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Abstract Plant and animal mitochondrial genomes,
although quite distinct in size, structure, expression
and evolutionary dynamics both may exhibit the state
of heteroplasmy—the presence of more than one type
of mitochondrial genome in an organism. This review
is focused on heteroplasmy in plants, but we also high-
light the most striking similarities and differences
between plant and animal heteroplasmy. First we sum-
marize the information on heteroplasmy generation
and methods of its detection. Then we describe exam-
ples of quantitative changes in heteroplasmic popula-
tions of mitochondrial DNA (mtDNA) and
consequences of such events. We also summarize the
current knowledge about transmission and somatic
segregation of heteroplasmy in plants and animals.
Finally, factors which influence the stoichiometry of
heteroplasmic mtDNA variants are discussed. Despite
the apparent differences between the plant and animal
heteroplasmy, the observed similarities allow one to
conclude that this condition must play an important
role in the mitochondrial biology of living organisms.
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Introduction

Heteroplasmy is defined as a state in which more than
one mitochondrial genotype occurs in an organism. The
ratio of different types of mtDNAs in a heteroplasmic
population may be variable, but usually one mitotype is
prevalent, while the alternative one(s) are present in a
very low proportion. Under such conditions the pheno-
type of the organism is determined by the predominant
mtDNA variant. In animals, heteroplasmy has been
related to mitochondrial diseases (Wallace 1994; Zevi-
ani and Antozzi 1997) and aging (Szibor and Holtz
2003). It has also been suggested to play a role in cancer
(Chinnery et al. 2002), but evidence for a causative role
in this condition is less clear. In the case of plants, this
phenomenon has been investigated most often to clarify
mitochondrial abnormalities like cytoplasmic male ste-
rility (CMS) (Janska etal. 1998), nonchromosomal
stripe mutants in maize (NCS) (Yamato and Newton
1999), the chloroplast mutator mutant in Arabidopsis
(CHM) (Martinez-Zapater et al. 1992; Sakamoto et al.
1996), and recently, the mitochondrial mutator system
in maize (Kuzmin et al. 2005). Recent studies indicate
that heteroplasmy exists also in healthy humans (Kajan-
der et al. 2000) and wild-type plants (Arrieta-Montiel
et al. 2001; Taylor et al. 2001). This review is focused on
heteroplasmy in plants, but we also highlight the most
striking similarities and differences between plant and
animal heteroplasmy.

How is heteroplasmy generated?

Plant mitochondrial genomes are much larger than the
animal ones. The size ranges from 208 kb in Brassica
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hirta to 2,500 kb in the watermelon, compared to 16—
20 kb in animals (Palmer and Herbon 1987; Ward et al.
1981; Boore 1999). Plant mtDNA encodes somewhat
more genes but this is not the reason of the significant
size difference, which is mainly caused by noncoding
sequences that (without introns) make up 82% of Ara-
bidopsis thaliana mtDNA (Unseld et al. 1997) but only
7% of the animal mitochondrial genome (Anderson
et al. 1981). The genetic information stored in animal
mitochondria is organized as a genome-sized double-
stranded circular DNA molecule (Boore 1999).
Although a genome-size circular linkage map can also
be constructed for most plants, results of electron
microscopy and studies using electrophoresis suggest
that the genetic information of a plant mitochondrial
genome is subdivided among the circular, linear and
complex molecules of different sizes (Backert et al.
1997). 1t is commonly assumed that recombination
between large repeated sequences is the most impor-
tant force responsible for maintaining such multipartite
structure as a dynamic entity (Fig.la). There is a
strong belief that to fulfill their integrative role, the
recombinations mediated by large repeats are frequent
and easily reversible during plant life. Apart from the
main genome whose parts are maintained in a dynamic
equilibrium by large repeated sequences, plant mito-
chondria contain recombinant molecules, so called
sublimons, whose number is very low compared to the
main mitochondrial genome. The sublimons are prod-
ucts of rare and irreversible recombinations mediated
by short repeated sequences (Fig. 1a). Short repeats
are common in plant mitochondrial genomes (Notsu
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Fig. 1 Recombination and transmission of plant mtDNA. a Sub-
genomic molecules (solid lines) of the main genome are created
by frequent and reversible recombinations mediated by large re-
peated sequences (L). Substoichiometric molecules (sublimons;
dashed lines) are generated via rare and irreversible recombina-
tions across short repeats (S). b Transmission of mtDNA mole-
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et al. 2002; Sugiyama et al. 2005; Kubo et al. 2000; Clif-
ton et al. 2004). It has been proposed that they origi-
nate from insertion of reverse-transcribed copies of
untranslated RNA (Gualberto et al. 1988) or from the
recombinational activity of oligonucleotide motifs
(Woloszynska et al. 2001). As a consequence of recom-
binations via both large and short repeats two types of
mtDNA of different quantitative representation coex-
ist in one organism—the predominant mitotype which
creates the main genome, and the sublimons at a sub-
stoichiometric level.

