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Mitochondrial DNA sequences integrated into chromosomes
are a promising object for designing genetic markers for
studies of phylogenesis and genomic instability. Mitochon-
drial genomes of D. virilis and other Drosophila species of the
virilis group contain (AT), microsatellites in the spacer region
between the atp6 and cox3 genes, and this microsatellite se-
quence is one of the hallmarks of the virilis group. The nuclear
genome of D. virilis contains many extended fragments of
mitochondrial DNA, which in total are several times longer
than the mitochondrial genome. These nuclear sequences

of mitochondrial origin contain all types of mitochondrial
sequences, including mitochondrial genes and the afore-
mentioned microsatellite sequence. The presence of the (AT),
microsatellite allows insertion of retrotransposon Tv1, which
can transpose into the (AT), microsatellite in a site-specific
manner. The TvT insertion into (AT),, close to the atp6 or cox3
pseudogenes produces a unique sequence. This sequence is
formed by retrotransposon Tv1 and pseudogenes atp6 or cox3.
This unique sequence can be detected in the genome by a
PCR-based method. We applied this method to the detection
and analysis of the nucleotide variability of the pseudogenes
atp6 and cox3 associated with Tv1 insertions in a D. virilis cell
culture and in the genomes of four Drosophila species of the
virilis group: D. virilis, D. montana, D. borealis, and D. lacicola.
We discovered new events of mitochondrial sequence transfer
to the nucleus in the transplanted cell culture of D. virilis, and
new TvT1 insertions, having emerged during the passage of this
cell line were detected in the genome of the D. virilis trans-
planted cell culture. We found atp6 and cox3 pseudogenes as-
sociated with insertions of retrotransposon Tv1 in the nuclear
genomes of four Drosophila species from the virilis group.
These chimeric sequences proved to be species-specific. The
age of the Tv1 insertion into the atp6 and cox3 pseudogenes
is estimated at 1.50 Ma for D. virilis, 1.31 Ma for D. lacicola, and
1.56 Ma for D. borealis. A specific situation was revealed for

D. montana, in which Tv1 insertions with nearly identical 5’and
3'long terminal repeats (LTRs) were present in accessions of
flies from Europe and Asia. The age of this insertion was about
300 thousand years, and the insertion was absent from the

D. montana fly line from North America.

Key words: mitochondrial genome; retrotransposons; numts;
Drosophila; virilis group.

Received 30.04.2018
Accepted for publication 25.09.2018
© AUTHORS, 2018

@ e-mail: andrianovb@mail.ru

V3yueHre N3SMEeHUYMBOCTI

SIIepHBIX I10C/IelOBAaTeIbHOCTEeN
MUTOXOHAPUATILHOTO IIPOVICXOKIEHNS,
aCCOLMMPOBAHHBIX C MHCEPLVSMU
peTpoTpaHcrio3oHa Tvl, v BU0B
npo30odua u3 rpyIimnsl virilis

B.B. Auapuanos @, A.A. Pomanos, T.B. Toperosa

NHCcTUTyT 0bLweit reHeTukn um. H.U. BaBunosa
Poccuinckon akapemnn Hayk, Mocksa, Poccuna

MuTOXOoHAPVanbHble NoCNefoBaTeNIbHOCTY, UHTErPUPOBaH-
Hble B IHK xpoMocom, — nepcneKkTUBHbIN 06beKT Ans paspa-
6OTKM FrEHETNYECKMX MAPKEPOB duoreHesa n reHoOMHoM
HecTabunbHOCTU. MUTOXOHAPUaNbHbIV reHom D. virilis v ppy-
rx B1UAoB Apo3odun 3 rpynnol virilis copep T Mmkpocaten-
NUTHble nocnepoBaTtenbHocTy (AT), B cneiicepHon obnacTtn
MeXay reHamu atpé v cox3, 4To ABNAETCA OTINYNTENBHbBIM
Npr3HaKoMm rpynnbl Virilis. inepHbiil reHom D. virilis copepuT
60nbLUOE KONMMYECTBO NPOTAKEHHBIX GParMeHTOB MUTOXOH-
ApvianbHon [IHK, KoTopble B CyMMe B HECKOJIbKO pas3 AinHHee
MUTOXOHAPUANIBHOTO reHOMa. TV AfepPHble NocNefoBaTesNb-
HOCTV MUTOXOHAPVANbHOIO MPOUCXOXKAEHNA COAEP»KaT BCe
TUMbI MUTOXOHAPWANbHbIX NOCEA0BATENbHOCTEN, B TOM Uncie
MUTOXOHAPWANbHbIE FeHbl 1 MUKPOCaTeNIUTHbIE MOC/IeA0Ba-
TenbHocTH (AT), B cneiicepHom obnacti Mexay reHamu atp6 v
cox3. Hannumne munkpocatennuTa (AT), obecneuriBaeT BO3MOX-
HOCTb MHCEPLUN PETPOTPaHCMo30Ha Tv1, UMeloLLero CBOMCTBO
BCTpamBaTbCA canT-cneyndryHo B nocnefoBaTebHOCTH
MuKpocatennuta (AT),. B pesynbrate nHcepLum TpaHCNO30Ha
B MUKpOCaTeNnT obpasyeTca YHNKanbHan nocnefosatesib-
HOCTb, 06pa30oBaHHas SAAEPHON KoMMen reHa atp6 unm cox3 v
peTpoTpaHCcno3oHOM Tv1, KOTopasa MOXET ObITb BblheneHa 13
reHoma meTtogom lMLP. Micnonb3ysa 3ToT noaxof, Mbl BbIABUAN 1
NpOoaHanM3npPoBasn HyKNEeOTUAHYIO M3MEHUMBOCTb NCEBLO-
reHoB atp6 v cox3, acCoUMNPOBAHHbIX C UHCepumamn Tvi,

