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Molecular genetic bases of seed resistance
to oxidative stress during storage

N.A. Shvachko ®, E.K. Khlestkina

Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
& e-mail: n.shvachko@vir.nw.ru

Abstract. Conservation of plant genetic diversity, including economically important crops, is the foundation
for food safety. About 90 % of the world’s crop genetic diversity is stored as seeds in genebanks. During storage
seeds suffer physiological stress consequences, one of which is the accumulation of free radicals, primarily reac-
tive oxygen species (ROS). An increase in ROS leads to oxidative stress, which negatively affects the quality of
seeds and can lead to a complete loss of their viability. The review summarizes data on biochemical processes
that affect seed longevity. The data on the destructive effect of free radicals towards plant cell macromolecules
are analyzed, and the ways to eliminate excessive ROS in plants, the most important of which is the glutathione-
ascorbate pathway, are discussed. The relationship between seed dormancy and seed longevity is examined.
Studying seeds of different plant species revealed a negative correlation between seed dormancy and longevi-
ty, while various authors who researched Arabidopsis seeds reported both positive and negative correlations
between dormancy and seed longevity. A negative correlation between seed dormancy and viability probably
means that seeds are able to adapt to changing environmental conditions. This review provides a summary of
Arabidopsis genes associated with seed viability. By now, a significant number of loci and genes affecting seed
longevity have been identified. This review contains a synopsis of modern studies on the viability of barley
seeds. QTLs associated with barley seed longevity were identified on chromosomes 2H, 5H and 7H. In the QTL
regions studied, the Zeo1, Ale, nud, nadp-me, and HvGR genes were identified. However, there is still no definite
answer as to which genes would serve as markers of seed viability in a certain plant species.

Key words: seeds; barley; QTL; seed longevity genes; genetic markers; biochemical markers.

For citation: Shvachko N.A,, Khlestkina E.K. Molecular genetic bases of seed resistance to oxidative stress during
storage. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2020;24(5):451-458.
DOI 10.18699/VJ20.47-0

MOJIeKVISIPHO-TeHeTUeCcKlie OCHOBBI YCTOMUMBOCTY CEMSIH
K OKUC/IUTEIbHOMY CTPecCy IIpU XpaHEeHUN

H.A. llIauko ®, E.K. XaecTKuHa

DefepanbHblii UCCeaoBaTENbCKUI LIEHTP BCcepoccnincknin MHCTUTYT reHeTUYecKrx pecypcoB pacteHmin um. H.W. Basunosa (BUP),
CaHkT-MeTepbypr, Poccusa
& e-mail: n.shvachko@vir.nw.ru

AHHoTayuA. CoxpaHeHVe reHeTYeckoro pasHoobpasma pacTeHnin, B TOM UYKCSe XO3ANCTBEHHO 3HAUYMMbIX
KynbTyp, ABNAETCA OCHOBOW NPOAOBOSIbCTBEHHON 6e30macHoCTW. B Mype okono 90 % reHeTnyeckoro pasHo-
06pa3sma KynbTypHbIX PacTEHWIN COXPaHAETCA B BUE CEMSAH B reHHbIX 6aHKax. B npoLecce xpaHeHWsA B ceMeHax
HaKannuBatoTca cBobofHblE pafuKasibl, B MEPBYIO ouepenb akTuBHble dopmbl Kucnopoga (ADK). MosbiweHve
ypoBHA ADK BbI3blBaeT OKUCINTENbHBIN CTPECC, KOTOPbIA HEraTUBHO BANAET Ha KAYeCTBO CEMAH 1 MOXET Npu-
BECTV K MOJTHOV NOTepe UX XKM3HEeCNOCOOHOCTH. B 0630pe 0606LLeHbI CBeIEHUS O BUOXMMUYECKKX NPOLIECCaX,
BAVAOLWMX Ha MPOAOMKUTENIbHOCTD M3HW cemaAH. [poaHann3npoBaHbl JaHHble O AeCTPYKTVBHOM AeNCTBUN
CcBOGOAHDBIX PafAMKaOB MO OTHOLLUEHMIO K MAaKPOMOJIEKYNIaM KNeTK/ PacTeHNA U MY TU YCTPAHEHVA U36bITOYHOrO
konuyecta AQK B pacTeHusx, Hanbonee BaXKHbIM 113 KOTOPbIX AB/AETCA ackopbaT-riyTaTMOHOBbIN MyTb. Pac-
CcmaTprBaeTca BOMPOC B3aMMOCBA3N Nepuoaa Nokoa 1 ANNTENbHOCTM COXpaHeHMA ceMaH. B nccneposaHmax
Ha cemeHax pa3HbIX BUAOB pacTeHui 6bina BbifiBNeHa oTpurLaTeibHas Koppenauna Mexay neprofom NoKos un
JonronieTmem CeMsH, TOrAa Kak B paboTtax ¢ cemeHamu Arabidopsis pa3nnuHble aBTOPbI BbIABUN KaK MOIOXN-
TeSIbHYI0 KOppenaumio Mexay NeprofoM NoKoA 1 ANNTENbHOCTbIO COXPaHEeHWA CEMAH, Tak U OTpuULaTeNbHYIO.
OTpuuaTenbHas KoppenAauua mexay nepruoaoM NnoKos 1 KMN3HeCnocobHOCTbIO, BEPOATHO, CBUAETENLCTBYET O
CMOCOBHOCTU CeMAH aianTNPOBATLCA K M3MEHAIOLMMCA YCIIOBUAM OKpYy»Kalollein cpeapbl. Hamy npoaHanmsu-
poBaHa nHbopMaLma no reHam Arabidopsis, CBA3aHHBIM C XM3HECMOCOOHOCTbIO CeMsiH. B HacToswee Bpemsa
Bbli€/IEHO 3HAaUUTENIbHOE KONIMYECTBO JIOKYCOB M FeHOB, BAMAIOWMX Ha gonroneTne cemaH. CtaTbA 3HaKOMUT
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C COBPEMEHHbIMN UCCefOBaHNAMM KN3HECMOCOOHOCTN CeMAH AUMEHA. JIOKYCbl KONMMYECTBEHHbIX NPU3Ha-
koB (QTL), cBA3aHHble C fONTONIeTUEM CEMAH AUMEHS, ObIIn onpefeneHbl Ha xpomocomax 2H, 5H n 7H. B n3y-
YeHHbIX obnactax QTL BblABneHbl reHbl Zeol, Ale, nud, nadp-me n HvGR. OgHako BOMpPOC O TOM, Kakue reHbl
ABNAIOTCA MapKepamu XMN3HeCnocoOHOCTY CeMAH pacTeHWIn ONpefeneHHOro BAa, OCTAeTCA OTKPbITbIM.

KnioueBble cnoBa: cemeHa; AumeHb; QTL; reHbl 4ONrONeTUA CeMAH; reHeTUYecKe MapKepbl; buoxmmmyeckme

MapKepbl.

Introduction

Conservation of plant genetic diversity, including economi-
cally important crops, is a task of topmost priority. Since
the end of the previous century plant genebanks have been
sprouting up all over the world. Currently, about 90 %
of crop accessions are stored worldwide in genebanks
as seeds (Li, Pritchard, 2009; http://www.fao.org). The
N.I. Vavilov Institute of Plant Genetic Resources (VIR)
holds over 320,000 viable accessions of cultivated plants
and their wild relatives, including more than 250,000 seed
accessions in its Kuban Seed Genebank, founded in 1976
(Loskutov, 2009; Silaeva, 2012).

Seeds represent a stage in the life cycle when plants suffer
particularly high levels of genotoxic stress, which can lead
to the genome’s instability (Waterworth et al., 2011). Seed
ageing is regarded as the accumulation of structural and
metabolic injuries leading to functional failures and reduced
resistance to unfavorable environments, which may result
in loss of viability (McDonald, 1999; Smolikova, 2014).
According to their behavior under storage, seeds are clas-
sified into orthodox and recalcitrant (Walters, 2015). In the
end of their ripening period, orthodox seeds, as a rule, lose
water and dry out down to a moisture content of 10 %; they
can be preserved in such state for many years without any
loss of germination rate. This property of orthodox seeds
was called ‘desiccation tolerance’ (Dekkers et al., 2015).
Contrariwise, dehydration in recalcitrant seeds entails loss
of their germination ability and death. Therefore, they are
considered desiccation-sensitive. Usually recalcitrant seeds
are not dried prior to their placement in a genebank for
conservation. Orthodox seeds are dried down to a mois-
ture content of 5 % or less, or frozen before storage. As
a rule, the duration of storage periods for orthodox seeds
in genebanks may be extended if they are kept under lower
moisture and temperature conditions (Bewley et al., 2013).
For example, barley seeds retain their viability from six
months to 7-9 years at the air temperature of +20 °C and
relative humidity (RH) of 50 % (Priestley et al., 1985; Na-
gel, Borner, 2010), whereas under negative temperatures
(=18 °C) and 4-8 % RH, according to calculated estimates,
seed viability may remain intact up to more than 80 years
(Walters et al., 2005).

In addition to environmental factors, such as humidity,
temperature, light, and absence of pathogens (Schmidt,
2000), seed ageing rates are affected by genetic factors
determining seed color and weight and influencing the
activity of protein non-enzymatic glycosylation processes,
lipid peroxidation, cell membrane structure, generation and
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neutralization of reactive oxygen species (ROS) and free
radicals, and other processes (Wettlaufer, Leopold, 1991;
Ponquett etal., 1992; Khan et al., 1996; Wojtyla etal., 2016;
Frolov et al., 2018; Antonova et al., 2019).

The causes of seed viability losses and deaths are not
quite clear, because a lot of processes are involved, includ-
ing damage to macromolecules (such as DNA, lipids and
proteins) resulted from ROS-induced responses. This issue
was studied by numerous researchers. Using various plant
species as examples, they showed that seed ageing rates
depended on protection mechanisms against stress and
the ability of seeds to withstand ROS-induced changes. In
different plant species antioxidants are differently involved
in removing excessive ROS. In oil crops, for example,
a more active role is played by lipophilic antioxidants
(Bailly, 2004; Bahin et al., 2011; Waterworth et al., 2011;
Jeevan Kumar et al., 2015; Kong et al., 2015). The research
efforts employing germplasm materials preserved in the
IPK (Germany) and the USDA (United States) genebanks
showed that seed longevity varied not only across different
plant species, but also among different genotypes within
a single species, although interspecific differences in seed
shelf-life exceeded intraspecific ones. Similar research
was performed on different plant species: barley, wheat,
rapeseed, etc. (Walters et al., 2005; Nagel et al., 2009;
Nagel, Borner, 2010; Rehman Arif et al., 2017; Rehman
Arif, Borner, 2019). The fact that genotypes within the same
species demonstrated different seed life spans may serve as
a basis for genetic analysis of seed longevity.

Seed dormancy and longevity
Physiological dormancy may be described as a prepro-
grammed state limiting the set of environmental conditions
under which the seed germinates (Nikolaeva, 1982, 1999;
Baskin J., Baskin C., 2007). Dormancy is an adaptive trait
that enables seeds to survive lengthy periods of unfavor-
able conditions (Bewley et al., 2013; Sliwinska, Bewley,
2014). To optimize germination and maintain viability
during long unfavorable periods, seeds enter into the state
of dormancy (Rajjou, Debeaujon, 2008). Seed dormancy is
regulated through abscisic acid (ABA) and other bioactive
compounds, such as plant hormones: gibberellins, cytoki-
nins, and ethylene (Nonogaki, 2017). Entering the state of
seed dormancy is accompanied by a considerable increase
in ABA content, whereas releasing from dormancy, on the
contrary, is associated with a decrease in ABA.

The issue of the interplay between seed dormancy and
seed longevity has been analyzed by numerous researchers

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 5


http://www.fao.org

H.A. lWBauko
E.K. XnectknHa

for decades, although the conclusions made on the results
of those studies are contradictory. Clerkx et al. (2004)
studied this problem on Arabidopsis plants with muta-
tions in certain developmental and biochemical pathways.
They reported reduced seed longevity for such mutations
as abscisic acid insensitive3 (abi3) and abscisic acid de-
ficientl (abal). The same mutations also provoked reduc-
tion of seed dormancy duration for abi3 and abal. Thus,
the authors supposed that a positive correlation existed
between seed longevity and dormancy. Miura et al. (2002),
while studying interrelations between dormancy and seed
viability in rice, came to an opposite conclusion — that
these two physiological states are controlled by different
genetic factors. The QTL analysis showed that the seed
longevity loci were on chromosomes 2, 4 and 9, while the
QTLs associated with seed dormancy were identified on
chromosomes 1, 3, 5, 7 and 11. Nguyen et al. (2012) also
observed a negative correlation between seed longevity
and dormancy in Arabidopsis plants. Having analyzed six
populations of recombinant inbred lines (RILs), the authors
identified 5 loci linked with seed germination ability after
storage (GAASI-GAASS). They reported that the GAAS
(germination ability after storage) loci correlated with
those responsible for seed dormancy, i.e. DOG (delay of
germination) loci. Their correlation was negative. A de-
tailed analysis of GAAS5 and DOGI QTLs revealed that
the DOG]I locus reduces seed longevity and at the same
time increases seed dormancy period (Nguyen et al., 2012).
A homolog of the same gene was annotated by Nagel et al.
(2019) on the barley chromosome 3H. The authors reported
that the DOG1 locus plays a role in extending the period
of barley seed dormancy, although a less significant role
than in the case of Arabidopsis.

Thus, the interaction between seed dormancy and seed
longevity is interpreted ambiguously, so further research
would be required to clarify this issue. The presence of
loci that either extend the life span of seeds or prolong
their dormancy period within an individual plant accession
may provide it with adaptive plasticity, which will lead to
the manifestation of an optimal phenotype under various
environmental conditions.

Biochemical processes affecting seed longevity

In the process of storage, seeds suffer physiological stress
consequences, one of which is the accumulation of free
radicals, primarily reactive oxygen species (ROS). An in-
crease in the ROS level results in oxidative stress. In most
cases under oxidative stress a superoxide anion radical
(superoxide radical, O,-) is formed; it quickly converts into
other ROS forms: hydrogen peroxide (H,0,) and the hy-
droxyl radical (- OH). Damage caused by free radicals leads
to a rupture in the genome integrity within the nucleus,
which in its turn may entail a complete loss of seed viability
(Bailly, 2004; Kranner et al., 2006; Bailly, Kranner, 2011).
The effect of free radicals and lipid peroxidation induces
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Ascorbate-glutathione pathway: CAT - catalase; SOD - superoxide dis-
mutase; APX — ascorbate peroxidase; MDHAR - monodehydroascorbate
reductase; DHAR - dehydroascorbate reductase; GR - glutathione reduc-
tase; AC - ascorbate; MDA - monodehydroascorbate; DHA - dehydro-
ascorbate; GSSG - oxidized glutathione; GSH - reduced glutathione.

membrane structure degradation and DNA disintegration,
accompanied by a decrease in the activity of a majority of
enzymes in the cell. One of the causes of such decline in ac-
tivity may be the deterioration of enzymes or malfunctions
in the protein-synthesizing complex under the aggregate
impact of free radicals. There is a universal mechanism of
oxidative stress prevention, usable against excessive ROS
in plants. An important role in the antioxidant protection
system of the cell is played by the enzymes of superoxide
dismutase (SOD). The main function of these enzymes is
converting the superoxide radical into H,0, and oxygen
(Jajic et al., 2015). Three SOD isoforms differing in me-
tals within the active center have been identified in plant
cells: Fe-SOD (chloroplast), Mn-SOD (mitochondria and
peroxisomes) and Cu-Zn-SOD (cytoplasm, chloroplast and
peroxisomes). Hydrogen peroxide is in its turn decomposed
by catalase (CAT), which is found in glyoxysomes and
peroxisomes (Willekens et al., 1995), except the isoform
which is mitochondrial (Scandalios et al., 1997). Gluta-
thione peroxidase (GPX) also removes excessive H,0,
and organic peroxides (Eshdat et al., 1997).

The ascorbate-glutathione or the Foyer—Halliwell-Asada
pathway also plays a significant role in the cell’s antioxidant
protection (Bailly, 2004; Foyer, Noctor, 2005) (see the Fi-
gure). In this pathway, H,O, reduction to water is catalyzed
by ascorbate peroxidase. It is accompanied by ascorbate
oxidation to monodehydroascorbate (MDA), which can be
reduced back to ascorbate by MDA reductase, employing
NADPH. As aresult of a spontaneous redox reaction, MDA
can produce dehydroascorbate (DHA), which is converted
back to ascorbate via glutathione oxidation. The cycle
is completed with the NADPH-assisted reduction of the
oxidized glutathione form (Medvedev, 2013).

Redox potential of the water-soluble antioxidant glu-
tathione (GSH) is of particular importance as a regulator
of the cell’s redox potential in the case of orthodox seeds
(Schafer, Buettner, 2001; Noctor et al., 2011). Since or-
thodox seeds contain insignificant amounts of ascorbate
(Kranner et al., 2006), Kranner and her coauthors hypoth-
esized that glutathione is the main and possibly the oldest
redox buffer, and a change in the GSSG/GSH reduction
potential can serve as a universal seed viability marker
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(Mittler, 2002; Kranner et al., 2006). In addition to water-
soluble antioxidants, plant seeds also contain fat-soluble
(hydrophobic) antioxidants: a-, B-, y-, 6-tocopherols and
carotenoids (Sharova, 2016); their contribution to the cell’s
antioxidant protection depends on the plant species. For
example, fat-soluble antioxidants are more significant for
oil crops whose seeds are rich in fatty acids.

Seed longevity is also affected by some other compounds
with an antioxidant function, such as polyphenols, flavo-
noids and peroxiredoxins (Landry et al., 1995; Sattler et al.,
2004; Sharova, 2016). It should be mentioned that the
cell’s antioxidant mechanisms control the content of ROS,
but do not eliminate them completely. It happens because
small amounts of ROS are important signaling molecules,
participating in plant growth, development, and stress re-
sponse. In seeds, ROS play an important role, associated
with viability and release from dormancy. An excess in
ROS leads to a loss of seed viability, but ROS production
is required for seed dormancy breakage and facilitates seed
germination (Bailly, 2004; Oracz et al., 2009).

Thus, ROS play a dual role in seed physiology. On the
one hand, ROS possess an exceptionally high reactivity.
They are capable to induce chain reactions and oxidize
practically all organic compounds, causing irreversible
oxidative damage to most important biomolecules, such as
proteins, lipids or DNA. On the other hand, ROS participate
in cell growth regulation, protection against pathogens,
and redox status control in cells. Besides, ROS function
as a positive signal in seed dormancy alleviation and ger-
mination (Bahin et al., 2011; Jeevan Kumar et al., 2015).

Candidate genes for seed longevity identified
in Arabidopsis thaliana (L.)
The role of important factors affecting seed longevity was
analyzed in mutants of Arabidopsis thaliana (L.) Heynh.
and transgenic lines. Seed maturation is known to be geneti-
cally controlled by four main regulators: ABI3 (ABSCISIC
ACID-INSENSITIVES), LEC1, LEC2 (LEAFY COTYLE-
DONI and LEAFY COTYLEDON?2) and FUS3 (FUSCA3)
(Razetal., 2001). Mutations in these key regulators lead to
a quick loss of seed viability under storage. For example,
abi3, lecl and fus3 mutants demonstrated reduced seed
longevity (Ooms et al., 1993; Clerkx et al., 2004). Sig-
nificant reduction of seed longevity is also caused by seed
coat mutations. Seed coat acts as a structural barrier against
biotic and abiotic stresses. For example, #¢ (transparent
testa), ttg (transparent testa glabra) and ats (aberrant testa
shape) mutants were reduced germination percentage than
the control plants (Debeaujon et al., 2000; Clerkx et al.,
2004). A decrease of seed longevity was observed in vel
and vte2 mutants involved in vitamin E biosynthesis (lipo-
philic antioxidant) and in completely tocopherol-free ones
(Sattler et al., 2004).

After UV exposure, Arabidopsis mutants deficient in
flavonoid biosynthesis showed increased lipid peroxida-
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tion by 60 %, which correlated with a decrease in seed
viability (Landry et al., 1995). The content of some oli-
gosaccharides, such as galactinol, correlated with seed
longevity (Obendorf, 1997). The research conducted on
Arabidopsis, cabbage and tomato revealed a positive cor-
relation between galactinol content and seed longevity in
these crops (de Souza Vidigal et al., 2016). Reduced seed
viability, compared with the wild-type plants, was observed
in Arabidopsis mutants that lacked the functional malate
hydrogenase enzyme (Yazdanpanah et al., 2019). The
researchers who made such observation assume that the
NADP-ME1 enzyme activity is required to protect seeds
from oxidation during long-term seed storage (Yazdanpa-
nah et al., 2019). Oxidative stress negatively affects seed
quality; it is confirmed by a reduction in germination per-
centage of the frostbitel (frol) mutant which constitutively
accumulated ROS (Lee et al., 2002; Clerkx et al., 2004). At
the same time, Clerkx et al. failed to find a reliable reduction
of germination rate for two mutants with ROS-scavenging
mechanisms: vitamin C deficient-1 (vtcI-1) and cadmium
sensitive2-1 (cad2-1), the latter being glutathione-deficient.

By now, a considerable number of loci and genes as-
sociated with seed longevity have been identified in Ara-
bidopsis plants. Such genes may be classified into several
groups according to the mechanisms of their effect on seed
viability; the most significant among them are the groups
of genes whose effect is connected with plant hormones,
such as abscisic and gibberellic acids, and redox processes.

Candidate genes for seed longevity identified

in barley

Studying seed longevity of various plant species, such as
Arabidopsis (Clerkx et al., 2004; Bentsink et al., 2006),
barley (Nagel et al., 2009), wheat (Landjeva et al., 2010;
Rehman Arif, Borner, 2019), rice (Miura et al., 2002),
Aegilops (Landjeva et al., 2010), maize (Revilla et al.,
2009), lettuce (Schwember, Bradford, 2010), etc., has
shown that seed longevity is controlled by several genetic
factors, which facilitates the identification of quantitative
trait loci (QTLs). In a number of published works QTLs
associated with seed longevity were identified for different
plant species using natural and artificial ageing techniques.
Artificial ageing methods are employed to predict eligibility
of seed samples for long-term storage (Safina, Filipenko,
2013; Smolikova, 2014). They are essentially based on
artificial acceleration of the senescence process by briefly
exposing seeds to higher temperatures and humidity close
to critical levels for a given crop. There are two generally
accepted seed ageing methods: AA (accelerated ageing)
and CD (controlled deterioration). In the AA test, seeds are
exposed for short period of time to high temperature and
high relative humidity (100 %). CD treatment differs from
AA in that seeds are shortly stored under higher moisture
content (MC) (18-20 %) and temperatures in aluminum foil
bags (Nagel et al., 2009, 2015). The ISTA (International
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Seed Testing Association) standards prescribe a definite
MC value to the CD test according to the following formula:

. :[IOO—smcl(%)]X
W0 1100—sme, (%) ) 0

where my o is the amount of added water (g); smc is the
initial seed moisture content (%); smc, is the taget seed
moisture content (%); and m is the initial seed weight (g).

It should be mentioned that under accelerated ageing
seeds are experiencing high water contents and high tem-
peratures. In such a situation, the main negative processes
within the seeds are lipid peroxidation and loss of mem-
brane phospholipids. Meanwhile, during long-term storage
of dry seeds, mostly non-enzymatic reactions would take
place, and they do not require much water (Walters, 1998;
Murthy et al., 2003; Veselovsky, Veselova, 2012; Frolov
etal., 2018; Antonova et al., 2019). Therefore, the question
on the extent to which the processes within seeds under
artificial ageing would mimic those undergoing naturally
during long-term storage remains unanswered (Agacka-
Moldoch et al., 2016; Bankin et al., 2018). Nonetheless,
artificial ageing techniques are widely used by various
researchers in their efforts to study seed viability.

The development of new sequencing methods, achieve-
ments in a wide range of analytical technologies, and emer-
gence of bioinformatics procedures contributed to higher
quality of research not only on model species but also on
agricultural crops. Several significant specific features of
Hordeum vulgare (L.), such as the diploid nature of the
cultivated barley genome with a high degree of self-pol-
lination, small number of sufficiently large chromosomes
(2n = 14), easy crossability, and simplicity of cultivation
in very diverse climates, promote the wide use of this crop
in genetic studies. Modern DNA technologies applied to
various barley accessions helped to identify candidate genes
potentially responsible for extending the life span of seeds.
Nagel et al. in 2009 used two induced ageing methods (AA
and CD) to detect QTLs correlating with seed longevity in
the following barley plant populations: OWB, S x M (*Step-
toe’ x ‘Morex’) and W766 (Nagel et al., 2009). The authors
identified the greatest number of QTLs associated with seed
longevity on chromosomes 2H, SH and 7H. One significant
QTL was detected within a distal region of chromosome 2H
associated with the gene Zeol (Zeocriton 1). The Zeol
gene determines plant height and spike compactness. Such
plants are known to have low fertility. The Ale (Aleurain)
gene encoding thiol protease was identified in the QTL on
the long arm of chromosome 5H. The expression of Ale
is regulated by gibberellic and abscisic acids which play
important roles in seed germination (Nagel et al., 2009).
The nud gene determining hulled/naked caryopsis was
identified as a candidate for QTL on chromosome 7H. In
2016, Nagel et al. conducted additional research on seed
longevity. Most of the QTLs associated with seed longev-
ity, like in the 2009 tests, were detected in two areas: on
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chromosome 2H between 110 and 172 ¢M, the locality of
the Zeo! gene, and in the centromeric region of 7H from
73 to 95 cM, also incorporating the nud gene.

Further annotation of gene functions in the QTL areas by
the authors revealed the presence of the glutathione reduc-
tase enzyme in the same area, which suggests a relationship
with oxidative stress (Meyer, Hell, 2005; Rouhier et al.,
2008; Nagel et al., 2016). Bahin et al. studied sunflower
and barley seed longevity in 2011 and found out that in the
process of storage barley seeds, unlike those of sunflower,
did not accumulate ROS. The authors supposed that an ex-
cess in ROS neutralized the antioxidant glutathione (GSH)
(Bahinetal., 2011), which could serve as a marker in barley
seed longevity studies. Wozny et al. in 2018 proposed the
NADP-dependent malic enzyme (NADP-ME) as a candi-
date gene to be used in future seed longevity studies on
barley (Wozny et al., 2018). The enzyme was localized on
chromosome 2H within the area of the QTLs correlating
with seed longevity in the studied barley accessions (Wozny
etal., 2018).

Thus, most of the QTLs associated with barley seed
longevity have been identified on chromosomes 2H, SH
and 7H. The following genes have been detected in the
studied QTL areas: Zeol, Ale, nud, nadp-me, and HvGR.
Different researchers offer different candidate genes for
further research on barley seed longevity. By now, however,
no one has found a reliable universal marker to be associ-
ated with loss of viability in barley seeds. Presently, there
are no readily available genetic markers for seed longevity
that could prove handy to search for an optimum frequency
of seed reproduction in the process of barley germplasm
conservation.

Conclusion

Mechanisms of seed viability reduction and death during
long-term storage may differ depending on plant species.
For barley, they have been identified only partially. The data
presently available on the identification of genes associated
with barley seed longevity have been obtained using artifi-
cial seed ageing methods, but they cannot simulate natural
ageing processes accurately enough. Genetic markers as-
sociated with seed longevity that could appear suitable to
optimize reproduction of seed accessions have not yet been
conclusively identified. Eventually, glutathione reductase
may be suggested as a candidate gene for further studies
of barley seed longevity. This enzyme is directly involved
in neutralization of excessive ROS, antioxidant defense,
and cell signaling in plants.
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Abstract. Microsatellite (SSR) markers with known precise intrachromosomal locations are widely used for map-
ping genes in rye and for the investigation of wheat-rye translocation lines and triticale highly demanded for
mapping economically important genes and QTL-analysis. One of the sources of novel SSR markers in rye are
microsatellites transferable from the wheat genome. Broadening the list of available SSRs in rye mapped to chro-
mosomes is still needed, since some rye chromosome maps still have just a few microsatellite loci mapped. The
goal of the current study was to integrate wheat EST-SSRs into the existing rye genetic maps and to construct
a consensus rye microsatellite map. Four rye mapping populations (P87/P105, N6/N2, N7/N2 and N7/N6) were
tested with CFE (EST-SSRs) primers. A total of 23 Xcfe loci were mapped on rye chromosomes: Xcfe023, -136 and
-266 on chromosome 1R, Xcfe006, -067, -175 and -187 on 2R, Xcfe029 and -282 on 3R, Xcfe004, -100, -152, -224 and
-260 on 4R, Xcfe037, -208 and -270 on 5R, Xcfe124, -159 and -277 on 6R, Xcfe010, -143 and -228 on 7R. With the
exception of Xcfe159 and Xcfe224, all the Xcfe loci mapped were found in orthologous positions considering mul-
tiple evolutionary translocations in the rye genome relative to those of common wheat. The consensus map was
constructed using mapping data from the four bi-parental populations. It contains a total of 123 microsatellites,
12 SNPs, 118 RFLPs and 2 isozyme loci.
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AHHoTauua. MukpocatennuTHble (SSR) MapKepbl LUMPOKO MCMONb3YIOT ANA KapTUPOBAHNA F€HOB PXKKW 1 aHanu-
32 TPAHCNOKALMOHHbIX IMHWIA MLIEeHNLbl U TpUTUKane. SSR-MapKepbl C M3BECTHON BHYTPUXPOMOCOMHOW JlOKa-
nn3aymen odeHb BOCTPe6OBaHbI AN1A KapTVPOBaHUA SKOHOMUYECKN 3HauMMbIx reHoB 1 QTL-aHanu3a. OgHum u3
MNCTOYHMKOB HOBbIX SSR-MapKepoB y pXU ABAATCA MUKPOCATENIMTHbIE MapKepbl NiweHnubl. HecMoTpa Ha He-
CKOJIbKO HabOPOB MUKPOCATENUTHBIX MAapPKePOB, AOCTYMHbIX Y PN, MO-NPeXXHeMy HEOOXOAMMO pacluMpeHune
cnncka SSR, COMOCTaBNIEHHbIX C XPOMOCOMaMU PXKU, MOCKONbKY Ha HEKOTOPbIX FeHETUYECKMX KapTax KONMYecTBO
SSR-MapKepoB HeBenuko. Llenb HacToALWEro MccnefoBaHNA COCTOANA B TOM, YTOObl nHTerpuposatb EST-SSR
MNWeHNLbl B CYLLeCTBYIOWME FreHETMYECKME KapTbl PXKM 1 MOCTPOUTb KOHCEHCYCHYI MUKPOCATENIINTHYIO KapTy
pxn. YeTbipe KapTupytowmx nonynaumu pxu (P87/P105, N6/N2, N7/N2 n N7/N6) TectTuposanu ¢ UCnonb3osa-
Hvem npanmepos CFE (EST-SSR). B pe3ynbrate B MoneKynspHO-reHeThUYecKme KapTbl PXKu Oblfo MHTErpupoBa-
HO 23 MMKpOCATENIUTHBIX NIoKyca Xcfe: Xcfe023, -136 n -266 Ha xpomocome 1R, Xcfe006, -067, -175 n -187 Ha 2R,
Xcfe029 n -282 Ha 3R, Xcfe004, -100, -152, -224 v -260 Ha 4R, Xcfe037,-208 n -270 Ha 5R, Xcfe124,-159 n -277 Ha 6R,
Xcfe010, -143 v -228 Ha 7R. 3a ncknoueHnem Xcfe159 n Xcfe224, Bce KapTpoBaHHbIe NIOKYCbl Xcfe 6binn 0bHapy-
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The consensus rye microsatellite map
with EST-SSRs transferred from wheat

XeHbl B OPTONOMMYHbIX MO3ULUAX C YHYETOM MHOXECTBEHHbIX TPAHCIOKaLMiA B XOfe SBOJIIOLMM reHoMa PKn Mo
CpaBHeHNIo C nweHunuein. KoHceHCycHas KapTa NOCTPOEHa C NCMOMb30BaHVEM AaHHbIX MO YETbIPEM KapTupyto-
WM nonynaumam pxu. OHa CogepKnT B 06Len CNOXHOCTY 123 MUKpocaTennTHbIX Mapkepa, 12 SNP, 118 RFLP

1 2 n30pepMEeHTHbIX JIOKYCa.

KntoueBble cnoBa: Secale cereale; SSR; Triticum aestivum; MMKpoCaTeNNNTHbIE MapKepbl; FfeHeTUYeCKne KapTbl.

Introduction

Several linkage maps of rye carrying RFLP, AFLP, SSR, DArT
and SNP markers are available to date (Devos et al., 1993;
Philipp et al., 1994; Senft, Wricke, 1996; Korzun et al., 2001;
Bednarek et al., 2003; Hackauf, Wehling, 2003; Khlestkina et
al., 2004; Varshney et al., 2007; Bolibok-Bragoszewska et al.,
2009; Gustafson et al., 2009; Milczarski et al., 2011, 2016;
Xu et al., 2012; Bauer et al., 2017).

SSRs (microsatellites) are among the most widely used
DNA-markers in rye genetics. For example, SSR markers
were used for mapping the sy, sy9, syl8 and sy19 asynaptic
genes (Malyshev et al., 2009; Dolmatovich etal., 2013a, b), the
gene mol for supernumerary spikelets (Dobrovolskaya et al.,
2009), several anthocyanin biosynthesis genes (Khlestkina et
al., 2009, 2011, 2013), Ddw (Tenhola-Roininen, Tanhuanpai,
2010) and Ddw3 (Yang et al., 2018) dwarfing genes, the pow-
dery mildew resistance locus (Wang et al., 2010), the Elm-R1
gene related with embryo lethality in wheat-rye hybrids as well
as the hybrid dwarfness gene Hdw-R1 (Tikhenko et al., 2011;
Tsvetkova et al., 2018), aluminum tolerance loci in rye and
triticale (Fontecha et al., 2007; Benito et al., 2010; Niedziela
et al., 2014) and several QTL for agronomic traits including
grain yield (Hackauf et al., 2017).

SSRs can be suitable for marker-assisted breeding (Lapitan
et al., 2007), detection of the genetic variability in rye and
triticale (Bolibok et al., 2005; Vyhnanek et al., 2009) as well
as for marker-assisted identification of rye genetic material
in wheat cultivars and lines (Silkova et al., 2006; Schlegel,
Korzun, 2008; Schneider, Molnar-Lang, 2009; Adonina et al.,
2011; Silkova et al., 2011; Schlegel, 2015).

In spite of several sets of microsatellite markers available in
rye, broadening a list of SSRs mapped to rye chromosomes is
still needed, since some rye chromosome maps still have justa
few microsatellite loci mapped (Khlestkina et al., 2004). The
goal of the current study was to integrate wheat EST-SSRs,
expressed sequence tag SSR (from map of L.Y. Zhang et al.
(2005)) into the existing rye microsatellite map and construct
the consensus microsatellite map of rye genome.

Materials and methods

Four rye F, mapping populations (P87/P105; N6/N2, N7/N2
and N7/N6; see detailes in (Khlestkina et al., 2004)) were
used in PCR assays with CFE primers available at GrainGenes
database (http://wheat.pw.usda.gov). DNA was available from
previous studies (Korzun et al., 2001; Khlestkina et al., 2004).
PCR and analysis of the amplified fragments length was per-
formed as described in L.Y. Zhang et al. (2005). Chromosome
arm location of homologous sequences carrying the CFEs
(http://wheat.pw.usda.gov) was performed using BLAST
analysis (Altschul et al., 1990) of the corresponding wheat
ESTs given at http://wheat.pw.usda.gov against wheat chro-
mosome survey sequences available at https://urgi.versailles.
inra.fr/blast/blast.php. Linkage maps were constructed with
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MAPMAKER 2.0 (Lander et al., 1987) using Kosambi func-
tion (Kosambi, 1944), based on genotyping data obtained in
the current study and previously (Korzun et al., 2001; Khlest-
kina et al., 2004; Varshney et al., 2007). The consensus map
was constructed using JoinMap 2.0 program (Stam, 1993).

Results and discussion

Despite the possibility of a high-throughput marker analysis
using SNPs (Bauer et al., 2017), microsatellites remain con-
venient and low-cost markers for mapping genes and marker
assisted selection in rye and triticale. For these purposes mic-
rosatellite markers with known precise intrachromosomal lo-
cation are needed. The sources for mapping novel SSR loci in
rye were rye EST-SSRs (Hackauf, Wehling, 2003; Khlestkina
et al., 2004), or wheat genomic microsatellites (Khlestkina et
al., 2004). In the current study, we used wheat EST-SSRs for
genotyping rye mapping populations.

The parents of the four rye mapping populations (P87/P105,
N6/N2, N7/N2 and N7/N6) were tested with 301 CFE primer
pairs. Thirty-two pairs revealed polymorphism between the
parents of one or more mapping populations: 10 between
P87 and P105, 13 between N6 and N2, 11 between N7 and
N2 and 15 between N7 and N6. The portion of polymorphic
CFE markers (10.6 %) is comparable with that described for
genomic wheat SSRs GWM transferred to the same set of
mapping populations parents (9.2 %) (Khlestkina et al., 2004).

Twenty-three of the 32 markers were segregating in the
mapping populations, while nine pairs produced monomor-
phic PCR-products, that can be explained by rye heterogene-
ity. Twenty-three Xcfe loci were genetically mapped on rye
chromosomes (see the Table and Supplementary Materials)'.

A consensus map was constructed using mapping data for
the four populations. The consensus map contains 11 microsa-
tellite (Xcfe..., Xrems... or Xgwm...) markers on chromosome
IR, 23 0n 2R, 10 on 3R, 15 0n4R, 29 on 5R, 17 on 6R, 18 on
7R (see the Figure). In addition to these 123 SSR markers the
consensus map contains 12 SNPs (Xgbs...), 118 RFLP mar-
kers (other X... names), and two isozyme loci. The former rye
consensus map constructed in 2009 contained 10 microsatellite
markers only (Gustafson et al., 2009).

Most of the microsatellites mapped in the current study
consist of 3 bp repeats (15 loci), 5 of the mapped SSRs were
dinucleotide, 2 sequences carried tetra- and 1 hexanucleotide
repeat (see the Table).

Twenty-one of the 23 Xcfe loci mapped in orthologous
positions (see the Table) considering multiple evolutionary
translocations in the rye genome relative to those of common
wheat, as described in detail by K.M. Devos et al. (1993).
Two loci Xcfel59-6R and Xcfe224-4R have no orthology
with wheat Xcfel59 (5A, 5D) and Xcfe224 (5B). The por-
tion of the Xcfe loci showing orthology between wheat and

T Supplementary Materials are available in the online version of the paper:
http:/www.bionet.nsc.ru/vogis/download/pict-2020-24/appx5.pdf
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Characterization of CFE markers mapped in the current study

CFE No. Motif bp in wheat  bpin rye*
004 ............... (GAG)6 ..................... 2 17 ................... 124130 ..........................

006 ............... (CGT)7 ..................... 2 39 ................... 304307 ..........................

010 ............... (AGG)8 ..................... 324 ................... 3”314 ..........................

023 ................ (CGA)S ..................... 2 31 .................... 198207213 ..................

029 ............... (GA)7 ....................... 2 01 .................... 194196 ..........................

037 ................ (TACG)3 ................... ]50 ................... ]59171 ...........................

67 .................. (AG)H ...................... 175 ................... 180182194 ..................

100 ............... (TG)6 ........................ 2 43 ................... 237241255 ..................

1 2 4 ............... (GAACCC)3 .............. 2 63 ................... 250 272 ..........................

136 ............... (AG)7 ....................... 160 ................... 194200 ..........................

143 ................ (CAGG)4 .................. 150 ................... 168172 ..........................

152 ................ (CGA)S ..................... 150 ................... 226232235238 ..........
159 ............... (CAG)6 ..................... 163 ................... 164167170173176
175 ................ (GGC)6 ..................... 2 16 ................... 216219222 ..................

183 ................ (AG)M ...................... 2 15 ................... 210212 ..........................

2 0 8 ............... (AGG)4 ..................... 2 49 ................... 268 274 ..........................

224 ............... (GCC)7+4 .................. 2 75 ................... 212215 ..........................

228 ............... (CTG)B .................... 2 07 ................... 324333343 ..................

260 ............... (CCT)7 ..................... 149 ................... 136139 ..........................

266 ............... (ACC)4 ..................... 2 51 .................... 239244247 ..................

270 ............... (GTG)7 ..................... 126 ................... 129132 ..........................

277 ................ (ACA)4 ..................... 2 02 ................... 197203 ..........................

282 ................ (GAC)7 ..................... 149 ................... 129138 ..........................
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Chromosome
location in rye*

Chromosome location
in wheat™*

Orthologous between
wheat and rye

3B, 4BS, 4DS 4RS Yes
2AL’23L,2DL ..................... 2 RL .......................... Y es ....................................
7AS,7BS’7DS ..................... 7RS .......................... Y es ....................................
1AS,1BS’1DS ..................... 1RS .......................... Y es ....................................
3AL,3B,3DL ....................... 3 RL .......................... Y eS ....................................
5AL’5BL’5DL ..................... 5 RL .......................... Y es ....................................
ZAS’zBS,ZD ....................... 2 RS .......................... Y es ....................................
7ASI7BS’7DS ..................... 4 R(cent) .................. Y es ....................................
6AL’6BL’6DL ..................... 6 RL .......................... Y es ....................................
1AL1BL1DL ..................... 1RL .......................... Y es ....................................
. SBL SDL .............................. 7RS .......................... Y es ....................................
6AS’6BS6DS7AS ............. 4 RL .......................... Y es ....................................
SBL’SDL .............................. 6 R(Cent) ................. No ....................................
ZAleBLIZDL ..................... 2 RL .......................... Y es ....................................
ZALIZBLIZDL ..................... 2 RL .......................... Y es ....................................
SAISBSISDS ....................... 5 RS .......................... Y es ....................................
SBL ...................................... 4 R(cent) .................. No ....................................
4AL,SBL .............................. 7RS .......................... Y es ....................................
4ALI4BS’4DS ..................... 4 RS .......................... Y es ....................................
1AL’1BL’1DL ..................... 1RL .......................... Y es ....................................
4DL’5DL'4BL’5AL ............. 5 RL .......................... Y es ....................................
6D ........................................ 6 RL .......................... Y es ....................................
3AS3B3DS4DL ............... 3 RS .......................... Y es ....................................

* Data obtained in the current study (different length of the PCR products correspond to different parents of the rye mapping populations used; each microsatel-
lite studied was monolocus and homozygous in all parents of the mapping populations, amplifying one fragment in each parental genotype).

** Chromosome location of homologous sequences carrying the CFEs (http://wheat.pw.usda.gov) was performed using BLAST analysis of the corresponding

wheat ESTs given at http://wheat.pw.usda.gov against wheat chromosome survey sequences available at https://urgi.versailles.inra.fr/blast/blast.php. Further

information is given according to http://wheat.pw.usda.gov.

rye (91 %) is higher than that found previously for genomic
SSR loci Xgwm (73 %) (Khlestkina et al., 2004). This may
reflect conservatism of the coding portion of plant genome, in
particular that of the regions complementary to the primers,
flanking microsatellites.

Usually the markers mapped to 7RS are found in a com-
prehensive region of the chromosome 7R corresponding to
ancient translocation, while just a few markers are available
for the small proximal region not involved in this transloca-
tion (Devos et al., 1993; Korzun et al., 2001; Khlestkina et al.,
2004). The Xcfe010-7R locus mapped in the current study is
located in this region (see the Figure) and can be used for tag-
ging the part of chromosome 7RS, which is orthologous to the
short arm of chromosome 7 of Triticeae (Devos et al., 1993).

The Xcfe loci mapped can be recommended for various ap-
plications in rye genetics and breeding. Some of them locate
in the regions carrying known rye genes and therefore have a

potential for marker-assisted selection. For example, compari-
son of the consensus map (see the Figure) with data available
from previous gene mapping studies suggests Xcfe270-5R to
be close to the dwarfing gene Ddw! (mapped by (Tenhola-
Roininen, Tanhuanpdi, 2010)), while the Xcfe006-2R locus
(see the Figure) is mapped in the region highly comparable
with location of the asynaptic genes sy9 and sy /8 on chromo-
some 2R (Malyshev et al., 2009; Dolmatovich et al., 2013a).

Overall, the consensus map of rye contains 123 microsatel-
lites. The list of mapped SSRs can be broaden in the future
based on 856 SSRs recently found in rye genome shotgun
survey sequences (Li et al., 2018).

Conclusion

The consensus map constructed in the current study contains
a total of 123 microsatellites (including 23 SSRs transferred
in our study from wheat to rye map), 12 SNPs, 118 RFLPs
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and 2 isozyme loci. Co-linearity between rye and wheat chro-
mosome regions carrying these microsatellite loci was shown
using 21 from 23 SSRs. These markers can be useful for both
comparative mapping between wheat, rye and triticale as well
as for marker-assisted breeding.
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Abstract. Potato (Solanum tuberosum L.) is one of the most important food crops in the world. The genome of this
potato species is autotetraploid and has a high level of heterozygosity, also this potato species is a cross-pollinated
plant. These characteristics complicate the genetic analysis and breeding process. The tuber’s eye depth is an im-
portant trait that affects the suitability of potato varieties for processing. Potato breeding for this trait is based on
phenotypic assessment. Identification of the loci that control tuber eye depth would allow diagnostic markers for
the marker-assisted selection to be created. The aim of this study is to search for loci associated with the eye depth
by analyzing Solanum tuberosum varieties from the GenAgro collection of the Institute of Cytology and Genetics
of the Siberian Branch of the Russian Academy of Sciences, genotyped using the Illumina 22K SNP potato array
DNA chip. The 24 significant markers associated with the “eye depth”trait were identified using 15,214 SNP markers
genotyped with the Illumina 22K SNP potato array chip and the general linear model (GLM) taking into account
the population structure. Data obtained showed the presence of SNPs in four genomic regions: on chromosome 4
(1 marker in the 3.92 Mb area), 5 (1 marker in the 4.67 Mb area) and 10 (1 marker in the 4.87 Mb area and 21 markers
in the region between 48.1-48.9 Mb). The results of localization in the region 48.1-48.9 Mb of chromosome 10 cor-
respond to previously published studies, the remaining three regions were detected for the first time. DNA sections
containing SNPs linked to the tuber’s eye depth were studied in the SolTub_3.0 potato genome assembly (https://
plants.ensembl.org/). KASP markers were developed based on the data obtained. It will be possible to screen the
breeding material and to breed the varieties more effectively using current markers associated with a shallow tu-
ber’s eye depth.
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AHHoTayus. Kaptodenb (Solanum tuberosum L.) — ogHa U3 BaKHEWLLMX B MUPE NMPOAOBONbCTBEHHBIX KyNbTyp.
[eHOM Bupa aBTOTETPANMOMAHbIN, OTANYAETCA BbICOK/M YPOBHEM FeTepO3UrOTHOCTM, STOT BUA ABNAETCA TaKxke
nepeKkpecTHoomnbinAeMbIM. Bce 3T0 3aTpyAHAET reHeTMYeCKuii aHanm3 1 CeneKkLMOoHHbIN npouecc. My6nHa 3ane-
raHuA rnaskoB KNy6Ha kapTodpensa npofoBOSIbCTBEHHOrO Ha3HaUYeHMA — BaXKHbIN MPU3HaK, BAVAIOLWIA Ha NpuUroa-
HOCTb cOpTOB KapTodena Ana nepepabotku. Cenekumsa no sTomy NprsHaKy BefeTcA Ha OCHOBe GeHOTUMNYECKON
oueHKU. MiaeHTnduKauma NoKyCcoB, KOHTPONNPYIOLLMX AaHHbIV NMPK3HAK, N03BONMAA O6bl NPOBOANUTL MAaPKEP-KOH-
Tponupyemblii oT6op rmbpuaos, otbpakosbiBas GoOpMbl C FY6OKMM 3aneraHnem ria3kos Ha PaHHKX STanax ce-
nekuuu. Llenbio HacToALero nccnefoBaHUA H6bi10 BbIABIEHME FEHOMHbIX PaioHOB, aCCOLMMPOBAaHHbIX C FyOVHON
3a5eraHnA rnaskoB., NyTem aHanmnsa coptoobpasuos Kaptodena S. tuberosum L. u3 konnekunm feHArpo MHcTnTyTa
yutonorum u reHeTnkn CO PAH. Mpu ncnonb3osaHum 15214 SNP-mapkepoB, reHOTUMMPOBAHHbBIX C MOMOLLbIO Ynna

© Totsky I.V., Rozanova I.V., Safonova A.D., Batov A.S., Gureeva Yu.A., Kochetov A.V., Khlestkina E.K., 2020
This work is licensed under a Creative Commons Attribution 4.0 License



1.V. Totsky, I.V. Rozanova, A.D. Safonova, A.S. Batov
Yu.A. Gureeva, A.V. Kochetov, E.K. Khlestkina

Genomic regions of Solanum tuberosum L.
associated with the tuber eye depth

lllumina 22K SNP potato array, n 0606LieHHol nuHeHon mogenu (General Linear Model, GLM) ¢ yueTom nonyns-
LIIOHHOW CTPYKTYpPbl HaliAeHbl 24 3HaUMMbIX MapKepa, aCCOLIMMPOBAHHbIX C MPY3HAKOM «rlybuHa 3aneraHus rnas-
KoB». [onyyeHHble AaHHble nokasanu Hanuune SNP B yeTbipex reHOMHbIX paioHax: B Xpomocomax 4 (1 mapkep
B paroHe 3.92 M6), 5 (1 mapkep B parioHe 4.67 M6) 1 10 (1 mapkep, OTHOCALNIACA K paiioHy 4.87 M6, n 21 map-
Kep B palioHe 48.1-48.9 M6). ConocTaBneHne BbiABNIEHHbIX FEHOMHbIX PAafiOHOB B Hallem 1cciefoBaHuy ¢ 6onee
paHHMMK paboTaMun NOATBEPANIO, UTO NIOKYC Mexay 48.1-48.9 M6 6bin 13BecTeH paHee, OCTaNbHble TPU parioHa
o6Hapy»keHbl BriepBble. YuacTku [HK, cogepkaiwme SNP, cLienneHHble ¢ rnybuHON 3aneraHus rnaskos, 6binm rsy-
YeHbl B cOopKe reHoma KapTtodensa SolTub_3.0 (https://plants.ensembl.org/), n Ha ocHOBe MonyYeHHbIX AaHHbIX
6b111 paspaboTaHbl KASP-MapKepbl, Npy NPYMEHEHNI KOTOPbIX MOXHO OyfeT 6onee 3¢ PpeKTUBHO BECTU CKPUHUHT
cenekLMOHHOro MaTepurana 1 ceneKkLmio COpTOB C MeIKMM 3aJleraHrieMm rnasKoB.

KnioueBble cnoa: GWAS; SNP; kapTodenb; rnybriHa 3aneraHua rnaskos.

Introduction

Potato Solanum tuberosum L. is the important food crop.
The genetic analysis and breeding process of this crop is
complicated by the autotetraploid nature and a high level of
heterozygosity of this species. In addition, S. tuberosum is
a cross-pollinated species, that also makes genetic research
and breeding more difficult. (Prashar et al., 2014). Potato
varieties are reproduced vegetatively in view of the low fer-
tility and the impossibility of ripening fruits in the climatic
conditions of many countries. This type of reproduction
allows this crop to maintain the identity of variety genome
in different reproduction, despite the heterozygosity.

Mapping of quantitative trait loci (QTL) and genes of
autotetraploid potato using biparental populations is a dif-
ficult task. The biparental populations method for autho-
tetraploids requires obtaining and analysis of numerous
progeny. However, the low fertility of most potato varie-
ties does not allow obtaining big mapping populations.
Researches often overcome these limitations of mapping
studies by transition to diploid level, at which in addition
interspecific hybridization is possible. However this ap-
proach still requires high level of fertility. All these features
limit the use of S. tuberosum varieties in genetic mapping
and QTL studies. However, the possibility of applying
a genome-wide association studies (GWAS) with the
development of high performance (HP) sequencing and
other HP-genotyping methods (including application of
SNP-arrays) made it possible to intensify research aimed
on identification of genomic loci related with quantitative
traits, avoiding all difficulties mentioned above for biparen-
tal mapping and QTL analysis. The vegetative reproduction
way of cultivated forms of potato facilitates GWAS method
compared to other cross-pollinated plants, however some
adaptation of the method is still needed taking into account
the autotherapoid nature and heterozygosity (Prashar et al.,
2014; Khlestkin et al., 2019).

The depth of the tuber eyes is an important trait for the
suitability of potato varieties for processing. The volume
of losses during peeling, which should not be higher than
15 % (Zemtcova, Timofeeva, 2011), depends on the eye
depth. Accordingly, this trait affects the cost of peeling
during processing. Based on the conditions for obtaining
minimal waste during mechanized abrasive peeling, the
tuber eye depth should be no more than 1.5 mm (Pshechen-
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kov, Mal’cev, 2011). Evaluation of potato tuber eye depth is
carried out using various scales. A number of studies used
scales divided into three to nine grades (Li et al., 2005;
Prashar et al., 2014; Hara-Skrzypiec et al., 2018).