Recombination

The recombination-mediated generation of hetero-
plasmy is well documented in plants. Rare recombina-
tion events across very short repeated sequences (6—
36 bp) are the cause of all known deletion nonchromo-
somal stripe (NCS) mutations of maize (Yamato and
Newton 1999). Usually only those NCS plants that con-
tain at least some proportion of the normal mitochon-
drial genome may survive. Cases of heteroplasmy
produced via recombination across short repeats have
been detected in maize (Small et al. 1987), Solanaceae
(Vitart etal. 1992; Kanazawa etal. 1994; Gutierres
et al. 1997), wheat (Hartmann et al. 1994), Arabidopsis
(Sakamoto et al. 1996) and other Brassicaceae (Bella-
oui et al. 1998), and bean (Woloszynska et al. 2001).

In contrast to the plants, heteroplasmy of animal
mtDNA driven by recombination has been only rarely
described. Until recently, it has generally been
assumed that animal mitochondrial DNA does not
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cules in plants is determined by a hypothetical single replicative
unit, which resides in a meristem tissue. This “transmitted form”
contains the complete nucleotide information, which in differen-
tiated cells may be located in subgenomic (solid lines) and substo-
ichiometric (dashed lines) molecules
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undergo recombination. Although this issue is still con-
troversial, it has been suggested that some mitochon-
drial rearrangements found at a very low level in
healthy human tissues result from recombination (Kaj-
ander et al. 2000). This conclusion was based on the
observation that rearrangement break points occurred
at short directly repeated sequences, located chiefly
near the ends of the large non-coding control region.
Following the terminology applied to plant mitochon-
drial DNA, the recombination-derived molecules pres-
ent at very low levels in human mitochondria were also
named sublimons.

Small-scale mutations

Beside recombination, new mitochondrial genotypes
could be produced by replication errors, defective and
inefficient repair or reaction of mtDNA with reactive
oxygen metabolites. As a result, point mutations as
well as deletions or duplications could be created.
Mutations of these types often observed in human het-
eroplasmy are believed to be mainly produced by a
non-recombinational changes attributed to the activity
of mtDNA metabolism enzymes and the action of reac-
tive oxygen species (Khrapko et al. 1997). It has been
believed for a long time that plant mitochondrial
genomes evolve rapidly in structure but slowly in
sequence. Consequently, point mutations were
assumed to contribute only marginally to heteroplasmy
in plants. However, this point of view can no longer be
upheld in view of the recent findings of the elevated
substitution rates in some plant lineages (Plantago,
Cho etal. 2004; Pelargonium, Palmer at al. 2000).
According to Cho et al. (2004) the mutation rate may
occasionally increase or slow down in particular peri-
ods of evolution. Those reports imply that sequence
variation due to mutation may be a source of hetero-
plasmy at least in particular plant lineages. Indeed, a
very high level of heteroplasmy associated with point
mutations within noncoding sequences was detected in
olive tree cultivars (Olea europaea L.) (Garcia-Diaz
et al. 2003). The coexistence of a minimum three and
maximum five variants differing by point mutations
within a single plant was demonstrated. The point
mutations causing heteroplasmy are not restricted to
noncoding regions which may be expected to accumu-
late substitutions relatively easily. An analysis of a
2.3 kb mitochondrial region containing several active
genes allowed the identification of seven variants in the
monocot genera Aegilops and Triticum (Hattori et al.
2002). These sequences were maintained as heteroplas-
mic populations composed of 2-4 variants within an
individual plant. Although tandem repeats are present

in the plant mtDNA, there is not a single study report-
ing heteroplasmy caused by variation in the tandem
repeat number (Barr et al. 2005).

