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BaBnnoBCKMIM XXypHan reHeTUKn n cenekymu. 2018;22(5):497

Ba)kaeMble KOJIJIETH, JOPOTHe YuTaTeiu!

Texyuuii BellTyck BaBuiioBckoro xxypHa-

JIa THETHKH 1 CEJICKIINH OTKPBIBAET Pa3-
Jien « MorekyIsipHas U KJIeTo4Hast OMOJIOTUsD» C
0030pHOI1 cTaTheit, B KOTOPOI 00CykK1aeTcs co-
BPEMEHHOE COCTOSIHNE MOJIEKYJISIPHBIX 1 OHO-
TEXHOJIOTMYECKUX ITOJIXOJI0B JUIs CUHTE3a U (pep-
MEHTATUBHON COOPKHM T€HHBIX KOHCTPYKITHIH.

TpanuuuOHHBIMU pyOpHKaMH HAIIETO XKyp-
Haua sBJsitoTCs «l eHeruka pacteHuin» u «l eHo-
¢doHO n cenekys pacTeHuin». Pazmen «lenHe-
THKa PACTEHUID» COCTOMT M3 YETHIPEX JKCIIe-
PUMEHTAJIbHBIX CTaTel, B KOTOPBIX OIHCAHBI
pe3yIbTaThl MPUMEHEHHSI MOJIEKYIISIpHO- U~
TOJIOTMYECKHX METO/IOB /ISl M3yUeHHs I'eHe-
THUYECKOT0 pasHooOpasus pacteHuid. B mepoii
MIPUBEICHBI JaHHBIC M0 BBISIBICHHUIO yXKe-
POZIHBIX 3aMENICHUI W TpaHCIOKanuil y ruo-
PUIHBIX JIMHUW MIIEHUIBI, MOJIYYEHHBIX C
ydacTHeM AMKOpacTyIiero Buna Aegilops co-
lumnaris. TlpeumymiectBo 1 3P PEKTUBHOCTD
MHUKPOCATEJUIUTHBIX MapKepoB IS OLEHKU
BHYTPUBHUJIOBOTO Pa3HOOOpa3usi U MaCHOPTH-
3anu Triticum boeoticum TIOKa3aHO BO BTOPO
nyOnukauuu. Emnie aBe cTarby MOCBSIIEHBI
UCTIOJIb30BAHUIO BBICOKOIIPOU3BOJUTEIHHOTO
CEKBEHHPOBAHUS JJIsi CPABHUTEIHHOTO aHa-
JIN3a TUTACTUIHBIX TEeHOMOB 4ecHOKa (Allium
sativum) n nyka pemdatoro (Allium cepa) n
JUTISL XapaKTePUCTUKN T€HETHYECKOTO MOJIH-
Mop(du3Ma BHIIOB U MEKBHIIOBBIX THOPHUIOB
tomionst (Populus).

O ekTnBHOCTh TPUMEHEHNUSI COBPEMEH-
HBIX TEHOMHBIX TEXHOJIOTHIl JIJIsl TIOBBILICHHS
YCTOWYHMBOCTH COM K OOJIE€3HAM U PE3YIIBTaThI
U3yUYCHHsI PEKOMOMHAHTHBIX AJUIOIIIa3MaTH-
YEeCKUX JIMHUH, TIONYy4YEeHHBIX CKpEIIMBaHUEM
mueHnns 7. aestivum v ssamens H. vulgare, o
YCTOHYMBOCTH K JINCTOCTEOIEBEIM HHDEKIHMAM
U IIPU3HAKAM [TPOAYKTUBHOCTH 00CYKIAIOTCSI B
pyopuke «I'eHOOHIT 1 CeleKIns pacTeHU».
B ozHoi1 3 crareii 310 pyOpHKN pacCMOTPEHBI
TEHJICHLIUS TIOBBILICHHSI CTETIEHH BOCIIPHUHM-
YUBOCTH K Oypoii prkaBUMHE KyIbTHBUPYEMBIX
COPTOB SIPOBOI1 MIIeHHIIB! B 3anaqHoi Cnbupn
U HEOOXOIUMOCTh CO3JaHHsI HOBBIX (OpM C
TFEeHETUYECKONW YCTOMYMBOCTBIO. B nocnennei

OT PEOAKTOPA / FROM THE EDITOR

MyOJIMKaLUK pasziesna MpeACTaBIeHbI IaHHbIE OLIEHKH Pecypc-
HOTO MOTEHIMaja KOMIUIeKca BunoB Miscanthus.

B paznene «I'eneTnka )KUBOTHBIX» COOPAHBI OPUTHHAIIBHBIC
OKCIIEPUMCHTAJIbHBIC pa6OTLI, BBITIOJIHEHHBIC I'pyIIIIaMu UC-
cnenoBarenei u3 MuctutyTa 00meit renernku uM. H.W. Ba-
BuioBa. IlpencraBieHsl pe3ynbTaThl U3yUCHUS BIHUSHUS
sH0cuMOnoTHYeCcKON Oakrepun Wolbachia na nipuponHble
nommynsun 1po3ouist D. melanogaster 1 KpOBOCOCYIITUX
KOMapoB BUNOB Aedes aegypti n Ae. albopictus. Tlokazana
CTeleHb NHPUIMPOBAHHOCTHU TOIYJISILUI 1p0o30(MIIbI U KO-
MapoB CHMOMOTHYECKOH OaKTepueii, pa3sHooOpa3me ITaMMOB
OaKTepuH U ee BIMSHHUE Ha MPOJOJIKUTEILHOCTD )KU3HHU Ha-
CEKOMOT0-X03s51MHa. B 0fiHOM M3 3THX padoT mpoBeaeHa Mo-
JEKYISIPHO-TeHEeTHUEeCKas! NIeHTH(UKAIMST KOMapoB C MO-
mornsto momumopdusx IHK-mapkepos. B nocieneii crarse
pasjerna OlMcaHo FreHeTHYECKOe pa3HOo0pas3 e MHPOKO pac-
MIPOCTPAHEHHOTO BUAA XKypasineil Anthropoides virgo, unu
KpacaBKH. | eHeTH4YecKasi CTPYKTypa MOMYJSIUA JaHHOTO
BUJIa, COCTOAIIAsI U3 0COOCH ISATH IHE30BBIX IPYNITHUPOBOK
pa3nuuHBIX perHoHoB Poccuu, Oblia M3ydeHa ¢ TOMOIIBIO
MOJIEKYJISIPHBIX MAPKEPOB, CIIEIU(DUIHBIX KaK IS SIEPHOTO,
TaK U JJIsI MUTOXOHAPHUAJIBHOI'O T€HOMOB.

Crnenytomas pyOpruKa BKIIIOYaeT OPHUTHHAIBHBIC HCCIIe-
JoBaHMs B obnactu (usnosorunyeckoi reneruku. Ha moze-
JI MBIIIEH ¢ TeHETUUYECKOU MPEeApaACIIONOKEHHOCTBIO K Jie-
MIPECCUBHO-TIOI00HOMY TTOBEACHHUIO aBTOPHI OJJHO U3 cTaTel
MOTBITAIINCH YCTAHOBUTH CBS3b MEXJy 3a00JeBaHHEM H
MOCTTPAaHCIALIUOHHBIMHA MOJII/I(bI/IKaLII/IHMI/I PEeUEITOPHBIX
MeMOpPaHHBIX OETTKOB, OCYIIECTBIIEMBIX (hepMEHTAMH IajTh-
muTmiITpancdepazamu. B npyroit pabore ¢ ucronab3oBaHuEM
XUMAYCCKH HHYTUPOBAHHOM MOJICIIN 1a0eTa y IMHUH MbI-
el n3y4eHbl META0OIMUECKIE M3MEHEHNUS, IPOUCXO/IAIINE
B THIITOKAaMIIE 11O BIMSHUEM XPOHHIECKOH THITEPITIMKEMHUH.

B nocnennuii pasnen «l'eneruka yernoBekay BOLUIMA JIBE
cTathu. B oHOI 13 HUX TOKa3aHo ucnons3oBanne SNP-map-
KEpOB, CIIEU(PUIHBIX U Y-XPOMOCOMEBI YeJIOBEKA, /IS U3Y-
4yeHusi reHo(oH1a TyBHHLIEB. B 1pyroii npogeMoHcTprpoBaHa
3G PEKTUBHOCTh TEXHOJIOTUI CEKBEHHUPOBAHUS SK30Ma IS
M3YYEHUs CIOKHBIX HACIEJCTBEHHBIX 3a00JeBaHHM, TAKUX
KaK IMEepBUYHBIA 1 KOMOMHUPOBAHHBIH UMMYHOIC(DUIHT.

Obpamaem BHIMaHUE HAITUX YUTATENCH, 9TO OPUTHHAb-
HBIC CTaThH 110 HCTOPUH I'EHETHKHN, AaHOHCHI M UTOTH KOH(e-
pEHIMIA, 0030pHBIE U TUCKYCCUOHHBIE CTAaThH MOXKHO OITy0-
JIMKOBATh B DJIEKTPOHHOM n31anuu «ITucema B BaBunosckuii
xypuam» (http://pismavavilov.ru/). Pykonucn npuanMarorcst
IO BIICKTPOHHO route: vavilov_journal@bionet.nsc.ru. Bcem
cTaThsaM mpHucBanBaeTcs naaeke DOL

Axademux B.K. LLlymuwviii
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Modern approaches to artificial gene synthesis:
aspects of oligonucleotide synthesis, enzymatic
assembly, sequence verification and error correction

G.Y. Shevelev! 2@, D.V. Pyshnyil> 2

!Institute of Chemical Biology and Fundamental Medicine, SB RAS, Novosibirsk, Russia
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Synthetic biology is a rapidly developing field aimed at COBpeMeHHbIe ITOAXO0abI

engineering of biological systems with predictable properties. K CIHT€3V '€HOB: aCIIeKTbI
Synthetic biology accumulates the achievements of modern

biological sciences, programming and computational model- CMHTE3a OJINT'OHYKJIEOTN0B,
ing as well as engineering technologies for creation of biologi- (l)epMEHTaTI/[BHOI/I C60pKI/I,

cal objects with user-defined properties. Evolution of synthetic IIDOBEDKU IIOC/IeI0BaATe/ILHOCTEeI
biology has been marked by a number of technological de- p b A
velopments in each of the mentioned fields. Thus, significant 1 KOppeKumn OII6OK

reduction in cost of DNA sequencing has provided an easy

access to large amounts of data on the genetic sequences I.10. llleseaesl 2@, A.B. IMpummbnih 2

of various organisms, and decreased the price of the DNA

sequence synthesis, which, analogous to Moore’s law, resulted T IHCTUTYT XuMndeckoii 610norim 1 dyHAaMeHTaNbHOI MEAULIMHbI
in an opportunity to create a lot of potential genes without the ggfcl"micmm oTaenenuA Poccuitckoit akapiemmu Hayk, Hosocnbupck,

time - consuming and labor - intensive traditional methods
of molecular biology. Development of system biology has
allowed forming a deeper understanding of the functions

2 HoBOCMBMPCKII FOCY[APCTBEHHDIN yHUBEpCUTET, HoBOCHBUpCK, Poccusa

and relationship of natural biological models, as well as of the CHHTETMYECKas 6110NI0MNA — BICTPO Pa3BUBAIOLLAACA OTPACTb
computational models describing processes at the cell and HayKW, HaLleNleHHas Ha Co3AaHMe BUONOrMUECKNX CUCTEM C
system levels. Combination of these factors has created an op- NpeAckasaHHbIMI CBOVCTBaMu. [Py 3TOM OHa UCMonb3yeT
portunity for conscious changes of natural biological systems. [OCTVKEHINA COBPEMEHHOV 6110N0rM, NPOrPaMMUPOBaHMSA

In this review the modern approaches to oligonucleotide gene |, KOMMBIOTEPHOTO MOAENMPOBAHIS, a TAKXKe MHXEHePHON
assembly synthesis are discussed, including such aspects as OTPacAN ANA CO3AaHMA B1ONOrMUECKIX O6bEKTOB, 06Maaalo-
protocols for gene assembly, sequence verification, error cor- LMX HaBOPOM 3apaHee 3a[aHHbIX NONb30BATENbCKIX CBOICT.
rection and further applications of synthesized genes. Pa3BuTie CUHTETUYECKOI 6UONOrUM 6bINO 06YCIIOBIEHO MHO-

MeCTBOM TEXHOJOMMYECKMX Pa3paboToK B KaxKAoN 13 ynoms-
HYTbIX OTpacnen. Tak, 3HaunTeNIbHOe CHUXeHNEe CTOUMOCTH
TexHonoruu cekseHmposaHua JHK npuseno kK HapaboTke
60/1bLLINX 06BEMOB AAHHBIX O FeHETNYECKMX NoCNefoBaTe lb-
HOCTAX Pa3fIMyHbIX OpraHn3moB. CHUXKEHUE CTOUMOCTY CUH-
Te3a nocnegoBatenbHocTen [IHK B COOTBETCTBUM C 3aKOHOM
Mypa no3sonuno co3gaBatb 6UGNOTEKN CUHTETUYECKNX
reHoB, NpeAcTaBnALLVe NOTEHUMANbHBIN HTEpeC B paboTe
reHHbIX MHXeHepoB 6e3 Heo6XoAMMOCTY NCMOSNb30BaHWA
TPaAVLMOHHBIX U TPYAOEMKUX METOLOB MONIEKYNAPHON 610-
noruu. bnarogaps pa3sutnio cuctemHomn 6ronorum coop-
MMUPOBAHO rNy6oKoe NMOHVMaHWe B3auMOCBA3ei 1 GYyHKLMI
NPUPOAHbIX OMONOrNYECKMX MOAENEN, @ TaKKe NOCTPOEHDI
NPOrHOCTNYECKMe MOAENN, ONUCHIBAIOLME MONIEKYNAPHbIE
npoLEecchl Ha KNETOYHOM U CUCTEMHOM YPOBHAX. KoMOUHa-
LmA BblllenepeyncieHHbix GpakTopos co3aasa BO3MOKHOCTb
0CO3HAHHOIO U3MEHEHNA NPUPOAHbBIX BUONOrMYECKUX CUCTEM.
B naHHOM 0630pe 06CyKOaeTca COBPEMEHHOE COCTOSHNE
NMOAXOAOB K CMHTE3Y ONIMIOHYKIEOTUAOB ANA Nocsenyiowen

