 1: -, Child 1: -).
B. Trio 5: 1; m.8896 (G/C, Mother 5: -, Father 5: +, Child 5: +), 2; m.8909-8914, MNP variation Ref: TCTTAC, (TCTTAC | CCTAAA, Mother 5: -, Father 5: +, Child 5: +).
C.Trio 8: 1; m.3483 (G/C, SNP, Mother 8: -, Father 8: +, Child 8: +), 2; m.3488 (T/A, SNP, Mother 8: -, Father 8: +, Child 8: +), 3; m.3492 (A/C, SNP, Mother 8: -, Father 8: +, Child 8: +).

D. Trio 9: m.8896 (G/C, Mother 9: -, Father 9: +, Child 9: +).

E. Trio 10: 1; m.5192 (A/C, SNP, Mother 10: +, Father 10: -, Child 10: -), 2; m.5208 (A/C, SNP, Mother 10: +, Father 10: -, Child 10: -).

next generation. The mechanisms for the recognition and
exclusion of paternal mtDNA differ between organisms. In
Drosophila melanogaster, mtDNA is removed from the spermato-
zoa during their development [16]. In fertilized primate and cow
eggs, sperm mitochondria are tagged with ubiquitin targeting the
organelles for destruction by the ubiquitin proteasome system
[17]. There is also evidence about active degradation of paternal
mtDNA in fertilized eggs of several organisms like Japanese
medaka fish Oryzias latipes [18], Caenorhabditis elegans [19,20]. In
humans, sperm mtDNA is eliminated at the stage of two or four
cell embryos [7,17] and sperm loss is observed during embryo-
genesis in mice [21].

There is no direct evidence showing the destruction of sperm
mtDNA and the mechanism for the recognition of paternal
mitochondria is not precisely known [11]. There are several
examples where paternal mtDNA has escaped from this process
[22]. In mammals, the “leakage” of paternal mtDNA has been
observed in atypical situations such as in the interspecies hybrids
in mice (between Mus musculus and Mus spretus strain) [10], the
persistence of human sperm-derived mtDNA when introduced into
somatic cells [23] and in the abnormal fertilised human polyploid
embryos from the four-cell to the eight-cell stage [24].

Schwartz and Vissing reported a sporadic patient with
mitochondrial myopathy due to a novel 2-bp mtDNA deletion in
ND2 gene which encodes a subunit of the respiratory chain. In
muscle from this patient, it was shown that 90% of the mtDNA was
paternally derived and it was the first case of paternal inheritance
in humans [12]. Kraytsberg and colleagues confirmed that 7% of
single mtDNA molecules in the same patient’s muscle cells
contained alternating paternal and maternal mtDNA segments
providing the first direct evidence for recombination [13]. It was

suggested that this unusual mtDNA inheritance likely resulted
from a failure to eliminate the low levels of mtDNA normally
present in human sperm [9].

The mechanism underlying the maternal inheritance of
mitochondrial DNA has not been completely explained. Recently,
several lines of evidence suggest that different species seem to
employ distinct mechanisms to prevent the inheritance of paternal
mitochondrial DNA. Therefore, the aim of this study is to
investigate the paternal mitochondrial DNA’s effect on assisted
reproductive technology applications working on the molecular
basis of sperm mitochondrial DNA elimination and paternal
mitochondrial DNA transmission in human. Studies on the next
generation sequencing of mitochondrial DNA (mtDNA) have been
carried out in the families (16 trios) to which assisted reproductive
technologies were applied as a result of male infertility. The
mitochondrial dysfunction might also be a feature of human male
infertility and mutations in mtDNA have been described in
subfertile men [25,26]. Regarding this, the fathers clinically
diagnosed for azospermia, asthenozoospermia, oligozoospermia
and teratozoospermia were selected in this study.