Paternal leakage

Mitochondrial genomes are mainly inherited mater-
nally, with some exceptions showing paternal transmis-
sion or biparental inheritance (Birky 2001; Ladoukakis
and Zouros 2001). Recent findings have shown that in
plants and animals, which normally transmit their
mtDNA in the female line only, heteroplasmy can be
produced by occasional paternal leakage. Aksyonova
etal. (2005) observed the transmission of paternal
wheat mtDNA in barley-wheat hybrids followed by a
selective replication of the paternal mtDNA during
repeated backcrosses with the wheat parent. The
paternal leakage may lead to further rearrangements,
since the mtDNAs passed down from males and
females could recombine (Ladoukakis and Zouros
2001). In plants the first evidence for heteroplasmic
coexistence of paternal and maternal mtDNA
sequences concerned the orf25 region in triticale, a
crop obtained by crossing wheat and rye (Laser et al.
1997). However, the origin of the paternal-like
sequence in triticale was unclear, because it was also
detected at a low level in maternal wheat mitochon-
dria. Conclusive evidence demonstrating an involve-
ment of paternal transmission of mtDNA in generation
of heteroplasmy was reported in a nucleus-cytoplasm
(NC) hybrid of timopheevi wheat (Kitagawa et al.
2002). In addition to the maternal-identical sequences,
the NC hybrids contained paternal-identical and pater-
nal-derived sequences. Moreover, in this case the
absence of paternal sequences in maternal progenitor
lines was shown.

In animals, transmission of paternal mtDNA has
been proven to occur incidentally in humans (Schwartz
and Vissing 2002), birds (Kvist et al. 2003) and Dro-
sophila (Kondo et al. 1990), but especially in the inter-
specific crosses (Shitara et al. 1998). On the other hand,
paternal transmission was reported to occur constitu-
tively in mussels in the mode of “doubly uniparental
inheritance” (Skibinski et al. 1994; Zouros et al. 1994).

Heteroplasmy in plants and animals seems to be
generated via similar events: recombinations, small-
scale mutations and transmission of paternal mtDNA.
However, the relative input of these mechanisms as the
source of heteroplasmy is different for the two groups
of organisms. Mutations resulting from the replication
errors and oxidative-damage-caused point mutations,
deletions, and variation in tandem repeats are the most
common explanation for the occurrence of hetero-
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plasmy in animals, while their exact role in the genera-
tion of heteroplasmy in plant mitochondria is unclear.
In contrast, recombination-mediated generation of het-
eroplasmy is well documented in plants but remains
controversial in animals. Transmission of paternal
mtDNA is much more frequently reported for animals
than for plants.

How is heteroplasmy detected?

Successful detection of heteroplasmy depends on the
type of change in the mitochondrial genome, the ratio
of the heteroplasmic variants and the sensitivity of the
method applied. The strategies used are mainly based
on a Southern hybridization, PCR or DNA sequencing.

Heteroplasmy in plants usually results from large-
scale rearrangements mediated by recombination. This
was also the case in maize where heteroplasmy was
reported for the first time in plants (Small et al. 1987).
Four atpA types were found in a range of maize cyto-
plasms, some of these rearrangements were present at a
low stoichiometry. To distinguish between the predomi-
nant and substoichiometric atpA variants, Southern
hybridization with different times of autoradiogram
exposure was utilized. Detection of low-abundance
fragments required prolonged exposure. Many subse-
quent studies on plant heteroplasmy copied the strategy
of “overexposed” autoradiograms to visualize mtDNA
fragments at an unusually low copy number (Arrieta-
Montiel et al. 2001; Gu et al. 1993; Janska et al. 1998;
Vitart et al. 1992; Woloszynska et al. 2001). However,
some authors were able to show the presence of a “low-
abundance” fragment from observation of “normally”
exposed autoradiograms (Bellaoui et al. 1998; Kanaz-
awa et al. 1994; Shirzadegan et al. 1991). Alternatively,
some sublimons could be visualized by conventional
PCR, but detection of others required PCR followed by
Southern hybridization (Woloszynska et al. 2001).

In plants substoichiometric mtDNA molecules dis-
tinguished from the predominant genome only by
point mutations have been rarely reported. In such
cases heteroplasmy is detected by PCR amplification of
mtDNA fragments encompassing the point mutation
followed by sequencing of random PCR clones. Stoi-
chiometry of the mutated variants is then estimated
basing on the frequency of clones representing
mutated molecules (Hattori et al. 2002). On the other
hand, competitive PCR can be used to distinguish and
quantify sequence variants. A specific version of orf25
representing only 0.1% of the total orf25 gene
sequences in wheat mitochondria was analyzed in this
way (Laser et al. 1997).
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Currently, some authors exploit the high sensitivity
and accuracy of real-time PCR for quantitative detec-
tion of heteroplasmy. This method allowed establish-
ing that sublimons containing cytoplasmic male
sterility-associated sequence are less abundant than
one copy per 100-200 cells in fertile common bean
(Arrieta-Montiel et al. 2001).