The first genetic studies of tuber eye depth were per-
formed at the beginning of the twentieth century. R.N. Sala-
man (1911) showed that deep eyes dominate shallow ones.
Later W. Black (1930) also suggested that the eye depth is
controlled by genetic factors, but he hypothesized that this
trait has an intermediate type of inheritance or incomplete
dominance when extreme phenotypes (very deep and very
shallow eyes) are probably homozygous and intermediate
phenotypes (medium depth of the eye) are heterozygous.
B. Maris (1966) suggested that the eye depth is controlled
by one major gene with a additive effect. Some authors have
reported that shallow eyes are dominant (Howard, 1974).
H. Kukimura (1972) and H.W. Howard (1974) indicated
that when crossing two samples with shallow eyes, in seg-
regation can appear samples with deep and medium eyes.
Studies that using genetic markers have shown existence
of the major locus that controls the eye depth trait (Li et
al.,2005). These studies have also shown that the deep eye
(Eyd) dominates the shallow eye (eyd). The Eyd/eyd locus,
which is responsible for the depth of the eye, is located on
chromosome 10 (Li et al., 2005).

W. Black (1930) was first who suggested eye depth to
be quite dependent on environmental conditions. Later,
B. Maris (1966) demonstrated a high susceptibility of
this trait to changes under the influence of environmental
factors. However, H.-W. Howard (1974) argued that the
eye depth is determined mainly by the genotype. Later, a
number of studies also showed a high heritability of the eye
depth (Gopal et al., 1992; Love et al., 1997; da Silva et al.,
2014; Ney et al., 2016) and an insignificant environmental
influence (Love et al., 1997). Other authors show that the
genotype most strongly affects the trait, but the influence
of environmental factors is also quite high (Hara-Skrzypiec
etal., 2018). A number of studies have shown the ability of
the eye depth to change under the influence of somaclonal
variation (Evans et al., 1986; Thieme, Griess, 2005).

In traditional breeding, the depth of the eyes is estimated
in the first generation after crossing. However, the tubers of
hybrids grown from botanical seeds are too small in size and
in this case it is difficult to adequately estimate the depth
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of the eyes. To solve this problem, DNA markers can be
used that will allow effective selection at the first genera-
tion stage and reduce the volume of subsequent studies.

The aim of this study was to search for loci associated
with the eye depth by analyzing S. tuberosum potato varie-
ties from the GenAgro collection of the Institute of Cyto-
logy and Genetics SB RAS, genotyped using the Illumina
22K SNP potato array.

Materials and methods

The plant material. A total of 88 potato varieties from
the collection of the GenAgro Institute of Cytology and
Genetics SB RAS (Table 1) were phenotyped. Most of the
potato collection was represented by varieties and hybrids
of domestic selection, some varieties studied were from
abroad (Ukraine, Germany, China, etc.).

Plants were grown in the field in two field plots on the
territory of the Michurinsky village, Novosibirsk region
from May to August 2017.

Field tests were carried out according to the following
scheme: the number of rows for each genotype was 2;
number of plants in a row — 10; row length — 3 m; the dis-
tance between the rows — 0.75 m; the distance between the
plants in the rows — 0.30 m; planting method — manually
(by hand) on furrows, filling furrows with harrows; landing
date is the third decade of May.

Agrochemical characteristics of the soil: the content
of exchanged potassium 110.00 mg/kg; the amount of
exchanged bases 24.19 mg-eq/100 g; hydrolytic acidity
3.23 mg-eq/100 g; exchanged acidity 5.60 mg-eq/100 g;
humus content 2.67 %; the content of mobile phospho-
rus 5.14 mg/kg; the degree of saturation with bases (V)
88.20 %.

Meteorological conditions of the growing season:

May. Air temperature: long-term average 10.90 °C;
average monthly 12.60 °C; effective temperature sum
197.60 °C. Precipitation: long-term average 37.00 mm;
the amount for the month is 33.90 mm.

June. Air temperature: long-term average 16.90 °C;
average monthly 19.30 °C; effective temperature sum
576.00 °C. Precipitation: long-term average 55.00 mm;
the amount for the month is 71.90 mm.

July. Air temperature: long-term average 19.40 °C;
average monthly 18.50 °C; effective temperature sum
1004.00 °C. Precipitation: long-term average 61.00 mm;
the amount for the month is 99.50 mm.

August. Air temperature: long-term average 16.20 °C;
average monthly 16.80 °C; effective temperature sum
1408.00 °C. Precipitation: long-term average 67.00 mm;
the amount for the month is 65.60 mm.

Evaluation of the eye depth was carried out in 2017 in
accordance with the VIR methodology (Kiru et al., 2010).
The eye depth was determined on a scale of 1 to 3: 1 —shal-
low (less than 1-1.3 mm), 2 — medium (1.4-1.6 mm),
3 —deep (more than 1.7 mm). Five typical eyes of a potato
tuber were measured. These data were compared with the

2020
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data presented in the database of the State Register of
breeding achievements approved for use (http://gossortrf.
ru/gosreestr.html) and data from the European cultivated
potato database (https://www.europotato.org/).

For genotyping, DNA was isolated from the skin of
potato tubers using the DNeasy Plant Mini kit (Qiagen,
CA, USA) according to the manufacturer’s protocol. The
concentration and purity of the test samples was determined
using gel electrophoresis and using a Nanodrop 2000 ap-
paratus.

All 88 varieties were genotyped using the [llumina 22K
SNP potato array (GGP Potato V3) DNA chip at Traitgene-
tics GmbH (Gatersleben, Germany).

The 21,226 SNP dataset was filtered using Excel soft-
ware. Low quality data was deleted, all monomorphic
markers and markers containing more than 95 % of one
allele. For further analysis, 15,214 (71.7 %) SNPs were
taken. The chromosomal position for SNP has been deter-
mined using data of (Vos et al., 2015).

An analysis of the associations between the eye depth
and the genomic regions was carried out using the Tassel
5.2.59 software package (Bradbury, 2007). A generalized
linear model (GLM) was used taking into account the
population structure (Q). The population structure of the
collection was analyzed in previous works (Khlestkin et al.,
2019) using the STRUCTURE v 2.3.4 program (Pritchard
et al., 2000), based on data from all 15,214 markers taken
for further analysis.

Since the TASSEL software package was developed for
the analysis of the genomes of diploid species, for its ap-
plication to the tetraploid genome, the data were transcoded
into a digital format taking into account the representation
of the effector allele (Khlestkin et al., 2019).

Two criteria were used to determine the significance
of associations: (1) the Bonferroni correction, which was
defined as dividing the statistical significance level (0.05)
by the total number of trials, in our case, by the number of
markers (15,214) and amounted to 3.28-107°, and (2) Ben-
jamini—Hochberg test (Benjamini, Hochberg, 1995) (false
discovery rate, FDR). In this case, only those SNPs whose
p-value (FDR) did not exceed the threshold value of 0.05
were considered significant, taking into account the amend-
ments to the Benjamini—Hochberg method.

The development of KASP markers and genotyping
of 86 varieties using them was carried out by LGC Ge-
nomics LLC (Teddington, UK). Sections of 100 bp DNA
containing SNP associated with the eye depth trait were
converted to KASP markers (Supplementary 1)!. Data
about the nucleotide composition of these sites are pre-
sented in the SolTub_3.0 potato genome assembly (https://
plants.ensembl.org/). In the future, it will be possible more
effectively carry out of screening breeding material and
selection varieties with a shallow eye depth using these
developed KASP markers.

1 Supplementary Materials are available in
https://vavilov.elpub.ru/jour/manager/files/SupplTotsky_engl.pdf
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Table1. The results of phenotypic estimation of the potato tubers eye depth

Sample name Eye depth

No.

No. Sample name Eye depth

17 Golubizna

18 Gomyak

19 ......... Granat .......................................... Med .um .....................................
20 Ganoa Shallow |
21 Gullver

. 22 ......... Gusar ..........................................

23 Debryanskj Medum
24 DiDshoni2 Deep
25 Diamamt Shallow
26 zhavoronok Medum

61 Reggi Shallow
62 RedSkaret
53 .......... Redstar ......................................
54 .......... Ru 5 |an ........................................
65 Russkijsouvenir
66 S-112-03(Dochka)
67 .......... Samba .......................................
63 .......... sante .........................................
69 sarovskj Medum
70 .......... Safo ............................................. Sha”ow ......................................
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Results

Phenotyping conducted on 88 samples of the collection
showed that most of the collection, 49 samples, had a
shallow eye depth. Also, a large part of the collection was
represented by samples having a medium eye depth — these
were 33 genotypes. Samples with deep eyes represented
a small part of the sample and were represented by only
6 samples (see Table 1).

Association studies using GLM and taking into account
the population structure revealed 24 SNPs significantly as-
sociated with the tuber’s eye depth (Table 2, see the Figure).
After applying the Bonferroni multiple test correction at
5% (p<3.28:1079), only 15 of 24 SNPs remained signifi-
cant for the tuber’s eye depth, the remaining nine SNPs re-
mained significant only using the FDR criterion (p <0.05).

[eHOMHble palioHbl Solanum tuberosum L., 2020
accoLMmMpoBaHHble C FyGUHOI 3aneraHnaA rnaskos KyoHeln 24.5
.
7.5¢
¢ Bonferroni

0 1 2 3 4 5 6 7 8 910 11 12

Manhattan plot showing significant SNP, associated with eye depth when
using GLM analysis taking into account the population structure.

1-12 - chromosome designation; 0 — SNPs unassigned to certain chromo-
somes.

Table 2. SNPs associated with the eye depth, which identified using GLM analysis

No. Marker
(bp)

Chromosome  Physical map position p

Note. 1-15%— SNPs, which are significant according Bonferroni multiple test correction at 5 % (p < 3.28:10-6); 16-24 — SNPs, which are significant according FDR.
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Genomic regions of Solanum tuberosum L.
associated with the tuber eye depth

Table 3. Correspondence of the allele of marker and phenotypic condition of the eye depth

No. Marker Alleles Eyes

Sha”ow ............................. m ed,um ............................ d eep ...............................

..... 1potva,.01116874c001
C+-|- ................................... 3 8 ...................................... 2 9 ...................................... 5 ......................................

4-|- ..................................... 10 ........................................ 2 ...................................... 0 .....................................

..... 250|cap_snp_c2_255264co00
C+-|- ................................... 3 7 ...................................... 2 8 ...................................... 6 ......................................

4-|- ..................................... 11 ......................................... 4 ...................................... 0 .....................................

..... 350|cap_snp_c1_163514co01
C+T ................................... 3 5 ...................................... 2 94 .....................................

4-|- ..................................... 13 ........................................ 3 ...................................... 0 .....................................

..... 450Icap_snp_c2_559484co01
C+T ................................... 3 4 ...................................... 2 8 ...................................... 5 ......................................

4-|- ..................................... 14 ........................................ 3 ...................................... 0 .....................................

..... 550Icap_snp_c1_801946001
G+A .................................. 3 6 ...................................... 3 0 ...................................... 5 ......................................

4A .................................... 10 ........................................ 1 ..............................................................................

..... 6so|cap_snp_c2_2547146001
G+A .................................. 3 8 ...................................... 3 ] ....................................... 5 ......................................

4A .................................... 10 ........................................ 1 ....................................... 0 .....................................

..... 750|cap_snp_c2_255224A001
G+A .................................. 3 8 ...................................... 2 9 ...................................... 5 ......................................

4(_:, .................................... 10 ........................................ 3 ...................................... 0 .....................................

..... 8S°|cap_snp_c2_255284A001
G+A .................................. 3 4 ...................................... 2 7 ...................................... 5 ......................................

4G .................................... 14 ........................................ 5 ...................................... 0 .....................................

..... 9so|cap_snp_c2_254694A001
G+A .................................. 3 3 ...................................... 2 84 .....................................

4G .................................... 15 ........................................ 4 ...................................... 1 ......................................

10 .......... 5 0|cap_snp_c2_255294A ....................................... 0 ........................................ 0 ...................................... 1 ......................................
C+A ................................... 3 3 ...................................... 2 74 .....................................

4C ..................................... 15 ........................................ 5 ...................................... 1 ......................................

” .......... 5 o|cap_snp_c2_255274-|- ........................................ 0 ........................................ 0 ...................................... 1 ......................................

Note. Haplotypes predicting small eyes depth are highlighted in bold.

SNPs associated with the eye depth are found in four
genomic regions, two of which are located on chromo-
some 10. SNPs that are significant when using Bonferroni’s
multiple test corrections (p < 3.28-107%) were located on
one of the two loci of chromosome 10. SNPs that are sig-

nificant when using FDR (p < 0.05) are found at all four
loci on chromosomes 10, 4, and 5. On chromosomes 4
and 5, only one significant SNP was located. Twenty-one
SNPs were located on chromosome 10 in a relatively small
area between 48.1 and 48.9 Mb. Another SNP was located
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in another region of chromosome 10 at position 4.87 Mb
(this SNP is significant when using FDR).

The most significant SNP PotVar0111687 refers to a non-
coding sequence. In total, among 18 significant SNPs, 6 are
located in non-coding regions of the genome, and 11 are
located in protein coding sequences. Annotation of genes
containing significant SNPs is given in Supplementary 2.
Due to the lack of accurate information on the genetic
control of the eye depth, it turned out to be difficult to
definitely relate the identified genes to the formation of the
eye depth.

KASP genotyping analysis results
KASP genotyping was carried out using 11 KASP markers
developed on the basis of SNP that significant when using
Bonferroni multiple test corrections, which were linked to
the eye depth and located on the 10th chromosome between
48.1 and 48.9 Mb (Table 3). Eight markers correlated with
the eye depth, or rather, the homozygous state of one of
the alleles of these markers correlates with a shallow eye.
Haplotypes that are 100 % predictive for shallow eyes
are: PotVar0111687 (homozygote for T), solcap snp
cl 16351 (homozygote for T), solcap snp c2 55948
(homozygote s2, 55848), solcap snp c¢2 25522 (homo-
zygous for G), solcap_snp_c2 25528 (homozygous for G).
The carriers of this haplotype are the Vasilyok, Gulliver,
Lyuks, Matushka, Nayada, Dochka, Tuleevskij, Favorit,
Charoit varieties.

Discussion

X.Q. Li et al. (2005) conducted genetic mapping of the
locus responsible for the eye depth. As a result, the Eyd
locus was mapped on chromosome 10 proximal to the
CT240 marker (12 ¢cM) and distal to the STM0051 marker
(13 cM). BLAST analysis of the sequences of these markers
indicates the position of CT240 in the region of 51 Mb, and
STMO0051 in the region of 23.4 Mb. It can be assumed that
the locus that we identified on chromosome 10, which is
located between 48.1 and 48.9 Mb, corresponds to the Eyd
gene. In a number of works (Sliwka etal., 2008; Prashar et
al., 2014; Rosyara et al., 2016 and others), a locus linked
to eye depth was regularly detected in this region.

A. Prashar et al. (2014) using Infinium 8303 Potato Array
compiled a genetic map of diploid potatoes. After selecting
the most valuable SNPs, the map contained 1355 different
loci and 2157 SNPs. In this work, it was found that the
main locus for the tuber’s eye depth is located on chromo-
some 10 (SNP: c1_8020) and linked to the tuber-shaped
locus. This SNP is located on chromosome 10 in the region
0f'48.8 Mb, as well as locus 4 detected in the current study.
Also A. Prashar et al. (2014) found two SNPs linked to the
eye depth on chromosomes 2 (c2_7422)and 3 (c2_37119),
which were not so significant and most likely could have
an auxiliary effect.

U.R. Rosyara et al. (2016), also used GWAS to search
for SNPs linked to the eye depth. In their study, the DNA
chip had 3.5 thousand markers. A highly significant SNP
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for the eye depth was located at the 48.9 Mb position on
chromosome 10 (coinciding with the locus detected by
A. Prashar et al. (2010) and locus 4, identified in our work).
The less significant SNP ¢2 11685, which was also linked
to the tuber’s eye depth, was located on chromosome 5 at
2.3 Mb position. In our work, we also detected SNP asso-
ciated with the eye depth, located on chromosome 5, but
in a distinct region — 4.7 Mb.

H. Lindqvist-Kreuze et al. (2015) also found potato tu-
bers eye depth QTL on chromosome 10 at position 49.4 Mb,
as well as another locus on chromosome 12. Researchers
have identified a number of candidate genes that underlie
significant QTL and are linked to the eye depth. One of
them is the BEL-1-like homeobox gene, found at a distance
of 1.37 Mb from the QTL marker toPt-437059 on chromo-
some 10. The second is the a-expansion gene, which was
found in the region of significant QTL on chromosome 10
at a distance of 1.78 Mb from the QTL marker toPt-437059.
Also, some genes associated with the production and
modification of pectins were found in the close proximity
to toPt-437059 marker on chromosome 10.

A. Hara-Skrzypiec et al. (2018) also performed map-
ping for a number of potato traits, including the eye depth.
Seven QTLs that were linked to the eye depth were found:
one per each chromosome 1, 4, and 11, and two per each
chromosomes 3 and 5. However, unlike other studies, the
major QTL was located on chromosome 4 (at position
68.8 Mb) and accounted for 22.6 % of the dispersion in
the average data set. We found in our study a significant
SNP PotVar0106879 located on chromosome 4 at position
3.9 Mb.

Thus, the key locus responsible for the eye depth is
located on chromosome 10, while loci with a minor effect
are located on chromosomes 1, 2, 3, 4, 5, 11, and 12, as
well as in other parts of chromosome 10.

Conclusion

Despite a wide range of genetic studies of the potato tubers
eye depth trait and the identification of genes and QTL as-
sociated with eye depth variability, DNA markers are still
not used in the breeding of potatoes to this trait. Meanwhile,
the use of diagnostic DNA markers allows to carry out more
efficient pre-breeding research (screening of potato genetic
resources to identify donors of valuable allelic variants) and
marker-assisted selection in breeding programs (Gebhardt
etal.,2006; Chenetal., 2017; Klimenko etal., 2017, 2019).
We were able to develop a number of new PCR markers that
can be convenient for screening the genetic resources and
breeding material of potato. After additional verification of
these proposed markers on an extended sample, they can be
used to select shallow-eyed plants by analysis at the DNA
level. We selected PCR markers located on chromosome
10 at positions between 48.62 and 48.98 Mb. These data
coincide with the data of other authors on the location of
the supposed gene, which is responsible for the eye depth.
However, due to the larger number of markers that we
found, these data allow us to clarify the localization of the
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gene of interest to us and suggest that it is located at posi-
tions between 48.0 and 49.0 Mb. According to our data,
selection according to the haplotype which includes 8 SNPs
located on chromosome 10 is optimal (PotVar0111687
(homozygote of T), solcap snp c2 25526 (homozygote
of T), solcap snp cl 16351 (homozygote of T), solcap
snp_c2 55948 (homozygote of T), solcap snp cl 8019
(homozygote of A), solcap snp c2 25471 (homozygote
of A), solcap_snp c2 25522 (homozygote of G), sol-
cap_snp_c2 25528 (homozygous for G)). The carriers of
this haplotype are the varieties Vasilyok, Gulliver, Lyuks,
Matushka, Nayada, Dochka, Tuleevskij, Favorit, Charoit,
which are characterized by a shallow eye depth. The use
of these varieties as donors of this trait (which are at the
same time donors a number of other valuable properties)
in combination with PCR analysis of the offspring to select
carriers of the corresponding haplotype will provide a more
economical and accelerated method of creating potatoes
with a shallow tuber eye depth.
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Analysis of genetic relationships of genotypes of the genus Rosa L.
from the collection of Nikita Botanical Gardens
using ISSR and IRAP DNA markers
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Abstract. In connection with the development of breeding and the creation of new plant varieties, the problem of
their genotyping and identification is becoming increasingly important, therefore the use of molecular methods to
identify genetic originality and assess plant genetic diversity appears to be relevant. As part of the work performed,
informative ISSR and IRAP DNA markers promising for the study of genetic diversity of the Rosa L. genus were sought
and applied to analysis of genetic relationships among 26 accessions of the genus Rosa L. from the gene pool collec-
tion of Nikita Botanical Gardens. They included 18 cultivated varieties and 8 accessions of wild species. The species
sample included representatives of two subgenera, Rosa and Platyrhodon. The subgenus Platyrhodon was represented
by one accession of the species R. roxburghii Tratt. Cultivated roses were represented by varieties of garden groups
hybrid tea, floribunda, and grandiflora. The tested markers included 32 ISSRs and 13 IRAPs. Five ISSR markers (UBC 824,
ASSR29, 3A21, UBC 864, and UBC 843) and three IRAPs (TDK 2R, Cass1, and Cass2) were chosen as the most promising.
They were used for genotyping the studied sample of genotypes. In general, they appeared to be suitable for further
use in studying the genetic diversity of the genus Rosa L. The numbers of polymorphic fragments ranged from 12 to
31, averaging 19.25 fragments per marker. For markers UBC 864 and UBC 843, unique fingerprints were identified in
each accession studied. The genetic relationships of the studied species and varieties of roses analyzed by the UPGMA,
PCoA, and Bayesian methods performed on the basis of IRAP and ISSR genotyping are consistent with their taxonomic
positions. The genotype of the species R. roxburghii of the subgenus Platyrhodon was determined genetically as the
most distant. According to clustering methods, the representative of the species R. bengalensis did not stand out from
the group of cultivated varieties. When assessing the level of genetic similarity among the cultivated varieties of gar-
den roses, the most genetically isolated varieties were ‘Flamingo; ‘Queen Elizabeth; and ‘Kordes Sondermeldung’; for
most of the other varieties, groups of the greatest genetic similarity were identified. This assessment reflects general
trends in phylogenetic relationships, both among the studied species of the genus and among cultivated varieties.
Key words: Rosa L.; rose; genetic resources; DNA-markers; ISSR; IRAP; genetic diversity.
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AHanun3 reHeTUYECKIX B3aIMOCB3€eil rTeHOTUIIOB pojia
Rosa L. n3 komnekuuy HUKMTCKOro 60TaHNYeCKOoro cajaa
c ucrionb3oBaHueM ISSR- u IRAP- [IHK-MapKkepoB
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AHHOTauumA. B cBA3YM C pa3BUTUEM CeleKLUM 1 NOABIIEHNEM HOBbIX COPTOB pacTeHui Bce 6onee BaXKHbIM CTAaHOBUTCA
BOMPOC NacnopTr3aLmm 1 CTpyKTypu3auum reHopoHaa, MO3TOMY MCMOSIb30BaHNE MONEKYNAPHO-TEHETUYECKNX METO-
[10B 11151 BbIABNIEHWNA reHETUYECKON OPUTMHANBHOCTN 1 OLLEHKWN reHeTUYEeCKOro pa3Hoobpa3mns pacTeHnii npeactaBna-
eTCA aKkTyallbHbIM. B pamkax HacTosLeit paboTbl OCyLLeCTBEHbI MOUCK MHPOpMaTUBHbIX ISSR- 1 IRAP- IHK-mMapkepos,
nepcrnekTVBHbIX ANA U3YYEHUA reHeTUYecKoro pasHoobpasna poaa Rosa L., n aHanu3 c nx NOMOLLbIO FeHeTUYeCKMX
B3aMMOCBA3el 06pa3LoB 13 reHopoHAO0BOW Konnekummn po3 HUK1TCKoro 6otaHnyeckoro caga. Matepuanom ans re-
HOTUNUPOBAHUA NOCAYXMAK 26 06pasLioB, 18 U3 KOTOPbIX ABAAIOTCA KYNbTYPHbIMI COPTaMK, @ 8 06pasLioB OTHOCATCA
K AMKOpacTyLMM BrAaMm. B BbIGOPKY BOOB BKOUYEHbI MpeacTaBuTenn asyx nogponos Rosa u Platyrhodon. Moppoa
Platyrhodon npepctaBneH ogHuM obpasuom Buaa R. roxburghii Tratt. Cpean KynbTypHbIX pO3 NPUCYTCTBOBaNM copTa
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CafoBbIX rPynmn: YanHo-rmbpuaHon, dbnoprbyHaa n rpaHandnopa. B nccnegosaHum 6bino 3agencrsosaHo 32 ISSR- m
13 IRAP-mapkepoB. Mocne anpobauumm 66111 0TobpaHbl Kak Hanbonee nepcnekTnBHble NATb ISSR-mapkepos (UBC 824,
ASSR29, 3A21, UBC 864, UBC 843) u Tpn IRAP-mapkepa (TDK 2R, Cass1, Cass2). OHM NCnonb30oBanucb As reHoTUnmpo-
BaHUA Uccnenyemon BbIGOPKM reHOTVMNOB 1 B LIeIOM NEPCNEKTUBHDBI A8 AaNibHENLIEro N3y4YeHra FeHETUYECKOro pas-
Hoob6pa3ua poga Rosa L. KonnyectBo nonmmopdHbix GparmeHTOB BapbrpoBaso B AnanasoHe oT 12 go 31, B cpefHeM
19.25 dpparmeHTa Ha mapkep. Mo mapkepam UBC 864 1 UBC 843 BbisiBfieHbl YHUKasIbHble GUHIEPRPUHTBI AN KaXK40ro
n3y4yeHHoro obpasua. OLeHKa reHeTUYeCKrX B3aMMOCBA3eN N3yUYeHHbIX BUAOB U COPTOB PO3 C 1CMOb30BaHNEM Me-
TogoB UPGMA, PCoA n 6ainecoBCKOro aHanun3a, BbiNofIHEHHaA Ha OCHoBe AaHHbIX IRAP- 1 ISSR-reHoTunpoBaHusa, co-
rnacyeTca ¢ TaKCOHOMMYECKMM MosioXeHnem obpasuo.. leHoTvn BuAa R. roxburghii nopgpopa Platyrhodon onpepenen
KaK reHeTnyeckn Hanbonee otganeHHbln obpased. Mpeacrasutens Buga R. bengalensis meTogamu Knactepusaumm He
BbIAENIWIICA U3 FPYNMbl KyNbTYPHbIX COPTOB. [py OLeHKe YPOBHA reHeTUYeCKoro CXOACTBa Cpefin KyNbTyPHbIX COPTOB
cafloBOI po3bl Hambornee reHeTnYeckn 060CO6NEHHBIMU copTamuy oKasanuch ‘Flamingo;, ‘Queen Elizabeth, ‘Kordes
Sondermeldung; ana ocTanbHbIx COPTOB ObiNV OnNpeaAeneHbl rPynmnbl HAMOGOMbLIEro reHeTUYECKOro CXoACTBa. [laHHaA
OLleHKa OTpakaeT obLue TeHAEHLUN B GUIOTEHETNUECKNX OTHOLIEHMAX KaK MEXAY U3yYeHHbIMU BUAAMUN POAA, TaK 1
MeXAY KyJbTYPHbIMU COpTaMM.

KntoueBble cnoa: Rosa L.; po3bl; reHodoHg; reHotunuposarue; JHK-mapkepbl; IRAP; ISSR; reHeTuyeckoe pa3Hoo6-
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pasue.

Introduction

According to the Plant List database (www.theplantlist.org),
the genus Rosa L. includes 373 recognized species. Sixteen
of them occur in the natural flora of the Crimea (Ena, 2012).
Currently, the world range of garden roses includes more
than 30 thousand varieties. The international classification
divides all this diversity into 36 garden groups according
to its decorative and biological characteristics (McFarland,
2007). Rose breeding efforts have increased in recent years
in Japan, China, India, Canada, and New Zealand (Plugatar et
al., 2017). In Russia, breeding work with roses has been suc-
cessfully carried out in the Nikita Botanical Gardens (NBG)
since 1824 (Plugatar, 2016). Roses from the garden groups
floribunda, grandiflora, miniature, and hybrid tea have flow-
ering periods from 180 to 200 days a year, depending on the
variety, and are the most promising and popular in gardening
(Plugatar et al., 2017).

The mobilization and preservation of genetic resources of
the entire diversity of rose cultivars and species that participat-
ed in their creation is one of the main directions in the creation
of new varieties that would meet the requirements of modern
decorative floriculture for specific regions of cultivation of
this crop (Schanzer, Vagina, 2007; Korkmaz, Dogan, 2018).

The current development of DNA marking methods and
their introduction into scientific practice contributes to the
improvement of the efficiency of research aimed at clarifying
the genetic relationships of varieties at the intra- and interspe-
cies level; study of the genetic structure of collections of gene
pools; creation of collections; certification and registration of
the existing gene pool. In addition, DNA marking methods
can be effectively used to seek donors of genes for breeding-
valuable traits, identify duplicate accessions, and resolve
disputes when classifying newly received specimens. The
use of data at the level of genetic similarity in combination
with phenotypic characteristics of varieties in the formation
of parent pairs in breeding programs can be promising.

The earliest phylogenetic studies of the genus Rosa L.
using molecular genetic markers include the work by Mil-
lan et al. (1996). The study used RAPD markers (Random
Amplified Polymorphic DNA) to assess polymorphism at
the intraspecific and interspecific levels in representatives of
various sections of Rosa. Three clusters were established by
the UPGMA method: the first cluster included accessions of

sections Pimpinellifoliae and Synstylae, the second cluster was
formed by sections Chinenses (Indicae) and Gallicanae, and
the third was represented by species of sections Cassiorhodon
(Cinnamomeae) and Caninae. However, a later work with a
significantly broader sample of 109 specimens belonging to
39 species (Atienza et al., 2005) failed to obtain an unambigu-
ous distribution of samples by taxa. These results were not
completely consistent with a slightly earlier study by American
authors (Jan et al., 1999), who also used RAPD markers to
analyze another sample of 119 accessions of 36 Rosa species.
Koopman et al. (2008) used AFLP DNA markers for phy-
logenetic analysis. By analysis of a series of 92 samples be-
longing to 46 species of the genus Rosa L., the phylogeny of
species within the genus Rosa was reconstructed. Multilocus
DNA-markers have been widely used to elucidate genetic
relationships, both in gene pool collections and in the study of
natural populations of various species of the genus Rosa. Thus,
using complex data obtained by ISSR and RAPD analysis, a
group of scientists from Turkey analyzed genetic relationships
among 27 Rosa species growing in Turkey (Korkmaz, Dogan,
2018). RAPD, ISSR, and SSR markers were used to study the
genetic relationship between Taif rose accessions and those
collected in Syria and Egypt, including the Damascus rose. The
analysis of the degree of genetic similarity based on the results
of genotyping revealed the greatest degree of genetic affinity
of Taif roses to Damascus roses of Gory variety growing in
Syria (El-Assal et al., 2014). Molecular analysis methods,
including ISSR markers, were also successfully used in a
number of works aimed at studying the genetic relationships
in the genus Rosa and clarifying issues related to phylogeny
performed by Russian scientists (Schanzer, 2013, 2015).
The objective of this work is to study the genetic relation-
ships among Rosa accessions of various origins from the
NBG’s collection using IRAP and ISSR multilocus markers.

Materials and methods

As plant material for genotyping, 26 accessions of the genus
Rosa L. were selected in the study, 18 of which were cultivated
varieties, and 8 belonged to wild species (Table 1). The sample
of species included representatives of two subgenera Rosa and
Platyrhodon. The subgenus Platyrhodon was represented by a
single specimen of the species R. roxburghii Tratt. Cultivated
roses were represented by hybrid tea, floribunda, and gran-
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Table 1. Varieties of the genus Rosa selected for genotyping

Analysis of genetic relationships of genotypes
of the genus Rosa L. using ISSR and IRAP DNA markers

Seeds: (‘George Dickson’x ‘Souvenir de Claudius Pernet’) x

(Joanna Hill’x ‘Charles P. Kilham'); pollen: ‘Margaret McGredy’

Sample # Species, variety Origin
1 ‘Korallovyi Suyrpriz’
2 ............................... : M|Skho|— .....................................................................
3 R. multiflora Thunb.
4 ............................... : G|or,aDe, ..................................................................
5 ‘Ayu-Dag’
6 ............................... : Kronenbourg ............................................................
7 ............................... R '. foendaHe rrm .. .........................................................
8 ............................... : |:|am,ngo ...................................................................
9 ............................... R hugon,sHems| .......................................................
10 ............................... R '. ,nd,caL mn .. ..............................................................
1 1 ............................... : K|,ment,na .................................................................
12 ............................... : P rEkrasnaya -|- avr ,da ..................................................
13 R. bracteata J.C. Wendl|
14 ............................... : Yvesp,aget ...............................................................
15 'Chatyr-Dag'
16 ............................... : Chry5|er|mpena| ......................................................
17 ‘Prince de Monaco’
18 ‘Mechta’
19 ............................... R '. rOXb urg/-,, , . Tratt ......................................................
20 ‘Queen Elizabeth’
2 1 ............................... : R ou|et,, : (R mu/et” Co rre v On ...................................
R. chinensis Jacq. f. minima)
22 ............................... : LaFrance ...................................................................
23 R. bengalensis Pers.
2 4 ............................... : Trawata .....................................................................
2 5 ............................... , A||Sa ..........................................................................
2 6 ............................... : Korde Sson derm e|dun g ..........................................

diflora groups of varieties. DNA was extracted from young
leaves by the CTAB method (Murray, Thompson, 1980).
ISSR and IRAP markers from various literature sources
were chosen for DNA genotyping (Arzate-Fernandez et al.,
2005; Jawdat et al., 2010; Krishna Parvathaneni et al., 2011;
Yuying et al., 2011; Senkova et al., 2013; Suprun et al., 2014).
A total of 32 ISSR markers and 13 IRAP markers were used.
The markers were tested for the applicability to genotyping
samples of the genus Rosa. The PCR schedule was as follows:
predenaturation at 95 °C for 3 min; 35 cycles: denaturation at
95 °C for 35 s, annealing of primers at 50 °C (55 °C in case
of IRAP markers) for 1 min, elongation at 72 °C for 1.5 min;
postextension at 72 °C for 5 min. Concentrations of reagents in
the PCR mixture: 2.5 pl of 10-fold buffer for Taqg DNA poly-
merase (Sibenzyme, Russia), 0.5 or 2.5 ul of dNTP (2.5 mM),
1 unit of Taqg DNA polymerase, 2 ul of primer (3.75 mM) and
40-50 ng of total DNA in the total volume of 25 pl. Electro-
phoresis of PCR products was performed at 100 V in 2.5 %
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agarose gel stained with ethidium bromide (2 % agarose gel
was used for testing markers at 120 V). DNA was visualized
under ultraviolet illumination.

On the base of the genotyping results, a binary matrix was
constructed for further use of data in statistical processing
programs. For statistical processing of the results of ISSR
and IRAP genotyping and analysis of genetic relationships
of the studied gene pool, the program PAST version 2.17¢
(UPGMA and PCoA analysis) was used. Structure 2.3.4
(Bayesian analysis) was used to evaluate the genetic structure
of'the series. Various values of hypothetical populations from
K =2 to K =7 (burn-in period = 200,000; 500,000 iterations)
were used in the calculation.

Results

The main criterion for choosing DNA markers was the quali-
ty of fingerprints of the tested markers on the rose genotypes
(for testing markers, DNA of the varieties ‘La France’ and
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Fig. 1. DNA fingerprints of varieties (a) ‘La France’and (b) ‘Kronenbourg’ tested with IRAP markers.
Lane pairs: 7, TDK 1F; 2, TDK 2R; 3, TDK 2F; 4, TDK 12F; 5, TDK 12R; 6, TDK 13F; 7, MET 2F; 8, MET 2R; 9, BARE 1; 10, LTR 3; 11, LTR 15; 12, Cass1; 13, Cass2; M, DNA ladder.

‘Kronenbourg’ was used). The spectra of amplified fragments
from the studied markers are shown in Fig. 1.

Markers with the best fingerprints were selected for further
work. The quality criteria for fingerprints included the number
of DNA fragments, their clarity, and brightness in the electro-
phoretic image. This is necessary for reliable evaluation of
genotyping results. Five ISSR (UBC 824, ASSR29, 3A21,
UBC 864, and UBC 843), and three IRAP (TDK 2R, Cassl,
and Cass2) markers were chosen for genotyping.

A series of 26 genotypes of representatives of the Rosa ge-
nus was analyzed with 5 ISSR and 3 IRAP markers (Table 2).
For various markers, the ranges of polymorphic alleles varied
from 12 to 31 fragments, 19.25 fragments per marker on
the average. The UBC 864 marker had the largest number
of polymorphic fragments (31), and significant numbers of
polymorphic fragments were also found with TDK 2R and
ASSR29. Two markers from the set (UBC 864 and UBC 843)
gave unique fingerprints for each accession. The UBC 864
marker also had the largest number of unique fragments
identified in a single instance in one of the accessions of the
sample. Based on the results of genotyping, a binary matrix
was constructed for further use of data in statistical process-
ing programs.

Eight markers used allowed us to obtain 153 polymorphic
DNA fragments from a series of 26 accessions. This number
is sufficient for phylogenetic analysis. Application of the
method of principal coordinates (PCoA) to all accessions
identified a separate group, including cultivated varieties of
roses (Fig. 2). It should be noted that the species R. bengalensis
was considered varietal. Among the rose species, the farthest
position is occupied by the genotype of R. roxburghii. The
species R. hugonis and R. foetida are located at a distance from
the bulk of genotypes in the series. The species most closely
related to domestic varieties are R. bracteata, R. multiflora,
and R. indica. However, R. indica is located separately with
regard to the two above-listed species, and its position is closer
to domestic forms.

The Bayesian analysis of the results of genotyping acces-
sions with K values ranging from 2 to 7 was performed using
Structure 2.3.4 program. At K =2, accessions of R. multiflora,
R. foetida, R. hugonis, R. indica, R. bracteata, and R. rox-
burghii were allocated to a separate group. The second group

Table 2. Characteristics of the chosen markers

Marker Polymorphous Feq' Number of unique
fragments genotypes
UBC824 12 3 21
ASSR29 21 3 25
3A21 17 4 18
UBC 864 31 9 26
UBC 843 18 0 26
TDK 2R 21 0 25
Cass1 17 6 22
Cass2 16 5 22

* Foq - the number of unique fragments detected in only one genotype.

030
024l YR hugonis VY R. foetida
VR. multiflora
0.18} R. bracteata
012+
VR. roxburghii v
W 006f R.indica
© R. bengalensis
£ o} g ] 984
S ° 12915 2 :6. (%}
O —0.06 14 .16 .17 23
_ L [ ] 13
0.12 o
-0.18} °
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-0.24
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-040 -032 -024 -0.16 -0.08 0 0.08 0.16 0.24
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Fig. 2. The results of PCoA analysis for studied rose accessions.

Dots represent rose cultivars, inverted triangles indicate species accessions.
1,'Korallovyi Syurpriz’; 2,’'Miskhor’; 3,'Gloria Dei’; 4,’Ayu-Dag’; 5,'Kronenbourg’;
6,'Flamingo’; 7,’Klimentina’; 8,'Prekrasnaya Tavrida’; 9,"Yves Piaget’; 10, ‘Chatyr-
Dag’; 11, ‘Chrysler Imperial’; 12, ‘Prince de Monaco’; 13, ‘Mechta’; 74, ‘Queen
Elizabeth’; 15, ‘Rouletii’; 16, ‘La France’; 17, ‘Traviata’; 18, ‘Alisa’; 19, ‘Kordes Son-
dermeldung..
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Analysis of genetic relationships of genotypes

4 16 18 5 15 6 14 2 17 22 25 12 11 24 1 26 21 8 23 20 9 19 7 13 3 10

Samples

Fig. 3. Bar plots of Bayesian analysis in Structure 2.3.4.

1, 'Korallovyi Syurpriz’; 2, ‘Miskhor’; 3, R. multiflora; 4, ‘Gloria Dei’; 5, ‘Ayu-Dag’; 6, ‘Kronenbourg’; 7, R. foetida; 8, ‘Flamingo’; 9, R. hugonis;
10, R. indica; 11,'Klimentina’; 12, ‘Prekrasnaya Tavrida’; 13, R. bracteata; 14,'Yves Piaget’; 15, ‘Chatyr-Dag’; 16, ‘Chrysler Imperial’; 17, ‘Prince
de Monaco’; 18, ‘Mechta’; 19, R. roxburghii; 20, ‘Queen Elizabeth’; 21, ‘Rouletii’; 22, ‘La France’; 23, R. bengalensis; 24, ‘Traviata’; 25, ‘Alisa’;

of the genus Rosa L. using ISSR and IRAP DNA markers

26, 'Kordes Sondermeldung’.

was formed by domestic varieties (Fig. 3). The accessions of
R. bengalensis, ‘Queen Elizabeth’, and ‘Flamingo’ occupied
an intermediate position between these groups. At further in-
crease of K, the trend towards this distribution persists. Within
these groups, differentiation by this method is poorly visible.
Thus, the method allowed us to reliably divide the series into
two major groups: wild rose species and domestic forms.

The results of clustering by the UPGMA method revealed
patterns in the distribution of the studied genotypes, which
were also noted when using the PCoA analysis (Fig. 4). In
general, the clades of the constructed dendrogram show low
bootstrap values. The most remote genotype is R. roxburghii.
Two genotypes representing the species R. hugonis and
R. foetida form a separate cluster. The next cluster is repre-
sented by R. bracteata and R. multiflora. The species R. indica
occupies a separate position relative to other genotypes. All
species accessions except for R. bengalensis occupy an ex-
ternal position relative to the cluster that includes cultivated
forms of roses. Among the rose varieties, the most remote
from the total mass of genotypes are ‘Queen Elizabeth’ and
‘Flamingo’. Also, a remote position is occupied by the group
represented by varieties ‘Kordes Sondermeldung’ and “Alisa’.
Other varieties can be divided into 4 clusters: (1) ‘Rouletii’,
‘La France’, ‘Traviata’, and R. bengalensis; (2) ‘Korallovyi
Syurpriz’, ‘Ayu-Dag’, ‘Gloria Dei’, ‘Kronenbourg’, and
‘Miskhor’; (3) ‘Chrysler Imperial’, ‘Chatyr-Dag’, ‘Prince
de Monaco’, “Yves Piaget’, and ‘Mechta’; and (4) ‘Klimentina’
and ‘Prekrasnaya Tavrida’.

Discussion

In this work, we evaluated the genetic relationship of varieties
from the gene pool collection of roses of the Nikita Botani-
cal Gardens. The interpretation of the sample distribution in
clustering using various methods is described below.

The Bayesian analysis allows us to determine the genetic
contribution of ancestral forms for each genotype studied.
Since most rose varieties have a hybrid origin, the analysis of
the genetic relationship of samples found that diploid species
are clearly separated from cultivated varieties, without mak-
ing a significant contribution to the gene pool of the studied
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Similarity
048 0.54 0.60 0.66 0.72 0.78 0.84 0.90 0.96

R. roxburghii

_;l R. hugonis
R. foetida

Flamingo

Rouletii
20 La France

Traviata
100

R. bengalensis
Gloria Dei
Ayu-Dag
Kronenbourg
Miskhor

Korallovyi Syurpriz

Klimentina

Prekrasnaya Tavrida

Yves Piaget
Prince de Monaco
Mechta
Chatyr-Dag
Chrysler Imperial
Alisa
Kordes Sondermeldung
Queen Elizabeth
R. bracteata
T' R. multiflora

R.indica

Fig. 4. UPGMA clustering results.

varieties. However, two varieties have a minor contribution of
wild species ‘Flamingo’ and ‘Queen Elizabeth’, in its turn, the
genotype of R. bengalensis occupies an intermediate position
between the groups of wild species and cultivated varieties.
This distribution stems from the origin of cultivated roses
from few wild rose species, with one of these species being
R. bengalensis.
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The isolation of domestic rose forms in clustering can be
clearly shown by other methods, such as PCoA and UPGMA.
However, in contrast to Bayesian analysis, the other two
methods provide a more detailed picture. The PCoA method
differentiates wild species by their distance from domestic
forms. Similar data on the distribution of samples were ob-
tained by clustering using the UPGMA method. In turn, the
low confidence values of the dendrogram clade may be due to
the complex hybrid origin of both species and varietal acces-
sions (Bruneau et al., 2007). Therefore, the UPGMA results
can be further interpreted when compared with similar data
obtained by other methods.

Summarizing the data on the distribution of species samples
and cultivated varieties of roses, we can make certain infer-
ences. The phylogenetic data obtained from the results of
IRAP and ISSR genotyping are consistent with the information
about the systematic position of the studied accessions. The
species most distant from the cultivated forms is R. roxburghii,
representing the subgenus Platyrhodon of the genus Rosa,
and the other species and domestic varieties belong to the
subgenus Rosa of the same genus. This distribution agrees
with taxonomy data. However, the results of a number of
molecular studies on the phylogeny of the genus Rosa do not
distinguish the species R. roxburghii from the group of spe-
cies of the subgenus Rosa (Wissemann, Ritz, 2005; Koopman
et al., 2008; Fougere-Danezan et al., 2015). Within the Rosa
subgenus, two species of the section Pimpinellifoliae occupy
a separate position. Studies conducted on chloroplast DNA
markers confirm the proximity of these species (Wissemann,
Ritz, 2005). This section of the Rosa subgenus is probably the
least close to the cultivated varieties in the series. The types of
R. multiflora, R. bracteata, R. indica form the closest clusters
with varietal accessions, and their contribution to the forma-
tion of the domestic gene pool of roses is not ruled out. Rosa
bengalensis forms a common genetic group with domestic
varieties. The contribution of this species to the formation
of cultivars is beyond question. It should also be noted that
the genetic unity of cultivars indicates the generality of their
gene pool.

The analysis of genetic relationships among rose varieties
from the results of IRAP and ISSR genotyping was based on
PCoA and UPGMA clustering data. Comparing the data of
these two methods, one can identify the most reliable groups
of varieties that are consistently detected by both methods. The
first group is ‘Rouletii’ and ‘La France’. Both varieties are of
Western European origin, and their relationship is not obvi-
ous. The second group is ‘Prince De Monaco’, ‘Yves Piaget’,
‘Chatyr-Dag’, and ‘Chrysler Imperial’. Two varieties from
this group have ‘Chrysler Imperial’ among their ancestors:
‘Yves Piaget’ and ‘Chatyr-Dag’. Whereas the relationship
of the three varieties ‘Chrysler Imperial’, “Yves Piaget’, and
‘Chatyr-Dag’ can be explained by the origin of the last two
from the first, their clustering into one group with ‘Prince
De Monaco’ is difficult to explain. The third group includes
‘Gloria Dei’, ‘Kronenbourg’, ‘Ayu-Dag’, and ‘Korallovyi
Syurpriz’. There are two varieties in this group whose parents
have ‘Kordes Sondermeldung’, namely, one variety ‘Gloria
Dei’ and its sport (clonal mutant) ‘Kronenbourg’.

Varieties such as ‘Flamingo’, ‘Queen Elizabeth’, ‘Kordes
Sondermeldung’ and ‘Alisa’ are the most genetically con-
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trasting. However, a number of varieties in the series are
derived from these three, such as ‘Ayu-Dag’, ‘Klimentina’,
‘Korallovyi Syurpriz’ (‘Kordes Sondermeldung’), ‘Korallovyi
Syurpriz’ (‘Queen Elizabeth’) and ‘Alisa’ (‘Flamingo’).

Conclusions

The distribution of species accessions of roses in clusters based
on their genetic relationships is consistent with the generally
recognized phylogeny. It is worth to note that the accession of
the species R. bengalensis is included in the cluster formed by
cultivated varieties. This fact may point to a contribution of
wild roses of Indian origin to the formation of the gene pool of
modern rose varieties. In turn, the analysis of the relationship
of cultivated varieties of garden roses reveals that the varieties
‘Flamingo’, ‘Queen Elizabeth’, ‘Kordes Sondermeldung’, and
‘Alisa’ stand out from the total mass of the studied varieties.
The remaining rose varieties were divided into groups with
the greatest genetic similarity. Most of the results of cultivar
clustering were explained based on information about the
pedigree of varieties, but the position of some varieties was
difficult to interpret. Further research is required to determine
their relationships. Thus, the markers used in this work have
shown their effectiveness in the study of the genus Rosa.
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Identification of species in the genus Nitraria L. (Nitrariaceae)
based on nucleotide variability of nuclear ribosomal DNA
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Abstract. Intragenomic polymorphism of ITS1 and ITS2 of nuclear ribosomal DNA sequences was analysed in
33 samples belonging to the Nitraria species N. schoberi, N. sibirica, and N. komarovii. The nucleotide variability
of the ITS region was detected in the Nitraria species as single-nucleotide substitutions (mainly transitions) and
single-nucleotide deletion. Information about the nucleotide variability of fragments is given for the first time by
us.The ITS1-5.85-ITS2 region contained 17 phylogenetically informative single-nucleotide polymorphisms. Eleven
single-nucleotide substitutions (transitions, C/T) were detected in ITS1. The ITS2 spacer contained 273-274 bp
and was more conservative. A total of 5 phylogenetically informative single-nucleotide polymorphisms (4 transi-
tions: C/T, G/A, one transversion: G/C), one single-nucleotide deletion (T/-) were detected in ITS2. The average
GC content was 61.5 %. The GC content was lower in N. sibirica (59.2 %) than in N. schoberi and N. komarovii
(62.7 %). It has been shown that the shorter ITS2 is a suitable molecular marker separating these species, due to
the low interspecific variability and simultaneous available intraspecific variability. Phylogenetic ML and Bl trees
constructed separately for the ITS1 and ITS2 spacers, as well as separately for the full-size ITS region and the ITS2
spacer, were congruent. The results obtained on the intraspecific differentiation of N. sibirica revealed two main
ribotypes among the samples of this species: the main Siberian sibirica-ribotype and the main Kazakh sibirica-
ribotype. Geographical features of the distribution of N. sibirica ribotypes, as well as the presence of significant
differences between the main Siberian and Kazakh sibirica-ribotypes (3 single-nucleotide substitutions) indicated
significant inter-population differences and taxonomic heterogeneity of N. sibirica. Most likely, the processes of
homogenization of nuclear ribosomal DNA of N. sibirica samples, the origin of which is associated with hybridiza-
tion and speciation, are currently continuing.
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ITS; transition.
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NaenTudukauus BugoB poga Nitraria L. (Nitrariaceae) Ha OCHOBe
HYKJIEOTUIHO 3MEHUMBOCTU SIiepHOI pud6ocomMmHoi JTHK

T.A. TToasixosal @, E.B. Banaes2®, M.A. TomomeBuy2

1 NHCTUTYT 06Lwein reHeTukn um. H.M. BaBunosa Poccuiickon akagemmm Hayk, Mocksa, Poccus
2 LleHTpanbHbIi cnbrpcknin 6otaHnuecknin cap Crbrpckoro otaeneHnsa Poccuinckor akagemmnmn Hayk, HoBocnbrpck, Poccns
&) e-mail: tat-polyakova@yandex.ru; alnus2005@mail.ru

AHHoTauus. [poBefeH CpaBHUTENbHDBIN aHaNIM3 BHYTPUIEHOMHOIO NonnMopdriamMa NociefoBaTeNbHOCTEN BHY-
TPEeHHMX TPaHCKPUOUpyembix cnencepos ITST n ITS2 agepHoi pubocomHon IHKy 33 06pa3uoBs, NprHagnexalymnx
Tpem Buaam Nitraria — N. schoberi, N. sibirica, N. komarovii. BbiaBneHa HyKneoTnaHas n3mMeH4YMBOCTb pernoHa ITS
y n3y4yeHHbix BuaoB Nitraria B Buae OQHOHYKNEOTUAHbIX 3aMeH (MPenMyLLeCTBEHHO TPaH3MLUKN) 1 OQHOHYKI/1e0-
TgHol geneuunn. CeeileHNs O HYKNEOTUAHOW U3MEHUMBOCTY $parmMeHTOB NPUBOAATCA BNepBble HaMu. PermoH
ITS1-5.85-ITS2 y n3yyeHHbix Bugos Nitraria conepxut 17 dunoreHeTUYeckr MHGOPMATUBHBIX OfHOHYKIEOTULAHbIX
3ameH. B mexreHHom cnericepe ITS1 BbiABNeHO 11 OAHOHYKNEOTUAHBIX 3ameH — TpaH3nuymi (C/T). Cnericep ITS2
COAepPXUT 273-274 n.H. N oTnYaeTcsa 6onblueil KOHCePBAaTUBHOCTbIO. Bcero B ITS2 y n3yyeHHbIx 06pa3LioB Bbl-
ABNEHO NATb PUIOreHETNYECKN UHGOPMATUBHbBIX ORHOHYKNIEOTUAHbIX 3aMeH (ueTblpe TpaHauumu: C/T, G/A, ogHa
TpaHcBepcua: G/C), ogHa oaHoHyKneotuaHaa geneumns (T/-). CpepHee 3HaueHune copepaHua G+C coctaBnsaeT
61.5 %. BennumHa copepxaHus GC-coctaBa Huxe y N. sibirica (59.2 %), yuemy N. schoberi n N. komarovii (62.7 %). B
CpaBHeHWM C NofIHOpa3mMepHbIM dparmeHTom ITS, 6onee KOPOTKMI ITS2 ABAAETCA NOAXOAALUM MONEKYNAPHBIM
MapKepoM, ANCKPUMUHMPYIOLLUM BUABI, N3-3@ HU3KOW MEXBUAOBOW N3MEHYMBOCTY U OQHOBPEMEHHO BbliPaXeH-
HOW BHYTPMBKAOBOI BapuabenbHocT. GunoreHeTnyeckme ML 1 Bl gepeBba, NOCTPOEHHbIE KaK OTAENBbHO MO

© Poliakova T.A., Banaev E.V.,, Tomoshevich M.A., 2020
This work is licensed under a Creative Commons Attribution 4.0 License



T.A. Poliakova, E.V. Banaev
M.A. Tomoshevich

Identification of species in the genus Nitraria L. (Nitrariaceae)
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crencepam ITST n ITS2, Tak n oTaenbHO No nonHopasmepHomy ITS-pervony n cnericepy ITS2, okaszanucb KOHrpy-
3HTHbI. [MonyyeHHble pe3ynbTaTbl MO BHyTpuBUAoBOW anddepeHumauunn N. sibirica no3BonAlT BblAENUTL Cpeam
06pa3sLoB 3TOro BUAa ABa OCHOBHbIX PUGOTMMNA: OCHOBHOW CUBUPCKNI Sibirica-puboTrin 1 OCHOBHOW Ka3axcTaH-
cKuia sibirica-pnbotun. feorpadurueckne ocobeHHOCTM pacnpocTpaHeHust pubotunos N. sibirica, a Takxe Hanmume
CYLLeCTBEHHbIX Pa3Nunii MeXay OCHOBHbIMU CMOVMPCKM 1 Ka3axCTaHCKUM sibirica-pnbotunamu (Tpy Of4HOHYK-
NeoTUAHble 3aMeHbl) CBUAETENbCTBYIOT O CYLECTBEHHbIX MEXMOMNYMALNOHHBIX Pa3INYMAX U TAKCOHOMMYECKOW
HeogHopopHocTth N. sibirica. BepoATHee Bcero, B HacTosLiee BpemsA NMPOAOIKAIOTCA MPOLLEeCCbl FTOMOreHm3aumum
pubocomHomn JHK o6pasuoB N. sibirica, NponcxoxaeHne KOTOpbIX CBS3aHO C rmbpuansaumen 1 Bugoobpasosa-

HUeMm.