B KNeTouyHom Kynbtype D. virilis 'y ueTbipex BUA0OB fpo3odun
n3 rpynnbi virilis: D. virilis, D. montana, D. borealis v D. lacicola.
BbiABNEHbI HOBbIE COOBLITUA NePEeHOCa MUTOXOHAPUASIbHbIX MO-
cnefoBaTe/lbHOCTEN B AAPO KNETKM B NepeceBaemMon KynbType
D. virilis v HOBble CObbITVA NHCEPLMIA PETPOTPaHCNO30Ha TV B
reHome KNneToK nepeceBaemMon KynbTypbl, BO3HUKLLUX B XOAe
naccupoBaHUA AaHHOW KneToyHow nnHuK. MNokasaHa Bugocne-
UMPUYHOCTb GparMeHTOB MUTOXOHAPUASbHBIX NCEBAOrEHOB
atp6 v cox3, accoLMMPOBaHHbIX C UHCEPLIMAMMN PETPOTPaHCMO-
30Ha Tv1, B AlepHOM reHoMe BUAOB Apo30drn 13 rpynmbl
virilis, no3BonaioLwwan naeHTdGULMpPOBaTb BUAbI Fpynbl. Bos-
pacT nHcepumin Tvl B nocnefoBaTenbHOCT MUTOXOHAPWANb-
Horo npoucxoxaeHna y D. virilis paseH 1.50 mnH ner, D. lacicola -
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1.31 mnH ner, D. borealis - 1.56 mnH net. Ocobas cutyaumsa
HavgeHa ana D. montana. Y 3Toro BMaa BbiABNEHa NHcepLma
C MPAKTUYECKN MAEHTUYHBIMU 5" 1 3’ ANIVIHHBIMI KOHLIEBBIMY
NOBTOPaMM B IMHMAX MyX €BPOMNENCKOro 1 a3naTckoro npo-
ncxoxaeHusa. Bospact uHcepumm okono 300 TbIC. €T, ¥ OHa
oTcyTcTBYeT y nHumn D. montana n3 CeepHoit AMepuKu.
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he cell has been found in all eukaryotic species studied

so far (Bensasson et al., 2001; Richly, Leister, 2004;
Hazkani-Covo etal., 2010). Fragments of mitochondrial DNA
in chromosomes were called numts (abbreviation of nuclear
sequences of mitochondrial origin) (Lopez et al., 1994). In
the literature, this term is variously capitalized and italicized.
We interpret numt as a genetic term and write it in lowercase
Roman letters. The numbers and lengths of numts vary among
species, depending on the ratios of their acquisition and loss.

The main source of data on the origin and variability of
numts is the comparative analysis of complete genomes. The
numbers of numts in the genomes of different fruit fly spe-
cies vary by an order of magnitude (Rogers, Griffiths-Jones,
2012). Such a significant variation is likely to be determined
by different rates of numt acquisition and loss. In Drosophila,
the frequency of fixation of a new numt type in the genome is
0.75 copies per million years (Rogers, Griffiths-Jones, 2012).
It is natural to assume that the speed of occurrence of new
copies of numts is highly variable in different species.

