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ABSTRACT: An assessment of the genetic diver-
sity of the COI-COIl mtDNA locus in dark forest bee
Apis mellifera mellifera L., 1758 in Siberia (Russia)
was conducted. Two variants of the COI-COIl mtDNA
locus were registered: PQQ and PQQQ (allele fre-
quencies 0.83 and 0.17, respectively). According
to the Dra | COI-COII test, the haplotypes of PQQ
and PQQQ variants identified in Siberian bees corre-
spond to the most frequent European haplotypes M4
and M4', but their nucleotide sequences are novel in
A. m. mellifera. At the same time, a high similarity
of the studied nucleotide sequences of the intergenic
region COI-COIl with the reference sequences (Gen-
bank) described in dark forest bees living in North-
ern Europe (the Netherlands, United Kingdom, and
Ireland) (99% identity) was established, which may
indicate the significance of these mtDNA variants for
adaptation to cold climatic conditions.

PE3IOME: IIpoBeneHo ncciaenoBanue TeHETHYECKO-
ro paszHooOpasus mokyca COI-COIll mtJHK y TemHoO#
necuoii muenst Apis mellifera mellifera L., 1758 ua tep-
puropun Cubupu. 3aperiucTprupoBaHoO J1Ba BapHaHTa JIo-
kyca COI-COIl mT/THK — PQQ u PQQQ ¢ yacroroii
Bcrpeuaemoctu 0,83 u 0,17, coorBercTBeHHO. Cormac-
Ho Dra I-tecty, rammorunsr BapuantoB PQQ u PQQQ,
BBISBIICHHBIE y IT4€JI CHOUPCKUX MOIYISALUM, COOTBET-
CTBYIOT Ham0ojee YacTo BCTPEYAIOIIMMCS EBPOIIeii-
ckuM rarutotunam M4 u M4', Ho WX HyKJICOTHIHBIC T10-
CJIeIOBATEIBHOCTH MPEICTABISIIOT COOOH HOBBIE BapH-
antel y A. m. mellifera. Bmecte ¢ Tem, 3HauMTEIBHOE
cxoncTBo (99% WIEHTUYHOCTD) MCCIIEIOBAHHBIX HY-

KJIEOTUIHBIX IOCJIEJ0BATEIbHOCTE MEKICHHOIO pai-
ona sokyca COI-COIl mT/IHK moxa3ano ¢ pedepenc-
MOCIIEIOBATENIFHOCTSAMH, MPEACTaBICHHBIMA B [eHOaH-
ke (Genbank) 1 onmMCaHHBIME Y TEMHOMW JICCHOH ITYEITBL,
oburatomeit B CeBeproit Espone (Hunepnannpl, Benn-
koOputanust U MpnaHaus), 4TO MOXKET CBUICTEIbCTBO-
BaTh 0 3HAYMMOCTHU 3TUX BapuanTtoB MT/IHK nms aman-
TaIUH K CyPOBBIM YCIIOBHSIM OOUTAHHUS.

Introduction

In Europe, ten subspecies of the honeybee, Apis
mellifera Linnaeus, 1758, among the 30 currently rec-
ognized worldwide are described [Sheppard, Meixner,
2003; De la Rua et al., 2009; Meixner et al., 2013].
These European subspecies belong to different evolu-
tionary branches, and most subspecies (Apis mellifera li-
gustica Spinola, 1806; Apis mellifera carnica Pollmann,
1879; Apis mellifera macedonica Ruttner, 1988; and
others) are assigned to the evolutionary lineage C. The
distribution area of the C lineage subspecies includes the
Apennine and Balkan peninsulas and reaches the Alps in
the north and Sicily and the Aegean islands in the south
[Ruttner, 1988]. Only two subspecies, Apis mellifera
mellifera Linnaeus, 1758 (or the dark forest bee) and
Apis mellifera iberiensis Engel, 1999 are attributed to the
lineage M, and the A. m. mellifera subspecies occupied
a vast territory ranging from northern Iberian Peninsula
in the south to Scandinavia in the north, and from the
British Isles in the west to the Ural Mountains in the
east [Ruttner, 1988; Pinto et al., 2014]. In addition, the
populations of the A. m. mellifera subspecies are found
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further east from the Ural Mountains in Siberia (eastern
part of Russia) [Ostroverkhova et al., 2018].

