
In all eukaryotes, mitochondria possess their own

genetic system preserved to some extent from an ancestral

endosymbiont. Systematic studies of mitochondrial

nucleotide sequences suggest that ancestors of green

plants had a compact mitochondrial genome [1]. Despite

this, higher plants, particularly angiosperms vs. animals

and fungi, have a remarkably larger mitochondrial

genome (average 300-800 kb vs. average 16-100 kb,

respectively). Based on the data on nucleotide sequence

of the mitochondrial genome, it was found that in

mtDNA only 11-18% represent genes encoding proteins

or structural RNAs, and more than 5% of mtDNA

sequence is of chloroplast, nuclear, or viral origin. Most

intriguingly, neither function nor origin has been deter-

mined so far for more than a half of the total mitochon-

drial sequences [2-4]. Apart from that, mitochondria in

many plant species are characterized by another trait that

distinguishes them from the mitochondria of mammals

and many other eukaryotes. It was found that in addition

to the main high molecular weight mtDNA, the former

possess one or several types of circular and/or linear plas-

mids having features of an autonomous replicon in the

form of DNA or RNA ranging from 0.7 up to 20 kb [5-

10]. Most of the currently examined plant species were

found to possess mitochondrial plasmid-like DNA

(plDNA) in the form of a species-specific set of circular

and linear DNAs with uncertain functions, which repli-

cate independently of the main genomic DNA [6, 8, 11].

The majority of mitochondrial plasmids has no homology

with the main mitochondrial genome and do not seem to

be necessary for its functioning. However, compared to

the main genome, their abundance in mitochondria may

be quite high, depending on developmental stage: for
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Abstract—In recent decades, it has become evident that the condition for normal functioning of mitochondria in higher

eukaryotes is the presence of membrane transport systems of macromolecules (proteins and nucleic acids). Natural compe-

tence of the mitochondria in plants, animals, and yeasts to actively uptake DNA may be directly related to horizontal gene

transfer into these organelles occurring at much higher rate compared to the nuclear and chloroplast genomes. However, in

contrast with import of proteins and tRNAs, little is known about the biological role and molecular mechanism underlying

import of DNA into eukaryotic mitochondria. In this review, we discuss current state of investigations in this area, particu-

larly specificity of DNA import into mitochondria and its features in plants, animals, and yeasts; a tentative mechanism of

DNA import across the mitochondrial outer and inner membranes; experimental data evidencing several existing, but not

yet fully understood mechanisms of DNA transfer into mitochondria. Currently available data regarding transport of infor-

mational macromolecules (DNA, RNA, and proteins) into the mitochondria do not rule out that the mechanism of protein

and tRNA import as well as tRNA and DNA import into the mitochondria may partially overlap.
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instance, in maize (Zea mays L.) a 6 : 1 stoichiometric

ratio can be reached for linear plasmid S1 and S2 to the

main mitochondrial chromosome. In some way, these

data resemble the quantitative ratio for chromosomal and

plasmid DNA in bacteria. Linear mitochondrial plDNA

may carry expressed sequences encoding proteins or

tRNA [11, 12]. The origin of mitochondrial plasmids is

unknown. It is assumed that double-stranded plasmids

might be introduced into the cells of higher plants via a

symbiotic or pathogenic route. In support of this hypoth-

esis, it is reasoned that double-stranded linear plasmids

are associated through their 5′-end with protein, thus

resembling a structure of some viral nucleic acids [13].

According to the features of mitochondrial genome

organization in plants, it seems quite probable that plant

mitochondria exhibit a marked ability to take up and inte-

grate foreign sequences into their genome. In particular,

in maize, after excluding genes, introns, open reading

frames, and plastid-derived DNA, approximately 75% of

the mitochondrial genome is composed of DNA with

unknown origin and function [14]. A horizontal gene

transfer (HGT) as the most common process in prokary-

otes implying transmission of genetic information

between species via a non-sexual route may play some

role in shaping the structure of the mitochondrial genome

in plants. Using comparative genomics, horizontal gene

transfer was found to play an important role not only in

evolution of prokaryote genomes, but also in higher

eukaryotes as well. By analyzing HGT rate, it was demon-

strated that among the three kinds of DNA-containing

compartments (nuclei, mitochondria, chloroplasts) in

plants, horizontal DNA transfer occurs most extensively

into the mitochondria [15]. Most probably, the mecha-

nism for HGT between plants can be explained by para-

sitism [16], non-standard-pollination, flowering, bacteri-

al or viral transfer, fungal pathogens, or symbionts [17,

18].