The number of numts detected in a complete genome de-
pends on search parameters. Therefore, data reported by dif-
ferent authors are controversial. In the genome of Drosophila
melanogaster Meigen (1830), the number of detectable numts
varies from 3 to 6 (Bensasson et al., 2001; Richly, Leister,
2004; Pamilo et al., 2007; Rogers, Griffiths-Jones, 2012;
Hazkani-Covo, Martin, 2017), and this is the least number of
numts among the studied genomes of Drosophila. As reviewed
in (Rogers, Griffiths-Jones, 2012), the numbers of numts found
in other Drosophila species are 5 in D. simulans Sturtevant
(1919), 9 in each of D. yakuba Burla (1954) and D. grimshawi
Oldenberg (1914), 20 in D. erecta Tsacas, Lachaise (1974), 24
in D. mojavensis Patterson (1940), 25 in D. sechellia Tsacas,
Bachli (1981), 26 in D. ananassae Doleschall (1858), 54 in
D. persimilis Dobzhansky, Epling (1944), 59 in D. virilis
Sturtevant (1916), and 67 in D. willistoni Sturtevant (1916).
D. virilis belongs to the group of Drosophila species with
the highest number of numts in the genome. In the nuclear
genome of this species, all sequences of the mitochondrial
chromosome are represented.

Since insertions of fragments of mitochondrial DNA into
chromosomal DNA cause mutations, a significant increase
in the number of numts in the genome can be a marker of
genomic instability. The frequency of mitochondrial DNA
fragment insertion into chromosomal DNA varies in the
course of evolution (Hazkani-Covo, Martin, 2017). It has been
suggested that in most cases the appearance of new numts in
the genome is related to the speciation process (Gunbin et
al., 2017). In this connection, it is of interest to study the as-

_|_he transfer of mitochondrial DNA into the nucleus of
t
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sociation of numts with retrotransposons, since the induction
of transpositions of retrotransposons and numts can cause
genomic instability. Numts are usually integrated into (AT),
microsatellite sites and are often flanked by retrotransposons,
or Alu repeats in humans (Tsuji et al., 2012). In Drosophila,
45 % of numts are located close to retrotransposons of LINE
type and LTR-containing type (Rogers, Griffiths-Jones, 2012).

The search for numts associated with retrotransposons in
the complete genome of D. virilis revealed an insertion of ret-
rotransposon 7v/ into the spacer region between the atp6 and
cox3 numts. Retrotransposon 7v/ was found in the D. virilis
genome and in the genomes of all species of Drosophila form-
ing the virilis group (Andrianov et al., 1999). Retrotransposon
Tv1 is integrated in a site-specific manner into the microsatel-
lite (AT), sequence to form a direct duplication (AT), at the
site of insertion (Andrianov et al., 2010). The presence of
the (AT), microsatellite favors 7v/ integration into this site.
As aresult of 7v/ insertion into the numt, a unique sequence
arises, which can be detected from the genome by a PCR-based
method. Using this approach, we analyzed the variability of
numts associated with 7v/ insertions in D. virilis fly lines, in
D. virilis cell culture, and in the genomes of four species of
Drosophila of the virilis group: D. virilis, D. montana Stone,
Griffen, Patterson (1941), D. lacicola Patterson (1944) and
D. borealis Patterson (1952). All numts associated with the
retrotransposon 7v/ in fly lines are located on the Y chromo-
some. Our data reveal new events of mitochondrial DNA
transfer into chromosomes and new events of 7v/ retrotrans-
position in D. virilis cell culture. This finding brought us to the
conclusion that the emergence of new numt—7v/ associations
were specific markers characterizing genomic instability in
D. virilis cell culture.

Materials and methods

Fly and cell lines. Drosophila lines of species of the virilis
group used in the work were obtained from the Genetic Col-
lection of Insect Lines and Insect Cell Cultures of the Vavilov
Institute of General Genetics of RAS (http://vigg.ru/index.
php?id=337), the Collection of Drosophila Genetic Lines of
the Koltzov Institute of Developmental Biology of the RAS
(http://idbras.comcor.ru/collection/Drosophila.pdf), and the
collection of the Tucson Drosophila Species Stock Center
(http://stockcenter.arl.arizona.edu). All Drosophila lines were
isofemale except for the old laboratory line L160. The charac-
teristics of the fly lines studied are shown in Supplement 1'.
The permanent D. virilis cell line 79f7Dv3g was obtained in
1979 (Braude-Zolotarjova et al., 1986). All Drosophila lines

