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Natural selection acts on the phenotype. Therefore, many mistakenly expect to observe

its signatures only in the organism, while overlooking its impact on tissues, cells and

subcellular compartments. This is particularly crucial in the case of the mitochondrial

genome (mtDNA), which, unlike the nucleus, resides in multiple cellular copies that may

vary in sequence (heteroplasmy) and quantity among tissues. Since the mitochondrion is

a hub for cellular metabolism, ATP production, and additional activities such as nucleotide

biosynthesis and apoptosis, mitochondrial dysfunction leads to both tissue-specific and

systemic disorders. Therefore, strong selective pressures act to maintain mitochondrial

function via removal of deleterious mutations via purifying (negative) selection. In parallel,

selection also acts on the mitochondrion to allow adaptation of cells and organisms

to new environments and physiological conditions (positive selection). Nevertheless,

unlike the nuclear genetic information, the mitochondrial genetic system incorporates

closely interacting bi-genomic factors (i.e., encoded by the nuclear and mitochondrial

genomes). This is further complicated by the order of magnitude higher mutation rate of

the vertebratemtDNA as compared to the nuclear genome. Suchmutation rate difference

generates a generous mtDNAmutational landscape for selection to act, but also requires

tight mito-nuclear co-evolution to maintain mitochondrial activities. In this essay we will

consider the unique mitochondrial signatures of natural selection at the organism, tissue,

cell, and single mitochondrion levels.

Keywords: mitochondria, mtDNA, selection, single cell, single mitochondrion, evolution

INTRODUCTION

All cells require ATP, as it is the most common cellular currency to do work. Although glycolysis
provides the means to produce ATP when glucose is available, an order of magnitude and
more efficient energy-production system emerged ∼2.5 billion years ago in eukaryotes through
endosymbiosis between the ancestor of the mitochondria and the progenitor of eukaryotic cells
(Sagan, 1967). Ever since, genetic material migrated from the genome of the former free-living
alpha proteo-bacterium to the host nucleus (the formation of which will not be discussed here).
This apparent lateral gene transfer created interdependence between the host and tenant, not only
due to the cellular reliance on mitochondrial ATP production, but also due to the involvement
of mitochondria in many other major activities, such as nucleotide biosynthesis, the generation
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of Iron-Sulfur protein clusters, apoptosis etc. Consequently,
mitochondria cannot be grown outside of the eukaryotic cells,
and the vast majority of eukaryotic cells cannot survive without
their mitochondria.

Such relocation of genetic material from the cytoplasm to the
cell nucleus required adaptation of the former mitochondrial
DNA (mtDNA)-encoded genes to the nuclear genetic code
and translation machinery, assimilation of the “new” genetic
immigrants into the nuclear mode of gene regulation, which
respond to chromatin remodeling, and finally required the
acquisition of the protein properties that allow their re-import
into the mitochondria to maintain their function. This became
further complicated by the emergence of metazoans, which
required differential energy expenditure per tissues and cell types
(Lane and Martin, 2010). Hence, strong selective constraints
should have been inflicted to preserve the activity (via negative
selection) of the factors which generate such energy. In parallel,
positive selection likely also acted to enable adaptation of
the energy metabolism system to a variety of environments,
and possibly allows each cell type to incorporate its specific
activities within the tissues of the organism. In the current essay,
we will discuss evidence supporting selective signatures that
marked themitochondrial genetic system after its emergence.We
will demonstrate such signatures at three different levels—the
organism, the cell and the individual mitochondrion. As much
literature studied and discussed the organism level, we will put
more emphasis on the cellular and mitochondrial levels.

Selection Acts on the Phenotype—the
Various Levels of Mitochondrial
Phenotypic Expression
In 1983 the neutral theory of molecular evolution was put
forward by Motoo Kimura, who argued that most population
genetic variants result from mutations which propagate via
genetic drift and not selection, and therefore, different alleles
generally do not affect the individual’s fitness (Kimura, 1983).
This theory is frequently misinterpreted, as it does not imply
that organisms are not adapted to their environments, and it
does not state that natural selection is negligible in shaping
genetic variation and genomes. Although geneticists and their
next generation of scientists, genomicists, are keen to identify the
signatures of selection readily written as an epitaph in the genetic
material, selection acts first on the phenotype and (indirectly)
on the genotype. Indeed, although many of the traits of a given
individual, in any given metazoan species, are mostly the result
of changes in the inherited matter, many traits may vary in their
appearance due to interactions between two or more genetic
factors (i.e., epistasis), and due to variable interactions with
environmental conditions. While considering the mitochondria,
this scheme of interaction is further complicated by the
involvement of factors encoded by both the nuclear and the
mitochondrial genomes (G × G) (Levin et al., 2014). Therefore,
when also considering the environment, mitochondrial-encoded
traits are influenced by interactions between two genomes
and a variety of environments and physiological conditions
(G × G × E) (Zhu et al., 2014). This scheme experienced