In plant mitochondria, the presence of integrated

retrotransposons of nuclear origin, as well as sequences

derived from viral and plasmid RNA, suggests that inter-

organelle transfer probably occurred via RNA intermedi-

ates [3, 19]. This assumption is consistent with the data

on naturally existing tRNA import into mitochondria

[20]. In many species, the mitochondrial genome does

not code for all transfer RNAs (tRNAs) required for their

functioning; therefore, tRNAs encoded in the nuclear

genome are imported into the mitochondria from the

cytosol. This biological process originally discovered in

the 1960s in Tetrahymena pyriformis [21] is still being

explored in an ever-expanding range of eukaryotes [22-

24]. Depending on the species, a single or even entire set

of tRNAs necessary for mitochondrial translation and

expression of mtDNA may be imported into the mito-

chondria. Moreover, in mammalian cells nucleus-encod-

ed 5S rRNAs [25] as well as RNA components of RNase

R/RNase MRP [26] are imported into the mitochondria,

although a role for such RNAs inside the organelles

remains unclear. Recent studies on mammals demon-

strated that nucleus-encoded specific microRNAs

(miRNAs) are found inside the mitochondria, presum-

ably participating in special regulatory mechanisms [27].

By making use of a naturally existing mechanism for

transport of lysine-tRNA by yeast mitochondria, it was

demonstrated that import of modified tRNALys into mito-

chondria from humans with MERRF syndrome exhibit-

ing deficient mitochondrial translation might partially

rescue impaired mitochondrial functions [28]. tRNA

expressed in the cytosol is imported into the mitochon-

dria through various mechanisms differing among

species, which include components of protein transloca-

tion complexes (for yeasts and mammals [29]) and

nucleotide translocation channels (for plants [30]).

Nonetheless, although import of larger RNA mole-

cules has been recently shown [31], such a mechanism

cannot explain all cases when mitochondria take up

genetic information as well as emergence of DNA-plas-

mids within mitochondria. Based on the assumption that

mitochondria may be naturally competent to uptake for-

eign DNA similarly to bacteria, this phenomenon has

been investigated since the end of the 1980s. The first evi-

dence of a naturally existing mechanism for DNA

translocation into plant mitochondria was obtained in a

mitochondrial system of DNA synthesis in organello using

a series of pBR bacterial vectors as import substrates [32-

34] (Table 1). It was found that bacterial DNA was able

not only to enter the matrix, but could also be utilized by

the mitochondrial genetic system as a template for DNA

synthesis. During further studies, it was demonstrated

that mitochondria isolated not only from various plant

species (potato, maize, cauliflower, tobacco suspension

culture) [35-38], but from mammals (rat, human cul-

tured cells) [39] and yeast Saccharomyces cerevisiae [40]

were also able to import double-stranded linear DNA

molecules via an active translocation pathway. It is impor-

tant to note that exogenous DNA imported into isolated

mitochondria of various origin was functionally active

and involved in genetic processes inside the organelles

(Table 2). For instance, it was found out that the foreign

genetic material, particularly the GFP gene within the

transfection vector based on maize plasmid replicon,

controlled by mitochondrial regulatory sequences after

being imported into the organelles, could be expressed as

well as serve as a template for DNA synthesis [35]. Hence,

the presence of regulatory mitochondrial sequences is

crucial for synthesis of both RNA and DNA [39]. In addi-

tion, the ability of genetic constructs translocated into

mitochondria to recombine with resident mtDNA is

another key element: while transfecting plant mitochon-

dria, it was found that if a foreign gene (GFP) was flanked

with 500 bp-sequences homologous to resident mito-

chondrial DNA, its integration occurred into the

organellar genome via homologous recombination [38].
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Hence, the recombination process does not require pre-

cise homology between an inserted sequence and

mtDNA. In addition, it was also found that imported

DNA might serve as a substrate for the mitochondrial

repair system in both plants and mammals [41, 42].

SPECIFICITY OF DNA IMPORT

INTO MITOCHONDRIA

Original studies devoted to investigation of the

mechanism of DNA translocation across the mitochon-

drial membrane [32-37] were performed using a highly

limited set of DNA substrates with size less than 10 kb,

mainly focusing on a series of pBR bacterial plasmids and

2.3 kb linear mitochondrial plasmid derived from maize

mitochondria (Table 1). Such substrates were shown to be

imported into isolated mitochondria from both plants and

mammals without exhibiting any specificity. Additionally,

it was found that for plant mitochondria: (i) import of

DNA does not depend on its nucleotide sequence; (ii)

efficacy of import declines while the size of the imported

DNA molecule is increasing; (iii) circular vs. linear DNA

molecules are not imported very efficiently; (iv) single-

stranded DNA is not imported into mitochondria [35].