Even a wider spectrum of techniques has been
employed to detect and/or quantify heteroplasmy in
humans, especially the heteroplasmy resulting from
point mutations. Direct mtDNA sequencing is still used
in some laboratories for clinical diagnostics. However, it
lacks the sensitivity to detect mtDNA molecules pres-
ent at less than 20% of the total population (Wong and
Boles 2005). Among the variants of sequencing meth-
ods, pyrosequencing has been shown to provide high
accuracy and exceptional sensitivity allowing detection
of 1% heteroplasmy (White et al. 2005).

In the case of known point mutations, the most com-
monly used methods are PCR/RFLP and PCR/ASO
(allele-specific oligonucleotide). In the PCR/RFLP anal-
ysis the mutation-containing fragment is amplified and
digested with a restriction enzyme that cleaves differen-
tially the wild and the mutated sequence. After electro-
phoresis the normal and mutant DNA fragments are
visualized with ethidium bromide and quantified by den-
sitometric scanning. PCR/ASO involves two steps: PCR,
in which multiple products encompassing potential
mutations are obtained, and hybridization of PCR prod-
ucts to radioactively labeled probes containing the point
mutation in question. This method provides sensitivity
even ten-fold higher than that of the PCR/RFLP (down
to 1% of heteroplasmy) (Wong and Boles 2005).

Most of the large-scale mtDNA mutations, e.g. dele-
tions and duplications, can be easily detected by South-
ern blot analysis (reviewed by Moraes et al. 2003 and
Wong and Boles 2005). Commonly used are also PCR-
based assays, either long-extension PCR (LX-PCR)
employing primers capable of amplifying the entire
genome or PCR involving sets of primers amplifying
only smaller portions of the mitochondrial DNA. In an
attempt to quantify human sublimons Kajander et al.
(2000) applied multiplex PCR using primers across the
deletion junction and primers for a nuclear gene as an
internal standard. The authors have estimated that
sublimons occur in the range from 190 copies to less
than 0.1 copies per cell in healthy human tissues.

Quantitative changes within heteroplasmy

An interesting feature of heteroplasmy is its dynamic
nature. Available reports evidence that quantitative
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changes in the proportion of heteroplasmic variants
may occur in both plants and animals. Often such
changes are very rapid, leading to the mitochondrial
genomic shifting observed as the appearance of a new
predominant mitotype in consecutive generations.

Rapid genomic shifts within plant mitochondrial
genomes have been observed in plant tissue cultures
(Vitart et al. 1992; Kanazawa et al. 1994; Bartoszewski
etal. 2004) and under natural growth conditions
(Janska etal. 1998). Genomic shifts were reported
most often for cultivated plants but also in wild popula-
tions of plants (Arrieta-Montiel et al. 2001).

A comprehensive description of genomic shifting
occurring during cell culture and plant regeneration
was given by Kanazawa etal. (1994). The authors
detected significant reversible stoichiometric changes
of two tobacco mtDNA fragments containing the atp6
gene. One of these fragments represented only 0.1% of
total atp6 gene copies in green tissue, but during the
tissue dedifferentiation its fraction increased to almost
75% in calli. During plant regeneration, in green callus,
the proportion of the respective DNA fragment
decreased to about 50%, while in regenerated plants
this fragment comprised only 14% of all the atp6
copies.

The best-documented cases of genomic shifts which
can alter the plant phenotype are related to the occur-
rence of cytoplasmic male sterility (CMS) and sponta-
neous reversion to fertility in common bean (Janska
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Fig. 2 Model of quantitative changes occurring as a consequence
of genomic shift in Phaseolus vulgaris mitochondrial genome
(Janska et al. 1998). Generation of cytoplasmic male sterility in
bean is associated with amplification of molecules that are main-
tained in the fertile line at a substoichiometric level (dashed
lines). One of the amplified molecules carries the sterility-induc-
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and Mackenzie 1993; Janska et al. 1998). It was pro-
posed that the emergence of a cytoplasmic male-sterile
line involved selective amplification of sublimons pres-
ent in mitochondria of the fertile progenitor line. Some
of these sublimons contain the sterility-inducing pvs
sequence. The amplification of the sublimons was
accompanied by a decrease in the copy number of the
progenitor predominant mitotype. In principle, this
genomic shifting was so substantial that the sublimons
overcame the predominat mitotype and vice versa, the
predominant molecules became sublimons. Further-
more, the spontaneous reversion to fertility of CMS
plants was also associated with genomic shifting, how-
ever, this time the shift was limited to the part of the
predominant mitotype containing the pvs sequence
(Fig. 2). It should be emphasized that in bean the
switches from fertile to the sterile phenotype and vice
versa were coupled with, respectively, amplification
and copy number reduction of genes located within the
pvs sequence. This means that the genomic shift in
bean is a reversible event and can be viewed as a mech-
anism allowing activation or silencing of gene expres-
sion via gene copy number regulation.