1 Supplemantary Materials 1-4 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx14.pdf
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PCR primers
Primer Sequence 5'-3’ The genomic nucleotide Primer Species tested
designation sequence taken for primer design specificity with the primer
Dvir0.1F GTCAATGTTCAGAAATCTGTGG D. littoralis 06-17a FJ447340.1 cox2 D. borealis, D. kanekoi,
D. lacicola, D. montana
Dvir4.1F AAGGAACCCCAGCAATTCTT D. virilis 1051.87 BK006340.1 atp6 D. virilis, D. virilis cell line
Dvir5.1R TCGTAAACCAATAGTTACAGGGTAAG D. virilis 1051.87 BK006340.1 cox3 D. borealis, D. lacicola,
D. lummei, D. montana
Dvir5.2R AGCAGGTGGTCATGATGCTC D. virilis 1051.87 BK006340.1 cox3 D. borealis, D. lacicola,
D. montana
Dvir5.3R TCAATATCATGCTGCTGCTTC D. virilis 1051.87 BK006340.1 cox3 D. borealis, D. kanekoi,
D. lacicola, D. lummei,
D. montana
Dvir5.4R TTGTGAATGGTTTCCTTCCA D. virilis 1051.87 BK006340.1 cox3 D. virilis cell line
Dvir6.1F GTAATTCGACCAGGAACTTTAGC D. virilis 1051.87 BK006340.1 atp6 D. borealis, D. kanekoi,
D. lacicola, D. lummei,
D. montana
Dvir6.2F CTCTTTTAGGACCCTCAGGTCA D. virilis 1051.87 BK006340.1 atp6 D. borealis, D. lacicola,
D. lummei, D. montana,
D. virilis
Dvir6.3F TTCTGTATTCGACCCATCAGC D. virilis 1051.87 BK006340.1 atp6 D. virilis
Dvir6.4R TTCCTTGAGGAACTAAATGAGC D. borealis 0961.00 KF669860.1 atp6 D. borealis, D. kanekoi,
D. lacicola, D. montana
Dvir7.1R TTCCCGAATATGAACTGATTTATCT D. virilis Tvl complete sequence LTR Tv1 D. virilis
AF056940.1
Dvir7.2R CAATTCTTTATTTTCACTAACGGCTAC  D.virilis Tv1 complete sequence LTR Tv1 D. borealis, D. lacicola,
AF056940.1 D. montana
Dvir8.1F GCACCCACCCTTTCACAT D. virilis Tv1 complete sequence LTR Tv1 D. borealis, D. lacicola,
AF056940.1 D. montana
Dvir8.2F CAAAGCATTTACGTAAGCAATGA D. virilis Tv1 complete sequence UTR Tv1 D. virilis cell line

AF056940.1

and the cell culture used in this study are available upon
request to the corresponding collections or to the authors of
the article.

DNA isolation, PCR and sequencing of PCR fragments.
Genomic DNA was isolated from Drosophila imagoes and
cultured cells by the conventional phenol-chloroform ex-
traction method (Sambrook et al., 1989). PCR amplification
was performed on a template of total DNA isolated from an
individual Drosophila imago or from 10° cells of permanent
cell culture.

The primers used to amplify the azp6 and cox3 numts associ-
ated with the insertion of retrotransposon 7v/ and fragments of
the mitochondrial genes atp6 and cox3 of Drosophila species
of'the virilis group are listed in the Table. PCR was performed
on an Applied Biosystems (PCR System 2700) thermocycler
with a universal Encyclo Plus PCR kit (Evrogen, Moscow)
as recommended by the manufacturer, the reaction volume
being 25 pL.

PCR schedule: (1) predenaturation at 95 °C for 5 min;
(2) 5 cycles: denaturation at 95 °C for 40 s, annealing at
50 °C for 40 s, and elongation at 72 °C for 60 s; (3) 30 cycles:
denaturation at 95 °C for 30 s, annealing at 59 °C for 30 s,
and elongation at 72 °C for 60 s; (4) postextension at 72 °C
for 7 min.

leHeTMKa XKMBOTHbIX

All conceivable structures of “chimeric” sequences result-
ing from the insertion of retrotransposon 7v/ into the micro-
satellite (AT), sequence between the atp6 and cox3 genes in
the forward and reverse orientations relative to the orientation
of the mitochondrial genes are presented in Figure 1. There
may be four types of sequences, and they correspond to four
types of experimental design to obtain a “chimeric” PCR
fragments

Experiment al. The following pairs of primers were used
to amplify the atp6 numts associated with the insertion of
retrotransposon 7v/ in the forward orientation: (1) Dvir6.1F
and Dvir7.2R, (2) Dvir6.2F and Dvir7.2R, (3) Dvir6.3F and
Dvir7.2R. In case of D. virilis, primers Dvir6.1F and Dvir7.2R
were replaced by Dvir4.1F and Dvir7.1R.