Compared to DNA import into plant mitochondria, in

mammals it was found to have one major difference: they

can translocate both double- and single-stranded DNA

molecules [39]. However, by analyzing the complete

mitochondrial genome sequences from various species of

higher plants, it was demonstrated that DNA fragments

greatly varying in size and origin could undergo translo-

cation with subsequent integration into the organellar

genomes in vivo [43, 44].

The presence of additional plasmid-like DNA

(plDNA) displaying properties of autonomous replicons

(mitochondrial plasmids) in mitochondria from some

plant species, whose origin and function are not fully

clear, raises a question regarding the mechanism of their

translocation across mitochondrial membranes as well as

replication and expression. A linear 11,640-bp-long plas-

mid was found in mitochondria from rapeseed (Brassica

napus L.) [45] that differed by containing six open read-

ing frames, two of which code for DNA-polymerase

(ORF5) and phage type RNA-polymerase (ORF6)

expressed in this plant. Like a 2.3-kb-long mitochondrial

plasmid from maize, this plasmid is characterized by hav-

ing terminal inverted repeats (327 and 170 bp, respective-

ly). It is known that inside mitochondria such repeats are

involved in binding to proteins participating in replication

and stabilization of plasmids. Using a linear 11.6-kb-long

plasmid from B. napus as a substrate for DNA import into

mitochondria from plants and human cell culture, it was

found that import of DNA into plant mitochondria

exhibits specificity with respect to longer substrates [36].

It was found that the efficacy of import for such DNA

into plant mitochondria depends on the presence of cer-

tain motifs in its sequence, namely 5′- and 3′-terminal

inverted repeats [36]. Hence, import of DNA into mam-

malian mitochondria still did not depend on either its

sequence or its size.

Undoubtedly, import of nuclear encoded proteins

and nucleic acids into mitochondria is among the most

important mitochondrial processes. Understanding of

Origin of mitochondria in 
in organello DNA import

system 

Etiolated maize seedlings
(Zea mays)

–//–

Potato tubers 
(Solanum tuberosum)

–//–

–//–

Turnip (Brassica rapa)

References

[32-34]

[32-34]

[35]

[37]

[37]

[36]

Table 1. Characteristics of DNA substrates used during examination of DNA translocation into plant mitochondria

Structural features

–

–

terminal inverted
repeats, length:
170 bp

–

–

terminal inverted
repeats, length:
327 bp

Physical form
of molecule

circular

circular

linear

circular

linear

linear 

Length,
bp

4361

3273

2300

3050

89

11 600

DNA substrate

bacterial plasmid pBR322

bacterial plasmid pBR327

maize mitochondrial 
S3 plasmid

recombinant plasmid
pBluescriptIIKS (+)

fragment of human
LINE1 repeat

turnip mitochondrial plasmid
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mechanisms underlying these processes represents a diffi-

cult task, as it challenges current knowledge regarding

properties of biological membranes. Solving this issue

might result in emergence of novel ways to manipulate the

mitochondrial genetic system. Nonetheless, at present

there is no realistic understanding of which channel(s)

and driving force(s) confer translocation of nucleic acids

into mitochondria, especially of those with size more

than 11 kb [36]. Over the two last decades, mechanisms

underlying uptake of specific RNAs by mitochondria

have been extensively studied, but the data also do not

allow to make definitive conclusions and are still being

debated [25, 27, 46].

MECHANISM OF DNA IMPORT

ACROSS THE MITOCHONDRIAL

OUTER MEMBRANE

Mitochondrial functions depend on specific traffick-

ing of metabolites and macromolecules executed by

transport mechanisms across two mitochondrial mem-

branes. Apparently, translocation across the outer mem-

brane proceeds through a limited number of pores/chan-

nels, with a dominant role of mitochondrial porin or

VDAC (Voltage-Dependent Anion Channel) [47, 48]

upon transport of common metabolites as well as TOM40

during protein transport [49, 50]. Crossing the energized

inner mitochondrial membrane impermeable to hydro-

gen ions by macromolecules is a more complexly organ-

ized process. Whereas proteins intended to be translocat-

ed into the matrix are transported through the TIM23

complex [49, 50], metabolite exchange occurs with par-

ticipation of a large number of specialized MCF

(Mitochondrial Carrier Family) transporters [51, 52].

Proteins of the MCF family largely have similar structur-

al organization and contain six transmembrane domains.

However, each of these proteins has its own preferable

substrate(s). According to our observations, while consid-

ering translocation of nucleic acids into mitochondria a

key role in transport of DNA across the mitochondrial

outer membrane in plants [35], mammals [39], and the

yeast Saccharomyces cerevisiae [40] is played by VDAC

(Table 2).