COOPKM reHHbIX KOHCTPYKLNI 1 K GepMeEHTATUBHOMN cOopKe
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70’s (Agarwal et al., 1970) and it’s in vivo activity was

tested (Ryan et al., 1979) around 50 years has passed,
and the technology of artificial gene synthesis has made a
significant leap beyond the approaches implemented in the
classical works. Nowdays, it relies on the modern methods of
oligonucleotide synthesis, the variants of Polymerase Chain
Reaction (PCR) (Saiki et al., 1985; Mullis et al., 1986) with
high fidelity DNA polymerases (Bohlke et al., 2000), and
the sequence verification step using the Sanger sequencing
(Sanger, Coulson, 1975; Smith et al., 1986) or high-throughput
DNA sequencing (Church, 2006; Hall, 2007; Bosch, Grody,
2008; Schuster, 2008; Shendure, Ji, 2008; Tucker et al., 2009).
During the last decade modern approaches to assemble large
(up to dozens and hundreds kb) DNA molecules (Gibson et al.,
2009; Gibson, 2011) and error correction within synthesized
gene have been introduced (Ma et al., 2012b).

E ; ince a first gene was synthesized from scratch in the

Oligonucleotide synthesis
All the synthesis approaches rely on usage of chemically syn-

thesized oligonucleotides as building blocks for an enzyme-
mediated assembly (Ma et al., 2012b; Kosuri, Church, 2014).

Solid-phase oligonucleotide synthesis
The most widely used approach to oligonucleotide synthesis
has been the solid-phase phosphoramidite method developed
in the 80’s (Beaucage, Caruthers, 1981; Matteucci, Caruthers,
1981). The DNA oligonucleotides are synthesized from the
3’to 5’ end by consecutive coupling of activated building de-
oxynucleoside phosphoramidites to an initial deoxynucleoside
attached to a solid support (usually the support is a controlled
pore glass (CPQ) or highly cross-linked polystyrene beads)
by its 3'-OH group (Ellington, Pollard, 2000). A solid support
matrix is placed into several or several hundred parallel flow-
through individual reaction columns, and while synthesis all
the reagents necessary for the synthesis cycle flow through the
solid support column. A full cycle to add a single nucleotide
consists of several stages: (1) deprotection: acid is used to
remove a Dimetoxytrityl (DMT) group from the 5'-end of a
growing oligonucleotide chain; (2) coupling: the solid-phase
5'-OH group of an attached oligonucleotide reacts with tet-
razole — activated nucleoside phosphoramidite producing the
elongated product of reaction; (3) capping: treatment of the
uncoupled 5'-OH groups by acetic anhydride to minimize the
products of deletion mutations; (4) oxidation: conversion of an
unstable phosphite triester into a stable phosphate prior to the
next step of detritylation. The cycle repeats until a full-length
oligonucleotide is obtained. The synthesized oligonucleotide
is then cleaved from solid support by treatment with a strong
base such as ammonia in aqueous solution and the remain-
ing protection groups are removed during the cleavage. For
gene synthesis application high quality and homogeneity of
synthesized oligonucleotides is critically important (Xiong et
al., 2006) since the synthesized oligonucleotides need to be
purified either by the high performance liquid chromatogra-
phy (HPLC) or by polyacrilamide gel electrophoresis (PAGE)
methods.

Synthesis of oligonucleotides with the length up to 100 nt
using solid-phase phosphoramidite method is a standard for
gene synthesis industry and other applications. The limiting
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factor for overcoming barrier over 100 nt during oligonucle-
otide synthesis is stochastic depurination side reactions which
accompany acid deprotection step (Hall et al., 2009). Vendors
such as Integrated DNA Technologies (IDT), however, declare
possibility to synthesize high quality oligonucleotides up to
200 nt using a special support and synthetic protocol for low-
yield and long-oligonucleotide synthesis.

As an alternative to chemical oligonucleotide synthesis,
T4 RNA ligase-mediated solid-phase enzymatic oligonucle-
otide synthesis approach was proposed (Schmitz, Reetz,
1999). The approach is based on coupling reaction between
a solid-phase attached oligonucleotide primer and the mono-
nucleoside 3',5'-biphosphate mediated by T4 RNA ligase in
a water solution. The terminal phosphate blocking group is
removed enzymatically by alkaline phosphatase, and all ex-
cess reagents are simply washed off from the resin. The next
nucleoside 3',5'-biphosphate can then bind to the end of the
chain. Following NH,OH-induced cleavage from the resin
gives the desired elongation of the product. The drawback of
this approach is relatively low rate of elongation (48 h) due
to the kinetic properties of the enzyme. However, possible
automation and molecular biological optimization of enzyme
using directed evolution can make the enzymatic approach
a viable alternative to today’s chemical synthesis approach.

Parallel oligonucleotide synthesis using microchips

The oligonucleotide amounts necessary for gene synthesis ap-
plication are relatively small (picomols) while modern DNA
synthesizers can produce oligonucleotides in a higher excess
(nanomolar and micromolar) making this approach redundant.
Significant improvements in performance and cost-reduction
may be achieved by parallelization and miniaturization of
oligonucleotide synthesis platforms. Thus, microchip-based
approaches previously used for DNA diagnostics and sequenc-
ing have been adopted for multi-parallel synthesis of oligo-
nucleotide arrays. Several constructive implementations such
as ink-jet DNA printing (Lausted et al., 2004), microfluidic
devices (Zhou et al., 2004; Huang et al., 2009; Lee et al., 2010),
light-directed (Richmond et al., 2004) and electrochemical
(Egeland, Southern, 2005; Chow et al., 2009) microarray syn-
thesis and LED-controlled capillaries (Blair et al., 2006)
synthesis have been independently developed. A conditions
modification during the detritylation step of chip-based oligo-
nucleotide synthesis lead to improved quality of oligonucle-
otides with the possible length up to 150 nt (LeProust et al.,
2010). However, the limitation of all microarray synthesis
methods is the attomoles (10! mol) of an individual oligo-
nucleotide that is insufficient for a gene assembly. PCR of
selected subpools allows amplifying synthesized oligos at
acceptable quantities (Kosuri et al., 2010; Schmidt et al.,
2015) for a subsequent multiple gene assembly using barcoded
magnetic beads (Plesa et al., 2018).

Gene assembly

Enzymatic assembly of synthetic oligonucleotides into long
double-stranded DNA fragments with the length up to several
hundred bp or even several kb (Ma etal., 2012b) is the next step
of gene synthesis with numerous approaches developed since
this technology was implemented. In this paper we will discuss
several protocols for gene assembly and their parameters.
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Modern approaches to artificial gene synthesis: oligo synthesis,
enzymatic assembly, sequence verification and error correction

Fig. 1. LCA assembly of a DNA construct.

A target sequence is shown on the top of the figure. A set of oligonucleotides
synthesized to build the construct (7). A set of 5'-phosphorylated oligonucle-
otides is assembled in stoichiometric ratio and annealed. Ligase seals the
nicks (2). The double stranded DNA is melted and reannealed with extension
products and any remained oligos (3) and ligase seals the nicks again (4) until
full length product appears (5). Amplification of the full-length product using
PCR (6).

Ligase cycling assembly (LCA)
LCA utilizes the properties of 7ag DNA ligase to repair single
stranded 5'-P, 3’-OH breaks (nicks) within a double stranded
DNA at increased temperature (50-60 °C). Conjunction of
two oligonucleotides (one 5'-phosphorilated and another with
3’-OH) takes place when they are annealed to a third template
oligonucleotide. After joining of oligonucleotides the reaction
mixture contains multiple oligonucleotides heated to 95 °C
until all the complexes are denaturated and further ligation of
longer fragments takes place. These steps (annealing, ligation
and denaturation) repeat a number of cycles and after that the
reaction mixture is amplified with terminal primers and DNA
polymerase until the full-length product is obtained (Fig. 1).
One of the alternative implementation of LCA is blunt-end
ligation of double stranded DNA blocks using streptavidin-
coated magnetic beads and biotin bonded oligonucleotides
joined with subsequently added 5'-phosphorylated DNA
duplexes (Dietrich et al., 1998). The latest modifications of
this approach utilize 5'-phosphorilated single-stranded oligo-
nucleotides (Pengpumkiat et al., 2016).
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Fig. 2. PCA assembly of a DNA construct.

A target sequence is shown on the top of the figure. A set of oligonucleotides
is synthesized to build the construct (7). A set of oligonucleotides is assembled
in stoichiometric ratio and annealed (2). Polymerase extends the chain in 3'di-
rection until the end of the template oligo is reached (3). The double stranded
DNA is melted and reannealed with extension products and any remained oli-
gos (4). Each extension cycle results in a longer products until the full-length
product is synthesized (5). The full-length product is amplified with PCR using
terminal primers (6).

Polymerase cycling assembly (PCA)

PCA is the most widely used method of gene synthesis based
on the polymerase chain reaction (PCR) simultaneously car-
ried out in multiple places within the set of short complemen-
tary overlapping oligonucleotides forming paired complexes
with sticky ends (Fig. 2).

Each step of filling the gaps by polymerase is followed
by denaturation and annealing steps and leads to formation
of another set of elongated complexes with sticky ends. The
process repeats until a full-size product appears (with some
side products formed) in the mixture and the final product
is amplified with conventional PCR using terminal prim-
ers. In the earlier experiments using PCA, in the process of
gene amplification with terminal primers gene assembly was
performed in a separate tube. Later on this approach was
adopted for one-tube assembly (Wu et al., 2006; TerMaat et
al., 2009). The desired fragment assembled in a “single-pot”
cycled enzymatic reaction or in a several step assembly of
separately preassembled structural blocks of the final genetic
circuit. Similarity with recursion process gave it its name, so

Molecular and cell biology



CoBpeMmeHHbIe NOAXOAbl K CUHTE3Y reHOB: CUHTE3
OJIUrOHYKNEeoTNA0B, pepmeHTaTBHaA cOopKa ...

it is known as recursive PCR. The approach was proposed
in 1992 and used for the synthesis of human lysozyme gene
(Prodromou, Pearl, 1992). The structure of oligonucleotides
overlapping ends was specially designed to obtain the melting
temperature within the range 52—56 °C to minimize heterodi-
mers and the oligonucleotides were purified with PAGE. Gap-
less implementation of recursive PCR was used for 2703-bp
plasmid assembly using 134 unpurified 40nt oligonucleotides
with 20nt sticky ends (Stemmer et al., 1995).

Since the first usage, PCA approach has been thoroughly
investigated and several improvements of the approach have
been developed, e.g. primeSTAR HS DNA polymerase was
proposed as the best-choice polymerase for efficient high-
fidelity gene synthesis (Cherry et al., 2008). Utilization of
real-time PCR with intercalating dyes has given the insight
information concerning the optimal amount of PCR cycles
during gene assembly: the authors declared the amount of
PCR cycles of about two times more than the theoretically
calculated minimal amount of cycles necessary for assembling
a full-length product (Ye et al., 2009). Also, the optimal oli-
gonucleotide concentrations while gene assembly was found
to be in a range 10-60 nM, external primer concentration —
0.2—-1 uM (Wu et al., 2006) and dNTP increased concentra-
tion — up to 1 mM each (Ye et al., 2009).

Modification of PCA approach known as TopDown one-step
gene synthesis was proposed as advanced technique (Ye et al.,
2009). The essential idea of the approach is in a difference
between the T, values of complexes corresponding to the
overlapping sites of oligonucleotides and terminal primers.
The outer primers (7,,~50 °C) and inner oligonucleotides
(T,,~65 °C) were designed with a melting temperature dif-
ference of ~15 °C. A higher annealing temperature (65 °C)
was used for the first 20 cycles of product assembly and after
that the annealing temperature was lowered to 50 °C for the
next cycles of full-length product amplification using outer
primers. Further improvement of the TopDown synthesis led to
the automatic kinetics switch approach (Cheong et al., 2010).
The additional feature of this kinetic approach is flanking tail
at the outer primer sequence. Primers has two regions with
melting temperatures 77, and 7, ,, where 7., is the temperature
of a gene-specific region without a flanking tail, and 7, is the
melting temperature of a primer including a flanking tail. 7', is
lower than the melting temperature of the oligonucleotides
assembly and 7., is ~72 °C. When the full-length template
appears, the outer primers first created full-length DNA with
flanked tails, causing the shift in melting temperatures of outer
flanked template to 7 ,. The approach provided kinetic switch
from inner oligonucleotides assembly to full-length template
amplification during one-step gene assembly.

