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Abstract—First evidence for the presence of copies of mitochondrial cytochrome b gene of the subspecies
group Luscinia calliope anadyrensis—L. c. camtschatkensis in the nuclear genome of nominative L. c. calliope
was obtained, which indirectly indicates the nuclear origin of the subspecies-specific mitochondrial haplo-
types in Siberian rubythroat. This fact clarifies the appearance of mitochondrial haplotypes of eastern sub-
species by exchange between the homologous regions of the nuclear and mitochondrial genomes followed by
fixation by the founder effect. This is the first study to propose a mechanism of DNA fragment exchange
between the nucleus and mitochondria (intergenomic recombination) and to show the role of nuclear copies
of mtDNA as a source of new taxon-specific mitochondrial haplotypes, which implies their involvement in
the microevolutionary processes and morphogenesis.
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The exchange of genetic information between cel-
lular organelles and the nucleus is considered to be a
common phenomenon in all eukaryotes. The transfer
of alarge mtDNA fragment (7.9 kb) was first described
for the domestic cat Felis catus [1]. The authors of this
study proposed the term NUMT (“Nuclear copies of
Mitochondrial genes”) for the nuclear copies of
mtDNA genes and a hypothetical model of mtDNA
fragment integration into the nuclear genome. How-
ever, the actual mechanisms of DNA movement and
integration between the mitochondria and the nucleus
have not yet been established. Currently, many cases of
detecting nuclear copies of mtDNA genes in different
groups of organisms (fungi, plants, arthropods, birds,
and mammals) have been described. However, the
facts of inverse symmetry (i.e., the insertion of nuclear
DNA sequences in the mitochondrial genome) have
not been known before.

In this work, in the course of phylogeographic stud-
ies of the population structure of Siberian rubythroat
Luscinia calliope (Pallas, 1776), we for the first time
established the fact of the transition of a nuclear copy
sequence into the mitochondrial genome, which led to
the occurrence of taxon-specific mitochondrial hap-
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lotypes in several subspecies (geographical races) of
this species. We have proposed and indirectly con-
firmed the existence of yet undescribed mechanism for
the exchange of homologous regions between the
nuclear and mitochondrial DNA via symmetric
recombination. The results of our discovery broaden
the understanding of the processes occurring in the
cell, indicate the cases of interaction between the
nuclear and mitochondrial genomes as a coupled
genetic system of the cell, and allow rethinking the
importance of the study of mitochondrial genes for
assessing the rate of microevolutionary processes and
morphogenesis.

In this paper, we present data on detecting copies of
mitochondrial cytochrome b (cyt b) gene of the north-
eastern subspecies group Luscinia calliope anadyren-
sis—L. c. camtschatkensis in the nuclear genome of the
form L. c. calliope, which testified to the nuclear origin
of the mitochondrial haplotypes in these subspecies of
Siberian rubythroat. The presence of copies of mito-
chondrial genes of other subspecies in the nucleus of
L. c. calliope indicates intergenomic recombination
events that yielded new recombinant mitochondrial
haplotypes of some geographical races of this species.

Siberian rubythroat Luscinia calliope is a wide-
spread migratory Palearctic species of passerine birds.
Molecular genetic studies of mtDNA cyf b gene of this
species showed its division into three significantly dif-
ferent haplogroups [2, 3]: “western” (calliope) and two
“eastern”—=Sakhalin and Anadyr—Kamchatka, cor-
responding to forms L. c¢. sachalinensis (Portenko,
1937), L. c. anadyrensis (Portenko, 1939), and
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Fig. 1. Sites of collection of samples analyzed.