Previously, S. cerevisiae was proposed as an informa-

tive genetic model for examining protein components

involved in uptake of DNA by mitochondria [40]. By

combining relevant biochemical data, such strategy

revealed that a β-barrel structure of membrane protein

VDAC (mitochondrial porin) may play a central role in

translocation of DNA across the outer mitochondrial

membrane [40]. In addition, it is known that VDAC is

Source of mitochondria

Imported DNA substrate

Participation of porin (VDAC) 
in DNA import

Participation of adenine nucleotide 
translocator in DNA import

Effect of respiratory substrates on import

Dependence on ATP

Impact of OXPHOS uncouplers on import

Use of imported DNA as template
for DNA synthesis

Recombination of imported DNA

Repair of imported DNA

Transcription of imported DNA

Processing of transcribed RNA

Table 2. Import of DNA into mitochondria of various origin*

Yeast

double-stranded 
linear

yes

?

enhanced

yes

down regulated

n.d.**

n.d.

n.d.

n.d.

n.d.

Mammals

double-stranded linear; 
single-stranded linear

yes

no

enhanced

?

no effect

yes

yes

yes

yes

yes

Plants

double-stranded linear

yes

yes

enhanced

“No” for DNA < 10 kb, 
“Yes” for DNA > 10 kb

down regulated 

yes 

yes

yes

yes

yes

* The data were adapted from [35-42, 55].

** n.d., not determined.
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also required for import of tRNA into the organelles in

plants [24], but not in trypanosomatids [53].

It is believed that VDAC is able to form 3-4 nm pores

in the outer membrane, which match in size to the mini-

mum diameter of double-stranded DNA helix [54]. In

plant mitochondria, adenine nucleotide translocator

(ANT) and ATPase β-subunit precursor located at the

external side of the mitochondrial outer membrane may

act as partners for VDAC during DNA import. This pos-

sibility is suggested from the data of proteomics analysis

[55] based on masking cyanine-tagged proteins of the

outer membrane in the presence of DNA as well as the

available data on location of this protein [56]. After being

translocated across the outer membrane into the inter-

membrane space of mitochondria, DNA is presumably

recruited by Cu-binding protein (CuBP), a complex I

subunit. The latter was shown to participate in the process

both by examining profile of mitochondrial membrane-

tagged proteins in the presence and absence of DNA, as

well as in experiments assessing import of DNA into

mitochondria isolated from an A. thaliana mutant con-

taining an inactivated gene encoding CuBP [55].

By using mutant strains om14 and qcr2 of S. cerevisiae,

it was found that DNA translocation across the mito-

chondrial outer membrane seems to be accomplished by

protein complex VDAC1/OM14/OM45, probably

involving QCR2 (subunit 2 of the respiratory complex

III) as an additional factor [55]. OM14 is an abundant

cysteine-rich protein of the mitochondrial outer mem-

brane, with its N-terminus being located in the cytosol

and C-terminus protruding into the intermembrane

space. The putative function of this protein is not yet

determined, but it has no homologs in other species

except budding yeast [56]. Recent interactome studies

with yeasts demonstrated that VDAC1 and OM14 togeth-

er with the additional protein OM45 build up a core unit

of a transport channel in the outer membrane [57].

MECHANISM OF DNA IMPORT

ACROSS THE MITOCHONDRIAL

INNER MEMBRANE

Despite intense ongoing research [23, 25, 58, 59], no

clear understanding regarding translocation of nucleic acids

across the energized mitochondrial inner membrane

impermeable to hydrogen ions exists. Translocation of

tRNALys (CUU) into yeast mitochondria [30] and 5S rRNA

into the human organelles [59] is believed to be accom-

plished with a complex that normally imports protein pre-

cursors. An RNA import complex (RIC) was isolated from

the inner membrane of mitochondria from Leishmania

tropica [60], but its existence is still not generally accepted

[25, 61-63]. The intermembrane space of mammalian

mitochondria contains polynucleotide phosphorylase

(PNPASE), which may function as an RNA receptor [26].

It is known that specific translocation of molecules

across the mitochondrial inner membrane is performed

with the help of numerous carrier proteins that  constitute

a mitochondrial carrier family (MCF) based on similari-

ty in their amino acid sequence containing three repeats

of about 100 amino acid residues in length [51, 52]. Such

a classic MCF member as adenine nucleotide transloca-

tor in the mitochondrial inner membrane seems to be a

direct partner to VDAC while a DNA-translocating pore

in plant mitochondria is formed [35]. Apart from ANT,

the evolutionarily conserved MCF family also includes

phosphate transporter as well as transporters for pyruvate,

α-ketoglutarate, malate-aspartate shuttle, transporters

for glutamate and other amino acids, as well as other car-

rier proteins [51, 52]. Undoubtedly, ANT holds a special

place among MCF proteins as it is a most abundant pro-

tein of mitochondrial inner membrane [62, 64, 65].