Thermodynamically balanced inside-out (TBIO) approach
Another PCR-based approach is the TBIO gene synthesis
(Gaoetal., 2003). The approach utilizes the process of primer
dimers extension under PCR conditions in the absence of tem-
plate. The process of gene synthesis starts in the center of gene
sequence between two overlapping oligonucleotides (Fig. 3).
After extension by PCR, the annealing and extension of
the next pair of primers between previously synthesized DNA
duplex hybridized through specially designed overlapped
sequences with adjusted melting temperatures (i. e. thermody-
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Fig. 3. TBIO assembly of a DNA construct.

A target sequence is shown on the top of the figure. A set of synthesized oli-
gonucleotides is mixed in concentration increasing from inside to the outside
primers (7). Polymerase extends the chain in 3’ direction until the end of the
oligo template is reached. The double stranded DNA is melted and reannealed
with external primers for further elongation by polymerase. Each extension cy-
cle results in a longer products until the full-length product is synthesized (2).
The full-length product is amplified with PCR using terminal primers (3).

namically balanced) begins. The next iteration with the third
pair of primers leads to further elongation of the fragment.
The primers in a TBIO assembly are added with gradient con-
centration: the most internal primers are added in the lowest
concentration and the most external primers — in the highest
concentration facilitating reaction in the direction inside out.
Several gene fragments up to 400—500 bp are independently
assembled using a TBIO approach and gel-purified to remove
PCR byproducts. Then, these fragments are assembled in one
larger gene circuit.

Another strategy for gene synthesis utilizes a combina-
tion of Dual Asymmetric (DA) and Overlap Extension PCR
(OE-PCR) (Young, Dong, 2004). The oligonucleotides are
designed in the same manner as it is done in the PCA ap-
proach to contain overlapping regions with or without a gap.
Two pairs of complementary oligonucleotides are mixed in
one tube and extended by Pfi polymerase to double-stranded
blunt-ended blocks (Fig. 4).

Several blocks are assembled independently and then mixed
with each other to make a whole gene assembly. Reduction of
the gap size or its total elimination leads to higher fidelity of
the gene assembly during PCR process. To further decrease
the mutation product ratio, the full length PCR products are
denatured, reannealed and cleaved by T7 endonuclease 1. In
this manner several genes from 470 bp to 1.2 kb are synthe-
sized. The approach is relatively low-cost because it does not
require gel purification of enzymatic phosphorylation.

Error correction

The source of the errors presented in a synthetic gene can be
either the product of oligonucleotide synthesis or of enzymatic
gene assembly. Various strategies can be utilized to reduce the
error occurrence during different stages of gene synthesis.
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Fig. 4. DA OE-PCR assembly of a DNA construct.

A target sequence is shown on the top of the figure. Two pairs from the set of
synthesized oligonucleotides are mixed in one tube and extended by poly-
merase to double-stranded blunt-ended blocks (7). Several blocks are as-
sembled independently then mixed with each other to make a whole gene
assembly (2-4). The full-length product is amplified with PCR using terminal
primers (5).

Correction of errors in synthetic oligonucleotides

Since the efficacy of solid-phase oligonucleotide synthesis is
less than 100 %, the most common types of errors are dele-
tions and insertions. The deletions occur due to an incomplete
capping step of solid-phase oligonucleotide synthesis with the
rate up to 0.5 % per nucleotide, while the insertions happen
due to tetrazole cleavage of DMT group with the rate below
0.4 % per nucleotide. Another error, depurination (cleavage
of the N-glycosidic bound), occurs under acidic conditions
during detritylation and causes apurinic sites within an oligo-
nucleotide chain (Ellington, Pollard, 2000). Such modifica-
tions of synthesis protocol as increased coupling time of the
phosphoramidite, additional methylene chloride wash steps
prior and subsequent to deblocking, using of dichloroacetic
acid (DCA) instead of trichloroacetic acid (TCA) for deblock-
ing, help to increase the product yield.

Purification of oligonucleotides with HPLC or PAGE helps
to minimize the amount of side products containing dele-
tions and insertions (Andrus, Kuimelis, 2001). However, de-
purination-type errors does not alter the mobility of long oli-
gonucleotide at PAGE and retention time during HPLC puri-
fication.

Correction of errors from synthetic genes

Synthetic oligonucleotides accumulate the errors remained
after solid-phase synthesis. Additionally, enzymatic gene as-
sembly may introduce more errors. One of the possible solu-
tions is cloning of a synthesized gene and identifying a correct
sequence. If a correct clone cannot be isolated, site-directed
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Fig. 5. Error correction in synthesized DNA constructs using mismatch
recognition proteins.

MutS binds to gene sequences contained mismatches (7). The T7 endonucle-
ase cleaves mismatched sequences (2).

mutagenesis needs to be applied to correct all the remaining
errors. This step is costly and time-consuming. Another ap-
proach is to use DNA mismatch recognition proteins to remove
incorrect products from synthetic genes. There are two types
of such proteins differ in action: (1) mismatch binding pro-
teins, such as 7Tag MutS and (2) mismatch cleaving proteins,
for instance, T7 endonuclease or MutHLS complex (Fig. 5).

The MutS protein is a part of bacterial MutHLS DNA
repair system (Smith, Modrich, 1997). It detects and binds
to a DNA molecule containing single-strand loops and mis-
matches in vivo. In one approach MutS protein isolated from
Thermus aquaticus was utilized for selection of error-free
gene sequences using gel-shift assay (Carr et al., 2004). This
method has reduced errors by >15-fold relative to conventional
gene synthesis techniques, yielding DNAs with one error per
10 kb. The mismatch cleaving proteins (2) cleave mismatch
regions within incorrect DNA complexes. The cleaved com-
plexes can be built into an error-free complex by a polymerase
chain assembly (Binkowski et al., 2005) of removed by size
selection or exonuclease degradation (Bang, Church, 2008).
A combination of mismatch-specific endonucleases such
as single-strand-specific nucleases S1 and P1, mung bean
nuclease and CEL I nuclease (Desai, Vepatu, 2003), mismatch
repair endonuclease MutH (Smith, Modrich, 1997), and re-
solvases, such as T7 endonuclease I, E. coli endonuclease V
and T4 endonuclease VII (Ma et al., 2012a) can be used for
error removal from synthetic genes. This approach was also
applied for error correction in both column and microarray
synthesized oligonucleotides using Surveyor nuclease (Saaem
etal., 2012; Currin et al., 2014). However, it is unclear which
type of mismatch-specific endonucleases is the most effective
for error removal (Sequeira et al., 2016).

Another approach for correct gene harvesting is functional
selection. The gene of purpose could be fused to a selection
marker, such as luciferase gene (Yarimizu et al., 2015). In
the case when a marker gene is expressed after cloning, the
luciferin-producing clones could be sequenced further. This
approach, however, works only for protein-coding genes and
is not effective for non-functional mutations.

Blocks assembly
The typical length of a gene fragment that can be synthe-

sized using the above-mentioned methods is about 1 kb. The
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synthesized fragments need to be cloned into a plasmid for
sequence verification, the verified fragments combined into
a larger gene circuit.

One of the approaches to combine several genetic fragments
is the BioBrick strategy allowing assembling a standardized
DNA fragment flanked with restriction sites for restriction/
ligation reactions (Knight, 2003). Different BioBrick frag-
ments represent various biologically valuable modular parts
such as promoters, ribosome-binding sites, coding sequences
and transcriptional terminators that can be assembled in a
combinatorial way (Shetty et al., 2008). The approach al-
lows assembling several genes and regulatory elements. The
method’s drawback is the “scars” between modules caused
by restriction/ligation assembly.

Utilization of the type Il restriction enzymes can be a solu-
tion for scarless assembly of gene clusters with the length of
about 32 kb (Kodumal et al., 2004). This family of enzymes
cut outside of a non-palindromic recognition site has a 4nt
overhang, which can be specially chosen for assembling of
neighboring fragments without scars (Szybalski et al., 1991).
This method is called Golden Gate and has been utilized for
assembly of multiple inserts (Engler et al., 2008).

An alternative to restriction/ligation methods is a group
of overlap assembly methods (Quan et al., 2009). Similarly
to OE-PCR, the overlap methods calls for homologous DNA
fragments between blocks to be joined by in vitro recombi-
nation. There are several commercial cloning kits such as
Gateway (Thermo) using proprietary recombinase based on
site-specific recombination system of bacteriophage lambda to
shuttle sequences between plasmids bearing specific flanking
compatible recombination attachment (att) sites (Liang et al.,
2013). However, carrying out of a multiple assembly projects
with this technique is not convenient because it requires spe-
cific sites to be present in each act of assembly. Another kit
for cloning into plasmids is In-Fusion (Clontech) which is
more promising since it only needs a 15nt sequence overlap
between digested plasmid and gene fragment or between gene
fragments, which significantly expands the possibility of its
application for large circuits assembly (Sleight et al., 2010).
Sequence and ligation independent cloning (SLIC) approach
utilizes 3'-5" proofreading exonuclease activity of the T4
DNA polymerase in the absence of ANTP to create overhangs
of 30 nt after 30 min incubation with double stranded DNA
fragments. DNA overhangs anneal with homologous excised
fragments. Recombinase RecA is used to insert the fragment
into a plasmid. As a demonstration of applicability of this
approach for parallel assembly, 10 fragments with the size
ranges between 275 and 980 bp with 40 bp overlaps were
inserted into a 3.1 kb vector (Li, Elledge, 2007).

The recombinase-free approach named Gibson Assembly
is quite useful for multiple assembly of dsDNA fragments
with overlapping ends (Gibson et al., 2009). The approach uti-
lizes a cocktail of three enzymes: (1) exonuclease that chews
back the end of the fragments and exposes ssDNA overhangs
that are specifically annealed; (2) olymerase that fills the gaps
within the annealed products; (3) ligase that covalently sews
the fragments together. The authors proposed one-step imple-
mentation of this technique using exonuclease III preserving
its functional properties in the presence of dNTP, antibody-
bound 7ag polymerase preventing competition with exonucle-
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ase for 3’ ends of DNA and 7aq ligase placed in a single tube
in a thermocycler. Three 5-kb DNA fragments with 40 bp
overlaps have been assembled and cloned into E. coli given
15 kb insert. Moreover, an assembly of 25 % M. genitalium
genome using two over-100 kb DNA fragments with 257 bp
overlap, and its further complete genome has made the Gibson
assembly the most universal and convenient method for large
scale gene assembly. It has also been adopted for oligonucle-
otide-scale to gene-scale assembly: the mouse mitochondrial
genome was assembled from 60-mer oligonucleotides using
this approach (Gibson et al., 2010).

Oligonucleotides design software
One of the main limitations in gene synthesis is designing a set
of oligonucleotides that should meet several criteria: (1) simi-
lar values of T\ between overlapping fragments; (2) the length
of oligonucleotides within the set should not exceed 50-60 nt;
(3) oligonucleotides must be annealed only with their neigh-
borhood oligonucleotides in the set and all abnormal intra
and intermolecular annealing must be excluded by a splitting
algorithm. Designing oligonucleotides for gene synthesis pur-
poses manually is time-consuming because many factors such
as GC content, restriction sites, overlapping fragments, codon
frequency, and so on need to be taken into account. Various
different software packages have been developed in order to
optimize the gene design and synthesis process.

One of the most convenient programs used for these purpos-
es is DNAWorks (https://hpcwebapps.cit.nih.gov/dnaworks/)
(Hoover, Lubkowski, 2002). This program allows designing
oligonucleotides for gapped and gapless overlap extension
PCR assembly as well as TBIO assemblies with specified
T range and oligonucleotide length. It is also capable to
transfer from amino acid to nucleotide sequence using about
10 different codon frequency tables as well as custom user
defined table.

Gene2O0ligo (http://berry.engin.umich.edu/gene2oligo/)
(Rouillard et al., 2004) allows one to design oligonucleotides
for LCA and gapless PCA assemblies. GeneDesign (http://54.
235.254.95/gd/index.html) (Louw et al., 2011) provides oligos
design for gapped PCA assembly.

GeneDesign (http://54.235.254.95/gd/index.html) (Villalo-
bos et al., 2006; Richardson et al., 2010) is a program enabling
one to divide long DNA sequence into ~500 bp fragments
joined by restriction sites and to chop this fragments into
sets of overlapping oligonucleotides. This approach can be
successfully applied for very long DNA sequences up to
several kb. GeneDesign also provides the “Codon Juggling”
feature which is capable to produce sequence that is codon-
optimized for expression and, as different as possible from the
original sequence (and still coding the same protein). Either,
addition and removing of restriction sites within sequence is
possible.

TmPrime (http://prime.ibn.a-star.edu.sg) (Bode et al., 2009)
and Genecomposer (http://www.genecomposer.net) (Lorimer
etal., 2009) are other software solutions for gene design with
expanded set of functions analogous to GeneDesign. Cur-
rently, not available on the Internet.

Another algorithm based on reliable gradient optimization
and the derivative objective function approximated with a
central difference operator was proposed for gene synthesis
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application by Louw et al. (2011). The authors compared the
results of their gradient optimization approach against the one
using Gene2Oligo and concluded their approach produces
higher purity and yield of assembled genes.

DNASynth (http://dnasynth.sourceforge.net/) (Nowak et
al., 2015) is a relatively new algorithm that designs the whole
artificial gene synthesis process, developing the optimal nu-
cleotide sequence encoding a given peptide for a given host
organism and determining the best long DNA LCA-based
assembly protocol.