In the recent years, the natural range of the
A. m. mellifera subspecies, which is considered endan-
gered in Europe, has been significantly reduced due to
the mass bee hybridization [Jensen, Pedersen, 2005;
Soland-Reckeweg et al., 2009; Munoz et al., 2015].
For example, in Western Europe, where the dark forest
bee lived, there is a rapid spread of commercial subspe-
cies such as the Italian honeybee A. m. ligustica and the
Carniolan honeybee A. m. carnica [Bouga et al., 2011;
Pinto et al., 2014]. As a result, in Europe, a change in
the representation of the honeybee subspecies and their
genotypic composition is registered.

In Northern Europe, protected areas are being cre-
ated to conserve a unique A. m. mellifera gene pool, and
a search for the preserved populations of the dark forest
bee is being conducted [Pinto et al., 2014]. A signifi-
cant pure population of the dark forest bee was therefore
found in Ireland [Hassett et al., 2018]. In Russia, there
are two large reserves of dark forest bees, known as
the Burzyan (Bashkortostan, the Urals) and the Yenisei
(Krasnoyarsk Krai, Siberia) populations. If the Burzyan
population has been actively studied for a long time in
different directions, including the biological, genetic,
ecological aspects [Nikonorov et al., 1998; Ilyasov
etal., 2007, 2011, 2016], the data for the Yenisei popu-
lation are rare [Ostroverkhova et al., 2018]. However,
without knowledge of the biological, genetic and eco-
logical characteristics of native subspecies (ecotypes,
races), as well as without an assessment of the level of
gene introgression, the A. m. mellifera gene pool con-
servation programs and the use of local populations as
a source of genetic material for sustainable beekeeping
will not be successful [De la Ruaa et al., 2009; Soland-
Reckeweg et al., 2009; Meixner et al., 2010; Oleksa et
al., 2011; Pinto et al., 2014].

The mitochondrial genome, namely, length and se-
quence variations of mtDNA (for example, 16S rDNA,
NDS5, COI-COIl intergenic region), has been actively
used for bee population genetic studies, as well as in
differentiating evolutionary lineages and subspecies
and determining the genetic structure of the honeybee
[Franck et al., 1998; De la Rua et al., 2001, 2002; Bodur
etal., 2007; Munoz et al., 2009, 2012; Stevanovic et al.,
2010].

The genetic diversity and structure of the COI-
COIl locus of the intergenic spacer region of mtDNA
(tRNAleu-cox2 intergenic region includes a non-coding
sequence formed by two elements (P and Q) and part of
cox2 region) in the different European dark bee popula-
tions have been analyzed by Dra I-RFLPs (Restriction
Fragment Length Polymorphisms) and sequencing of
the amplified intergenic COI-COII sequence [Rortais et
al., 2011; Pinto et al., 2014; Hassett et al., 2018]. A to-
tal about 7,000 bee colonies belonging to the M lineage
were investigated, and more than 100 haplotypes were
found in dark forest bees.

The most common haplotypes in A. m. mellifera
bees are M4b, M4d and M4a' (59% studied colonies),
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but frequencies of the haplotypes differ between vari-
ous populations. For example, only one haplotype
(M4a') was registered in bees from Scotland, the hap-
lotype M4d prevailed in bees from the Netherlands
(67% colonies), two haplotypes M4b and M4d predomi-
nated in bees from Norway (70% colonies), and the most
common haplotype in the total Irish population was M4e
(41% colonies). It is important to emphasize that the
populations of Northern Europe (Norway, Scotland, the
Netherlands, and Ireland) are the most homogenous and
the “purest” populations with average membership pro-
portions in the A. m. mellifera cluster higher than 0.97
[Pinto et al., 2014; Hassett et al., 2018].