By using a set of highly selective inhibitors and lig-

ands such as carboxyatractyloside, atractyloside,

bongkrekic acid, and ADP, it was convincingly demon-

strated that ANT takes part in translocating DNA across

the mitochondrial inner membrane in plants [35].

However, the same inhibitors and ANT effectors had no

impact on DNA translocation in mammalian [39] and

yeast [40] mitochondria (Table 2), although ANT was

detected in the DNA–protein complex separated by

native electrophoresis during the analysis of mitochondr-

ial samples isolated from S. cerevisiae [40]. Thus, in

mammalian mitochondria, DNA translocation may

occur in a way similar to that in yeasts but not in plants.

At the beginning of the new century, VDAC and

ANT were considered as the main components in the

mammalian mitochondrial permeability transition pore

(MPTP) [66, 67], apparently being the only pore-forming

structure in the mitochondrial inner membrane (which,

however, does not exclude potential polymorphism in this

unit even within the same species). It was believed that a

similar pore involving VDAC and ANT might also exist in

plant mitochondria [67]. In this connection, we assumed

and then proved that plant MPTP (more precisely, its

components) might participate in translocation of nucle-

ic acids [35]. It is crucial that translocation of DNA into

the organelles involving the above mentioned pore com-

ponents was not accompanied with MPTP opening, and

it was not shown to exhibit features typical of mitochon-

drial permeability transition (MPT), which responds to

stressful factors and participates in apoptosis [68-70].

Previously, it was demonstrated that upon recon-

structing mammalian or fungal ANT in proteoliposomes it

could form large channels [62, 64]. Nonetheless, the abil-

ity of ANT to make a pore accommodating the size of a

DNA molecule in a physiological conditions remains to

be established, as it is not so evident based on the known

structure of this protein [71]. Regarding the MPTP, it was

found that in mice with inactivated ANT gene this pore

may exist even in the absence of the major ANT1/ANT2
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isoforms [68]. Thus, ANT should not be considered as the

only protein of the inner membrane forming the MPTP.

In recent years, the potential nature and structure of the

MPTP complex in the inner membrane of mammalian

mitochondria has been attracting significant attention due

to its important role in developing mitochondrial impair-

ments during ischemia/reperfusion in tissue and organs

[69, 70, 72] as well as opening up perspectives for develop-

ing therapeutic cell technologies by targeting mitochon-

dria with new-generation antioxidants [73]. In mammals

[74], Leishmania [75], and yeasts [76], ANT is associated

with ATP-synthase and phosphate transporter by forming

a supercomplex called the ATP-synthasome. The idea of

this supercomplex did not yet become a generally accept-

ed model, but apparently, there is some agreement regard-

ing formation of MPTP structure in the inner membrane.

Depending on the proposed model, pore formation in

mammalian mitochondria occurs by involving ATP-syn-

thase dimers, c-subunit ring of ATP-synthase, or confor-

mational changes and structural rearrangements within

the supercomplex [68-70]. The ANT and phosphate trans-

porter mainly contribute to controlling the pore, particu-

larly via exchanging adenine nucleotides and Pi.

By using yeast mutants, an attempt to examine the

impact of mitochondrial membrane dynamics on activity

of DNA import into the organelles was made [55].

Among a number of proteins in S. cerevisiae identified to

participate in fusion and fission of mitochondria, special

attention was paid to membrane proteins FIS1 and

MDM33 [77, 78]. FIS1 is anchored via its tail domain in

the mitochondrial outer membrane, and it recruits fission

factors from the cytosol [79]. MDM33 detected in the

∼300 kDa complex was demonstrated to contain coiled-

coil structures potentially suitable for protein–protein

interactions [77]. This protein is also able to form

oligomers [80]. Mutations in the MDM33 gene resulted in

significantly decreased activity of DNA translocation

across the outer membrane of mitochondria from S. cere-

visiae, which points at the importance of presumptive

intermembrane interaction for translocating nucleic acids

[55]. In contrast, in case of mutated FIS1 gene, upregu-

lated DNA transfer across the outer and inner membrane

was observed compared to the wild type yeast mitochon-

dria, which might be explained by impaired regulation of

transport machinery for nucleic acids.

It is known that yeast mitochondria also contain a

homolog of mammalian MPTP, generally known as Yeast

Mitochondrial Unspecific Channel (YMUC) [67, 81].