Microchip-based gene assembly protocols needs special
software for oligonucleotide arrays design. PICKY (Birla,
Chou, 2015) is software that can be applied for multiple one-
pot gene assemblies from dsDNA fragments using the Gibson
Assembly protocol. It provides thermodynamic analysis that
identifies all unique junctions in gene, where consecutive DNA
fragments are specially designed to connect to each other.

Perspectives and applications

Current applications of synthetic DNA combine synthesis of
genetic constructs and metabolic pathways as well as synthesis
of artificial genomes and production of artificial genome-based
microorganisms (Gibson et al., 2008). Last improvements
of long DNA assembly approaches lead to the possibility of
creation artificial living system based on M. genitalium with
minimized functional genome (Hutchison et al., 2016). Re-
cently, the Human Genome Wright project has been announced
by a group of US scientists (Boeke et al., 2016). The goal
of the project is to synthesize a human genome to improve
understanding of the interconnections between genes. For
this sake, the additional aim of the project is to catalyze the
reduction in price per base, which is now floats around 0.2 $
per 1 bp, to as low as a few cents per bp. Further improvements
in microchip-based DNA synthesis technologies will help to
drop down the current price per 1 bp.

Another significant application of synthetic biology is me-
tabolic engineering. By designing metabolic systems work-
ing in parallel with host metabolic pathways, scientists can
program cells for practical applications such as bioremediation
(Wasilkowski et al., 2012; Garbisu et al., 2017) and production
of industrial compounds (Adrio, Demain, 2010). For example,
engineering a pathway for biosynthesis of antimalarial com-
pound Artemisinin in yeast has lowered its price by about
10 times if compared to the previously used method (Paddon,
Keasling, 2014).

Application of next generation sequencing technologies
(NGS) for synthesis and amplification of error-free oligo-
nucleotides (Schwartz etal.,2012; Lim etal., 2018; Plesactal.,
2018) leads to expanding the application of chip-synthesized
oligonucleotide pools into in vitro directed evolution methods.
For instance, development of multiplex automated genome
engineering (MAGE) platform for large-scale programming
and evolution of cells and its application to optimization of
1-deoxy-D-xylulose-5-phosphate (DXP) biosynthesis path-
way in E. coli for overproduction of the industrially impor-
tant isoprenoid lycopene has allowed for fivefold increase in
lycopene amounts which is quite remarkable achievement
(Wang et al., 2009). Recent developments of several chip-
based oligonucleotide synthesis platforms will enable us to
amplify error-free subpools of oligos with further independent
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assembly of homologous gene libraries allowed authors to
rationally explore sequence-function relationships at unprec-
edented scale (Plesa et al., 2018).
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Alien introgressions and chromosomal rearrangements

do not affect the activity

of gliadin-coding genes in hybrid lines
of Triticum aestivum L. x Aegilops columnaris Zhuk.

A.Yu. Novoselskaya-Dragovich @, A.A. Yankovskaya, E.D. Badaeva

Vavilov Institute of General Genetics, RAS, Moscow, Russia

Using chromosome C-banding and electrophoresis of
grain storage proteins, gliadins, 17 Triticum aestivum-
Aegilops columnaris lines with substitutions of
chromosomes of homoeologous groups 1 and 6 were
examined. Based on their high polymorphism, gliadins
were used to identify alien genetic material. For all of the
lines examined, electrophoretic analysis of gliadin spectra
confirmed substitution of wheat chromosomes 6A, 6D

or 1D for the homoeologous Aegilops chromosomes of
genomes U or X, The substitution manifested in the
disappearance of the products of gliadin-coding genes
on chromosomes 6A, 6D or 1D with the simultaneous
appearance of the products of genes localized on alien
chromosomes of genomes U< or X¢. Thus, Aegilops
chromosomes were shown to be functionally active in
the alien wheat genome. The absence of alien genes
expression in the lines carrying a long arm deletion in
chromosome 6X°¢ suggested that the gliadin-coding

locus moved from the short chromosome arm (its
characteristic position in all known wheat species) to the
long one. This is probably associated with a large species-
specific pericentric inversion. In spite of losing a part of
its long arm and combination with a non-homologous
chromosome of a different genome (4BL), chromosome
1D was fully functioning. For Aegilops, the block type of
gliadin components inheritance was shown, indicating
similarity in the structural organization of gliadin-coding
loci in these genera. Based on determining genetic control
of various polypeptides in the electrophoretic aegilops
spectrum, markers to identify Ae. columnaris chromosomes
1X¢, 6X“and 6U° were constructed.

Key words: electrophoresis of gliadin seed storage
proteins; gliadins; C-banding; substitution; translocation;
Aegilops columnaris; wheat; introgression.
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MHTporpeccum 1 XpoMOCOMHBIE
IIepeCcTPONKM He BIAUSIOT Ha
AKTMBHOCTbD INIMAAVHKOOVIPYIOIIX
reHOB B IMHUSX TubpumoB Triticum
aestivum L. x Aegilops columnaris Zhuk.

A.JO. HoBoceabckas-Aparosuu @, A.A. Sukosckas,
E.A. BapaeBa

NHCTUTYT 0bLwein reHeTukn um. H.U. BaBnnoBa Poccuiickon akagemmm Hayk,
Mocksa, Poccus

Bup arkopactywei nweHuubl Aegilops columnaris Zhuk.
npencTaBaseT coboi NOTEHUMANbHBIA MCTOYHMK HOBbIX FEHOB,
BaXKHbIX /1A YNy4LUeHNA X03ANCTBEHHO LieHHbIX NPY3HAKOB
nweHuubl. 1o HacToALLero BpeMeHy OH He UCMOoNb30BacsA B
cenekuMoHHbIX Mporpammax. B pabote metogamu C-okpaluvBaHuA
XPOMOCOM 1 311eKTpodOope3a 3amnacHbIX 6ENKOB 3epHa MATKON
NweHNLbl — FMUAAMHOB — NpOoaHanu3npoBaHbl 17 nuHuin Triticum
aestivum L. X Aegilops columnaris Zhuk. c 3ameLieHnAMY No
Xpomocomam 1-11 1 6-11 romeonornyeckmx rpynn. muaguH 3a

CyYeT BbICOKOro nonumopdriama no3Bonnn MAEHTMOULMPOBaTL
YyXXePOZLHbI reHeTUYecKnini MaTepuan. 1na Bcex nccnefoBaHHbIX
NIMHWUIA aHanun3 31eKTPOPOPEeTNYECKNX CEKTPOB rNnagnHa
noaTsepaun 3amelleHre xpoMocom 6A, 6D nnn 1D mArkon
NweHNLbl Ha FOMeOoNorMYecKme XPOMOCOMbI Sronca

Ae. columnaris Zhuk., oTHocAwmeca K U unn X°-reHomam.
3ameLleHne NPOABAANOCH B UICYE3HOBEHMMN NPOAYKTOB
3KCMPEeCcnm MragvHKOAUPYIOLWMX FreEHOB Ha XPOMOCOMaXx

6A, 6D nnn 1D c ogHOBpeMeHHbIM NOABNEHNEM MPOAYKTOB
3KCMPECCHM FreHOB, NIOKaNM30BaHHbIX Ha Yy»KepOAHbIX AN
nieHnLbl xpomocomax US nnm X -reHomoB. Takum o6pasom,
nokasaHa GpyHKLUMOHanbHaA akTUBHOCTb STUAOMNCHBIX XPOMOCOM
B UY>KEPOAHOM A/1A HUX MNLWeHNYHOM reHome. OTCyTCTBME
3KCMPECCUM YyKePOAHbIX MNAAVHKOANPYIOLMX FeHOB Y NMHWIA

C feneunen AIVHHOTO Myeya XPOMOCOMbl 6X° MO3BONWO
BbIABUHYTb MMMNOTE3Y O NepemeLleHnm MaanHKOANPYOLLEro
NOKYyCa 13 KOPOTKOrO Myieya (4To XxapaKTepHO ANA BCex
N3BECTHbIX BULOB MLUEHMLbI) B ANUHHOE. [NepemelleHre
rMYAAVNHKOAMPYIOLLErO NOKYCa, BEPOATHO, CBA3AHO C KPYMHOM
BUAocneLdnyeckon nepuLeHTprYecKon NHBepcnen —
LMTOreHeTNYeCKNIA aHanun3 Nnokasan cyLecTBeHHble pasnnymsa
OPTONOMMYHBIX XPOMOCOM 6-11 rpynnbl X-reHoMa no mopdonoruu.
B 10 e Bpemsa xpomocoma 1D, He3aB1CMMO OT NOTepu YacTn
L/MHHOTO MNevya u 06beaNHEHNA C HErOMONOTNMYHOM XPOMOCOMON
Apyroro reHoma (4BL), nonHoueHHO dyHKUMOHMpPYeT. ina
3rusorca nokasaH «6I04HbIN» XapakTep HacefoBaHMA
KOMMOHEHTOB IMNaANHA, YTO CBUAETENbCTBYET O CXOACTBE
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particularly those representing Aegilops L. genus,

are used as donors of agriculturally valuable traits. A
significant number of genes, especially the ones responsible
for resistance to diseases, pests, drought, and other stress
factors, were introduced into the common wheat genome
from various species of this genus (Damania et al., 1992;
Friebe et al., 1996; Monneveux et al., 2000; Schneider et al.,
2008; McIntosh et al., 2013; Molnar-Lang et al., 2014, 2015).
Moreover, various Aegilops species are used to improve grain
quality of wheat cultivars (Garg et al., 2008, 2016; Tiwari et
al., 2010; Rawat et al., 2011; Rakszegi et al., 2017).

In recent decades a full or nearly full spectrum of Triticum-
Aegilops addition or substitution lines has been derived for
more than ten Aegilops species (see surveys in Schneider et
al., 2008; Molnar-Lang et al., 2015). However, it was not
until recently that lines of wheat with introgression from
Ae. columnaris Zhuk. have been successfully developed.
Aegilops columnaris is a tetraploid species with U<X¢ ge-
nomic formula (Dvorak, 1998; Badaeva et al., 2004), which
possesses a number of valuable breeding traits, particularly
drought tolerance and resistance to diseases and pests (Gill et
al., 1985; Warham et al., 1986; Damania et al., 1992). A set
of T. aestivum x Ae. columnaris lines has been derived by re-
searchers at Genetics and Cytology Laboratory at Agricultural
Research Institute for South-East Region (Saratov, Russia).
Earlier, analysis of 84 lines using differential chromosome
banding showed that hybrids differ in introgression spectra
(Shishkina et al., 2017; Badaeva et al., 2018). The material
studied included lines with additions and/or substitutions of
chromosomes of homoeologous groups 1 and 6.

It was shown that genes coding grain storage proteins, glia-
dins, in grasses are localized in short arms of chromosomes of
homoeologous groups 1 and 6 (Shepherd, 1968; Kasarda et al.,
1976; Singh, Shepherd, 1988). Gliadins visualized by PAGE
electrophoresis are highly polymorphic proteins controlled
by multiple alleles of six non-linked gliadin-coding (GC) loci
(Gli-A1, Gli-Bl, Gli-D1, Gli-A2, Gli-B2, Gli-D2). As each
GC locus is a cluster of tightly linked genes, the polypeptides
controlled by these clusters appear on electrophoregrams as
blocks of components inherited as a single Mendelian char-
acter. Multiple allelism in GC loci permits not only reliable
identification of wheat cultivars, but also determination of
their internal structure, i. e. biotype/haplotype composition.
Thus, EP analysis of grain storage proteins is widely used in
genetic research of wheat for cultivar certification purposes,
identification of population structure, biodiversity investiga-
tion, gene mapping, and solving many other problems.

_|_0 improve common wheat, allied wild species,
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Gliadin genetics is studied quite thoroughly, and GC loci
alleles are identified for many domestic and foreign cultivars
(see the survey in Novoselskaya-Dragovich, 2015). How-
ever, genetic control of gliadins in Aegilops species, and
Ae. columnaris in particular, is scarcely studied. Analysis of
Triticum-Ae. columnaris lines with chromosome introgression
of groups 1 and 6 permits not only to identify GC locus alleles
controlled by Aegilops chromosomes, but also to develop
identification markers for Ae. columnaris genetic material
and evaluate effects of Aegilops chromosome introgression
on gene expression in wheat.

Thus, the objective of our study was clarify the genome
structure in introgressive lines and analyze alien gene expres-
sion in wheat genome by EP analysis of storage proteins.

Materials and methods

In the present study, 17 Triticum-Ae. columnaris introgressive
lines with chromosome substitution in homoeologous groups 1
and 6 were examined (see the Table). The Dobrynya and L-503
wheat cultivars (2n =42) with T7DL-7Ai Triticum-Agropyrim
translocation, as well as the Saratovskaya 68 cultivar with a
standard set of wheat chromosomes, were taken as female
parents (Badaeva et al., 2018). K-1193 Ae. columnaris line
(2n =28) acted as a male parent.

Gliadin extraction and electrophoresis in polyacrylamide
gel were performed using standard techniques (Upelniek et
al., 2013). GC locus alleles were classified according to the
catalog (Metakovsky, Novoselskaya, 1991).

Differential chromosome banding (C-banding) was
performed as in Badaeva et al., 1994. Wheat chromosomes
were classified based on the genetic nomenclature (Gill et
al., 1991); to classify Ae. columnaris chromosomes, the
nomenclature developed at our laboratory was used (Badaeva
etal., 2018).