Cases of rapid quantitative shifts have also been
observed in animal mitochondria. The first example of
such a rapid shift between genotypes differing at a sin-
gle nucleotide was described in Holstein cows (Haus-
wirth and Laipis 1982). It occurred within two
generations, creating an offspring that was homoplas-

FERTILE REVERTANT
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ing sequence (pvs; black square). The amplification is accompa-
nied by simultaneous copy number reduction of the molecule
representing the main genome of the fertile progenitor (solid
lines). Spontaneous reversion to fertility in bean is also due to a
genomic shift, in this case, however, limited to selective reduction
of the molecule carrying the pvs sequence
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mic for a mitotype already present in the parental
mitochondria at substoichiometric amounts. To date
many more cases of a rapid and complete switch to
another homoplasmic genotype between mother and
offspring have been reported in animals. To our knowl-
edge, the only example of a paternally oriented shift
from heteroplasmy to homoplasmy concerned barley—
wheat hybdrids backcrossed with wheat parents (Aks-
yonova et al. 2005).

Transmission and somatic segregation of heteroplasmy

Studies in humans show that the genomic shifts
observed between generations do not always result in a
complete switch to homoplasmy. It is now clear that
the proportion of mutated mitochondrial DNA (the
mitochondrial DNA mutation load) may vary widely
among siblings, between tissues and during the life
span of animals and humans (Sekiguchi et al. 2003;
Jenuth et al. 1997). It is thought that the variation in
the mitochondrial mutation load results from events
operating during germ line and tissue development
(Chinnery 2002). Understanding of these events has
been greatly advanced by the generation of heteroplas-
mic mice by cytoplasm transfer experiments (Jenuth
et al. 1996). These studies have reinforced the hypothe-
sis of mitochondrial genetic bottleneck occurring dur-
ing the development of the female germline (Fig. 1).
The “bottleneck” refers to reduction of mtDNA copies
during early oogenesis, accompanied by their random,
often unequal, distribution to primary oocytes and sub-
sequent amplification of the mtDNAs in mature
oocytes (Jenuth et al. 1996; Lightowlers et al. 1997). A
rapid switch from heteroplasmy to homoplasmy, which
is occasionally observed, indicates that the mtDNA
copy number in the primary oocyte (the size of the
inheritance unit) may be as low as one molecule (Ben-
dall et al. 1997).

Fig. 3 Mechanism of distribu-
tion of heteroplasmicmtDNAs
via random transmission due
to a mitochondrial genetic
bottleneck and subsequent
non-random selection. The
gray scale corresponds to the
proportion of mitochondria
carrying mutant DNA

germ-line genetic bottleneck
RANDOM TRANSMISSION
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The proportions in heteroplasmy may change also
during later stages of development as a consequence of
non-random cell- (Sekiguchi et al. 2003) or tissue-spe-
cific selection (Jenuth et al. 1997) (Fig. 3). It has been
suggested that selection is independent from mitochon-
drial function or cellular proliferation and most proba-
bly occurs at the level of the mitochondrial genome
(Battersby and Shoubridge 2001; Chinnery 2002).

Accumulation of mutant mtDNA in humans is not
only related to mitochondrial diseases, but it has also
been observed during carcinogenesis and very often in
the course of normal aging (Polyak et al. 1998; Szibor
and Holtz 2003; Trifunovic et al. 2004; Wallace 1999).
According to a hypothesis proposed by Chinnery et al.
(2002), the increase of mutant mtDNA level in aging,
cancer and disease occurs due to similar mechanisms,
based on the three basic properties of mtDNA:
polyploidy, relaxed (independent from the cell cycle)
replication, and the presence of a mechanism that reg-
ulates the normal cellular mtDNA copy number. The
latter may induce proliferation of mtDNA to maintain
the respiration capacity of mitochondria affected due
to a mtDNA mutation. However, replication of the
mutant mtDNA results in an overall increase in the
mutation load leading to a further decline of respira-
tion capacity.