Mitochondria are thought to be the most important organelles
for the evaluation of sperm quality including sperm DNA integrity
and motility by means of their own DNA and membrane potential
[27,28]. Mitochondrial oxidative phosphorylation and glycolysis
are the energy production systems within sperm cells. It is
mentioned that sperm cells can modulate glycolysis and oxidative
phosphorylation functions to satisfy their energy need based on
different conditions and fertilization stages [29]. In some
asthenozoospermic sperm samples, abnormalities in mitochon-
drial number and morphology were also found [30,31]. Luo and
colleagues suggest that although oxidative phosphorylation and
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Table 5
Comparison of mitochondrial genome sequencing data analysis results.
Family Relationship mtDNA- mtDNA Variant Analyzer rCRS Integrative Genomics Viewer BLASTN
Server Paternal shared variant Paternal shared variant mtDNA
Haplotype sequence
similarity
(Identity) (Query
cover)
Trio 1  Mother T2c1 m.5467-5471 (INDEL), m.16292-16294 (INDEL/Het.) 99% 100%
Father Tlal -, m.16292-16294 (INDEL/Hom.) 98-100% 100%
*Child T2c1 -, m.16292-16294 (INDEL/Hom.)
Trio 2  Mother H13a2b1 m.73A, m.11719 G, m.14766C, AIG] - - - 99% 100%
m.16519T C/T
Father U4b1b1 m.A73G, m.G11719A, m.C14766T,m. A/G/  m.7028 (T/T), m.11719 (A/A), m.14133 (G/G), m.14766 (T/T), 99-100% 1-53%
T16519C C/T m.16519 (C/C)
*Child B4clal m.A73G, m.G11719A, m.C14766T, m. A/G/ m.7028 (T/T), m.11719 (A/A), m.14133 (G/G), m.14766 (T/T),
T16519C C/T m.16519 (C/C)
Trio3  Mother H26a1 m.A8563C (SNP), m.8909-8914 (TCTTAC | CCTAAA, MNP)  100% 100%
Father J1b5b -, m.8909-8914 (TCTTAC | CCTAAA, MNP) 99-100% 8-24%
*Child H26a1 - -
Trio 41 Mother U4blalal m.8269-8279 (GT | GTACCCCCTCT, Heteroplasmic variant) 100% 100%
Father G2a2a - 99% 100%
*Child U4blalal m.8269-8279 (GT / GT, Homoplasmic variant)
Trio 4.3 Mother U4blalal 100% 100%
Father G2a2a 95-99% 1-44%
*Child Udblala
Trio 5  Mother w4d - - 93-100% 1-44%
Father G2a2 m.G8896C, m.8909-8914 (TCTTAC /| CCTAAA, MNP) 87-99% 1-30%
*Child w4d m.G8896C, m.8909-8914 (TCTTAC | CCTAAA, MNP)
Trio 8  Mother 15a2 - - - 99-100% 1-14%
Father H15 m.G3483C (SNP), m.T3488A (SNP), m.A3492C (SNP) 99% 100%
*Child 15a2 m.G3483C (SNP), m.T3488A (SNP), m.A3492C (SNP)
Trio 9  Mother 15a - 100% 100%
Father H13a2c1 m.8896 (G/C) 99% 100%
*Child 15a m.8896 (G/C)
Trio 10 Mother ROala m.2706, m.4769 AlG m.5192 (A/C, SNP), m.5208 (A/C, SNP) 99% 99%
Father U4a m.A2706G, m.A4769G AlG - - 98-100% 1-19%
*Child ROala m.A2706G, m.A4769G AlG - -

glycolysis may have different roles in the spermatozoa from
diverse species, oxidative phosphorylation is not dispensable for
the sperm normal functions and any defect of it may also affect the
sperm cell’s fertilization ability [11]. Palanichamy and Zhang
suggest that mtDNA plays a crucial role in sperm dysfunction and it
serves as a potential diagnostic marker in infertile men, especially
in cases of idiopathic oligoasthenozoospermia [32]. So, our study
group was designed according to the male infertility subgroups
which include azospermia (Father 1, 2, 3, 13), asthenozoospermia
(Father 8, 11), asthenoteratozoospermia (Father 4, 6, 12), oligoter-
atozoospermia (Father 5, 9, 10) and teratozoospermia (Father 7),
respectively.

Almost half of cases of infertility may be associated with male
infertility. A semen analysis that measures sperm concentration,
motility and morphology is the gold standard test for determining
a person'’s fertility. There are also other tests that investigate male
infertility; one being sperm DNA fragmentation test. It is known
that DNA fragmentation is significantly higher in infertile men and
men with poor semen parameters tend to have high sperm DNA
fragmentation. Possibly, high DNA fragmentation may also be
associated with decreased live birth rates in both natural and ART
pregnancies. However, its utility is highly questionable due to its
cost. Most of the causes of DNA fragmentation can not be treated.
Damage caused by oxidative stress can be treated with lifestyle and
diet modifications. But, it is well known that risk factors for
oxidative stress should be emphasized to be stopped regardless of
DNA fragmentation ratio in every couple. So we do not routinely
investigate the sperm DNA fragmentation ratio, we do not have this
result for all patients, thereby can not give this data.