Results

Using gliadin EP spectra analysis, we identified GC locus
alleles in all common wheat introgressive lines and parental
cultivars (see the Table). The hybrids were shown to inherite
alleles only from one of two previously established haplotypes
of Dobrynya and L-503 cultivars (Novoselskaya-Dragovich et
al., 2003) (see the Table). EP spectra of the lines match those
of the parental cultivars. For instance, line1794/1 inherited
Gli-Alm and Gli-B2d from the Saratovskaya 68 cultivar
and Gli-Ble, Gli-Dla, Gli-A2s — from Dobrynya. Gli-Alf
allele uncharacteristic for the parental wheat cultivar was
found only in line 2304/1. Probably, it was introduced as a
result of random cross-pollination. All the de. columnaris
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Cytogenetic and genetic characteristics of T. aestivum — Ae. columantris introgressive lines

Ne  Cultivar/Line 2n Cytological characteristics Genetic Gliadin-coding locus alleles Gli- Biotypes/
Of Iines characteristics ................................................................... Chromosome
of lines AT BT DI A2 B2 D2 substitutions
1 Dobrynya 42 T7DL-7Ai Cultivar consists i e a s q e Biotype 1
of two biotypesl ..............................................................................................
Gli-B2q/Gli-B2s i e a s s e Biotype 2
2 L-503 42 T7DL-7Ai Cultivar consists i e a gq gx e Biotype 1
OftWO biotype, .......................
Gli-A1i/Gli-ATm m e a g gx e Biotype2
3 Saratovskaya 68 42 - Monomorphic m e f o d e
cultivar
4 17211 40 Disomic substitution of 6A(6U). 1D functional; i e a 6US s e 6A(6U°)
Terminal deletion of 1BL. 6A 6A absent,
and 1D absent; disomic T4BL-1D  6UCexpressed
and T7DL-7Ai

6 1777/4 40 » » i e a 6U s e 6A(6U°)
7 2307/1W 40 » » e a 6U s e 6A(6U°)
8 2307/1w 43  Disomic addition of 6U<; » i e a s+6U° s e 6A +6U°
4B+1D/T4BL-1D or 4B(T4B-1D).
T7DL-7Ai
9 2308/5 40 » 1D functional; i e a 6Uc s e 6A(6U°)
6A absent, 6Ucex-

pressed (in one dose)

10 17771 42 Double disomic substitution 6A absent, m e a s s 6X¢ 6A(6X°)
of 5D(5X) 6A(6X ). Terminal dele- 6Uexpressed
tion of 1BL; splitting by chromo-
somes 7B and 7D/ T7DL-7A

11 1813 42 Disomic substitution of 6D (6U¢); 6D not expressed, 6U¢ i e a gq s 6Uc 6D(6U°)
T7DL-7Ai components appear
12 2054/3 42 id. 6D not expressed 6U¢ | e a gq s 6U° 6D(6U°)

components appear

13 2015/2 42 Monosomic substitution of 6D/ 6D not expressed, 6U¢ | e a gq q 6U° 6D(6U°)
6UC. T7DL-7Ai components appear

14 2306/3 42 id. id. e a gq g+s 6U° 6D(6U°)

15 2310/1 42 Monosomic substitution » i e a ¢ q 6U¢ 6D(6U°)
of 6D/ 6U¢, 1DL with terminal
translocation. T7DL-7Ai

16 2304/1 42 Double disomic substitution 6D not expressed, f e a gq q 6X° 6D(6X°)
of 5D(5X€) 6B(6X ). T7DL-7Ai 6X“expressed

17 2033/1 40 Hybrid; splitting of 6D/ 6Ai-2 + id. e a s s - -
+ 5D/5X+?tel6X¢S + 3DL with
terminal translocation, 6D absent

18 2034/3-1 42 6D absent. 6X¢ with large termi-  » m+i e a s s 6X°¢ 6D(6X°)

nal long arm deletion (4:7)
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End of table
Ne  Cultivar/ 2n Cytological characteristics Genetic Gliadin-coding locus alleles Gli- Biotypes/
Line of lines characteristics =~ e Chromosome
of lines Al Bl D1 A2 B2 D2 suybstitutions
19 1930 42 Disomic substitution of 1D(1X¢). 1D and 6A i e 11X - q e 1D(1X°)

Nulli-6A, tetra-6D; one 6D pair with not expressed, 1X¢
terminal long arm translocation. expressed, tetra-6D

T7DL-7Ai
20 17941 42 6D substituted T7US:6X°S; 6D and 6X°¢ m e a s s - -
T7DL-7Ai not expressed

Notes: 2n —chromosomes number, Gliadin-coding loci Gli-A1, Gli-B1, Gli-D1, Gli-A2, Gli-B2, Gli-D2 controlled by chromosomes 1A, 1B, 1D, 6A, 6B 1 6D, respectively.

UHE- HoHE
lHHHHIH b gt Wt

T1 DS.1DL-4BL

'l 1| : l'i’ “ dellBL ’l !' I‘ !! }(
T7DL-7AeL T7DL-7AeL
" T6DS 6DL-?

c
U 6UC

HEHE
AEEHUH I0HH

e R VIR R R

T7DL-7AelL T7DL-7AeL

. i

T6X<S:7U¢S

5X¢ 6X¢

Fig. 1. Karyotypes of introgressive lines T. aestivum x Ae. columnaris, K-1193.a—-1930; b-2308; c-1771/1;d - 1794/1.

A, B, D - Common wheat genomes, Ae - genome of Ae. columnaris, 1-7 — homoeologous groups. Numbers of alien chromosomes are
shown at the bottom of the figure. Chromosomes rearrangements are indicated with arrows.
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Fig. 2. Gliadin electrophoretic spectra of introgressive lines with chromosome rearrangements of chromosome homoeologous

groups 1 and 6.

K-1193 - the parental line of Ae. columnaris. Blocks of gliadin components controlled by wheat and Aegilops chromosomes are shown
in the schemes. Individual components of blocks are shown by numerals. Chromosome substitution lines: a — 6A(6U¢); b — 6D(6U°);
¢ - 6A(6X9); d - 6D(6X); e - lines without gliadin components controlled by chromosomes 6D, 6U and 6X. The components controlled by
chromosomes 6A and 6B close in mobility to 6D-controlled components are indicated with arrows; f— 1D(1X€), nulli-6A tetra-6D, absence
the components controlled by chromosome 1D are indicated with arrows (left), components controlled by tetra 6D are indicated with
arrows (right). The asterisks denote an absence of the gliadin components controlled by chromosome 6A; g - genetic control of Ae. colum-
naris gliadin, blocks of gliadin components controlled by homoeologous chromosome groups 1 and 6 are schematically represented for

Aegilops (right) and wheat (left).

K-1193 parental line kernels were characterized by similar
EP spectra.

Lines 1721/1,1776/1,1777/4,2307/1W, 2307/1w, 2308/5,
and 1777/1 (see the Table) were developed from the same
crossing combination (Dobrynya x K-1193). Their karyotypes
were characterized by monosomic or disomic substitution of
wheat chromosome 6A with Aegilops chromosomes 6U° or

leHeTuKa pacTeHUn

6X¢ (Fig. 1, b, ¢). According to cytological data, chromosomes
4B and 1D were absent in lines1721/1, 1776/1, 1777/4, and
2307/1w, where a pair of acrocentric chromosomes appeared
instead (Fig. 1, »). C-banding and in situ hybridization with
pSc119.2 and pAsl DNA-probes demonstrated that thise
chromosome forms resulted from translocation of the short
arm and major part of the long arm of 1D to the 4B long arm
511

BaBuWNOBCKMNI XKYpHan reHeTUKN n cenekuyum « 2018 - 22«5



Alien introgressions and chromosomal rearrangements
do not affect the activity of gliadin-coding genes in hybrid lines

with a breakpoint at the pericentromeric region of 4B and
distal section of 1DL (Badaeva et al., 2018).

All the four lines listed had identical gliadin EP spectra
coded by the same set of GC locus alleles (see the Table).
Gliadin components controlled by chromosome 6A were
absent, but polypeptides appear in the spectrum, whose EP
mobility corresponded to that of a number of Aegilops com-
ponents (Fig. 2, b). This confirms the 6A wheat chromosome
substitution with 4egilops chromosome and demonstrate the
Aegilops gene expression.

All gliadin polypeptides controlled by 1D chromosome
were identified in EP spectra for all the four lines, hence the
translocated part of chromosomelD included GC locus as
well. The GC genes in chromosomeslA, 1B, 6B, and 6D
were fully expressed, similarly to the Dobrynya parent wheat
cultivar (see Fig. 2, b).

The disomic addition of chromosome 6U° was identified in
line karyotype2307/1W, in contrast to the other lines in the
group. In this line, the EP spectrum included the components
coded by both 6A and 6U° chromosomes (see Fig. 2, ). Lines
with 6A(6U°) substitution and disomic addition of 6U¢ had
the same block of EP components, which indicates that the
same Aegilops chromosome, i. e. 6U¢, was involved in the
introgression.

The block of gliadin components controlled by Gli-A1m
allele, which could only be introduced from the Saratovs-
kaya 68 cultivar, was present in the 1777/1 line EP spectrum.
Cytogenetic analysis showed that line 1777/1 carried substi-
tution by two Aegilops chromosomes, i. e. 5X¢and 6X¢ (see
Fig. 1, ¢), uncharacteristic for the rest of the lines from the
group (Badaeva et al., 2018). These results indicate random
cross-pollination with the Saratovskaya 68 cultivar that oc-
curred when line 1777/1 was synthesized or reproduced. A 6A
a(6X¢) substitution was cytologically identified in the line,
which was confirmed by EP analysis (see Fig. 2, ¢).

The next, i. e. the second, series of lines with numbers
11-16 (see the Table) was obtained involving L-503 common
wheat cultivar. The allele composition of GC loci in these lines
mostly matched the first parental cultivar biotype, apart from
lines1813 and 2054/3, in which Gli-Bs allele characteristic
of the Dobrynya cultivar appeared instead of Gli-B2q, and
line 2304/1 with Gli-41f allele. Karyotypes of lines from this
series did not include chromosome 6D, substituted with 6U°¢
or in one case with 6X¢. These substitutions were confirmed
by EP analysis of the lines. Disappearance of the compo-
nents coded by chromosome 6D and appearance of a group
of components close in mobility to Aegilops parental line
components was observed in lines 1813, 2054/3, 2306/3, and
2310/1 (see Fig. 2, a). The only line, where 6D chromosome
was substituted with Aegilops chromosome 6X, i. e. 2304/1,
possessed a unique composition of gliadin components con-
trolled by Aegilops chromosome. It proves that a chromosome
from another Aegilops genome, i. e. 6X¢, was involved in the
substitution (see Fig. 2, d).

The next two lines, 1. e. 2033/1 and 2034/3-1, were derived
from crossings involving Dobrynya and Saratovskaya 68
cultivars. The allele composition of GC loci in these lines
was overall consistent with the parental one. Segregating by
Gli-A1 locus was observed in line 2034/3-1 (see the Table).
The karyotypes of both lines did not include chromosome 6D,
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1930 Ae 2033/1 1794/1 2034/3-1 2304/1 Ae 2015/2 2310/1 Ae

Fig. 3. Comparison of chromosomes 1X¢, 6U¢ and 6X¢ detected in intro-
gressive lines with chromosomes of the parental Ae. columnaris acces-
sions K-1193 (Ae).

as they were substituted with the deletion derivatives of
chromosome 6X¢. Thus, chromosome 6X¢ in 2033/1 line
was represented by a short arm telesomic (Fig. 3) and in line
2034/3-1 it had terminal deletion affecting about a half of the
long arm. Components controlled by chromosome 6D are
present in EP spectra for both lines. Their substitution with
components similar to the ones identified in line 2304/1 and
coded by Aegilops chromosome 6X¢ was visible only in line
2034/3-1 (see Fig. 2, d). No components coded by chromo-
some 6X¢ were identified in the EP spectrum of line 2033/1
(see Fig. 2, e).

Substitution of chromosomes of homoeologous group 1,
i. e. 1D(1X°¢), was only identified in line 1930 (Badaeva et
al., 2018). It originated from cultivar JI-503 and thus falls into
the second group of lines. Cytogenetic analysis showed that
chromosomes1D and 6A were absent in the line karyotype
(see the Table, Fig. 1, a). It was further confirmed by the EP
analysis results: no components controlled by chromosomel1D
were identified in the gliadin spectrum, while the components
close in mobility to Aegilops components were present (see
Fig. 2, /). Polypeptides controlled by wheat chromosomes
1A and 1B matched the parent cultivar spectrum. Absence of
6A chromosomes was compensated by an additional pair of
chromosomes 6D, one of which carried unidentifiable termi-
nal translocation in the long arm that did not affect the GC
locus, whose genes were expressed. It was manifested in the
form of clear color intensification in components controlled
by chromosome 6D (see Fig. 2, ), which implied a multiple
increase in gene dose, and therefore, gene expression in all
the four 6D chromosomes. No components controlled by
chromosome 6A were visible in the EP image.

Line 1794/1 was not only the derivative of the Dobrynya
cultivar but of the Saratovskaya 68 cultivar as well. Conse-
quently, it carried the Gli-41m allele. The karyotype of line
1794/1 did not include chromosome 6D, as it was substituted
with a pair of translocated T7U°S:6X¢S chromosomes (see
Figs. 1, d, 3). The absence of 6D chromosome was further
confirmed by EP analysis (see Fig. 2, ¢). However, no gliadin
components controlled by 6X° Aegilops chromosome were
identified in the EP spectrum.