Kntouesble cnosa: Nitraria; N. schoberi; N. sibirica; N. komarovii; reHeTU4eckasa N3MeHUNBOCTb; TAKCOHOMMSA; Moe-

KynapHas ngeHtnovikaums; ITS; TpaHsnyus.

Introduction

The molecular approach is now becoming a common aspect
of plant research at the various taxonomic levels. Non-en-
coded regions of internal transcribed spacers (ITS) nuclear
ribosomal DNA genes are the most promising molecular
markers for plant taxa identification (CBOL, 2009; Shneyer,
Rodionov, 2018). Along with other DNA fragments, ITS1
and ITS2 spacers were recognized as standard DNA bar-
codes (Hollingsworth, 2011; Li et al., 2011; Shneyer,
Rodionov, 2018). Correct identification of plant species is
established in 80 % of cases using only ITS marker, which
is significantly higher than the commonly used loci in plant
DNA barcoding (Bolson et al., 2015). Despite the limita-
tions of ITS region, which consist in the presence of several
thousand copies of sequences at the same time, including
those located on different chromosomes (Song et al., 2012;
Rodionov et al., 2016), the ITS locus was recognized as
the most significant in the molecular taxonomy research
of closely related taxa. The high importance of the entire
ITS region in plant species identification was shown, for
example, for genus Spiraea (Polyakova et al., 2015), Un-
caria (Zhang et al., 2015), Artemisia (Wang et al., 2016).
The high significance of ITS2 spacer in plant species
identification was also revealed (Gao et al., 2010; Ren et
al., 2010; Zhang et al., 2015; Feng et al., 2016). First of
all, the success of using ITS spacers is related to efficient
amplification, optimal size of amplicons for sequencing,
and the level of divergence acceptable for interspecies
comparisons (Shneyer, 2009; Rodionov et al., 2016). The
divergence of the ITS region is usually correlated with the
direction and rate of morphological speciation (Shneyer,
2009; Song et al., 2012; Rodionov et al., 2016).

Species of the genus Nitraria L. (Nitrariaceae) are a good
object for studying the mechanisms of divergence, due not
only to the variability of morphological features, but also
to their ancient origin. Most of these species are morpho-
logically poorly differentiated. Phenotypically different
variants are often accepted as separate species, intraspecific
forms, or ecological races (Banaev et al., 2015; Kovtonyuk
et al., 2019; Tomoshevich et al., 2019). Widespread and
polymorphic species (V. schoberi L. and N. sibirica Pall.),
which are most interesting to researchers, are often difficult
to distinguish from each other, especially for herbarium
specimens (Peshkova, 1996; Koropachinskii, 2016).

The taxonomy of siberian Nitraria species has already
been tried using karyological (Muratova et al., 2013;
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Banaev et al., 2018), phytochemical (Banaev et al., 2015)
and morphological (Banaev et al., 2017) methods, however,
molecular markers have a number of undeniable advantages
over them, demonstrating significant differences at the
genetic level without the involvement of environmental
factors. Although sequencing of DNA fragments is still an
expensive method of analysis, it can be provided accurate
and highly informative data on the variability of genomes.
The purpose of this study was to conduct a comparative
analysis of the nucleotide variability of the ITS region and
identify its significance in the taxonomy of Nitraria.

Materials and methods

Taxon sampling. Research specimens were collected from
various locations (19 locations M. sibirica, 12 — N. schoberi,
and 2 — N. komarovii lljin & Lava ex Bobrov) in Russia
(Altay region, Novosibirsk region, Crimea, Khakassia,
Tuva), Kazakhstan, Tajikistan in 2011-2017 (Table 1).
Herbarium specimens are stored in the Central Siberian
Botanical Garden of the Siberian Branch of the Russian
Academy of Sciences (Herbarium of the laboratory of
dendrology, NSK Collection, Digital Herbarium CSBG
SB RAS (http://herb.csbg.nsc.ru:8081).

DNA extraction, PCR amplification, and sequenc-
ing. Total genomic DNA was extracted from silica-dried
leaf tissue using standard methods (CTAB) (Doyle J.J.,
Doyle J.L., 1990). The concentration and amount of DNA
were evaluated in 0.8 % agarose gel, as well as on a spec-
trophotometer (NanoPhotometer P-Class, P-360, Implen).

The ITS sequences were amplified with primers ITS6
(5'-tcgtaacaaggtttccgtaggtga-3') and ITS9 (5'-ccgcettatt
gatatgcttaaac-3'), designed for East Asian species of the
tribe Spiraeeae (Potter et al., 2007) and made in company
Eurogen (Moscow). A ready-made set of reagents was used
for PCR (GenePak® PCR Core, Laboratory Izogen, Mos-
cow). The PCR cycle consisted of 5 min at 95 °C, 30 cycles
of 1 min at 94 °C, 50 s at 58 °C, 1 min at 72 °C, and 5 min
at 72 °C. PCR products were examined by electrophoresis
on 1.5 % agarose gel, and the DNA fragments were subse-
quently extracted from the ethidium bromide-stained gel
and purified using Diatom DNA Elution Kit (Laboratory
Izogen, Moscow). ITS fragments were sequenced in the
forward and reverse directions (Eurogen, Moscow).

Nucleotide sequence and phylogenetic analyses. The
nucleotide sequences of the ITS region of all Nitraria
specimens were aligned pairwise with BioEdit v.7.1.9
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Table 1. Single-nucleotide polymorphisms in ITS2 in Nitraria species

Species, specimen

Origin

Kazakhstan H1

Kazakhstan H1

Ribotype

2020
24.5

NpeHtndrkauyma sngos poaa Nitraria L. (Nitrariaceae) Ha ocHoBe
HYKNeOoTVAHON N3MEeHUYMBOCTY AfepHo pubocomHon HK

Position with variable nucleotide

33 ............... 8 1 ............... 140 ............ 153 ............ 2 07217 ...........
............. G CAGC-
............. G CAGC_
............. G CAGC-
............. G CAGC-
............. G CAGC_
............. G CAGC-
............. G CAGC_
............. G CAGC-
............. G CAGC-
............. G CAGC-
............. G CAGC-
............. G CAGC_
............. G CAGC-
............. G CAGC_
............. A CAGTT
............. A CAGTT
............. A CAGTT
............. A CAGTT
............. A CAGTT
............. A CAGTT
............. A CAGTT
............. A CAGTT
............. A CAGTT
............. A TGCTT
............. A TGCTT
............. A TGCTT
............. A TGCTT
............. A TGCTT
............. A CGGTT
............. A CGGTT
............. A CGGTT
............. A TGGTT
............. A TGCTT

Note.* The sample has a singleton at position 71; ** the sample has a singleton at position 201. A dash (-) is a single-nucleotide deletion.

(Hall, 1999). Multiple alignments were performed in the
ClustalW2 program with subsequent verification of am-
biguous positions on chromatograms and manual editing.
The nucleotide composition in the ITS region, the analysis
of aligned sequences, selection of the nucleotide substitu-
tions model, and evolutionary constructions were gene-

rated using MEGA X software (Kumar et al., 2018) based
on the Bayesian information criterion BIC by jModelTest
v.2.1.7 (Guindon, Gascuel, 2003; Darriba et al., 2012). The
evolutionary distances were obtained by the Maximum
Likelihood analytical method (ML) using the 3-parame-
ter Tamura model (Tamura, 1992). Branch support was
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Table 2. The GC content (%) of the ITS region in Nitraria species

Species ITS1 ITS2

. G ......................... C .......................... G .....................
. N S ChOb e ,, ...................... 2 48 ..................... 3 93 ..................... 3 17 ................
N koma,ov,, .................... 2 48 ..................... 3 93 ..................... 3 17 ................
N S,b, ,,Ca ......................... 2 48 ..................... 3 17 ..................... 3 14 ................

estimated with 1000 bootstrap replicates in ML analyses
(Felsenstein, 1985). Evolutionary constructions are also
performed using MrBayes (Bayesian inference, BI) ver-
sion 3.2.6 (Ronquist, Huelsenbeck, 2003; Ronquist et al.,
2012) based on the substitution model — GTR (General
Time Reversible) with a gamma distribution to approxi-
mate the rate of nucleotide replacement. The Markov
chain Monte Carlo (MCMC) algorithm was set to run four
chains simultaneously for ten million generations with a
sampling of trees every 1000 generations. BI trees were
visualized in FigTree version 1.4.3. Peganum harmala L.
was used as the outgroup (GenBank NCBI: KX282320),
closely related to the genus Nitraria. The boundaries of
the ITS2 spacer are determined by comparing the ITS se-
quences obtained with the same fragments deposited in
GenBank NCBI (N. schoberi: KP087771.1; N. sibirica:
DQ267178.1).

Results and discussion

The dataset used in this study included 33 specimens,
belonging to 3 species Nitraria — N. schoberi, N. sibirica,
N. komarovii. The ITS region of Nitraria was studied to
solve phylogenetic problems (Temirbayeva, Zhang, 2015);
however, information about the nucleotide variability of
these fragments is given for the first time by us. The total
of 577 bp of the rDNA ITS region (ITS1-5.85-1TS2) was
composed of 558 conservative sites, 17 — potentially par-
simony informative sites (all of them are single-nucleotide
substitutions/polymorphisms) and 2 singletons.

Eleven single-nucleotide substitutions, which are transi-
tions (C/T), were detected in the intergenic spacer ITSI1.
The gene 5.8S consisted of 157 bp and was conserva-
tive, as expected. The intergenic spacer ITS2 contained
273-274 bp and was more conservative than ITS1. The
ITS2 dataset comprised 5 parsimony informative sites
(4 transitions: 2 — C/T, 2 — G/A; one transversion: G/C),
one single-nucleotide deletion/insertion (T/-), 2 singletons
(see Table 1). The GC content of the ITS region was 61.5 %
and ranged from 59.2 to 62.7 % (Table 2). The GC content
was lower in V. sibirica (59.2 %), than in N. schoberi and
N. komarovii (62.7 %).

All the transitions in ITS1 clearly separated N. sibirica
from the species N. schoberi and N. komarovii, while no
differences were found between N. schoberi and N. koma-
rovii, and no intraspecific polymorphism was observed in
this part of the studied samples genome. In the ITS2 spacer,
both species-specific polymorphisms that distinguish
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ITS G+C average
...................................................................................... value
C G C
31.7 27.8 329 62.7
31.7 27.8 329 62.7
314 27.6 30.7 59.2

N. sibirica from the other two species were identified, as
well as intraspecific variability of N. sibirica specimens.

It is known that the ITS2 spacer is offered as a DNA
barcode for plant identification (Feng et al., 2016). Com-
pared to the full-size region of ITS, the shorter fragment
of ITS2 is a suitable molecular marker that distinguished
the studied species, due to low interspecific variability and
at the same time expressed intraspecific variability. The
results showed that the intergenic spacer ITS2 was different
between N. sibirica and N. schoberi, as well as between
N. sibirica and N. komarovii by 6 positions (5 single-nu-
cleotide polymorphisms and one single-nucleotide dele-
tion/insertion). For the ITS sequence data set, p-distance
value was 0.092 between N. schoberiu N. sibirica, what
is comparable to well-distinguished species. For example,
the average p-distance value calculated for ITS data set
Dendrobium species and sections ranged from 0.069 to
0.112 (Srikulnath et al., 2015). Interspecific differences in
the complex of phenolic compounds were also identified
for N. sibirica and N. schoberi (Banaev et al., 2015) and
species specificity of metric and qualitative morphological
features was shown (Banaev et al., 2017).

Phylogenetic trees constructed separately for the ITS1
and ITS2 spacers, as well as separately for the full-size
ITS region and the ITS2 spacer, were congruent. The
ML and BI phylogenetic trees have branches with high
bootstraps and are consistent with the morphology and
taxonomy of the Nitraria genus. At the same time, during
the study of the phylogeny of the Nitraria based on the
analysis of combined data of ITS sequences and fragments
of chloroplast DNA (6 genes) (Temirbayeva, Zhang, 2015)
the species N. schoberi, N. sibirica and N. komarovii were
grouped in one clade together with the Australian species
N. billardieri DC., while N. komarovii, N. billardieri and
N. sibirica were more closely located.

A comparison of the topologies of ML and BI trees
(Fig. 1, 2) showed the similarity of N. schoberiand N. ko-
marovii and the complex intraspecific differentiation of
N. sibirica.

The species N. schoberi and N. komarovii with the
same ITS sequences formed one separate clade and, accor-
dingly, one ribotype —H1 (see Table 1). The exception was
a sample of N. schoberi Lepsi from Kazakhstan, charac-
terized by the presence of a singleton in position 71 of the
spacer ITS2 (see Table 1).

The specimens of N. sibirica were grouped into two
subclades on the ML phylogenetic tree (see Fig. 1), and
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NpeHtndrkauyma sngos poaa Nitraria L. (Nitrariaceae) Ha ocHoBe
HYKNeOoTVAHON N3MEeHUYMBOCTY AfepHo pubocomHon HK

100

N. sibirica Balhash

N. sibirica Bahar

N. sibirica Raz'ezd 47
N. sibirica Basshi

N. sibirica Kurti

N. sibirica Kainar

N. sibirica Kurgan

N. sibirica Dzhira

N. sibirica Gornyak
N. sibirica Karatal

100

N. sibirica Koktal

N. sibirica Shara-Nur
N. sibirica Kuchuk

N. sibirica Balansor

N. sibirica Veseloyarsk

N. sibirica Noven'koe

N. sibirica Rubtsovsk
N. sibirica Kulunda

100

N. sibirica Bele
N. schoberi Krim

N. schoberi Kaspii

N. schoberi Lepsi

N. schoberi Kulunda

N. schoberi Malinovoe

N. schoberi Bagan

N. schoberi Koktal

N. schoberi Balhash

N. schoberi Aidarli

N. schoberi Raz'ezd 47

N. schoberi Pyandzh

N. schoberi Sariozek

N. komarovii Balhash 1

N. komarovii Balhash 2

2020
24.5

Peganum harmala KX 282320

Fig. 1. Phylogenetic tree based on a comparison of the sequences of the ITS2 spacer for Nitraria samples using the maximum

likelihood method.

The branches indicate the name of the species and the place of collection of the investigated sample.

N. sibirica Gornyak
N. sibirica Dzhira
N. sibirica Bahar
— N.sibirica Bele

— N.sibirica Kulunda

— N. sibirica Rubtsovsk
i— N.sibirica Noven'koe
— N.sibirica Veseloyarsk
— N. sibirica Balansor
— N.sibirica Kuchuk

— N.sibirica Shara-Nur
— N.sibirica Koktal

— N.schoberi Krim

— N. schoberi Kaspii

— N.schoberi Kulunda

— N.schoberi Malinovoe

— N.schoberi Bagan

— N.schoberi Koktal 1

N. schoberi Balhash

96

100

0.02

— N.schoberi Aidarli

— N.schoberi Raz'ezd 47
— N.schoberi Pyandzh
— N.schoberi Sariozek
—— N.schoberi Lepsi
— N. komarovii Balhash 1
— N. komarovii Balhash 2

Peganum harmala KX 282320

Fig. 2. Phylogenetic tree based on a comparison of the sequences of the ITS2 spacer for the Nitraria samples using the Bayesian (Bl) method.

The branches indicate the name of the species and the place of collection of the investigated sample.
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N. sibirica Karatal
N. sibirica Kurgan
N. sibirica Kainar
N. sibirica Balhash
N. sibirica Basshi
N. sibirica Kurti
N. sibirica Raz'ezd 47
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Fig. 3. Spatial distribution of ITS ribotypes of N. sibirica (H2, H3, H4, H5).

three subclades — on the Bl tree (see Fig. 2). One of the ri-
botypes (H3) of N. sibirica differed in six single-nucleotide
substitutions from the N. schoberi and N. komarovii,
which indicates an independent taxonomic rank of these
populations. The average intergroup genetic distance,
which was 0.024 and was the same for both the H1/H2 and
H1/H4 groups, confirmed the same. Ribotypes H2, H3, H4
belonging to M. sibirica differed by 1-3 single-nucleotide
substitutions. Each of the H5, H6, and H7 ribotypes had
one-point mutation (substitution).

As aresult of our research on the intraspecific differentia-
tion of N. sibirica the samples were divided into two main
ribotypes: the main Siberian sibirica-ribotype (H2) and the
main Kazakh sibirica-ribotype (H3) (Fig. 3).

The H2 ribotype was common in the Siberian popula-
tions of M. sibirica —the Altai territory (Kulundin steppe),
Khakassia, and Tuva. The H4 ribotype, which differed in
one single-nucleotide substitution from the main Siberian
sibirica-ribotype, was also common in populations growing
mainly in Kulunda, excluding two populations of N. sibi-
rica from South-Eastern Kazakhstan on the border with
China — Koktal and Bahar, where the Siberian sibirica-
ribotype (H2) and the H4 ribotype close to it were found.

The main Kazakh sibirica-ribotype (H3) was distributed
in the Ili-Balkhash region (Ili, Karatal, Ayaguz river basins)
and the Kazakh shallow-water area. Ribotypes H5 and H7,
close to the H3 ribotype, were also found in the distribution
region of the main Kazakh sibirica-ribotype.

We noted significant inter-population differences and
taxonomic heterogeneity of M. sibirica due to geographical
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distribution of N. sibirica ribotypes, as well as significant
differences between the main Siberian and main Kazakh
sibirica-ribotypes (3 single-nucleotide substitutions).
Most likely, the processes of homogenization of nuclear
ribosomal DNA of M. sibirica samples, whose origin is as-
sociated with hybridization and speciation (Rauscher et al.,
2003; Xu et al., 2017; Efimova et al., 2019), are currently
continuing. Previously, it was shown that the populations
of N. sibirica were heterogeneous and differentiated into
separate groups according to ecological and geographical
features and the gradient of height above sea level by a
complex of phenolic compounds (Banaev et al., 2015).

Conclusion

The obtained results of comparative analysis of the nucleo-
tide variability of the TS region demonstrated the reliabil-
ity of the ITS2 spacer as a molecular genetic marker in the
identification of Nitraria species. In the case of complex
morphological identification of Nitraria samples, a genetic
analysis of the variability of the short ITS2 spacer could be
sufficient. However, it should be noted that the ITS region
may not always fully resolve all taxonomic issues. Thus, in
our study, the species N. schoberi and N. komarovii had
identical its sequences. In addition, difficulties in inter-
preting the obtained sequence data set could be related to
multiple copies of ITS, which are paralogs or orthologs.
Answers to further questions related to the taxonomy and
evolution of Nitraria species can be obtained by identify-
ing these homologues, cloning its fragments, and using
additional genetic markers of the chloroplast genome. In
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addition, the identified species-specific genetic polymor-
phisms in the ITS region in the studied Nitraria species
will allow further selection of restriction enzymes and thus
simplify and reduce the cost of obtaining patterns of genetic
variability of closely related taxa Nitraria.
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Priority trends and prospects of blackberry breeding
in conditions of Central Russia
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Abstract. This overview substantiates the possibility and expediency of blackberry breeding in Central Russia,
where it is in demand, but not widespread in horticulture. Significant achievements of world breeding, which
gave modern cultivars a large set of economically important qualities and growing interest in it all over the world,
including Russian gardeners, make it relevant to work with blackberries as an object of selection, and as a promis-
ing garden plant. However, insufficient frost and winter hardiness of the bulk of the cultivars of this culture cause
certain difficulties when growing it in the areas with cold winters to which the Central zone of Russia belongs.
The expansion of the market of berry products also imposes increasingly high requirements on the complex of
economic indicators of new cultivars, primarily the quality of blackberry fruit. In this regard, improving the existing
range of varieties of the culture, increasing its adaptive properties and commodity qualities of berries are urgent
tasks for breeders when creating new cultivars. The relevance of blackberry breeding is also dictated by the fact
that in Russia its domestic range of varieties is represented by only one modern cultivar obtained in the southern
region and adapted, first of all, to it. For the Central zone of the country, the cultivars of this plant have not been
developed (except for the limited experiments of I.V. Michurin conducted almost 100 years ago). Therefore, the
breeding of adapted cultivars of the culture in the climatic conditions of this region may be promising. It is also
possible to grow here (with shelter for the winter) the cultivars already created abroad that can give with the right
agricultural technology a good industrial harvest, which is confirmed by the practice of amateur and farm garden-
ing, as well as scientific research. The purpose of this work is to designate the leading directions of blackberry
breeding, the most important in the conditions of Central Russia and to show prospects of the development of
new cultivars of this valuable culture in the specified climatic zone. The analysis of world trends and experience
in the blackberry breeding and variety study, as well as the results of our own research of the culture conducted
in the Orel region, allow us to consider it promising and relevant to work on improving the range of varieties of
this plant in Central Russia. All priority areas of blackberry breeding, indicated in foreign and domestic breeding
programs (winter hardiness, high quality of fresh and processed fruit, the correct shape of berries, their large size,
the necessary values of biochemical composition, high productivity of plants, thornless shoots and high resistance
to diseases and pests), are relevant for this region of our country, while high winter hardiness is currently the most
important of them.

Key words: blackberries; breeding, trends and priorities of breeding; Central Russia.
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[IpropuTeTHbIE HAaIIpaBJIeHUS U ITePCIEeKTUBBI
ceJIeKIIMU eXKeBMKU B YCIOBUSIX cpemHeii rmoiockl Poccum

A.A. Tpronep ®, B.B. Kopunaos

Bcepoccninckuii HayuHO-UCCeAoBaTeNIbCKUN UHCTUTYT CeNeKkLMm MIoJoBbIX KynbTyp, A. »KunvHa, OpnoBckuin painoH, OpnoBckas obnactb, Poccus
® e-mail: gruneri@rambler.ru

AHHoOTauusA. B 0630pe 060CHOBbBIBAETCA BO3MOXHOCTb 11 LIENeCcoobpasHOCTb CeNeKLUMM eXXEBUKIM B LLIEHTPanbHOM
yactn Poccun, roe oHa SIBASIETCA BOCTPEOOBAHHOW, HO ManopacnpoCTPaHEHHOW B CaJOBOLACTBE ArOLHON Kysb-
TypoW. 3HaumnTenbHble JOCTUMKEHVA MUPOBON Cenekumn, faBlune coBpeMeHHbIM copTam 60nbLoi Habop xo3Ai-
CTBEHHO BaXHbIX KauecTB, PacTyLWWin MHTEpeC K KyNbType BO BCEM MUPe, B TOM YMC/Ie Y POCCUNCKUX CalOBOLOB,
[enatoT aKkTyasbHOW paboTy C eXeBMKOW N Kak C 0ObEeKTOM CeNnekuun, N Kak C NnepcrnekTMBHbIM CafoBblM pac-
TeHveM. OffHaKO HeoCTaTOYHbIE MOPO30- 1 3UMOCTOMKOCTb OCHOBHOW MacChl COPTOB 3TOW KynbTypbl CO3La0T
onpefeneHHble TPYAHOCTU NPW BblpalBaHUN €€ B 30HaX C XONI04HbIMU 3UMaMU, K KOTOPbIM OTHOCUTCA CpeaHAA
nonoca Poccun. Paclumpermne pbiHKa ArofHON NPOAYKLMM TOXKe NpeabABnseT Bce 6omnee BbICOKMe TPebOoBaHMA K
KOMIMJIEKCY XO3ANCTBEHHbIX NMOKa3aTesieil HOBbIX COPTOB, B NEPBYI0 ouepeib K KauecTBY MIOAOB eXeBuKU. B cea-
31 C 3TUM ynyu4lleHrie UMEILLEeroca COPTUMEHTa Ky/bTypbl, MOBbILLEHVE ero aAanTUBHbIX CBOWCTB U TOBapHbIX
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KauyecTB Arof, — HacyLiHble 3afjaun A CenekUMoHepoB NPV CO3AaHUN HOBbIX COPTOB. AKTYaNlbHOCTb CeneKkumn
JOUKTYeTCs Takxe Tem, uTo B Poccrn oTeueCcTBEHHBIN COPTUMEHT €XeBUKU MPeACTaBlieH BCEFrO OAHUM COPTOM —
AraToBas, NOJlyYeHHbIM B 0XXHOM PervioHe 1 afanTUPOBaHHbIM NPEeXae BCero K Hemy. s LieHTpasbHOM »e 30Hbl
CTpaHbl COPTa He CO3[aBanCh (3a UCKITIOUYEHNEM OrpaHNYeHHbIX OnbiToB W.B. MyypriHa, NnpoBeeHHbIX OKOJIO CTa
net Hasag). MosTomy BbiBefieHVe aanTYPOBAHHbIX COPTOB EXKEBUKM B KIMMATUYECKKX YCIOBUAX 3TOTO pernoHa
MOXET OKa3aTbCA NepCreKkTUBHbIM. He NCKNouaeTca TakKe BO3MOXKHOCTb BbIPaLLMBaHUA 34ech (MPY YKPbITUK Ha
31IMy) YXKe CO3[aHHbIX 3a PyOeKOM COPTOB, KOTOPble MOTYT laBaTb NPU NPaBUIbHON arpoTeXHUKE XOPOLLWIA NPo-
MbILLSIEHHbIN YPOXali, UTo MOATBEPXKAAET NPAKTMKa JIIOOUTENBCKOTO 1 GepMepCcKOro CafoBOACTBA, a TakXKe Bbl-
NosiHeHHble HayuHble nccnefoBaHus. Lienb faHHOM paboTbl — HA OCHOBaAHMM aHaNM3a Pe3yNbTaToB 3apyOeXHbIX 1
OTeyeCTBEHHbIX UCCNeoBaHN 0603HaUUTb BeyLLyie HanpaBeHUs CeNneKkLny eXXeBrKY, BaXKHeNLW e B YCIOBUAX
cpefHeit nonockl Poccrm, nokasatb NepCneKTMBHOCTb CO3AaHUA HOBbIX COPTOB 3TOM LIEHHOM KybTypbl B YKa3aH-
HOW KNMMATUYECKOW 30He. AHAM3 MUPOBbIX TEHAEHLIMIA 1 OMbITa B CEMIEKLIMN 1 COPTOU3YUEHU EXKEBUKY, a TaKKe
pe3ynbTaThl COOCTBEHHBIX UCC/IEA0BAHNI KyNbTypbl, MPOBefEHHbIX B ycnoBuax OpnoBckon obnactu, nossons-
10T CUMTaTb NEePCNEKTVBHON 1 LienecoobpasHoii paboTy Mo COBEPLIEHCTBOBAHMNIO COPTUMEHTA 3TOFO PacTeHus B
cpefHeit nonoce Poccuu. Bce nproputeTHble HanpaBieHUs cenekumy exxeBrKIu, 0603HaYeHHbIe B 3apyBeXHbIX 1
OTeUYeCTBEHHbIX CENEKLMOHHbIX MPOorpamMmmax (3MMOCTOMKOCTb, BbICOKOE KauecTBO MI0LO0B B CBeXeM 1 nepepabo-
TaHHOM BUAe, NpaBuiibHaA GopMma Arof, KpynHbIi UX pa3mep, HEOOXOAVMbIE 3HAUEHUsA BUOXMMUYECKOTO COCTAaBa,
BbICOKas MPOAYKTUBHOCTb pacTeHuii, 6eclunMnHOCTb NO6Eros, BbICOKas YCTONUMBOCTb K GONE3HAM 1 BpeanTesisam),
aKTyasnbHbl 1 ANl AAHHOTO PETrMOHa Hallel CTPaHbl; NMPW 3TOM BaXKHe LM HanpaBlieHeM ABNAETCA B HacToALLee
BpeMs Co3/laHne COPTOB C BbICOKOI 3UMOCTOMKOCTbIO.

KnioueBble coBa: eXeBriKa; CeNeKkums; HarnpaBieHrs 1 NPUOPUTETbI cenekuuu; cpefiHas nonoca Poccun.

Introduction

In recent years, more and more attention has been paid to
berry crops that are not widely distributed in Russia, such
as actinidia, blueberries, blackberries, honeysuckle, vibur-
num, sea buckthorn and others, which can significantly
expand the range of berry products and enrich the diet of
the population with useful substances, while representing
considerable commercial interest. Their fruits are a rich
source of valuable substances for the human body (micro-
and macronutrients, vitamins), including antioxidant action.
The content of these substances in them is often higher than
that of traditionally grown in most regions — strawberries,
raspberries, black currants, etc., or is at the same level
(Sedov, Gruner, 2014), which confirms the importance of
actively involving cultivars of such plants in the practice
of gardening.

Among the crops of this group, blackberries are of con-
siderable interest at present, which may eventually occupy
a worthy niche in Russian berry growing, as has happened
in a number of countries around the world (Strik et al.,
2008; Strik, Finn, 2012), where it is among the leading
berry plants (Clark, Finn, 2011, 2014; Finn, Clark, 2012).

Blackberries bear fruit after most other berry crops, sig-
nificantly extending the pipeline of vitamin products in the
growing regions. Its fruits contain a significant amount of
important biologically active substances of the antioxidant
complex (Gruner, Anikeyenko, 1995; Connor et al., 2005;
Kolbas et al., 2012; Milosevi¢ et al., 2012; Lee, 2017),
which are involved in many processes of human metabo-
lism (Kolbas et al., 2012). Their number is: from 500 to
900 mg/100 g of P-active substances-flavonoids (including
17 to 30 mg/100 g of ellagic acid and 85-390 mg/100 g
of ellagotanins), from 10 to 50 mg/100 g of ascorbic acid,
about 0.6 mg/100 g of carotenoids. In addition, blackberries
contain 5 to 14 % sugars (mainly glucose and fructose),
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1.3 % organic acids, as well as a significant number of
important mineral macro- and microelements (in terms of
dry weight) — phosphorus (up to 254 mg/100 g), calcium
(about 283 mg/100 g), magnesium (up to 315 mg/100 g),
iron (up to 11 mg/100 g), etc. Pleasant taste and delicate
aroma of the large black fruit in combination with the
specified components of the chemical composition make
this culture attractive to gardeners and numerous berry
consumers in different regions of our country. The demand
for and at the same time the shortage of blackberries in the
market of garden products in Russia, including the middle
zone, is indirectly evidenced by the high prices for its fruits
and planting material of cultivars.

Improved over the years of breeding productivity indica-
tors (up to 20 t/ha) (Clark et al., 2019), high self-fertility
(Gruner, 2019) and resistance of many modern cultivars
to the most dangerous diseases and pests (Clark, Finn,
2011; Finn, Clark, 2012), good recovery ability after
various injuries (Gruner, 2019), relative ease of vegetative
reproduction (Podorozhny, Romanova, 2010; Knyazev et
al., 2012), responsiveness to bush formation (Clark, Finn,
2011; Takeda et al., 2013), new thorn-free cultivars allow
growing blackberries at present without any problems.
A certain vulnerability of this plastic garden crop is associ-
ated with reduced winter hardiness of almost all its culti-
vars in the regions with cold and long winters, especially
with unstable snow cover, as in the middle zone of Russia
(Yakimov, 2010; Evdokimenko, Kulagina, 2015; Gruner,
2019). Therefore, the introduction of blackberries in these
climatic conditions is associated with corresponding dif-
ficulties, which can be overcome in two ways: selection
and technological, as well as their combination.

Blackberry breeding in the world has passed a long
historical path (Darrow, 1937; Shoemaker, 1958; Ourecky,
1981; Vitkovskiy, 2003; Clark, Finn, 2011; Finn, Clark,
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2012), which resulted in numerous (several hundred) highly
productive cultivars (Ourecky, 1981; Yakimov, 2010; Clark
etal., 2012; Finn, Clark, 2012). Modern blackberry assort-
ment with a complex of valuable properties allows using it
as a source material for further selection, improving indi-
vidual qualities, or adding additional ones without losing
the rest. This makes plant breeding promising, including
in the conditions of the center of our country, where there
are not as many competing crops that produce high-quality
fruits as in the South. Encouraging in terms of promoting
blackberries to the North are the positive results already
obtained on its selection for winter hardiness in the United
States and some European countries (Danek, Kolodziej-
czak, 1993; Stanisavljevic, 1999; Danek, Orzet, 2004; Clark
etal., 2012; Clark, 2013; Orzet et al., 2016).

Orel region, where this work is carried out, has a com-
bination of climatic factors of the growing season (Agro-
climatic Reference Book..., 1960), in most cases favorable
for the growth, development and fruiting of blackberries
(Gruner, 2019). The success of breeding blackberries, as
well as other fruit and berry crops, in any climate zone is
determined, first of all, by the availability of good source
material and the correct choice of priority areas, which
should be based on the already achieved world results and
correspond to them.

1 Taxonomic affiliation, the most important
species for breeding and some morphobiological
features of blackberries

Blackberries are included in the genus Rubus L., subge-
nus Eubatus Focke (= Rubus Watson), which, according
to various authors, has 132 species in the world’s flora
(Focke, 1910) to 200 or more species (Rozanova, 1937;
Vitkovskiy, 2003) and a significant number of interspe-
cies forms. The complexity of the systematics of wild
blackberries was mentioned by the famous researcher of
this plant, S.V. Yuzepchuk (1941). Within this subgenus,
natural polyploidy is widespread, represented by a poly-
ploid series of forms that have sets of chromosomes from
2x (2n=14) to 12x (2n = 84) with the main number x = 7,
including aneuploids of different ploidy levels. At the
same time, such series can also be within some species
(Rozanova, 1937; Ourecky, 1981; Clark, Finn, 2011). The
size of blackberry chromosomes is 1-4 pm (Clark, Finn,
2011). In its cultivated cultivars, polyploid rows also oc-
cur, with a predominance of tetraploids (Thompson, 1995;
Clark, Finn, 2011).

Wild species of North America and Europe became
the originators of most cultivars of the Fubatus subgenus
(Rozanova, 1937; Vitkovskiy, 2003). The most significant
in the creation of blackberry cultivars were such North
American species as: R. allegheniensis Porter, R. argutus
Link. and R. canadensis L. (which gave rise to the first
erected and most hardy cultivars, such as Agawam, Jumbo,
Lawton, Snyder, Erie, etc.), R. ursinus Cham. & Schlecht.,
R. macropetalus Dougl., and R. loganobaccus Bailey (the
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most important species from which the best trailing cul-
tivars of blackberries and raspberry-blackberry hybrids
have been obtained: ‘Logan’, ‘Young’, ‘Boysen’, etc.),
R. laciniatus Willd. (well-known ‘Thornless Evergreen’
was obtained from its thorn-free chimera), R. trivialis L.
(one of the parent forms of the erected drought-resistant
cultivar Brazos, which was actively used in creating modern
cultivars), R. ulmifolius Schott. (a tetraploid source of the
recessive thornless gene, ‘Merton Thornless’ was derived
from it), (Darrow, 1937; Clark, Finn, 2011), and others.
It is usually impossible or very difficult to determine the
species identity of modern cultivars, since their genomes
usually contain the genoplasm of several species and their
hybrid descendants, as well as cultivars of different origin,
which in turn is complicated by polyploidy and related
heterozygosity of the culture (Rozanova, 1937; Ourecky,
1981; Clark, Finn, 2011).

Blackberry flowers are usually bisexual, but there are
also dioecious species (for example, R. ursinus in the
United States). Self-pollination is good, but cross-polli-
nation is also successful. The color of the corolla varies
from pure white to bright pink. The stamens and pistils
are numerous. The fruit is a compound drupe, with a color
from dark cherry or blue to almost black, sometimes with
a glaucous coating, when maturing, separating from the
calyx along with the edible fruit. The number of drupes
in it can vary from a few pieces in wild species and forms
(for example, R. caesius L.) to one and a half hundred in
modern cultivars (as in ‘Natchez’). Set of drupes is usually
high, often provided by facultative apomixis (pseudogamy),
characteristic of polyploid forms of the Fubatus subgenus
in various types of pollination (Ourecky, 1981). Flowers
and fruits are collected in racemes containing them from
several pieces to several dozen.

In Russia, the largest number of wild species is distri-
buted in the Caucasus (about 40), but in the conditions of
the middle zone of our country, only two species prevail:
R. caesius L. with trailing shoots and R. nessensis W. Hall
with erected canes (Yuzepchuk, 1941; Grossgeim, 1952).

The blackberry plant is a semi-shrub with a long-term
underground part (branched rhizome with branching roots
and buds from which shoots grow) and above-ground,
consisting of two types of stems: generative biennial and
vegetative shoots of the current year (annual). After the
crop matures, the stems of the second year of life die off.
There are also primocane forms that lay generative organs
and bear fruit on the shoots of the current year.

There are 3—4 main morphological groups of blackberries
that differ in the nature of growth and way of natural veg-
etative reproduction (Finn, Strik, 2014; Gruner, 2014). The
group of erected blackberries includes cultivars and forms
that have vertically growing shoots and restrained early
ending growth (until the beginning of August in the middle
zone of Russia). The natural way of vegetative reproduc-
tion in them is with root offshoots (as in red raspberries
R. idaeus L.). Trailing blackberry plants have a protracted
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growth, long (up to 3-8 m) shoots of various thickness,
which by the end of the growing season slow down the
growth, but do not stop, and in the upper zone form a sec-
tion of rhizogenesis with reduced leaves, rooting under
favorable conditions. Representatives of semi-erect and
semi-trailing blackberries complete or significantly slow
down the growth after erect, but earlier trailing forms (in the
middle zone of Russia, it is the beginning of September).
Given that the last two groups are similar to each other, in
foreign literature they are usually combined, calling them
“semierect” 1. e. semi-straight growing (Finn, Strik, 2014).

2 State of blackberry breeding in Russia

In our country, blackberry breeding is now at the initial
stage of its path, despite the abundance of wild species
and forms, especially in the southern regions, where they
could have long served as a source material for selection,
but aroused interest mainly as botanical resources (Yuzep-
chuk, 1941; Grossgeim, 1952). At the beginning of the
last century, this plant, as an object of selection, seriously
drew the attention of a well-known breeder and experi-
enced gardener — [.V. Michurin (1949), who, as a result of
sowing seeds from free pollination of American cultivars,
selected several promising seedlings, which later became
cultivars and received recognition in amateur gardening.
But in the future, these cultivars were preserved mainly in
the collections of scientific institutions, as the plants had
thorned shoots, low winter hardiness and were affected by
diseases (‘Izobilnaya’, Tekhas).

Major domestic works on blackberries and their cultivars,
created by that time in the world, were published in 1930s
(Bologovskaya, 1934; Rozanova, 1937). Later, translated
foreign publications with detailed information about this
culture were published (Shoemaker, 1958; Ourecky, 1981;
etc.). Collections of wild species and some foreign cultivars
in the 1950s—70s and subsequent years were collected at
Maikop (main collection) and Pavlovskaya (single samples)
experimental stations of VIR (N.I. Vavilov All-Russian
Institute of Plant Genetic Resources) in order to study and
select the most promising of them for breeding. N.L. Nero-
nova (1973), a participant of several scientific expeditions
to the Caucasus in order to replenish the species collection
of blackberries of MOS VIR (Maikop Experimental Station
of the N.I. Vavilov All-Russian Institute of Plant Genetic
Resources), wrote about the great potential value of wild
Caucasian blackberry species, including for introduction
into culture in this zone.

Several works performed in the southern zone of horti-
culture at the end of the last and beginning of this century
(Gruner, 1992; Semyonova, Dobrenkov, 2001; Zakharova,
2002) using the gene pool of the Maikop OS VIR culture
were devoted to the study of the biological characteristics
and economic value of blackberries and the selection of
genetic sources for breeding. By this time, a collection
of blackberries has been also formed on the Crimean
OSS VIR (Crimean Experimental Selection Station of
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the N.I. Vavilov All-Russian Institute of Plant Genetic
Resources), where targeted selection of this culture (the
collection gene pool of which numbered 25 introduced
cultivars during the study period) has been carried out
since 2003 (Podorozhny, 2016), culminating in 2016
with the inclusion of the first and only modern domestic
cultivar — ‘Agatovaya’ in the State Register of the Russian
Federation (State Register..., 2019). The priority areas of
blackberry breeding in this institution are both improv-
ing the indicators of adaptability to climate factors in the
southern region (including drought and heat resistance),
and improving other characteristics identified as leading
in domestic and foreign breeding programs, such as berry
quality, productivity, thornlessness, etc. (Kichina et al.,
1995; Clark, Finn, 2011; Podorozhny, 2016).

The most obvious reasons for the long absence of breed-
ing research on blackberries in Russia were, first, the abun-
dance of other valuable berry crops distributed in different
regions and adapted to them, second, a large variety of
wild-growing species of this plant in the southern climate
zone, which gave the local population a sufficient number
of berries, and third, the strong thornness of intensively
growing shoots, both in wild-growing species and in old
foreign cultivars, which made blackberries perceived more
as a weed and inconvenient for cultivation, and, in-fourth —
low winter hardiness of its aboveground part, which did
not allow to count on stable berry yields.

With the introduction of a whole series of modern foreign
blackberry cultivars to our country over the past decade and
a half, the situation in crop breeding may change signifi-
cantly, since the level of most economic indicators is very
high and makes it possible to choose the best genotypes
for crosses. Collections of the latest generations of foreign
blackberry cultivars are already available and are being
studied in a number of Research Institutes, including in
the Central part of Russia: VNIISPK (Russian Research
Institute of Fruit Crop Breeding, Orel region) — 28 culti-
vars, Bryansk SAU — about 10 cultivars (private message
of Evdokimenko S.N.), I.V. Michurin Federal Research
Center (Tambov region) — about 30 cultivars (private mes-
sage of Gurieva I.V.).

3 Blackberry breeding abroad,

priorities and achievements

For more than 170 years, blackberries have been selected
in the United States (Darrow, 1937; Shoemaker, 1958;
Ourecky, 1981; Vitkovskiy, 2003; Clark, Finn, 2011; Finn,
Clark, 2012), where a large variety of wild species of this
plant, which gave rise to many cultivars, is also concentrat-
ed. Some of the first cultivars appeared spontaneously and
were accidentally discovered in private gardens and wild
populations, serving as a base and incentive for subsequent
selection search (Darrow, 1937; Clark, Finn, 2011). A big
breakthrough in blackberry breeding was the development
of the thornless ‘Merton Thornless’ cultivar in England
(John Innes Horticultural Institute program), from which
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the recessive gene of thornlessness was transmitted to many
modern tetraploid (2n = 28) cultivars (erect and semi-erect).
Two other donors of genes of dominant thornlessness, Sy
and Sy, ‘Austin Thornless’ (2n = 56) and ‘Lincoln Logan’
(2n = 42) were used in the creation of trailing thornless
cultivars (for more information, see section 5.4).

To date, US scientists are recognized as world leaders
in creating and improving the assortment of blackberries.
Their research gave an impetus to the development of
culture breeding in other countries. The main contribution
to the creation of new cultivars of this plant was made
by scientists of the world’s leading breeding institutions,
such as: USDA-ARS Beltsville St. Maryland (Dr. D. Scott,
Dr. D.P. Ink) — USA; Arkansas University (Dr. J. Moore,
Dr. J. Clark) — USA; United States Department of Agricul-
ture ARS St. Oregon (Dr. Ch. Finn, Dr. B. Strik) — USA;
Scottish Crops Research Institute (Dr. D. Jennings) — Great
Britain; Fruit Experiment Station of the Research Institute
of Pomology and Floriculture (Dr. J. Danek, Dr. A. Orzel) —
Poland; New Zealand Institute for Plant and Food Research
(Dr. H. Hall) — New Zealand; Fruit Research Institute,
Cacak (Dr. M. Stanisavljevi¢) — Serbia and others.

All modern breeding programs are aimed at further
improving the assortment of blackberries by leading eco-
nomic characteristics. The analysis of major reviews on
blackberry breeding (Ourecky, 1981; Clark, Finn, 2008,
2011; Finn, Clark, 2012) shows that the priority direc-
tions in the world breeding programs are currently: the
quality and size of fruits, productivity, plant adaptability
to climate factors, thornlessness, optimal architecture of
shoots, fruiting on canes of the current year, resistance to
diseases and pests. In other words, the range of problems
to be solved remains quite wide, since the requirements
for cultivars are constantly increasing, while the genetic
potential of the crop identified by many years of research
(Clark, Finn, 2011; Finn, Clark, 2012) allows to count on
the success of their solution.

It should be noted that the first place is given to the quali-
ty of fruits associated with increased market requirements.
The emphasis in the selection of adaptability to low winter
temperatures in the United States, where for a long time
there was active selection for this trait in combination with
the straightness of shoots, partly shifted to another valu-
able direction, also in the future able to largely solve the
problem of winter hardiness — the creation of primocane
cultivars of blackberries (Clark, Finn, 2011; Clark et al.,
2012; Finn, Clark, 2012; Clark, 2013, 2014) (for more in-
formation, see section 5.2).

The main results of the long-term and tedious work
on the blackberry breeding were high-yielding cultivars
with a complex of valuable characteristics. New breeding
achievements have aroused great interest in the culture
around the world, the level of production of its berries has
grown significantly over the past decades and continues to
grow (Strike et al., 2008; Strike, Finn, 2012; Clark, Finn,
2014).
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The breeders managed to increase the winter hardiness in
combination with the plant thornlessness only to a certain
level (Stanisavljevic, 1999; Clark, Finn, 2011; Orzet, 2016;
Telepenko, 2018), which is still insufficient for regions with
long frosty periods in winter, such as those in the middle
zone of Russia (Evdokimenko, Kulagina, 2015; Gruner,
2019). Therefore, along with the appearance of industrial
cultivars, the best climatic zones for growing blackberries
were determined, and technologies for its cultivation be-
gan to be worked out, including those that provide winter
shelter for shoots (Takeda, Handley, 2006; Takeda et al.,
2013; Mettler, Hatterman-Valenti, 2018). As a result, the
leading producers of blackberries in the world today are
the United States, Mexico, China, Serbia, Hungary, New
Zealand, and in general — about 30 countries (Strik et al.,
2008), where climate conditions allow it.

4 Factors limiting blackberry cultivation

in the Central part of Russia

(on the example of the Orel region)

Orel region, where our blackberry research is conducted, is
located in a zone of moderate continental climate, generally
favorable for gardening (Agroclimatic Reference Book...,
1960). The temperature of the coldest month (January) is
—9...-10 °C. The absolute minimum air temperature for
the long-term period is —39.9 °C in the region (2012, ac-
cording to the VNIISPK weather station). According to the
average annual data, frosts stop in the region in the second
five days of May (possible fluctuations in the timing of
frosts — from the first decade of April to the first decade of
June). The average dates of autumn frosts are at the end of
September (the earliest start of frosts was observed in the
first decade of September, and the latest was in the third
decade of October). The snow cover reaches maximum
height from mid-February to mid-March. Its average height
is 20-25 cm.

During our research, according to VNIISPK meteorolo-
gical observations, significant decreases in winter tempera-
tures (corresponding to regional minimums) were observed
in late November 2014 (=20 °C), in mid-December 2016
(=20.6 °C), in the first decade of January 2015 (-24.5 °C),
in the second decade of January 2016 (-29.3 °C), in early
February 2017 (-31.5 °C), in late February (—26.0 °C) and
at the end of the third decade of March 2018 (-21.6 °C).
At the same time, in January, February and March in some
years there were long (up to two or more weeks) periods
of round-the-clock negative temperatures (with lows at
—10...-15 °C) (Gruner, 2019).

The limit of frost resistance of the main mass of black-
berry cultivars are considered —10...-20 °C, and only for
some of them —25...-30 °C (Gruner, 1986; Takeda, Hand-
ley, 2006; Wojcik-Seliga, Wojcik-Gront, 2013; Telepenko,
2018, etc.). It is established both experimentally, using arti-
ficial freezing of cuttings, and by field observations, which
are the most accepted when evaluating breeding seedlings
(Kichina et al., 1995; Kazakov et al., 1999; Clark, Finn,
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2011). In any case, the specified limits of blackberry resis-
tance to frost are not sufficient for the region of our research,
and this is the main obstacle to the introduction of the crop
in this climate zone. Nevertheless, there is already a positive
experience of fairly large blackberry plantations (4—7 ha) in
the South of the Central zone of Russia — in the Voronezh
region: farm “Sladunika” (URL: https://sladunika.ru) and
“Divny Sad” (URL: https://divnyi-sad.ru). However, even
there they usually require winter shelter, with the exception
of certain cultivars that are not frozen even in the harshest
winters, such as the Polish cultivar ‘Orkan’ and the old
American cultivar ‘Agawam’ (private message of the head
of the farm “Divny Sad” — A.N. Prodan).

In addition to the lack of winter hardiness of the main
assortment, the factors that hinder the cultivation of black-
berries in the middle zone of the country and other regions
with cold winters (=20 °C and below), can be attributed
to the related need for shelter of plants (a labor-intensive
and costly event), as well as the diversity of cultivar habit,
requiring an individual approach to each of them when
growing; mandatory use of trellis due to high productivity
and long shoots; and sometimes insufficient knowledge
of the biology of the plant, resulting in certain errors in
agrotechnics.

5 Results of blackberry cultivar study

in the center of Russia, current breeding trends,
genetic sources of valuable traits

Purposeful selection evaluation of cultivated blackberries
in the climatic conditions of Central Russia has not been
carried out since the creation of the first cultivars by .V. Mi-
churin (Michurin, 1949). In connection with the increased
interest of the population in cultivars of this plant, their
biology and cultivation techniques, the appearance of new
selection products at the market, we conducted research
on the variety study of blackberries in experimental plant-
ings of the Department of berry breeding of VNIISPK in
2014-2018 (Orel, Russia). To evaluate the collection and
selection material, we used generally accepted research
methods (Kichina et al., 1995; Kazakov et al., 1999).

The cycle of works performed in these years to study the
adaptive and other economic qualities of representatives
of the main morphological groups of blackberries (erect,
trailing and intermediate between them) has shown that
this valuable berry crop can be successfully grown here
under certain conditions (first of all using winter shelter)
and give high yields of berries. This requires trellis and
variety-specific preparation of plants for winter (Gruner
et al., 2018). It is important to select cultivars according
to the maturation period, since adverse weather conditions
during the growing season of individual years can lead to
non-maturation of part of the crop of the most late cultivars,
prolonged growth of shoots of the current year and, as a
result, their significant freezing in winter (Gruner, 2019).
It has been found that, as a rule, all blackberry phenophases
occur at a favorable time for the culture and fit into the
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growing season of the region (Gruner, Kuleshova, 2014).
Itis revealed that among the studied and involved in the col-
lection new blackberry genotypes (for the latest information
prior) there are cultivars (‘Agawam’, ‘Erie’, ‘Thornfree’,
‘Brzezina’, ‘Ouachita’, ‘Loch Tay’, ‘Natchez’, ‘Chester’,
etc.) and selected forms (seedlings of ‘Cheyenne’, ‘Black
Satin’, ‘Loch Ness’, and hybrid form ‘Thornfree’ % R. cau-
casicus 1, etc.) that allow to count on successful selection
for improvement as indicators of adaptability, i.e. hardi-
ness and drought resistance (Gruner, 2019) and other
economically important traits, including weight, taste and
other qualities of the berries (Clark, Moore, 2005, 2008;
Yakimov, 2010).

Practical tips and positive forecasts for growing black-
berries in the more severe conditions of the Samara region,
information about the numerous cultivars of the world as-
sortment of this culture were reflected in the book written
by V.V. Yakimov, a connoisseur of this culture (Yakimov,
2010), based on his own experience and a review of foreign
literature sources.

The authors of the study of blackberry winter hardiness
without winter shelter in the Bryansk region rightly believe
that it is impractical to grow blackberries in this zone with-
out such shelter due to the freezing of most cultivars to the
level of snow, but some of the cultivars studied by them
stand out (‘Thornfree’,” Black Satin’, ‘Gazda’, ‘Orkan’,
‘Marion’ and ‘Smoothstem’) as promising for household
and industrial use in the region (Evdokimenko, Kulagina,
2015). Current trends in blackberry breeding in Russia were
formulated earlier (Kichina et al., 1995) and supplemented
with respect to the Central zone in this article. Of these, in
the first place is breeding for winter hardiness and necessary
qualities of blackberry plants associated with it. Let’s focus
on this direction and some others in more detail.

5.1 Breeding for winter hardiness

The creation of hardy blackberry cultivars was important
for the United States due to the significant freezing of
most Eubatus representatives in almost all regions of this
country (Finn, Clark, 2012). The work of North American
scientists to create erect genotypes originally obtained
from wild species with such a habit — R. allegheniensis,
R. argutus and others was valuable in the breeding of rela-
tively frost- and winter-hardy blackberry cultivars. The first
cultivars with the genoplasm of these species were thorny,
characterizing by increased frost resistance and restrained
growth: ‘Agawam’, ‘Lawton’, ‘Snyder’, ‘Erie’, ‘Darrow’,
and others (Darrow, 1937; Clark, Finn, 2011). Winter hardi-
ness of such cultivars is associated with the early comple-
tion of growth processes; they are also characterized by
the depth and duration of organic dormancy. As a result
of the long-term breeding, thorny erect ‘Illini Hardy’ and
thornless semi-trailing ‘Chester Thornless’ are among the
most winter-hardy cultivars (Yakimov, 2010; Finn, Clark,
2012). However, over time, US breeders have recognized
that climatic conditions with regular winter temperature
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drops to certain critical values are necessary for effective
selection of genotypes with higher winter hardiness (Clark,
Finn, 2011; Finn, Clark, 2012).