The complete structure of YMUC has not been solved,

but it is assumed that ANT and phosphate transporter are

involved in its formation [67, 81]. Along with this, mito-

chondria from S. cerevisiae were found to contain ATP-

synthasome supercomplexes [76]. Data suggesting that

COX13 protein, a subunit of the III complex, might be

involved in formation of YMUC in yeast mitochondria

were obtained in [55].

Compared to plants, import of DNA into S. cerevisiae

mitochondria was found to be activated by ATP [40].

However, in the case of a mutated FIS1 gene, no stimula-

tory effect of ATP was observed [55]. Perhaps, such stim-

ulatory effect of ATP with regard to DNA mitochondrial

import might be explained by phosphorylation of certain

protein factors involved in this process [36].

Thus, the data of both earlier [35] and recent studies

[55] clearly suggest the idea that active uptake of nucleic

acids occurs by involving structural components of the

MPTP rather than its opening. Indeed, translocation of

DNA across mitochondrial inner membrane in plants is

sensitive to highly specific inhibitors and ligands acting on

both ANT as well as phosphate transporter, ATP-synthase,

and the MPTP (adenine nucleotides at physiological con-

centration, atractyloside, carboxyatractyloside, bongkre-

kic acid, long-chain fatty acids, acyl-CoA, oligomycin,

mersalyl, Mg2+, Ca2+, Pi). Moreover, it was found that

addition of DNA results in mitochondrial swelling by

increasing proton conductance of the inner membrane

[55]. This effect may be explained by interaction of DNA

molecules with the adenine nucleotide-binding site in the

ANT with subsequent formation of a DNA-conducting

channel, when its activity is accompanied by increased

permeability of the mitochondrial inner membrane to

hydrogen ions. It was shown that ANT is a checkpoint reg-

ulating permeability of the mitochondrial inner mem-

brane to hydrogen ions [82]. Hence, any ANT ligands may

serve as regulators (modulators) of this process [82].

The fact that the same inner membranes contain

other MCF proteins [51, 52] suggests that MPTP might

be polymorphic. Alternatively, it could be hypothesized

that any MCF protein under certain circumstances may

form a pore. Therefore, one should not consider that the

most abundant carrier proteins of the inner membrane

such as ANT and phosphate transporter exclusively par-

ticipate in formation of the majority of mitochondrial

pores. Overall, certain structural similarity among indi-

vidual MCF members [51, 52], which might result in

some overlapping of transport functions, might explain

why during earlier studies DNA import was not com-

pletely suppressed after using either inhibitor/modulator

or in case of mutations in transporter genes negatively

affecting uptake of DNA by mitochondria [35-40].

There is a certain structural similarity between the

F1-ATPase component of mammalian mitochondrial

ATP-synthase and protein complexes providing DNA

transport upon bacterial conjugation [83]. Nonetheless,

bacterial molecular components involved in DNA

translocation such as TrwB form a hexameric structure

with vacant central channel, whereas an equivalent cavity

in mitochondrial F1-ATPase is filled with coiled γ-sub-

unit [83, 84]. Based on this, it might be assumed that

plant ATP-synthase is also able to translocate DNA in a

similar way; however, most probably this process would

still require substantial structural rearrangements.
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MODEL OF DNA TRANSLOCATION

INTO MITOCHONDRIA

While creating a working model for DNA import

into mitochondria according to currently available data

[35, 37, 40, 55], it may be assumed that uptake of DNA is

initiated by VDAC as well as by protein precursor (ATP-

synthase β-subunit in plant mitochondria and complex

III Qcr2p subunit in yeast) located on the external side of

the outer membrane, normally residing in the inner

membrane. Further, in the intermembrane space DNA is

recruited by complex I CuBP subunit in plant mitochon-

dria and perhaps by complex III COX13 subunit in yeast

[55]. The channel-forming complex mediates subsequent

DNA translocation across the inner membrane [35, 40,

55] (figure). Because tRNA transcripts stimulated DNA

import into plant mitochondria, it may be that mecha-

nisms responsible for import of tRNA and DNA into

mitochondria partially overlap [55]. By considering vari-

ous opportunities for formation of MPTP in different

ways, the available data presume the existence of more

than one mechanism for DNA import into mitochondria

[37, 55] (figure). To confirm this, it may be noted that

probably neither of the revealed DNA import factors

plays a decisive role. Indeed, by using negatively influenc-

ing effector or in the absence of an expected import fac-

tor, activity of DNA import into mitochondria was only

decreased, but not completely suppressed. Examination

of DNA import into mitochondria from an A. thaliana

line containing a mutation in the gene encoding Cu-

binding protein (CuBP) as well as finding the effect of

competitive inhibition of mitochondrial DNA import in

the presence of tRNA also suggest the existence of various

pathways of DNA import  depending on its size [55]. In

this respect, it is necessary to take into consideration

additional and incompletely studied aspects regarding

structure and functioning of MPTP. In particular, it was

recently suggested that it would be appropriate to study a

potential link between MPTP and complexes of mito-

chondrial protein import [81, 85]. Remarkably, function-

al protein import seems to be required for import of

cytosolic tRNALys (CUU) into yeast mitochondria [30]