Experiment cl. Primers for cox3 numts associated with
the insertion of 7v/ in the forward orientation: (1) Dvir8.1F
and Dvir5.1R, (2) Dvir8.1F and Dvir5.2R, (3) Dvir8.1F and
Dvir5.3R.

Experiment a2. Primers for atp6 numts associated with
the insertion of 7v/ in the reverse orientation: (1) Dvir6.1F
and Dvir8.1F, (2) Dvir6.2F and Dvir8.1F, (3) Dvir6.3F and
Dvir8.1F.

Experiment c2. Primers for cox3 numts associated with
the insertion of 7v/ in the reverse orientation: (1) Dvir7.2R
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Experiment al Experiment c1

PrimerallL Primerc1L
=)
Chromo- LTR LTR Chromo-
bome LA >—r, ity o3 i
&= <=
PrimeraiR ! Primer c1R
Primer a2l : anerc2L
Chromo Chromo
Pr|merc2R

Prlmer a2R |

Experiment a2 Experiment c2

Fig. 1. Four types of experiments (a1, a2, c1, and c2) for identification of
atp6 and cox3 numts associated with the insertion of Tv1.

and Dvir5.1R, (2) Dvir7.2R and Dvir5.2R, (3) Dvir7.2R and
Dvir5.3R.

PCR of mitochondrial genes. Primers for fragments of mi-
tochondrial genes a#p6 and cox3 of Drosophila of the virilis
group (1) Dvir0.1F and Dvir6.4R for D. borealis, D. kanekoi,
D. lacicola, and D. montana; (2) Dvir6.2F and Dvir5.1R or
Dvir6.1F and Dvir5.3R for other Drosophila species of the
virilis group.

The results of electrophoretic fractionation of PCR frag-
ments formed by atp6 and cox3 numts associated with the
insertion of retrotransposon 7v/ are presented in Supple-
ment 2. The sizes of the PCR fragments can be indicated only
approximately, because atp6 and cox3 numts reveal indels in
interspecific and, sometimes, intraspecific comparison, and
the lengths of the spacer sequence between atp6 and cox3
differ among species.

Cloning. PCR products were run in agarose gel, eluted, and
purified with an elution kit (Zymoclean™ Gel DNA Recove-
ry Kit, Zymo Research, USA) according to manufacturer’s
recommendations. All PCR products were cloned prior to
sequencing. PCR product cloning was performed using the
pGEM®-T Easy Vector System according to standard proto-
cols (Fermentas InsTAclone™ PCR Cloning Kit). The result-
ing clones were sequenced. At least three independent clones
were sequenced for each PCR fragment. Sequencing of the
amplification products was conducted with both primers on
an ABI PRISM 3500 instrument using a BigDye® Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosystems, United
States), according to manufacturer’s recommendations.

Phylogenetic analysis. Alignment of the resulting se-
quences and phylogenetic analysis were carried out in the
MEGA®6.06 program (Tamura et al., 2013). For construction
of dendrograms, we used the NJ method and the Kimura
evolutionary model. The bootstrap support of 1000 replicas
was used. Indels were removed from the compared sequences
prior to the construction of dendrograms.

Results and discussion

To provide a basis for further work, we characterized atp6
and cox3 numts and associated insertions of retrotransposon
Tv! in the genome of D. virilis (Fig. 2).
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Experimental search for chimeric sequences of azp6 numt —
TvI in fly lines of D. virilis of different geographical origins
revealed the expected nucleotide sequence corresponding to
the D-01 map (see Fig. 2) in all fly lines examined. We com-
pared five D. virilis lines of different geographic origins (see
Supplement 1). They all contain the same numt. The nucleotide
divergence of this atp6 numt from the atp6 mitochondrial
gene of D. virilis is 0.09. The amino acid sequence contained
21 substitutions. This numt has no internal termination codons.
Insertions of 7v/ are also the same in different fly lines, ex-
cept for the insertion of 7v/ in line L160. The 7v/ associated
with the atp6 numt in this line has several point nucleotide
substitutions and two small deficiencies in the LTR sequence.
The lengths of numts in the genome of D. virilis flies and in
the permanent cell line are constant, being the same as in the
corresponding mitochondrial sequence. The genetic maps of
all experimentally obtained numts of D. virilis associated with
the insertion of 7v/ are presented in Supplement 3. Differences
in the length of PCR fragments, observed only on the DNA
template of the cell culture, are determined by differences in
the length of LTRs of retrotransposon 7v/. These differences
in length are due to the presence or absence of 40-bp long
duplications. Only one type of association of afp6 numts
with 7v/ in direct orientation was found in fly genomes, and
there were no associations of cox3 numts with 7v/, whereas
in the cell culture all the four possible types of associations
were identified (see Supplements 2 and 3). Consequently, they
emerged in the cell culture in the process of cultivation after
the obtaining of this culture in 1979 (Braude-Zolotarjovaetal.,
1986). Unfortunately, the D. virilis cell line was established
from a fly line that has been lost, and presently they cannot be
compared. However, with regard to the fact that D. virilis is a
nearly monomorphic species (Mirol et al., 2008), we can use
extant fly lines for comparisons with the D. virilis cell line.