The latest generations of erect blackberries (‘Navaho’,
‘Arapaho’, ‘Natchez’, ‘Ouachita’, ‘Caddo’, and others,
received at Arkansas University, USA) (Andersen, 2001;
Clark, Moore, 2005, 2008; Clark, Finn, 2011; Clark et al.,
2019), have thornless canes and improved winter hardi-
ness, however, they complete growth (our preliminary
observations) later than thorny ancestors, which is prob-
ably connected with the involvement of thornless, but
long-term vegetative genotypes and therefore moderately
winter-hardy genotypes (in particular, ‘Thornfree’). There-
fore, in the Central zone of Russia, the winter hardiness
of these cultivars is likely to be insufficient and closer to
this indicator in semi-trailing forms. The morphological
proximity of new erect cultivars to this intermediate group
is also confirmed by their creators (Finn, Clark, 2012). At
the same time, crossing such cultivars among themselves
can probably lead to a certain increase in the hardiness of
hybrids, due to the saturation with the genoplasm of the
hardy ancestors of their parents, in particular, ‘Darrow’,
which was used in the creation of most of them (Clark,
Moore, 2005, 2008; Clark et al., 2019). Among the black-
berry cultivars, checked by us in the Central zone of Rus-
sia in winter, without shelter, only the old American erect
tetraploid (2n = 28) cultivar ‘Agawam’ can be grown here,
however, when using it in breeding, one should take into
account the dominant thornness of shoots and the forma-
tion of a large number of root offshoots, which are absent
in modern thornfree cultivars with erect habit.

Breeding for increased winter hardiness of Eubatus
representatives is successfully carried out in Poland (Fruit
Experiment Station of the Research Institute of Pomology
and Floriculture), where a number of cultivars were ob-
tained that do not require shelter in the climatic conditions
of this country (Danek, Kolodziejczak, 1993; Orzet et al.,
2016) and which, as already mentioned, in the South of
Central Russia show good resistance to frost. This is, first
of all, the mentioned cultivar ‘Orkan’, which confirmed
the specified quality also in the Ukraine along with the
American cultivar ‘Ouachita’ (Telepenko, 2018). These
cultivars can be promising in the course of further breeding
improvement of blackberry winter hardiness indicators,
combined with the thornlessness of shoots.

For cover cultivars in the Central zone of Russia, in-
creased winter hardiness and elasticity (flexibility) of
shoots are also relevant, necessary for significant snow
cover, garter to the trellis, shelter for the winter; trailing
and semi-trailing habit of the bush and early ripeness. Ac-
cording to our research (Gruner, 2019) and preliminary
observations, ‘Loch Tay’ (from the VNIISPK collection)
and the hybrid form ‘Thornfree’ X R. caucasicus 1, as well
as seedlings LN-4, 13, 14 obtained from seeds from open
pollination of ‘Loch Ness’ can be potential sources of these
traits’ genes. In the conditions of the region, it may be use-
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ful to study also cultivars with a typically trailing habit (at
least for the purposes of amateur gardening), which are laid
on the ground for winter shelter easier than others, giving
preference to thorn-free genotypes (with genes Sy and Sy;).

5.2 Breeding of primocanes fruiting
One of the current trends that can solve the problem of win-
ter hardiness of blackberries in the future is the creation of
new primocane cultivars. Fruiting on shoots of the current
year is a relatively new direction in blackberry breeding,
but it is very important for expanding the production of
berries both to the South and to the North (Clark, Finn,
2011). In the southern regions with warm winters, such
cultivars fully bear fruit (and can even produce two crops
per season) without the impact of negative temperatures,
which ordinary (non-primocane) cultivars need, in particu-
lar, for normal differentiation of generative buds. When
moving blackberries to the North, shoots of primocane
cultivars, in the case of early (before the onset of negative
temperatures) ripening of berries on an annual wood, can
be cut (or mowed) after harvest, thus solving the problem
of winter hardiness and resistance to diseases and pests.
The original source of the gene for this trait was discov-
ered in 1949 in a natural population of erect diploid black-
berry form (2n = 2x = 14), called “Hillquist’ after the name
ofthe person who found it (L.G. Hillquist from Ashland) in
the United States. From it, by breeding (crossing with the
tetraploid cultivar ‘Brazos’ at the University of Arkansas),
tetraploids were obtained (including the form Ark. 593,
used in further selection), bearing the primocane trait.
The recessive nature of the gene for this trait is assumed
(Clark, 2008; Clark, Finn, 2011). ‘Prime-Jan’ and ‘Prime
Jim’ (2003 and 2004) were the first breeding achievements
of'this type, Prime-Ark-45 (2009) and subsequent cultivars
have improved fruit quality. The most important results in
this direction were obtained at the University of Arkansas
in the USA (where work on the creation of such cultivars
continues). Breeding for primocanes is also conducted
in Poland (Orzet et al., 2016). In the currently created
representatives of cultivars of this type of fruiting, berries
can fully ripen on the shoots of the current year only in
the southern zones of horticulture. Therefore, the goal of
breeding in this direction, including in the center of Russia,
is to provide earlier full ripening on one-year shoots and
greater winter hardiness of the underground parts of plants.
All other parameters of cultivars and breeding directions
in the Central zone of our country correspond to the world
priorities identified by leading breeders based on the long-
term experience with blackberries (Clark, Finn, 2008, 2011;
Finn, Clark, 2012). We give them below.

5.3 Breeding for improved fruit quality

Most modern blackberry cultivars have a set of indica-
tors of berries that ensure their demand in the market and
were formed by long-term breeding. This also applies to
representatives of the group of erect and semi-erect culti-
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vars, which have received a lot of attention to improving
the quality of berries (Clark, Moore, 2005, 2008; Clark,
Finn, 2011).

The sweet taste of fruit (provided by the amount of
soluble solids, SS =10-15 %) is considered key to expand-
ing the market for fresh blackberry products (Clark, Finn,
2011). In addition to this indicator, acidity, aroma, and
tartness are also important. Other traditional high-quality
components are the density of the berry, the strength of
the skin, small seeds, bright color, easy separation during
harvesting, and good post-harvest safety.

When creating new cultivars, it should be taken into ac-
count that the ripening of berries is a special period when
growing blackberries. On the one hand, the fruits acquire
a cultivar-specific taste, gain the maximum amount of
sugars, acquire juiciness and aroma, on the other hand,
their transportability decreases, and a beautiful gloss is
often lost. For this reason, berries are often removed at the
stage of technical maturity, and they are not suitable for
dessert consumption. The task of breeders is to combine
high taste qualities in mature fruits (first of all, sweet taste)
with the brilliance of black drupelets and the strength of
the skin for successful transportation.

Post-harvest characteristics of blackberry berries include:
attractiveness of appearance (preservation of black color,
gloss), strength of the fruit (evaluated before and after
storage), good taste, lack of the development of fungal and
bacterial infections. The quality of berries after harvesting
strongly depends on weather conditions during harvest, so
it is practiced to grow blackberries, as well as other berry
crops, in high tunnels (Finn, Clark, 2011; http://www.
korolevagro.ru/teplichnye-tekhnologii/vysokie tunneli/).

For processing, blackberries must have an intense aro-
matic taste and color, a high level of soluble solids and
titrated acidity, low pH and low drupeletness. These char-
acteristics must be preserved when the berries are frozen.
There are significant differences between the cultivars of
this crop in the content of phenolic compounds of the an-
tioxidant complex (Connor et al., 2005), which allows for
selection to improve this indicator in the offspring.

The shape of blackberry fruit can vary significantly
(Gruner, 2014), which means that there are prospects for its
selective improvement. It is important to equalize the shape,
the fruit are not acceptable cloven or invalid. Desirable ber-
ries are rounded, conical or barrel-shaped (cylindrical). It
is believed that long berries can provide the most attractive
appearance of fresh fruit (Clark, Finn, 2011).

Large size of berries is one of the main tasks of black-
berry breeding, and is a component of productivity in addi-
tion to the marketability indicator. However, it is considered
that an excessive mass of berries (more than 10-15 g) is
undesirable for processing and placement in packages,
as well as for berry mixes, where such fruits will prevail.
Large fruits are varieties of ‘Natchez’, ‘Triple Crown’,
‘Kiowa’, ‘Tupi’ and a number of other cultivars have large
size of fruit (Yakimov, 2010), which are potential sources
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of genes for this trait. The weight of the berry may vary
slightly within the cultivar depending on the conditions
and methods of cultivation.

The productivity (yield per bush) of blackberries is usu-
ally high, but varies greatly both between cultivars and
within a single cultivar, depending on climatic conditions
and growing technology, and can reach 20 or more kilo-
grams. However, an excessive crop can lead to a decrease
in shoot-forming ability (Clark, Finn, 2011) and even in the
frequency of fruiting. Therefore, it is necessary to manage
the productivity of high-yielding cultivars with the help of
timely formation of shoots, their normalization. Sources of
high productivity genes are ‘Thornfree’, ‘Chester Thorn-
less’, ‘Black Satin’, ‘Loch Ness’, ‘Triple Crown’, and many
others (Yakimov, 2010).

5.4 Breeding for thornlessness

Creating new thorn-free cultivars is a popular direction of
blackberry breeding. To date, at least 40 such cultivars have
been created in the world, and these are valuable sources
of genes for this trait for further selection. ‘Thornfree’,
‘Smoothstem’, ‘Black Satin’, ‘Loch Ness’, ‘Loch Tay’,
‘Chester Thornless’, ‘Triple Crown’, ‘Cacanska Bestrna’,
‘Orkan’, ‘Apache’, ‘Ouachita’ and many other cultivars
are descendants of the tetraploid (2n = 4x = 28) source of
the recessive gene of this trait — ‘Merton Thornless’ and
can be used in breeding for thornlessness. Given that this
gene is introduced into the genoplasm of relatively hardy
tetraploid cultivars, they are probably the ones that should
be used for breeding in the Central zone of Russia. At the
carly stages of ontogenesis, its carriers are identified by
the absence of glandules on the germ leaves (Clark, Finn,
2011), so selection for this trait can be conducted at the
very beginning of the selection process.

Two other sources of thornlessness i.e. ‘Austin Thorn-
less” (2n = 8x = 56) with the dominant Sy gene, created
in England, and ‘Lincoln Logan’ (2n = 6x = 42) with the
dominant Sy; gene, created in New Zealand, are used for
breeding cultivars of the trailing type, usually with a higher
level of ploidy than tetraploids. Plants with the Sy gene can
have thorns on the basal part of the stem up to a height
of 30 cm, in the zone of fruiting; the stems are devoid of
spines. Therefore, the identification of thorn-free offspring
in this case is possible only after the seedlings reach a height
of more than 0.3 m (Clark, Finn, 2011). Descendants of
‘Austin Thornless’ are the thorn-free cultivars “Waldo’,
‘Black Perl’, ‘Nightfall’, and ‘Black Diamond’, created at
the University of Oregon in the United States. Among the
latest achievements of this institution is thorn-free ‘Wild
Treasure’ created by crossing the ‘Waldo’ cultivar and the
wild species R. ursinus (Finn et al., 2010). New thornless
cultivars with the S; gene are ‘Columbia Star’, ’Columbia
Sunrise’, and ‘Columbia Giant’ (Finn et al., 2014, 2018),
which may be sources of this gene of thornlessness in
further breeding. Such cultivars are more suitable for
growing in the southern regions of horticulture in Russia,
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but with a reliable shelter for the winter, they can probably
be cultivated in amateur gardens in the center of Russia.

5.5 Breeding for resistance to pests and diseases
Currently, the majority of blackberry cultivars grown have
a high level of resistance to harmful organisms. However,
the more blackberries are grown, the more often there are
reports of an increased number of cases of fungal diseases
and pests, with a much higher frequency than bacteria or
viruses (Clark, Finn, 2011; Finn, Clark, 2012). The main
blackberry breeding for resistance to diseases and pests was
carried out by simple selection of healthier or uninfected
plants in the seedling population (Clark, Finn, 2011). In
order to understand the degree of potential danger of vari-
ous pathogens, below we provide information about the
most harmful of them, which are represented to varying
degrees in the regions of cultivation of the discussed crop
(Clark, Finn, 2011; Finn, Clark, 2012).

The most common in the world fungal diseases of black-
berries are: anthracnose (Gloeosporium venetum Speg.),
gray rot (Botrytis cinerea Pers.: Fr). and leptosphaeria
(Leptosphaeria coniothyrium (Fuckel) Sacc.). Infection
with these pathogens can vary greatly depending on the
type of berries, growing locations, weather, and plant
care. Orange rust (Gymnoconia peckiana (Howe) Trott.) is
sometimes seen in plantings, and removal of infected plants
is required. Resistance to orange rust is found in almost
all eastern (erect) cultivars of the United States, with the
exception of the ‘Navaho’ cultivar. For many years in the
southern States of the United States, the most dangerous
disease was the doubling of the rosette — cercosporellosis
(Cercosporella rubi (G. Winter) Plakidas) in the production
of blackberries. However, the resistance to this disease was
identified, which turned out to be associated with the pre-
sence of a recessive gene of thornlessness in the blackberry
genoplasm. Therefore, cultivars derived from the source
of'this gene — “Merton Thornless’ cultivars, are resistant to
this disease (Clark, Finn, 2011). However, with the intense
infection in the US States of Mississippi and Louisiana, the
resistance was not always maintained.

In some years, Botrytis cinerea Pers.: Fr., Septoria rubi
Westend, Septocyta ruborum (Lib.) Petr. and Didymella
applanata (Niessl) Sacc. were observed in parts of Chile,
Mexico, New Zealand, and the Western United States.
Also in these areas and in areas of the UK and Europe,
Peronospora sparsa Berk. can create a serious problem.
Raspberry and blackberry hybrids, such as Boysenberry
and Loganberry, can also be significantly affected by
this disease. Powdery mildew (Podosphaera macularis
Wallr.) is observed in some areas of the world, especially
in Mexico. With the increase in plantings in Mexico and
other areas, these diseases are becoming more economically
important, and it is necessary to find sources of resistance
and use them in breeding.

From bacterial diseases, root cancer (Agrobacterium
tumefaciens [E.V. Smith & Townsend] Conn.) is the most

2020
24.5

MpuropurTeTHbIe HaNpPaBEeHWA Y NEPCNEKTUBDI
ceneKkunn exxeBrKM B yCNOBUAX CpeaHel nonocbl Poccun

common and can lead to weakening of blackberry plants
and significant loss of yield. One of the main viral diseases
of the Rubus genus for many years was bush dwarfism
caused by Raspberry bushy dwarf virus (RBDV), but it
was most pronounced in raspberry species (i.e. R. idaeus,
R. parviflorus, R. spectabilis). Tomato ringspot virus
(ToRSV) and Tobacco ringspot virus (TRSV) have been
identified in most regions where blackberries are produced.

All production regions have problems with blackberry
pest control. The most common pests are: raspberry glass-
worm — Pennisetia hylaeiformis (Harris), goldenrod —
Agrilus ruficollis (Fabricius), blackberry mite — Acalitus
essigi Hassan., etc. Some production regions are heavily
affected by pests that require active protection programs.
For example, in New Zealand, the cultivars ‘Boysenberry’,
‘Marion’ and all other Rubus representatives are strongly at-
tacked by bud moth (Heterocrossa rubophaga Dugdale and
Eutorna phaulacosma Meyrick). Green vegetable beetle
Nezara viridula L. and leathopper species including Epi-
phyas postivittana Walker, Planotortrix exessana Walker
etc. can also be a serious problem in New Zealand. In
2008, California first reported a spotted winged Drosophila
(Drosophila suzukii Matsumura) native to Japan, and then
it spread widely across the Western States and in China. It
was recently identified in Europe. The depth of this problem
has not yet been studied, but there is a danger that this pest
will become the main one for blackberries. Much of the
breeding effort is focused on field assessments of seedlings
for pest resistance and the use of the most resistant ones in
crosses (Clark, Finn, 2011; Finn, Clark, 2012).

As we can see, the main danger of diseases and pests
of blackberries are for regions with a warm climate, so
Central Russia may be safer for the cultivation of this crop.
However, breeding for resistance to biotic environmental
factors is certainly more effective with a high natural in-
fectious background or with the use of artificial infection.

According to the observations of the authors of this
article, in recent years in the Orel region, where this study
is conducted, the flower-eating beetle — olenka shaggy
(Epicometis hirta Poda) has spread, which begins to cause
noticeable damage to early-flowering cultivars of blackber-
ries (especially the most winter-hardy ‘Agawam’), which
makes us pay special attention to this pest and cultivars that
are not affected by it, for use them in breeding.

6 Prospects of blackberry breeding

in Central Russia

The great achievements of blackberry breeding in the
world, the availability of new cultivars with a complex of
valuable characteristics for Russian researchers, and the
work carried out on the territory of Russia to study it, allow
us to consider it promising to improve the assortment of this
plant not only in the South, but also in the Central part of
our country. The climate of this region can contribute to the
effective formation of genotypes with the necessary signs
of adaptability, first of all, high frost and winter hardiness,
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since negative temperatures critical for the culture occur
here almost every winter. At the same time, the selection
process itself can be conducted in the field, without the use
of artificial freezing of plants.

It is known that the majority of representatives of the
subgenus Eubatus Focke belong to mesophytic plants by
ecological affiliation. In the natural populations of the
South of Russia, this is manifested in the fact that they
are confined to fairly humid and often protected from the
active sun habitats (Yuzepchuk, 1941; Grossgeim, 1952;
Neronova, 1973; Ourecki, 1981). For most cultivars of this
crop, similar conditions are also preferred. At the same
time, in the southern zone, hot dry periods during the grow-
ing season of blackberries occur almost annually, often
causing the dark berries to bake with a corresponding loss
of commodity qualities and even the drying of generative
organs (Semenova, Dobrenkov, 2001). In the conditions of
the Orel region, where it is planned to conduct breeding re-
search on blackberries, such periods occur much less often
(2—4 times in 10 years). At the same time, they allow us to
objectively assess the degree of drought tolerance of the
crop in this region and, if necessary, to conduct selective
selection for this indicator.

Among the other “advantages” of the Central zone of
Russia, which are necessary for the cultivation of black-
berries, we can mention a much lower potential danger of
diseases and pests than in the South due to climate barriers
that prevent their spread. Given the already high potential
for resistance to these harmful factors, the crop may be very
promising in this zone for organic farming, the relevance
and necessity of which are recognized in many regions of
the world (Doroshenko et al., 2012) and in Russia in par-
ticular (https://soz.bio/o-soyuze/). At the same time, certain
vegetation periods in the middle zone are favorable for the
development of fungal infections, so the identification of
resistant blackberry genotypes in breeding research is also
possible here.

Selection in other priority areas of blackberry breeding
can be carried out in the region without any climatic or
other restrictions.

Conclusion

By 2020, VNIISPK has studied a collection of blackberries
in the amount of 28 cultivars (3 cultivars were obtained
from MOS VIR, 25 — from the nurseries “Divny Sad” of
the Voronezh region and “Zeleny Shum” of the Orel region)
of the world assortment and 18 selected and elite breeding
forms obtained by the authors of the article earlier. Breeding
forms were grown from seeds from open pollination of a
number of cultivars sent to VNIISPK from the US Univer-
sity of Arkansas and the Swedish Institute of Agricultural
Sciences in 1995. Elements of the technology of cultivating
the varietal and selection gene pool with the use of winter
shelter have been worked out. The first crosses aimed at
implementing the priorities of crop breeding in the region
were carried out. An annual replenishment of the blackberry
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collection is planned with new genetic sources of economic
and useful traits, first of all, the most winter-hardy.

The analysis of world trends and experience in black-
berry breeding and cultivar study, as well as the results
of own researches of the crop, carried out in conditions
of the Orel region, allow us to consider a promising and
feasible work on improving the assortment of this plant in
Central Russia.

All the priority areas and tasks of blackberry breeding
identified in foreign and domestic breeding programs
are relevant for this region of our country, and the most
important of them is currently the creation of blackberry
cultivars with high winter hardiness.
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CoaepskaHue XXeJIThIX IIUMTMEHTOB B 3€epHe TBepPA0ii IIIIeHUIIbI
(Triticum durum Desf.): OuocuHTe3, TeHeTUYEeCKII KOHTPOJIb,
MapKepHasi ceJIeKIs

IL.H. Maabunkos @, M.[. MscH1KoBa

Camapcknin pefiepanbHbii UCCnefoBaTeNbCKUIN LeHTP Poccuinckoi akagemum Hayk, CaMapcKuii HayUHO-UCcCnefoBaTeNIbCKUN MHCTUTYT
cenbckoro xo3sancraa um. H.M. TynaiikoBa, nrT beseHuyk, Camapckas obnactb, Poccus
&) e-mail: sagrs-mal@mail.ru

AHHOTaLuA. 3epHO C BbICOKMM COAEpPKaHNEM KapOTUHOUAHbBIX MUTMEHTOB LIEHUTCA 33 APKO-KeNTbIl LBET NacTbl,
NPOW3BOANMOW 3 HEro, Y NPOBUTaMUHHYIO (BUTaMUH A) U @aHTUOKCUAAHTHYIO aKTUBHOCTb NUFMEHTOB. Llenb HacTon-
Liero 063opa — 0606LLieHIe COBPEMEHHbIX 3HaHUI O BUOCKHTE3E U FeHETNYECKOM KOHTPOJIE HAKOMMIEHNA MUTMEHTOB
B 3epHe TBepO MLIeHNLbl 1 OLleHKa OCHOBHbIX Pe3ynbTaToB MCCNeA0BaHUN 1 cenekumny 3a nocneaHve ABajuatb
net 3a py6exom u B Poccum. MpusHak «<KOHLEHTPaUmA KapoTUHOUAHbIX MUIMEHTOB B 3epHe» (YPC) OTHOCUTCA K pas-
pPAQY KOMMYECTBEHHbIX. TeM He MeHee NpeBannpoBaHNe CUIIbHbIX afANTUBHBIX 3GPEeKTOB reHOB 1 BbiCOKasA Hacse-
LlyeMoCTb Cnoco6CTBOBaNM 3HaUMTENIbHOMY NPOrpeccy B ceneKummn no sTomy npusHaky. Metogamm monekynapHoro
MapKUPOBaHUA JIOKYCOB KOIMYECTBEHHbIX Npu3HaKoB (QTL), KOHTPONUPYIOLWKMX CUHTE3 KAPOTUHOULHbIX MATMEHTOB
1 3HayYeHnA nHAeKca »enTusHbl (IY), ycTaHOBNEHO 1X pacnpefeneHe no BCeM XpOMOCOMaM reHoMa TBepAoM niue-
HULbl. OCHOBHble reHeTUYecK e NoKyCbl, onpeaenstoLme 6onee 60 % BapbrpoBaHNA NPU3HaKa, OblNv KapTUPOBaHbI
B Xpomocomax 7AL n 7BL. BKnag 3TUX NOKYCOB CBA3aH C asefibHbIMM BapuaumamMu, BANAOWMMUN Ha aKTUBHOCTb
depmeHTa duToeHcuHTeTa3bl (PSY). B Apyrix xpomocomax 6binn NoKanmn3oBaHbl MUHOPHbIE FEHETUYECKIME GAKTOPDI,
13 KOTOpbIX Hanbosnee 3Haummbl QTL, pacnonoxeHHble B xpomocomax 3AS (accounmpoBaH ¢ reHom LCYE-nukonuH-
€-umknasa) n 4BS (annenb Lpx-B1.1¢). Mpwn 3TOM nokasaHo, uto annenb Lpx-B1.1¢c BHOCKT BKNag B CHUXKEHWE aKTUB-
HOCTV NINMOKCUreHasbl, OKUCAAIOLLEN KapOTMHOWADI B MpOLiecce N3roTOB/IEHUA KOHEUHbIX MPOAYKTOB. PaccMOTpeHbl
1 06CyxaeHbl NPo6nemMbl 1CNONb30BaHNA MOIEKYNAPHBIX MaPKEPOB B CENTEKLMOHHbIX MPOrpaMmax, HaleNleHHbIX Ha
yBeNIMYeHne KOHLEHTPaLVM NMUFMEHTOB B 3€PHE 1 yiyYLleH/e LBETOBbIX XapaKTepUCTMK NacTbl.

KnioueBble cnoBa: TBepAan MWEHNLA; KapOTUHOMAbI; KOHLEHTPaUMA NUIMEHTOB; UHAEKC >KeNTU3HbI; MapKepHas
cenekyms.

Ana untnposanua: Manbunkos lN.H., MacHukoBa M.I. CogeprkaHuie »enTbiX MMrMeHTOB B 3epHe TBEPAON NLLEHNLbI
(Triticum durum Desf.): BUOCUHTE3, FeHeTUYECKNIN KOHTPOMb, MapKepHas cenekuua. Baguiosckull XypHan 2eHemuku
u cenexkyuu. 2020;24(5):501-511. DOI 10.18699/VJ20.642

The content of yellow pigments in durum wheat
(Titicum durum Desf.) grains: biosynthesis,
genetic control, marker selection

P.N. Malchikov®, M.G. Myasnikova

Samara Federal Research Scientific Center of the Russian Academy of Sciences, Samara Scientific Research Agriculture Institute
named after N.M. Tulaikov, Bezenchuk, Samara region, Russia
&) e-mail: sagrs-mal@mail.ru

Abstract. Grain with high contents of yellow pigments will add the natural bright-yellow colour to the paste, which
unlike a paste with a high level of whiteness, are preferred by consumers. The provitamin activity (vitamin A) and
antioxidant activity of the carotenoid pigment increase the biological and nutritional value of the grain with high
contents of these pigments. The purpose of this review is to summarize modern knowledge about the biosynthe-
sis and genetic control of pigment accumulation in durum wheat and to assess the main results of research and
selection over the past 20 years abroad and in Russia. The trait “concentration carotenoid pigment in grain” (Ypc) is
quantitative. However, the prevalence of strong additive gene effects and high heritability have contributed to sig-
nificant progress in breeding for this trait. Molecular labeling of quantitative trait loci (QTL) that control the synthesis
of the carotenoid pigment and the yellowness index (Y1) found that they are distributed across all chromosomes of
the durum wheat genome. The main QTLs, which determine 60 % of the variation of the trait, were mapped to 7AL
and 7BL chromosome. The contribution of these QTLs is associated with allelic variations that control the activity of
phytoene synthase (PSY). QTLs with minor effects found on the remaining chromosomes are also reliably mapped
using molecular markers. As confirmed in a number of experiments, most of them are QTLs located on 3AS (linked
to the LCYE (lycopene e-cyclase) allele and on 4BS (the LpxB1.1c gene). It has been shown that the LpxB1.1c allele
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contributes to a decrease in the activity of lipoxygenase, which oxidases carotenoids during the production of end
products. This review considered and discusses the problems of molecular markers in breeding programs to increase
the concentration of pigments in the grain and improve the color characteristics of the paste.

Key words: durum wheat; carotenoids; concentration pigment; yellow index; marker-assisted selection.
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BBepeHune

Teepnas nmenuna (7riticum durum Desf.) exeromHo BbI-
pammBaeTcs BO BCeM MUpPE Ha IJIomaan okoio 17.0 miH ra.
[Tpon3BoacTBO 3epHa KOIEOIETCS IO TofaM OT 32 10 42 MITH
ToHH. [IpOIyKThI U3 TBEPOH MIIICHUIIBI UCTIONB3YIOTCS TOYTH
BO BCEX CTpaHax, HO OCHOBHbBIMU PETrMOHAMH HOTpe6HeHI/I$[
SIBIISTIOTCSI cTpaHbl CpeTn3eMHOMOPCKOTO OacceliHa, Tre 3ep-
HO TBEPJIOW MIICHUIIBI IIPUMCHSICTCS B KAYECTBE CHIPhS IS
PAa3JIMYHBIX IIPOAYKTOB, B OCHOBHOM IACThI U KPYII KyC-KyC U
oynryp (Kabbaj etal., 2017). Coneprxanue u cTpyKTypa Oenka
(kKauecTBO KIICHKOBUHBI), @ TAKXKE IIBET H3ICIIUHN (MaKapOHBI,
KpyIa) — Hanbosee [IeHHbIE IS MUIIEBOH, TEXHOJIOTHIECKON
TIPOMBIIIJICHHOCTH 1 Ha PBIHKE KOHEYHBIX IPOAYKTOB B ATHX
peruonax (Sisson, 2008; Mazzeo et al., 2017). Xentbrii et
OTPEneIsIeTCs] HAKOIUICHUEM KapOTHHOMIOB B SHAOCIEPME,
00ITaIaroIIX MPOBUTAMUHHBIMHU H AaHTHOKCHIAHTHBIMHA CBOI-
cTBamH. B mporecce pa3mona 3epHa, 3aMeca TecTa U U3ro-
TOBJICHHUS MaKapOH MPOUCXOIUT OKUCICHUE KUCIOPOIOM BO3-
JTyXa TOJTMHEHACHIIIEHHBIX )KHPHBIX KHCIIOT, KAPOTHHOH OB,
(heHOJIOB, YTO MPHUBOIUT K HAKOIUICHHIO Oyporo (KOpHYHE-
BOro) nurmMenTta. OKUCIICHUE KaTaIn3upyercs epMeHTaMu:
JIUITOKCUTEHA30H, IO (EHOIOKCHIa30H, TEPOKCUIA301, aJTh-
nerugokcunaszoit (N’Diaye et al., 2017). Hanmuue criekcos
(TeMHBIX BKpaIIeHHUI) TaKKe MOXKET CHI)KAaTh YPOBEHb K-
THU3HBI CEMOJIMHBI U MaKapOHHBIX m3ienuil (Bacmibuyk n
Ip., 2009).

Pesynbrarhl M3ydeHHs HACJICAOBAaHUS BCETO KOMILIEKCA
JKENTBIX MATMEHTOB B 3€pHE TBEPIOH IMIICHUIIBI TTOKA3aJIH,
YTO OHO HOCHT KOJMUCCTBCHHBIN XapaKTep ¢ BBICOKIMH 3Ha-
YEeHUSIMU KOod(hPHUIIMEHTa HACISAYEMOCTH U ITpeodiialaHueM
anmuTuBHEIX dQdexroB reHoB (Clarke et al.,1998; Borelli et
al., 1999; Digesu et al., 2009; Blanco et al., 2011; Roncallo
et al., 2012; Schulthess et al., 2013). B ¢Bsi3u ¢ 3TuM npaBo-
MEpPHO MPENMOTIMKEHHE O TOM, YTO STOT IIPU3HAK YA00SH s
MOJICKYJISIPHOTO MapKHpOBaHus cOOTBETCTBYOIMX QTL 1 mx
KapTUPOBAHUS HA XPOMOCOMaX.

BuocuHTes, cogepKaHune n pacnpegeneHne
KapOTUHOWOB B 3ePHOBKE TBEPAOI MLLEeHNLbl
CpenHsisi KOHLIEHTPAIUsI KApPOTHHOMIOB B 3€pHE TBEPAOH
MIIeHHIB! coctapisier 6.2+0.13 mr/kr B cyxom Bece (Bran-
dolini et al., 2015) ¢ BappupOBaHUEM, B 3aBUCUMOCTH OT
copTa | YCIOBHUi cpeasl (Tox, MyHKT), oT 2.8 mo 12.3 mr/kr
(Colasuonno et al., 2017a). ITo muenuro H.C. Bacumpayka
¢ xomuteramu (2009), B TToBomkbe pU HU3KOW aKTHBHOCTH
OKHCIIUTEIBHBIX ()EPMEHTOB JOCTATOYHO UMETh 3€PHO C KOH-
HeHTparueit 4.5 MI/Kr Ui NOIyYeHNs] MaKapoH 30JI0THCTO-
’xenroro 1sera. KapoTHHOMIBI — HE €IMHCTBEHHBIC JKEIIThIE
MIUTMEHTHI B 3€pHE MIICHUIBI U APYTuX 371aKoB. CpaBHHUBAs
00IIIy0 KOHIICHTPAIMIO KAPOTHHOH/IOB, OTIPE/ICIICHHYIO Me-
TOZIOM BBICOKOA()(EKTUBHOMN JKUIAKOCTHOI XpoMoTtorpadun
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(BOXX), c obmmm coneprkanueM nurmentos, A.M. Digesu
¢ xommteramu (2009) moxasanu, 9To 07 KapOTHHOWIOB Y
KyJbTHBUPYEMBIX M JIMKUX TETPAIJIONJHBIX BUIOB IIIIC-
HuIbl coctaBmiia 33.2 % or o0IIero KoJm4ecTBa JKeNThIX
nmurMeHToB. [1o pesynbraram cBoux uccnenoanuii A. Blanco
¢ xorreramu (2011) Taxxe COOOIIMIH O J0JI€ KAPOTHHOH OB,
cocraBuBIeH 37 % B 00111eM 00bEME JKENITHIX TUTMEHTOB, YTO
O3HaJaeT HATNYHUE B 3KCTPAKTAX TBEPAOMN MIITEHUIIBI HEM3BECT-
HBIX JKEITHIX IIMTMEHTOB, MONIONIAIONINX CBET IpH 435 HM.
[To nanubiM (Fu et al., 2017), noay4eHHbIM NPH U3yYESHUH
KaHa/ICKUX COPTOB TBepIoW mmeHunsl Navigator u Strong-
field, heHONBHBIE COTMHEHNUSI MOTYT BHOCUTB CYIIICCTBEHHBIN
BKJIaJl B CTEIEHb JKEITU3HBI IIPU SKCTPAKIMH [TUTMEHTOB.
Brandolini ¢ kommeramu (2008) mpuIuy K BEIBOLY, 9TO, XOTS
KapOTHHOM/IBI SIBJISIOTCS HanOoJiee BaXHBIMU IMHIMEHTAMHU
IIPY OTIPE/ICIIEHHUH XKEJITOTO 1[BETa MIIEHNYHONH MYKHU U MaKa-
POH, X TOYHOE U3MEPEHNE MOXKET OBITh JOCTUTHYTO TOJIBKO
¢ nomouibto BOXX ananuza. Tem He MeHee cpeau KeaThIX
MMUTMEHTOB MMEHHO 110 KapOTHHOMIaM uMeeTcs Oosee 1oj-
poOHast HaydHas HHOpPMAIIHS.

K xapornHOMIaM OTHOCSATCS MUTMEHTHI — KapOTHHBI U
KCaHTO(WIUIbI. XUMHYECKH OHH TPEJCTaBISIOT CO00H 130-
MIPEHONIHBIE YIIIEBOMOPO/EL, copepxaiine 40 yriepoaHbIx
aromoB (Kperosnu, 1986). buocnHTe3 KapOTHHOM/IOB TIIIA-
TEJILHO MCCJIEJ0BAH Ha PA3IMYHBIX PACTEHHSIX — apaduaor-
cHce, pruce, KyKypy3se, Ieplie, ToMarax, aleilIbCHHE U JPYTHX
kyneTypax (Colasuonno et al., 2017a; Rodrigues-Concepcion
et al., 2018; Sun et al., 2018).

B 3epHe TBepaoi MILEHUIBI NPEACTABIEH IIMPOKUN Ha-
00p KapOTHMHOWIHBIX MUTMEHTOB: JIIOTEHH, 3-KapOTHH, 3ea-
KCaHTHH, B-KPUITOKCAHTHH, 3-alloKapoTeHaIl, aHTPaKCaHTHH,
TapaKCaHTHH (JTIOTEHH-5,6-3TIOKCHT), aBOKCAHTHH M TPUTH-
KOKCaHTHH. KapoTHHBI 0 1 3 B OCHOBHOM HaXO/sTCS B 3a-
pozblile, TTPEBAIMPYIOIIUI B 3€pHE CPEH KapOTUHOUIOB
motenH (86-94 %) OOMHAKOBO pacIpenieleH 10 CIOSAM H
yacTsiM 3epHOBKH (Digesu et al., 2009). Ero gons B cemonmne
IIPU pa3MoJie 3epHa TBEP/IOH MIIEHUIIBI cocTaBngeT 83 %, BO
(pakusax orpyoeii — 75 % (Fuetal., 2017). YcraHoBneHo, uto
XapakTep pactpeeIeH st JKEATHIX ITMTMEHTOB MO (QPaKIHIM,
BBIJICIISIEMBIM B IIPOLIECCE Pa3MoJia, BAPbUPYET, B 3aBUCUMO-
cTH OT reHotuna. KoHIEHTpalus JII0TeWHa B 3HJOCIEPME
copra Navigator Obl1a BBIIIE, Y€M B OTPYOSIX, B TO JKE BPEMsI
y copra Strongfield HaOnronanacs oOpaTHas 3aKOHOMEPHOCTh
(Fu et al., 2017). B mpomiecce momoa v MOIYYECHUS KPYIIKH
(ceMOoIMHBI) KOHIEHTpAIHs OOJIBITMHCTBA KAPOTHHOUIHBIX
MTUTMEHTOB YMEHBIIAETCSI, YTO CBSI3aHO C YBEINYEHHEM KOH-
TaKTa U3MEJIBIEHHBIX YaCTHIl 3€PHA C KUCIOPOJOM BO3IyXa
W aKTHBHOCTBIO (hepMeHTOB. JIIOTEnH 1 3eaKcaHTHH UMEIOT
OoJiee BHICOKYIO CTaOMIIBHOCTD IPH IIOMOJIE M M3TOTOBJICHUH
KOHEUHBIX MIPOIAYKTOB, TI0 CPABHEHUIO C IPYTUMH KaPOTHHOU-
nmamu (Kean et al., 2011).
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Biochemical reactions of the carotenoid pathway (Colasuonno et al., 2019).

The main components of the biosynthetic pathway are shown in black; all enzymes involved in carotenoid synthesis, in blue; enzymes of
the dioxygenase group involved in carotenoid metabolism in growing plants under stress and accumulating hormone-like ingredients -

abscisic acid and strigolactones - in red.

Haxkoruienne kapoTHHOB B 3epHE, 0COOEHHO [-KapoTHHa,
00yci1aBIMBacT N3MEHEHNE HHTCHCHBHOCTH OKPACKH CEMOJIH-
HBI OT JKEJITO-OPAHKEBOTO JI0 KpacHOBaToro orreHka. Kcau-
TO(HILTB 00ECTIEUNBAIOT KENTO-OPAHKEBYIO OKPACKY KPYTIKH
n MakapoH. Cxema OMOCHHTE3a KapOTHHOM/IOB MOKA3aHa Ha
PHUCYHKE. I/ICXO[[HI)IM BCLIIECCTBOM J1JIs1 6I/IOXI/IMI/I‘16CKOFO CHH-
Te3a KapOTUHOB CITYXKHUT S-yrepoauslii (C-5) nzonpeHons —
n3onerTmwimupodocdar. Konnencarus 3Toro u30npeHouna
IpeCcTaBisieT coOO0l OCHOBY JijIsi 00pa3oBaHUs I'epaHmII-
repannnnupodocdara (C-20). B pesynasrare coennHeHUs
JIBYX MOJIEKYJ repaHuiIrepanuianupodocdara mpu yaacTuu
(dhepmenTa uToeHCHHTETa3bl 00Opasyercs puroeH (C-40) —
MIEpPBOE MPOMEKYTOUHOE BEIIECTBO B OMOCHHTE3€ KAPOTHHOB.
DTOT 3Tl SBISIETCS KIFOYEBBIM — CKOPOCTH OMOCHHTE3a U Ha-
KOIUICHHUS (PUTOCHA BIIUSCT HA BEeCh Iy kKapoTuHou10B (Caz-
zonelli, Pogson, 2010; Ke et al., 2019). ®urtoeH B pe3yisrare
JiecaTypaiyy noj ieicTBreM (hepMeHTOB (PUTOCH /IeCaTypa3bl
(PDS), z-xapotunnecarypassl (ZDS), kapoTUHH30MEPa3bl
(CRTISO) n mocnen0BaTeIbHOTO YIAICHUS YETHIPEX aTOMOB
BOIOpOJIa IIPEBPAIIACTCS B IMKOIKH. JIMKOTTMH — KApOTHHOM T,
OIPEACISIONINN KPACHYIO U OPAH)KEBYIO OKPACKY IUIOOB, —
MCXOIJHOE BEIIECTBO ISl CHHTE3a 0-KapOTHHA/JIIOTenHa (KJ1ace
KCAaHTO(WIIOB) — TIIABHOTO KapOTHHOHW/IA 3epHa TBEPAOH
MIIEHHUIBI ¥ B-KapoTHHAa/3eaKkcaHTHUHA (Kjacc KCaHTO(MII-
JIOB) — IIABHOTO KOMIIOHEHTA KapOTHHOMIHBIX MHUTMEHTOB
B 3epHE KyKypy3sl (Zhang, Dubcovsky, 2008). /lansueiimee
T'HPOKCHIIMPOBAHKE O-KapOTHHA TPUBOAUT K 00pa30BaHUIO
JKENTOTO 3eHOKCAaHTHHA U JIToTenHa. TpaHchopmarus [-Ka-
POTHHA IPOAYIHPYET 00pa3oBaHUE B-KPUITOKCAHTHHA, 3€a-
KCaHTHHA, aHTPAKCAHTHHA, BUOJAKCAHTHHA U HEOKCAHTHHA.
OTH peakuy KaTaln3upyroTcsl IByMs HETEMOBBIMU [-Kapo-
tuaruapokcmnazamu (BCH1 u BCH2) u nBymst reMruapok-
cunazamu (CYP97A u CYP97C) coorBercTBeHHo (Sun et
al., 2018). [Tocnenuss ¢aza OnocuHTE3a KAPOTHHOMIOB, Ka-
Tanuupyemasl HeokcanTuHoKkenaaszoi (NXS), 3akmogaercst

B MPEBpAIlleHUH BHOJIAKCAHTHHA B HEOKCAaHTUH. OKHUCIICHUE
BHOJIAKCAaHTHHA W HEOKCAHTHHA NPHBOJUT K 00pa30BAHUIO
KCaHTOKCHHA, NPEBPaIlaeMOro B pacTUTEIbHbIH FOPMOH —
abcrmzoByto kucaoty (ABA), KoTopas crmocoOCTBYeT pery-
JSIPHOMY M cOaJIaHCHPOBAaHHOMY HAaKOIUICHHIO TUTMEHTOB B
pacTeHUsIX U POPMHUPOBAHUIO YCTOHYMBOCTU K AOMOTHYCCKUM
ctpeccam (Al-Babilli, Bowmeester, 2015; Nisar et al., 2015).
Eme onna BeTBB TpaHcopManuy B-KapoTHHA IPEICTABISET
IpeBpalleHHe ero 1noj AeicTBueM GpepMeHTOB THOKCUICHA3-
Ho#i rpymmsl (CCD7, CCDS, CYP711A1) B CTpUTOTaKTOHBI —
WHTPEINECHTH TOPMOHAIBHOW TPUPOIBI, PETYINPYIONINE
pa3BUTHE U pocTOBbIC mporecchl pactenuii (Colasuonno et
al., 2019).

MeTogapbl onpegeneHuna

06u.|ero N KOMMNOHEHTHOro coCtaBa
KapOTUHONAHDbIX MMFMEHTOB B 3€pHe

CoJiepkaHne MUTMEHTOB B 3€pHE, KPyIIKe U MakapoHax OT-
HOCHUTCS K CJIOKHBIM TTpH3HaKaM. J{J1st 001Iero ¥ KOMIOHEHT-
HOTO OITPE/ICIICHHS X COACPKAHUS CYIIECTBYET HECKOJIBKO
MOTOJIOB. DTaJOHHBIE METOJBI JUIsl OIpeesIeHHs 00IIero
cofiep KaHus KapOTHHOMUIOB — CTaHaapTHBIN Meton 152 (ICC
Method 152, 1990) MexxyHapOaHOH acCOIMAUU HAYKH U
texHuku o 3epHe (ICC) u mexayHapoaHblid oduIMatbHbINA
meron (AACC 14-50.01 (AACC International, 2013). Ot
JIBE TIPOLIECYPbl OCHOBAaHBI HA AKCTPAKIMH BCEX MUTMEHTOB
B BOJIOHACBIILIEHHOM H-OyTaHOJIE C MOCIEIYIOIINM CIEKTPO-
(hoTOMETPUIECKIM KOJTMYIECTBEHHBIM OIPEIEIICHUEM ONITHYE-
CKOM TUTOTHOCTH CTIMPTOBOTO IKCTPAKTa MpH 435.5 HM (amMHa
BOJIHBI MAKCUMaJIbHOTO TIOTJIONIEHHS JTFOTEHHA, JOMUHUPYIO-
IIero KapOTHHOW/ 1A B TBEPIOH MIIIeHHUIIe ). B kauecTBe anbrep-
HaTUBBI KOHIIEHTPAIMU IS XapaKTEPUCTHUKH HACBIIIICHHO-
CTH NMI'MEHTaMH 3€pHa PUMEHseTCs MHIeKC xKenTH3HbI (Y1)
Ha OCHOBE KOJIMYECTBEHHOTO OMpeaenieHns kod(huImenTta
orpaxeHus ceera. Xpomarorpad Minolta CR-300 (Konica
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Minolta Pty Ltd, Macquarie Park, NSW), ocHamieHHbIi nM-
MyTbCHOW KCEHOHOBOH AYTOBOH JIAMITON, — HanOOIIee 9acTo
UCTIONB3YeMBIi HHCTPYMEHT JUIS aHAJTM3a MHIEKCA KEJITH3HBI.
DT0T IPUOOP MO3BOJISIET ONPEEISITH KOAPUIIMEHTI HHIIEKCA
KENTH3HbI 1 KopruaHeBaTocTH (100-L) ceMonnHBI 1 MaKapoH.
B Poccun B HEKOTOPBIX CENEKIIMOHHBIX IEHTPAX JUIsl OTIpe/ie-
JICHHSI MHJICKCA JKEJITU3HBI MPUMEHsieTcst ipudop Specol 10
o Metozonoruw, nmpeanoxennoi H.C. Bacunsaykom (2001).
MeTtozp!1 OBICTPOCHCTBYIOIIEH )KUIKOCTHOM XpoMoTorpadum
Boicokoro napienust (HPLC) ¢ npumenennem nudpakpacHoit
CTEKTPOCKOIHNH TTO3BOJISTIOT ONIPEAEIIUTE XUMUIECKUH COCTaB
KapOTHHOM/IHBIX TUTMEHTOB U M3MEPUTD KOJIMIECTBO KAJK/I0TO
KOMITOHeHTa B kpynke U nacre (Brandolini et al., 2008; Fu
etal., 2017).

KapTnpoBaHue noKycos,
KOHTpOANpyrwLwnx CMHTE3 NUrMeHTOB
KoHIeHTpaIus MIrMeHTOB B 3¢pHE TBEPIOW MIIICHHUIIBI KOH-
TPOJIUPYETCS PA3THUHBIMK [€HAMH C aJIUTHBHBIMU d(dekTa-
MU ¥ 3aBHCHT OT yCJIOBH BHeNTHeH cpersl (Bacumsayk u ip.,
2009; MamsarkoB, 2009; Schulthess, Schwember, 2013; I'aro-
HOB U 1Ip., 2018; MsicuukoBa u 1p., 2019). Cucremarnueckoe
COPTOM3YYEHHUE B PA3THYHBIX SKOJIOTHIECKHUX YCIOBHUIX Ja€T
HEOOXOMUMYI0 HH(POPMAIIHIO O CBOUCTBAX COPTOB U HAIMIHU
y HuX cootrBeTcTBytonmx QTL. JlocToBepHbIe, 3HAUNTENLHBIC
1 CTAaOWMIIBHBIC PA3TUYNS MEXK/Ty TEHOTHUITAMH 110 BETNIHMHAM
YPC (Yellow Pigment Concentration) u Y1 (Yellowness Index)
CBUJICTEJIBCTBYIOT O (DYHKIIMOHHPOBAHUH JIOKYCOB KOJIMYe-
CTBEHHOTO TpH3HaKa. JIJ11 MapKUpPOBAaHHUSA W JIOKAIN3ANN
QTL ncnions3yrot pekoMOnHaHTHO-UHOpenHbIe TuHuA (RIL),
CO3JIaHHBIC OT IBYPOIUTEILCKUX CKPEIIMBAHUN KOHTPACTHBIX
10 BETMYMHE TIPU3HAKA COPTOB M OTOOPAHHBIE B IIOKOJICHISIX
(OT OTHOTO MAPHOTO CKPCIIUBAHUS) U3 OCKKPOCCHBIX WA
quraronaabix nonynsauuit (Elouafi et al., 2001; Pozniak
et al., 2007; Singh et al., 2009; Colasuonno et al., 2014).
B HacTosmee BpeMs AJs 3TUX [ENed UCIONIB3YeTCs METOM
MOJIHOT€HOMHOT'O I'€HOTHITUPOBAHUSI JUIs TIOMCKA KOPPEJISILIUiA
MEKIy TeHOTHUIIaMH 1 (PeHOTHUTIAMH B HAOOpax CeJIEKIIMOHHBIX
JUHAHA, 00pa3I[0B TeHETHYCCKUX KOJUICKIIMA W BBISBICHUS
aJJICIIbHBIX BAPHAHTOB MOJICKYJISIPHBIX MAPKEPOB U (PYHKIIHO-
HapHBIX TeHOB (Vargas et al., 2016; Colasuonno et al., 2017a;
Fiedler et al., 2017). B mocneanee aecsTHIECTHE ITOT IMOIXO]T
MOJIyYHJI PacipoCTpaHeHue Oyiarojaps HaJIMUUIO OOJIBIIOTO
rxonuuectBa JJHK-MapkepoB, paBHOMEPHO pacipeaesIEHHbIX
B TCHOME, ITOTyYCHHBIX Ha OCHOBE OJHOHYKJICOTHHOTO ITO-
mumopdusma (SNP) 1 coBepiiieHCTBOBaHHUSI CTATUCTHYCCKUX
nHCcTpyMeHTOB (UecHOKOB, ApTembeBa, 2011; Maccaferri et
al., 2011; Wang et al., 2014; Sehgal, Dreisigacker, 2019).
Kapruposanue QTL mpeamnonaraeT XpoMOCOMHYIO JIOKAJIH-
34170 JIOKyCa B TEHOME IO pe3yNbTaTaM OIEHKH MTPU3HAKOB,
MOJYYCHHBIX B HECKOJIBKHIX 3KCIICPUMCHTAX.
BocrponsBoguMOCTh pe3ysIbTaTOB MOXET 3aBUCETh OT
BJIMSHUS Ha MPU3HAK B MCCIEAYyeMON KapTHPYIOMIeH MoITy-
JISIIIAA MHOTOYUCIICHHBIX TEHOB C QITATHBHBIMU dPEKTaMHu,
PONUTETHCKUX KOMIIOHCHTOB, B3aUMO/ICHCTBHSI FCHOTHUII—CPE-
Jla, 9rciia UCIOIb3YeMbIX MapKepoB M Crocoba M3MEepeHHs
kapotuHounnioB. B Hacrosiuee Bpems anst YPC u Y1 unenrtu-
¢unmposan 81 QTL, Britouas cunmietonsl 1 kinactepsl QTL,
KOTOpPBIE pacTpeneneHs! mo BceM xpomocomam (Colasuonno
etal., 2019). Jlokamu3zarms HekoTopbix QTL Obu1a monTBepK-
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JICHA C UCTI0JIb30BAaHUEM HECKOJIBKUX KapTHPYIOIIHX ITOITYJIsI-
Ui, 9TO YKa3bIBAaEeT HA MPUCYTCTBUE CTAOWIBHBIX aJlIeNeH,
BIIMSIONIMX HA YIy4IICHHE [IBETA U MUIIEBOM ICHHOCTH 3epHa
TBepaoii nuenuibl. Cradunbaeie QTL Obun 00HAPYKEHBI B
xpomocomax 1A, 1B, 2A, 2B, 3B, 4A, 6A, 6B, 7A, 7B (Parker
et al., 1998; Hessler et al., 2002; Patil et al., 2008; Zhang et
al., 2009; Pozniak et al., 2012).