another level of complexity, due to the existence of multiple
mitochondria per cell, the mtDNAs of which may vary in
sequence (heteroplasmy). Specifically, heteroplasmy patterns and
their phenotypic consequences notably differs between dividing
(mitotic) and post-mitotic tissues (Kowald and Kirkwood, 2013;
Filograna et al., 2019). Therefore, mitochondrial phenotypic
implications should be considered not only at the level of
the organism which has been widely discussed in the past
(Meiklejohn et al., 2007; Levin et al., 2014), but also at the level
of the cell, and even in the single mitochondrion (Figure 1).
At first, analysis of a single mitochondrion was limited by the
technological resolution of mutational detection (Reiner et al.,
2010). However, a recent study investigated mtDNA sequence
variation within 118 isolated mitochondria from mouse neurons
and astrocytes (Morris et al., 2017). Whole mtDNA sequencing
of each of the isolated mitochondria revealed an average
of 3.9 (± 5.71 SD) single heteroplasmic nucleotide variants
(SNVs) in the tested mitochondrial population per nucleotide
position. Hence, despite the fact that all samples originate from
the same mouse strain (C57BL/6N), a notable repertoire of
mtDNA heteroplasmic SNVs was discovered. While analyzing
this mutational repertoire, these researchers plotted the most
frequent non-reference alleles against log2 appearance counts.
Unexpectedly, they observed a distribution that did not match
the symmetric U-shaped distribution, which is the expected
distribution of alleles, under the assumption of neutrality (Birky
et al., 1983). In addition to the distribution of non-reference
alleles, the authors identified three specific SNVs with high
potential impact. They found a negative correlation between the
predicted impact of the specific mutations and their degree of
variability among the tested samples. These pieces of evidence
suggest that selection likely shaped the mutational distribution
pattern at the single mitochondrion level and was responsible for
the divergence from a random pattern.

While considering intercellular patterns of heteroplasmy,
under the assumption of neutrality, with genetic drift being
the primary force that shapes genetic variation over-time,
it is likely that certain cells will develop a heterogenous
mitochondrial population, without any phenotypic implications.
Such a scenario predicts stochastic accumulation of mutations
during each replication cycle, and random assortment of mtDNA
molecules between daughter cells. To test such prediction,
heteroplasmy patterns were studied in colonies derived from
single cells of two human cell lines—MDA-MB-157 (breast
cancer) and U20S (osteosarcoma) (Jayaprakash et al., 2015).
Jayaprakash et al. found stably maintained heteroplasmy in
daughter cells over multiple passages. This finding slightly
departs from the expected random mitochondrial segregation,
which predicts diverse levels of heteroplasmy regardless of the
nature of the identified mtDNA mutations. Although these
findings reveal constant levels of heteroplasmy regardless of
the mtDNA position in which the mutations occurred, one
cannot easily explain the results either by random forces, or by
selective constraints. However, a recent study of heteroplasmy in
single cells identified consistent cell-lineage-specific segregation
of heteroplasmic mtDNA mutations during differentiation
of hematopoietic cells, which did not comply with random
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FIGURE 1 | The two main types of selection, Negative and Positive, and their effects on patterns of mitochondrial genetic variability. (A) Different types of selection

(negative or positive) affect the pattern of mitochondrial mutations in response to different environments (lower panels) or will undergo a selective sweep (negative

selection to maintain function (upper panel). (B) The different levels in which selection may act on the mitochondria, i.e., (down-up) the single mitochondrion, cells and

the entire organism. The figure was designed using ©BioRender—www.biorender.com.

segregation of mutations during cell division (Ludwig et al.,
2019). The growing availability of single cell genomics data
holds much promise in future investigation of the forces that
govern patterns of mtDNA heteroplasmy during cell division and
differentiation (Ludwig et al., 2019).