Discussion

Before using introgressive lines derived by remote hybridiza-
tion in breeding practice, they need to be tested for alien ge-
netic material, and this genetic material is to be characterized
(Friebe et al., 1996; Molnar-Lang et al., 2014). Cytological
approaches (such as differential chromosome banding or in
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situ hybridization) permits identifying substituted/added lines
and classifying them. However, these methods are rather labor
intensive and not suited for massive analysis. Introduction
of molecular genetic markers as a supplement for cytologi-
cal analysis to characterize introgressive lines enhances the
capability for accurate alien material identification, reduces
the cost of testing and simplifies the procedure. It also permits
evaluating the effect of alien chromosome introgression on
gene expression.

EP analysis of gliadin spectra confirmed 6A, 6D, and 1D
wheat chromosome substitution with Aegilops homoeologous
chromosomes associated with U or X¢ genomes in all the lines
studied. The substitution manifested in the disappearance of
GC gene expression products in chromosomes 6A, 6D or 1D
with simultaneous appearance of the gene expression prod-
ucts localized in respective alien chromosomes. Comparison
of EP spectra for lines with various wheat gene pools, which
carried identical Aegilops chromosomes, showed that neither
EP mobility, nor intensity of components within alien chro-
mosome gliadin blocks change, i. e. they do not depend on
line genotype. It makes it possible to use these markers to
identify individual Ae. columnaris chromosomes in genetic
and breeding lines.

The appearance in EP spectra of introgression lines, poly-
peptides controlled by Aegilops chromosome indicates the
gene expression of this chromosome, as well as its functional
activity within the alien wheat genome. In turn, alien chromo-
some does not affect the behavior of fully expressed wheat
Gli genes, that is confirmed by the match between hybrids and
parental cultivars in terms of gliadin spectrum. Such a “good
neighborhood” between wheat and alien genetic material in
the same nucleus may be considered as a relative phylogenetic
affinity of these two species (or parts of their genetic material),
which is determined by reticulate evolution, which is generally
typical for the Triticeae tribe.

However, not all substitutions involving 4egilops chromo-
somes of homoeologous group 6 resulted in appearance of new
gliadin components in EP spectra for hybrids. For instance, the
analysis of lines with short arm of 6X¢ Aegilops chromosome
in the form of translocation (1794/1) or telocentric (2033/1)
showed absence of the gliadin components present in lines
with full 6X¢ chromosome substitution. GC genes in wheat
are known to be localized in terminal short arm sections of
chromosomes from homoeologous groups 1 and 6 (Singh,
Shepherd, 1988). Nevertheless, GC genes are not expressed in
both these lines, in spite of chromosome short arms not being
structurally rearranged. On the other hand, all gliadin compo-
nents controlled by 6X° Aegilops chromosome were present
in the EP spectrum of 2034/3-1 line with large terminal long
arm deletion in this chromosome. Based on these facts, we
may infer that genes controlling gliadin synthesis are localized
in the proximal part of the 6X¢ Ae. columnaris chromosome
long arm. It is possible that GC locus relocation from 6X¢
chromosome short arm to the long one is associated with large
species-specific pericentric inversion, accompanying diver-
gence between Ae. columnaris and phylogenetically affine
Ae. triaristata. This assumption is supported by cytogenetic
analysis results, which identified significant morphological
differences in 6 group orthologic chromosomes of X-genome
in these species (Badaeva et al., 2004).

leHeTuKa pacTeHUn
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Four copies of chromosome 6D (tetra-6D) were identified
using cytological methods in line 1930, with terminal long
arm translocation identified in one pair. Enhanced intensity of
EP components controlled by chromosome 6D indicates that
all tetra-6D loci were expressed in line 1930. Independence
of gliadin gene expression on the presence of chromosome
rearrangements may be observed in the other lines as well.
Particularly, all six introgressive lines, in which a major part of
the 1D chromosome, including the short arm, was translocated
to the 4B chromosome long arm, show fully expressed GC
genes in the 1D chromosome. It shows that the 1D chromo-
some functioning does not depend on the loss of a part of its
long arm and combination with nonhomologous chromosome
from another genome (4BL).

Introgressions of homoeologous group 6 chromosomes
were encountered in the sample studied significantly more
frequently than those of group 1: 1D(1X¢) substitution was
only identified in one of 18 lines. The absence of substitutions
involving chromosome 1U¢ may be due to its low compen-
satory capability, since the parent K-1193 Ae. columnaris
sample had this chromosome rearranged as a result of major
translocation. Due to lack of samples carrying substitutions
or translocations associated with 1U¢ chromosome, we have
only been able to identify gliadin EP component blocks con-
trolled by Aegilops chromosomes1X¢, 6U¢, and 6X¢. Spectrum
components, whose genetic control remained unidentified,
were hypothetically attributed to polypeptides controlled by
1U¢ chromosome (see Fig. 2, g). The data obtained may be
used in future research to test breeding material for presence
of these chromosomes.

EP spectra analysis of the two species belonging to Aegilops
and Triticum genera indicates that there are no individual
species-specific EP components. At the same time, we may
define specific groups of components inherited as the blocks
controlled by linked gene clusters. Component blocks differ
in their structure or their pattern. Based on these differences,
intraspecific and interspecific diversity can be estimated. The
block nature of gliadin component inheritance in Aegilops
indicates the similarity between the specimens of these genera
in their GC locus organizational structure.
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M3y4yeHlle TeHETNYECKOrO IMoJIMMop@n3ma
OUIJIONOHOM HIneHn1bl Triticum boeoticum Boiss.
C MICITIOJIb30BaHMeM SSR-MapKepoB

M.A. AbbGacos

MHCTUTYT reHeTnYecknx pecypcos HaumoHanbHom akagemun Hayk AsepbaiipxaHa, baky, AsepbaifxaH

LOunnouwpgHas nweHunua Triticum boeoticum Boiss. (reHom AA) — noTeH-
LManbHbIi UICTOYHWK HOBbIX LIeHHbIX anfenemn ans ynyyweHuns Bo3ae-
NblBaeMbIX BUAOB MNLIeHNLbl. B CBA3U € 3TUM oLeHKa BHYTPUBMAOBOrO
pa3Hoobpasua T. boeoticum n [HK-nacnopTr3auus o6pasLoB 3TOro
BUJa ABNAETCA aKTyabHOW 3afadelt. B HacTosweln paboTte nccnepo-
BaHO reHeTUYeckoe pasHoobpasme 6onee 60 obpasuos T. boeoticum

c ucnonb3osaHnem 11 MUKpOCaTeNNUTHbIX MapKepos. o AaHHbIM
SSR-aHanu3a 6bin10 naeHTMdNLMpPoBaHO 83 annens, B CpefHEM Ha-
6ntopanock no 7.5 annenei Ha NoKyc. BennumHbl oxunpaemon (Hg)

1 Habnogaemoi (Hp) reTepo3nroTHOCT BapbrpoBanu B npeaenax
0.17-0.89 1 0.00-0.74 npu cpegHem nokasatene Hg =052 n Hy = 0.13
cooTBeTCTBEHHO. 3HaueHue PIC anAa KaXKaoro nokKyca Haxogunochb B
npegenax 0.17-0.88 n B cpegHem paBHanocb 0.49. [Ina Bcex nsyyeH-
HbIX TOKYCOB 6blni 06HapPYKeHbI YHMKasbHble annenu. KnactepHbii
aHan13 No3Bonua 0ObeANHUTL N3yUYeHHble 06pa3Lbl B NMATb OCHOB-
HbIX FPYNM, PAacCTOAHMA MeXay rpynnamuv Bapbuposanm ot 0 go 1, uto
yKa3blBaeT Ha BbICOKUI YPOBEHb reHeTUYEeCKUX Pa3nnymi B uccneay-
emoit konnekuyun. CornacHo aHanmsy PCoA, 6b110 06pa3oBaHo NATb
OCHOBHBIX rPYMM ¥ BblABEHbI HEKOTOPbIe COOTBETCTBUA C AEHAPO-
rpammoii. Mpr 0606LeHn nonyyYeHHbIX AaHHbIX PCOA 1 KnacTepHoro
aHanMsa oTMeueHa cnabas reHeTnyeckasn andpepeHUaLmsa n3yyeH-
How Konnekuun T. boeoticum. Koppensumns reHeTMYyeckoro paccTos-
HUA C reorpadunyeckM NPONCXOXKAEHNEM BbISBNIEHA TNLLb Ans 06pas-
LOB AunnongHon nweHnubl T. boeoticum n3 MpaHa. AHanu3 o6pasLos
NMoKasblBaeT WMPOKOoe pasHoobpasue T. boeoticum no MUKpocaTeNINT-
HbIM NIOKycaMm. MosyyeHHble Hamy faHHble PacLLMPAIOT NpeAcTaBe-
HUA 1 [AlOT AOMOSHUTENBHYI0 MHGOPMALMIO O FeHEeTUYECKON CTPYKTY-
pe Konnekummn n pasHoobpasunm nsyyeHHbix obpasuos T. boeoticum.

KntoueBble cnosa: T. boeoticum; reHeTuyecKunin nonumopodunsm;
SSR-mapkepbl; KnactepHbil aHanu3s; aHann3 PCoA.
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Study of the genetic
polymorphism of diploid wheat
Triticum boeoticum Boiss.

using SSR markers

M.A. Abbasov

Genetic Resources Institute of Azerbaijan National Academy
of Sciences, Baku, Azerbaijan

Diploid wheat Triticum boeoticum Boiss. (genome
constitution AA) is a promising source of new valu-
able alleles for improving cultivated wheat species.
Therefore, the evaluation of the intraspecies diversity
of T. boeoticum and DNA fingerprinting of accessions
of this species are topical tasks. In this paper, the ge-
netic diversity of over 60 T. boeoticum accessions was
studied using 11 SSR markers. The analysis revealed

83 alleles, 7.5 alleles per locus on the average. The valu-
es of expected (Hg) and observed (Hy) heterozygosity
varied within 0.00-0.74 and 0.17-0.89, respectively,
the average indices being Hy = 0.13 and Hg = 0.52.

The PIC value for each locus was within 0.17-0.88,

0.49 on the average. Unique alleles were found in all
loci studied. Cluster analysis allowed the accessions
studied to be combined into five major groups. The
distances between the groups varied from0to 1,
pointing to a high level of genetic differences in the
collection under study. On the base of PCoA, five major
groups were formed and some correspondence with
the dendrogram was detected. Summarizing the data
of PCoA and cluster analysis, we noted a weak genetic
differentiation in the studied collection of T. boeoticum.
A correlation between the genetic distance and geogra-
phic origin was revealed only for accessions of diploid
wheat T. boeoticum from Iran. The analysis of the T. boeo-
ticum accessions studied showed a wide diversity for
SSR loci. The results expand our knowledge and pro-
vide additional information on the genetic structure of
the collection and on the genetic diversity of T. boeoti-
cum accessions studied.

Key words: T. boeoticum; genetic polymorphism;
SSR markers; cluster analysis; principal coordinates
analysis.



IICHHLIA — OJTHA U3 CaMbIX BXHBIX M arPOHOMHYECKH
3HAUNUMBIX CEJIbCKOXO3SIMCTBEHHBIX KYJIBTYp, KOTOpast
IIMPOKO BO3/IeNbIBacTCs 1o BceMy mupy (Hajiyev etal.,

2015). Pon Triticum L. cocTOUT U3 4eTHIpEX IPYIII, B TOM YHC-

ne: einkorn (2n =2x= 14, AA), emmer (2n=4x =28, AABB),

timopheevi (2n = 4x = 28, AAGG) 1 0OBIYHOH MIICHUIIBI

(2n = 6x = 42, AABBDD). Tpu Buna — 7. monococcum L.,

T. boeoticum Boiss. u T. urartu Thum. ex Gandil. — otHOCSITCS

K rpymnme mmeHuis! einkorn (Mizumoto et al., 2002). Kax

W3BECTHO, IMKHE BU/IBI ITIICHUIIBI SIBJISIFOTCS] BAKHBIM HCTOU-

HHUKOM JJIS1 YITyqIIEeHUs] TCHETHUECKHUX TPU3HAKOB MIICHUIIBI.

T boeoticum w T. urartu — n1Ba OCHOBHBIX BHJa-KaHJH/aTa

JUISL IOHOpa TeHOMa A JUisl MATKON U TBEPAOW MIIEHUIIBI

(Farouji et al., 2015). [Toka3aHo, uro Bux 1. monococcum

npownsomien ot 7. boeoticum v T. urartu 6GbU1 JOHOPOM TeHOMA

JUTSI TIOJTATUIOUTHBIX BUIOB mineHuIls! (Konapes u nip., 1976;

Dvorak et al., 1993; Takumi et al., 1993). [lepBuunoe mecTo

npouspactanust 1. boeoticum — IEHTpaJIbHas U BOCTOYHAs

gacth [lmogopoanoro IMonymecsina (Zohary, Hopf, 1993).