In contrast, there is only limited information about
the distribution of mitochondrial heteroplasmy among
siblings, between tissues and during the life span of
plants. The only report suggesting the occurrence of a
bottleneck in plant mitochondria comes from studies
on olive trees (Garcia-Diaz et al. 2003). The fact that it
is one of the most ancient vegetatively propagated
plant species makes the olive tree an excellent model
to study mtDNA maintenance. Asexually propagated
plants exhibit a substantially higher level of hetero-
plasmy compared to sexually reproduced olive trees.
The authors claim that the significant reduction of het-
eroplasmy in sexually reproducing plants could be
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explained as a result of genetic drift during the female
gamete formation. There are no other reports of a
plant mitochondrial bottleneck. If this phenomenon
occurs in plants at all, we assume that the number of
mitochondrial genomes transmitted by the maternal
line to the progeny should be higher than one, since the
majority of plant mitochondrial genomes examined are
heteroplasmic.

Analysis of bean heteroplasmy and its evolutionary
changes brought some important facts about transmis-
sion of heteroplasmic molecules (Arrieta-Montiel et al.
2001). Arrieta-Montiel and co-workers examined the
presence of the pvs sequence in the mitochondrial
genome of 106 wild and 36 cultivated Phaseolus lines.
The pvs sequence was present in all of the examined
plants, and in 84 % of them it was observed at a substo-
ichiometric level. It seems unlikely that the presence of
the sublimon molecule carrying pvs in so many bean
lines is due to recurrent de novo generation of this mol-
ecule by recombination in the course of evolution. It
seems rather that this substoichiometric molecule,
once created, was subsequently stably transmitted.
These conclusions are supported by observations that
in some plant species sublimons are not accompanied
by a putative parental molecule that would serve as
substrate for the recombination event (Janska et al.
1998; Kanazawa et al. 1994). In light of these assump-
tions it has been proposed that plants must posses a
means of ensuring the transmission of a complete mito-
chondrial genome to subsequent generations, although
the mechanism of the transmission and somatic segre-
gation are very poorly understood. Since the plant
mitochondrial genome has a multipartite structure, it
has been proposed that plants posses a so-called
“transmitted form” of the mitochondrial genome con-
taining the complete genetic information of the mito-
chondria including sublimons. The exact structure of
the transmitted form remains unknown. Nevertheless,
it was proposed that it is organized into a single replica-
tion unit and resides within the meristem (plant
mtDNA replication zone) to assure transmission of the
complete genetic complement to daughter cells (Arri-
eta-Montiel et al. 2001; Fig. 1b.). Results obtained by
Suzuki et al. (1996) indicate that the organization of
mtDNA in root meristem of rice differs from that in
differentiated cells (Fig.1b). According to these
results, replication and distribution of mtDNA during
cell differentiation may induce changes in the stoichi-
ometry of mtDNA molecules. This was confirmed by
results according to which the pvs sequence present as
a sublimon in leaf tissue of a bean revertant line was
markedly more abundant in the root meristem (Arri-
eta-Montiel et al. 2001).

Perhaps the best examples of quantitative changes
in heteroplasmic mtDNA distribution in plants are the
nonchromosomal stripe (NCS) mutants of maize
(Yamato and Newton 1999). They carry a deletion
within mitochondrial genes and show characteristic
phenotypes with green or yellow leaf stripes. The green
sectors are heteroplasmic for the mutant and normal
forms of mitochondrial genes, while the yellow sectors
are homoplasmic containg only the mutated forms.
Each NCS mutation is stable in the sense that the dele-
tion can be passed unaltered to the progeny. However,
plants derived from the same parents can be affected to
various degrees (Wintz 1994).

Heteroplasmy and nuclear copies of mtDNA

It is well known that fragments of mitochondrial DNA
are integrated into the nuclear genomes of many
organisms including numerous animal and plant spe-
cies (Bensasson et al. 2001; Timmis et al. 2004). In ani-
mals these sequences are named Numts for nuclear
mitochondrial pseudogenes. There are no reports on
recent mtDNA transfer into metazoan nuclei but in
plants this process is still ongoing. Current studies indi-
cate that escape of the genetic material from organelles
to the nucleus occurs much more frequently than gen-
erally believed (Timmis et al. 2004). In light of this
finding, the claim that low abundance DNA fragments
in a cell always represent mitochondrial sequences,
may be overoptimistic. Nuclear sequences of mito-
chondrial origin may also be detected using the tech-
niques used to study heteroplasmy; consequently, the
experimental design of many heteroplasmy studies has
often been criticized, especially when they were based
on PCR amplification (Budowle et al. 2002; Brandstat-
ter and Parson 2003). Such assays may lead to false
conclusions, as in the case of Numts amplified from
patients with Alzheimer disease and mistaken for het-
eroplasmic mtDNA mutations causing this disease
(Wallace et al. 1997). On the other hand, it is equally
hard to believe that the DNA fragments of low stoichi-
ometry observed in numerous analyses always repre-
sent mitochondrial segments transferred to the
nucleus. The fact that genomic shifting could be revers-
ible over a relatively short evolutionary time (Janska
et al. 1998; Woloszynska et al. 2001) argues for a view
that such rapid quantitative shifts require the pre-exis-
tence of low abundance fragments in mitochondria.
Therefore, we think that heteroplasmy is a common
condition of animal and plant mitochondria but its reli-
able detection and further analysis require some pre-
cautions. It is advisable to enrich the PCR template in
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mtDNA by purifying mitochondria instead of total
DNA or by using tissues containing high amounts of
mtDNA relative to nuclear DNA (Bensasson et al.
2001). Another way to verify the identity of suspected
Numts can be RT-PCR since these sequences are usu-
ally not transcribed, unlike their mitochondrial coun-
terparts.