Deep sequencing of many human individuals (Li et al., 2010;
Payne et al., 2013; Ye et al., 2014), family members (Goto
et al., 2011) and identical twins (Avital et al., 2012) attest
for the common phenomenon of heteroplasmy, its inheritance
and accumulation during the life of the individual. Notably,
the distribution of these mutations across the mtDNA was
not random, with much higher incidence of heteroplasmy in
non-coding mtDNA sequences than expected by chance (Avital
et al., 2012). Thus, it can be inferred that heteroplasmicmutations
are likely subjected to selective constraints. We previously found
that such non-random mutational distribution throughout the
mtDNA occurred regardless of the heteroplasmy levels in two
cell populations (blood and skeletal muscle) in identical twins,
thus attesting for the impact of selection, not only at the level by
which phenotypic consequences are expected for the organism,
but also at the cellular level (Avital et al., 2012). Nevertheless,
while investigating very low-level heteroplasmic mutations, it
has been argued that known mtDNA disease-causing mutations
could be present in healthy individuals in the population,
if their heteroplasmy is maintained at low levels (Ye et al.,
2014). A growing body of evidence suggests that since the
mitochondria within cells are interconnected in a network,
pathological mutations could survive due to inter-mitochondrial
functional complementation, and exchange of nutrients (Schon
and Gilkerson, 2010). As mitochondria go through cycles of
fission and fusion, which build such network (fusion), or

disconnect it (fission), dysfunctional mitochondria could be
removed by mitophagy (Twig and Shirihai, 2011). When the
latter is compromised inmodel organisms, the level of deleterious
mutations elevates to a degree that may have phenotypic
consequences (Valenci et al., 2015). Accordingly, Ferree et al.
(2013) showed that knockout of mitophagy factors led to an
accumulation of partly dysfunctional, aged mitochondria. Hence,
mitochondria within single mammalian cells are frequently not
uniform in function (Aryaman et al., 2018), and hence will be
under differential selective constraints between cell types, tissues,
and cells in the same tissue. Taken together, functional differences
in mitochondrial activities are observed not only at the organism
level, but also between and within cells.

Selection and Drift Shape the
Mitochondrial Population During Female
Germline Formation
Variation in heteroplasmy patterns between tissues could either
result from somatic accumulation of mutations during the
lifetime of an individual, or could be inherited. Therefore, one
has to consider patterns of heteroplasmy already in the ovum,
and specifically during the emergence of the maternal germ
line. Indeed, much discussion revolved around the nature of
mitochondrial bottleneck in the primordial maternal germ line
in mouse and humans (Cree et al., 2008; Cao et al., 2009;
Rebolledo-Jaramillo et al., 2014). A ∼1000-fold reduction in
mtDNA content was estimated during the development of the
human female germ cell (Freyer et al., 2012; Floros et al., 2018),
followed by intense replication as cells migrate to form the
gonad. Although neutral effects (genetic drift) are widely thought
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to govern this process, one has to take into account that the
female germline formation requires OXPHOS activity (Ginsburg
et al., 1990). Therefore, it is logical in addition to neutrality
that two types of selection come into play: firstly, positive
selection, which prefers highly replicating variants, and secondly
negative selection acts to remove variants with reduced ATP
production (Wei et al., 2019). A relatively straightforward way to
study the signatures of selection in the mtDNA of the germline
is by comparing heteroplasmy patterns between mothers and
offspring. This approach has recently been taken by Wei et al. by
analyzing 1,526 human mother-offspring pairs (Wei et al., 2019).
Firstly, higher levels of heteroplasmy across the entire mtDNA
were observed in the mothers as compared to their offspring.
Secondly, they identified, from the distribution of heteroplasmic
mutations across the mtDNA sequence of the offspring, that
these mutations were more frequent in the first or second codon
positions as compared to the third position. Furthermore, while
considering the entire coding mtDNA sequence, evolutionary
conserved positions tended to retain heteroplasmy, in contrast
to the tendency toward homoplasmy in positions with lesser
conservation. Third, homoplasmic mutations were seldom found
in evolutionary conserved positions. Fourth, most of the
heteroplasmic mutations were characterized as de novo (found
only in the offspring) or lost (found only in the mother), which
again was best interpreted as the result of negative selection in
the maternal germline. Finally, analysis of the mtDNA control
region (D-loop) revealed reduced frequency of heteroplasmic
positions within regions of regulatory importance for replication
and transcription. Taken together, these findings support the
action of negative selection during maternal germ line formation
in the human mtDNA sequence. Although the mitochondrial
population in the maternal germline determines the initial
mitochondrial repertoire in the zygote, such population is still
prone to the effects of evolutionary forces during differentiation,
and in the lifetime of the organism.

