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Abstract—Mutations in mitochondrial DNA (mtDNA) may result in various pathological processes. Detection of mutant
mtDNAs is a problem for diagnostic practice that is complicated by heteroplasmy — a phenomenon of the inferring pres-
ence of at least two allelic variants of the mitochondrial genome. Also, the level of heteroplasmy largely determines the pro-
file and severity of clinical manifestations. Here we discuss detection of mutations in heteroplasmic mtDNA using up-to-
date methods that have not yet been introduced as routine clinical assays. These methods can be used for detecting muta-
tions in mtDNA to verify diagnosis of “mitochondrial disease”, studying dynamics of mutant mtDNA in body tissues of
patients, as well as investigating structural features of mtDNAs. Original data on allele-specific discrimination of
m.11778 G>A mutation by droplet digital PCR are presented, which demonstrate an opportunity for simultaneous detection

and quantitative assessment of mutations in mtDNAs.
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Mitochondrial diseases comprise a group of diseases
related to disturbed mitochondrial biogenesis due to
mutations in nuclear DNA (nDNA) or the mitochondri-
al genome. Such diseases are characterized by variable
symptoms, from mild headache and muscle weakness to
subacute necrotizing encephalomyopathies [1]. Because
this review will focus only on mitochondrial DNA
(mtDNA) mutations, we briefly outline features of mito-
chondrial genetics. Mitochondrial inheritance occurs
along maternal lineage, and the mitochondrial genome in
humans consists of circular DNA containing 16,569 bp.
On two DNA strands, 37 densely packed contiguous and
overlapping genes are located [2]. In the mtDNA, the
level of mutational events is very high, and the rate of
spontaneous mutagenesis exceeds that of nDNA by about
20 times. On one hand, this determines a possibility for
mutations to manifest in the first generation or even in an
individual in whom it arose; on the other hand, harmful-
ness of mutations may be largely alleviated by multiple
copies of mtDNAs, ranging from 2 to 10 per mitochon-
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drion in cells, which contain up to several thousand mito-
chondria [3]. In humans, mitochondria can be found in
all cell types except erythrocytes, and the amount of
mtDNA per cell varies depending on the body tissue and
the age of the host. The number of mtDNA copies ranges
from 250-350 in leukocytes up to >6000 in myocardial
muscle cells [4]. Mitotic segregation of mitochondria in
ontogenesis may result in a situation when body tissues
would differ qualitatively in terms of mitochondrial vari-
ants, which, in turn, places certain limitations while
choosing biological samples for analysis.

According to a 2014 epidemiological study, the fre-
quency of mitochondrial disorders with verified muta-
tions in mtDNA in the European population was estimat-
ed to be ~1 per 5000 people [5]. However, there are miss-
ing data on the frequency of mitochondrial disorders
based only on clinical symptoms, and diagnostics of such
illnesses has some difficulties for the general practitioner
due to nonspecific symptoms, especially at early stage of
developing pathology as well as clinical picture similar to
other diseases [6]. To promptly choose treatment strategy,
molecular biology methods should be used to confirm or
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rule out mutations in mtDNA. Unfortunately, although
under development, no therapeutic approaches now exist
for treating mitochondrial disorders [7, 8].

On the other hand, consultation with prospective
mothers is another important medical aspect of mito-
chondrial genetics [9]. Multiple copies of mtDNA under-
lie the heteroplasmy phenomenon, i.e. when a mixture of
various mtDNAs is found in the body. A prospective
mother may be clinically healthy but bear high-level
mutant mtDNA, so that with high probability pathology
may develop in her baby. A disease may clinically manifest
and progress upon reaching a certain quantitative level of
mutant mtDNA, known as a threshold effect [10].
Current methods reveal mutant mtDNA when its level
comprises 5-10% of total mtDNA, which is sufficient for
performing early diagnostics of mitochondrial disorders.

In this review, we discuss methods routinely used for
detecting pathogenic mutations in mtDNA as well as up-
to-date approaches that have not yet been introduced into
broad clinical practice. In addition, droplet digital PCR
(ddPCR) is discussed as an assay for counting absolute
number of mtDNA copies. Accuracy of determining the
level of heteroplasmy is required for examining dynamics
of accumulated mutant mtDNA as well as assessing effi-
cacy of currently developed systems for editing mito-
chondrial genome [11-14].