ITo >¢pdexTam HA PEHOTUNMUYECKYIO BapHaOEITHLHOCTD
npusHakoB QTL pacnpeznessirorcs Ha TPYNIIBI C CHIBHBIM
(40 %), cpenuum (10—40 %) u HezHauntenbHBIM (<10 %)
prusiHueM (Colasuonno et al., 2019). I'maBHBIE TOKYCHI C
cwibHBIM BiusiHueM Ha YPC u Y1 Obum kapTHpoOBaHBI B
xpomocome 7AL u qucransHoit oonactu 7BL (Elouafi et al.,
2001; Pozniak et al., 2007, Patil et al., 2008; Zhang, Dubcov-
sky, 2008). B wactHOCTH, B JUIMHHOM IIIeYEe XPOMOCOMBI 7A
obutn naenTudumpoBansl 18a QTL ¢ IPOTHBOMIOIOKHBIMU
s dexramu. JIokyc ¢ HeraTHBHBIM 3((EKTOM ITO0 OTHOIIICHUIO
k nmpu3HakaMm YPC u Y1 6bu1 acconmmpoBaH ¢ aJuieIbHBIMU
BapHalsIMU T'eHa anbiaeruaokcuaassl (AO) — depMenTa,
KaTaJU3HUPYIOLIETO AerpaJaliio KapOTHHONUIOB B PE3yIIbTa-
te ux okucnenus (Colasuonno et al., 2014, 2017b). Bropoii
(QTL-73), pacnonokeHHbIH B 00JIACTH JIOKAJIU3AIMN T'eHa
Psy-1, okaspiBan monoxkutensHbIi 3¢ dexr (1o 60 % Bapua-
un) Ha npusHak YPC. Ananormunbie accormannud QTL u
YPC ycranosiens! B xpomocome 7BL — HeratuBHbIN 23 dexT
OJHOTO JIOKyca Ha (eHoTHIHYecKoe nposiBieane YPC co-
ctaBisia 29 %, MO3UTUBHOE BIUSHUE BTOPOTo JIoKyca — 52 %
(He et al., 2008, 2009; Zhang, Dubcovsky, 2008). B my6mu-
karmun (N’Diaye et al., 2017) cooOmraercst 0 KapTHPOBAHUT
YPC u Yi METo10M KOHCTPYHPOBAHHS AIUIOTUITHBIX OJIOKOB.
larnorumnHeie 6510kK (HOPMUPYIOTCS C IPUMEHEHHEM HAChI-
meHHBIX MoJeKyIsipHbIX SNP kxapt. ITpu atom SNP, pacro-
JIO)KCHHBIE B XPOMOCOME B Tpezienax 5.3 ¢cM, rpynmupyror B
OJIMH TaIUIOTUITHBIN OJIOK, ONPENEIISIOIINI OJIUH JIOKYC, KO-
TOpHIit 0003HauaeTcs mpedurkcom “hap” ¢ ykazanuem Homepa
XPOMOCOMBI U TIOPSIIKOBOTO HOMEpA JIOKyca Ha XPOMOCOME.
DTOT NOAXO/1 MOATBEP/IMII CYIIECTBOBAaHHUE BHICOKO3HAYHMOTO
QTL (hap_7A 32, mapkep Tdurum conting 54832 139) B
xpomocome 7AL, oObsicHsromero 35.6 % ¢enorunuueckoit
JUICIIEPCHU OOIIEero MUIMEHTa M MHJIEKCa KEITU3HBI B CEMO-
JIMHE TBEPAOM MILEHULBI U CBSA3aHHOIO C JOKycoM Psy-Al.
Hcnonb3oBanne M0100HOTO METO/A MOATBEPANIIO JI0CTOBEP-
Hyto 3HagnMocTh QTL B xpomocomax 2A (hap 2A 18), 7B
(hap 7B 36) u 4B (hap_4B 6).

Hesznaunrensusie no adpdexram QTL oOHapykeHbI B Xpo-
mocomax 3A (Parker et al., 1998), 4A u 5A (Hessler et al.,
2002), 2A, 4B u 6B (Pozniak et al., 2007), 4B u 6B (Zhang,
Dubcovsky, 2008), 1A, 3B u 5B (Patil et al., 2008), 3B u 5B
(Howitt et al., 2009), 1A, 1B, 3B u 4A (Zhang et al., 2009).

leHbl, yyacTByloLMe B GUOCMHTE3e KapOTMHONAOB
1N NX oKncieHnn B npouecce n3rotoeneHnA
KOHEeYHbIX MPOoAYyKTOB

B Hacrosiiee Bpemst osrydeHa HH(GopMarus o reHax-KaH/In-
JlaTax, pacloJ0oKeHHbIX B PETHOHAX JIOKAIU3alluH JIOKYCOB CO
3HAYNMBIM BimstHEEM Ha ripr3Hakn Y PC u YI. B narHoM ciry-
4yae K HUM OTHOCSTCS T€HbI, KOHTPOJIUPYIOLINE AKTUBHOCTh
OCHOBHBIX ()epMEHTOB OMOCHHTE3a KAPOTUHOM/IOB IIICHUIIBI,
U KaTaboJINYeCKUE TeHbI, BBI3BIBAIOIINE JETPalalluio0 Kapo-
TuHOU0B. KonndecTBeHHbIE pa3auyns FEHOTUIIOB MO Ha-
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Table 1. Genes and their markers associated with the concentration of yellow pigments in grains
and processed products located in wheat genomes A and B
Gene  Locus Allele, haplotype Marker Chromosome Reference
PSY-1  Psy-A1l hap_7A_32 T.durum_conting54832_139 7AL N'Diaye et al,, 2017
PsyA1la, PsyAlb YP7A 7AL He et al., 2008; Ravel et al., 2013
PsyA1la, PsyA1b, PsyAlc YP7A-2 7AL He et al,, 2009; Crawford, Francki, 2013;
Ravel et al., 2013;
Psy-A1o, Psy-Ale, Psy-A1p, Psy-A1_STS 7AL Singh et al., 2009;
Psy-Ala Psy-Alc, Psy-A1t Crawford, Francki, 2013
PSY1-Al YP7A-2, Psy-1SSR Qyp.macs-7A  7AL Campos et al., 2016;
Vargas et al., 2016; Patil et al., 2018
Psy-A1a, Psy-A1k, Psy-Alka,  Psy-A1_R_49 7AL Ravel et al., 2013
Psy-A1kb, PsyA1le, Psy-Alca,
Psy-A1cb, Psy-A1p, PsyAlra,
Psy-A1rb, Psy-ATlj, Psy-Alt
Psy-B1 hap_7B_36 7BL N'Diaye et al., 2017
Psy-B1a, Psy-B1b YP7B-1 He et al., 2009; Ravel et al., 2013
Psy-B1c YP7B-2 He et al., 2009
Psy-B1d YP7B-3 He et al.,, 2009
Psy-Ble, Psy-B1a, Psy-Blaa,  YP7B-4 Ravel et al.,, 2013
Psy-B1b, Psy-B1ca, PsyB1m,
Psy-B1d
PSY-2  PSY-B2 Xwmc73 - Xgwm274 -wPT-3661 5BS Colasuonno et al.,, 2014
ZDS Zds-A1  Zds-Ala, Zds-Alb YP2A-1 Dong et al,, 2012
LCYE e-LCY e-LYC3Aa, e-LYC3Ab3A 3A Crawford, Francki, 2013
(lutein)
Lipoxygenase activity (LOX)
Lpx-B1 Lpx-B1.1 hap_4B_6 Lpx-B1.1c T.durum_conting51688_681 4BS Verlotta et al.,, 2010
Polyphenol oxidase activity (PPO)
PPO Tcl Xgwm312@2A 2AL Watanabe et al., 2006
Tc2 2BL Watanabe et al., 2006
PPO-1  PPO-A1 PPO-A1b, PPO-A1f, PPO-Ale, PPO18, MG18, 2AL He et al,, 2009; Taranto et al., 2012;
PPO-A1g, hap_2A-18 BobWhite_c41527_201 N'Diaye et al., 2017

KOILJICHUIO TTUTMEHTOB CBSI3aHBI C aJUICJIBHBIM Pa3HOOOpa-
3ueM reHoB PSY — ¢uroencunTerassl (Pozniak et al., 2007;
He et al., 2008; Dibari et al., 2012; Colasuonno et al., 2014;
Campos et al., 2016), LCYE — nukonun-g-umkiassl (Howitt
et al., 2009; Crawford, Francki, 2013), LCYB — nuxonus-f3-
mukiassl (Zeng et al., 2015), HYD — B-ruapokcumnassl (Qin
et al., 2012), PDS (¢puroennecarypasbl) u ZDS — kapoTuH-
necarypassl (Cong et al., 2010). Karabonmudeckne reHsI KOHT-
PONHPYIOT aKTUBHOCTH anbaerunokcuaa3sl — AO (Colasuonno
et al., 2017b), nonudenonokcumassl — PPO (Watanabe et al.,
2004, 2006; Si et al., 2012), rumoxcurenassl — LOX mmm Lpx
(DeSimone et al., 2010; Randhawa et al., 2013) u nepokcua-
361 — PER (Ficco et al., 2014), cHIKaIOIUX KOHIIEHTPALIUIO
MTUTMEHTOB M MOTPEOUTETHCKIE Ka9eCTBA KOHEYHBIX TPOTYK-
ToB. Hambonee 3HaYMMBIC TEHBI, UX aJUICIFHBIC BAPHAHTHI H
MapKepbl 00CYKIAI0TCS B TEKCTE U TPEICTABICHBI B Ta0. 1.

Kak yxe oTMedeHo, KII04eBBIM ()ePMEHTOM B CIIOKHOM I1e-
MOYKe OMOCHHTE3a KapoTHHOUIOB siBisieTcst PSY. M3BecTHBI
TPH Pa3InYHbBIX T'€HA, KOAUPYIOIINX aKTUBHOCTB 3TOT0 (hep-
merTa: PSY 1, PSY 2, PSY 3, xapTupoBaHHBIE B TOMEOIOTHY-
HBIX XpoMOcoMax 7-, 5- u 3-if rpynn cootBercTBeHHO (Dibari

etal., 2012). I'ern PSY-1 ObL1 l0Kann30BaH B XxpoMocomax 7A
u 7B TBepno# mmennisl. O6HapyxeHo, uTto reH PSY-B1,
pacrnosoKeHHBIN B XpoMocoMe 7B, cerpernpyer CoBMECTHO ©
QTL, acconmmpoBaHHBIM ¢ KAPOTHHOUAHBIM ITYJIOM, C U3MEH-
unBocThI0 Y1 1 YPC ot Hu3Koro ypoBHs (10 %) no cpennero
(10-30 %). I'en PSY-A1, pacrionokeHHBII B XxpoMocome 7A,
BesleT ce0sl KaK KOJOMHHAHTHBIN Mapkep, oObsicHsieT (heHo-
THUINYIECKYO0 H3MEHUYNUBOCTb, B 3aBUCUMOCTH OT FeHO(hOHA, B
nuanaszone ot cpenHero (10-30 %) no Beicokoro (30-50 %) u
o4eHb BbICOKOTO (>50 %) ypoast (Colasuonno et al., 2014).
B menom BnusHMe anmprepHaTHBHBIX amneneir PSY-Al, mo-
BUJMMOMY, SIBJISIETCSl HanOosiee Ba)KHBIM B M3MEHUYHUBOCTH
KOHIICHTPALMU ITUIMEHTOB U MHJEKCA JKEJITU3HBI KPYIIKH.
OTOT BBIBOJI OCHOBAH HA PE3yJIbTaTaX U3yUCHUS PA3INIHBIX
nomnynsiui TBepaoi mmenunst (Campos et al., 2016; Vargas
etal., 2016; Patil et al., 2018). I'er PSY-B2, tokain3oBaHHbIN
B 5BS, He oka3bIBai CyIIECTBEHHOTO BIMSHUS HAa KOHIICH-
TpaLuio KapoTHHOMIOB B 3epHe M Kpymke (Colasuonno et
al., 2014). Jlokan130BaHHBIN B JUIMHHOM ILIEYE XPOMOCOMBI
5B rer PSY-B3 moBsImIa 3KCIpeccrio B JTUCTHIX U KOPHIX
B YCIIOBHSIX aOMOTHYECKOTO cTpecca (3acyxa, 3aCOJCHHUE)

CENIEKLMA PACTEHUI / PLANT BREEDING 505



P.N. Malchikov
M.G. Myasnikova

The content of yellow pigments in durum wheat grains:
biosyntheses, genetic control, marker selection

Table 2. Distribution of the Lpx-B1 genes and alleles among cultivars of different breeding periods (Verlotta et al., 2010)

Varieties

Country

Haplotypes

I Il n
(Lpx-B1.1b (Lpx-B1.1a (Lpx-B1.c
+Lpx-B1.3) +Lpx-B1.2) +Lpx-B1.2)

Marco, Gianni, Bronte, Rusticano, Tiziana, Svevo, Giotto, Italy
Iride, Dupri, Italo, Radioso, Claudio, Torrebianca

Brindur, Nefer France
Messapia, Gargano, Carpio, Cirillo, Adamello, Colosseo, Italy
Quadrato, Ciccio, Vesuvio, Platani, Giusto, Solex, S. Carlo,

Bradano, Preco, Fortore, Varano, Lesina, Zenit

Colorado Italy/USA
Navigator Canada
Strongfield Canada

Note.The“+"sign indicates the belonging to the haplotype.

1 OBII CBsI3aH C yBEIMUYCHUEM ITyJa aOCIM30BOI KHCIOTHI
(Dibari et al., 2012). ['eHbI, KOHTPOJUPYIOIIHEC AKTUBHOCTh
JIpyrux (PepMEeHTOB, TAK)KE MMEIOT 3HAYMMOE BIUSHHUE Ha
KOHIIEHTPAIIMIO TMTMEHTOB B 3¢pPHE U KOHEYHBIX MPOIYKTaX.
Tak, ren nuxonuH-g-uukiasel (LCYE), accoruupoBaHHbIi
¢ QTL =a xpomocome 3A, urpaet ONpeessonIyi0 polib B
Ipoleccax HaKOIJICHUs JIIOTEHHA — ITIaBHOTO KapOTHHOM/IA
3epHa TBepzou nureHuisl (Howitt et al., 2009). T'en z-ka-
poruHaecatypassl (ZDS), MapKupyeMbIii KOMOMUHAHTHBIM
(yHKIIMOHATBHBIM MapkepoM YP2A-1 Ha ocHOBe momMMop-
(dhu3Mma IBYX ajuiesiell, pacroyioKCHHBIA Ha XpoMocome 2A,
o0bsicasn 11.3 % denorunmueckoit qucnepcnn YPC u 1Y B
TOITYJISIMY AUTaIuIonaHbIx muHmid (Dong et al., 2012).
Hawuboree 4eTko BbIpasKeHbI FeHbI-KaH IU/aThl, y4aCTBYIO-
IMKe B KaTaOOINYECKOM ITyTH OKHCIICHUS KapOTHHOHJIOB.
Jlunokcurenasa (Lpx) y pacTeHuii mpogynnupyeT akTHBHBIC
(hOopMBI KHCIIOPO/Ia, TPUBOJISIIUE K Ierpaaalliii KapOTHHOU-
JIOB 11 00€CIIBEUNBAHUIO KOHEUHBIX TPOLYKTOB, MOTYy4aeMbIX
u3 3epHa TBepaoii mreHutsl (Borrelli et al., 2003). YV tBepmoit
IIIEHNIBI CYLIeCTBYIOT pasHble reHbl Lpx (Borrelli, Trono,
2016). Ha cragum 3penoro 3epHa y COPTOB C KOHTPACTHON
AKTHBHOCTBIO (OKHCIUTEIIBHOM CIIOCOOHOCTHIO) OblIa ycTa-
HOBJICHA pa3JInuHasl CTeNEeHb TPAHCKPUIIIIMU TeHOB Lpx-1 u
Lpx-3, B To BpeMs Kak TPaHCKPUNTHI LpX-2 Ha CTaiH 3peoro
3epHa orcyrcTBoBany (De Simone et al., 2010). Jlokyc Lpx-B1
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pacIojoKeH Ha KOPOTKOM Iuteue Xpomocomsl 4B, B koto-
poM OOHApyKEHBI TPU TECHOCLECIUICHHBIX reHa: Lpx-Bl.1,
Lpx-B1.2 u Lpx-B1.3. T'er Lpx-Bl.1 npencrasnen Tpems
amnensimu — Lpx-Bl.1a, Lpx-B1.1b, Lpx-Bl.1c (Hessler et
al., 2002; Carrera et al., 2007; Verlotta et al., 2010). Ananu3
QTL y TBepmo# nueHunsI moxasa, uto 35-54.0 % Bapuannu
akTuBHOCTH LpXx oObsicHsiercs Lpx-Bl. Amrens Lpx-Bl.1c
OTINYaeTCA JeIeliel B HyKJICOTHTHOH TOC/IEI0BATEIbHOCTH
OT BTOPOTO MHTPOHA J0 Tocieanero sk3o0Ha (Carrera et al.,
2007). DTOT anienb KOPpeIupyeT ¢ BBICOKUM YPOBHEM SKell-
TU3HBI U OTHOCUTEJIBHO CJIA0O0M Jierpajanueil MMrMeHToB B
MakapoHHBIX m3fenusax (Carrera et al., 2007; Verlotta et al.,
2010). N3ydeHne KOJUIEKIIMK TBEPAOH MIIICHHUIIBI C BKITFOYC-
HHEM B Hee JIAaH/IPAcOB U COBPEMEHHBIX COPTOB MO3BOJIMIIO
UICHTH(UIMPOBATH TPH IAIIOTHIIA: IEPBBIN BKIIFOUAI TEHBI U
aimtemn — Lpx-B1.3+Lpx-B1.b, Bropoii — LpxB1.2+LpxB1.1a
u tpetuil — LpxB1.2+LpxB1.1c. OTu rannotumnsl 1eMoH-
CTPUPOBAJIN, COOTBETCTBEHHO, BBICOKUH, CPEHNUN U HU3KUI
ypoBHH (pyHKIIMOHANEHBIX TpaHCcKpunToB Lpx-B1 u pepmen-
TaTUBHOM aKTUBHOCTH B CO3PEBIIIEM 3€pHE.

W3BecTHBI KOMMEpUECKNE COPTa-HOCUTEIH PA3HBIX Te-
HOB, Lpx-Bl.1, Lpx-B1.2, Lpx-B1.3, u anmnenei B nokyce
Lpx-Bl1.1. B yactaoctu, copra Kofa n Aureo coumepxar
amrens Lpx-Bl.lc. Onmcansl BO3MOXHOCTH HAKOTIIICHUS
KapOTHHOM/IOB 1 T€HETHKa JIMIIOKCUTEeHa3bl y copToB: Prima-
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dur (umeeT BBICOKOE COJiepKaHHE KAPOTHHOH/IOB U BBICOKYIO
aKTUBHOCTH JIMITOKCUTeHa3bl), Cosmodur (BbICOKast KOHIIEH-
Tparys KaApOTHHOMIOB, HU3KAsl aKTUBHOCTB JINTTOKCHT€HAa3bl —
Lpx-Bl.1c), Trinakria (Hu3Kasi KOHIIEHTPAIHsI KapOTHHOU-
JIOB, BBICOKAsI aKTHBHOCTD JIMITOKCUTEHa3bl), Creso (HU3Koe
coziepKaHue KapOTHHOW/IOB M HU3Kasl aKTHBHOCTD JIUTTOKCH-
renassl — Lpx-B1.1c) (De Simone et al., 2010). [To ganHbIM
A. Verlotta ¢ xomneramu (2010) B Tabn. 2 mokasaHo pac-
MIpe/IeJICHHE COPTOB Pa3HbIX NMEpHOA0B cenekimu (1o 1971
u B 1971-2005 rr.) mo ux ONpUHAIIEKHOCTH K Pa3IHYHBIM
ramioTunaM. BhI3pIBacT BHUMAaHNE yBEINYEHHE YacCTOTHI
BCTPEYAEMOCTH BTOPOTO M TPETHETO TAIIOTHIIOB B COPTAX
MOCJIE/IHUX TIEPUOIOB celeKIy. Heo0xoanmo no4epkHy Th,
YTO 3TOT pPe3ylbTaT JOCTUTHYT CElIeKIIMOHEepaMu 0e3 mo-
HUMaHHS M y4eTa B CEJICKIIMOHHBIX MPOIEAYpaX T'€HETHKH
OKHCIUTENBHBIX MPOIIECCOB B 3€pHE.

BTtopoii no 3Ha4MMOCTH BO3AEHCTBUS HA LBET KOHEUHBIX
MPOYKTOB KaTabOIMUECKUH epMeHT — rosrdeHonoKken1a-
3a (PPO). AkTHBHOCTB (hpepMEHTa KOHTPOJIHUPYIOT J[BA TeHA,
UACHTH(OUIUPOBAHHBIX HAa TOMEOJIOTMYHBIX XPOMOCOMaX
BTOpOIi rpymmsl, 2A u 2B (Jimenez, Dubcovsky, 1999; Simeo-
ne et al., 2002; Watanabe et al., 2004, 2006). B yactHOCTH,
R. Simeone ¢ xomreramu (2002) cooOMUIN 0 3HAYUTETHLHOM
reHetuueckoM 3¢pexre Ha akTuBHOCTH PPO s10KyCa Ha JutnH-
HoM 1iede 2A xpomocomsbl. I'enbl Tcl u Tc2 B aucTambHbIX
gactsax 2AL u 2BL Ha paccrosaun 46.08 u 40.7 cM ot 11eH-
TpoMepbl kaptuposansl N. Watanabe ¢ xoyuteramu (2004).
N3yuenue RIL, monmy4eHHo#i 0T ckperuBanus copros Jennah
Khetifa m Cham 1, moxasaio, 9To JTOKyc B XpomMocome 2A
obecreunBait 49.1 % akruBHOCTH PPO, HHU3Kash aKTHBHOCTh
cerperupoBajia ¢ MOJIEKyJISIpHbIM Mapkepom Xgwm312@2A
(Watanabe et al., 2006).

JlBa romonorn4Hex cemeiictBa PPO Obln KapTHpOBaHBI
10 BTOPO I'OMEOJOTUYHOM I'PYyIIE XPOMOCOM U Ha3BaHbI
PPO-1 (PPO-A1 u PPO-B1) u PPO-2 (PPO-A2 u PPO-B2)
(Beecher et al., 2012). Mcnionbp3oBanne mapkepa, criennpud-
Horo s Msarkoi nuenuisl (PPO18), ans ananusa tBepaon
TIIICHHUITBI TO3BOIMIIO OOHAPYKUTH YeThIpe aytens PPO-Al:
PPO-Alb, PPO-Alf, PPO-Ale, PPO-Alg (He et al., 2009).
Hcnons3yst 111 obOpasuos TBeproii nmenunnpl, F. Taranto ¢
kosuteramu (2012) ompenenunu CBA3b pa3IHYHBIX aJuleiel
PPO-A1 c ypoBHeM aktuBHOCTH (hepmenTa. Amtens PPO-A1f
ObLI cBsi3aH C BbICOKOM, Torna kak PPO-A1b u PPO-Alg —
C HU3KOI aKTHUBHOCTBIO (hepMeHTa. DTH yUeHbIe pazpadoTann
Taxke HOBBIN Mapkep (MG18), ciocoOHbIi 00HApYXUTH TE
JKe aJUiesid, 9To U npu nomoiiu mapkepa PPO18, Ho Gosee
3¢ dexkTnBHO U ¢ Ooee HU3KOH BapnabeTbHOCTHIO AKTHB-
Hoctu PPO BHYTpH Kax 1011 rpyHIIbl COPTOB, HECYIIUX OAHH
u ToT e ayuens (Taranto et al., 2012). B mapkep-accoruu-
POBaHHOM CENEKIIUH C LENbI0 CHIDKEHHUS akTuBHOCTH PPO
11e71eco00pa3HO UCHOIB30BATh U Mapajornynsle reusl PPO-B1
n PPO-B2 ¢ mpuMeHeHHEM COOTBETCTBYIOUIUX MapKEpPOB
MGO08 u MG33, npeanmoxkennsix F. Taranto ¢ xomigeramun
(2015). T'enst PPO-B1 u PPO-B2 Obiin pacronoxeHsl Ha
paccrosHum 11.4 cM ot neHTpomepsl Ha xpomocome 2BL.
CKPHHUHT KOJUIEKIIMY TBEPOH MIIEHHIIBI C TIOMOIIBIO Map-
kepoB MGO08 1 MG33 no3Bosii HAeHTH(GUIMPOBATH YEThIpE
U JIBa aJljieisi COOTBETCTBEHHO, BKJIIOYAsl TPU HOBBIX ajljIesis
rena PPO-B1: PPO-B1b, PPO-Blc u PPO-B1d, u oaun HO-
BeIi ayutens PPO-B2 — PPO-B2d. Mapkep MG33 criocoben
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CopepkaHue KenTbiX NrMEHTOB B 3epHe TBEPLOW MNLIEHNLbI:
6VIOCUHTE3, FEHETUUECKUI KOHTPOb, MapKepHas cenekuus

pacnio3HaBarh 1Ba ajuiens PPO-B2, cBs3aHHBIX ¢ BBICOKOH
(PPO-B2d) u mm3koii (PPO-B2a) aktuBHOCTRIO (hepMeHTa
(Taranto et al., 2015).

3HauuTenpHoe BIusiHue Ha nmpusHaku Y1, YPC u et ma-
KapOHHBIX M3JeNNi OKa3bIBaeT aipaernaokcuaasza (AO; EC
1.2.3.1) (Colasuonno et al., 2017b). Tpu uzopopmsl pepmenTa
nmenuin, AO1, AO2, AO3, ObutM J0KaJn30BaHbl Ha 2-,
5-, 7-XpOMOCOMHBIX I'pYMIIax COOTBETCTBEHHO. TpeTHil reH
anpaeruaokcuaasbl, AO-A3, pacnojgoKeHHbIH Ha XPOMOCO-
Me 7AL, cszan ¢ QTL, Baustrorum Ha ipusHaku Y1 u YPC
(Colasuonno et al., 2017b). DKcIIepUMEHTHI C IBYMS COPTaMH,
Cicco (Hn3KO0€ cofiepkaHne KapOTHHOM/IOB B 3epHE) U SVEVo
(BBICOKOE COAep)KaHHE KapOTHHOMJIOB), C IPUMEHEHUEM
Metona qRT-PCR BBIABHIM BBICOKHH yPOBEHB IKCIIPECCHU
rena AO-A3 y nepBoro copra 1 HU3Kuil y BTOpOro, 4ro noj-
TBEPIK/IaeT OTPULATENBHBINA A(Q(PEKT MPOYKTOB I'eHa B IEPHO]]
HaKOIUIeHUsI KapoTmHOMIoB. Ha ocHoBe SNP maHHBIX, co-
oTBeTcTBYIOIMX n3odopme pepmenra, Ha xpomocome 7AL
kapTupoBaH Mapkep IWB59875, kotopslil npeuiokeH st
MPOLIETyp MapKEPHON CENEKIMN /sl TOBBIIEHUS COJepIKa-
HUSI KAPOTHHOM/IOB B 3€PHE U IIBETa MAKAPOHHBIX M3/CINI
(Colasuonno et al., 2017b).

[Tepoxcunassl — (pepMEHTHI, KaTaIu3UPYIOMIHE OOIIYIO
peakuuo: ROOH+H,0,=ROH+H,0+1/20, (Feilletetal.,
2000). ITacra, mpou3sBeneHHAas U3 3epHA COPTOB C BHICOKUM
YPOBHEM aKTUBHOCTH IIEPOKCHA3bl, UIMEET OypO-KOpHU-
HEBBIHM I[BET M HU3KHE MOTpeOUTENbCKUe KadecTBa (Sisson,
2008). B 1o xe BpeMsi B mpoliecce M3TOTOBIECHUSI MaKapoOH
MEPOKCH/Ia3a HE MPOSIBISIETCA B CBA3U C HEJOCTYIMHOCTHIO
nepexucu Bogopona (Ficco et al., 2014). AxruBHOCTH (ep-
MEHTOB 3TOH IPYIIIbI B 3¢PHE TBEP/IOH ITILICHHUIIBI 3HAYUTEIILHO
MEHBILE, YEM B 3€pHE MATKOW NMIIEHHIBL. B CcBA3M ¢ 5TUM
OOJIPIIMHCTBO MCCIIEOBAHUH TI0 MX M3YYEHHIO ITPOBEJCHO
Ha MATKOM IIIeHULE. B nmuTeparype OTCYyTCTBYIOT CBEACHUS
o crer(uIecknx MapKepax B T€HOME TBEPAOH MIICHUIIBI,
cBsa3aHHbIX ¢ QTL vnu renamMu HU3KOHM akTUBHOCTH. B psine
MyOJIMKaIMi OTMEYEHO, YTO TeHbI TIEPOKCHIAa3bl PACIIONIONKE-
HBI B TOMEOJIOTMYHBIX XpoMocomax rpymr 1, 2, 3,4 u 7 (Liu
et al., 1990; Wei et al., 2015). B 3epHe TBepoil MIICHUIIBI
yCTaHOBJICHO (YHKI[MOHUpOBaHHE 12 M30(OpM MEepPOKCH-
Jla3bl, Pa3IMYAIONINXCS 110 aKTUBHOCTH B MEPUOJ HAJIMBA,
CO3peBaHMs U MpopacTaHus 3epHa. HekoTopsie M30(OpMBI
MMEIOT CHEeUU(PHUYECKYIO JIOKATU3ALUIO B 3epHE — IIEPUKapII,
sHAocnepM, 3apozsi. Hanbonee BaxkHas mzodopma, P-5,
pacroioXeHa B SHJIOCIIEpPME U OKa3bIBaET 3HAYMMOE BIIHS-
HHE Ha IOTeMHEHHe (KOPUYHEBATOCTh) MAKaAPOHHBIX U3/ICIUH
(Feillet et al., 2000). IIpu rcroap30BaHUH TOTHOTEHOMHOTO
CEKBEHHPOBAHMS M HYJUITM-TETPACOMHBIX JIMHUH copTa YaiHu3
CrpuHT 00HAPY>KEHBI U JIOKAJIN30BaHbI [Ba reHa, TaPod-A2
u TaPod-D1, ra xpomocomax 7AS u 7DS. Anamu3 SNP BbI-
SBIIT 71sE IBYX ajuteneid tokyca TaPod-D1 naBa dyHKImoHa b-
HbIX Mapkepa, POD-7D1 u POD-7D6, ¢ BbICOKO 1 HU3KOH
aKTUBHOCTBIO TIepoKcHaa3bl coorBeTcTBeHHO (Geng et al.,
2019). OTu naHHBIC, TOMYYCHHBIC Ha MSATKOW IIICHUIIE, C
Y4ETOM OPTOJIOTMYHOCTH 'eHOMOB A U B B mepcrekruse
MOKHO aJ[allTHPOBaTh K MpoOiieMaM MapKepHOH celeKuuu
TBEP/IOi MIICHUIBL. B oTeuecTBeHHOM TUTEpaType N3BecTHA
nyonukaius A.A. Beromikosa (2004), B KOTOpOU ITPUBEICHBI
3HAUUTEIbHBIE COPTOBBIE PA3IHYMS TBEPIOH MIICHUIIBI 110
AKTHBHOCTH MEPOKCHU/IA3bl B KPYIIKe (3HAOCIIEpPME).
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PesynbraTbl M nepcneKkTmBbl NpumeHeHna MAS

B ceneKkuun TBepaon niueHnLbl

Hecmorpst Ha GoJbIIoe KOMM4ecTBO paboT 110 JIOKAIHU3AIUU 1
MapkupoBaanio QTL, CBSI3aHHBIX ¢ BRICOKOI KOHIIEHTpaIHeH
KapOTHHOMJIOB B 3€pPHE M KPYIIKE, Pe3yJIbTaThl IPsSMOI 1po-
BepkH npuMeHeHnss MAS (cenekius ¢ MoMOIIbI0 MapKepoB)
mpeacTaBiIeHbl orpanudeHHo. Patil ¢ xomneramu (2018) co-
OOILMIIH O BBICOKOH 3 (hEeKTHBHOCTH HCIIOIB30BaHMs MapKepa
Psy-A1SSRe, cueriennoro ¢ QTL u mokycom Psy-Al, Ha
xpomocome 7AL. Mapxkep Psy-1SSR pa3paboran Ha ocHOBe
Bapuanui B npomoTtopHoil obmactu PSY-1, on mo3BossieT
WICHTUQUIIPOBATH BOCEMb ajueneii Psy-Al u cemp anuieneit
Psy-B1 omnoBpemenno. Mapkep Psy-A1SSRe, pacnionoxxen-
uelii B 7AL B 60onbimom QTL st YPC, BMecre ¢ panee ycra-
HOBJIEHHBIM MapkepoM Qyp.macs-7A 6bU1 HIeHTHHHINPOBAH
B nomynsanuu RIL-PDW233/Bhalegaon 4. Ponurensckuit
copt PDW 233 B a10ii nomynsiiuu sipisiercst Hocurenaem QTL
BBICOKOW KOHIICHTPAIIMM MUTMEHTOB. DTH MapKepbl ObLIN
TIPUMEHEHBI IS YITydIeHus nHAnicKix coptoB MACS 3125
n HI8498 ¢ muskoil koHneHTpanueil nurmeHTos (3.57 u
3.26 ppm COOTBETCTBEHHO ), KOTOPbIEC OBLIIM B3SITHI B KA4eCTBE
PEKYypPPEHTHBIX poauTesiell B ckpemuBanusx ¢ PDW 233 —
qoropoM QTL nns YPC ¢ BbICOKOW KOHLIEHTpalnuen Mmur-
MeHTOB (8.36 ppm). CeneKIMOHHbIC JIMHUH, TTOTy4YCHHbBIE
¢ mpuMeHeHneM MetonoB MAS Ha ocHOBe MACS 3125 1
HI 8498, noxazanu 3HauntensHoe ysenuuenue YPC: 6.16-7.7
n 5.0-7.46 ppm cooTrBeTcTBeHHO. B HacTosimiee Bpemst MAS
ucnonedyercs B CIMMYT u B Kanane mrs orbopa cenexiu-
OHHBIX JINHUH C HU3KOW aKTUBHOCTBIO JIMITOKCUTCHA3bI TIPH
oMoty Mapkepa LOXA, Hanienennoro Ha ajiens Lpx-B1l.1c
(Randhawa et al., 2013; Dreisigacker et al., 2016; N’Diaye
etal., 2017,2018).

B Poccun BO Bcex J1abopaTropusix, OCYIIECTBISIFOIINX Ce-
JIEKIIUIO HA YBEJIIMUCHNE KOHLICHTPAIIMN KapOTHHOMU/IOB B 3€p-
He, MHJIEKCA JKEITU3HBI CEMOJIMHBI ¥ KOHEUHBIX MPO/YKTOB,
MIPUMEHSIOTCS METOABI TPAAULIIMOHHON CETIEKINU. 3a TePHOST
HAyYHOW CEJIeKIIMH U 0COOCHHO 3a mociemHue 30 jeT 3Tu
npu3HaKy OblIH yimy4meHsl. Copra, CO3aHHbIE Ha MEPBBIX
stanax, — MemsiHonyc 69, lopaeudopme 432, Mensiaomyc 26,
Topaendopme 179, lopaendopme 675, HaKaIITUBAOT B 3epHE
3.6-5.0 ppm KapOTHHOMAHBIX MUTMeHTOB. CopTa, MHPOKO
BoznenbiBaBmuecs B 60-80-x rogax XX B., — besenuyk-
ckas 105, XapekoBckas 46, besenuykcekas 139, — mpeBsImaroT
3TOT YPOBEHb HE3HaunTeNbHO (~5 %) (MsicHukoBa u 1p.,
2019). IonoxxuTenpHbIe M3MEHEHHS HAOIIOIATNCh Y COPTOB
Ceemiana (1987 — rox BkiroueHns B peectp) u CapaToBckas
zonotuctast (1993), xotopsie HakammuBaiu 6.0-7.0 ppm
MUTrMeHTOB B 3epHe (Bacunpsayk, 2001). Cpenu coBpeMeHHBIX
COPTOB SIPOBOM TBEPAOH MIIIEHUIIBI 3aMETHO BBIJICIISIOTCS 10
COZIEpKaHUIO KapOTHHOMIOB B 3epHE bezeHuykckas 30510TH-
cras (8.5-9.0 ppm) u besenuykckas kpenocts (7.5-8.5 ppm).
Becp HabOp COBpEeMEHHBIX COPTOB 00pa3yeT HEMpPephIBHBIN
P u3MeHYnBOCTU ¢ maroM B 10-15 % u pa3Huiei Mexay
kpaiinumu BapuanTamu B 200 % (bezenuykckas 3om0THCTas —
Anraiickas HuBa). V3yueHne 0TeUeCTBEHHBIX COPTOB Pa3HBIX
HTAINoOB CEJICKIUH B OAMHHA/ALATH HKOJIOTHYECKHX CPEaax
MO3BOJIMJIO YCTAHOBHTB, YTO (DEHOTUITNYECKOE BAPbHPOBAHUE
[IPU3HAKa OIpEAesieTCs FTeHOTUIIMYECKON U CpeloBOi Ba-
pHaHCcaMu ¢ He3HAYUTEIILHBIMU 3 PEeKTaMH TeHOTHUII-CPEJIO-
BbIX B3auMozencTBuil. I1o pe3ynbraraM KilacTepHOro aHanusa
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napaMeTpoB aJallITUBHOCTH, CTa6l/IﬂbHOCTl/I " OT3BIBUUMBOCTH,
copTa OTYETIIMBO PaCIPEAEIINCh Ha KiacTepsl. B rpymmy
C OINTHMAJIBHBIM COYETAHHWEM BEJIMYUHBI, CTAOMIBHOCTH U
OT3BIBYMBOCTH ITPHU3HAKA BOLUTH be3eHuyKckas 3010TUCTasl,
Besenuyxkckas kpenocts, besenaykcekas 210, CapaToBckas 30-
JIOTHCTAast. DTH TEHOTUIIBI PEKOMEHIYETCS HCTIONb30BaTh IS
CO3JIaHHUs PEKOMOMHAHTHBIX HHOPEIHBIX JIMHUH C [IEJIBI0 Map-
kupoBaHust QTL, KOHTPONMUPYIOMNX CHHTE3 KapOTHHOWIOB
B 3€pHE TBEP/IOH MIICHUIIbI, 1 OPTaHU3AIMH HA 3TOH OCHOBE
MapKep-0IoCcpe0BaHHON TEXHOIOTnH ceneknn (MsicHUKOBa
u n1p., 2019).

3aknioyeHune
Pesynprarel ucciieoBanuii, pacCCMOTPEHHBIE B 3TOU CTAThE,
MOKa3bIBAIOT PEAIM30BAHHBIE 3a MOCIEAHNUE IBaALATh JIET
LeNM B IOHMMaHUM OMOXMMHUYECKUX, FeHETUYECKUX Me-
XaHW3MOB PETYJINPOBAHHUS META00NIN3Ma KapOTHHOHMIHBIX
MUTMEHTOB B TBEPJOH MIIeHUIE. [laHHbIE, TOIyYeHHbIE HA
Pa3sHOOOpa3HOM PacTUTEIBHOM Marepualie ¢ MPUMEHEHHEM
coBpeMeHHbIX kiaccoB JJHK-MapkepoB, U coniacOBaHHBIE B
Pa3sHOOOPA3HBIX SKCHEPHUMEHTaX T'€HETHYECKHUE KapThl MO-
3BOJIMJIM BBISIBUTH HanOoJIee BayKHbIE TEHbI, YYaCTBYOIIHE B
KOHTpOJIe ONOCHHTE3a, HAKOIIJICHNS M KaTaboIn3Ma KapoTH-
Hou10B. HanOornee n3yueHHBIMH 1 ITOATBEPIKICHHBIMH B psizie
skcniepuMenToB QTL sBnsAOTCS TE, KOTOPHIE PACMIOIOKEHBI
Ha xpomocomax 3AS (ces3ansl ¢ reHoM LCYE), 7AL u 7BL
(o6a TecHo cBszanbl ¢ amtensimu PSY 1). [lepcniekTuBHO
st MAS npumenenue Mapkepa LOXA, HaleneHHOro Ha
amens Lpx-Bl.1c mans cHMKeHUST akTHBHOCTH JIHTIOKCHTE-
Ha3bl. Texnonorust MAS ¢ ncnonb30BaHUEM U3BECTHBIX JIJIS
stux QTL MapkepoB oTIn4aeTcst OT METOI0B TPAAULIMOHHON
(heHOTHITUUECKOM CENEKIINN BBICOKOH TPOU3BOUTEIIBHOCTHIO
1 3G PeKTUBHOCTHIO. B TO e Bpems B psijie UccIeI0BaHni
OBUIN NIPE/ICTABIICHBI JAHHBIE O TOM, 4TO OoJbIHHCTBO QTL
HE MOT'YT OBITh IINPOKO MCIOIB30BaAHBI B TIpolieaypax MAS,
YTO CBSI3aHO C YPOBHEM HMX BAIMAANNH B (DEHOTHIHYECKUX
COOTHOILEHHSIX B JIOKAJbHO aJaNTHPOBAHHBIX I'PYyTIax ce-
nexionHoro Matepuana (Pozniak et al., 2012).

Hpyrue QTL, mpencraBineHHbIE U OXapaKTEPU30BAHHBIE
B 0030pe, TpeOyIOT JOMOJHUTEIBHBIX UCCIICAOBAHUN JUIs
UIeHTU(HKAINY TeHOB-KaH/I1/IaTOB, Y4aCTBYIOIINX B HAKOII-
JICHUW/JIETPaallii KapOTHHOMJIOB. B MepCIieKTHBe MOKHO
O0KUJIaTh IIUPOKOE BHEAPEHNUE METOI0B TeHOMHOMN CETIEeKINU
B MIPOTPaMMBbl YIyUIICHUS [[BETa KOHEYHBIX IPOAYKTOB M3
TBep0i mueHUIBl. C y4eToM aI/TATUBHBIX 3()(EKTOB I'eHOB,
KOHTPOJINPYIOIINX YPOBEHb MUTMEHTOB U IPEBAIMPOBAHHE
TEHOTHIIA NPU3HAKA HAJl CPEoi, TPUMEHEHHE METOIOB Ie-
HOMHOM CEJIEKIIUH MTO3BOIUT YCKOPUTH CEJIEKIIUMOHHBIN TPO-
LIECC Ha OCHOBE HE TOJIbKO MOJICKYJISIPHOU MACHTU(UKALIUH
(hyHKIMOHUPYIOMHKX B Oy sy Heooxomumbix QTL, Ho
L[eJICHANPABIECHHOT'O MTOJTyYeHHs] TPAHCTPECCHUI B pe3ynbTare
MUPaMUANPOBAHUS PA3IMUHBIX TEHOB. B CBA3M C 3TUM 1ajb-
HEWIINI aKIEHT B CEJEKIMOHHO-TEHETHYECKUX MEpOIpHs-
THUSIX OyJIeT C/IeNaH Ha aHAJIM3€e TeHETHYECKOM N3MEHYNBOCTH
B KOJUISKLIMSIX 3apOABILIEBOM IUIa3Mbl TBEPAOM IMILIEHULLI U
MYTaHTHBIX HOMYIAIUAX. [lepcrieKTHBHBI METOIBI pETaKTH-
poBaHus reHoma c ucnonb3oBanueM CRIS-Cas9, ecan ux
MPUMEHSTh, UCXO/Is U3 TOHUMaHUS PyHKIMHA TOMEOJIOTHYHBIX
TeHOB ¢ aqauTUBHBIM 3(pextom (Patil et al., 2018). Xapakre-
PHCTHKA Ka)JIOTO TEHA MTO3BOJIUT BBIPA0aThIBAaTh CTPATET NN
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JMBEPCU(BHUKALMH TeHETHUECKOW CHCTEMbl KApOTHHOUIHBIX
MUTMEHTOB M PaCIIMPUTh CYLIECTBYIONINE BapHalWu, J0-
CTYIIHBIE CEJIEKIIMOHEePaM.

Henocpencteennoe npumenenne mapkepoB QTL, anpobu-
POBaHHBIX HAa PACTUTEILHOM MaTepHaje 3apyO0exHbIX CTPaH
B Poccun B npouenypax MAS u reHOMHOH CeleKIuH, BO3-
MOXHO, €CJIM B Ka4eCTBE JOHOPOB HCIIOIB30BaTh COpTa 3a-
pyOexxHOH cenexmuu, Hecyme coorBeTcTBytomme QTL n
Mmapkepsl. [Ipn 3TOM Mapkepsl JOJKHBI OBITH 3PHEKTHB-
HBIMH B DKOJIOTMYECKHUX 30HaX POCCHUCKHUX CEJICKIIMOHHBIX
1eHTpoB. OHAKO W B 3TOM CIydae MOTYT OBITH TPOOIEMBI
MIPEOIOTICHUSI HEIOCTATOYHOHN a/Ial TABHOCTH ITPHUBIIEKAEMBIX
B KaueCTBE MCXOJHOTr0 Marepuana reHotunos. Cenexknus Ha
YBEIMYEHUE KOHIICHTPAIINU IINTMEHTOB B 3€PHE U IMTPOIYKTaxX
ero riepepabotkn B Poccnm, 6e3yciioBHO, MOXKET HCIIOIB30-
BaTh T€HETHUECKHMI Marepuall ¥ MapKepbl, pa3padoTaHHbIE
B MHOCTPAHHBIX IIEHTPax, HO 0a3MpOBaTHCS OHA JOJDKHA HA
OTCUECTBEHHOM HCXOJIHOM MaTrepHhalic M aJlalTHPOBAHHBIX
K HEMY TEXHOJIOTUSAX MapKep-0MOoCPEIOBaHHO CEIEeKIMH.
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Abstract. It has long been known that defects in the structure of the mitochondrial genome can cause various neuro-
muscular and neurodegenerative diseases. Nevertheless, at present there is no effective method for treating mito-
chondrial diseases. The major problem with the treatment of such diseases is associated with mitochondrial DNA
(mtDNA) heteroplasmy. It means that due to a high copy number of the mitochondrial genome, mutant copies of
mtDNA coexist with wild-type molecules in the same organelle. The clinical symptoms of mitochondrial diseases and
the degree of their manifestation directly depend on the number of mutant mtDNA molecules in the cell. The pos-
sible way to reduce adverse effects of the mutation is by shifting the level of heteroplasmy towards the wild-type
mtDNA molecules. Using this idea, several gene therapeutic approaches based on TALE and ZF nucleases have been
developed for this purpose. However, the construction of protein domains of such systems is rather long and laborious
process. Meanwhile, the CRISPR/Cas9 system is fundamentally different from protein systems in that it is easy to use,
highly efficiency and has a different mechanism of action. All the characteristics and capabilities of the CRISPR/Cas9
system make it a promising tool in mitochondrial genetic engineering. In this article, we demonstrate for the first time
that the modification of gRNA by integration of specific mitochondrial import determinants in the gRNA scaffold does
not affect the activity of the gRNA/Cas9 complex in vitro.

Key words: mitochondrial DNA; CRISPR/Cas9; the mitochondrial import determinants; heteroplasmy.
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MUTOXOHAPMAJIbHOTO NMMITIOpTa B CTPYKTYpe HPHK
Ha aKTUBHOCTb KoMILJiekca HPHK/SpCas9 in vitro
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AHHoTayua. O TOM, YTO HapyLUeHWA CTPYKTYPbl MUTOXOHAPWANbHOIO FeHOMa MPUBOAAT K LUIMPOKOMY CNeKTpy Helpo-
MbILLIEYHbIX 1 HellpofereHepaTUBHbIX 3ab0eBaHNiA, N3BECTHO y»Ke AaBHO, HO A0 CMX NOP He HaaeHo 3ddeKTUBHOrO
MeTofa fleyeHnsa 6one3He MUTOXOHAPUANbHOTO NPOUCXOXKAEHWA. B oCHOBHOM NpobnieMbl € Tepanveit NoAo6HbIX 3a-
6oneBaHui 06yCNOBNEHbI COCTOAHUEM reTeponnasmmny mutoxoHgpuansHon AHK (MTAHK). Beuay mHorokonuitHocTy
MWUTOXOHAPWANIbHOIO reHoMa MyTaHTHble Konum MTAHK 4acTo cocylecTByloT C MOsieKynamy AUKOro Tvna B OAHON
opraHenne. KnmHnyeckre cMnToMbl MUTOXOHAPWANbHbIX 3a601eBaHNA U CTeNeHb X MaHndecTaLuum Hanpamyio 3a-
BUCAT OT KOJIM4ecTBa MyTaHTHbIX Monekyn MTAHK B knetke. CMellasa ypoBeHb reTeponiasmuyt B CTOPOHY MOJIeKy
ankoro Tuna MTAHK, BO3MOXHO fOBUTLCA CHUXKEHWNA HEraTVBHOTO BANAHMA MyTauuu. [ina aTol uenu paspaboTaHo
HeCKOJIbKO reHHO-TepaneBTNYeCKMX NOAX0A0B Ha ocHoBe TALE-Hykneas 1 HyKkneas Tuna «UMHKOBbIe NasbLibl», OAHAKO
KOHCTPYMpOBaHUe 6eIKOBbIX JOMEHOB TaKMX CMCTEM ABMAETCA JONTUM U TpyAoeMKnmM npoueccom. Cuctema CRISPR/
Cas9 NpUHUMNManbHO OTINYAETCA OT JaHHbIX CUCTEM NMPOCTOTON UCMONb30BaHUA, BbICOKON IGPEKTUBHOCTBIO 1 Me-
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M3yueHne BRvaHna moanduKkaumii cTpyktypbl HPHK
Ha aKTMBHOCTb Komnnekca HPHK/SpCas9 in vitro

XaHM3MoM JencTBuA. Bce npucylume xapakTepucTUKy 1 BOSMOXKHOCTU CUCTEMbI AeNaloT ee NepcrnekTVBHbIM NHCTPY-
MEHTOM B 06/1aCTV FeHETUYECKOW UHXXEHEPU MUTOXOHAPWIA. B HacToALwel cTaTbe Mbl BriepBble AeMOHCTPHPYEM, UTO
moandurKaumm Hanpasnsatowen PHK 3a cueT BCTPONKMN NnocneoBaTenbHOCTEN, CNocobCTyoWwmx nmnopTy HPHK B mu-
TOXOHAPWM, He BANAIOT Ha GYHKLIMOHAbHYI0 aKTUBHOCTb KoMniekca HPHK/SpCas9 B ycnosuax in vitro. MonyyeHHble
pe3ynbTaTbl yKa3blBaloT Ha BO3MOXXHOCTb MOANPUKALIMM CUCTEMbI C COXPaHeHNEM ee GYHKLIMOHaNbHOCTW U NCMOb30-
BaHWA B NepCrneKkT1Be AnA pefakTMpoBaH/a MUTOXOHAPUANbHOrO reHoMa.

Kniouesble cnosa: mutoxoHapuanbHaa HK; CRISPR/Cas9; neTepMuHaHTbl UMNOPTa B MUTOXOHAPWN; reTeponnasmus.

Introduction

CRISPR/Cas9 methodology is based on bacterial and archacan
defense systems against viruses, transposable genetic ele-
ments, and other exogenous DNA species. Lately it has been
widely utilized as an efficient multifunctional instrument for
genome editing across taxonomy. Its mechanism of action
differs from the one for zinc-finger nucleases (ZFNs) and
TALE-nucleases (TALENs) and is based on the recognition of
a target genome sequence by 20 nucleotide spacer guide RNA
(gRNA) and further introduction of a double-stranded break
(DSB) via recruitment of Cas9 nuclease (Jinek et al., 2012).

The first necessary step for site-specific DNA recognition
and cleavage is the formation of a functional effector complex
(Jinek et al., 2014; Jiang, Doudna, 2017). The identification of
a target DNA sequence and the consequent nuclease confor-
mational change proceeds via binding of hairpin loops at the
3’ end of gRNA to aminoacids of Cas9 nuclease domain, which
in turn leads to the induction of nuclease activity (Wright et al.,
2015). The level of complementarity between specific gRNA
and Cas9 enzyme determines the thermodynamic stability of
a complex and as a result the effectiveness of a target DNA
cleavage (Anders et al., 2014). It was shown previously by
using crystallography that four base pairs (bps) in the hairpin
loops ‘tetraloop’ and ‘stem loop 2’ of a guide RNA extend
beyond the ribonucleoprotein complex gRNA/Cas9 while not
participating in the interaction with the side amino acid chains
of Cas9 (Nishimasu et al., 2014; Konermann et al., 2015). We
hypothesize that a substitution of these ‘loose” gRNA loops
with analogous hairpin structures derived from other RNA
species does not affect the activity of the complex. Similar
RNA modifications have been tested in studies on epigenetic
regulation of nuclear gene expression (Mali et al., 2013; Ko-
nermann et al., 2015; Komor et al., 2017). It becomes obvious
that gRNA molecules could be adjusted for mitochondrial
genome editing as well.

A multitude of RNA species with diverse functions are
expressed in eukaryotic cells. At the same time, only a mi-
nor fraction of them could be transported into mitochondria
(Jeandard et al., 2019). The transport of nucleic acids into
mitochondria has been a major point of a disagreement in
the scientific field, therefore the application of CRISPR/Cas9
system for the suppression of mitochondrial DNA (mtDNA)
mutations is generally considered questionable. However,
some studies suggest the existence of specific pathways of a
targeted import of cytosolic RNAs into mitochondria. Partial
mitochondrial localization of synthetic RNAs modified with
F- and D-domains of yeast tRNAM$ (CUU) has been demon-
strated for yeast mitochondria undergoing stress (Martin et
al., 1979; Kamenski et al., 2007). By adding similar hairpin
structures others have built recombinant RNA molecules for
effective import into mammalian mitochondria and consequent
specific inhibition of mtDNA replication (Comte et al., 2013;
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Tonin etal., 2014). Similar studies utilizing RNA components
of RP (Doersen et al., 1985; Holzmann et al., 2008) and MRP
(Chang, Clayton, 1987) mitochondrial ribonucleases suggest
that their domains can participate in targeted nucleic acid
transport into these organelles (Wang et al., 2012). All the de-
scribed cytosolic RNA species transported into mitochondria
are short, non-coding, and contain palindromic sequences for
hairpin formation, which are necessary for this type of RNA
transport. Artificial introduction of such secondary structures
into a gRNA could potentially facilitate RNA transition into
mitochondrial matrix.

In this study for the first time, we modify RNA component
of CRISPR/Cas9 complex — gRNA for its specific transport
inside mitochondria. Knowing that protein component of
CRISPR/Cas9 has been already adapted for mitochondrial
import (Orishchenko et al., 2016), we hypothesize that re-
programing of gRNAs will enable to regulate mammalian
mtDNA heteroplasmy level.