Natural Selection Acts on the Mitochondria
at the Whole Organism Level
The potential phenotypic impact, and hence the signatures of
natural selection, on mitochondrial changes is mostly considered
at the organism level (Stewart et al., 2008; Castellana et al., 2011).
Probably the best example for such is disease-causing mutations,
as thoroughly reviewed previously (Dowling, 2014), and hence
will be discussed here only briefly. In 1988, the research group
led by Douglas C Wallace was the first to have discovered
a clear association between high levels of heteroplasmy of an
mtDNAmutation and the tendency to develop a disease—Leber’s
hereditary optic neuropathy (LHON) (Wallace et al., 1988). In
the same year, Ian Holt and others showed that a high level
heteroplasmic mtDNA deletion led to mitochondrial myopathy
(Holt et al., 1988). Ever since these discoveries, the association
between certain threshold levels of heteroplasmy (∼85% for point
mutations) with expression of disease phenotypes was found in
multiple mitochondrial disorders (Stewart and Chinnery, 2015;
Wallace, 2018). As mitochondrial diseases are relatively rare
(Craven et al., 2017), the most logical explanation is that negative

selection acts to remove such mutations from the population
both in the mtDNA, and in mitochondrial genes encoded by
the nucleus, although, in the latter, mutations could be retained
in the population due to recessive modes of inheritance, and/or
due to partial penetrance. Supportive evidence for such negative
selection, while considering the mtDNA, came from large-
scale deep sequence analysis of multiple individuals (mentioned
above), which revealed that, although deleterious mutations
are relatively prevalent in the human population, they only
appear at very low heteroplasmy levels (Payne et al., 2013; Ye
et al., 2014). Negative selection is also exemplified by the strong
mutational bias in population genetics mtDNA variants (Gu
et al., 2019). The differential accumulation pattern of mtDNA
deleterious mutations in Drosophila males as compared to
females, termed the “mother’s curse”, also supports the impact
of natural selection on mtDNA sequences at the organism
level (Innocenti et al., 2011), since in general, the mtDNA is
maternally inherited. The signature of negative selection is also
evident at the very early stages of embryo development, i.e.,
during oogenesis, as discussed above (De Fanti et al., 2017).
Although bottleneck of mitochondrial transmission has been
suggested to occur during the development of female germ cells
in mice (Cree et al., 2008; Floros et al., 2018) and humans
(Rebolledo-Jaramillo et al., 2014), divergence between mtDNA
mutational patterns between tissues support the impact of
natural selection (Latorre-Pellicer et al., 2016). Finally, certain
inherited mtDNA mutations associate with altered tendency
to develop age-related disorders (Marom et al., 2017), i.e.,
diseases whose onset is during post-reproductive age; similarly,
large mtDNA deletions tend to accumulate preferentially in
aging humans, again during post-reproductive ages (Arnheim
and Cortopassi, 1992; Simonetti et al., 1992), hence with little
effect on fitness. These pieces of evidence clearly attest for the
impact of negative selection on mitochondrial function at the
organism level.