This raises the question of the origin of these numts and the
origin of 7v/ insertions. Theoretically, there are two possible
sources of new numt insertions in the genome: mitochondrial
DNA and previously arisen numts (Hazkani-Covo et al., 2003).
To make it clear, we conducted a phylogenetic analysis of
the variability of the obtained numts and the corresponding
sequences of mitochondrial genes. The result of the compari-
son of mitochondrial genes with numts is shown in Figure 3.

We detected almost complete identity between the newly
emerged numts in the cell culture and the sequence of the
mitochondrial gene of D. virilis, and significant differences
from the numts of D. virilis flies. Consequently, the numts
that arise in the cell culture descend from mitochondrial DNA
rather than from preexisting numts. The genome-derived
numt associated with the insertion of 7v/ belongs to the most
divergent and probably the oldest insertions of numts in the
D. virilis genome. Comparison of the variability of numts and
associated copies of 7v/ provides an answer to the question
of the differences in age of these insertions. In doing it, we
analyzed the 7v/ LTR nucleotide variability from 7v/ inser-
tions in the numts. The result of the phylogenetic analysis of
TvI LTR variability is presented in Figure 4. In silico search
revealed 12 types of 7v/ LTRs in the D. virilis genome. We
also found two currently active types of 7v/ in the cell culture
(Fig. 4). These types differ from the 7v/ copy associated with
the numt in the genome. Hence, both numts of D. virilis and

Animal genetics



Accoupnauma nacepunii MTAHK v nHcepumin
peTpoTpaHcno3oHa Tvly opo3odun

2018
22.7

b.B. AHgpuaHoB
[.A. PomaHos, T.B. lopenosa

[ cox3

mtDNA | atp6
D-01 |
A-01 |
A-02 | atpb
A-03 | atpé
A-04 | atp6
A-05 | atp6
A-06 | atpé
A-07 | atp6
B-01 | atp6
B-02 | atp6
B-03 | atp6
B-04 | atp6
B-05 | atp6 >
B-06 | atp6 >

o

(AT)
atp6 (AT)j | LTR >I Tvi >1 LTR >I Tvi g
D-02 p (AT),,——[TITR >1 Tvi >| R >
atp6 (AT)g [ cox3 g
Y
v’
>
>
%

[ cox3

[ cox3

[ cox3

cox3 >

cox3

C-01 |

Fig. 2. Schematic representation of all atp6 and cox3 numts from the complete genome of Drosophila virilis line TSC # 15010-1051.87

(GenBank accession number: AANI00000000.1).

Each numt is assigned a unique name to the left of the map. Numts atp6 D-01 and D-02 are associated with insertions of retrotransposon Tv1

in the direct orientation.

the associated 7v/ LTRs in the cell culture are among the
youngest sequences in their groups, and they arose during
the cell culturing. The ages of the numt and 7v/ insertions in
the cell culture match.