Materials and methods

Plasmids and constructs. A fragment of human mitochondrial
DNA (DNA substrate), including protospacer in mtND1 gene,
was amplified by PCR with L2797 5'-GTCCTAAACTAC
CAAACCTGC-3" and H3733 5'-ATGATGGCTAGGGTG
ACTTC-3' primers and Q5 polymerase (NEB). Guide RNAs
(gRNAs) were designed for the target mtDNA sequence by
online cloud-based informatics platform Benchling (https://
benchling.com/). gRNA with the least number of off-target
sites was chosen using the online service http://crispr.mit.
edu/. Maps of the gRNA plasmids were designed in SnapGene
software (https://www.snapgene.com/). All sequences of the
modified gRNAs were analyzed in silico to predict secondary
structure by RNAfold software from the ViennaRNA Pack-
age (Lorenz et al., 2011). To assemble plasmids for gRNA
expression, oligonucleotides with overlapping ends were
hybridized and inserted into the gRNA_Cloning Vector, kindly
provided by Dr George Church (Addgene plasmid # 41824;
http://n2t.net/addgene:41824; RRID: Addgene 41824), by
Gibson assembly (NEB, USA) according to the manufac-
turer’s instructions. Plasmid sequences were confirmed by
Sanger sequencing.

In vitro cleavage assay. Guide RNA was in vitro transcribed
using HiScribe™T7 Quick High Yield RNA Synthesis Kit
(NEB E2050) and the DNA template generated by PCR from
the gRNA plasmids with primers T7 wtgRNA 5'-TAATAC
GACTCACTATAGGGAGTTTTATGGtGTCAGCG-3' and
R T7 gRNA Cas9 5'-AAAAAAAGCACCGACTCGGT
GCC-3'. RNAs were purified by phenol-chloroform extraction
and ethanol precipitated. The concentration of RNA was mea-
sured using a NanoDrop 2000C spectrophotometer (Thermo
Fisher Scientific) and diluted to 300 nM. Cleavage reactions
were carried out in a total volume of 30 pl and contained 1 pl
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1 uM nuclease Cas9 Streptococcus pyogenes (NEB M0386L)
(~30nM), 3 ul 10x reaction buffer NEB B0386A), 1 ul gRNA
(300 nM). The reaction volume was adjusted with nuclease-
free water. After preliminary incubation for 10 min at 25 °C,
1 ul of 30 nM DNA substrate was added to the reaction mix-
ture and incubated at 37 °C for 45 min. The reactions were
stopped by the addition of 1 ul Proteinase K (20 mg/ml) and
incubated at room temperature for 10 min. Cleavage products
were analyzed by electrophoresis on a 1.5 % agarose gel.
The presence of 678 and 298 bp fragments is indicative of
a specific cleavage of the DNA substrate. /n vitro cleavage
reactions were performed in three independent repeats. The
cutting efficiency of the DNA substrate was determined by
quantitative assessment of DNA in the bands by gel densi-
tometry in Image Lab software (Bio-Rad, USA). Significant
differences were calculated by Student’s #-test complex. The
differences were considered significant at a significance level
of p <0.05.

Stem loop 3

A Stem loop 1
s}

Stem loop 2

Fig. 1. Design of recombinant gRNA.

Stem loop 1

Analysis of gRNA structure modifications
on the activity of the gRNA/SpCas9 complex in vitro

Results

Design of modified guide RNAs. To study the effect of modi-
fications in the nucleotide sequence of the guide RNA on the
activity of the CRISPR/Cas9 system in vitro, their primary
structure was designed. Since the tetraloop and the stem loop 2
of the constitutive part of gRNA partially extend beyond the
ribonucleoprotein complex (Nishimasu etal., 2014) (Fig. 1, a),
the introduction of modifications to these loci most likely
should not affect the binding of the gRNA/Cas9 complex
to a target DNA sequence, as well as its functional activity.
Therefore, the GAAA nucleotides of the corresponding loops
(tetraloop or stem loop 2) of the gRNA were replaced by a
nucleotide sequence of one of the four mitochondrial RNA im-
port determinants (HD, HF, RP, MRP hairpins) (see Fig. 1, b)
in all possible conformations (direct, reverse, complement,
reverse-complement). We designed 32 variants of gRNA
with insertion of mitochondrial RNA import determinants in
different conformations into the tetraloop or the stem loop 2.

b [(IW]
HD ©® HF. ©
[O)) ®@ © ®
® (O))
- £8
[(GZO)
©@©© ©@©
@<©
;@© ; ) 3
@
MRP... R @ .
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e 9+
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S % 3 3
[©) (€) ’
5'. @3 5’ 3
090
©
(]

RNA import determinants

a - organization of the target DNA-gRNA-Cas9 complex, where the tetraloop and stem loop 2 of gRNA are free from the interaction with the nuclease; b - the hair-
pin structures are proposed to act as mitochondrial RNA import determinants; ¢ — the substitution of a part of the gRNA scaffold loops with import determinants.
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Characteristics of modified gRNAs

gRNA The import determinants
modification position
NEG Without modifications

Tetraloop

Tetraloop

2020
24.5

M3yueHne BRvaHna moanduKkaumii cTpyktypbl HPHK
Ha aKTMBHOCTb Komnnekca HPHK/SpCas9 in vitro

The import determinants
conformation

5'-3'secondary structure

- (CCCCCRCLE))) )))))) oo (Em)X((((EN)

Tetraloop Stem loop 2

Original

Reverse

Note. The secondary structure of gRNAs is represented as dot-bracket notation. Each symbol corresponds to a base in the gRNA. The bracket denotes a paired
base pair located in the sequence. The dots denote unpaired bases which correspond to loops in the hairpin structure. Unmodified tetraloop and stem loop 2

highlighted in gray.

For each variant of the modified gRNA, a secondary structure
was predicted using RNAfold web server from the ViennaRNA
software package (Lorenz et al., 2011). The in silico predicted
structures of the modified gRNAs were compared with the
theoretical one for non-modified gRNA. Eventually for each
of the import determinants inserted in the tetraloop or the stem
loop 2, one of the most optimal conformation was selected.
A total of eight variants of modified gRNA were obtained;
secondary structures of which had minimal differences from
unmodified gRNA (see the Table). All variants of modified
gRNA were cloned into a gRNA-cloning vector. The HF-SL
variant has not be cloned due to technical difficulties, which
are most likely associated with the secondary structure in the
nucleotide sequence.

Analysis of the effect of gRNA modifications on the
functional activity of the gRNA/Cas9 complex in vitro.
The activity of the Cas9 nuclease in a complex with modified
gRNA was assessed using in vitro cleavage reactions. The
reactions used gRNA synthesized by in vitro transcription
with T7 RNA polymerase and recombinant Cas9 nuclease
from S. pyogenes. A double-stranded DNA fragment of
976 bp amplified by PCR was used as a substrate for in vitro
cleavage reactions. The protospacer was selected to form
two fragments of 298 and 678 bp long, if a double-stranded
break in the DNA substrate was successfully introduced by the
gRNA/Cas9 complex. Control in vitro cleavage reactions were
performed with unmodified gRNA (NEG) and without the
addition of any gRNA. All reactions were carried out in three
independent repeats. The results of agarose gel electrophoresis
of the products of in vitro cleavage reactions are presented in
Fig. 2, a. As shown in Fig. 2, a, using all variants of modified
gRNAs, a specific cleavage of the DNA substrate occurs and
the fragments of the expected size are formed. Thus, despite
the modifications in the structure of the gRNA, the gRNA/
Cas9 complex retains its activity.

A quantitative analysis of the efficiency of the DNA sub-
strate cutting was carried out using densitometry. The cleavage
efficiency was determined by the ratio of the pixel density in
the bands corresponding to the cleaved DNA substrate to the

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

original uncut DNA fragment (see Fig. 2, b). The efficiency
of cutting the DNA substrate with Cas9 nuclease in complex
with unmodified gRNA (NEQG) is 67 %. Modification of
gRNA by inserting the HD hairpin in direct conformation
into the stem loop 2 of gRNA (HD-SLO variant) significantly
(p £0.05) reduced the efficiency of DNA substrate cleavage
to 32 %, 1. e. more than twice compared to unmodified gRNA
(NEQG). Other variants of gRNA modifications did not lead to
any statistically significant changes in the efficiency of DNA
substrate cleavage.

Discussion
CRISPR/Cas9 methodology is a revolutionary approach for
nuclear genome editing. It has broadened our capabilities for
the basic studies of biological processes as well as in the deve-
lopment of human disease therapies. CRISPR/Cas9 adaptation
for mtDNA editing is an exciting topic for many laboratories
worldwide (Verechshagina et al., 2019). However, unambigu-
ous demonstration of its effective functioning in mitochondria
remained unresolved supporting the current opinion about
impracticality of using CRISPR/Cas9-derived systems for
mitochondrial genome manipulation (Gammage et al., 2018).
Various complications with adaptation of this system for
mitochondria are associated with inaccessibility of mitochon-
drial matrix for the system components due to the presence of
outer and inner mitochondrial membranes. A mitochondrion
consists of approximately 1500 different proteins with diverse
functions, and only 13 of them are encoded by mtDNA and
synthetized in the organelle itself (Calvo, Mootha, 2010).
Unsurprisingly, there are many known mechanisms of protein
transport into different mitochondrial subcompartments (Pfan-
ner et al., 2019). We (Orishchenko et al., 2016) and others (Jo
etal.,2015; Loutre et al., 2018; Bian et al., 2019) have demon-
strated that introduction of a mitochondrial localization signal
at the N-terminus of Cas9 leads to an effective Cas9 import
into mitochondrial matrix. Therefore, protein component of
CRISPR/Cas9 system could be imported inside mitochondria.
The second task in CRISPR/Cas9 adaptation for mtDNA
modification is gRNA mitochondrial import. Unfortunately,
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Cleavage efficiency, %

Analysis of gRNA structure modifications
on the activity of the gRNA/SpCas9 complex in vitro

+ + + + M
HD-SLO HF-TLR NEG

67

I 68

32
0

MRP-TLR ~ MRP-SLO  RP-TLO RP-SLO

HD-TLO

HD-SLO HF-TLR NEG No gRNA

Fig. 2. In vitro DNA cleavage by the gRNA/SpCas9 complex with modified gRNA.

Cleavage efficiency was assessed by agarose gel electrophoresis (a) and measured using densitometry (b). Standard deviation from
the mean is shown as error bars (+/-). M — 100 bp DNA ladder. Statistical assessment is made by Student’s t-test; * indicate significant

differences between NEG and modified gRNA, p < 0.05.

the molecular mechanisms of RNA transport across mitochon-
drial membranes have not been unambiguously described yet.
Moreover, there is no consensus on RNA species imported,
their function in mitochondria, and intramembrane channels
through which they get transferred. Therefore, development
and optimization of gRNA mitochondrial import represents a
bottleneck in the overall adaptation of the system.

On the contrary, there have been many recent publications
demonstrating successful import of diverse RNA species into
mitochondria (Rubio et al., 2008; Wang et al., 2010; Fan etal.,
2019; Jeandard et al., 2019). Generally, import of these RNAs
is mediated by a stem-loop type hairpin structures. It has been
shown that HF and HD hairpins in yeast Saccharomyces cere-
visiae tRNA are responsible for intramitochondrial transport
of tRNALYs CUU (tRK1). Introduction of these hairpins to
other RNAs leads to their in vivo mitochondrial import with
a consequent restoration of functions initially disturbed by
mtDNA mutations (Kazakova et al., 1999; Kamenski et al.,
2010; Gowher et al., 2013; Tonin et al., 2014). Additionally,
it was demonstrated that RP and MRP hairpins mediate mi-
tochondrial import of H1 and 7-2 RNAs respectively (Wang
et al., 2010; Noh et al., 2016; Markantone et al., 2018) thus
suggesting that the addition of such components into gRNA
structure enables their effective transfer into mitochondrial
matrix.

In earlier studies both components of CRISPR/Cas9 system
have been extensively modified to achieve high effectiveness
and specificity, and to increase its potential functional reper-
toire. There are several main structural elements of a gRNA:
a spacer — a sequence approximately 20 nt in length at the
5" end of gRNA which is complementary to a target genome
sequence, and four hairpins — secondary RNA structures of
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a stem-loop type (tetraloop, stem loop 1/nexus, stem loop 2,
and stem loop 3). The tetraloop contains a lower stem, an
overhang, and an upper stem (Briner et al., 2014; Nishimasu
etal.,2014). By using site-directed mutagenesis it was shown
that the overhang and the stem loop 1/nexus are the key ele-
ments of a gRNA necessary for the action of the CRISPR/Cas9
complex. At the same time, the upper stem in the tetraloop
and the stem loop 2 could be substantially modified or even
eliminated from the gRNA while not compromising gRNA/
Cas9 complex activity (Briner et al., 2014; Konermann et al.,
2015). Moreover, lengthening of the tetraloop and the stem
loop 2 increases the stability of the gRNA and the effectiveness
of'an assembly of the complex gRNA/dCas9 (Maetal., 2016;
Shao etal., 2016). Therefore, we hypothesized that introducing
mitochondrial localization signals into these hairpin structures
will facilitate intramitochondrial transfer of gRNAs without
affecting the functional performance of gRNA/Cas9 complex.

In the current study, we add HD, HF, RP, and MRP hairpins
in different conformations into the tetraloop or the stem loop 2
gRNA structures. Subsequently, using in vitro cleavage assay
we assess the effects of gRNA modifications on the activi-
ty of gRNA/Cas9 complex. We detect specific cleavage of
DNA substrates by the combinations of Cas9 with every of
our modified gRNA variants (see Fig. 2, a) which suggests
that introduced modifications do not affect the formation of
gRNA/Cas9 complex, as well as the specificity of DNA bind-
ing. Importantly, some of gRNA modifications lead to both
the increase and the decrease of DNA substrate cleavage rate
which could be associated with the influence of the modifica-
tions on the gRNA stability, the effectiveness of gRNA/Cas9
complex formation, and Cas9 nuclease activity (Nowak et
al., 2016).
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An analogous approach for gRNA transport into mito-
chondrial matrix was taken by R. Loutre and colleagues even
though the import determinants were added at either the 5" or
the 3’ end of the gRNA (Loutre et al., 2018). In the case of
the 3’ end modification, the activity of gRNA/Cas9 complex
in vitro matches its activity while using unmodified gRNA. On
the contrary, the 5’ end modification significantly diminishes
the complex activity. Most likely, this effect is associated with
processing and degradation of the 5’ end of modified gRNA.
This has been demonstrated for gRNAs with an increased
spacer region as well as with an insertion of MS2 and PP7
hairpins at the 5" end (Ran et al., 2013; Zalatan et al., 2015;
Nowak et al., 2016). The 3’ end modifications could decrease
the expression and the stability of a gRNA which affects the
activity level of gRNA/Cas9 complex (Zalatan et al., 2015).

Conclusion

Therefore, the tetraloop and the stem loop 2 are potentially the
optimal regions for the insertion of mitochondrial localization
sequences. However, these variants should be tested not only
in vitro but in vivo in cell cultures to analyze both gRNA/Cas9
complex activity and the effectiveness of intramitochondrial
transport of both components.
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Generation of microdissected DNA probes from metaphase
chromosomes when chromosome identification
by routine staining is impossible
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Abstract. Application of microdissected DNA libraries and DNA probes in numerous and various modern molecular
cytogenetic studies showed them as an efficient and reliable tool in the analysis of chromosome reorganization
during karyotypic evolution and in the diagnosis of human chromosome pathology. An important advantage of
DNA probe generation by metaphase chromosome microdissection followed by sequence-independent poly-
merase chain reaction in comparison with the method of DNA probe generation using chromosome sorting is the
possibility of DNA probe preparation from chromosomes of an individual sample without cell line establishment
for the production of a large number of metaphase chromosomes. One of the main requirements for successful
application of this technique is a possibility for identification of the chromosome of interest during its dissection
and collection of its material from metaphase plates spread on the coverslip. In the present study, we developed
and applied a technique for generation of microdissected DNA probes in the case when chromosome identification
during microdissection appeared to be impossible. The technique was used for generation of two sets of Whole
Chromosome Paints (WCPs) from all chromosomes of two species of free-living flatworms in the genus Macrosto-
mum, M. mirumnovem and M. cliftonensis. The single-copy chromosome technique including separate collection
of all chromosomes from one metaphase plate allowed us to generate WCPs that painted specifically the original
chromosome by Chromosome In Situ Suppression Hybridization (CISS-Hybridization). CISS-Hybridization allowed
identifying the original chromosome(s) used for DNA probe generation. Pooled WCPs derived from homologous
chromosomes increased the intensity and specificity of chromosome painting provided by CISS-Hybridization.
In the result, the obtained DNA probes appeared to be good enough for application in our studies devoted to ana-
lysis of karyotypic evolution in the genus Macrostomum and for analysis of chromosome rearrangements among
the worms of laboratory cultures of M. mirumnovem.

Key words: metaphase chromosome microdissection; Whole Chromosome Paints; FISH; sequence-independent
polymerase chain reaction.
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[TonyyeHne MUKpoancceKIMoHHbIX JHK-1mpo6 13 MeTada3HbIX
XPOMOCOM B CjIyuae HEBO3MOXKXHOCTU UAEeHTUPUKALIUN
11e/IeBOJl XpOMOCOMBI MeTOLaMM PYTMHHOTO OKpAIllVBaHVSI
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AHHoTayus. MNpy npoBeAeHNN MHOTOUYNCIIEHHDBIX U Pa3HOO6PA3HbIX MONEKYIAPHO-LUTOrEHETUYECKMX UCCneno-
BaHWI MUKpoanccekumnoHHble HK-6nbnmnotekn n JHK-npobbl 3apekomeHaoBany cebs Kak HagexHbli 1 dbdek-
TUBHDBIV MHCTPYMEHT KaK B AMArHOCTVKE U aHaM3e XPOMOCOMHBIX MaTOJIOriA YeNoBEKa, TaK U B paboTax, NocBaA-
LEHHbIX M3YYeHNIO peopraHM3aLm XPOMOCOM B XOfe KapvOTUMNYECKON 3BOIIOLMN. BaxKHbIM NpenmyLLecTBOM
MUKpoauccekumoHHblix HK-npob nepen xpomocomocneunduyHbimm JHK-npobamu, nonyyeHHbIMM C MOMOLLbIO
XPOMOCOMHOFO COPTUHIa, ABNAETCA BO3MOXHOCTb MX MPUrOTOBMIEHUA M3 XPOMOCOMHOIO MaTtepuana UHAUBU-
LyaNbHbIX XMBOTHbIX 6€3 JONONHUTENbHOIO 3Tana Co3AaHMA KNEeTOUHbIX KynbTyp, MpeAHasHayeHHbIX 4iA Npouns-
BOACTBA 60/bLWOro yncsa metadasHbiX XPOMOCcoM. OfHO 13 OCHOBHbIX YCIIOBUWIA YCMELLIHOMO UCMOSIb30BaHNA MUK-
POANCCEKLNOHHON TEXHUKN — nAeHTUdMKaLMA LeneBor XpPOMOCOMbI Ha NpenapaTtax MeTadasHbiX XPOMOCOM, YTO
NO3BOJIAET, UCNOMb3YA MUKPOMAHUMNYMALMOHHYIO TEXHUKY, OCYLLeCTBNATL COOP HeMoCcpeACTBEHHO ee MaTepurana
C LUMTONOrMYecKnx npenapaToB. B HacToAwe paboTe npeanoxeHa TexHonorua cosgaHna AIHK-npo6 pgna nHaneu-
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ZlyaJibHbIX XPOMOCOM fiaXke B TOM Cilyyae, KOraa pyTVHHOE OKpallvBaHue He JaeT NPOBeCTU UX HafJeXHYIo naeH-
Tndukaumo. NMpeactaBneHHbIN NOAXOA anpobrpoBaH Npu NosyvyeHun Habopos xpomocomocneundryHbix AHK-
npo6 Ans XpOMOCOM [BYX BMAOB CBOOOAHOXMUBYLUMX MIOCKMX YepBel poda Macrostomum — M. mirumnovem n
M. cliftonensis. KapnoTunbl 3TUX BUAOB COAep»KaT TPU Napbl MENKKX, GIM3KMX MO pa3sMepy MeTaLeHTPUYECKMX XPo-
MOCOM, HafieXXHas naeHTNOUKaLMA KOTOPbIX MNOCNe OKpallvBaHUA KpacuTtenem MM3a okasanacb HEBO3MOXHONM.
PaspenbHbill c6op Bcex MeTadasHbIX XPOMOCOM M3 OfHON MeTapasHOWN NAACTUHKY C nocnenytoLelt amnanduka-
umen nx AHK nossonun co3patb JHK-npobbl, cneundmryeckn okpalumnsatoLiie NCXOAHbIe XPOMOCOMbI NP NpoBe-
LEeHUN Aaxke YaCcTUYHOW CYynpecCOoHHON rnbpuamnsaunu in situ. Mpw aHanu3e pe3ynbTaToB TakoN CYyNpPeCcCUOHHOM
rmépuansaumni in situ npeHTUGULMPOBaHbBI XPOMOCOMBI, U3 KOTOPbIX 6b1n1 nonyyeHbl AHK-npo6sbl. NMocneaytowiee
nynupoBaHue JHK-npo6, co3gaHHbIX M3 FOMOMOMMYHbIX XPOMOCOM, CMOCOBCTBOBANO YBENNYEHNIO MHTEHCUBHO-
CTW 1X cneundryeckoro oKpallBaHUA Npy NPOBEAEHNN UX CYNPECCUOHHONW rmbpuansaumm in situ. 3To, B CBOO
ouyepefb, 06ecneynsio BOIMOXHOCTb YCMELWHOro NPYMEHEHNA MpeasiaraeMoro noaxofa B 3KCNepUMEHTax, no-
CBALLEHHbIX U3YYeHMI0 KapuoTUNnyecKon agontounmn B poae Macrostomum, a TakxKe Npu aHann3e XpOMOCOMHbIX
nepecTpoek, MMelLLX MecTo B 1abopaTopHbIx KynbTypax M. mirumnovem.

KnioueBble cnoBa: MUKpoancceKuma metadasHbiX XPOMOCOM; MUKpoamcceKkunoHHble HK-npobbl; dnyopecueHT-

HasA in situ FI/I6pI/I,I1I/ISaLlI/Iﬂ; CUKBEHC-HE3aBNCMMaA noinmepasHaa uenHaa peakyuma.

Introduction

Comparative cytogenetics as a special area in the modern bio-
logy arose after the development of methods for high-quality
metaphase chromosome preparation. Its progress is associated
mostly with the development of techniques for chromosomes
and chromosome regions identification. Since the 1970s,
researchers successfully used the GTG-banding method for
comparative cytogenetic analysis of chromosomes of different
species of mammals and birds (Graphodatsky et al., 2000).
The next step in development of comparative cytogenetics
was the homeologous gene assignment to chromosomes or
chromosome regions in different species of mammals that
served as markers of their homeology. In the first studies
devoted to gene assignments to the chromosomes, the panels
of interspecific hybrids of somatic cells were used (Rubtsov
et al., 1981). The obtained data were combined with a com-
parison of GTG-banding patterns of chromosomes containing
homeologous genes (Rubtsov et al., 1988).

Significant progress in comparative cytogenetics has
been associated with the development of fluorescent in situ
hybridization (FISH) technique for nucleic acids in the early
1980s (Bauman et al., 1980). This technique made it pos-
sible to localize cloned DNA fragments precisely to small
chromosomal regions, and then specifically paint the whole
chromosomes or extended chromosome regions (Nesterova
etal., 1991). One of the pivotal moments in the development
of comparative cytogenetics appeared to be the development
of physical isolation of chromosomal material. Two different
techniques, namely metaphase chromosome microdissection
and chromosome flow sorting, are used for generation of the
whole chromosome or partial chromosome paints (WCPs and
PCPs, respectively). These paints are generated from isolated
chromosomal material through sequence-independent DNA
amplification in a polymerase chain reaction with partially
degenerated MW6 primer, or by using the special WGA-kits
(whole genome amplification). Chromosome in sifu suppres-
sion hybridization (CISS-hybridization) painted specifically
the original chromosome or chromosome region and also
homeologous chromosomes and correspondent region in re-
lated species (Ferguson-Smith, Trifonov, 2007). The quality
of such WCPs depends on the efficiency of DNA amplification
of the collected chromosomal material, the number of isolated
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chromosome copies used on the start of DNA amplification,
and the quality of DNA of the collected chromosomal mate-
rial. The high quality of whole chromosome paints can be
achieved by collecting many hundreds of chromosome copies
using flow sorting. In the case of microdissection, the number
of obtained chromosome copies is limited due to the high
complexity of the microdissection procedure. The problems
of identification chromosome of interest could make the ap-
plication of chromosome microdissection technology even
more complicated task.

In the molecular cytogenetic analysis of chromosomes of
free-living worms of the genus Macrostomum, we encountered
had to solve the problem of whole chromosome paints genera-
tion from chromosomes that avoid reliable identification after
chromosome staining. The karyotypes of species belonging
to the genus Macrostomum can be divided into three groups
based on their chromosome number and morphology. The
karyotypes of species from two groups (2n = 6 and 2n = 12)
consist of small metacentric chromosomes suggesting that a
recent whole genome duplication (WGD) could take place in
the evolution providing species with chromosome number
2n=12. This hypothesis is in a good agreement with the results
of molecular cytogenetic analysis of asymmetric karyotypes
of M. lignano and M. janickei species. In the karyotypes of
these species, there are clear traces of a recent WGD event
(Zadesenets et al., 2017a, b). In addition to a WGD in their
evolution, there was a fusion of one haploid set of ancestral
chromosomes into one large metacentric chromosome (Zade-
senets et al., 2017a, b).

The hypothesis of chromosome number doubling in a result
of WGD can be verified by generation of WCPs from indivi-
dual chromosomes of the Macrostomum species having the
2n = 12 karyotype and further CISS-hybridization on meta-
phase chromosomes of the species. The specific painting of
two pairs of paralogous chromosomes with the WCP derived
from individual chromosome would indicate to a recent
duplication of this one in karyotype evolution of studied
species. The same results obtained for all chromosomes will
confirm the hypothesis of the WGD that recently took place in
the genome evolution of analyzed species. The high level of
similarity of all chromosomes have complicated the generation
of specific WCPs that could be applied for such a study. Such
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similarity of the morphology and size of all chromosomes
was revealed in all currently karyotyped species of the genus
Macrostomum with the chromosome set 2n = 12 (Zadesenets
et al., 2020).

We investigated the karyotypes of new Macrostomum
species that potentially could be involved in these studies.
Additionally, we developed the method for the generation
of WCPs that painted original chromosomes in species with
morphologically indistinguishable chromosomes.

Material and methods

Laboratory cultures of the free-living Macrostomum
worms. Laboratory cultures of M. cliftonensis and M. mi-
rumnovem were kindly provided by Dr. Lukas Schérer
(Zoological Institute, University of Basel, Switzerland).
The outbred cultures of M. cliftonensis and M. mirumnovem
were maintained in the laboratory of Institute of Cytology
and Genetics of Siberian Branch of the Russian Academy of
Sciences. The karyotype of M. cliftonensis (2n = 6) consists
of three pairs of small metacentric chromosomes of similar
size and morphology (Zadesenets et al., 2020). Karyotyping
of M. mirumnovem revealed a high karyotypic diversity, with
the most common chromosome number 2n = 9 (Zadesenets
et al., 2020). In this study, we used only the worms with the
2n =9 karyotype.

Metaphase chromosome slide preparation. Chromosome
slide preparation was carried out according to the previously
published protocol for single-worm karyotyping (Zadesenets
et al., 2016). To describe the karyotype, we analyzed at least
ten metaphase plates per each specimen. For microdissection,
chromosome slides were prepared from chromosome suspen-
sion, as described earlier (Zadesenets et al., 2016).

Metaphase chromosome staining. For routine karyotyp-
ing, chromosomes were stained with DAPI (4°, 6-diamidino-2-
phenylindole) (Vector Laboratories, USA) under the standard
protocol. For microdissection, chromosomes were stained
with 0.1 % Giemsa solution for 3 min at room temperature
(RT). After staining, they were rinsed in distilled water and
air-dried. After drying, the chromosomes should remain soft
enough for effectively cutting with an extended glass needle.

Microscopy. Microimages of metaphase chromosomes after
DAPI-staining and FISH were captured using a CCD-camera
installed on an Axioplan 2 Plus microscope (ZEISS, Germany)
equipped with a fluorescence filter cube set, #49, #10 and #15
(ZEISS, Germany). AxioVision (ZEISS, Germany) or ISIS4
(METASystems GmbH, Germany) software was applied for
caption and analysis of chromosome microimages. Micro-
scopy was performed at the Center for Microscopic Analysis
of Biological Objects of SB RAS (Novosibirsk, Russia).

Metaphase chromosome microdissection and whole
chromosome paint generation. In general, metaphase chro-
mosome microdissection in species of the genus Macrostomum
and DNA sequence-independent amplification of DNA of
dissected material for WCP generation were mainly described
previously (Zadesenets et al., 2016, 2017a, b). Briefly, only
complete metaphase plates were used in microdissection ex-
periments. The material in the metaphase plate had to be well
spread without chromosome contacts and overlapping. Such
quality of chromosome spreading allowed us to carefully iso-
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late all chromosomes from the metaphase plate and transfer the
material of each chromosome into a separate tube. For micro-
dissection of the M. mirumnovem chromosomes, we used only
individuals with the 2n =9 karyotype. Their chromosome set
included the unpaired largest metaphase chromosome MMI1,
the pair of large metacentrics MMI2, and three pairs of small
metacentric chromosomes MMI3—MMIS5. Under microscopic
control, the material of the isolated chromosome was trans-
ferred to 40 nl of the reaction mixture (Zadesenets et al., 2016),
placed in the extended siliconized tip of the Pasteur pipette.
Microscopic control guaranteed reliable and complete transfer
of isolated chromosome. Then, its material was treated with
proteinase K and transferred to 10 pl of the reaction mixture
within a 0.5 ml Eppendorf Safe-Lock microcentrifuge tube.
Further, DNA preparation for amplification and the amplifica-
tion itself was performed according to the previously described
protocol (Zadesenets et al., 2016, 2017a, b). After polymerase
chain reaction (PCR), the resulting DNA product was labeled
in 20 additional PCR cycles in the presence of Flu-12-dUTP
[fluorescein-5(6)-carboxamidocaproyl-[5(3-aminoallyl)2'-
deoxyuridine-5'-Triphosphate] (Biosan, Novosibirsk, Russia)
or TAMRA-5-dUTP (5-tetramethylrhodamine-dUTP) (Bio-
san) using the Whole Genome Amplification 3 Kit (WGA3,
Sigma-Aldrich, USA) (Zadesenets et al., 2016, 2017a, b). The
WCPs were tested by CISS-hybridization with metaphase
chromosomes of the original species.

CISS-hybridization with metaphase chromosomes of
M. cliftonensis and M. mirumnovem. Due to the small body
size of M. cliftonensis and M. mirumnovem (the mean body
length of adult worms does not exceed 1.22 and 1.17 mm,
respectively) (Schérer et al., 2020), it was impossible to obtain
a sufficient amount of Cotl/Cot2 DNA (fraction of highly
repetitive DNA) for routine CISS-hybridization. Previously
we developed a modification of the CISS-hybridization with
WCPs generated from microdissected chromosomes of some
Macrostomum species (Zadesenets et al., 2017a, b, 2020). This
CISS-hybridization gave different painting patterns in dif-
ferent chromosomes regions, depending on their enrichments
with DNA repeats. The euchromatic regions at the original
chromosome showed specific painting patterns. Less intense
fluorescence was observed at other chromosome euchro-
matic regions containing dispersed DNA repeats. In contrast,
more intense signals were found in the heterochromatic
regions enriched for DNA repeats homologous to those in
the WCPs.

Results and discussion

Chromosomes of M. cliftonensis. Before microdissection,
we repeatedly checked the karyotypes of randomly chosen
100 specimens of M. cliftonensis. All metaphase plates in
analyzed samples contained the standard for M. cliftonensis
chromosome set, 2n = 6, consisting of three pairs of small
metacentric chromosomes (Fig. 1).

Generation and testing of WCPs derived from meta-
phase chromosomes of M. cliftonensis. For obtaining of
metaphase plates of M. cliftonensis, suspension of mitotic
cells was dropped on a cold, wet glass coverslip (60 mm x
24 mm % 0.17 mm), and chromosome slide was immediately
put horizontally into warm water vapors (65—70 °C). After air-
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MCL1 MCL2 MCL3

Fig. 1. The karyotype of M. cliftonensis (2n = 6) consists of three pairs of
small metacentric chromosomes showing similar size and morphology.

Fig. 2. CISS-hybridization with the WCPs derived from chromosome 1
(red signal) and chromosome 3 (green signal) of M. cliftonensis on the
metaphase chromosomes of M. cliftonensis.

Chromosome numbers are indicated.

10 pm

¥ | e

MMI1 MMI2 MMI3 MMI4 MMI5

Fig. 3. The karyotype M. mirumnovem (2n = 9) consists of three large chro-
mosomes and three pairs of small metacentric chromosomes showing
similar size and morphology.

drying slide was rinsed in phosphate buffer (1xPBS, pH="7.2)
for 1 min at RT and immediately transferred in 0.1 % Giemsa
solution for 3—4 min at RT. After staining, the slide was rinsed
in distilled water and slightly dried. The chromosomal material
should remain wet and soft for easy and careful its collection
without breaking into fragments with extended siliconized
glass needle. This procedure of chromosome preparation for
microdissection reduced DNA degradation and allowed the
quantitative collection of chromosome material.
Microdissection was carried out on an AxioVert10 inverted
microscope (ZEISS, Germany) equipped with two microma-
nipulators, one of which controlled an extended glass needle.
At the same time, the other served to fix the Pasteur pipette
with an extended tip during the transfer of dissected material.
For more efficient microdissection, a special rotating sliding
stage was installed on AxioVert10 inverted microscope.
Material of all chromosomes from the selected metaphase
plate was collected and transferred under microscopic control
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into reaction mixture solution in the extended siliconized
tips of the Pasteur pipettes (the diameter of the tip was about
40 pm). Then it was transferred into the separate PCR tubes
contained 10 pl of the reaction mixture (Zadesenets et al.,
2016). To ensure that the material was transferred completely,
we broke off, the extended tip of the Pasteur pipette in the
PCR tube. Further, the preparation of DNA for amplification
(proteinase K treatment, DNA fragmentation, DNA library
preparation) and DNA amplification itself were carried out
according to the standard protocol (Zadesenets et al., 2016,
2017a, b, 2020). The resulting PCR products were labeled,
and two-color CISS-hybridization was performed for testing
the quality of the obtained WCPs and to determine WCPs
generated from homologous chromosomes.

The CISS-hybridization with obtained WCPs painted
entirely one pair of chromosomes and gave a signal in the
pericentromeric regions of other chromosomes (Fig. 2). The
last could be provided by insufficient suppression of repeti-
tive DNA hybridization. The DNA libraries generated from
homologous chromosomes were pooled together. After CISS-
hybridization, the WCPs based on the combined DNA libraries
gave more intense and more specific signal on the original
chromosome. They also provided more intense FISH signal at
the pericentromeric regions of all chromosomes. At the same
time, the painting intensity at the euchromatic regions of other
chromosomes did not increase. Two-color CISS-hybridization
with obtained WCPs did not reveal chromosome transloca-
tion in the M. cliftonensis karyotype. These results confirmed
our previous suggestion that the M. cliftonensis karyotype is
highly stable.

Generation and testing of WCPs derived from meta-
phase chromosomes of M. mirumnovem. Since we unco-
vered high karyotype instability in the laboratory culture of
M. mirumnovem (Zadesenets et al., 2020), the worms with
the 2n = 9 karyotype were chosen for the WCP generation.
At the beginning of the cultivation of M. mirumnovem worms
under the laboratory conditions, the most common karyotype
revealed among the specimens was 2n = 9 (Fig. 3). The
same protocol of metaphase chromosome microdissection
and sequence-independent DNA amplification described for
M. cliftonensis was applied for generation of the WCPs from
the M. mirumnovem chromosomes. The material of all nine
chromosomes was isolated separately from one metaphase
plate, and the WCPs were obtained by DNA amplification of
the collected material. The following CISS-hybridization was
performed on metaphase chromosomes of M. mirumnovem,
and pairs of WCPs derived from homologous chromosomes
were determined. Microdissected DNA libraries obtained from
homologous chromosomes were pooled together and were
further used for the production of the WCPs. As a result, we
received the set of WCPs that includes four WCPs derived
from the MMI2-MMI5 chromosome pairs and one WCP de-
rived from one copy of unpaired chromosome MMII.

CISS-hybridization of WCPs obtained from small chromo-
somes MMI3-MMIS5 gave intensive and specific fluorescent
signals on the original chromosome, less intensive signal at
the pericentromeric regions of the remaining chromosomes,
and weak non-specific signals at the euchromatic regions of
other small metacentrics. However, the painting pattern of
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Flu TAMRA

Fig. 4. CISS-hybridization with the WCPs on metaphase chromosomes of M. mirumnovem.

a - the whole chromosome paints derived from small chromosomes MMI3 (green signal) and MMI4 (red signal); b — the whole chromosome
paints derived from small chromosomes MMI4 (red signal) and MMI5 (green signal). Chromosome numbers are indicated.

large chromosomes appeared to be more complicated for in-
terpretation. The WCPs obtained from chromosomes MMI3—
MMIS painted specifically but less intensively and unevenly
different regions of the MMI2 chromosome, and they painted
even less intensively and less evenly the MMI1 chromosome
(Fig. 4).

CISS-hybridization with the WCPs derived from the large
chromosome MMII and two copies of the MMI2 painted
intensively the original chromosomes. However, the pattern
of chromosome painting was uneven. On low condensed
chromosomes, areas of intense fluorescence alternated with
less intensely painted regions. We should note that CISS-hy-
bridization with the WCPs derived from large metacentrics
MMI1 and MMI2 gave weak specific fluorescent signals on
small metacentric chromosomes MMI3—-MMIS. We believe
that the obtained painting patterns of the M. mirumnovem
chromosomes indicate to the WGD event in the evolutionary
scenario of this species. However, it has been accompanied
by intensive genome and karyotype reorganization, possibly
leading to the rediploidization of the modern M. mirumnovem
genome. A similar scenario of genome and karyotype evolu-
tion was previously described for the other Macrostomum
species, M. lignano and M. janickei, belonging to another
phylogenetic lineage (Schérer et al., 2020; Zadesenets et al.,
2020).

Conclusion

The proposed and tested approach for the preparation of DNA
probes from individual whole chromosomes allowed us to
obtain the WCPs for chromosomes of M. clifionensis and
M. mirumnovem. The generated WCPs efficiently identified
the material of their original chromosomes in both species.
Moreover, in the M. mirumnovem chromosomes, the WCPs
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revealed the paralogous regions, resulting from the recent
WGD followed by subsequent reorganization of ancestral
chromosomes.
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Migration of primordial germline cells is negatively regulated
by surrounding somatic cells during early embryogenesis
in Drosophila melanogaster
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Abstract. Cell migration is an important morphogenetic process necessary at different stages of individual develop-
ment and body functioning. The initiation and maintenance of the cell movement state requires the activation of
many factors involved in the regulation of transcription, signal transduction, adhesive interactions, modulation
of membranes and the cytoskeleton. However, cell movement depends on the status of both migrating and sur-
rounding cells, interacting with each other during movement. The surrounding cells or cell matrix not only form
a substrate for movement, but can also participate in the spatio-temporal regulation of the migration. At present,
there is no exact understanding of the genetic mechanisms of this regulation. To determine the role of the cell
environment in the regulation of individual cell migration, we studied the migration of primordial germline cells
(PGC) during early embryogenesis in Drosophila melanogaster. Normally, PGC are formed at the 3rd stage of em-
bryogenesis at the posterior pole of the embryo. During gastrulation (stages 6-7), PGC as a consolidated cell group
passively transfers into the midgut primordium. Further, PGC are individualized, acquire an amoeboid form, and
actively move through the midgut epithelium and migrate to the 5-6 abdominal segment of the embryo, where
they form paired embryonic gonads. We screened for genes expressed in the epithelium surrounding PGC during
early embryogenesis and affecting their migration. We identified the myc, Hph, stat92E, Tre-1, and hop genes, whose
RNA interference leads to premature active PGC migration at stages 4-7 of embryogenesis. These genes can be
divided into two groups: 1) modulators of JAK/STAT pathway activity inducing PGC migration (stat92E, Tre-1, hop),
and 2) myc and Hph involved in epithelial morphogenesis and polarization, i.e. modifying the permeability of the
epithelial barrier. Since a depletion of each of these gene products resulted in premature PGC migration, we can
conclude that, normally, the somatic environment negatively regulates PGC migration during early Drosophila em-
bryogenesis.

Key words: Drosophila melanogaster; embryogenesis; germline cells; cell migration; embryonic gonad develop-
ment.
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Regulation of germline cells migration
in the Drosophila embryo

CUrHANOoB, afre3rBHbIX B3aUMOAENCTBUAX, MOAYNALMUAX MeMOpaH v uutockeneTta. OfHaKo KneTouHas MUrpaums 3a-
BUCUT He TOMbKO OT CTaTyca KNeToK, CNOCOOHbIX K aKkTUBHOMY [ABVXXEHUIO, HO 11 OT COCTOAHUA OKPYKatoLWMX KIETOK,
C KOTOPbIMY B3aVIMOAENCTBYIOT ABMXKYLUMECA KneTku. OKpy»KatoLme KNeTKkn Uiam MaTpUKC He NpocTo GopmmnpyoT
cy6CTpaTt AnA nepemMelleHns, Ho MOryT TakXKe y4acTBOBaTb B MPOCTPaHCTBEHHO-BPEMEHHON PerynaLmm MUrpaLmn.
B HacToALLee BpeMs HET TOUHbIX MPEACTABNIEHNI O FEHETUYECKMX MEXaHU3Max 3Tol perynauun. Ytobbl onpege-
NUTb POJb KNIETOUHOTO OKPYKEHWSA B PErYNALMM MHAUBULYASIbHOW KNETOYHOW MUrPaLUK, B HACTOsALLeN paboTe Mbl
13yyanu MUrpaumio Knetok 3apoppiwesort nuHun (K3J1) B paHHem ambpuroreHese Drosophila melanogaster. B Hop-
me K3J1 o6ocobnatotca Ha 3-11 cTagnm ambpuoreHesa Ha 3agHeM nontoce smbpuoHa. Bo Bpema ractpynauum (6-7-a
ctapun) K3J1 B BUAE KOHCONUAMPOBAHHOW FPynMbl MAaCcCMBHO MepemeLlalnTca BHYTPb SMOPUOHa 1 OKasbliBaloTCcA
B KapMaHe nepsuyHon Kuwku. Janee K3J1 uHausugyanusmpyotca, nprobpeTtaoT amebomaHyo Gopmy, akTUBHO
nepemeLlalTca CKBO3b SMUTENNI KULLKU 1 MUFPUPYIOT B 5-6-11 BPIOLLHbIE CErMEHTbI SMOPUOHA, rae popmupyoT
napHble nepBuYHble roHafbl. Mbl NPOBENN CKPUHUWHI FEHOB, SKCMPeCccupyowmnxca B okpy»katowem K3J1 anute-
NN B paHHeM ambpuroreHese 1 BAUAIOLWMX Ha UX MUTrpaumio. Boiasunu renbl myc, Hph, stat92E, Tre-1 n hop, PHK-
MHTEpdEpPEHLMA KOTOPbIX NMPUBOAMNT K NPeXXAeBpeMeHHOM akTMBHON murpaunn K3J1 Ha 4-7-11 ctapusax asmbpuro-
reHesa. TV reHbl MOXHO pa3fenuTb Ha ABe rpynnbl: MoAyNATOpbl akTMBHOCTM JAK/STAT curHanbHOro Kackaga,
nHAyurpytowero murpaumio B K3J1, - reHbl stat92E, Tre-1, hop, i reHbl, BOBNEYEHHble B MOpPpOreHes 1 nonapusaumio
anuTenus, T.e. moagnduLmMpyLLe NPOHMLAEMOCTb ANUTENanbHOro 6apbepa, — myc, Hph. Tak Kak CHUXeHMe Ko-
NMYeCTBa NPOAYKTOB KaXKAOro 13 3TUX FeHOB NPUBOAMIIO K NpexXaeBpemeHHon murpaummn K3J1, To MoXHo caenatb
BbIBOJ, UTO B HOPME Ha paHHWX CTafnAX SMOprioreHe3a COMaTUYeCcKoe OKPY»KeHMe HeraTMBHO perynupyeT Murpa-
LIMIO KINETOK 3apOofblLLeBOM IMHUN.

KnioueBble cnoBa: Drosophila melanogaster; smbpuoreHes; KNeTKn 3apoAbILLEBON IMHWW; MATPaLma KneTok; dop-

MunpoBaHue 3M6pI/IOHaJ'IbeIX roHap.

Introduction
Cell migration is an important morphogenetic process
necessary at different stages of development and organism
functioning. Large-scale migration of cells occurs during
the formation of germ layers, then at the stage of differen-
tiation of organs and tissues (Aman, Piotrowski, 2010;
Schumacher, 2019). Also, some differentiated cells retain
the ability to migrate when performing their specialized
functions (Ratheesh et al., 2015; Barros-Becker et al., 2017;
Shapouri-Moghaddam et al., 2018). The initiation and
maintenance of cell movement state requires the activation
of many factors involved in the regulation of transcription,
signal transduction, adhesive interactions, modulation of
membranes and the cytoskeleton (Devreotes, Horwitz,
2015). Molecular bases of these processes are evolutio-
nary conserved with high homology in different cell types
and different species. Therefore, various aspects of cell
migration and the mechanisms of its regulation have been
successfully studied in model organisms, both in vivo and
in vitro. Drosophila melanogaster embryo represents an
excellent model to study these processes (Reig et al., 2014).
Early Drosophila embryo develops as a syncytium. Dur-
ing first 15 min (first stage of embryogenesis), male and
female pronuclei fuse and undergo 13 rounds of mitoses.
At the third stage of embryogenesis, the first cells are
formed. These are primordial germ cells (PGCs) that bud
at the posterior pole of the syncytial embryo in the pole
plasm region. The rest of the nuclei continues mitoses and
acquires cell membranes only at the fifth stage of embryo
development during the process of cellularization. During
gastrulation, PGCs as a consolidated group are passively
internalized from posterior pole to the midgut pocket by the
invagination of the embryonic surface. At the tenth stage of
embryogenesis, PGCs in the midgut pocket loose cell-cell
contacts, individualize and acquire an amoeboid form. At
the same time, the process of epithelial to mesenchymal

transition (EMT) is activated in midgut primordium cells,
which results in partial loss of apical-basal polarity accom-
panied by diminished intercellular contacts. This allows
PGCs to actively move through midgut epithelium and
migrate to the region of gonad formation. During active
migration, PGCs split up into two groups and coalesce with
mesoderm cells in fifth abdominal segment to form paired
embryonic gonads (Dansereau, Lasko, 2008; Richardson,
Lehmann, 2010).

Earlier, we showed that transcription factor GAGA
(GAF), encoded by 77/ gene in Drosophila, participates in
the regulation of PGC migration during early embryoge-
nesis (Dorogova et al., 2016). Primordial germ cells of 7r/
mutants, instead of passive translocation as a consolidated
group of cells, actively migrate from posterior to the interior
of'the early embryo. Furthermore, PGCs loose round shape,
acquire cytoplasmic protrusions reminiscent of lamellipo-
dia, move chaotically and as a result do not participate in
gonad formation. We showed that Trl protein was absent
in PGCs, but the effect of their premature migration during
early embryogenesis depended on the expression of 77/ in
somatic cells surrounding PGCs (Dorogova et al., 2016).
Current study focuses on the identification of the transcrip-
tion factor GAF target genes, participating in the regula-
tion of PGC migration by surrounding somatic epithelial
cells.

Materials and methods

D. melanogaster strain Hikone AW — laboratory stock of
the Institute of Cytology and Genetics of Siberian Branch
of the Russian Academy of Sciences (Novosibirsk, Rus-
sia) — was used as a wild type. All other fly strains were
obtained from National Institute of Genetics (NIG), Japan,
and Bloomington Stocks Center, USA. Stock numbers and
corresponding genotypes are represented in Table 1. All
strains listed in the Table 1 carry genetic constructs for
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Table 1. Drosophila stocks used in the project

Gene Stock center Stock number Genotype
+/+ ........................ B|oommgton4 ..................................................
tUbGAM .............. B|oom mgton ............... 3 0029 ..........................................
myc ....................... N|G ............................... 5 1454 ..........................................
myc ....................... B|oom ,ngton ............... 2 5783 ..........................................
sthZE ................. B|oom ,ngton ............... 3 3637 ..........................................
T,e1 ...................... N| G ............................... H M 500433 ..................................
th ....................... B|Oom mgton ............... 3 4717 ..........................................
th ....................... N|G ............................... ”14R2 .......................................
ho p ....................... N| G ............................... 2 720R 1 .......................................
hop ....................... N|G ............................... H M500779 ..................................
for ......................... N| G ............................... 1 0033R1 .....................................
. for ......................... N| G ............................... G |_ 000 26 .....................................
mbc ...................... N| G ............................... 1 0379R1 .....................................
mbc ...................... N|G ............................... H MCO3172 ..................................
p0d1 ...................... B|oom,ngton417o5 ..........................................
. po d1 ...................... B|oom mgton ............... 3 1219 ..........................................
,,b .......................... N|G ............................... H MCO3083 ..................................
,,b .......................... N|G ............................... 7 230R2 .......................................
ptp4E .................... B|oom mgton ............... 3 8369 ..........................................
ptp4E .................... B|oom mgton ............... 6 0008 ..........................................
t” ........................... N|G ............................... H M501316 ..................................
t” ........................... B|oom mgton ............... 2 7242 ..........................................
tao ........................ N|G ............................... H M501226 ..................................
tao ........................ B|oom mgton ............... 3 1226 ..........................................
Shg ........................ B|oom mgton ............... 2 7698 ..........................................
Shg ........................ N|G ............................... H M500693 ..................................
Sdc ........................ N| G ............................... 1 0497Rb2 ..................................
bbg ....................... N|G ............................... H MJ23903 ...................................
unc1;5a .............. N|G ............................... 3 1352R3 .....................................
C,k ........................ N|G ............................... H MJ22995 ...................................

ectopic RNA interference (RNA1) of corresponding gene.
To induce RNA, flies carrying RNAi construct under the
UAS promoter were crossed to flies carrying fub-GALA4,
ubiquitously expressing GAL4 transcription factor that
specifically binds to UAS sequence and induces expres-
sion. Flies were maintained on a standard agar/corn media
at 25 °C.

Dissection, fixation and immunostaining of embryos
were described earlier (Dorogova et al., 2014). Mated fe-
males were let to lay eggs overnight, after which embryos
were collected, fixed and stored in methanol at —20 °C. For
the analysis, embryos were rehydrated and immunostained.

2020
24.5
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Following antibodies were used: primary rabbit anti-Vasa
(1:30, SC-30210, Santa Cruz Biotechnology), secondary
anti-rabbit Alexa 568 (1:300, Molecular probe, A-11011).
After incubation with antibodies embryos were stained with
DAPI (2 mg/mlin 1 x PBS, pH 7.4) for 5 min and mounted
in Mowiol containing 10 % DABCO. For each combination
(RNAI of gene induced by ubiquitous tub-GAL4) 400-500
embryos of different stages were analyzed. Wild type flies
Hikone AW, tub-GAL4 flies and fly strains listed in Table 1
in the absence of RNAIi induction were used as controls.
100-200 embryos at different stages were analyzed for each
control group. Slides were analyzed using Axiolmager Z1
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equipped with ApoTome (Zeiss, Germany) and AxioCam
MR (Zeiss).

Bioinformatic analysis was performed using following
databases: FlyExpress, Fly-FISH, Berkeley Drosophila
Genome Project and DRoID. By comparing results from the
above databases, we obtained a list of genes expressed at the
desired stage of embryogenesis and potentially regulated by
GAGA transcription factor. The analysis of non-canonical
binding sites was performed using SITECON (Omelina et
al., 2011). Regulatory elements 500 base pairs upstream
of the transcription start site were used for the analysis.

Results

In our previous work we showed that mutants for 77/ gene,
which encodes transcription factor GAGA (GAF), had de-
fects in PGC migration during embryogenesis (Dorogova
et al., 2016). The absence of GAF resulted in premature
transepithelial movement of PGCs from the posterior pole
to the interior part of the embryo. We found that the effect
of early PGC migration depended on zygotic expression of
Trl in somatic cells of posterior embryo pole. Since GAF
is a transcription regulator, we reasoned that its effect on
PGC migration is mediated via its target genes. To date,
experimental data exist on binding of GAF with promoters
of about 300 genes (van Steensel et al., 2003; Omelina et
al., 2011) participating in a wide range of fundamental
cell processes.

In this work, to determine the role of cell environment
in regulating the individual cell migration during early
embryo development, we conducted a screen for genes
that expressed in somatic cells, surrounding PGCs during
4-6 stages of embryogenesis. This pattern is characteris-
tic of 7Tr/ expression at the indicated stages, based on
published data and Berkley Drosophila Genome Project
database (https://insitu.fruitfly.org/cgi-bin/ex/insitu.pl).
The set of 81 genes was identified that included star92E,
hop, Trl and Tre-1 — well known regulators of cell migra-
tion (Kunwar et al., 2003, 2008; Li et al., 2003; Sheng et
al., 2009; Dorogova et al., 2016). According to database
DrolD, 67 % of the selected genes represent potential tar-
gets of transcription factor GAF. Therefore, we analyzed
these genes for the presence of GAF binding sites using
SITECON (Omelina et al., 2011). Regulatory elements
500 base pairs upstream of the transcription start site were
used for the analysis. As a result, we found 39 potential
GAF binding sites of the GAGnGAG type, and 68 of the
GAGnnnGAG type in the region —500...+1. As an initial
verification of identified binding sites functionality we ana-
lyzed the presence of GAF binding peaks using ModEncode
database (Embryo 0 12h GAF_ChIP_chip; http://www.
modencode.org/). For the majority of genes (32 from 39
for GAGnGAG sites and 62 from 68 for GAGnnnGAG
sited) GAF binding was observed during embryogenesis
(for two genes, the data were absent).