B pesynsrare ananmusza 288 AFLP nokycoB 7. monococcum n

ero aukux copoandeit M. Heun ¢ corpyaaukamu (1997) ycra-

HoBWIIH, uTO T. boeoticum n3 Kapakanarckux rop (FOro-Boc-

TouHast TypIys) oka3ajcs BEPOSTHBIM IPEIIIECTBEHHUKOM

KyJIBTYpHOI oytHO3epHSHKH. 1. boeoticum Boiss. ¢ reHOMOM

APAP — YCTOYHHKOM LIEHHBIX TEHOB JUISl YIy4IIEHHs COBPE-

MEHHBIX copToB mieHuIs! (Bahrai et al., 1998; Harjit-Singh et

al., 2000; Anker, Niks, 2001). HecMoTpst Ha HU3Ky¥O TOTPEeOH-

TEJILCKYIO LIEHHOCTH 110 cpaBHeHuto ¢ 1. durumn T. aestivum,

T. boeoticum copepxut 6oratoe ayureIbHOe pa3HOOOpa3He st

a/IalTUBHBIX PU3HAKOB. Kak M3BECTHO, OKYJIBTHBHPOBAHHUE

1 Pa3IMYHbIEC CTPATErHH CEJISKIIMU IPUBEIN K OTPOMHOM 1O~

Tepe ajuteneil ¥ OrpaHMYeHNI0 TEHETHYECKOTO Pa3HO00pasus

COBPEMEHHBIX COPTOB IMIICHHIIBI — 3TO IPOOIEMa B CEICKIIUH

TILIEHUIIbI HA YCTOHYUBOCTH K OMOTHYECKUM U a0MOTHYECKUM

ctpeccopam (Aliyev etal., 2007; Wang et al., 2017). ITosTomy

HE0OX0IMMO NPOBOJUTH MCCIICAOBAHUS TePMOTIIa3MBbI ITIIe-

HUILIBI C 1IEJIBI0 PACIIUPEHUs] TEHETHYECKOTO pa3HOo0pasust

JUISL CENIEKIIMOHHBIX Mporpamm. B Gnmmkaiimem Oymymiem

oxunaercs, 9ro 1. boeoticum OyneT Urparh BaKHYIO POJIb B

IEHETUYECKUX U TEHOMHBIX MCCIIEIOBAHUSX MIISHHIBL. J{ist

3 PEeKTHBHOTO HCIIONB30BaHNUS pecypcoB 1. boeoticum B TIpo-

rpaMMax reHeTHYECKOTO YITyUIICHHS MIICHUIBI HEOOX0TUMO

OLIEHUTH pa3HOOOpa3ue ITOro BUJA Ha ypoBHE reHoma. [1pu

M3YYEHUH TEHETHYECKOTO pa3HOOOpa3usi MOXKHO HCIIOIb30-

BaTh pa3JINYHbIC MOAXO/bI, TAKHE KaK aHAJIHU3 POJOCIOBHBIX,

Mopdosioruyeckre MpU3HaKU WK MOJIEKYJISIPHBIE MapKephl.

Hcronb30BaHNe CHCTEM MOJIEKYIISIPHBIX MAPKEPOB MO3BOIISET

n3y4ars nonmumop¢usm JJHK, ycrananmmBars reHeTHIeCKHE

B3aUMOOTHOILICHHUSI, BBISBIISATH T'€HBI XO3SIHCTBEHHO LIEHHBIX

MIPU3HAKOB, YTO MPECTABNISAET COOO0M aKTyaIbHOE HaIlpaBIIe-

HHE B CEJIEKIINH CEIbCKOX03s1iicTBeHHBIX KynbTyp (Cox et al.,

1985; Motawei et al., 2007; Cifci, Yagdi, 2012; Abouzied et

al., 2013; Malik et al., 2013).

I'eneTnyeckoe pazHooOpa3me AUTUIONHON MIIICHHUIIBI OIle-
HUBaJIHK ¢ ucnosb3oBanueM mapkepos: RFLP (Figliuolo, Per-
rino, 2004), RAPD (Ovesna et al., 2002), AFLP (Malaki et
al., 2006), IRAP (Farouji et al., 2015) u ISSR (Kojima et al.,
1998). Haubonee mupokoe MPUMEHCHHE B MCHETHYCCKOM
aHaAJIN3€e TOTYYIHIN MHUKpocareuTHeIe Mapkepsl (Chen et
al., 1994). bnaronaps TakuM KadecTBaM, KaK BOCIIPOHU3BO/IN-
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MOCTb, MyJIbTHAJJICJIbHAA TpUPOa, KOI[OMI/IHaHTHI)II‘/II Xapak-
TEp HACIEJOBaHUS U XPOMOCOMOCIICHUPUIHOCTh, OHU CUH-
TAIOTCS BHICOKOMH()OPMATHUBHBIMU T'€HETUYECKUMHU MapKe-
pamu (Babayeva et al., 2009). [loka3ano, uto SSR-mapkepbi —
3G GEKTUBHBI UHCTPYMEHT JUIS aHalli3a TeHEeTHYECKOTO
pa3Ho00pa3us pa3nnuHbIX BU0B neHuis! (McLauchlan et
al., 2001).

Hecmotpst Ha 60BIION MTepedeHb MyONUKaIINii TT0 OI[eHKe
TEHETHYECKOTO pa3HooOpasus momyisuuit 7. boeoticum c
MIPUMEHEHHEM pa3INyHbIX MapkepHbIx cucteM (Korzun et
al., 1998; Hammer et al., 2000; Mousavifard et al., 2014), aTo
HAIpaBJICHHUE UCCIIEIOBAHMI BCE €IIIe OCTACTCS AKTYaTbHBIM.
Hamu nocrapieHa 3ajaya — U3y4nTh FEHETUYECKOE Pa3HO-
obpaszue 63 00pa3oB KOJUIEKIIMH ITUKOW OTHO3EPHSHKH U
OMPE/ICTUTh CTEIICHDb POJICTBA M XaPAKTEP Pa3IHIUi MEKITY
TeHOTUIIAMH C UCTIONb30BaHEM SSR-MapkepoB.

MaTepwuan n metogabl

OOBEKTOM ISl MOJIEKYJISIPHBIX MCCIIEIOBAHUN CITYKWIN 63
obpa3na AUMUIONAHON mmeHuns! 7. boeoticim pazIMaHOTO
MIPOUCXOXKACHNS M3 KOJUIEKIMN HalmoHaIbHOTo TeHeTHYecKo-
ro 6anka MHcTHTyTa reHeTHYeckux pecypco HarronansHoi
akaseMnu Hayk AzepOaiipkana u renoanka MexxayHapoJHOTO
LIEHTPa CETIbCKOXO3HCTBEHHBIX MCCIICIOBAHMHN B 3aCyIIUTHBBIX
paitonax (MKAPJIA). HazBanus u npoucxoxxjaeHue n3y4ueH-
HBIX TEHOTHITOB MTPUBECHEI B Ta0M. 1.

Broigenenune JJTHK u IIIP. Beinenenne renomuoit JIHK u
[IIIP npoBoaMaM COITIAaCHO paHEe ONMCAHHOMY IPOTOKOIY
(Zhang et al., 2010). ITLIP-¢pparmenTs! anammsuposamn JJTHK-
anamm3zaropom ABI PRISM 3730 (Applied Biosystems, Fargo,
ND, CHIA) u ouenuBanu ¢ nomouipio Gene Marker Bep-
cum 1.6 (Soft Genetics LLC, State College, PA, CILIA).

AHaJu3 1aHHBIX. B cTarncTryeckuii anamm3 ObUTH BKITIO-
YEHBl YETKHE M BOCIIPOM3BOIUMBIE pe3ynbTaThl. [IpogyKThI
aMIITUKaIY JOKYMEHTHPOBAIH B BUIE (pparMeHToB, SSR-
npodnim OBUTH COCTaBIIEHBI Ha OCHOBE MX pazmepa (bp). Ko-
nudecTBo aenei (Na), yactora BCTpe4aeMOCTH OCHOBHBIX
anenelt, nadmromaemas (H,) m oxunaemas (Hy) reteposuror-
HOCTb, BelIM4YrMHa HH(popManronHoro rnoauMopdusma (PIC)
OBUIM pacCYMTaHbI JUIs KaX/IOTO0 JIOKYCa C UCIIOIb30BaHUEM
mporpammHOTO obecriedenust PowerMarker, Bepcus 3.25 (Liu,
Muse, 2005). B pabote 6bu10 NCTIONB30BAHO JICBSITH MUKPO-
careuuTHbIX MapkepoB Xbarc (the USDA-ARS Beltsville
Agricultural Research Center, CIIIA) (Song et al., 2002, 2005)
n nBa mapkepa Xgwm (Gatersleben Wheat Microsatellites,
IPK-Gatersleben, I'epmanus) (Roder et al., 1998; Pestsova
et al., 2000). KimacTepHslif aHaTN3 M aHAJIN3 TIIABHBIX KOM-
noHeHT (PCoA) ocymiecTBiIEHBI ¢ TOMOIIBIO IPOrPaMMHOTO
naketa DARwin 6.0 (Perrier, Jacquemoud-Collet, 2006) ¢ uc-
MOJIB30BaHUeM anropuTMa kinactepuzannu UNJ (unweighted
Neighbor-joining), npemnoxxennoro O. Gascuel (1997).

Pesynbratbl

I'enernyecknii monumopdusm. /{71 OLleHKN TeHETUYECKOTO
nonumopduama 63 oopasios 7. boeoticum ncrosnb3oBad SSR-
METOJ 1 IPOAHATIN3NPOBAHO |1 MUKpOCATEIINTHBIX JIOKYCOB
(tabm. 2). B nenom naeHTHGUINPOBaHO §3 ayuiens, B CpeJHeM
Habmonanock 1o 7.5 ansenei Ha nokyc. KomudecTBo cuHTe-
3UPOBaHHBIX aJuIeel BapprpoBaio ot 4 (Mapkepst Xbarc200,
Xbarcl01, Xbarc142 w Xgwm?219) no 15 (mapkepsl Xbarc213
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Table 1. Names and geographical origins of T. boeoticum accessions used in the study

No.  Accession ID Origin Region Altitude Longitude Latitude
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Genetic polymorphism of diploid wheat Triticum
boeoticum Boiss. characterized by SSR markers

End of Table 1

M.A. Abbasov

Accession ID

Altitude Latitude

Longitude

AZE, Azerbaijan; TUR, Turkey; ARM, Armenia; IRN, Iran; SYR, Syria; IRG, Iraqg; LEB, Lebanon; BGR, Bulgaria; SAR, Saudi Arabia; SSR, Serbia.

Table 2. Genetic diversity parameters of 63 T. boeoticum accessions according to SSR markers

Locus Chromosome Number Major allele Ho He PIC
of alleles frequency
Xbarc213 .......................... 1A|_ ................................. 15 .................................... o 13 ................................ 0 02 ..................... 0 39088 ..................
Xbarcls a8 046 074 062 o054
Xbarc1021 ........................ 3 A|_ ................................. 9 ...................................... 0 29 ................................ 0 ” ..................... 0 82079 ..................

Xbarc2064A53 ...................................... 0 82 ................................ 0 03 ..................... 0 32031 ...................

Xbamw .......................... 5 As ................................. 7 ...................................... 0 42 ................................ 0 06 ..................... 0 73059 ..................

Xbamm .......................... 1B|_ ................................. 15 .................................... 0 33 ................................ 0 24 .................... 0 81079 ..................

Xbarczoo .......................... 2 354 ..................................... 0 70 ................................ 0 10 ..................... 0 44037 ..................

Xbarc1o1 .......................... 2 B|_4 ..................................... 0 70 ................................ 0 oo ..................... 0 45033 ..................

Xbarc142 .......................... 5 B|_4 ..................................... 0 91 ................................. 0 oo ..................... 0 17017 ..................

ngm361 ......................... 6 Bs ................................. 5 ...................................... o 89 ................................ 0 14 .................... 0 21021 ...................

ngmzw ......................... 6 B|_4 ..................................... o 84 ................................ 0 02 ..................... 0 29027 ..................

Mean ....................................................................... 7 5 ................................... o 60 ................................ 0 13 ..................... 0 52049 ..................
TOta|83 ..........................................................................................................................................................

Ho, observed heterozygosity; He, expected heterozygosity; PIC — polymorphism information content.

u Xbarc174). JInst BceX U3yUCHHBIX JIOKYCOB OBLTH OOHApPYIKE-
HbI YHUKaJIbHBIC aJJIEIIH, O0IIee YHCIO KOTOPBIX COCTaBUIIO
27 (nmmamnazon 1-5). Hanbomnbliee KOIMYECTBO YHUKAIBHBIX
anyeneid ObLI0 BBISIBICHO npaiimepamu Xbarc206, Xbarc174
u Xbarcl5. Hamu paccuuTaHbl YaCTOTHI BCTPEYAEMOCTH BbI-
SIBJICHHBIX aJuTeJIeH, KOTOpBIC MOCITY>KMIIN OCHOBOH JUIsl pac-
yera uHaekca uHdopmarusaoctu (PIC) kaxmoro mapkepa.
YacToTa 0OCHOBHBIX ayuteneii Bappruposaina ot 0.18 (Xbarc213)
10 091 (Xbarci42) n B cpennem cocraBmia 0.60. Ananus
M3MEHYMBOCTH HMCCIICAOBAaHHBIX JIOKYCOB IOKa3all, 4To IO
3HAYEHUSIM HaOII0maeMol U OKHAaeMON TEeTePO3UTOTHOCTH
MIPOCIICKUBAIOTCS CYIIECTBCHHBIC Pa3iuuusl. BeaununHel

518 VavilovJournal of Genetics and Breeding - 2018 - 22 < 5

oxupaemoit (Hy) u nabmonaemoii (Hg) rereposurornoctu
BapsupoBaiy B ipenenax 0.17-0.89 u 0.00-0.74 pu cpenaem
nokasarese Hy =0.52 u Hy = 0.13 coorBercTBenno. Cpennee
3Hayenue PIC cocraBuio 0.49 u uzmensinocs ot 0.17 B 10Kyce
Xbarcl42 no 0.88 B mokyce Xbarc213. B noxycax Xbarc213,
Xbarcl021, Xbarcl74 w Xbarcl5 BoisiBiieHo 3HadeHne PIC
oonee 0.5 (cm. Tabm. 2 u 3).