Unlike negative selection, adaptive selection (i.e., positive
selection) is less obvious to observe. The first evidence
for signatures of positive selection in the human mtDNA
has been demonstrated by the analysis of multiple whole
mitochondrial genomes from individuals representing all major
global populations (Mishmar et al., 2003; Ruiz-Pesini et al.,
2004). These analyses correlated the pattern of ancient mtDNA
mutations with global geographic distribution of mtDNA
haplotypes, and argued for differential advantage of mtDNA
haplogroups to survive in different climatic conditions (Mishmar
et al., 2003). These predictions gained recent experimental
support from the identification of sharp differentiation in
the geographic distribution of Drosophila mtDNA haplotypes
between cold and warm latitudinal regions in Australia:
the haplotype that predominated low (subtropical) latitudes
displayed greater resilience to heat than to cold stresses, as
compared to haplotypes predominating higher (temperate)
latitudes (Camus et al., 2017; Lajbner et al., 2018). Nevertheless,
as mitochondrial function depends on interactions between
mtDNA and nuclear DNA-encoded factors, one still awaits
testing the impact of each of the tested mtDNA haplotypes in
different nuclear genetic backgrounds.
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Mito-Nuclear Interactions: Corresponding
Signatures of Selection in Both the mtDNA
and the nDNA
As mentioned above, one unique characteristic of the
mitochondrial genomic system is the G x G interaction, or
in other words, the interaction between factors encoded by the
nuclear and mitochondrial genomes. The possible, and actual,
impact of compatible vs. incompatible mito-nuclear genotypes
were investigated in cell culture harboring different combinations
of mtDNAs and nDNAs (cybrids) (Suissa et al., 2009; Gomez-
Duran et al., 2010; Ji et al., 2012; Kenney et al., 2014; Crawford
et al., 2018), and from repeated backcrossing of model organisms
for the sake of generating animals with differential combinations
of mito-nuclear genotypes (conplastic animals) originating
from different strains of model organisms (Dingley et al., 2014;
Latorre-Pellicer et al., 2016). Additionally, population genetics
studies from species and different population isolates from the
same species in the copepod Tigriopus californicus (Burton et al.,
2006; Ellison and Burton, 2006), in reptiles (chameleons) (Bar-
Yaacov et al., 2015) and in birds (sparrows) (Trier et al., 2014),
revealed hybrid incompatibility, which constitutes an important
step toward speciation. These pieces of evidence provide strong
support for the importance of genetic compatibility between the
nuclear and mitochondrial genomes, that when interfered with
can either lead to diseases (Gershoni et al., 2014) or lead to the
creation of reproductive barriers in both invertebrates and in
vertebrates (Gershoni et al., 2009; Trier et al., 2014; Telschow
et al., 2019; Tobler et al., 2019). The underlying mechanism
of mito-nuclear genetic compatibility has previously been
thoroughly discussed at the protein-protein, RNA-protein and
protein-mtDNA levels at the whole organism level (Bar-Yaacov
et al., 2012; Levin et al., 2014; Hill, 2019; Hill et al., 2019).
However, although mito-nuclear interactions occur at the

inter-cellular and intracellular levels, they are currently more
technically challenging to identify. One good example that might

reflect possible intra-cellular mito-nuclear incompatibilities

is the establishment of heteroplasmic animals harboring a
mixed population of mitochondria from two different strains

(Sharpley et al., 2012). Although the phenotypes of such
heteroplasmic mice could result from defective interactions

between mitochondria with different haplotypes in the cells, they
could also result from differential interactions of the two mtDNA

genotypes with products coming from the nuclear genome,

as reflected in a similar study (Latorre-Pellicer et al., 2016).
Finally, it has been shown in yeast that the mixture of mtDNA

mulecules from two different strains have slowly “drifted” into a

situation where the original mtDNA had outcompeted the donor
mtDNA to reconstruct the original mtDNA-nDNA genotype

combination (Lee et al., 2008). Taken together, genotype
compatibility between the mitochondrial and nuclear genomes
are likely important for life. Nevertheless, one has to consider
the fact that human offspring that were born from fertilized
eggs in which the nuclei were transferred to an enucleated

donor ovum (i.e., the mitochondrial replacement therapy)

had no apparent phenotypes (Hyslop et al., 2016). Although
mito-nuclear incompatibility has been shown in mitochondrial

replacement experiments in multiple species (Dobler et al.,
2018), some have questioned its wide impact on mitochondrial
activity (Eyre-Walker, 2017). Interestingly, a recent analysis of
human admixed populations revealed that mtDNA copy number
decreases with increasing discordance between nuclear and
mtDNA ancestry (Zaidi and Makova, 2019). However, since
the lack of phenotype in human offspring that were born from
mitochondrial replacement therapy was only demonstrated for
generation F1, and as backcrossing is not possible in humans,
the long-term impact of mito-nuclear incompatibility in humans
still awaits a longitudinal study in the years to come.