and 5S rRNA into human organelles [86]. By all

accounts, proteins and tRNA are translocated into plant

mitochondria via different routes, but such components

of the protein import machinery in the outer membrane

as TOM20 and TOM40 were reported to be crucial for

recruiting tRNA on the surface of the organelles [24].

A question regarding a mechanism of sterol import

into mitochondria remains beyond the scope of the cur-

rent review. Sterols serve both as structural components in

cell membranes and precursors for synthesis of steroid

hormones inside mitochondria of the relevant specialized

tissues [87, 88]. However, it is important to note that cur-

rent mechanism of sterol import into mitochondria relies

on close partner interactions between VDAC and ANT

with peripheral benzodiazepine receptor (PBR) [89],

which in recent years was called translocator protein

(TSPO), as well as with five more proteins whose activity

is directly related to functioning and/or regulation of the

entire machinery of transmembrane sterol translocation

into mitochondria [88]. Earlier, it was hypothesized that

PBR/TSPO has an important role in DNA import into

animal mitochondria [90]. Thus, one may think that

depending on tissue and/or organ origin of mitochondria

as well as membership in certain taxon, partnership

between VDAC, ANT, and PBR/TSPO, evolutionarily

established in mitochondria of higher organisms, is able

to accomplish transmembrane translocation of various

types of macromolecules by recruiting a set of additional

import factors depending on type of the transported sub-

strate. It is obvious that in case of DNA import into mito-

chondria of plants, animals, and yeast the set of necessary

import factors differs [55], and its full composition for

representatives of these groups of organisms remains to be

established.

IS MITOCHONDRIAL DNA TRANSPORT

INVOLVED IN INTRACELLULAR

AND INTERCELLULAR TRANSFER

OF GENETIC MATERIAL?

It is necessary to consider that in contrast to import

of proteins and tRNA, DNA import into mitochondria is

probably a reversible process. The main purpose for

releasing DNA from the mitochondria may be to provide

a substrate for intercellular exchange with mitochondrial

DNA as one of the conditions for horizontal gene trans-

fer (HGT) into mitochondria. By now, an extended bulk

of experimental data has accumulated supporting exis-

tence of horizontal gene transfer into mitochondria in

eukaryotes (mainly plants) [15-19, 91-99]. However,

whether imported and subsequently integrated into the

mitochondrial genome foreign mtDNA is a result of con-

trolled release (export) from mitochondria of donor host

rather than programmed cell death remains unclear.

Previously, in isolated potato (Solanum tuberosum) mito-

chondria it was demonstrated that imported foreign DNA

of various length might be released (exported) [37]. If it is

quite common in vivo, a controlled release of mtDNA

from the organelles might take part in maintaining homo-

plasmy in the mitochondrial population by exchanging

mtDNA between cells of various tissues and organs. The

same process might also be enabled upon spreading new

mtDNA variants within the organelle population, which

therefore would represent a potential factor in evolution

of the mitochondrial genome in both populations and

species. After mtDNA exits from mitochondria into the

cytosol, along with other nucleic acids it may be released

by any means into the extracellular space [100, 101],

thereby joining the pool of free circulating nucleic acids
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of extracellular fluids (blood, phloem sap, etc.) [100-

103]. Assuming that circulating mtDNA like other circu-

lating nucleic acids [103] is able to enter the cells, it could

be expected that mtDNA may be imported into the mito-

chondria with subsequent integration into the mitochon-

drial genome via homologous recombination. The princi-

ple possibility of integration of imported foreign DNA

flanked with sequences homologous to resident mtDNA

into the organellar genome was earlier demonstrated in

mitochondria isolated from higher plants [38].

In recent years, it has been found that in patients

with acute myocardial infarction, tumor diseases, dia-

betes, major trauma, and some other pathological condi-

tions the amount of free circulating mtDNA in the blood

serum and plasma was significantly higher compared to a

control group [101, 104-110]. During such conditions,

free circulating mtDNA is able to act as an activator of

inflammatory processes and factors of innate immunity

[111-115]. It should be emphasized that neutrophils after

releasing mtDNA into the circulation within so-called

“extracellular traps” that kill bacteria remain vital [116].