Is heteroplasmy under nuclear control?

Currently, little is known about the mechanisms
involved in the genomic shifting observed in heteroplas-
mic plant mitochondrial genomes. A lack of precise
information about the structure of plant mitochondrial
genomes slows down the progress in understanding this
phenomenon. Theoretically, three types of events could
result in genomic shifting in plants: changes in the repli-
cation rate of selected molecules, changes in the state of
recombinational equilibrium, and changes in segrega-
tion of a heteroplasmic population of mtDNAs; or any
combination of them. While it is still uncertain which of
these processes leads to mitochondrial genomic shifting
in plants, there is no doubt that it is under nuclear con-
trol. A few examples of nuclear genes modulating het-
eroplasmy are described below.

In the common bean the genomic shift leading to
reversion to fertility may occur spontaneously or may
be induced by the nuclear gene Fr. When introduced
into a sterile plant, the Fr gene results in copy number
suppression of the pvs sequence (Arrieta-Montiel et al.
2001). The exact mechanism by which Fr drives the pvs
copy number decrease has not been explained. How-
ever, the Fr-induced phenomenon is indistinguishable
from the spontaneous reversion to fertility described
here in chapter four (Janska et al. 1998). Thus, it can be
assumed that the similarly to the spontaneous rever-
sion also the Fr action involves differential replication
of mtDNA molecules.

It has been suggested that the CHM gene in Arabid-
opsis, preventing the amplification of a specific mito-
chondrial genome configuration that is associated with
the appearance of green-white leaf variegation, acts in
a manner similar to Fr (Martinez-Zapater et al. 1992;
Sakamoto et al. 1996). The CHM gene has been shown
to encode a protein homologous to MutS protein of
Escherichia coli that is involved in mismatch repair and
DNA recombination (Abdelnoor et al. 2003). Conse-
quently, the locus was named AtMSHI and the
encoded protein MSHI1. Surprisingly, chm mutants
showed no evidence of increased point mutations.
Since mismatch repair components are usually
involved in suppression of nonhomologous recombina-
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tion, it was proposed that the function of the AtMSH1-
encoded protein was to control recombination. Muta-
tions disrupting this activity could lead to an increased
recombination and finally to a genomic shift. This sce-
nario is possible only if the main genome contains both
parental mtDNA configurations which recombine and
generate the sequence undergoing the genomic shift.
However, this model of MSH1 action does not apply to
plant systems where the shifted DNA configuration
can not be produced via de novo recombination
(Janska et al. 1998). Thus, according to an alternative
model, the role of MSH1 would involve control of rep-
lication. This scenario assumes that shifted mtDNA
molecules are generated via earlier recombinations.
The chimeric sites created by the recombinations might
serve to trigger site-specific replication stalling by the
MSHI1 protein (Abdelnoor etal 2003). Similarly to
MSHI1, also other candidates for nuclear factors con-
trolling heteroplasmy in Arabidopsis—RecA and sin-
gle-stranded DNA-binding proteins—are involved in
DNA recombination and repair (Shedge, unpublished
data; Harmon and Kowalczykowski 1998; Steffen and
Bryant 2001; Edmondson et al. 2005).

Another example of nuclear control over hetero-
plasmy in plants is the Psm locus of cucumber. Since
the mitochondrial genome of this plant species is pater-
nally inherited, Psm is the first nuclear locus to control
sorting of paternally transmitted sublimons (Havey
et al. 2004). The most common Psm allele (Psm+) pro-
vides sorting that favors the mitochondrial genome
variant conditioning a mosaic phenotype. The Psm-
locus results in a preferable sorting of sublimons con-
ferring normal phenotype.