Identifying the Signatures of
Selection—Assessing the Functional
Potential of Changes in DNA Sequences
How can one predict the effects of selection by mere sequence
analysis? As protein-coding genes served as the focus of
many studies, and since the genetic code and mutations in
protein-coding genes are well-investigated, many bioinformatics
computational tools were developed to assess the potential
functional implications in protein-coding genes. The logic
underlying such analyses stem from the notion that functional
potential of changes in protein-coding sequences range from
missense mutations, which alter the amino-acid composition
of the translation product, to non-sense mutations and splice
variants (both exon inclusion or skipping). This not only changes
the amino acid composition, but also alters the length of
the resultant protein. The latter may alter protein domains,
and hence may have the potential to fundamentally affect the
activity of a given protein, and even its subcellular localization.
In contrast, it is believed that by-and-large, lesser functional
impact is caused by sequence alterations in codon positions that
do not change the amino acid sequence (Stern et al., 2007).
Nevertheless, such so-called synonymous mutations change the
choice of tRNAs during the translation process, which is directly
influenced by differences in the abundance of different tRNAs
that recognize different codons of the same amino acid (Levin
et al., 2013). Previously, we have shown that, in the human
mtDNA, there is preference for codons recognized by mtDNA-
encoded tRNAs, which are more prevalent in the mitochondria
as compared to imported tRNAs (Levin et al., 2013). Notably,
as some mtDNA protein-coding genes harbor codons which
are not recognized by the mtDNA-encoded tRNAs, nuclear-
DNA encoded tRNA come into play and are imported into the
mitochondria; such import depends on the varying tRNA gene
contents of the mitochondrial genomes of different organisms,
such as yeast, plants and mammals [reviewed in: (Rubio
and Hopper, 2011; Schneider, 2011)]. For example, tRNAGln

CUG,
which is not encoded by both mouse and human mtDNAs,
was identified in-vivo within the mitochondria of cells from
both organisms, where it was incorporated into the translation
machinery (Rubio et al., 2008). It was suggested that the import
of such nuclear tRNA into the mitochondria occurs via an
ATP-dependent mechanism, which is likely distinct from the
general mitochondrial protein import machinery. Can the usage
of a rare tRNA affect protein function? Synonymous mutations
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in the nuclear DNA-encoded Multidrug Resistance 1(MDR1)
gene affected protein folding (Kimchi-Sarfaty et al., 2007).
Specifically, the authors argued that the slow incorporation
of a rare tRNAGly led to slight hindrance of translation,
which in turn affected protein folding, and its subsequent
functionality. tRNA sequences themselves are under selective
constraints, yet it was previously argued that tRNA mutations
in the mtDNA that cause diseases in humans can appear as
polymorphic variants in other species (i.e. recurrent mutations),
thus supporting the putative impact of epistatic interactions
acting as functional compensation (Kern and Kondrashov, 2004;
Breen et al., 2012; Levin et al., 2013; Levin and Mishmar, 2017).
Accordingly, experiments in Drosophila suggested that, in some
cases, tRNA synthetase undergoes coordinated changes alongside
their corresponding tRNAs to maintain function (Meiklejohn
et al., 2013; Holmbeck et al., 2015). The availability of ribosome
profiling as a highly quantitative approach to assess rates of
translation, and its recent adaptation to the mtDNA (Rooijers
et al., 2013; Gao et al., 2017), serves as a promising future
experimental approach to compare rates of mtDNA translation
between samples differing in synonymous mtDNA mutations.

As mutations in protein-coding genes are easier to interpret,
most computational tools that screen for the signatures of natural
selection calculate the ratios of missense (non-synonymous) to
synonymous mutations (Ka/Ks) in genes of interest. Another
measurable parameter that may reflect signatures of selection
is whether the mutations occurred in evolutionary conserved
sequence positions, and physico-chemical properties of amino
acids. Tools (Bank et al., 2014), such as SELECTON (Stern
et al., 2007), PAML (Yang, 1997), and PANTHER (Thomas
et al., 2003), are designed to perform such calculations. Sequence
conservation is also a useful parameter to assess the functional
impact of mutations in RNA genes, i.e., those transcripts that
are not ultimately translated, including tRNAs, rRNAs and
the various types of non-coding RNAs (e.g., long, small and
microRNAs). Human mtDNA encodes for 2 rRNAs, 22 tRNAs,
and few relatively recently discovered long and microRNAs
(Mercer et al., 2011; Rackham et al., 2011). As such transcripts
overlap the coding regions of protein-coding genes, it is difficult
to distinguish the potential functional impact of mutations in
such elements. Despite all of the above, although it is possible
to assess the potential impact of mutations that alter codons
but not the amino acid code (the so-called silent mutations)
by assessing codon bias index (Levin et al., 2013), only minor
phenotypic effects have been demonstrated regarding such in
the mitochondria, leading some researchers to argue for lack
of selective signatures in most mtDNA mutations (Stoeckle and
Thaler, 2018). Nevertheless, phenotypic impact of a mutation is
not only limited to the subsequent gene function—an apparently
silent mutation could alter a previously un-noticed regulatory
element (Blumberg et al., 2018). Indeed, it has previously
been demonstrated that certain coding sequences could also
act as regulatory elements both in the nucleus (Birnbaum
et al., 2012) and in the mitochondria (Blumberg et al., 2014).
However, unlike the functional potential of mutations in genes,
which could be assessed using the above-mentioned parameters,
the functionality of mutations in mtDNA regulatory elements
is much harder to predict, mainly since the “language and