To date, little information is available on diversity
and genetic structure of A. m. mellifera populations in
Siberia. Only a few studies have been conducted to as-
sess the genetic diversity and hybridization status of
Siberian dark forest bee by morphometrics, mtDNA
and microsatellite loci analysis [Ostroverkhova et al.,
2015, 2018, 2019]. Initially, using morphometry and
analysis of mtDNA polymorphism (COI-COIl locus),
we searched for A. m. mellifera populations in Sibe-
ria [Ostroverkhova et al., 2015, 2018]. The “purest”
A. m. mellifera populations were found in the taiga of
the Krasnoyarsk Krai (Yenisei population) and the north
of the Tomsk Region (Ob population) [Ostroverkhova
etal, 2018, 2019].

The objective of this work was to study the variabil-
ity and the nucleotide sequence of the COI-COII locus
of the intergenic spacer region of mtDNA in A. m. mel-
lifera bees in Siberia. This is the first study reporting on
maternal diversity patterns using Dra | test and sequence
data for Siberian A. m. mellifera populations.

Materials and methods

Regions of the honeybee collections

Worker bees of the dark forest bee colonies living in Si-
beria were investigated: from the Tomsk Region, the Kras-
noyarsk Krai (Yenisei population), and the Altai Krai (Fig. 1).
In Siberia, the honeybee A. mellifera was introduced 230 years
ago; bee colonies are artificial populations whose wintering
is controlled by humans. It was originally a dark forest bee
A. m. mellifera that was cultivated in Siberia as the most
adapted to the harsh climatic conditions of the region. At the
end of the last century, honeybees of southern subspecies, for
example, A. m. carnica, had been actively imported into Si-
beria, which led to mass bee hybridization. At the same time,
A. m. mellifera populations have been preserved in some areas
of Siberia. For example, the Yenisei population of the Kras-
noyarsk Krai is a unique, long-time isolated population that
existed for more than 60 years in the deep taiga kept by the Old
Believers [Ostroverkhova et al., 2018].

Siberia is a large region of the northeastern part of Eurasia
and stretched from the Urals to the Baikal ridge. The territory
of Siberia has a wide variety of natural and climatic conditions
(Table 1). The climate of Siberia varies from typical conti-
nental (the Tomsk Region) to sharply continental (the Kras-
noyarsk Krai) with considerable daily and annual temperature
amplitudes and long winters (5—6 months). The average annual
temperatures are from —10.5 °C in the north to 1-2 °C in the
south of Siberia. The warmest month is July; the average July
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temperature varies from 3.6 to 21-22 °C in different areas of
the region. The winter is cold; the average January tempera-
ture varies from —18 °C in the south to —30 °C in the north of
Siberia. In winter, the territory is covered with snow; snow
covers the land for 260 days in the north and 170-180 days
in the south of the region. Precipitation is, on average,
300—600 mm. Most of the territory of Siberia is within the tai-
ga zone, where forests cover about 60% of the area (for details,
see [Ostroverkhova et al., 2019]).

Biological samples

Between 2015 and 2018, a sampling was carried out
in three regions of Siberia: the Tomsk Region (11 apiaries),
the Krasnoyarsk Krai (Yenisei population, 6 apiaries), and
the Altai Krai (3 apiaries) (Fig. 1). In total, we examined 20
apiaries in Siberia, where the dark forest bee was found. In
each apiary, from 2 to 29 bee colonies were examined; a total
of 182 colonies. Workers were collected from the inner part
of hives, placed in absolute ethanol, and stored at —20 °C until
DNA extraction.

To determine conformance bee colonies to the A. m. mel-
lifera breed standard, each bee colony was analyzed using the
variability in the locus COI-COIl of mtDNA and morphomet-
ric parameters of wing, including the cubital index, the han-
tel index, and the discoidal shift. To exclude mixed colonies,
three individuals from each colony were examined; a total
of 546 workers [Ostroverkhova et al., 2015, 2018].