Interestingly, the density of GAF binding sites distri-
bution in —500...+1 region of genes expressing in early
embryogenesis in somatic cells surrounding PGCs, was not
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Fig. 1. The distribution density of potential GAF binding sites (per 1000
nucleotides) of the GAGNGAG (a) and GAGnNnnGAG (b) types in various
gene sets.

The black column is the density of GAF binding sites throughout whole
Drosophila genome; the light gray columns are the density of GAF sites in the
promoter regions (-500...+1) of various gene sets: 6947 random Drosophila
genes, 33 Drosophila development genes (Omelina et al., 2011), and our set of
genes which expressed in the epithelial cells at the posterior pole of 4-6 stage
embryos.

random (Fig. 1) and exceeded the average density of such
sites throughout whole Drosophila genome. For example,
density of GAGnnnGAG sites for our gene set was more
than twice higher compared to the genome-wide distribu-
tion density (see Fig. 1, ). What is more intriguing is that
the density of GAF binding sites in our set of genes was
similar to that of Drosophila development genes. Our gene
set consisted of genes expressed in early embryogenesis,
however, most of them were not early development genes.
Next we analyzed the migration of PGCs during RNAi
of genes from our gene set. To induce RNAi1 we used the
GAL4/UAS system with ubiquitous tub-GAL4 driver
(Table 2, Fig. 2). For many genes, transgenic fly stocks
with RNAI constructs against different parts of the gene
were available. In such cases we used all available stocks
in independent experiments. Hikone AW wild type stock,
tub-GAL4 stock and stocks carrying UAS-RNAi (in the
absence of GAL4 induction) were used as controls. In all
controls premature PGC migration was not observed.
Premature PGC migration in early embryogenesis was
observed during RNAi of genes myc (~90 %, n* = 60;
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Table 2. PGC migration phenotypes during RNA interference of the corresponding gene

Gene, stock
number

Expression pattern
at 1-5 stages of embryogenesis

RNA-interference phenotype

1-4 stages - ubiquitously®,
stage 5 - epithelial cells at embryo poles

1-4 stages - ubiquitously®,
stage 5 - all blastoderm cells,
except PGCs

No defects in early migration. However, PGCs loose orientation
after the exit from the midgut primordium at the stage 11

No defects in early migration. Small defects in migration direction
at the stage 11

1-4 stages - strong ubiquitous expression®,

stage 5 — weak ubiquitous expression,
including PGCs

Premature migration at early stages and during the middle embryogenesis.
Some cells remain in the midgut pocket at 10-11 stages

1-4 stages — ubiquitously™,
vanished to the stage 5

High level of embryonic lethality, many embryos do not survive to
gastrulation stage. Survived embryos have defects in epithelium formation;
PGCs randomly spread over the embryo surface

High level of embryonic lethality during middle embryogenesis.
Survived embryos show defects at early and late stages;
PGCs spread over the embryo surface

1-5 stages — posterior pole of the embryo,
pole plasm region

One third of the embryos die. Abnormalities in gastrulation;
PGC migration is defective at both early and middle stages

One third of the embryos die. Abnormalities in gastrulation;
PGC migration is defective at both early and middle stages

1-5 stages - ubiquitously®, with gradual
decrease

Defects in PGC migration at 10-11 stages, some cells remain in the midgut
pocket

1-4 stages — no expression,
stage 5 - epithelial cells at both embryo
poles

1-3 stages — ubiquitously™,

stage 4 - ubiquitously, except PGCs,
stage 5 - epithelial cells at the posterior
embryo pole

1-4 stages — no expression,
stage 5 - pole plasm

1-4 stages - ubiquitously®,
stage 5 - PGCs

1-4 stages — no expression,
5-6 stages - epithelial cells at the posterior
embryo pole

1-4 stages — ubiquitously™,
degrades by the stage 5

1-6 stages — ubiquitously*,
except PGCs

Defects at the stage 10 during migration through midgut epithelium.
Some PGCs remain in the midgut pocket

* Ubiquitously — means the localization of mRNA of the corresponding gene throughout the whole volume of the embryo including pole plasm region
at 1-3 stages and the formed PGCs at 4-6 stages (unless otherwise indicated).
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Fig. 2. Primordial germ cells at 4-5 stage of embryonic development in
control (g, b), in tub-GAL4/UAS-myc-RNAi (c, d) and tub-GAL4/UAS-Hph-
RNAi (e, f).

a, b - primordial cells are located at the posterior pole of the embryo and have
a spherical shape typical for this stage; ¢, d — premature germ cells migration
in tub-GAL4/UAS-myc-RNAi embryos; e, f — premature germ cells migration in
tub-GAL4/UAS-Hph-RNAi embryos. The nuclei are stained with DAPI, Germ
cells - antibodies to the VASA protein. Scale: g, ¢, e - 30 um; b, d, f = 50 um.

* hereinafter n — the number of viewed embryos of genotype
tub-GAL4/UAS-RNAi at 4-6 stage of embryogenesis), Hph
(~90 %, n = 45), stat92E (~90 %, n = 50), Tre-1 (~70 %,
n =40) and hop (~40 %, n = 40). In addition to defects in
migration at early stages, RNAi of stat92F, Tre-1 and hop
genes also resulted in PGC migration defects during middle
embryogenesis, at stages 10—11. Several genes, shg, hop,
mbc, Hph, ptp4E and Crk, were found to be involved in
PGC migration through primordium midgut epithelium at
stages 10—11. We did not reveal any effect of RNAi of #//,
tao, for, bbg, unc-115a, Sdc, podl and rib genes on PGC
migration in embryogenesis.

Discussion

We discovered the premature PGC migration phenotype
that depended on the transcription factor GAF (encoded
by 7rl gene in Drosophila) expression in somatic cells sur-
rounding PGCs (Dorogova et al., 2016). This phenomenon
prompted us to search for other genes regulating PGC
migration in early embryogenesis. Interestingly, 67 % of
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genes that expressed in epithelial cells surrounding PGCs
at 4-6 stages of embryo development are potential targets
of transcription factor GAF, which suggests its active role
in PGC migration regulation. We compared our data with
data on transcriptional regulation of other types of migrat-
ing cells in Drosophila embryo (Bae et al., 2017): caudal
visceral mesoderm (precursors of longitudinal muscles
of the gut, they migrate collectively), and hemocytes (the
Drosophila equivalent of blood cells, they migrate indi-
vidually). Among 73 genes common for somatic migrating
cells, the expression of 64 genes (88 %) can be regulated
by GAF. Also, it is worth mentioning that the distribution
density of GAF binding sites in the promoters of genes
from our gene set was two times higher than the random
density, and corresponded to the density in early develop-
ment genes (Omelina et al., 2011). Therefore, we propose
that GAF regulates not only embryonic cell migration, but
also early Drosophila development in general.

Since genes participating in the control of embryonic
cell migration were enriched with targets of GAF transcrip-
tion factor, we further selected genes involved in PGC
migration regulation from surrounding somatic cells. We
analyzed 17 genes from obtained gene set for their effect
on PGC migration, and revealed a number of genes that
negatively regulated this process. We showed that RNA
interference of myc, Hph, stat92E, Tre-1 and hop genes
resulted in premature transepithelial migration of PGCs in
early embryogenesis. The involvement of last three genes
was known before: hop (hopscotch) and stat92FE encode
JAK kinase and transcription factor STAT92E (Signal
Transducer and Activator of Transcription), respectively.
The products of both of these genes activate evolutionary
conserved JAK/STAT signaling pathway that induces cell
migration in Drosophila, mice and humans (Li et al., 2003;
Silver et al., 2005). Premature PGC migration that we ob-
served during RNAI of hop is in agreement with J. Li and
colleagues (2003) who showed that hop expressed only in
somatic cells of the embryo, and its mutations resulted in
hyperactivation of STAT92E and premature PGC migra-
tion. It should be noted that to initiate migration, JAK/
STAT pathway needs to be activated in PGCs themselves.
During early embryogenesis, JAK/STAT signaling cascade
in PGCs is activated by Tor kinase (Li et al., 2003). In
somatic cells surrounding PGCs, this cascade is activated
by JAK kinase and seems to control the reorganization of
cytoskeleton and polarization of epithelial cells.

The role of JAK/STAT in epithelium morphogenesis
and polarization has been shown for many tissues includ-
ing Drosophila embryonic intestine (Josten et al., 2004).
Tre-1 is also a part of JAK/STAT pathway and it encodes
G protein-coupled receptor (GPCR) — transmembrane che-
moattractant receptor (Kunwar et al., 2003, 2008; Sheng et
al., 2009). The activation of 7re-/ initiates significant intra-
cellular rearrangements — the cell changes its polarization
and cytoskeleton regulation, which altogether creates the
conditions for active cell movement. It has been shown that
Tre-1 is also important for cell polarization at early stages
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of embryo development (Richardson, Lehmann, 2010). We
hypothesize that the RNA interference of 7re-/ leads to the
weaker polarization of epithelial cells and, as a result, to
increased permeability of epithelium for migrating cells.

The most interesting for us is the result on the role of myc
and Hph in the regulation of PGC migration. myc (or dm —
diminutive) encodes the well-known transcription factor
homologous to vertebrate Myc protooncogene, which is
important for cell proliferation and growth. Surprisingly,
recent genetic screen for modulators of tumor invasion
identified Myc as a negative regulator that blocked tumor
invasion and metastasis (Ma et al., 2017). Ectopic expres-
sion of human cMyc potently suppressed INK-dependent
cell invasion and migration in both Drosophila and lung
adenocarcinoma cell lines (Ma et al., 2017). The authors
showed that Myc, together with its transcriptional part-
ner, upregulated the expression of tyrosine kinase puc
(puckered), which, on the one hand, is involved in polariza-
tion and morphogenesis of epithelial cells, and, on the other
hand, inhibits JNK signalling pathway critical for tumor
invasion and cell migration (Ma et al., 2017). Therefore,
the decrease of Myc in somatic cells might promote PGC
migration due to the increase in the permeability of sur-
rounding epithelium.

Hph (HIF prolyl hydroxylase) encodes HIF prolyl-4-hy-
droxylase which acts as an oxygen sensor. Mutations in
Hph result in defects in embryonic tracheal development. In
Drosophila oogenesis, Hph regulates border cell migration
speed in a dose-dependent manner: overexpression of Hph
increases border cell migration, whereas Hph depletion has
opposite effect (Doronkin et al., 2010). In addition, Hph-
mutant mosaic clones show diminished expression levels
of slbo (slow border cells) — key regulator of border cell
migration and shg (shotgun) — gene encoding cell adhesion
protein DE-cadherin (Doronkin et al., 2010).

To sum up, we revealed negative regulators of PGC
migration in early embryogenesis that falls into two catego-
ries: modifiers of JAK/STAT signaling pathway activity
that induces cell migration in many organisms, and genes
involved in epithelium polarization and morphogenesis.
Genes in the first group normally reduce the invasiveness
of migrating primordial germ cells, whereas genes in the
second group are responsible for the impermeability of the
epithelial layer.

Conclusion

In this work we performed screen for genes involved in
primordial germ cell migration during early embryo deve-
lopment. A key feature of our screen was that we searched
for the regulators not in migrating PGCs themselves but in
surrounding somatic cells. We identified five genes, myc,
Hph, stat92E, Tre-1 and hop, whose RNA interference
resulted in a premature PGC migration in early embryo-
genesis. The premature migration phenotype demonstrates
that surrounding cells, somatic cells in particular, not only
form a substrate for PGCs movement, but can also actively
regulate the migration itself. This aspect of migration regu-
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lation is poorly studied and far from being well-understood.
Nevertheless, it requires further detailed studies because
of homology with other types of individual cell migration,
including cell migration during metastasis.

References

Aman A., Piotrowski T. Cell migration during morphogenesis. Dev.
Biol. 2010;341(1):20-33. DOI 10.1016/j.ydbio.

Bae Y.K., Macabenta F., Curtis H.L., Stathopoulos A. Comparative
analysis of gene expression profiles for several migrating cell types
identifies cell migration regulators. Mech. Dev. 2017;148:40-55.
DOI 10.1016/j.mod.2017.04.004.

Barros-Becker F., Lam P.Y., Fisher R., Huttenlocher A. Live imaging
reveals distinct modes of neutrophil and macrophage migration
within interstitial tissues. J. Cell Sci. 2017;130(22):3801-3808. DOI
10.1242/jcs.206128.

Dansereau D.A., Lasko P. The development of germline stem cells in
Drosophila. Methods Mol. Biol. 2008;450:3-26. DOI 10.1007/978-
1-60327-214-8 1.

Devreotes P., Horwitz A.R. Signaling networks that regulate cell mi-
gration. Cold Spring Harb. Perspect. Biol. 2015;7(8):a005959. DOI
10.1101/cshperspect.a005959.

Dorogova N.V., Fedorova E.V., Bolobolova E.U., Ogienko A.A., Bari-
cheva E.M. GAGA protein is essential for male germ cell develop-
ment in Drosophila. Genesis. 2014;52(8):738-751. DOI 10.1002/
dvg.22789.

Dorogova N.V,, Fedorova E.V., Ogienko A.A., Baricheva E.M., Khru-
shcheva A.S. Role of GAGA factor in Drosophila primordial germ
cell migration and gonad development. Russ. J. Dev. Biol. 2016;
47(1):33-40. DOI 10.1134/S1062360416010033.

Doronkin S., Djagaeva 1., Nagle M.E., Reiter L.T., Seagroves T.N.
Dose-dependent modulation of HIF-1alpha/sima controls the rate of
cell migration and invasion in Drosophila ovary border cells. Onco-
gene. 2010;29(8):1123-1134. DOI 10.1038/0n¢.2009.407.

Josten F., Fuss B., Feix M., Meissner T., Hoch M. Cooperation of JAK/
STAT and Notch signaling in the Drosophila foregut. Dev. Biol.
2004;267(1):181-189. DOI 10.1016/j.ydbi0.2003.11.016.

Kunwar P.S., Sano H., Renault A.D., Barbosa V., Fuse N., Lehmann R.
Trel GPCR initiates germ cell transepithelial migration by regulat-
ing Drosophila melanogaster E-cadherin. J. Cell Biol. 2008;183(1):
157-168. DOI 10.1083/jcb.200807049.

Kunwar P.S., Starz-Gaiano M., Bainton R.J., Heberlein U., Lehmann R.
Trel, a G protein-coupled receptor, directs transepithelial migration
of Drosophila germ cells. PLoS Biol. 2003;1(3):E80. DOI 10.1371/
journal.pbio.0000080.

LiJ., Xia F., Li W.X. Coactivation of STAT and Ras is required for germ
cell proliferation and invasive migration in Drosophila. Dev. Cell.
2003;5(5):787-798. DOI 10.1016/s1534-5807(03)00328-9.

Ma X., Huang J., Tian Y., Chen Y., Yang Y., Zhang X., Zhang F., Xue L.
Myc suppresses tumor invasion and cell migration by inhibiting
INK signaling. Oncogene. 2017;36:3159-3167. DOI 10.1038/onc.
2016.463.

Omelina E.S., Baricheva E.M., Oshchepkov D.Y., Merkulova T.I. Ana-
lysis and recognition of the GAGA transcription factor binding sites
in Drosophila genes. Comput. Biol. Chem. 2011;35:363-370. DOI
10.1016/j.compbiolchem.2011.10.008.

Ratheesh A., Belyaeva V., Siekhaus D.E. Drosophila immune cell
migration and adhesion during embryonic development and lar-
val immune responses. Curr. Opin. Cell Biol. 2015;36:71-79. DOI
10.1016/j.ceb.2015.07.003.

Reig G., Pulgar E., Concha M.L. Cell migration: from tissue culture
to embryos. Development. 2014;141(10):1999-2013. DOI 10.1242/
dev.101451.

Richardson B.E., Lehmann R. Mechanisms guiding primordial germ
cell migration: strategies from different organisms. Nat. Rev. Mol.
Cell Biol. 2010;11(1):37-49. DOI 10.1038/nrm2815.

FEHETUKA YXMUBOTHDbIX / ANIMAL GENETICS 531


https://www.elibrary.ru/contents.asp?id=34279369
https://www.elibrary.ru/contents.asp?id=34279369&selid=26930806
https://doi.org/10.1038/onc.2016.463
https://doi.org/10.1038/onc.2016.463
https://doi.org/10.1016/j.compbiolchem.2011.10.008

N.V. Dorogova, A.S. Khruscheva, lu.A. Galimova ...
E.D. Shvedkina, K.A. Akhmetova, S.A. Fedorova

Schumacher L. Collective cell migration in development. Adv. Exp.
Med. Biol. 2019;1146:105-116. DOI 10.1007/978-3-030-17593-1 7.

Shapouri-Moghaddam A., Mohammadian S., Vazini H., Taghadosi M.,
Esmaeili S.-A., Mardani F., Seifi B., Mohammadi A., Afshari J.T.,
Sahebkar A. Macrophage plasticity, polarization, and function in
health and disease. J. Cell Physiol. 2018;233(9):6425-6440. DOI
10.1002/jcp.26429.

Sheng X.R., Posenau T., Gumulak-Smith J.J., Matunis E., Van Do-
ren M., Wawersik M. Jak-STAT regulation of male germline stem

ORCIDID
S.A. Fedorova orcid.org/0000-0001-8257-4654

Regulation of germline cells migration
in the Drosophila embryo

cell establishment during Drosophila embryogenesis. Dev. Biol.
2009;334(2):335-344. DOI 10.1016/j.ydbi0.2009.07.031.

Silver D.L., Geisbrecht E.R., Montell D.J. Requirement for JAK/STAT
signaling throughout border cell migration in Drosophila. Develop-
ment. 2005;132(15):3483-3492. DOI 10.1242/dev.01910.

van Steensel B., Delrow J., Bussemaker H.J. Genomewide analysis of
Drosophila GAGA factor target genes reveals context-dependent
DNA binding. Proc. Natl. Acad. Sci. USA. 2003;100(5):2580-2585.
DOI 10.1073/pnas.0438000100.

Acknowledgements. The reported study was funded by the Russian Foundation for Basic Research (RFBR) according to the research project
No. 18-34-00321. N.V. Dorogova and S.A. Fedorova were supported by the ICG SB RAS budget project No. 0324-2019-0042-C-01.

Conflict of interest. The authors declare no conflict of interest.
Recieved March 25, 2020. Revised May 11, 2020. Accepted May 18, 2020.

532

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 5



FEHETUKA XXUBOTHbIX BaBunnoBcKui xypHan reHeTuku n cenekymm. 2020;24(5):533-538

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.645

BiusiHue gueThl C IMMOBBINIEHHBIM COAepPsKaHMeM Xupa
Ha JIUTIUIHBIN IIPO(PUIb OOILIMTOB MBbIIIE
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AnHoTayuma. CywecTByOT NPEANOCHINKA TOTO, UTO Y »KEHLUUH C OXKMPEHMNEM BO3MOXHO CHIXKEHVe KayecTBa OoLu-
ToB. [py 3TOM OCTaeTCcA HEACHBIM, KaK CBA3aHO 3TO M3MEHEeHNe C OXKUPEeHNeM: ONOCPeAOBaHHO UM HanpAMYIo, Ye-
pe3 n3MeHeHVe COAepXKaHnA W/Uny cocTaBa NMMNMAOB B oouuTax. Llenblo HacToAwen paboTbl 6bINo 13ydyeHre Ha
MbILIAX BMSHUA GOraTo >KUpaMn AUETb, MPUMEHAEMON K CaMKaM-[OHOPaM, Ha KauyeCTBEHHbI COCTaB 1 obLyee
KONNYECTBO NMNMULOB B HE3PENbIX U CO3PEBLUUX in Vivo oouuTax. YCTaHOBMEHO, UTO AneTa, 6boratas nunvaamu, npu-
BOAUT K YBEIYEHMNIO MacCbl Tefla CaMOK MblLLIe NO CPaBHEHWIO C KOHTponeM (p < 0.001; 44.77 +£1.46 n 35.22+1.57
COOTBETCTBEHHO), @ TaKXKe YPOBHsA xonectepuHa (p < 0.05;2.06+0.10 1 1.78£0.10 COOTBETCTBEHHO) U TPUIAULIEPU-
noB (p <0.05;2.13+£0.23 1 1.49+0.21 COOTBETCTBEHHO) B KPOBYW 3TUX XMBOTHbIX. ITa iMeTa He NoBNMANa Ha CTeneHb
HeHacCblLLEHHOCTN BHYTPUKNETOUHbIX TMNuAoB He3penbix (0.207 +£0.004 B skcnepumeHTe 1 0.206 +0.002 B KOHTpOne)
1 3penbix oountoB (0.212+0.005 B akcnepumeHTe 1 0.211+£0.003 B KOHTpone). [pr co3peBaHnM OOLMTOB in Vivo Ha-
6n1104a10Ch BO3pacTaHne coflepkaHna BHYTPUKIIETOUHbIX MMNUAOB. B 3penbix oouymTax KonmyecTBo MNMAoB Obino
60orblue B 3KCNepUMEHTaIbHOW FPyre Mo CpaBHEHNIO C KOHTposeM (p < 0.01;8.15+0.37 1 5.83 £ 0.14 cOOTBETCTBEH-
HO). BbiABNeHo yBennyeHne KonmyecTsa BHYTPUKIETOUHbIX IMNULOB NPU CO3peBaHMM OOLMTOB Kak nocne CTaH-
napTtHou aueTbl (p < 0.05;4.72+0.48 1 5.83 +0.14 COOTBETCTBEHHO), TaK 1 Mocse AneTbl, 6oraTton xxupammu (p < 0.001;
3.45+0.62 1 8.15+0.37 cOOTBETCTBEHHO). TakM 06pa3om, Npu CO3peBaHN OOLMTOB MblLLEN in Vivo BO3pacTaeT co-
LepKaHne BHYTPUKIETOUYHbIX MMMNMA0B, 6oraTas Xunpamu aneta NPUBOAUT K NMOBbILLEHHOMY COAEPXKaHNIO NMNA0B
B 3peniblx ooLmTax.

KnioueBble C0Ba: MblLUW; AMETA; OOLUTbI; BHYTPUKNETOUHbIE IMMNUADI; HUAbCKUIA KPacHbIN; KOHdOKanbHasA nasepHan
CKaHMpYHoLLaa MUKPOCKOMMSA; CNeKTPOCKONMNA KOMOVHALMOHHOIO pacceaHns cBeTa.

[na untuposauus: bpyceHues E.I0., Yyinko 3.A., Okotpy6 K.A., UroHnHa T.H., Poxxkosa U.H., Paraesa .C., PaHHeBa C.B.,
Hanpumepos B.A., Amctucnasckun C.A. BnnaHne gueTbl C NOBbILLEHHbIM COAEPKAHNEM XKMpPa Ha NUNUAHbIVA NPO-
dunb oounTOB MblLen. Basunosckull XypHan 2eHemuku u cenekyuu. 2020;24(5):533-538. DOI 10.18699/VJ20.645

Effects of a high-fat diet on the lipid profile of oocytes in mice
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Abstract. There are evidences that obese women exhibit a detrimental oocyte quality. However, it remains unclear
how this change is associated with obesity, indirectly — or directly through a change in the content and/or composi-
tion of lipids in oocytes. The aim of this work was to study effects of a high-fat diet applied to female donor mice on
the amount and qualitative composition of lipids of immature and in vivo matured oocytes. A high-fat diet caused
larger body weight in female mice compared with the control (p < 0.001; 44.77 +1.46 and 35.22+1.57, respectively),
and increased the blood levels of cholesterol (p < 0.05; 2.06+0.10 and 1.78+0.10, respectively) and triglycerides
(p < 0.05; 2.13+0.23 and 1.49+0.21, respectively). At the same time, this diet does not affect the level of unsatura-
tion of lipids in immature (0.207 +0.004 in the experiment and 0.206+0.002 in the control) and matured oocytes
(0.212+0.005 in the experiment and 0.211£0.003 in the control). Total lipid content increased during in vivo matura-
tion of mouse oocytes. The amount of lipids was greater in mature oocytes in the experimental group compared to
the control (p <0.01;8.15+0.37 and 5.83 £ 0.14, respectively). An increase in intracellular lipid amount during oocyte
maturation was revealed both after a standard diet (p < 0.05; 4.72+0.48 and 5.83+0.14, respectively) and after a
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fat-rich diet (p < 0.001; 3.45+0.62 and 8.15+0.37, respectively). Thus, during in vivo oocyte maturation in mice the
content of intracellular lipids enhanced, the high-fat diet aggravated this dynamics of lipid increase during in vivo

maturation of oocytes.

Key words: mice; diet; oocytes; intracellular lipids; Nile Red; confocal laser scanning microscopy; Raman spectroscopy.
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BBepeHmne

OOoINT 1 KIIETKH KyMYJTFOCa, COCTABIITIOIINE KyMYITFOC-OOIINT-
ueiit kommuieke (KOK), conepskar nunuansie rpanyist (JII),
KOTOPBIC CBA3aHbI C APYT'UMHU OpraHejiaMi, y4aCTBYIOIIUMHA
B KierogHoMm Mmetabommme (Kruip et al., 1983; Dunning et
al., 2014; Ellenrieder et al., 2016). IIpensiayimue uccienona-
HUSl, IIPOBE/ICHHBIE NIPU IIOMOLLY CBETOBOM U AJIEKTPOHHON
MHUKPOCKOITHH, BEISIBIIIH CBS3b MEXKTy SHAOTIa3MATHIECKUM
petuxyiymom, MuTOXOHApHsiME ¥ JII' B oonnTax KpymHOTO
pOraToro CKorta; 3TH KJIACTEphbl Ha3BaJIl META00IMYECKIMHU
enuautamu (Kruip et al., 1983). TecHast cBSA3b MEXIy STHMHA
OpraHeJyIaMi CIOCOOCTBYET KJIETOYHOMY METaboiIHM3My, B
yactHOCTH -okucienuto aunuaos (Ellenrieder et al., 2016).
Huronnazmaruueckue JII' ABISIOTCA XpaHUIUILAMU KUPOB,
KOTOPBIE MOTYT OBITh UCITOIb30BAHBI B KAYECTBE SHEPTeTHYC-
ckoro cyoctpara (Thiam et al., 2013). T'uapodobHOE comep-
JKUMOE ITHX TPaHYIN, COCTOSIIEC B OCHOBHOM W3 TPHAIIWI-
IIMLEPUIOB U CIIOXKHBIX 3()UPOB CTEPOJIOB, TAKUX KaK XO-
JIeCTepUH, OKpY)keHO MoHocioeM (pochomununos (Walther,
Farese, 2009). B Hactosimee Bpems JII' canTaroT akTHBHBIMH
BHYTPHUKJICTOUYHBIMU CTPYKTYPaMH, UTPAIOIIUMH BaKHYIO
posib B KitetounoM romeoctase (Walther, Farese, 2009; Welte,
Gould, 2017). Kpome Toro, HeZJaBHIE UCCIICTOBAHMUS [TOKa3a-
JIM MX TIPOTEKTOPHYIO, & TAK)XKE PErYSITOPHYIO (DYHKIHUIO, B
YaCTHOCTHU X y4yacTHe B OEIKOBOM MeTabonim3Mme u pabore
sapa (Welte, Gould, 2017).

BnusiHue 0XXMpEeHUs Ha Ka9€CTBO OOLMTOB — BAXKHBIH Me-
JTUIIMHCKAHN acrekT. M30bITouHast Macca Tejia OTPHUIATeIbHO
CKa3bIBACTCS Ha PEMPOAYKTUBHOM 3I0pOBBE JIIONEH, O YeM
CBUJICTEJIBCTBYIOT KIIMHWYECKNE JTaHHbIE, TTOMy9YeHHbIC TIPH
MMPUMCHCHHUU BCIIOMOTI'aTCJIbHBIX PCHIPOAYKTHUBHBIX TCXHO-
noruit — BPT (Robker, 2008; Souter et al., 2011; Dickey et
al., 2012). YcranoBieHo, 4TO y KEHIIMH C OKHPEHUEM Ha-
OmroaeTcs CHMKEHHE KadyecTBa 0OLUTOB B Iukiax BPT mo
CpPaBHEHHUIO ¢ MMEBIIMMHU HOpMaNbHBEIA Bec Tena (Robker,
2008). Mexay TeM He SICHO, CBSI3aHO JIM 3TO C M30BITOUHOMN
Maccoil Tena NaueHToK JU00 ¢ U3MEHEHUEM COJIepIKaHHs 1
cocTaBa JmnuA0B B oonutax (Pantasri et al., 2015).

Dddexr oborameHHON TUMHIaAMA TUETHI HA Pa3BUTHC
OOIMTOB MOATBEPKAACTCA U B OKCIICPUMCHTAX HA PA3JIMYHBIX
BHJAX KUBOTHEIX (Zeron et al., 2002; Minge et al., 2008; Wu
et al., 2010; Dunning et al., 2014). Tak, B paboTe Ha MbIIIaX,
B KOTOpPOM CaMOK Jep>Kajli Ha JUETEe C IOBBILICHHBIM CO-
Jep>KaHUEeM JKHPOB, TPOJEMOHCTPHPOBAHO, YTO y 0COOCH
C BBI3BAaHHBIM TAaKUM MUTAHUEM OKHUPEHHEM OBIJIO HHU3KOE
KaueCTBO OOILIUTOB, a SMOPHOHBI U3 HUX XYK€ pPa3BUBAINCH
B KynbType in vitro (Minge et al., 2008). OqHaxo 10 cHX 1op
0CTaeTcsl HEM3BECTHBIM, YTO MMEHHO BBI3BIBAET ATH N3MEHE-
Hus. Llenps Hamel paboThl — H3yUeHHE Ha MBIIIAX BIMSHUS
Ooraroit JKupaMu JHETHI, IPAMEHAEMON K CaMKaM-IOHOPaM,
Ha Ka4eCTBEHHBII COCTaB M 00IIiee KOINYECTBO BHY TPHKIIE-
TOYHBIX JIMITUIO0B HE3PEIIBIX U 3PEJIbIX OOLIUTOB MBIIIIEH.
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JKcnepuMeHTalbHbIe JKHBOTHBbIE. B nccnenoBanuu Juis
MOJIyYEHUS] HE3PEJNbIX M 3PEIbIX OOLUTOB HCIIOIB30BAHO
56 camoxk-noHopoB Mereit arann CD1 B Bo3pacte 2.5 mec.
(16 B xouTposte u 40 B HKCIIEpUMEHTAIILHOM rpyme) u 6 cre-
PUIBHBIX CaMIIOB 3TOM ke nuHuH. JKUBOTHBIX COoZICpKaliu B
KJIETKaX C TOJICTUIIKON U3 OIMJIOK B CTAaHJAPTHBIX YCIOBHAX
KOHBEHIIMOHAJILHOTO BUBapusi VIHCTUTYTa IIUTOJIOTHH U Te-
netuku CO PAH (HoBocubupck, Poccus): npu koMmpopTHOM
temmeparype 2224 °C, cBOOOITHOM TOCTYTIE K TIOTHOPAIHOH-
HOMY CyXOMY I'paHy/IMpOBaHHOMY KOPMY JJIsl JTADOPaTOPHBIX
rpei3yHOB «Yapa» (3AO «AccoptumeHT-Arpo», Poccus)
M OYHIICHHOM Boje, 12:12-gyacoBoM IuKiIE JHA:HOYH. Bee
9KCIIEPUMEHTHI Ha )KUBOTHBIX 0/100peHsl Komuccueit mo 6no-
atuke MHacTuTyTa 1tutonoruu u renetrku CO PAH (mpoTtoxon
Ne 501 13.05.2011) 1 cooTBeTcTBYIOT EBpOIIEiickoii KOHBEH-
IIUH O 3aIIUTE TO3BOHOYHBIX XKMBOTHBIX, NCITOIB3YEMBbIX JUIS
9KCIEPUMEHTAJIbHBIX U JIPYI'MX HayUHbIX LIEJIEH.

Onenka 3¢ dexTuBHOCTH THETHI. CaMOK-JTOHOPOB COIEP-
JKaJll KaKk Ha CTaHJapTHOW aueTe (KOHTPOJIb), TaK U Ha CIe-
[IUATTM3UPOBAHHOM, KOT/Ia TOTIOTHUTENBHO K OOBIYHOMY KOPMY
JKMBOTHBIM JI00ABIISUTH CBHOE CAJI0 M CEMEHA IOZICOJTHEYHHUKA
(akcriepumenTanbHas rpymma). [Tumesbie 1o0aBKH HAYMHATN
JIaBaTh C BO3pAcTa MATH HeZeTb. OTKOPMOYHBINA SKCTIEPUMEHT
JUIWJICS] B TEUEHHE BOCHMU Henelb. st moxTBepskaeHust -
(heKTUBHOCTH JMETHI MBIILIEH 00EUX IPYIIIT B3BEILIMBAIIH ITEPE]
9BTaHA3MEH, a TAKKE y CAMOK HATOIIAK COOMPAIIH KPOBB MOCIIE
JIeKaMUTaIH, IeHTpUQyrupoBamy npu 3250 06/muH (1000 g)
B TEYEHUE 5 MUH, ITOCJIE Yero cOOMpaly IIa3My 1 OLCHUBAIN
YPOBEHB XOJICCTEPUHA U TPUTTIULCPUAOB C UCIIOJIB30BAHUEM
HabopoB Xonectepua-Horo (AO «Bexrop-bect», Poccnst) n
Tpurmnepuns-Hoso (AO «Bekrop-bect»), kak pexoMmeH10-
BaHO MTPOM3BOJIUTEIIEM.

Hespeable oouutsl nosry4anau ot 10 caMok B KOHTPOJIBHOR
1 30 — B skciepuMeHTaabHOU rpymie. JKUBOTHBIX Ha CTaIuu
MPO3CTPyCa MOIBEPralk SBTaHA3MH NP MOMOIIIHN JIeKaI|Ta-
nun. SIMYHUKA W3BJIeKad U n3Menbdand B cpene Flushing
Solution (FertiPro, benbrust). Bernenenusie KOK onenuBamm
ozt crepeomukpockoniom Leica S8 APO ¢ yBennuenuem x80
(Leica Microsystems, ['epmanms). s uccinegoBanus Opaiu
tosbko Te KOK, B KOTOpBIX OBLIO HE MEHEE MSATH CIIOEB Ky-
MYJIFOCHBIX KJIETOK, IUIOTHO IPWJIEraroluX K IPO3pauyHOil
obonouke oonmra (Hillier et al., 1985). Ecim KOK mmenu
CYIIECTBEHHBIE JIE(PEKTHI, TO NX OTOPAKOBBIBAIIH.

IMosyyenne crepuibHBIX camMuoB. CTEPUIIN3AIMIO CaM-
IIOB NTPOBOJMIIN ITyTEM Ba3dKTOMHH HE MEHEE YeM 3a JIBE
HeJIeNT JI0 HayaJla 9KCIIepUMEHTa, KaK ObLIO OIHMCaHO paHee
(Hogan et al., 1994). Camuos Mbimieii tuaun CD1 B Bo3pacte
IIECTH HEJeTIb HAPKOTU3UPOBAJIM TP OMOIIN BHYTPHOPIO-
muHHOTO BBeneHus (.25 MI/Kr mperapara MeIeToMeanHa
rugpoxiopuaa (Domitor 1 mg/mL, Orion-Corporation, ®un-
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nsaans) U yepe3 10 muH — 50 Mr/kr mpemnapara 30J7eTHIa
(Zoletil, SA, Virbac Sante Animale, ®panuus). [Tocie nap-
KOTH3allUM MOAKOKHO BBOAWIN aHTHOMOTHK: 0.01 M amo-
keumuirHa Tpuruapara 150 mr/min (OAO «Cuntes», Poc-
cust). 3aTeM JKMBOTHBIX TIOMEIIAIN Ha I0JJ0rPeBaeMbli CTO-
JIMK, IIEPCTh B 30HE ONEPAIMOHHOTO TIOJISl COPUBAIIH, & KOXKY
oOpabarsiBant 70 % sTunoBbM cnuprtoM. IIpu momomnn
XUPYPrHUECKUX HOXKHUIL JIeJIaJI TOPU30HTAIIBHBIN Ha/pe3
KOYKHBIX [TIOKPOBOB MOILIOHKU JUIMHOM ~5 MM. IToaTsirusanu
SMUIUIMMHUCH K KPal0 XHUPYPrHUECKONW paHbl U Pa3BOpadn-
BJIM MX TaK, YTOOBI ObIIIM BUAHBI CeMeHHbIe KaHaThKH. Ce-
MSABBIHOCAIIHNC KaHAJIbI OTACIIATIN OT CONPSAXKCHHBIX TKaHEH U
MEPEKUT AN PACKAJICHHBIM TMHLIETOM B IByX MECTaX, YAaJIsist
Y4acTOK KaHaJla MEX/ly HUMHU. DINAUANMICH BO3BPAILAIN B
MEepPBOHAYATIHLHOE MOJIOKEHHE. 3aTeM B PaHy 3achbIIaiu 2 MT
amokcumuunHa Tpuraapara (OAO «CurTesy). 3ammBanm
HaJIpe3bl HAJIO)KEHHEM JIByX IIBOB M oOpadarbiBanu ux Pa-
HocaHoM (OOO «Anu-Cany», Poccus).

IMosryyenne 3pesibIx 00UUTOB. JIJIs1 BBIICICHNS 3PEIBIX
OOIIMTOB IIPOBOJIMIIM CTEPHUIIBHOE CIIAPHBAHKE C HCIIOJIb30Ba-
HUEM HICCTHU Ba3DKTOMUPOBAHHBIX CaAMIIOB. B OKCIICPUMCEHTEC
ydacTBoBajio 16 camok (6 B koHTposye u 10 B 3KcIiepuMeH-
TAJLHOM IpymIie). 3peible OOLUUTHI BhIACISIIN Yyepe3 20—-22 g
MocJIe CTepUIIbHOTO criapuBanusi. C 3TOMH 1IENbIO BBITTOTHSITH
9BTAHA3HMIO CAMOK-IOHOPOB IIPH ITOMOIIH JCKAUTAINH, U3-
BJIEKAJIH SIMYHUKH C MPUJICTAIOIMMH K HUM SIHIIEBOIAMH.
OpraHbpl NepeHOCWIH B MHTaTeNbHYI0 cpeny M2 (Merck,
T'epmanns), pa3pesany aMIOyISIPHYIO YacTh SHUIECBOAA U W3-
BJICKAJIM 3peJible 0OIUTHI. JIJIs yasieHnst KyMYJIIOCHBIX Kile-
TOK HCII0JIb30BaJIM THaypoHuasy (Merck) B KoHIIGHTpaun
80 ME/mn (Brinster, 1971).

Onpenesienne cTeneHd HEHACHIIMIEHHOCTH JIMIMHIOB.
MeTo10M paMaHOBCKOM CIIEKTPOCKONNH (KOMOMHAIIMOHHOTO
paccesuus ceera — KPC) OBIIO BBITIOTHEHO CpaBHEHHE He-
HACBIIEHHOCTH JINIIUJOB B HE3PEJbIX U 3PEIbIX OOIHTAX.
I[J'DI HUCCICAOBAHHUA W3MEHEHUM B CTCTICHU HCHACBIINICHHOCTHU
0B mMepsuu cnektpel KPC B nnamaszone ot 1000 no
3000 cm . Jlnst kaxkmoro oonura usmepsutu ot 30 10 60 criek-
TpoB KPC oT pa3HbIX JIOKaJIbHBIX 0OacTeil kineTku. Jlarepaib-
HBII 1 IPOIOIBHBINA pa3Mephl 001acTeil, OT KOTOPBIX H3MEPSITH
KOMOHMHAIIMOHHOE paccesiHre cBeTa, COCTaBIsM ~1 1 10 MKkM
COOTBETCTBEHHO. JIJIs Ka’KJ0T0 OTJEIFHOTO Habopa JaHHBIX
C MCTOJIb30BAaHMEM METOJIa IVIABHBIX KOMITIOHEHT BBIZCIISUTH
BKJIa/l JIMIIAJIOB, AHAJIOTHYHO IIOJIXOJY, IPUMEHSBIIEMYCS
panee Ha 3MOpuonax Meimu (Okotrub et al., 2017). J{ns xa-
paKTepu3aluy HEHACBIIIEHHOCTH YIIEBOJOPOJHBIX LETIOYEK
JIMITHJIOB MCCIIEZIOBAJIN COOTHOIICHHE HHTEHCUBHOCTEH ITMKOB
KPC, oTHOCAIIMXCSA K BAJIEHTHLIM KojieOanusM 1BoiHbix C=C
cBsselt (~1660 cM 1) M CHMMETPHYHBIM BaJIEHTHBIM KOJIEOAHH-
M MeTUIEHOBBIX rpymi (2850 cm ). OouuUTHI IEpeHOCHIIN B
CTEKJISTHHBIN KOHTEHHEp ¢ TyHKOH, ITyOnHoi# 300 MKM B Karuie
cpexst KSOM (Merck), mOKpBIBail TOHKAM JINCTOM CITEOIBI
U TepPMETH3NPOBAIIH. VI3MepeHHst OCYIIEeCTBISUIN C HCIOJIb-
30BaHUEM JIa0OPATOPHOM IKCIIEPUMEHTATIBHONW yCTAaHOBKH,
cocrosmei n3 MmoanunrpoBanHoro Mukpockomna (Orthoplan,
Leitz, 'epmanus) u pemerouHoro monoxpomaropa SP2500i
(Princeton Instruments, Trenton, NJ, CIIIA), ocHalieHHOTO
MHOTOKaHaJIBHBIM AeTekTopoM Spec-10:256E/LN (Princeton
Instruments). TouHocTh onpeeneHust aOCOTFOTHON YaCTOThI
KPC 6b11a Gosnee ueM 1 cM™!; cniekTpanbHoe paspelnenue
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BrnmsHne gueTbl C NOBbILLEHHbBIM COAEPXKaHNEM XKMpa
Ha MMNUAHBIA NPOdUIb OOUNTOB MbILLEN

cocrapysno 2.5 cm L. [lns Bo3Oyxaenus KPC ucnonb3osanu
n3My4deHne TeepaorensHoro naszepa (Excelsior, Spectra Phy-
sics, CIITA) ¢ amuHOM BOMHBI 532.1 HM.

OneHka 0611€ero KoJIn4ecTBa JUIMHI0B 001UTOB. OlieHKa
M3MEHEHHS BHYTPUKIIETOYHOTO COCTaBa JIMTIUIOB B OOLIUTAX
MBIIIEH MOCIIe COJepIKaHNsI CAMOK-JIOHOPOB Ha JIBYX JANETAX
MpOBEJCHA MPH MOMOIIXA OKpalIMBaHUsl (HIyOPOXPOMOM
HIITbCKAM KpacHBIM — Nile Red Staining Kit (Merck) ¢ mo-
CJIeTyIOIIeH KOH(OKaIbHOM JIa3epHOM CKaHUPYIOIIEH MUKPO-
cxorueit (KJICM). Merton moapo6Ho oncan panee (Romek
et al., 2011), mpu 3TOM HaMH BHECEHBI M3MeHEeHMsL. OOINTHI
nepes uceeioBanueM Opin 3adukcnposansl B 4 % mapadop-
manpaeruae (Merck) Ha hocdarnom Oydepe — PBS (Merck)
B TEUCHHE ABYX YacOB, 3aTEM TPUXKJbI OTMBITH B 50 MKI
PBS ¢ conepxannemM 0ZHOTO MI/MJI HOJIHBHHWITUPPOIIU-
nmona (Merck) mo 5 muH kaxnas. CTOKOBBIH pacTBOp (uryo-
poxpoma Nile Red (1 Mr/mim) ObIT IPUTOTOBIEH MOCPECT-
BOM pa3BeJICHUS KpacuTelsl B AuMeTmicynbpokecue. [lepen
OKpallMBaHHEM CTOKOBBIM PAacTBOp pa3BOAMIIM JI0 paboueii
koHTeHTpanu# 10 Mxr/mir. OOrMTH HHKYOHpOBaIK B pabodeM
pacTBOpe B TeueHHe TpexX JacoB rpu 37 °C, 9ToObl 100UTHCS
MaKCHUMaJbHOM MHTEHCHUBHOCTH OKpalIBaHUusA BHYTPHKIIC-
TOYHBIX JINIIUIOB, Kak onucano panee (Genicot et al., 2005).
Marepuan B karie PBS MoHTHpOBany Ha IpeAMETHBIE CTEKIIA.

N3o0paxceHus: 00pa3oB MOJy4aad C IOMOIIbIO HHBEP-
THPOBAaHHOTO KOH()OKAIBHOTO JIa36PHOTO CKaHUPYIOIIEro
mukpockornia LSM 780 NLO Axio Observer Z1 (Zeiss, I'epma-
HUSI) C IPUMEHEHHEM TIporpaMMHoro obecreuenus Zen 2012
(Black Edition) (Zeiss). Bce o6pasmsl doTorpaduposann
oobsexTBOM Plan-Apochromat %20 (0.8 NA), Bo30yxnenue
(hiroopoxpoma MPOBOIWIN HA JJIMHE BOJIHBI 488 HM apro-
HOBBIM Ta30BbIM JiazepoM Ha MomHocTH 0.1% %30 MBT
=~ 30 MkBT, maBHOEe ITUXpOMYHOE 3€pKAIO OBIIO BHIOpAHO
Ha 488 HM. Paspemenne nerexropa 512 x 512 nuxcenei,
C 3aJIepKKOH Ha KaKIbIi mUKcenb B 3.15 Mkc. s nerekunu
curHana ucnons3oBamn GaAsP nerexrop (Gallium Arsenic
Phosphorus). TlonHas TpexmepHasi BU3yalin3anus OOIUTOB
OBLTa BBITIONTHEHA C TIOMOIIIBIO OMIUH Z-stack, yCTaHOBIICH-
HOW Ha TOJIIMHY ONTHYECKOro cpes3a B 2.5 MkM. CHeKTpsl
MIPOU3BOMIIN Ha AJMHAX BOJH 494—687 HM, ¢ m1aroM B 9 HM.
UYucno ontiaeckux cpe3os — 40, 001rast TOMIIMHA BCEX OITH-
yeckux cpe3oB — 100 mxm. Bee nzo0paskennst ObUTH CO3/1aHbI
JIETEKTHPOBaHUEM B pexxume cuyera (poToHOB. ToroBoe n3o-
OpakeHHe TpPEeACTaBIACT U3 ce0s TPEeXMEpPHYIO0 MaTpHILY,
Te ISl KOKIO0TO 3JIEMEHTa UMeeTCsl HHPOpMAaIUs 0 YHCIIe
JIETEKTHPOBAHHBIX (POTOHOB (a0CONIIOTHOE YHCIIO (POTOHOB —
a.4.¢.). Ans Berantanus (GoHa IeTaii TP H300pakeHUs Ha
CTEKJIE, IJIe OTCYTCTBYET MarepHuall, IpH TeX K€ yCIOBUSIX,
4qTo 6bIJ'II/l OIMMCaHbl BbIIIE, C NOCICAYIOIMMM BbIYUCICHUCM
cpemnero. Bee onTrueckune cpessl (Kak oopasiia, Tak u poHa)
CYMMHPOBAJIM C TIPUMEHEHNEM cKpunTa Juis ImagelJ, 4ToOb1
chopmupoBarb UTOroBoe M3o0paxkeHue. J{Jsi BEIUNTAHUS
(horOBOM (hiryopectieHy uctonb3oBasu Python 3.8 ¢ 6u6-
motexoit OpenCV.

CrarucTuyeckuii ananau3. /[aHHbIe aHAIM3UPOBAIIH T10-
CPEACTBOM s3bIKa IporpammupoBanust R 3.6.2 u ¢ rpadude-
ckoit obomoukoit RStudio Desktop 1.1.463. Ananu3 Ha HOp-
MaJIbHOCTb paclpeiesieHHs] JaHHBIX TPOBOJMIN KPUTEPUEM
cornacus Aaaepcona—/lapimara, ¢ yueToM K03 UIIIEHTOB
JKcuecca n acumMeTpur. Koppensiuio Mexy Maccoil Tena
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1 YPOBHEM XOJIECTEPHHA B KPOBH CAMOK-/IOHOPOB OOILIUTOB,
a TaKKe MEXJTy Maccoil Teia caMOK-I0HOPOB OOIIUTOB H a0-
COJIFOTHBIM YHCJIOM ()OTOHOB OIICHUBAJIU C UCTIOIE30BAaHHEM
panroBoi koppesnsaiunu CTbiofeHTa. 3HaueHHs TPECTaBIEHbI
Kak cpennee+ SEM. Paznmums cpeqHux MEXIy TpyHrmaMu
oreHuBaNM t-KputepueM CTBIONCHTA, a IS HEPaBHBIX JTUC-
nepcuii — kputepueM Koxpana—Kokca. YpoBeHb 3HAUMMOCTH
npuHUMany pu p < 0.05.

Pesynbratbl

JlaHHbBIE 110 BIUSIHUIO JIMETHI HA MacCy )KUBOTHBIX, YPOBEHb
XOJISCTEPHHA U TPUDIMIEPUIOB B KPOBU TPE/ICTABICHBI B
Tabn. 1. YCTaHOBJICHO, YTO AMETa C BBICOKHUM COJIEp)KaHHEM
JUMHAIOB CTATUCTHYECKH ocToBepHO (p < 0.001) mpuBouT
K YBEJIMYEHHIO BECa TEJIa )KUBOTHBIX IO CPAaBHEHHIO C KOHT-
posiem. Jluera ¢ MOBBILICHHBIM COJEPKAaHUEM JIMIHJIOB J10-
ctoBepHO (p < 0.05) BbI3pIBaANA TOBHIIIICHIE YPOBHS XOJIECTE-
PHMHA U TPUIVIMLIEPUIOB B KPOBHU 110 CPABHEHHIO C KOHTPOJIb-
HoM rpynmoi. Mmenack nocroBepHas koppensius (= 0.68;
p < 0.01) Mmexxay Maccoil Tera caMOK-JOHOPOB W YPOBHEM
XOJIeCTepHHA B X KPOBH.

Pe3ynbrarhl 0 BIUSIHUIO IMETHI HA CTETICHb HEHACHIILICH-
HOCTH JIMITUJIOB B HE3PEJIBIX U 3PEIbIX OOLUTAX MTPUBEICHBI
B Tabi1. 2. B X0/1€ MccieoBanmii He BBISIBICHO JTOCTOBEPHBIX
pasiIMuuii 10 CTENEeH! HEHACBIIIEHHOCTH JIMITUIOB B HE3pe-
JIBIX U 3PEIIbIX OOIMTaX MOCIE COIePIKAHHSI CaMOK-TOHOPOB
Ha JIByX pa3HbIX JUETaX.

BiusiHue nuersl Ha colepiKaHue JIMITUIOB B HE3PEIbIX U
3peNbIX OOIMUTAX MPOJEMOHCTPUPOBaHO Ha puc. 1 m 2. B pe-
3yJIbTare MPOBEICHHOMN padOThI HE BBISBICHO Pa3IM4HMii 110 KO-
JIMYECTBY JIMITUIOB B HE3PEJIBIX OOLUTAX MOCIIE COACPIKAHUS
CaMOK-JIOHOPOB Ha JIBYX Pa3HbIX nuerax. Ho B 3pesbix oomu-
Tax KOJIMYCCTBO TUMHUI0B 06110 O0ubie (p < 0.01) B rpymme
MBIIICH, OBIBIIMX Ha JUETE, OOraTtoi )KHpamw, M0 CpaBHE-
Huto ¢ koHTposem (8.15+0.37 u 5.83+0.14 muu poToHOB
COOTBETCTBEHHO). Kpome TOro, ycTaHOBIEHO BO3pacTaHUE
KOJINYECTBA BHY TPUKIIETOYHBIX JIUTIUIOB Y 3PEJIBIX OOLUTOB,
0 CPABHEHHMIO C HE3PEIIbIMH, KaK Y CAMOK, HaXO/ISIINXCS Ha
crannaptHoit quere (5.83+£0.14 u 4.72+0.48 MiH poTOHOB
COOTBETCTBEHHO, p < 0.05), Tak U y caMOK, COiepKaBIINXCS
Ha auere, 6oraroi xupamu (8.15+0.37 u 3.45+0.62 muH do-
TOHOB COOTBETCTBEHHO, p < 0.001). imenack nocroBepHas
xoppensiuus (r = 0.91, p < 0.001) mexay maccoii Tena ca-
MOK-ZIOHOPOB M KOJHMYECTBOM BHYTPHKJIETOUHBIX JIHITH/IOB
B OOLINTAX.

Effects of a high-fat diet
on the lipid profile of oocytes in mice

Table 1. Effects of diet on body weight and concentrations
of cholesterol and triglycerides in blood of CD1 mice

Parameters Group (number of animals)
Control High-fat diet
(n=16) (n=40)

Body weight, g 35.22+1.57 44.77+1.46"%

Cholesterol concentration, mM 1.78+0.10  2.06+0.10*

Triglyceride concentration, mM 149+0.21  2.13+0.23%

Differences from the control group are significant at * p < 0.05; *** p < 0.001.