Kumar and colleagues have observed a high frequency of
nucleotide changes in the mitochondrial genes COIl (MT-CO2)

“Mitochondrially Encoded Cytochrome C Oxidase II”, ATPase 6 (MT-
ATP6) “Mitochondrially Encoded ATP Synthase 6", ATPase 8 (MT-
ATP8) “Mitochondrially Encoded ATP Synthase 8”, ND2, ND3
“Mitochondrially Encoded NADH Dehydrogenase 3”, ND4 and ND5
in the semen/blood cells of infertile men [33,34]. However, we
have found father-child shared variants in mitochondrial genes
COX1 (MT-CO1) (Trio 2), ATPase 6 (Trio 5, Trio 9), ND1 (Trio 8), ND4
(Trio 2), ND5 (Trio 2), MT-CYB (Trio 2), MT-DLOOP1 region (Trio 2).
Besides these findings, we have also observed maternal mitochon-
drial variants within or near mitochondrial genes COX3 (Trio 3),

ND2 (Trio 10) without detected on child-father mtDNA.

The identified novel and reported variations were in the
ND1, ND2, ND4, ND5, COX1, COX3, CYTB, ATP6 genes and DLOOP
non-coding mitochondrial control region. These genes are
encoded by mtDNA and they play an important role in oxidative
phosphorylation process as a member of respiratory chain enzyme

complex subunits.

In our population, the previously reported m.73 A>G and
m.16519 T > C in non-coding MT-CR region were detected in Trio 2
(father 2 - child 2). These variations were reported as a
homoplasmic point mutation related to oral cancer and cyclic
vomiting syndrome with migraine /| metastasis risk (m.16519 T >
C), respectively [35-38]. Three kinds of single nucleotide
polymorphism (SNP) variations within MT-ND1 gene including
m.3483 G>C, m.3488T > A, m.3492 A > C were determined in Trio
8. In recent studies, m.3481 G > A was reported to be related with
the diseases of Mitochondrial Encephalomyopathy, Lactic Acidosis
and Stroke-like episodes (MELAS) and progressive encephalomy-
opathy [39-41]. The other MT-ND1 variations for m.3488 T> C [42]
and m.3496 G > T [43,44] were reported for Leber Hereditary Optic

Neuropathy (LHON) disease.
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The same “father-child” shared variation for m.8896G>C
within ATP6 gene was observed in Trio 5 and Trio 9. Also, father 5
and father 9 had same male infertility factor which was diagnosed
for oligoteratozoospermia. However, m.8890 A> G variation in
ATP6 gene was also reported in Juvenile-onset metabolic syndrome
[45]. The same MNP variation at nucleotides m.8909-8914 within
ATP6 gene was detected in Trio 3 of mother 3-father 3 and in Trio 5
of father 5-child 5. It was reported as prostate cancer/neuromus-
cular disorder risk associated variation (m.8932 C> T) adjacent to
m.8909-8914 [46-48].

In this study, 48 mitochondrial genome of 16 trio samples were
analyzed for mtDNA haplotype assessment by mtDNA-Server
program. It has mostly observed Europian derived haplogroups (H,
I, ], K, T, U, W and RO) except two Asian haplogroup B and G in our
samples. InTrio 2 and Trio 4.3 child had different mtDNA haplotype
from their parents, in the remaining 14 trios their maternal mtDNA
haplotype was detected. Although there has been reported
interpretations associated with mtDNA polymorphisms and
mitochondrial haplogroups in infertile groups, we could not find
any evidence supporting this.

Homologous and non-homologous DNA recombination ac-
tivity has been reported in human mitochondria and intramo-
lecular / intermolecular mtDNA recombination has also been
detailed in fungi, plants, animals [49,14]. Our findings for
paternal transmission of shared variants could be the result of
intermolecular recombination between maternal and paternal
mitochondrial DNA.

In recently published article, Luo and colleagues have demon-
strated biparental transmission of mtDNA in three unrelated
multigeneration families with a high level of mtDNA heteroplasmy
(ranging from 24 to 76%) in a total of 17 individuals [50]. It would
appear as an important evidence that supports our demonstrated
results after Schwartz and Vissing’s published report in 2002.

Conclusion

As a conclusion, paternal inheritance would appear to have
importance on genetic consultancy especially for complex mito-
chondrial diseases. Further detailed evaluation of molecular genetic
analysis data would provide evidence about paternal inheritance
transmission forms especially in assisted reproduction techniques.
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