So far, the accumulated data about varying amount of

blood circulating mtDNA in a range of pathologies

steadily extending over the last years suggest it as an

important biomarker of pathologic conditions, not only

being used for diagnostics, but also for monitoring effica-

cy of therapeutic procedures and making prognosis [117,

118]. One should not exclude that development of novel

cell technologies allowing manipulation of genetic func-

tions of mitochondria in vivo would result in an opportu-

nity to regulate such vital systemic parameter in the

future.  

In recent decades, mainly owing to advances in

genomics, it was possible to find massive transfer of quite

long (ranging from 3 to 620 kb) fragments of mtDNA into

the nucleus ending up with their insertion into various

sites of chromosomes [15, 119, 120] and resulting in

development of so-called “nuclear mitochondrial DNA

segments” (NUMTs, sequences of mitochondrial origin

located in the nuclear genome). While examining ten
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Working model of DNA import into mitochondria. a) In plant mitochondria, DNA interacts with ATPase β-subunit precursor (preATPβ) and

VDAC, then crosses the inner membrane through the channel made by VDAC, interacts with protein CuBP in the intermembrane space,
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cursor (preQCR2) on the outer membrane, and in the intermembrane space, COX13 probably participates in translocation across yeast MPTP
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via phosphorylation of proteins of the outer membrane. MDM33 may interact with components of the outer membrane contributing to DNA

import. OM, outer membrane; IM, inner membrane; PT, phosphate transporter (modified from [55])
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inbred maize strains, it became possible to find big inter-

strain differences in location of integration sites for

mtDNA fragments in nuclear chromosomes, which might

be explained by continuously ongoing processes such as

transfer of mtDNA into the nucleus and loss of the earli-

er transferred NUMTs [119]. However, it is still unclear to

what extent such horizontal DNA transfer is controlled,

and if mitochondrial machinery of nucleic acid transloca-

tion is related to this in any way.

NATURAL COMPETENCE OF MITOCHONDRIA

FOR DNA UPTAKE AND PROBLEM

IN CREATING TRANS-CHONDRIOMIC SPECIES

Overall, for at least two reasons, the issue of nucleic

acid translocation into cellular organelles was and is still

in focus for quite a large number of researchers. First,

because various processes existing in nature are related to

transfer of genetic information, e.g. transformation and

transfection in bacteria, movement of viruses and trans-

posable elements, inter-organellar exchange with nucleic

sequences in many species, and, finally, poorly investigat-

ed interactions between cell genomes and the microbio-

me in humans and other mammals, it is evident that

mechanisms allowing the nucleic acid translocation in

such events should be investigated. On the other hand, it

is quite attractive to create transgenic species via transfor-

mation of cell organelles by controlling spread of inserted

foreign genes through their maternal inheritance. A simi-

lar system in plants has already been developed for

chloroplasts by introducing genetic constructs via biolis-

tic transformation, after which recipients were selected

according to resistance of transformed plants to antibi-

otics spectinomycin or streptomycin, which selectivity is

limited to biogenesis of chloroplasts [121]. In this case,

nucleic acids enter chloroplasts either due to the mechan-

ical disruption of intact membrane followed by restora-

tion of its structure or import via some unknown transport

mechanisms. However, for mitochondria no efficient sys-

tem for genetic transformation has been developed so far

due to much smaller size and lack of data, which might be

used to create a genetic construct allowing selection of

mitochondrial transformants. In contrast to chloroplasts,

mitochondria are naturally competent to take up extrami-

tochondrial DNA, which should be taken into considera-

tion, and a currently missing appropriate system for

selection of cells with transformed organelles represents

the most serious obstacle for obtaining trans-mitochon-

drial species. Despite significant progress observed over

recent years in developing methods for studying mito-

chondria such as isolation, biochemical and microscopic

analysis, and genome sequencing, the stable in vivo trans-

fection of mitochondria was only achieved for two unicel-

lular organisms such as baker’s yeast Saccharomyces cere-

visiae [122, 123] and the green alga Chlamydomonas rein-

hardtii [124]. In these experiments, genetic transforma-

tion of mitochondria was achieved using mutants with

defective respiration as recipient strains.

Generally, by assessing the situation with investiga-

tions on DNA translocation into mitochondria, it is obvi-

ous that, sooner or later, the consistent study on natural

mechanism(s) underlying DNA import into mitochon-

dria will result in knowledge that will allow to apply such

phenomenon for genetic transformation of mitochondria

of higher plants in vivo. No doubt, solving this issue will

have a crucial importance for biology, medicine, and agri-

cultural biotechnology.
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