DETECTION OF MUTATIONS
IN MITOCHONDRIAL DNA

Diagnostics of mitochondrial disorders includes
clinical and biochemical examination. Clinical manifes-
tations of mitochondrial diseases vary greatly, although
the following features can be highlighted: simultaneously
affect on several organs or organ systems; acute episodes
observed at early stage of developing disease or during
overt clinical picture; onset of disease symptoms varies
with patient’s age. When the clinical picture indicates
mitochondria-related nature of illness, differential diag-
nosis must be performed by adhering to the following
strategy: a thorough analysis of family history of disease to
distinguish between mitochondrial vs. nuclear inheri-
tance; assessment of mitochondrial disease biomarkers
(level of lactate, pyruvate, alanine, and fibroblast growth
factor 21); immunocytochemistry examination and
assessment of activity of complexes involved in oxidative
phosphorylation [15, 16]. Note that fibroblast growth fac-
tor 21 regulating lipid and glucose metabolism is a new
marker for mitochondrial encephalomyopathies [17].
Expression of this gene increases in cells of skeletal mus-
cles as a compensatory mechanism in response to
impaired functioning of the respiratory chain in mito-
chondria [18]. Based on clinical and biochemical diag-
nostics, patients are referred for molecular genetic analy-
sis to detect any of the known mutations. According to
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[19], as few as 5-20% patients were found to bear predict-
ed mutations in their mitochondrial genome. The
remainder is accounted for by nuclear mutations,
improperly selected biological sample, or emergence of
previously unknown mutation at initial stages of embryo-
genesis.

Methods for detecting mutations in mtDNA do not
significantly differ from those used to determine the pri-
mary sequence of any DNA. Key diagnostic approaches
are based on restriction enzymes and assays involving
polymerase chain reaction (PCR). As mentioned above,
in medical practice heteroplasmy is an important feature
when dealing with mtDNA. Wild type variants may be
present along with mutant types of mtDNA. If the per-
centage of mutant forms in an examined sample is low,
there is a probability that the outcome would give rise to a
false negative result. Analytical complexity increases if a
mutant variant is present as a single nucleotide substitu-
tion, but not an insertion or deletion. Gel electrophoresis
of amplification products reveals deleted and duplicated
regions in mtDNA, and in the case of heteroplasmy, two
amplification products will be found. Prior to gel elec-
trophoresis, amplification products may be treated with
restriction endonucleases, a method known as
Restriction Fragment Length Polymorphisms (RFLP).
Certain nucleotide substitutions are known to alter recog-
nition pattern for restriction sites in DNA. RFLP analy-
sis provides quite high resolving power revealing as low as
5% mutant mtDNA [20]. However, as RFLP analysis
does not determine primary sequence in mtDNA, there is
a probability for both false positive and false negative
results, which may be due to impairment or emergence of
a recognition site for a restriction enzyme resulting from
synonymous mutations, i.e. without altering amino acid
sequence.

Using multiplex ligation-dependent probe amplifi-
cation (MLPA) [21], MRC-Holland (The Netherlands)
developed a kit (SALSA MLPA PI125 Mitochondria
probemix) for detecting qualitative and quantitative
structural reorganization in mtDNA; the kit contains 37
various probes resulting in amplification products ranging
from 136 to 427 bp in length. Each probe consists of two
oligonucleotides. In case a sample sequence is compli-
mentary to a probe, then they bind via contiguous
hybridization, subsequently being cross-linked by ligase.
After the amplification step, probes would have a unique
length, which is used upon their separation in capillary
electrophoresis. Relative level of heteroplasmy in
mtDNA with deletions is determined using peak analysis
plotted after capillary electrophoresis. Thus, this assay
assesses number of deletions along the entire sequence of
mtDNA [22].