L. c. camtschatkensis (Gmelin, 1789). The strong
genetic divergence among the haplotypes calliope,
anadyrensis—camtschatkensis, and sachalinensis had
no logical explanation, because there is no obvious
geographical disjunctions between the ranges of sub-
species of the “western” and “eastern” groups and the
entire northeastern part of the range (Anadyr, Kam-
chatka, and Magadan region) is represented by popu-
lations with both mtDNA variants in different propor-
tions. In addition, the issue on the origin of the haplo-
type sachalinensis, which is represented solely on
Sakhalin and is absent in adjacent mainland areas,
remained unresolved. To clear up these issues and a
more complete phylogeographic study of haplotypes
of the nominative subspecies calliope, we studied the
birds from the previously unexplored parts of the range
of Siberian rubythroat.

We analyzed 21 L. c. calliope samples from the col-
lection of the Zoological Museum of Moscow State
University, which were collected in 18 localities from
1906 to 2011 (Fig. 1). DNA was isolated from deriva-
tives (foot pads and feathers) using the QIAgen
DNeasyR Tissue Kit (Qiagen, United States) accord-
ing to protocol no. 9 [4]. The cyt b gene fragment and
the nuclear copies of the same gene were amplified
using different pairs of primers of our own design.

Visual testing for the quality of graphical chro-
matogramms revealed the presence of equally repeat-
ing double peaks with varying signal intensity, against
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the background of clear signals, in some sites in
19 samples. Since all sequences had a similar distribu-
tion of heteroplasmic sites, for preliminary analysis we
randomly selected two samples from the western cites
located at a distance of 650 km from each other
(Tomsk and Ermak districts of Krasnoyarsk krai). To
separate the sequences found in the heterogeneous
fragment as a result of sequencing, the amplicons were
cloned using the InsTAclone™ PCR cloning kit (Fer-
mentas, Lithuania) according to manufacturer’s
instruction. We selected, on average, ten clones for
each sample. In total, 25 clones approximately 900 bp
long were analyzed.

One variant of the clones of both samples corre-
sponded to the mitochondrial cyr b gene of the nomi-
native subspecies L. c. calliope, and the second variant
was the nuclear cyt b pseudogene similar to the mito-
chondrial haplotypes of the eastern group, detected by
us earlier and characteristic of the subspecies
L. c. anadyrensis and L. c. camtschatkensis (98 % simi-
larity, Fig. 2). The nuclear pseudogenes contained
determinant codons characteristic of NUMT. In addi-
tion, the high level of polymorphism, caused by ran-
domly occurring mutations, also confirms the nuclear
origin of these sequences.

We assumed that the mechanism of transfer of the
nuclear copy identical to the subspecies anadyrensis
into the mitochondrial DNA could be symmetric
recombination between the homologous regions of the
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nuclear and mitochondrial genomes. Therefore, the
nuclear genome of the Anadyr subspecies should con-
tain a copy of the mitochondrial cyf b gene of the nom-
inative subspecies L. c. calliope. To confirm this
hypothesis, we first tested the samples of the Anadyr
subspecies of Siberian rubythroat for the presence of
heteroplasmic sites. Amplification of the cyr b gene
with specific primers did yield a nuclear homologue.
We have experimentally established that the primers
for a longer fragment (3202 bp), comprising the cyt b
gene and the control region (D-loop), covered both
the mitochondrial and nuclear sequences. In view of
this, we performed two PCR. In the first PCR, a long
amplicon (3202 bp) comprising cyf b and CR genes was
synthesized. In the second reaction, involving the first
PCR product, the fraction of the nuclear homologue
of the cyt b gene 1200 bp long was enriched. The prod-
ucts of the second PCR were sequenced, and the sam-
ples with the heteroplasmic sites were used for subse-
quent cloning. Nucleotide sequences of two
L. c. anadyrensis samples with the previously deter-
mined mitochondrial haplotypes—mno. 2053 (Acc.
LK932608, haplotype anadyrensis—camtschatkensis,
Chukotka Autonomous Area, Anadyr district) and
no. 2251 (Acc. LK932617, haplotype calliope, Chu-
kotka Autonomous Area, Bering district)—were
cloned (19, 20, Fig. 1). The cloned sequences of bird
no. 2053 were divided into two variants: ¢yt b gene of
the group anadyrensis—camtschatkensis and a nuclear
copy of the cyr b gene of the subspecies calliope, which
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confirmed our hypothesis. Unexpected were the clon-
ing results for bird no. 2251 with the calliope mito-
chondrial haplotype. One clone variant was the mito-
chondrial cyt b gene of the nominative subspecies
L. c. calliope, and the second was a nuclear copy iden-
tical to the cyr b gene of the subspecies L. c. sachalinensis,
which was previously found only on Sakhalin Island.