To study the structure of the locus COI-COIl of mtDNA,
we initially examined the variability of this locus using the
Dra | COI-COlII test [Rortais et al., 2011]; 182 individual bee
samples in total. Then we conducted the DNA sequencing of
the COI-COIIl intergenic region of A. m. mellifera samples
from different geographic locations. For sequencing of the
COI-COll locus, one bee sample was taken from each apiary.
Only for three apiaries (Asino, Dubrovka, and Zmeinogorsk),
where different COI-COII locus variants were identified in
bees, two bee samples were examined. Thirteen bee samples
were from the apiaries of the Tomsk Region, six samples were
from the Krasnoyarsk Krai, and four samples were from the
Altai Krai. A total of 23 bee DNA samples from the A. m. mel-
lifera colonies (18 DNA samples with the variant PQQ and 5
DNA samples with the variant PQQQ) were selected (Table 1).

Experimental procedures

DNA isolation and polymerase chain reaction (PCR) was
carried out according to standard techniques. Total DNA was
extracted from the thorax of worker bees using a phenol-chlo-
roform-isoamyl alcohol (25:24:1) protocol [Sambrook et al.,
1989]. To amplify the COI-COIl mtDNA locus, the following
sequences of primers were used: F-5'-CACATTTAGAAATTC-
CATTA, R-5'- ATAAATATGAATCATGTGGA [Nikonorov et
al., 1998]. PCR included an initial denaturation of 5 mins at
95 °C, followed by 35 cycles of 95 °C for 1 min, 57 °C for
2 mins and 72 °C for 2 mins with a final extension of 7 min
at 72 °C [Nikonorov et al., 1998]. The size of the amplified
DNA fragments was determined using a 1.5% agarose gel, and
the fragment patterns (i.e., haplotypes) were determined on a
10% polyacrylamide gel after Dra | digestion of PCR products.
The results were documented with the use of Gel-Doc XR+.

For sequencing of the mtDNA COI-COII locus, 18 DNA
samples of bees with the PQQ variant (6 apiaries of the Kras-
noyarsk Krai; 9 apiaries of the Tomsk Region; and 3 apiaries
of the Altai Krai) and 5 DNA bee samples with the variant
PQQQ (4 apiaries of the Tomsk Region, and an apiary of the
Altai Krai) were selected; a total 23 bee DNA samples from the
A. m. mellifera colonies (Table 1).
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Sequencing of the samples was carried out in the Col-
lective Center of Medical Genomics (Research Institute of
Medical Genetics, Tomsk National Research Medical Center,
Russian Academy of Sciences) using an Applied Biosystems
3730 automatic analyzer with the BigDye®Terminator v. 3.1
Cycle Sequencing Kit (Applied Biosystems) according to the
manufacturer’s protocol. Data analysis was performed using
Sequencing Analysis v. 5.4 software. The resulting nucleo-
tide sequences were aligned with the BioEdit program [Hall,
1999]. The resulting sequences were compared with the pub-
lished mitochondrial DNA sequences available in Genbank
(NCBI Reference Sequence Database, https://www.ncbi.nlm.
nih.gov). Haplotype sequences obtained during the present
study were deposited in 2019 in GenBank as accession num-
bers MN331472 and MN331473.

Results

Genetic diversity of the COI-COIl mtDNA locus
in A. m. mellifera in Siberia

We studied variability of the COI-COIl mtDNA
locus in the A. m. mellifera honeybees from Siberia
(Fig. 1). Two variants of the COI-COIll mtDNA locus
that belong to the M lineage were registered: PQQ and
PQQQ. The variant PQQ was the most frequent; the
frequency of PQQ was 0.83. For example, all studied
bees from a long-time isolated Yenisei population (the
Krasnoyarsk Krai) had the PQQ variant of the COI-COI|I
mtDNA locus. The PQQQ variant was registered with a
frequency of 0.17 and was identified only in bees from
the Tomsk Region (Zarechny, Teguldet, Dubrovka vil-
lages and the vicinity of the town of Asino) and the Altai
Krai (the vicinity of the city of Zmeinogorsk).

Structure of the COI-COIl mtDNA locus in
A. m. mellifera in Siberia

We studied the nucleotide sequences of different
variants (PQQ and PQQQ) of the COI-COII intergen-
ic region in the A. m. mellifera bees from the Siberian
populations. According to the Dra | COI-COIIl test,
all haplotypes identified in the A. m. mellifera bees
(182 samples) are the most common haplotypes in the
European bees — M4 (PQQ) and M4' (PQQQ).