grammar” of these mtDNA regulatory elements are yet to
be deciphered. In the subsequent sub-section, we will discuss
efforts to assess the impact of mtDNA sequence variation on
mtDNA regulation.

The Impact of mtDNA Mutations on
Regulation of Gene Expression and mtDNA
Copy Number
As mentioned above, although changes in a given sequence will
not affect the amino acid sequence, or the activity of an RNA
gene, a regulatory element which might reside within the same
sequence could suffer from the samemutation and lead to altered
transcription (Blumberg et al., 2014, 2017, 2018), replication,
and possibly recombination or repair. Sequencing the human
mtDNA in multiple tissues (Samuels et al., 2013) revealed that
certain tissues (kidney, liver and skeletal muscle), shared the same
recurrent heteroplasmic mutations, all in regulatory mtDNA
regions, which were undetectable in other tissues in the same
individuals, supporting non-random mutational segregation.
Previously, ourselves and others showed that changes in mtDNA
regulatory elements affect mtDNA regulation in vitro (Asari et al.,
2007; Suissa et al., 2009) and in cytoplasmic hybrids (cybrids)
(Gomez-Duran et al., 2010; Kenney et al., 2014). RNA-seq
analysis of multiple lymphoblastoid cell lines demonstrated an
association of ancient mtDNA SNPs and linked sets of mutations
(haplogroups) with altered mtDNA gene expression (Cohen
et al., 2016). In the latter study, DNA SNPs in the nucleus marked
nuclear regulators of mtDNA gene expression as candidate
modulators of such association. Similarly, a recent study used
expression SNPs (eSNP) association in the nuclear genome to
identify nuclear regulators of mtDNA gene expression, while
using mtDNA genetic backgrounds as co-variants (Ali et al.,
2019). These association studies with gene expression suggest
that co-adaptation of the nuclear and mitochondrial genomes
should also be extended to co-regulation of the two genomes.
Indeed, analysis of ∼8500 RNA-seq experiments from multiple
human individuals sampled from 48 different human body sites
demonstrated mito-nuclear co-expression and co-regulation of
gene expression (Barshad et al., 2018). Hence, compatibility of the
two genomes should be extended beyond the direct interactions
of proteins within the OXPHOS system to a regulatory cross
talk. In summary, as a growing set of functional genomics
tools are being adapted to investigate mitochondrial regulation
(mtDNA gene expression, replication, translation and even
repair), one will be able to directly assess the impact of mtDNA
SNPs on mtDNA regulation in cells and organisms in the
near future.

SUMMARY AND CONCLUSIONS

In the current essay, we argued that selection is a significant force
that shaped, and still shapes, the landscape of mtDNA variation
at the organismal, cellular, and single mitochondrial levels. To
support this argument, we brought ample evidence from a variety
of experimental systems, and demonstrated newly-generated
evidence from tissues and cells, enabled by the adaptation of
next generation sequencing techniques to investigate functional
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genomics of the mitochondrion. At the organism level, it is
worth mentioning the multiple disease-association studies that
identified association of mtDNA genetic variants with altered
susceptibility to develop genetic disorders, which strongly attest
for the phenotypic impact of mtDNA mutations and hence their
“visibility” to selective constraints (Marom et al., 2017). The
fact that such association studies reveal positive association in
certain populations, but not in others, supports the likelihood of
an epistatic impact on nuclear genotypes as modifying factors,
which compensate for the phenotypic impact of mtDNA variants,
thus supporting the importance of mito-nuclear genotype
compatibility. The three levels of functional impact on the
mitochondria, e.g., the organism, cell, and single mitochondrion,
set forth another dimension for considering mitochondrial
phenotypes and assessment of the functionality of mitochondrial
mutations. The availability of single cell functional genomics
data, and consideration of the population of RNA transcripts per
cell suggests, that the logic presented in the current essaymay also
imply to discussion of phenotypes caused by changes in nuclear
genes in other, non-mitochondrial, systems.
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