High-throughput sequencing (NGS, Next
Generation Sequencing) allows determining nucleotide
sequence in mtDNA together with simultaneously
assessed level of heteroplasmy [23]. NGS can reveal sin-
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gle mutations as well as deletions/duplications during the
same reaction (in the same test tube) simultaneously in an
entire mtDNA molecule including precise mapping of
loci with developing structural reorganizations [24].
Despite being attractive, NGS technologies are far from
routine laboratory practice due to high cost and require-
ment for highly qualified personnel.

Practical comparison of methods used to detect
deletions and single nucleotide insertions into mtDNA
were discussed in earlier publications [25-27].

DIGITAL DETECTION OF QUALITATIVE
AND QUANTITATIVE CHANGES IN mtDNA

Digital PCR can amplify a number of DNA copies,
wherein the reaction simultaneously proceeds inside sev-
eral thousands of nanoliter microspheres, thereby allow-
ing increasing data reliability. It is common for real-time
PCR to execute it in triplicate, followed by calculation of
the arithmetic mean. By carrying out digital PCR, sever-
al thousand reactions undergo simultaneously, which sub-
stantially reduces inaccuracy. Digital PCR has now
become more common as an accurate assay for quantita-
tive assessment of nucleic acids.

Droplet digital PCR is a variant of digital PCR pro-
posed by Bio-Rad (USA) [28]. The essence of the method
is amplification of extremely low amounts of DNA fol-
lowed by analyzing relative number of microspheres
with/without template. Use of high DNA concentration
results in methodological error so that template enters all
microspheres and PCR proceeds in all “droplets”, mak-
ing impossible quantitative estimation.

The components for reaction include commercial
PCR mixture and custom-selected probes and/or
oligonucleotide primers. In the first stage, a reaction mix-
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ture is separated in specially prepared oil solution into 15-
25 thousand droplets with volume of 1 nl. After the ampli-
fication reaction, fluorescent signal is registered at a final
point by using a special module working on the principle
of flow cytometry, and the results are expressed as
absolute number of DNA copies.

At the time of preparation of the manuscript (June
2016), four studies [29-32] were published wherein
ddPCR was used to examine mtDNA. Investigation of
mtDNA with PCR can be divided into two types: (i) cal-
culating number of mtDNA copies per haploid chromo-
some set and (ii) assessing level of heteroplasmy in
mutant mtDNA. Similar to PCR, ddPCR used to count
mtDNA copies in the cells require the presence of a con-
servative nuclear gene of known copy number. It was
demonstrated many times that change in amount of
mtDNA represents a molecular marker of disease. During
such assays, accuracy is necessary for creating a mathe-
matic model for dynamics of mutant mtDNA in molecu-
lar pathogenesis of a disease.

Estimation of mutant mtDNA amount is a more
complicated task, because it requires performing efficient
allelic discrimination. Based on ddPCR, a precise
method for quantitative measurement of deletions in
mtDNA with extremely high sensitivity threshold (1 : 107)
was developed [31]. This method is known as 3D (Digital
Deletion Detection), which includes three steps: tem-
plate enrichment, amplification, and analysis. In the first
step (template enrichment), DNA samples initially col-
lected at high concentration are selectively treated with
restriction endonuclease that cut all wild type mtDNAs,
thereby, leaving intact only mtDNAs containing dele-
tions. Then, the digestion products serve as template for
amplification with TagMan-probes selected to bind to
regions flanking a deletion in the mtDNA. As a result,
absolute quantitative data on the amount of mtDNA with

Primers and probes used for ddPCR

Primer Nucleotide sequence, 5'-3'
Primers and allele-specific probes for ddPCR
f 11778 ACGGGCTTACATCCTCATTAC
r_ 11778 AGAGTTTGAAGTCCTTGAGAGAG
z_fam TG+CGACTGTGAGTGC
z_hex TG+TGACTG+TGAGTGC
Allele-specific primers for ddPCR
f nd4 CGGCGCAGTCATTCTCATAA
r_nd4_gl CCTTGAGAGAGGATTATGATGH+C
r_nd4_a AAAGCTATTAGTGGGAGTAGAGTTTGAAGTCCTTGAGAGAGGATTATGAAG+T
forcytB_80 ACTATCCGCCATCCCATACATTG
reveytB_80 TGAGGGTGGGACTGTCTACTGAG

Note: “+”, before nucleotide with LNA-modification.

BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016



1034 SOFRONOVA et al.
matrix: 50% p.11778G+ e ) i
ix: % n.1177 matrix: 100% p.11778A
matrix: 100% p 11 8G +50°i° p.11778A |
| \l ) [ |
Ch1Pos:10231 Neg:22746
16000 E|01 T IE02 T T BOZ T
14000
12000
(V]
=
£ 10000
a
£ 8000
T 6000
@]
4000
2000
0
0 5000 10000 15000 20000 25000 30000
Event Number
Set Threshold
Ch2Pos:14346 Neg:18631
3000 £ : e ; po ;
2500 T .
()]
S 2000 -
Q "= »
£ 1500 -
o™
5 1000 e
500 T .
0 t : ; : ', ',
0 5000 10000 15000 20000 25000 30000
Event Number

Fig. 1. Clusters with droplet distribution after amplification of templates p.11778A and p.11778G with allele-specific probes. Top, left-to-right:
clusters with droplet distribution after amplification with allele-specific probe detecting mutation m.11778G: template p.11778G, mixture of
templates p.11778G + p.11778A, 1 : 1 ratio, template p.11778A. Bottom, left-to-right: clusters of droplet distribution after amplification with

allele-specific probe detecting mutation m.11778A.

deletions contained in the examined sample is obtained.
Thus, an advantage of the 3D technique is based on ini-
tial concentration of mutant mtDNA so that their subse-
quent detection is performed immediately without pre-
liminary amplification, thereby excluding PCR artifacts.

By using allele-specific hydrolyzed probes and
allele-specific oligonucleotide primers, it is possible to
measure number of mtDNA copies differing in one
oligonucleotide substitution. We demonstrated feasibility
of this approach in case of mutation m.11778 G>A, which

is associated with Leber’s disease (OMIM # 535000). For
this, fragments from the gene encoding NADH-
ubiquinone oxidoreductase chain 4 (MT-ND4) contain-
ing a region with mutation (m.11778G) and the wild type
(m.11778A) variant were cloned into pUCI19 plasmid.
The sequences of oligonucleotide primers and hydrolyzed
probes are shown in the table.

The ddPCR was performed according to the manu-
facturer’s protocol, with some optimization procedure.
Distribution of droplet clusters points at specificity of
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interaction between hydrolyzed probe and matching Apart from hydrolyzed allele-specific probes for
templates (Fig. 1). During the experiment, diplex PCR allelic discrimination, allele-specific primers and interca-
was applied: one of the allele-specific probes was compli- lating dye can be used. Only two detection channels are
mentary to wild type m.11778G mtDNA, whereas used in present-day equipment for performing ddPCR,
another to mutant m.11778 A mtDNA. Allele-specific ~ which allow applying probes with dye FAM and
probes were also used for detecting rare mutations in ~ VIC/HEX. Selecting allele-specific probes allows meas-

mtDNA [32]. uring either amount of mutant and wild type mtDNA or
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Fig. 2. Allele-specific interaction of primers with templates p.11778A and p.11778G with thermal gradient. Clusters of droplet distribution
after multiplex ddPCR with allele-specific primers. Left-to-right: thermal gradient from 64 to 55°C. Separate clusters are designated on the
right: 1) cluster of “negative” droplets containing no specific template; 2) cluster of amplification products after using 88-bp-long cytB
primers; 3) cluster of amplification products with allele-specific primers specific to mutation m.11778G, 122-bp-long; 4) cluster of amplifi-
cation products, 88- and 122-bp-long.
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total amount of mtDNA and one of the allelic variants. To
assess level of heteroplasmy m.11778A>G as well as to
calculate total amount of mtDNA, a set of primers was
developed that results in amplification products of differ-
ent length. Using software, this allows allocation of
amplicons into independent droplet clusters due to the
differences in amount of intercalating dye bound to them.
During the optimization process, it was found that
droplet clusters were separated more efficiently at low-
ered temperature during the annealing step (Fig. 2).

Droplet digital PCR has not been introduced into
laboratory practice yet; however, this approach fully
meets the requirements of data reproducibility and low
threshold sensitivity applied to systems for detecting level
of heteroplasmy.
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