For sequencing of the COI-COIl mtDNA locus,
23 bee DNA samples from the A. m. mellifera Sibe-
rian colonies were studied: 18 DNA samples of bees
with the PQQ variant and 5 DNA samples of bees
with the PQQQ variant. The results showed that the
second and third repetitive segments Q2 and Q3 of
variants PQQ and PQQQ of the COI-COIl mtDNA
locus were identical to each other and had a size of
195 bp, but differ from the first repetitive segment
Ql1, the size of which was 197 bp. The Q2/Q3 repeats
had two deletions (nucleotide T at position 34 and
nucleotide A at position 149) and a transition T—C
at position 4 (Fig. 2).

A comparative analysis of the nucleotide sequences
of the COI-COII locus of Siberian bees with reference
sequences in the A. m. mellifera subspecies presented
in the Genbank did not show full nucleotide correspon-
dence with any of the described haplotypes, identified
by the presence of 1-2 nucleotide indels (M4a—M4n
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or M4'a) [Rortais et al., 2011; Pinto et al., 2014; Has-
sett et al., 2018]. The haplotype M4 of PQQ variant
detected in the Siberian bees showed a 99% identity
to the sequences presented in the GenBank under the
numbers KF274629 (Apis mellifera mellifera haplotype
M4f COI-COIl intergenic spacer, partial sequence; and
cytochrome oxidase subunit II (COII) gene, partial cds;
mitochondrial) and KF274628 (Apis mellifera mellifera
haplotype M4e COI-COII intergenic spacer, partial se-
quence; and cytochrome oxidase subunit II (COII) gene,
partial cds; mitochondrial), described in the A. m. mel-
lifera (GenBank). The haplotypes M4f and M4e present-
ed in the Genbank differ among themselves by a single
T/C substitution at position 653.

The haplotype M4' of PQQQ variant registered in
honeybees of the Siberian populations showed a 99%
identity to the sequence presented in the Genbank un-
der the number KF274638 (Apis mellifera mellifera
haplotype M4a' COI-COII intergenic spacer, partial
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sequence; and cytochrome oxidase subunit I (COII)
gene, partial cds; mitochondrial). The revealed differ-
ences between the haplotype M4 of PQQ variant in Si-
berian bees and haplotypes M4f and M4e, and between
the haplotype M4' of PQQQ variant in Siberian bees
and haplotype M4a' are associated precisely with dele-
tions of nucleotides A and T in Q2 and Q3 repeats in
Siberian bees.

Interestingly, the nucleotide sequence COI-COIll of
the mtDNA in A. m. mellifera bees from Siberian popu-
lations showed 100% identity to the mtDNA sequence
(Genbank Sequence ID: MN733955) of the recently
described subspecies of honey bee — Apis mellifera
sinisxinyuan Chen et al., 2016 [Chen et al., 2016]. The
A. m. sinisxinyuan subspecies is distributed in the Yili
River Valley in western China and assigned to the M
evolutionary lineage [Chen et al., 2016; Yang et al.,
2020]
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Fig. 2. The pattern of the P element sequence (54 bp) and the Q element (Q1, Q2, and Q3) sequences (197, 195, 195 bp, respectively) of the COI-
COll intergenic region of haplotypes M4 and M4' in Apis mellifera mellifera bees from Siberia. Nucleotide substitutions are highlighted, deletions
are indicated by a dash and highlighted.
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Discussion

Since 2010, we have analyzed more than 2,000 bee
colonies of Siberian populations using polymorphism
analysis of the COI-COIl mtDNA locus (without the
Dra | test and sequencing) [Ostroverkhova et al., 2015,
2019]. According to these results, local A. m. mellifera
populations have been identified in Siberia [Ostroverk-
hovaetal., 2018, 2019].

In the present study, the genetic diversity and struc-
ture of the COI-COIl mtDNA locus in the dark forest
bee A. m. mellifera of Siberian populations were exam-
ined using Dra | test and sequencing of the COI-COIlI
mtDNA locus. Samples from 182 colonies were select-
ed from the Tomsk Region, the Krasnoyarsk Krai, and
the Altai Krai. The results showed two variants of the
COI-COIl mtDNA locus: PQQ (83.0% of colonies) and
PQQQ (17.0% of colonies). A total of two haplotypes of
the COI-COIl mtDNA locus were identified (M4 of the
PQQ variant and M4' of the PQQQ variant), and their
nucleotide sequences are novel in A. m. mellifera.