Table 2. The degree of unsaturation of intracellular lipids
in immature and mature oocytes of CD1 mice
depending on diet

Oocytes Group (number of oocytes)

Control High-fat diet

Immature (n) 0.206+0.002 (n=3) 0.207+0.004 (n=3)

Mature (n) 0.211£0.003 (n=6) 0.212+0.005 (n=10)
12x108 *x
o Oocytes
I . B Immature. Control
— Immature. Experiment

Mature. Control

6
8x10 B Mature. Experiment

4x100

Absolute number of photons

Fig. 1. Total fluorescence intensity of lipids in immature and mature
oocytes in CD1 mice.

*p <0.05 % p<0.01; " p<0.001.

Fig. 2. Confocal laser scanning microscopy of immature and mature oocytes of CD1 mice after staining with Nile Red.

(a) Immature oocytes, control group; (b) immature oocytes, experimental group; (c) mature oocytes, control group; (d) mature oocytes,

experimental group.
Color corresponds to the wavelength of intracellular lipids. Scale bar = 30 pm.
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O6cyxpeHue

B X04€ MNPOBCACHHBIX 3KCIICPUMCHTOB YCTAHOBJICHO, YTO
JIUeTa C TOBBIIICHHBIM COACPKAHUEM JIUIHUIOB IIPUBOIUT
K YBCJIMYCHHUIO MACChI TCJia MI)IIJ.ICﬁ, a TAaK)XE IIOBBIIICHHUIO
YPOBHS XOJECTEPUHA W TPUTIHUIEPHUIOB B MX KPOBHU, YTO
COOTBETCTBYET JaHHBIM JAPYrHux uccienonareineii (Ma et al.,
2012; Li et al., 2018). B Hacrosiee BpeMs €CTh HECKOIBKO
pa60T, B KOTOPBLIX YYCHBIC MbITAOTCA OLICHUTDH J'll/IHl/I[lHI)If/i
MpOoQUIE OOLUTOB N Vivo TIOCTe BIUAHUS TUETH (Zeron et
al., 2002; Wu et al., 2010; Li et al., 2018). Pe3ynbrarsr 3THX
pabdoT AOCTaTOYHO MPOTHBOPCUHBHI.

I/Icnonb3yeMa$1 HaMU IUETa HE II0OBJIMsJIa Ha Ka4yeCTBEHHBIN
COCTaB JIUIH/IOB B HE3PENBIX U 3PEIBIX OOIMTAX MBIMIEH OT
CaMOK-JIOHOPOB C OXHPEHUEM. DTH JaHHBIC MOTYT OBITh
00yCIIOBIIEHBI TEM, UTO J¥ieTa Oblia cOaTaHCHPOBaHA IO Ha-
CBIIICHHBIM M HCHACBIIICHHBIM KUPHBIM KHCJIOTaM, IO3TO-
My HHUKAKHX U3MEHEHHH KaueCTBEHHOTO COCTAaBa JIUIHIOB
B OOLIUTAX HE MPOMCXOAMIIO, KaK OMMCAaHO paHee B dKCIIEPH-
MEHTax co cXomHbIM am3aiiHoM (Dunning et al., 2014; Am-
stislavsky et al., 2019). bonee Toro, B paboTe, npoBeieHHON
Ha oB1ax (Zeron et al., 2002), orMeueHo, 4To aueTa, boraras
TMOJMHEHACBIIIECHHBIMU JKUPHBIMU KUCJIOTaMH (C [lO6aBJ'leHI/l—
eM pEIOBEro JKupa), BIHsIa Ha H3MEHEHHE COCTaBa BHYTPH-
KJIICTOYHBIX JIMIIKMAOB B KJIIETKaX KyMYyJiroca, HO HE B HE3pEC-
JIBIX OOITUTAX, YTO MOJKET OBITH CBSI3aHO C BRICOKUM COZIEpIKa-
HUEM B HOG&BKC HCHACBINICHHBIX )KUPHBIX KHUCJIOT.

B HamreMm uccnenoBaHuu 0OHApYKEHO, YTO TIPU COIEepIKa-
HUM CaMOK-JIOHOPOB Ha JiKeTe, OOrarol >Kupamu, JHUITUI0B
B 3pEJBIX OOIMTAX CTAHOBWJIOCH OOJBINE, YeM B KOHTPOJIE,
T.€. IpY [IPUMEHEHUU CTAHIAPTHON AueTsl. Mexay Tem B
HE3pEINbIX OOIUTaX HE OBLIO pa3imuyuil Mo o0ImeMy KOJH-
YECTBY JIMITUAOB IIPpU COACPIKAHNN MBIIIEN Ha Ppa3HbIX OAUC-
Tax. HekoTopele mccieoBaHs Ha MBIIIAX OTMEYAIOT BO3-
paCTaHuC KOJIMYCCTBA JUIIMAOB B HE3PCIbIX OOLUTAX IIPU
cozep KaHUM MBITIeH Ha skupHOoil nuete (Wu et al., 2010).
OnHako B HeJlaBHO oryosnkoBaHHoM padore (Li et al., 2018)
MIPOIEMOHCTPHUPOBAHO BO3PACTAHIE YNCIIA KPYTTHBIX JTHITHI-
HBIX TPaHyJI B KJIETKaX KyMYJI0Cca, HO HE B CAMUX HE3PEJIbIX
ooruTax. Bo3sMoxkHO, HabMFOMaeMoe B HaIleM SKCIIEPUMEHTE
OTCYTCTBUE IMOBBILMICHUS 061HCFO YPOBHA JIMITMJAOB B HE3PEJIbIX
OOIUTAX IMOCIIE CIeIHATHHON 000TaeHHOH KUPaMH TACTHI
CBA3aHO C TEM, YTO OTHU JIMIIUABI YXOOAT B APYIrue€ KJIIETKH,
B YaCTHOCTH KyMYJIIOCa, B TO BpeMs KaK Ha IOCIIEAYIOIIeH
CTaJun pasBUTUA MTPOUCXOAUT HAKOIUICHUE JIMIIUAOB HEIO-
CPEICTBEHHO B OOIHTAX.

HpOTl/IBOpe‘il/IH B BbIBOJaX OIIMCAHHBIX BBIIIC pa60T, BbI-
MOTHEHHBIX Pa3HBIMHU TPYIIIAMHU HCCIIeIoBaTeNed, MOTYyT
OBITh CBA3aHEI C pas3IMuIusIMi MCKAY JIMHUAMU, a TAKKE C
TEM, YTO YIOTPEOISUIHCH KOpMa, OTITHYAIOIIUECS TI0 CBOEMY
cocraBy. B 11e710M MOXKHO CKa3arhb, 4TO, B OTJIMYUE OT MHOTO-
YHUCIICHHBIX paboT, B KOTOPBIX HUCIONB3YEeTCS MOJETb U3Me-
HEHHUs] KaUeCTBEHHOT'0 M KOJMYECTBEHHOI'O COCTaBa JIMITU-
JIOB B PETIPOAYKTHBHBIX KJIETKAX, KYIBTUBUPYEMBIX i Vitro
(bpycentes u ap., 2019; Amstislavsky et al., 2019), ana-
JIOTHYHBIC YKCTIEPUMEHTHI B YCIOBUSX 71 ViVO COTIPSKEHBI
C BO3/IeHCTBUEM OOJIBIIOTO YMCIIA Pa3IMYHBIX (AKTOPOB,
YTO, TO-BHIUMOMY, U TIPHUBOAUT K PA3HOPOTHOCTH PE3yib-
TaToB.

OOHapy)keHa JIHAMIKA BO3PACTaHUS KOTMUECTBA JINTTHIOB
OT HE3PEJIbIX OOIUTOB K 3PEJIbIM, HAOIOIABIIASICS TPH 00CHX
muerax. Ho Goee BRIpaKCHHOM 3Ta 3aBUCUMOCTH OBIJIa MpH
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BrnmsHne gueTbl C NOBbILLEHHbBIM COAEPXKaHNEM XKMpa
Ha MMNUAHBIA NPOdUIb OOUNTOB MbILLEN

JIUETE C IIOBBILLIEHHBIM COAEPKAaHUEM KUpa. [IeliCTBUTENBHO,
JKHPHBIE KUCIIOTHI, IMEIOLIIMECS B KDOBU MaTepH, OTBETCTBEH-
HBI 32 JIMITUAHBIN TPOQUIb (GOUTUKYISPHON JKUIIKOCTH, W3
KOTOPOW OHM MOCTYMAIOT B OOLHUT Yepe3 OKPYXKAIOMINE €ro
kierku kymymoca (Valckx et al., 2014). Panee ¢ momouipo
MHKPO- 1 CIIEKTPOCKOITMYECKUX METOI0B OBbLIN NCCIIEI0BAHbI
pacrpe/iesieHue, JIOKaIU3alus U pa3Mep JIMIHIHBIX [PaHyIl
B IIPOIIECCEe CO3peBaHMA 0ouuTOB MEImei (Dunning et al.,
2014; Bradley et al., 2016). B vacTHOCTH, IPH UCTIOJIL30BAHUU
KOT€pEHTHOTO AaHTHCTOKCOBOTO KOMOWHAIIIOHHOT'O PACCESTHUS
BBISBJIEHO BO3PACTaHUE pa3Mepa 1 YHUCIIa arperupoBaHHbIX JIIT
IIPU CO3PEBAHUM OOLIMTOB MBILIEHN KakK in Vivo, TaK U in vitro
(Bradley et al., 2016). CxoznHast 3aKOHOMEPHOCTh OTMEYEHa
B paboTe Ha KPYITHOM POTaToM CKOTE: TTOIYKOJINYECTBEHHBIM
meronoMm ¢ npumeneHreM KJICM u dayopoxpoma BODIPY
MPOIEMOHCTPHUPOBAHO JOCTOBEPHOE BO3pACTaHUE BHY TPHKIIE-
TOYHBIX JINIIUAOB IIPY CO3PEBAHUU OOLIUTOB i71 Vitro, XOTs IIPU
CO3pEBAaHNHN OOLUTOB i1 Vivo HAOIIOAAIACH JINIIb TCHICHIS
k TakoMy Bo3pacranuto (Collado et al., 2017).

OnHaxo B pa0oTe Ha CBUHBSX ITOKA3aHO CHIKEHHUE KOJIH-
4YeCTBa BHYTPUKIJIETOUHBIX JIMIIUIOB 10 MEPE Pa3BUTHSI OOLIHU-
TOB in Vivo: Ha CTaINH TEPMHHAIIBHOTO BE3HKYJIa COJICP KaHNE
JUnuI0B 06110 Ha 21 % BBILIE, YEM Y CO3PEBILUX JIO0 CTANU
MeTadassl BToporo neneHus meiosa (Romek et al., 2011).
Taknum 00pa3om, UMEIOTCS ¥ BUJIOBbIC OTJIMUUS B UI3MEHEHUH
COZIepKaHUsI BHY TPUKIICTOYHBIX JIUITHIOB B XOJIE CO3PEBAHUS
oorutoB (Romek et al., 2011; Dunning et al., 2014; Bradley
et al., 2016; Collado et al., 2017). B wactHOCTH, ¥ CBUHEU
CHIDKEHHE KOJIMUECTBA )KUPOB B XO/I€ CO3PEBAHUsI OOLIUTOB,
BEPOSTHEH BCETO, CBS3aHO C MX AaKTHUBHBIM PaCIICIUICHHUEM,
TaK KaK y 3TOr0 BH/Ia JXMBOTHBIX JIMITUJIBI MOT'YT BBICTYIIATh
B KaueCTBE OCHOBHOTO YHepreTiueckoro cyocrpara (Bradley,
Swann, 2019).

3aknioyeHune
PesynbraThl Halllero MCciIemOBaHHs MOKa3bIBAIOT, YTO yBe-
JIMYEHUE COAEPIKaHNUS JIUIUIOB 110 MEpe CO3PEBAHMUS il VIVO
OOIIMTOB MBIIIEH MOXKET OBITh YCHIICHO NPH COACPIKAHUH
CaMOK-JIOHOPOB Ha jaueTe, Ooraroit xxupom. EcTb BeposiT-
HOCTB TOTO, YTO JIMIHBI B OOJIBIIOM KOJIUYESCTBE MTOCTYIAI0T
B OOILIUT MBI U3 KJIETOK KyMYJIIOCa MIPU €T0 CO3PEBaHUH
(Li et al., 2018). bompIiee KOMMYECTBO JUMHUIOB B 3PEITBIX
OOIIMTAaX, MOJTYYEHHBIX OT CAMOK-IOHOPOB, COJIEPIKABIINXCS
Ha JieTe, OoraToil >KupaMH, 10 CPaBHEHHIO C KOHTPOJIEM, 10
BCEH BUIIMMOCTH, MOXET OBITh CBSI3aHO C HAKOTIIICHHEM SHep-
TETHYECKOTO CyOCTpaTa M 0COOCHHOCTAMH METa00IM3Ma OXKH-
peBIImX 0cobel, HarpuMep HECTTIOCOOHOCTBIO KIIETKH OBICTPO
YTUIIN3UPOBATH MOCTYIAIOIINE KUPBL. MIMEIOTCsS IpuMepsI
TOTO, 4TO (PaKTHUYECKHUH COCTaB >KUPHBIX KUCIIOT B JII” ooruToB
3aBHCHUT OT PALlOHA MaTepH, KOTOPBII OlpesessieT KUPHBIE
KHCIIOTHI, TOCTYITHBIE ISl OOIIMTA BO BPEMsI Pa3BUTHS SIHU-
HukoB (Bradley, Swann, 2019).

Takum obpasoM, auera, Gorarasi JIMIUIAMH, TIPUBOIAUT
K YBEJIMYEHHIO MacChl TeJla CAMOK MBIIICH, a TaKKe MOBBI-
IIaeT YPOBEHb XOJIECTEPUHA ¥ TPUIIIMIIEPUIOB B KDOBU ATHX
KHUBOTHBIX. CollepkaHHe CaMOK-IOHOPOB Ha TaKoOH quere
HE BJIMSET Ha KaYeCTBEHHBIH COCTaB JIMINIOB HE3PEJbIX U
3penbix oonuToB. [Ipu 3TOM HabIIOMAETCS TOBBIIICHNE 00-
IIIET0 COJIEPIKAHMS JIUITN/IOB IPH CO3PEBAHHMHU OOIMTOB MBIIIICH
invivo. [luera, oboramieHHas >KUpaMu, IPHBOIHT K OOJIbIIEMY
HaKOTUIEHHIO JIMITHJIOB B 3PEJIBIX OOIUTAX.
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l'eHeTUYeCcKNe MapKepbl O pacIpoCTpaHEeHUN
IPEBHIX MOPCKIX OXOTHMKOB B IIpMOXOThe

Bb.A. Maasipuyk

MHcTnTYT 6ronornyecknx npobnem Cesepa [lanbHEBOCTOYHOIO OTAENeHNA Poccuinckoi akagemun Hayk, MaragaH, Poccus
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AHHoTauus. MpepactaBneH 0630p CBeAEHWIN O reHeTUYECKOM NoNNMopdri3Me COBPEMEHHOTO U APEBHErO HaceneHns
CeBepa A3um 1 AMepUKHM C LieSiblo PEKOHCTPYKLUMW NCTOPMU MUTPaLUA APEBHUX MOPCKUX OXOTHUKOB B OXOTOMOPCKOM
pernoHe. MpoaHanu3mpoBaHbl faHHble 0 nonMmopdusme mutoxoHapuanbHon HK 1 pacnpocTpaHeHHOCTH «apKTuye-
cKoM» MyTauum — BapuaHTa rs80356779-A reHa CPTTA. /3BeCTHO, UTO «apKTUYeCKnii» BapuaHT reHa CPTTA ¢ BbicOKOM
YacTOTOW PacnpOCTPaHeH B COBPEMEHHbIX MOMNYNALMAX SCKMMOCOB, YyKYell, KOPAKOB 1 APYrX HapoaoB OXOTOMOPCKO-
ro pernoHa, Xo3ANCTBEHHbIN YKNaj KOTOPbIX CBA3aH C MOPCKMM 3BePO6OIHbIM NPOoMbICsIoM. COrNacHo nasieoreHOMHbIM
[aHHbIM, CaMble paHHKEe HaXOAKU «apKTUYeCKoro» BapraHTta reHa CPT1A obHapy»KeHbl Y rpeHNaHACKUX U KaHaOCKUX Na-
NEe03CKUMOCOB (4 TbiC. IeT Ha3af), NpeAcTaBMTenell TOKapeBCKon KynbTypbl CeBepHoro MNproxoTtba (3 TbiC. NeT Ha3aa) u
HOCHTenen KynbTypbl MO34Hero A3émoHa octpoBa Xokkango (3.5-3.8 Toic. neT Ha3aa). Pe3ynbtaTbl aHann3a no3sonuam
BbIABUTb HECKOJIBKO MUTPALIMOHHbIX COObITUN, CBA3AHHbIX C PAaCNpOCTPaHEHVEM MOPCKIX OXOTHUKOB B OXOTOMOPCKOM
pernoHe. Caman NO3AHAA MUTPaLMA, OCTaBUBLUIAA Criefibl y HOCUTENeN KynbTypbl 3nn-A3&MOH (2.0-2.5 TbiC. NeT Ha3ag),
npuBHecna c cesepa lNpuroxotba Ha XoKKango u cocefHue Tepputopun lNMpramypba MUTOXOHAPUANbHYIO ranaorpynmny
G1b 1 «apKTyeckmnin» BapuaHT reHa CPTTA. Cnefibl 60ee paHHen MUrpaLnu, TakKe NPUBHeCLLEN «aPKTUUYECKYH0» MyTa-
L1to, 3aperncTprupoBaHbl y HaceneHns nosaHero A3éMoHa Xokkango (3.5-3.8 Tbic. neT Ha3ag). lNposeaeH dunoreHetu-
YeCKM aHanmn3 MUTOXOHAPWANbHBIX FEHOMOB, OTHOCALLUXCA K pefKoii rannorpynne Cla, BCTpeyatoLwenca y HaceneHus
[anbHero Boctoka u AiNOHUK, HO B PUIOreHeTMYECKOM OTHOLeHMN poacTBeHHow Cl-ranforpynnam ameprKaHCKmX
nHAenueB. Pe3ynbTaTbl MoKasanu, YTo AMBEPreHUra MUTOXOHAPWANbHbIX IMHUIA B Npefenax rannorpynnsl Cl1a npounc-
xoAuna B AvanasoHe oT 7.9 fo 6.6 TbiC. NeT Ha3af, a BO3pacT AMOHCKoW BeTBM rarsiorpynnbl Cla coctaBnsAet ~5.2 TbiC.
net. Moka Hen3BeCTHO, CBA3aHa /v 3Ta MUrPaLA C PacnpoCTPaHEHNEM «apKTUYeCKOro» BapuaHTa reHa CPTTA nnn xe
npucytcteme Cla-ranioTMnoB y HaceneHua ocTPoBOB ANOHMM MapKupyeT coboii ele oavH, 6oniee paHHWIA, SNU304
MUTPaLVOHHOI NCTOPUK, CBA3bIBAIOLLEN HaceneHne ceBepo-3anagHoin Maundrkn n CeBepHon AMepurKu.

Kniouesble cnosa: mutoxoHapuanbHaa [HK; reH CPTTA; nonynaumm yenoseka; NasieoreHoMuKa; Kysbrypa MOPCKUX
OXOTHMKOB; OXOTOMOPCKMIA PErvOH.
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Abstract. This is a review of studies on the genetic polymorphism of modern and ancient populations of the north of
Asia and America, with the aim of reconstructing the history of migrations of ancient marine hunters in the Okhotsk
Sea region. The data on mitochondrial DNA polymorphism and the “Arctic” mutation distribution — the rs80356779-A
variant of the CPTT1A gene - were analyzed. It is known that the “Arctic” variant of the CPT1A gene is widely distributed
in modern populations of the Eskimos, Chukchis, Koryaks, and other peoples of the Okhotsk Sea region, whose eco-
nomic structure is associated with marine hunting. According to paleogenomic data, the earliest cases of the “Arctic”
variant of the CPT1A gene were found in the Greenland and Canadian Paleoeskimos (4 thousand years ago), among
representatives of the Tokarev culture of the Northern Priokhotye (3 thousand years ago), and among the bearers of
the culture of the late Jomon of Hokkaido (3.5-3.8 thousand years ago). The results of the analysis revealed several
migration events associated with the spread of marine hunters in the Okhotsk Sea region. The latest migration, which
left traces on bearers of the Epi-Jomon culture (2.0-2.5 thousand years ago), introduced the mitochondrial haplogroup
G1b and the “Arctic” variant of the CPT1A gene from the north of Priokhotye to Hokkaido and neighboring territories of
the Amur Region. Traces of earlier migration, which also brought the “Arctic” mutation, were recorded in the Hokkaido
population of the late Jomon period (3.5-3.8 thousand years ago). A phylogenetic analysis of mitochondrial genomes
belonging to the rare haplogroup C1a, found in populations of the Far East and Japan, but phylogenetically related
to the C1-haplogroups of the Amerindians, was carried out. The results of the analysis showed that the divergence of
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mitochondrial lineages within the C1a haplogroup occurred in the range from 7.9 to 6.6 thousand years ago, and the
age of the Japanese branch of the C1a haplogroup is approximately 5.2 thousand years. It is not yet known whether this
migration is associated with the spread of the “Arctic” variant of the CPT1A gene or the presence of Cla haplotypes in
the population of the Japanese islands marks another, earlier, episode of the migration history linking the populations

of Northwest Pacific and North America.
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BBepeHmne

CornacHo pe3ynbTraTaM apXeoJIOTHUECKHUX U MaJIeOr€HOMHBIX
uccnenoBannii, 4.5-2.8 TeicsA4yeneTHs Haza] B OONIMPHOM
peruone — ot UykoTku 1 AJSICKH U 10 [ peHnananm — cyiie-
CTBOBaJIa OOIIHOCTH IIEMeH (IMajJe0dCKUMOCOB), 00beIn-
HSBILIASI HCKYCHBIX OXOTHUKOB HAa MOPCKHUX MJICKOTTUTAIOIIHX
(Rasmussen et al., 2010; Flegontov et al., 2019). IIpearo-
Jaraercsi, 4To (POpMHUPOBAHKE BHICOKOCTICIIMATN3NPOBAHHOMN
KyJIBTYpbl MOPCKHX 3BEpOOOEB MPOXOAMIO IIaBHBIM 00pa-
30M Ha aMCPUKAHCKOM KOHTUHCHTC U CBA3aHO C Pa3sBUTUEM
«apKTUYECKOM TpaJuLMM MajblX OpyAauil», a Ha UYykoTke
MaJIC0ICKUMOCCKUE TAMATHUKY BO3pacToM OT 3.5 710 2.9 ThIc.
JieT 00Hapy)KeHbI B OTPaHUYCHHOM YUCIIE MECT — Ha OCTPOBE
Bpanrens n mocenennu Yaene (I'pedentok u ap., 2019). ITo
TaJIecOreHOMHBIM JTAaHHBIM, IEPBasi MUTPAIIUS IIPEIIKOB MaJICo-
3cKUMOcoB 13 CuOupu B AMEpuKy Mpou3onuia ~5.5 TeIC. IeT
Hazasn (Rasmussen et al., 2010). B reHeTHIecKoM OTHOIIIEHUH
TaJIC09CKUMOCHI OJIMKE BCETO K COBPEMEHHBIM YYKOTCKO-KaM-
YaTCKUM HapoaaM (KopsKaMm, 9yKdam, UTeIbMEHaM), a He aMme-
pukarckuM nazeinam (Flegontov et al., 2019). Pesynsrarom
Jpyroii murparn u3 Cuoupu B AMepuKy (~4 TbIC. JIeT Ha3aj)
CTaJIO MOSIBIICHUE COOCTBEHHO COBPEMEHHBIX ICKHMOCOB
(HeoackmMocoB) ceBepa Amepukw, [ permanann u YykoTku
(Achilli et al., 2013). Heoackumocs! popmupoBaiich Ha ra-
JIE03CKMMOCCKOH OCHOBE, HO, HECMOTPSI Ha O0BEAMHSIONIYIO
HOCHTEJICH STHX KYIIBTYP TPaJULIIIO MOPCKOTO 3BEPOOOITHOTO
MIPOMBICIIA, B TEHETUYECKOM OTHOIICHHH OHHU pa3lInyaliCh
(Rasmussen et al., 2010; Raghavan et al., 2014; Flegontov et
al., 2019; Sikora et al., 2019).

YcTaHOBJICHBI TAaK)Ke JBE BOJIHBI OOpATHBIX MHTpalui
n3 Amepuku Ha kpaiiHuii CeBepo-Boctok Azumn. OnHa u3
HUX CBSI3aHA C MHUTpaIMeil MaJeo’CKO-aIeyTCKUX TPy
~3.5 ThIC. JIET Ha3a, a IPyTasi — C MUTPaLUsIMH HEOICKHMOCOB
~2.5 toic. et Hazax ([pebdentok u ap., 2019; Flegontov et al.,
2019; Grugni et al., 2019; Sikora et al., 2019). B pe3ynsrare
MEPBOM M3 YKa3aHHBIX OOpaTHBIX MUrpanuii Ha YykoTke
BO3HHMKJIA MAJIC0ACKUMOCCcKast Tpaunusi, a B CeBepHom [pu-
OXOThE — TOKapeBckas kynbrypa ([pebentox u ap., 2019).
PesynsraroM BTOpOI 00paTHON MHIpanuyl CTalo pa3BUTHE
HEOICKUMOCCKHX KybTyp B bepunromopne (Raghavan et al.,
2014; Flegontov et al., 2019).

leHeTMYecKne mapkepbl

APEeBHNX MOPCKNX OXOTHNKOB

['eHeTndeckass peKOHCTPYKIMS COOBITHH, MPOU3OLIEIIINX
Ha kpaifHeM CeBepe A3umM U AMEpHKH, cTaja BO3MOKHON
Oraromaps NCCIEN0BaHMUSM PacIpe/ie/ICHNs] BAPHAHTOB MHUTO-
xouapuansHoit JJHK (MtJHK) 1 Y-xpomocomsl, Hacienye-
MBIX IT0 MAaTEPUHCKON U OTLIOBCKOM JTMHUSAM COOTBETCTBCH-
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HO, Y COBPEMEHHOTO U JIPEBHETO HACEIECHHsI 3TOTO PErHoHa.
Uccnenoanust monumopduzma Mt/ IHK mokasamu, uto
TOJIBKO HECKOJIBKO MHUTOXOHJIPUANIBHBIX TaljIorpymni oobe-
JIMHSIOT TEHETHYECKN MoImymsuun kpaiinero Cesepa Ame-
puku (3ckumocoB) u Ceepo-BocTtoka A3um (3CKHMOCOB,
gyK4eil M KOPSIKOB) — 3TO rarutorpynmsl A2a, A2b, D2a u
D4bla2ala (Derenko etal., 2007; Tamm et al., 2007; Dryomov
et al., 2015). larorpynna D2a mapkupyeT co0oii npeakos
MaJI€03CKUMOCOB, TTOCKOJIBKY OHA XapaKTepHa AJIs Mpef-
CTaBUTEJIEH MAIC0ICKUMOCCKUX KynbTyp Cakkak u Jlopeer,
a TakXke TOoKapeBCKOoH KynbTypbl CeBepHoro IIpmoxotss, a
OCTaJIbHBIE TalIOTPYTIIBI CBA3aHBI YK€ C OTHOCUTEIILHO He-
JTaBHEH HeoscKUMoccKoi skerancuelt (Raghavan etal., 2014;
Flegontov et al., 2019; Sikora et al., 2019). AHanoru4Ho MO
pacrpeesieHHI0 BAPHAHTOB Y-XPOMOCOMBI TOJBKO Tarlio-
rpynna Q-B143 mapkupyeT qpeBHUi naneosCcKo-aneyTCKUi
KOMITOHEHT, OTMEUEHHBIH TaK)Ke Y COBPEMEHHBIX KOPSKOB,
gykdeil u rokarupos (Rasmussen et al., 2010; Malyarchuk et
al., 2011; Karmin et al., 2015; Grugni et al., 2019). Mexny
TeM NPUCYTCTBUE MY>KCKOM rarnorpymnisl Q-B34 y azuarckux
ACKUMOCOB U KOPSIKOB CBSA3AaHO C OOPAaTHOM MHUTpaIlUeH, IPH-
BEJIIICH K OSIBJICHNUIO HEOACKUMOCCKHUX KyJbTyp Ha UyKoTkKe
(Grugni et al., 2019).

W3 ayTOCOMHBIX TeHETHYECKUX BAPUAHTOB HanOosIee HHTE-
pecHa «apkTuueckas» MmyTanusa reHa CPT1A4, Koqupyomero
KapHUTHH NajibMUTOMITpaHcdepasy tuna A — oauH u3 Kito-
4eBbIX (PEPMEHTOB TPAHCIIOPTA KHUPHBIX KHCIOT B MUTOXOH-
JIpuu. B pesynsrare HykiaeotuHoi 3aMeHsl G—A B J10Kyce
rs80356779 rena CPTIA obpa3yercsi aMUHOKHCIOTHAsS 3a-
MeHa IpoJTuHa Ha JeiiH B mo3umn 479 pepmenta CPT1A
(3amena P479L), koTopasi OTHOCUTCS K YHCITY MaTojornye-
CKHX, TIOCKOJILKY HPUBOJIUT K IIOHWKEHHIO (DepPMEHTATUBHOI
aktuBHOCTH CPT1A (Greenberg et al., 2009). [IpoBenenubIe
WCCIICIOBAHUS YCTAHOBMIIH, YTO «ApPKTHUYECKas» MYTaIus
rs80356779-A c BBICOKOI 4acTOTOM pacipocTpaHeHa TOIBKO
Ha kpaitnem CeBepe Asnn n Amepuku (Rajakumar et al., 2009;
Lemas et al., 2012; Clemente et al., 2014; Manspuayk u 1p.,
2016). Ee yactora cocraBuia 6osee 70 % y aMepUKaHCKHX
TPEHIaHACKUX 3CKHIMOCOB, 66 — Y KOPSAKOB, 56 — y UyKueil u
30 % —y oxotckux 3BeHoB (Mansipuyk u ap., 2016). Pezyib-
Tarbl (PUIOreHeTHYECKOr0 aHaAIN3a TPOTSIKEHHBIX YYaCTKOB
rera CPT1A mponeMOHCTPUPOBATIN OTHOKPATHOE BO3HHK-
HoBeHHe MyTanuu rs80356779-A y 3cKMMOCOB, 4yKuel U
kopsikoB (Clemente et al., 2014), a ee mosiBJICHUE Y 3BSHOB U
9BEHKOB CBA3aHO HE C HE3aBUCHMBIM ITPOUCXOXKIECHHEM 3TOTO
BapHaHTa NOJIMMOP(HH3MA, & C MEKITHIYECKUMH KOHTAaKTaMHU
(Manspuyx u ap., 2016).

OO0Hapy’XeHO, UTO MOIAEP/KAHUIO BBICOKOH 4aCTOTHI «apK-
TH4eckoro» Bapuanta rena CPT1A y 3cKMMOCOB, YyK4el U
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KOPSIKOB CIIOCOOCTBOBAJI OTOOD, CBSI3aHHBIN, B IEPBYIO Ove-
penb, ¢ azantanueil K TpaJuUOHHOM AUEeTe MOPCKUX 3BEPO-
60€eB, 0OCHOBaHHOH Ha TIOTPEOICHUH )KUPA M MsICa TACTOHOTHX
n xuroB (Clemente et al., 2014). ITo Bcell BUIUMOCTH, B OTBET
Ha BBICOKMI YPOBEHb KETOT€HE3a, BO3ZHUKAIOLIUI IIPU ITOCTO-
SIHHOM TTOTPEOJICHUY XKUPHOH MUIIHN, Y MOPCKHX OXOTHUKOB
MPOU30LIIN HEKOTOPbIE H3MEHEHHs MeTab0IM3Ma, HarpuMep
y HHX OTITaJla HEOOXOIMMOCTb B BBICOKON aKTUBHOCTH (hep-
MEHTOB MeTa00JIM3Ma MOJTMHEHACKHIIIICHHBIX )KUPHBIX KUCIIOT,
KOTOPBIMHU 0OTaThl IPOLyKThl MOPCKOTO 3BEPOOOIHOrO 1po-
MBIcTa. AMHHOKHUCIOTHas 3ameHa P479L kak pa3 mpuBo-
JIT K CHIDKCHHIO KaTAJIMTUYECKOH aKTHBHOCTH (hepMEeHTa
CPT1A (Greenberg et al., 2009). B pesynbrare HOCUTEIN
«apKTUYECKOTO» BapHaHTa B OOJIbINEH CTENEHHU 3aIIUIIEHbI
OT KETOTeHEe3a, YTO BIIOJIHE ONPAaBIAHHO IPH COOIIOACHUH
TPaJUIMOHHON JUETHI, HO B COBPEMEHHBIX YCIOBHUSAX (B CITy-
Yyae 0TXO/la OT TPAJUIUOHHOM THETHI) 3Ta AMUHOKHCIOTHAS
3aMeHa cTana BpenHoH. Tak, y ackumocoB CeBepHOIl Ame-
puku u I'peHnanum — HOCUTENEH «apKTUYECKON» MyTalluu B
TOMO3HUTOTHOM COCTOSTHHH (WX 9acToTa coctasiser 40—70 %
B PA3IMYHBIX MOMYISusX) — neduut pepmenra CPT1A co-
[IPOBOXKJIAETCS TUIIOKETOHHOM THIIONIMKEMUEH, CUHAPOMOM
BHE3AITHOH JIETCKON CMepTH, OOINBIIeH TIPeapacIIoNoKESHHO-
CTBIO K OKUPEHHMIO, THadeTy 2-To THIa, )KUPOBOI OOJIe3HI
neyenu u np. (Greenberg et al., 2009). Bei3biBaeT Tpesory,
TaKuM 00pa3oM, BBICOKast 4aCTOTa TOMO3UTOTHOT'O HOCUTETb-
CTBa «apKTHYECKOro» BapuanTa» (reHotun rs80356779-AA)
y KOpEeHHOTO HaceneHus kpaiiHero CeBepo-BocTtoka Azuu
(47 % y xopsikoB, 33 y uykueil U 8§ % y OXOTCKHX 3BEHOB),
TeM OoJiee B YCIOBHUSIX OTCYTCTBHUSI HEOHATAIBHOTO CKPH-
HUHI'a «apKTUYECKOW» MyTalUuM Yy HOBOPOXKJIEHHBIX JETEH
KOPEHHOTO HACEJICHMUS.

PacnpocTpaHeHHOCTb «apKTUYECKOro»
BapuaHTa reHa CPT1A B COBpeMeHHbIX
1 APeBHUX NONyNALMAX
IIpennonaraeTcs, 4YTO PaCHPOCTPAHEHUIO «APKTUUYECKOTO»
BapuanTa rena CPT/A B mOmyasmusx KOPEHHOTO HACETICHNUS
Cesepo-Bocrounol A3un criocoOCTBOBAIM MUTPAllii MOp-
CKHX OXOTHHKOB BJIOJIb MOOEpekuil ceBepHbIX Mopeit (Ma-
mspayK, 2018). Kpome 3cKkmMOoCoB, 9yKdeit M KOpSKOB, CIIydan
9TOH MyTallii MO3aNYHO OBLIN 3apETHCTPUPOBAHBI y 9BEHKOB
Sxyrun (c wacroroit 1 %) (Mansipuyk u nip., 2016), nonrano-
HraHacaHckoro Hacenenus Taiimbipa (3 %) (Smolnikova et al.,
2015), nanaiineB ceBepOKHTANCKOI MPOBUHIMN X3MITyHI35H
(10.3 %) (Li et al., 2018). [TockosibKy B COCETHHX IO OT-
HOIIEHHIO K YKa3aHHBIM 3THUYECKUM IPyTIaM MOMYIAIHAX
«apkruueckuin» Bapuant rena CPT1A4 0oTCyTCTBOBAI, TO HaK-
6osee BEpOSITHBIM MTPECTABIISIETCS, UTO CITy4an HAXOXKICHUS
BapuanTa rs80356779-A Boanmu ot Uykorku u CeBepHOTO
[TproxoThst MOTYT OOBSCHATHCSI MUTPALIUSME APEBHUX MOP-
CKUX OXOTHHUKOB. COITIaCHO apXeoIOrHYeCKUM JaHHBIM, TPyII-
Il MOPCKUX OXOTHHKOB M3 BeprHroMophsi MpOHMKAIN Ha
Taiimpip ~3 T1hIc. et Hazax (['ypsny, Cumuenko, 1980).
HeonHokpaTHO Takke apxeosoraMu OTMedajaach dKCIaHCUs
MOPCKHUX OXOTHHKOB C C€Bepa Ha IOT BJJ0JIb To0epexbst OX0T-
ckoro mops (JIebeaunues, 1990; Befu, Chard, 2017).
Pe3ynbraTsl MONEKYISPHOTO JaTUPOBAHUSA MOKa3alld, 4To
9BOJIIOIMOHHBIN BO3PACT «aPKTHYECKOTO» BapuaHTa IreHa
CPTIA cocraBusietr ot 6 go 23 Thic. et (Clemente et al.,
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2014). Mexny TeM cBeJIeHHS MaJIeOr€HOMHBIX HCCIIE0BAHUI
MO3BOJIAIOT CUNTATD, UTO «APKTUIECKasH» MyTalHsl OSIBUIACH
y KOPEHHOTO HaceJeHus: ApkTuieckoro 1 OX0TOMOPCKOTO
PETUOHOB HAa NPOTSHXKEHUU MOCTICAHUX YETBIPEX TBHICSIYEICTUH.
CornacHo NnajeoreHOMHBIM JIaHHBIM, apKTUYECKash) MyTa-
Ml OTCYTCTBOBAIA Y TIPECTABUTEINEH ITO3THETO MAJICOINTa
apkruueckoil Bocrounoit Cudbupu (crosinka Sna, 32.5 Thic.
net Hazan) (Sikora et al., 2019) u FOro-Bocrounoit Cubupn
(crostaka Marnbta, 24 ThIC. 1eT Ha3ax) (Raghavan et al., 2014),
a Takke B CeBepHON AMepHKe y IPeACTaBUTENS KyJIbTyphl
Kiosuc (12.6 Teic. et Hazan) (Rasmussen et al., 2014) — ne-
BoukH 13 morpedenust Upward Sun River (Amsicka, 11.5 Thic.
net Ha3ax) (Moreno-Mayar et al., 2018) u KenneBukckoro
genoBeka (8.3-9.2 Teic. et Hazax) (Rasmussen et al., 2015).
B Mme3onuTe M HEONHTE «apKTUYECKash» MYTAIHsl TaKKe HE
Obl1a BBIABICHA IO Pe3ynbTaTaM HMCCIEIOBAHUNA TPEBHETO
naanBuayyma n3 JlyBarnoro Spa (Uykotka, ~9.8 ThIC. NET
Ha3an), a TAKXKe JPEBHUX JKUTEIEH remmepsl YepToBbsl BOpOTa
(ITpumopee, ~7.5 Thic. et Hazax) (Sikora et al., 2019). «Apk-
THUYECKUI» BApUAHT OTCYTCTBOBAI TAKXKE Y MHIUBULYyMOB CO
crosuku Ycrb-benas (ITpubaiikanbe, 4.5-6.6 Thic. €T Ha3an)
(Sikora et al., 2019).

BriepBrie «apkrudeckuin»y Bapuant reHa CPT1A 6wt 06-
Hapy>X€H B TETEPO3UIOTHOM COCTOSIHHUH y TaJ€03CKUMOCa,
npezacTapisonero Kynsrypy Caxkak u3 I'pennanauu (4 Teic.
JIeT Ha3ax), a Takxke ¢ yactoToit ~50 % y KaHaJCKUX U TPEeH-
JAHJICKUX TIPEJICTABUTEICH MAICO’CKUMOCCKON KYIBTYpPhI
Hopcer (1.4—1.6 teic. net Hazan) (Rasmussen et al., 2010;
Clemente et al., 2014). « ApKTHUYECKHIT» BAPHAHT 3apETUCTPH-
POBaH TaKXe y IBYX MIPEICTABUTENEH TOKAPEBCKON KYIIBTYPhI
(Cesepnoe IIproxotse, 3 THIC. 1T HA3a/) Uy IPEBHUX JKUTE-
Jei ackumMocckoro nocenenus JkBeH (UykoTka, 1.9-2.1 TrIC.
net Hazan) (Sikora et al., 2019). HenaBHue uccnemoBaHus
MIPOJAEMOHCTPUPOBAIIM, UTO U JJIsl mpeactaBureneil FOxHo-
ro IIpuoxoTbst — HOCUTENEH KyJAbTYpbl IMO3HETO I3EMOHA
(Xoxkxaiino, 3.5-3.8 THIC. JIeT Ha3aI) TaKXKe OBLT XapaKTEepPeH
«apkruueckuit» Bapuant rena CPT1A4 (Kanzawa-Kiriyama
etal.,2019). ABTOpBI IPEATIONOXKMIN, UTO YACTOTA BAPHAHTA
rs80356779-A B nmomynsiiuu MO31HET0 M36MOHAa XOKKala0
Obljla BHICOKOM, a €€ 3aKpeIrIeHHI0 CIoCOOCTBOBAN TOT
(haxT, 9TO IPEeBHME KUTEJIN AKTUBHO OXOTHIIMCh HA MOPCKHUX
JKUBOTHBIX (MOPCKHX KOTHKOB, CUBYYeH, MOPCKHX JbBOB,
Jenb(GUHOB). BO3MOXHO, 4TO IPUCYTCTBUE «aPKTUYECKOTO»
BapHaHTa y NPEACTaBUTENEH MO31HEro A3¢MOHa XOKKail1o
CBSI3aHO C BO3J/ICHCTBHEM JPEBHUX CEBEPO-BOCTOYHOA3MAT-
CKHX IO/, TOBJIMSABIINX TAK)KE U HA IIPEJKOB JPYTUX
HapozoB I[Ipuamypss u CaxanuHa — HallpUMEpP HUBXOB, y
KOTOPBIX TaKXe OOHapyXeH «apKTHYECKHID» BapHaHT reHa
CPTIA (Zhouetal., 2019). Mexy TeM pe3yiibTaThl HCCICIO-
BaHus moaumopdmsma MtIHK mokaszanm, 9To 11 ApeBHETO
U COBPEMEHHOT0 HaceJeHUs XOKKailo MpeeMCTBEHHOCTD
OT JIPEBHOCTH JI0 COBPEMEHHOCTH COXPAHSIETCs JJIsl MUTO-
XOHApUaTsHBIX Tammorpynn N9b, D4h2 u M7a, xoTopsie
OTCYTCTBYIOT Y HaposnoB CeBepo-BocToka Asun (KOpSIKOB,
uTenbpMeHoB, yykueit) (Adachi et al., 2018). O0umm ke 3Be-
HOM JUTS BCEX YKA3aHHBIX TOIYJISIUH CITy’KUT IIPUCYTCTBHUE
rarutorpynmsl G1b. Ora rammorpynma MT/IHK nosBunace y
npeAcTaBUTeNel anu-13éMoHa Ha XoKkkaiino 2.0-2.5 TeIc. et
Ha3aJl ¥ paclpOCTPaHEHA Y COBPEMEHHBIX allHOB C YaCTOTON
oxoio 16 % (Adachi etal., 2011). Ee nosiBieHue SIBHO CBS3aHO
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The phylogenetic tree of whole mitochondrial genomes belonging to
haplogroup Cla.

Transitions are indicated on tree branches; for transversions, the results of
nucleotide replacements are shown; deletions are marked as del. The evolu-
tionary ages of mtDNA clusters (in thousands of years, kyr) are given in accor-
dance with the mutation rate in the whole mitogenome, equaling 1.665x 10-8
substitutions per site per year (Soares et al., 2009). For mitogenomes, GenBank
numbers and ethnicities are indicated. The phylogenetic tree is built with the
program mtPhyl 4.015 (https://sites.google.com/site/mtphyl/home).

C MUTPALUSIMU C CEBEPO-BOCTOKA, ITOCKOJIbKY TaluIorpyIina
G1b ycTaHOBIeHa KaK Y ME30JIMTHYECKOTO WHAMBHIyyMa
n3 JlyBannoro Slpa (Uykotka, 9.8 TbIc. neT Ha3axm), Tak Uy
Tokapesiies (3 Toic. et Hazax) (Sikora et al., 2019). 1o Beei
BUJIMMOCTH, Ha XOKKaiao 31a ramorpynna Mt/IHK nomana
B CBSI3M C PACHPOCTPAHEHNEM TOKapEBCKON KYIBTYpPHI Ha 0T
IIpnoxotss.

DKCMaHCHsl HOCUTEIeH MUTOXOHIPHATbHOMN TaIIOrPYIIIbI
G1b nHa pyOeske Hareil 3psl B momynsiusax OX0TOMOPCKOTO
peruoHa, BeposiTHO, MOBJIEKJIa 32 COOOH 1 pacipocTpaHeHne
«apkrrueckoro» Bapuanta reHa CPTI/A4. OnHako TMOCKOIh-
Ky ramorpynna Glb He oOHapyxeHa Ha XOKKai1o B 0o-
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nee pannee BpeMs (T.e. 3.5-3.8 TbIC. JIeT Ha3a), TO BIIOJIHE
BO3MOJKHO, YTO MCTOYHUK «APKTUUIECKOT0» BapuaHTa I'eHa
CPTIA y Hux Mor OBbITH CBsI3aH C APYroi, Oosee paHHEH,
murparnueil. AHaians nanHeix o nonmmmopdusme mT/IHK y Ha-
ceJIeHMsI ceBepHOM yacTu BocTouHoM A31u 1OKa3bIBAET, UTO
B JINTEPAType UMEIOTCS CBEJICHUS O TIPUCYTCTBUU B BOCTOU-
HOA3WaTCKUX MOMYJIILUSAX OYEHb PEAKONH MUTOXOHAPHATLHOM
rartorpynmsl Cla, kKoTopast B (JUIOTEHETHUECKOM CMBICIIE
SIBISIETCSI CECTPUHCKOW BETBBIO 110 OTHOLICHHUIO K PACIpo-
CTpaHeHHbIM y uHAeH1eB AMepuku ramtorpymnmam Clb, Clc
u Cld. T'ammorpynma Cla o6Hapyskena y simonues (0.5 %)
(Maruyama et al., 2003), ynsueii (0.6 %) (Starikovskaya et al.,
2005), opoxos Caxanuna (11.5 %) (bepmuiesa u ap., 2005),
Hanaiies (1.2 %) (Tamm et al., 2007), maypos (2.2 %) (Kong
et al., 2003), monromnos (1.3 %) (Kolman et al., 1996; Deren-
ko et al., 2007), anraiites (0.7 %) (Dulik et al., 2012), Oypsit
(0.7 %) (Derenko et al., 2007), kupruzos (0.5 %) (Tamm et al.,
2007), kazaxoB (0.8 %) (Tamm et al., 2007). [Ipeanonaraercs,
9TO NMpUCYTCTBUE rarmtorpynmsl Cla Ha ceBepo-BocTOke A3Un
CBsI3aHO ¢ oOparHOW Murparmen n3 Amepukn (Tamm et al.,
2007), mpounzomearieii ~ 8.6 THIC. JIET Ha3a/1, CYJIS 110 YBOJO-
LIMOHHOMY Bo3pacty 3Toi ramtorpynmsl MT/JHK (Derenko
et al., 2010). KoneuHo, mmo pe3ynsratam GHIOTEHETHIECKOTO
aHaJIM3a ¥ BO3PACTY raruiorpymiisl TPYAHO ONPEAEINTb, KOT-
Jla IMEHHO OblIa npenmnonaraemas Murpanus. HemssectHo,
MOSIBIJINCH JIM MYTallUH, onpeenstonye ramwiorpynmy Cla
(pUCyHOK), B A3UH MJIH e ITPOHU30ILEII IEPEHOC B A3HIO YKe
cthopmuposasieiics ramtorpymibsl Cla, BOSHUKIICH 0YCHB
JIOKJIbHO B AMEpUKE.

dutoreHeTHYECKHH aHAIN3 BCEX M3BECTHBIX K HACTOSIIEMY
BpemeHH C1a-MUTOI€HOMOB TTOKa3bIBA€T, YTO SBOTIOLOHHBIH
BO3PACT TaIIOTPYIITBI COCTABIISIET ~8 THIC. JIET, & AUBEPTECHIIUS
OCHOBHBIX TaIIOTHIIOB OT KOPHEBOM ITOCIIEIOBATEIEHOCTH
MTIHK npousonuia ~6.6 ThIC. I€T Ha3aj, MPU ITOM SITIOH-
ckas BeTBb rarutorpynmsl Cla nmeer Bo3pacT ~5.2 ThIC. JIET
(cM. pucyHok). TakuM 00pa3oM, yUUTBIBAs IOCTATOYHO IIH-
pOKuii Anarna3oH BpeMeHH (OPMHPOBAHUS «aPKTHIECKOTO»
BapuanTa reHa CPTIA (ot 6 1o 23 ThIC. IeT Ha3a.), MOKHO
MIPEATIONOXKHUTE, 4To Cla-MUrparust 3 aMepuKaHCKOH JYacTH
bepuHrun Mora ObITh OCYIIECTBIICHA HOCUTEISIMH «apKTH-
yeckoro» BapuanTta reHa CPT/A. B Takom cirydae HaXOIHT
o0bsicHenne npucyrcrBue kak Cla-ramnotunoB MtIHK y
COBPEMEHHBIX SIIOHIIEB 1 HapooB CaxanuHa u [Tpuamypss,
TaK M «apKTH4deckoro» BapmanTta reHa CPTIA y mpencra-
BUTEJCH MO3HEro J13éMOHa XOKKaiI0 M COBPEMEHHBIX Ha-
ponos Caxanuna u [Ipuamypbs. B HacTositiiee Bpemst apeai
Cl-rammorpymm y HapoIoB AMEPUKH CMEIIIEH K 0Ty, OTHAKO
MTaJICOTEHOMHBIE HCCIICIOBAHUSI YCTAHOBWIIM ITPHUCYTCTBHUE
Clb-ramnoruna Ha Assicke 11.5 teic. et nazazn (Tackney
et al., 2015). TToaToMy BIOJTHE BEPOSITHO, YTO MUTOXOH/IPH-
anbHbIe TeHO(OH/ B OEPUHTHIIIEB BKIIIOYAIHN B CBOM COCTaB
C1-nuHuu, oiHa U3 KOTOPBIX MOIJIA CTaTh POJIOHAYANIbHUIIEH
rartorpymmsl Cla.

B oTHOIIEHNN TPOUCXOKICHUS «aPKTHIECKOT0» BAPHAHTA
reda CPT1A ycTaHOBJIEHO, uTO st BapuaHTa 1s80356779-A
MIPEIKOBBIM SIBJISIETCS TAIIOTHII, XapaKTEPHbIN A5 HACEICHUS
Bocrounoit Azun (Clemente et al., 2014). OnHako 3Tambl
JJIbHEHITMX U3MEHEHHH ATOTO TarjioTHIA, IPUBEIIINX K
BO3HHKHOBEHHIO «APKTHIECKOW) MyTaINH, PABHO KaK M MECTO
ee MPOUCXOKACHHS (AMepHKa MM A3Hs) TOKA HEHM3BECTHBI.
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3aknioyeHune

ITonyuenHble pe3ynbTaThl MO3BOJIWIN BBIIBUTH HECKOIBKO
MUTPAIMOHHBIX COOBITHH, CBS3aHHBIX C PACIIPOCTPAHEHUEM
MOPCKHX 3Bep000eB B OX0TOMOpPCKOM pernone. Camasi mo3z-
HSIS MUTPAIMsl, OCTaBUBIIAS CJIE/Ibl Y HOCUTENIEH KyIbTYphl
anu-A3EMOH, npuBHecya ¢ ceBepa [Iproxorbs Ha Xokkaiino
U cocefiHue TeppuTopun [IpraMypbsi MUTOXOHAPHAIBHYIO
rartorpynmy Glb u «apkrudeckuii» Bapuant rena CPT1A4.
Crenpl 6oee paHHEH MUTpaIUH, TaKKe MPUBHECIIEH «apK-
THUYECKYIO» MYTAIINIO, 3aPErNCTPUPOBAHBI Y HACETICHHS MO3/1-
Hero a3émoHa Xokkaiino. [Toka Hen3BeCTHO, CBA3aHAa JIU 3Ta
MUTPANUs C PaclpoCTPaHEHHEM MUTOXOHIPHATILHON JTHHUN
Cla mmm xe mpucytcreue Cla y HaceneHus ocTpoBoB Smo-
HHUH MapKupyeT co0oi ernie oiuH, 6oiee paHHUH, ATN30/] MU~
CpallMOHHON UCTOPUH, CBA3bIBaIOLIEH HaceneHne bepunruu
1 Bcero OxoToMopckoro perunoHa. CiaeayeT OTMETHTh, U9TO B
STHOJIOTUYECKOH JIUTEepaType yxKe JaBHO CYLIECTBYET Mpea-
TOJIOXKEHUE 00 ITHOTCHETHYECKOM POJICTBE [TPEIKOB HUBXOB,
YyK4ei, KOpSKOB, 3CKUMOCOB U aMEPUKAHCKUX HHJACHIIEB
(Jochelson, 1926). [Ipeamnonaraetcs Takxke CyIIecCTBOBAHUC B
MPOIILIOM IUPKYMOXOTCKON KYJIBTYPHON OOIITHOCTH, UMEBIIEH
TyOOKHeE CBSI3H C CONPEACTbHBIMU KYJIBTypaMH a3HaTCKOTO
noOepexbs 1 0OCTPOBOB ceBepo-3anaanoi [anuduxn n Ce-
BepHOI AMepuku (JIebenunies, 2003).
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