To find out whether 7v/ insertions always occur in newly
formed numts, we searched some Drosophila species of the
virilis group for associations of numts with 7v/ according to
the experimental design shown in Figure 1. Numts marked
with TvI insertions were identified in D. virilis, D. borealis,
D. lacicola, and D. montana. Genetic maps of the PCR frag-
ments are presented in Supplement 4. Insertions of 7v/ in the
direct orientation with respect to atp6 and cox3 were found
in D. lacicola. The nucleotide divergence of the cox3 numt
from the sequence of the corresponding mitochondrial gene
of the same species is 0.05, and for the two detected atp6
numts, the nucleotide divergences are 0.06 and 0.07. The
numbers of amino acid substitutions for these numts are 6,
5, and 9, respectively. None of the nucleotide substitutions
generated termination codons. These two D. lacicola atp6
numts are associated with different copies of 7v/ (GenBank
accession numbers: KX399470, KX399471). As inferred from
the intercomparison of these numts, they diverged after the
transfer to the nucleus. A total of 14 nucleotide substitutions
were found; of them, 5 in the first position, 6 in the second,
and only 3 in the third position of codons, respectively. Note
that in the mitochondrial genome most nucleotide substitu-
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tions fall in the third position. It is reasonable to suggest that
the observed differences accumulated after the transfer of the
sequences to the nuclear genome.

Insertions of 7v/ in the reverse orientation relative to atp6
and cox3 were found in the genome of D. montana. The
nucleotide divergence of the detected numts from the cor-
responding mitochondrial genes of this species is 0.09. This
level of nucleotide divergence suggests that the divergence
of the numts is ancient. We found 12 amino acid substitu-
tions and 1 termination codon. The cox3 numt of the same
species has 15 amino acid substitutions and 3 termination
codons. In total, four lines of D. montana were analyzed. In
the 1021.13, 20 OL8 and KR 13-09 fly lines, atp6 and cox3
numts are associated with retrotransposon 7v/ in the reverse
orientation. The 5" and 3’ LTRs of this 7v/ are nearly identi-
cal, which suggests a recent insertion of retrotransposon 7v/
into the ancient numt. In D. montana line 1021.19 from North
America, these numts were not found. In this line, we found
another cox3 numt, associated with the retrotransposon 7v/
in the reverse orientation. The nucleotide divergence of this
numt is 0.05; it has seven amino acid substitutions and one
termination codon.

An insertion of 7v/ in the reverse orientation with respect
to cox3 was found in D. borealis. The nucleotide divergence
of the detected numt from the corresponding mitochondrial
DNA is also large, 0.12. There are 14 amino acid substitu-
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Fig. 3. Reconstruction of the phylogenetic tree of atp6 numts from the
genome of the permanent cell culture of D. virilis and D. virilis fly lines,
in comparison with the mitochondrial atp6 genes of various Drosophila
species of the virilis group.

As an external group, we use atp6 of D. melanogaster. Each of the atp6 numts
of D. virilis found during in silico analysis of the complete genome is indicat-
ed with a capital letter and two digits. The genetic maps of these numts are
shown in Figure 2. The atp6 numt from the genome of D. virilis flies of the Dv40
line is marked with an arrow. The atp6 numts from the genome of the cell cul-
ture of D. virilis isolated in our experiments are indicated with a curly brace.
The first two characters in the names of the experimentally obtained numts
indicate the type of experiment in which the nucleotide sequences were ob-
tained. Nucleotide sequences were submitted to GenBank under accession
numbers JX560766-JX560769 and KF669862-KF669864. Nucleotide sequenc-
es of mitochondrial genes of the corresponding species of Drosophila of the
virilis group were submitted to GenBank with accession numbers KX399463,
FJ536196, FJ536199, FJ536203, and FJ536204. Mitochondrial sequences are
marked with black circles.

tions and 3 termination codons. In addition, D. borealis has
an unusual insertion of retrotransposon 7vI, located at the
beginning of the atp6 gene rather than between the atp6
and cox3 genes. The detected numt includes a#p6 and cox3
sequences associated with 7v/ in the direct orientation. The
nucleotide divergence of this atp6 numt from the D. borealis
mitochondrial afp6 gene is 0.14; it has 31 amino acid substitu-
tions and 1 termination codon. The nucleotide divergence of
this cox3 numt from the D. borealis mitochondrial cox3 gene
is 0.13; it has 11 amino acid substitutions and 2 termination
codons. All the detected atp6 and cox3 numts are associated
with retrotransposon 7v/ only in males (see Supplement 2),
which points to their location on the Y chromosome. It can be
assumed that the Y chromosome is the preferred place of the
preservation of numts, whereas in other parts of the genome
these sequences are rapidly lost.