A global assessment of the diversity found in the
M evolutionary lineage (i.e., description of haplotype
frequencies, fragment length and size, nucleotide se-
quences of the COI-COIl mtDNA) was made with
6,628 bee colonies of different European populations
(Belgium, Denmark, United Kingdom, France, Ireland,
Italy, Norway, Spain, and Sweden) [Rortais et al., 2011].
Later, a total of 90 A. m. mellifera colonies from Euro-
pean populations including England, France, Belgium,
Denmark, the Netherlands, Switzerland, Scotland, and
Norway, and 255 A. m. mellifera colonies from Ireland
were investigated [Pinto et al., 2014; Hassett et al.,
2018]. Among the 100 haplotypes identified in the dark
forest bee, the most common variants (59% studied bee
colonies) are M4 and M4'. It is these haplotypes of the
mtDNA COI-COlI locus that were identified in the dark
forest bees of Siberian populations.

The following observations should be noted. First,
the PQQ and PQQQ sequences, specific to Siberian bees
including the long-time isolated population of the Kras-
noyarsk Krai, belong to the M4 and M4' haplogroups.
Second, the sequences M4f, M4e, and M4a', with which
the greatest similarity is shown in Siberian bees, were
found in bees living in regions of the Northern Europe
[Pinto et al., 2014; Hassett et al., 2018]. The haplotype
M4f was registered in bees of only 2 colonies from the
Netherlands and in bees of 9 colonies from Ireland. The
haplotype M4e was found in bees of 3 colonies from the
Netherlands and of 3 colonies from England, but was
the main mtDNA variant in bees from Ireland (it is reg-
istered in bees of 150 colonies; 41% bee colonies). The
haplotype M4a' was detected in all studied bees from
Scotland (in 10 bee colonies) and in a single colony from
Ireland. Third, the nucleotide sequences COI-COIl of
the mtDNA in A. m. mellifera bees from Siberian popu-
lations and the subspecies A. m. sinisxinyuan discovered
in China showed 100% identity [Chen et al., 2016].

Thus, the PQQ and PQQQ variants identified in
Siberian bees are represented by novel A. m. mellifera
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haplotypes that differ from the previously described
variants by 1-2 bp indels. However, the high similar-
ity of the mtDNA nucleotide sequences (99% iden-
tity) found for bees living in different regions such as
Siberia and Northern Europe (the Netherlands, Scot-
land, England, and Ireland) may indicate the signifi-
cance of these mtDNA variants for adaptation of bees
to harsh climatic conditions. This assumption is sup-
ported by data on another subspecies of the evolutionary
M-lineage — A. m. sinisxinyuan, which diverged from
A. m. mellifera about 132,000 years ago [Chen et al.,
2016]. The A. m. sinisxinyuan subspecies living in
Xinyuan prefecture (Xinjiang Uygur Autonomous Re-
gion, China) is winter-tolerant and adapted to temperate
climates. The natural environment in Xinyuan is char-
acterized by long, cold winters due to a combination of
high latitude and altitude, with a frost season of 185-205
days [Chen et al., 2016]. Genetic variation in the ge-
nome including mitochondrial DNA of temperate popu-
lations of A. m. sinisxinyuan and A. m. mellifera can be
characterized by adaptations to the extended cold winter
[Chen et al., 2016; Yang et al., 2020].

Finally, Siberian populations of A. m. mellifera, es-
pecially in the Krasnoyarsk Krai and the Tomsk Region,
are homogeneous and genetically similar in mtDNA se-
quences. It is known that honeybee colonies were im-
ported into Siberia several times in different years, that
is, we should expect a greater genetic diversity of the
bees. However, only two haplotypes of the mtDNA lo-
cus in the dark forest bee of Siberian populations have
been identified, which may indicate the adaptive value of
these variants. Consequently, selection may have played
a role in shaping honeybee regional mtDNA variation
and that cold climate was one of the selective pressures.
As the predominant mtDNA sequences were found in
bees from different populations of Europe, China, and
Siberia, their frequency and distribution support the hy-
pothesis of a bottleneck event in which a few bee colo-
nies contributed a limited number of mtDNAs and then
spread (the founder effect).