The discovered nuclear copies of mtDNA indi-
rectly indicate that the mitochondrial haplotypes of
the Anadyr, Kamchatka, and Sakhalin subspecies
evolved as a result of symmetric recombination of
homologous regions of the nuclear and mitochondrial
genomes and the subsequent distribution of the
recombinant haplotypes by the founder effect. Since
in these cases a region of the mitochondrial DNA of
calliope is replaced with the homologous nuclear cop-
ies of anadyrensis—camtschatkensis and sachalinensis,
it can be assumed that the nuclear genome of the orig-
inal nominative subspecies L. c. calliope, containing
the copies of mitochondrial genes (in particular, cyt b
gene) was the source of the new taxon-specific variants
of mitochondrial haplotypes.

The probability of occurrence of the same complex
molecular transfers simultaneously in several individ-
uals is extremely low. We believe that the recombina-
tion event for each subspecies occurred once at the
first stages of formation of germ cells, which in the
embryogenesis of birds occurs very early, in the first
third of embryogenesis, as was experimentally estab-
lished in the studies of chicken embryos [5]. The
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zygote divisions after fertilization are not accompa-
nied by the mitochondrial divisions, as a result of
which the number of mtDNA copies per cell is
reduced from 200 thousand in the egg to 5 thousand
per cell in the blastocyst, which was shown in mam-
mals [6]. After implantation, in the course of cell dif-
ferentiation, primary germ cells (gonocytes), which
contain approximately 10 mtDNA copies per cell,
become distinguished. Mitochondria of germ cell pro-
genitors account for a small proportion (0.01%) of the
total initial mitochondrial pool of the zygote. Due to
the drastic decrease in the number of mitochondria
(approximately 20 thousand times), the mtDNA
diversity in the cell is greatly reduced [7]. The interge-
nomic recombination, assumed in our work, appar-
ently occurred at the stage of gonocytes, which con-
tain the least number of mitochondria, which many
times increases the possibility of maintaining and
passing the new variants of mitochondrial DNA to the

progeny.

The enzymology of general recombination has
been well studied only in some prokaryotic organisms
[8]. One of the specific enzymes required for success-
ful homologous recombination is the recA protein. It
catalyzes the single strand exchange using the energy
of ATP hydrolysis to ADP and inorganic phosphate.
The first stage of the recombination process in the
Holliday scheme is recA-dependent insertion of sin-
gle-stranded DNAs into the heteroduplex to form
double-stranded breaks. The second enzyme, recBCD
nuclease, which consists of three individual subunits
(B, C, and D), exhibits endo- and exonuclease and
helicase activities. Its mechanism of action is not
understood completely; however, it is known that
recBCD nuclease induces breaks in the DNA duplex
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and, due to its intrinsic helicase activity, together with
recA initiates the recombination process. General
recombination involves several other enzymes that
also catalyze DNA replication and repair [8].

The probability that intergenomic recombination
occurred in the cytoplasm we explain by the known
facts and respective assumptions. At the stage of mei-
osis, after the nuclear membrane destruction, the
nuclear DNA gets into the cytoplasm (Fig. 3). The
mtDNA can penetrate into the cytoplasm apparently
under the influence of both genetic and environmental
factors, such as exposure to mutagenic agents and
other types of cell stress, which can damage mito-
chondria or their membranes [9].