In contrast to the above examples of heteroplasmy
control driven by single nuclear genes (Fr, AtMSH],
Psm), the mitochondrial mutator system in maize
involves complex interactions among nuclear alleles
and the mitochondrial genome (Kuzmin et al. 2005).
The system was identified in the P2 line of maize char-
acterized by mtDNA destabilization resulting in poor
plant growth and pale streaks on leaves. The Fr, Psm
and AtMSHIgenes, when introduced into a plant or
disrupted by mutation, result in reproducible genomic
shift. This is not the case for the P2 mutator system.
Plants of the P2 line, or plants obtained by introducing
P2 nuclear alleles via the male parent, show highly var-
iable mtDNA patterns differing both quantitatively
and qualitatively among sibling individuals and
between parents and progeny (Kuzmin et al. 2005). In
individual P2 siblings the copy number of a particular
mitochondrial sequence may increase or decrease
differentially, shifting in either direction. The authors
propose that the combined outcome of destabilized
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replication and transmission is variability of mtDNA
profiles observed among sibling and between parents
and progeny. An important conclusion concerning the
P2 mutator system is that the replication of mtDNA
molecules and their transmission are controlled by
different nuclear alleles.

The complex nature of the nuclear control over het-
eroplasmy is further supported by studies on the reorga-
nization of the mitochondrial genome of wheat induced
by in vitro conditions (Hartmann et al. 2000). It was
found that a single rearrangement in mtDNA could be
governed by many genes scattered in the nuclear
genome. The involvement of a nuclear-cytoplasmic
compatibility system in the control of mtDNA hetero-
plasmy was recently reported for backcrossed barley—
wheat hybrids (Aksyonova et al. 2005). It was observed
that replacement of the barley nuclear genome with the
paternal wheat nuclear genome correlates with the
paternally oriented shift of mtDNA composition and the
restoration of fertility and plant vigour.

A complexity of the nuclear control has also been
observed in animals (Farge et al. 2002; Battersby et al.
2003). A mutant strain of Drosophila subobscura is
heteroplasmic with about 80% of the mitochondrial
DNA molecules containing a large-scale deletion. Suc-
cessive backcrosses between mutant females and wild-
type males result in a biphasic change in the level of
heteroplasmy (Farge et al. 2002). In the early crosses
the proportion of deleted molecules decreases rela-
tively quickly, while in subsequent crosses this
decrease is much slower. The return to the mutant
nuclear genome is followed by a progressive increase in
heteroplasmy until stabilization at a level characteristic
for the given mutant strain. This dynamics of quantita-
tive changes in mtDNA indicates that several different
genes must be involved in heteroplasmy control in D.
subobscura. The authors suggest that the mutant
nuclear genes controlling the level of heteroplasmy are
directly involved in the production of the deleted
mtDNA molecules (Farge et al. 2002). On the other
hand, Battersby et al. (2003) identified three nuclear
loci in the mouse genome that control heteroplasmy
via governing tissue-specific and age-dependent segre-
gation of two mtDNA variants. The transmission of
both variants in the germ-line is random but one mito-
type increases in the liver and kidney with age, whereas
the second variant is prevalent in the blood and spleen.

Concluding remarks

Heteroplasmy is generated via the same mechanisms in
plants and animals but while in plants the most powerful

force is recombination, in animals heteroplasmy mainly
results from replication errors, defective and inefficient
repair or reaction of mtDNA with reactive oxygen
metabolites. Similarly, transmission of paternal mtDNA
as a source of heteroplasmy is much more frequently
reported for animal than for plant genomes. However, it
should be emphasized that the bias of data concerning
heteroplasmy origin in plants and animals does not nec-
essarily reflect the true situation. It may simply result
from the obvious prevalence for research regarding
human mitochondria. In both groups of organisms het-
eroplasmy was originally recognized as associated with
pathological states, but currently it is assumed to occur
also in normal individuals. Rapid genomic shifts have
been described in plants and animals; however, the
switch to homoplasmy seems to be common only in ani-
mals while in plants it usually results in a different level
of heteroplasmy. Again, this may not result from a real
difference but rather from the various methods and
experimental procedures applied to both groups of
organisms. In the case of plants usually pooled seedlings
or leaves from many individuals are sampled, while for
animals particular tissues of a single organism are tested.
Moreover, as we already mentioned, DNA sequencing
that has been widely used to detect animal heteroplasmy
is not as sensitive as the PCR or Southern assays with
prolonged autoradiography usually applied in plant
research. Another common feature of animal and plant
heteroplasmy is that this state is controlled by nuclear
genes and this control is a complex phenomenon involv-
ing many genes. Finally, we would like to emphasize that
the universal occurrence of heteroplasmy in plants and
animals suggests that it has an important, although still
obscure role in mtDNA genetics.
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