In recent years, it has been shown that mtDNA varia-
tions might impact various phenotypic traits and might
have a role in bioenergetics pathways, metabolic rates
and energy consumption depending on environment as
mitochondrial metabolism is important for maintain-
ing body temperature [Lavrov, Pett, 2016; Ladoukakis,
Zouros, 2017; Klucnika, Ma, 2019; Sun et al., 2019;
Sanno et al., 2021]. Some factors such as climate, food
availability, and environmental pressures that produce
high levels of stress can exert a strong influence on mi-
tochondrial genomes and promote the persistence of
certain genotypes in order to compensate for the meta-
bolic requirements of the local environment [Noll et al.,
2022]. Therefore, selection on mtDNA sequences may
lead to haplotypes adapted to different environments
[Blier, Lemieux, 2001; Fontanillas et al., 2005; Bandyo-
padhyay et al., 2008; Ballard, Melvin, 2010; Pichaud et
al., 2012].

Mitochondrial polymorphism has been shown to
be associated with different parameters, such as resis-



Novel mitotypes in Apis mellifera mellifera

tance to insecticides in arthropod pests [Van Leeuwen
et al., 2008], fitness traits and temperature sensitivity in
fruit flies [James, Ballard, 2003; Pichaud et al., 2013],
muscle composition in pigs [Fernandez et al., 2008],
environmental adaptations in the greater white-toothed
shrew Crocidura russula (Hermann, 1780), Arctic charr,
and other animals [Blier, Lemicux, 2001; Fontanillas
et al., 2005]. For example, high altitude populations of
mammals, birds, fish, and invertebrates in Tibet show
adaptive mtDNA haplotypes compared with low altitude
populations [Li et al., 2018]. Using grasshoppers as a
model, the evolutionary molecular response of insect
mitochondrial genes to the reduction of atmospheric
oxygen content and high-altitude environments has
been investigated for the first time. It has been shown
that positive selection drives adaptive evolution in mi-
tochondrial genomes, both with respect to flight and to
survival in challenging environments [Li et al., 2018].
In addition, a study of the mitochondrial genomes of
two closely related but ecologically distinct species of
Myodes Pallas, 1811 voles showed that the rutilus hap-
lotype individuals inhabits cooler and drier habitats than
the glareolus haplotype individuals. This difference may
result from local adaptation or from the geographic con-
text of introgression, and mtDNA may have played an
important role in the adaptive evolution of these spe-
cies [Boratynski et al., 2014].

Thus, in some species, the mitochondrial genome is
associated with adaptive evolution to different climatic
conditions and may be highly sensitive to the interaction
with environment. In the dark forest bee, we identified
two haplotypes of the mtDNA COI-COII locus, which
are structurally similar to the haplotypes described in
A. m. mellifera bees living in Northern Europe, which
may indicate the significance of habitat conditions. It is
important to understand if the identified structural fea-
tures of the mtDNA COI-COII locus are universal or
specific characteristics of the A. m. mellifera. Sequenc-
ing of the mitogenome of different subspecies of hon-
eybees will be useful for such studies [Henriques et al.,
2019]. As noted by Yang et al. [2020], sequencing the
complete mitochondrial genome of A. m. sinisxinyuan
(GenBank: MN733955) would be helpful to better eluci-
date the evolution and adaptation of the honey bee. Until
now, climatic adaptation of mitochondrial genomes of
honeybees remains an unsolved problem.

Conclusion

This study allowed us for the first time to investigate
the variability and nucleotide sequence of the COI-COl|
mtDNA locus and identify novel mtDNA haplotypes in
the A. m. mellifera honeybees living in Siberia for a long
time, including isolated territories in the deep taiga of
the Krasnoyarsk Krai. Our study contributes to the un-
derstanding of the genetic basis of A. mellifera adapta-
tion to temperate climates at the genomic level.
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