The intergenomic exchange of nucleotide sequ-
ences in the case of calliope—anadyrensis—camtschat-
kensis presumably occurred in the northeastern
peripheral part of the range of the subspecies calliope
at a low abundance of birds, most likely in the region
where the modern contact zone of this form with
L. c. anadyrensis is located (Fig. 1). This allowed the
new haplotype to fix in time and become taxon-spe-
cific upon the appearance of morphological characters
of the new forms and their dispersal to new territories
in the northeast Asia. Currently, in the Siberian
rubythroat populations in the Anadyr Basin and
Koryak Highlands, the mitochondrial haplotypes of
calliope and the eastern recombinant haplotype are
mixed in approximately equal proportions, with
retaining the stability of the morphological traits char-
acteristic of the Anadyr subspecies. Southwards, on
the Kamchatka Peninsula, L. c. camtschatkensis pop-
ulations, which are easily distinguishable from anady-
rensis, are represented primarily by the birds with the
same recombinant haplotype, whereas the calliope
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haplotype is found here very rarely. Presumably, the
recombination event for the case calliope—sachalinen-
sis occurred on Sakhalin, because the mitochondrial
haplotype of the Sakhalin subspecies is found only on
this island. The phenomenon of recombination, in our
opinion, is a relatively recent event, because the dis-
covered nuclear copies of the cyr b gene have a high
similarity (98—99%) with the mitochondrial genes of
respective subspecies of the “eastern” group—
L. c. anadyrensis, L. c. camtschatkensis, and L. c. sacha-
linensis.

In our opinion, the opposite assumption—the
insertion of the eastern haplotype into the nuclear
genome of L. c. calliope—it unlikely for several rea-
sons. Firstly, the areas where the nuclear pseudogene
was found (Western and Central Siberia) are remote
from the breeding range of L. c. anadyrensis. Sec-
ondly, the Siberian rubythroat is characterized by a
high nesting conservatism and has permanent migra-
tion routes. In addition, according to the observations
of ornithologists, the range of L. calliope proceeded
expanded from west to east [10, 11]. Furthermore, the
eastern mitotype per se, according to our data, has not
been found (except one case in Mongolia) westward of
Blagoveshchensk (Amur region).

In the case of symmetric recombination between
the homologous regions of the mitochondrial and
nuclear genomes, the emergence of new mitochon-
drial haplotypes occurs on the basis of nuclear pseudo-
genes. Figure 3 shows the presumable scheme of the
recombination event between the homologous frag-
ments of the nuclear and mitochondrial DNA, which
yielded new recombinant haplotypes, which are cur-
rently characteristic of the subspecies L. c. anadyren-
sis, L. c. camtschatkensis, and L. c. sachalinensis.

In the nuclear genome, mtDNA pseudogenes are
more prone to recombination rearrangements, which
leads to the emergence of their new variants. For
example, the existence of several significantly diverged
variants of haplotypes that are commonly divided by
the geographical principle into the “western” and
“eastern” ones, in the representatives of some corvid
genera (genus Corvus [12] and genus Pica [13]), appar-
ently illustrates the common phenomenon for differ-
ent cases that is conventionally attributed to the con-
sequences of glaciation, leading to insulation under
conditions of long-term isolation of groups of popula-
tions of various species in remote refugia. Under cer-
tain circumstances described above, the random inter-
genomic recombination more rapidly lead to the
emergence of new variants of mitochondrial gene hap-
lotypes as compared to the spontaneous mutations in
the mitochondrial genome itself and can be an alter-
native cause of the cases described above.

Thus, in this paper we for the first time described
the cases of finding nuclear DNA in the mitochondrial
genome and proposed the mechanism of DNA frag-
ment exchange between the nucleus and mitochondria
(intergenomic recombination). We also showed the
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role of the nuclear copies of mtDNA as a source of
new taxon-specific mitochondrial haplotypes, which
indicates their importance in microevolutionary pro-
cesses and morphogenesis. From a phylogenetic
standpoint, NUMTs are often considered as a hin-
drance leading to erroneous interpretations of rela-
tionships between taxa [14]. Our findings provide a
new look for the presence of NUMT sequences in the
nuclear genome and open new opportunities for using
similar cases in phylogenetic studies.
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