Phylogenetic analysis reveals characteristic differences
in the time of the emergence of numts and insertions of 7v/
(Figures 5 and 6). Figure 5 shows the phylogenetic reconstruc-
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Fig. 4. Reconstruction of the phylogenetic tree of Tv1 LTR sequences
associated with atp6 numts.
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LTRs from insertions into the numts of the cell culture are enclosed with a
dashed line, and the LTR associated with the numt from the fly genome is
boxed. The nucleotide sequences of LTR Tv1 were obtained by in silico analysis
of the complete genome of D. virilis line TSC # 15010-1051.87 (GenBank acces-
sion number: AANI00000000.1). The schematic representation and GenBank
accession numbers of the nucleotide sequences of PCR fragments containing
Tv1 LTRs are presented in Supplement 3.
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Fig. 5. Reconstruction of the phylogenetic tree of atp6 numts associated
with insertions of Tv1 in the genomes of flies of the virilis group.

The GenBank accession numbers of the numt sequences are given in Supple-
ment 3. Nucleotide sequences of mitochondrial genes of the correspond-
ing Drosophila lines were submitted to GenBank under accession numbers
KX399453-KX399459. The sequences of the atp6 genes of D. virilis and D. lit-
toralis are taken from the complete mitochondrial genomes of these species,
GenBank accession numbers BK006340 and FJ447340. Mitochondrial genes
are marked with black circles.
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peTpoTpaHcno3oHa Tvly opo3odun

tion of the divergence of azp6 numts in
Drosophila of the virilis group. In all
examined cases, the time of divergence
between numts and the modern forms of
the mitochondrial genes is about several
million years. The ages of insertions of
retrotransposon 7v/ can be estimated
by comparing different copies of LTRs
associated either with the atp6 or cox3
numts in a particular line of flies. The
analysis is illustrated in Figure 6. If we
assume the rate of fixation of nucleotide
substitutions to be 0.016 substitutions
per site for one million years, the typi-
cal value for noncoding Drosophila se-
quences (Bowen, McDonald, 2001), the
age of 7v/ insertions into the numt of
D. virilis is estimated to be 1.5 million
years. A similar situation is observed in
D. borealis and D. lacicola. The oppo-
site is found in D. montana. Insertions
with nearly identical 5" and 3’ LTRs
are found in the 1021.13, 20 OLS8 and
KR 13-09 fly lines. The age of this 7v/
insertion is about 300000 years, and this
insertion is absent from line 1021.19,
which has another insertion of 7v/.

It is important to note that there is no
coincidence between the ages of numts
and of the associated insertion of 7v/ in
D. montana. Young copies of 7v/ are as-
sociated with the ancient numt. There-
fore, the transfer of these elements oc-
curred independently and at different
times. This fact points to probable dif-
ferences in the molecular mechanisms of
the appearance of numt-7v/ associations
in somatic cells of the cell culture and
germline cells.

Conclusions

We investigated the variability of ap6
and cox3 numts associated with site-
specific insertions of retrotransposon
Tvl in Drosophila of the virilis group
and D. virilis permanent cell culture.
The method of numt detection was based
on the ability of retrotransposon 7v/ to
transpose into the microsatellite (AT),,
sequence and on the presence of this
microsatellite in the spacer region be-
tween the mitochondrial genes atp6 and
cox3 in the mitochondrial genomes of
Drosophila of the virilis group. In the
D. virilis cell line, we found new events
of mitochondrial DNA transfer to the
nucleus and new 7v/ insertions. Most
ofthe new insertions of retrotransposon
Tv1 in the cell culture occur in the newly
emerged numts. As a result, the ages of
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Fig. 6. Reconstruction of the phylogenetic tree of LTRs of retrotransposons Tv1 associated with atp6
and cox3 numts in Drosophila of the virilis group.

The first two characters in the name of a sequence indicate the type of experiment in which the LTR se-
quence was obtained. The next two letters indicate the species of Drosophila: Mo for D. montana, Bo for
D. borealis, La for D. lacicola, and Vi for D. virilis. The next letters indicate the Drosophila line name. The
bootstrap support values are listed at the nodes of the phylogram. Trees are drawn in scale. The lengths
of branches correspond to the frequencies of nucleotide substitutions per site. Estimation of the age of
Tv1 insertions is provided by the formula T = d/2k, where T is age, Ma; d, nucleotide divergence; k = 0.016
(Bowen, McDonald, 2001). The LTR sequences of Tv1 and the associated sequences of numts were submit-
ted to GenBank under accession numbers KX399470-KX399482.

retrotransposon insertions and numt insertions in the cell line are the same. The
opposite situation was found in Drosophila species of the virilis group. Insertions
of TvI occur in ancient numts in the genomes of flies. As a result, the ages of ret-
rotransposon insertions and numts are different. The a#p6 and cox3 numts, which are
associated with site-specific insertions of retrotransposon 7v/, are species-specific
in Drosophila of the virilis group.
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