KiacTepHblii aHAJIM3 M MeTO/ IVIABHBIX KOMIOHEHT.
[TpoBeneH KiacTepHbIi aHAIN3 U TIOCTPOEHA JICHpOrpaMMa,
0TOOpaXKarolasi FeHETUUECKUE P3N MEXKITY M3yUESHHBIMU
oOpa3ramu mieHuns (puc. 1). ['eHoTrns! ObIIH CrpyTIITHpOBa-
HBI B IISITh PA3JIMYHBIX KJIACTEPOB, TJI€ HHAEKC TeHETHYECKOTO
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Fig. 1. Genetic distances deduced from the results of the SSR analysis. Different colors indicate accessions from different
geographical regions: blue, Bulgaria; green, Iran; red, Azerbaijan; violet, Syria; yellow, Lebanon; black, Armenia; blue, Turkey;

turquoise, Serbia.

paccrositusi (UI'P) cocraBun ot 0 1o 1. KonuvectBo crpyr-
MTHUPOBAHHBIX 00Pa3IoB BapbHpoBajo ot 3 1o 27. OTMeueHa
MIPEUMYIICCTBEHHAS JOKAIH3aNUsI 00pa3IoB B KiIacTepax 3
u 5. Camblit OOIIMPHBINA — TPETHUH KI1acTep, COCTOSIINI 13 27
00pas3IoB, B CBOIO OUEPEh ITOIPA3IeIIeTCs Ha 1Ba OONBIITIX
cyOxmactepa. [lepBbIii 1 4eTBEPTHIA KIIACTEPHI BKIIOYAIOT B
Ce65[ I10 IIATh 06p8.3]_IOB, a HAUMCHBIINUM YHCJIOM I'€CHOTHUIIOB
npezacTasieH kiactep 2. [lpu aHamm3e AeHIpOrpaMMBl (CM.
puc. 1) MOXKHO OTMETHTB, YTO YCTAHOBJICHA HEKOTOPAst KOppe-
JAOus MEXKIY FeOI‘pa(i)I/I‘-ICCKI/IMI/I apeajiaMy U TCHETUYCCKUM
paccrossHreM. HanMeHbIee reHeTHIecKoe PacCTOSTHUE OBIITO
BBISIBJICHO MEX]ly T€HOTUIIaMU 1101 HoMepamu 45 u 44, 22 u
14 (UTP =0.06) u mexnay 35 u 36 (MUI'P = 0.05). Mexny re-
gorurnamu 164 u 165 oTMeUEeHO MTOITHOE TEHETHYECKOE CXOI-
ctBo (UT'P = 0). HauGompiee reHETHYSCKOE PACCTOSTHUC
YCTaHOBJIEHO My TeHOTUIIaMHU 11o]1 Homepamu 22 u 57, 30
n 162,37u57,46 u 57, tne UI'P 6511 paen 1.

IeHeTHYECKHE B3aMMOOTHOIICHUS Y 00pa3noB 1. boeoticum
OBLTH JIOTIOJTHUTENBHO UCCIIEI0BAHBI C HCIIOIb30BaHIEM aHa-
n3a raBHBIX KOMITOHEHT (PCoA). Cornmacuo ananmzy PCoA,
OBLTO 00Pa30BaHO IMSATH OCHOBHBIX TPYIIIT U IMTOKa3aHO COOT-
BETCTBUE C ICHPOrpamMmoii. [1lepBbie jBe 0CHOBHBIE OCH (-
tdepentmanuu (PCol u PCo2) 00pscHsi0T 24.96 % 0T 001I1eH
Bapuanuu (puc. 2).

leHeTuKa pacTeHUn

Principal coordinates (PCoA)

163

Coordinate 2

Coordinate 1

Fig. 2. PCoA analysis of SSR data showing the grouping of accessions of
the T. boeoticum species. .

Notation, see in the signature to the fig. 1.
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O6cyxpaeHue

HccnenoBanusi, HarpaBIeHHBIE Ha BBISIBIICHNE TEHETHUECKOTO
Ppa3HOO00pa3usl MILEHHIIBI C TOMOIBI0 SSR-MapkepoB, BeayTCst
Bo BceM mupe. M.R. Naghavi ¢ kommeramu (2004) mpoBenu
CPaBHHTEIILHBIHM aHAJIN3 TEHETHYECKOTO Pa3HO00pa3nsi reHo-
TUTIOB MieHuIBl Ha ocHOBe 17 RAPD- 1 35 SSR-mapkepos.
B pabote S. Sud ¢ xommeramu (2005), mocBsIIeHHON HEOO-
XOJMMOCTH CO3/IaHMST HOBBIX COPTOB ITIIICHUIIBI ¢ Pa3HOO0pa3-
HBIM I'€CHCTUYCCKUM (I)OHOM W BKJIFOYEHHST HOBOW M3MEHYH-
BOCTH B CYIIECTBYIONIHMH TeéHO(OH T MIIICHUIIBI, OCYIIECTBICH
aHaJIM3 POJIOCIOBHBIX Y 20 3MUTHBIX COPTOB MIICHUIIBI C HC-
MOJIb30BaHUEM 25 MUKPOCATEITUTHBIX MapkepoB. Hakonerr,
B. Zeb ¢ xomneramu (2009) m3yumnnn Ha 10 reHOTHIAX pa3-
JIMYHbIE Pa3HOBUAHOCTH MILIEHUIBI ¢ ToMOIIbI0 14 SSR-Map-
KEpOB, KOTOPbIE MOT'YT OBbITh UCIIOJIb30BaHbI B OYIYIINX Ce-
JIEKIIMOHHBIX TIPOrpaMMax.

Hacrosiiee nccieioBanye HanpapJieHO Ha OIICHKY TCHETH-
YEeCKO# BapuabenbHOCTH Y 63 00pa3IoB AUIUIOUIHON IIIIIe-
Hunp! Buga 1. boeoticum c ucrons3zoBanuem 11 SSR-map-
kepoB. Bo MHOrNX paborax nokazaHa 3QEeKTUBHOCTH Map-
kepoB Xbarc u Xgwm n7sl n3y4eHUs TEHETUYECKOTO Pa3HO-
o0pasust mmuennns! (Dresigacker et al., 2004; Drikvand et al.,
2012; Spanic et al., 2012; Kumar et al., 2016). B o6meit
CIIOKHOCTH ompeziesnero 83 amnens. Yucno ansenei Ha T0Kyc
BapbUPOBAIIo OT 4 10 15 1 B cpeHeM coCcTaBMIIO 7.5 ayiemnei.
Jlana3oH JUIMHBI NOJXYYEHHBIX (parMeHTOB HAXOJMJICS B
npenenax 100-323 m.H. Hamm pe3ynasraThl cOmmacyroTcs ¢
TAHHBIMH ApyTuX aBTopoB. Tak, M.R. Naghavi ¢ xomreramu
(2004) mst 36 momyrsituid 72 boeoticum ¢ ucnonb3oBanueM 17
SSR-mapkepoB BeIsiBUI 147 anneneii, B cpeanem 8.5 aniens
Ha JIoKyc. PsoM ucciienoBareneil nokazaH BEICOKHN YPOBEHb
nonuMopdr3Ma MUKPOCATETUTHBIX JIOKYCOB I'€HOMa JIUTLIO-
HIHBIX NIIEHM!IL 110 CPABHCHUIO C APYTUMHU MAPKECPHBIMU CUC-
temamu (Medini et al., 2005; Naghavi et al., 2011). Crremxyer
MOYEPKHYTh, 4TO HH(pOpMAaTHBHOCTH SSR-MapkepoB MOXET
OBITH CBsI3aHa C YHUKAJIBHBIM ME€XaHU3MOM, OTBETCTBECHHBIM
3a TeHEepalHIo aJUIEIIEHOTO Pa3HOO0pa3Hs MOCPEICTBOM IIPO-
CKaJIb3bIBAHMS PETUTHKAIHH.

BblisiBlieHHE YHUKAJIBHBIX ¥ Pa3HOOOPA3HbIX ajliesiel 1aert
BO3MOYKHOCTH HCCIIE/IOBAaTh '€HETHYECKOE pasHooOpasnue u
CHEIU(PUYHOCTD COPTOB, UX MJICHTU(QHUKALMIO U PErHCTpa-
U0, YIYUIICHUE KYJIbTYPHBIX paCTeHHﬁ, BKJIXO4as MIICHU-
iy (Abouzied et al., 2013). Kpome Toro, Hamn4ne yHUKAaIb-
HBIX ajulesied onpeaessieT MHANBUAYaIbHOCTh MOMYIISINH,
YTO TOJpa3yMeBaeT HallMYUe NeHEeTHYECKON BapualluH,
HEOoOXOAMMOH /TSI aJanTaluy K SKOJIOTMYECKUM YCIOBHSM.
B nammx uccrnenoBaHusx oOHapykeHO 19 reHoTHIoB, A
KOTOPBIX MICHTH(UIIMPOBaHbI cennuyHble amen. Kax-
JIbII M3 HUX COJZIEPOKall OT OZHOTO JI0 YETHIPEX TaKHUX aJUIeIIeH.
VY obpa3na nmojx HoMepoM 56 BBISIBJICHBI CIEU(UIHBIC all-
JieNy B OONBITUHCTBE JTOKYCOB (Xbarc15, Xbarc174, Xbarc101
u Xbarc142), 9410 yKa3pIBaeT Ha YHUKAIBHOCTH 3TOTO T€HO-
tuna. Yame Takue ayuienu ObutM 0OHApyXKEHBI B JIOKycax
Xbarc206y renorunos 31,41,49,57 u 161 (xpomocoma 4AS,
5 amneneit), Xbarcl74 —y renorunos 1, 5, 53, 55 u 56 (xpo-
mocoma 1BL, 5 anneneit) u Xbarcl5 —y renorunos 12,31, 41
n 56 (xpomocoma 2AL, 4 anmnens), T.e. Mmapkepsl Xbarc206,
Xbarcl74 n Xbarcl5 nanbonee >pPeKTUBHBI, UX MOXKHO
pexoMeH10BaTh A uaeHTudukanun obpasuos 7. boeo-
ticum.

520

Vavilov Journal of Genetics and Breeding - 2018225

M.A. Abbasov

[Tokazarens PIC xapaxTtepusyeT AMCKPUMUHALMOHHYIO
CHIIY JIOKYyCa HE TOJIBKO T10 KOJIMYECTBY BBISIBICHHBIX aJlICIIeH,
HO ¥ 10 MX OTHOCHTEIIBHBIM YacToTaM. [[J1st OoTOOpaHHBIX HAMHU
nokycoB 3nauenue PIC Bapsuposano ot 0.17 mist Xbarcl42
o 0.88 mst Xbarc213 n B cpeqaeM 0buto 0.49. 3HaueHms
PIC nist moxycoB Xbarc206, Xbarc200, Xbarc101, Xbarc142,
Xgwm361 n Xgwm219 naxonunucs B npenenax 0.17-038,
YTO I0OCTATOYHO ISl MACHTH()UKAIINY N3y4aeMbIX 00pa3IOB.
OcranbHbIe IATH JJOKYycoB ¢ okazaremnsimu PIC 6omnee 0.5 oco-
OeHHO 3 PeKTUBHBI 151 AU depeHInali U3yYeHHOH rpyTI-
6l TeHOTUTIOB. Bricokoe 3Hauenue PIC cBupeTenscTBOBAIIO
0 HIMPOKOM T€HETHYECKOM Pa3HOOOpa3uy B M3yUECHHOH KO-
JIEKIMH JTUTUION/THON TIIEHUIbI. AHAJIOTHYHbIE PE3yJIbTaThl
JUISL Pa3HBIX KOJIJIEKIUH MIIEHHIBI IPEICTABIEHBI ¥ IPYTHMHU
uccnenoBarersiMu (Prasad et al., 2000; Bossolini et al., 2006;
Zeshan et al., 2016). Vicxons n3 pacCMOTPEHHBIX JJAaHHBIX 110
orieHKe 3((PEKTUBHOCTH arpoOONPOBAHHBIX MAPKEPOB, MOYKHO
OTMETHTH HH(POPMATUBHOCTH ITpaiiMepoB barc-213, barc-1021
u barc-174, KOTOpbIE BBLICIMINCH HANOOJIBIIUM YUCIIOM 00-
WX aJUIeNel, BBICOKMMH MOKa3aTeNsIMHA T€TEPO3UTOTHOCTH
u PIC, a Tak)ke HaUMEHbBIIIEH YaCTOTOM OCHOBHBIX aJlJICIICH.
[TonyueHHble TOKa3aresid pa3HOOOpasusi ObUIM OXKHIAEMBI,
TaK Kak 00pa3iibl, BKIIFOUYEHHBIE B HACTOSIIEE HCCIIEOBAHHE,
MPEJICTABIISIOT pa3nuHbIle pernons! [Inonopoaunoro [Tomyme-
Csilla U COCEJHUX CTPaH, CUMTAIOIINECS IEPBUYHBIM 04arom
MPOW3pACTaHNUs TUKHX ITIISHUIL, a Takke 1. monococcum. 9T
Ppe3ybTaThl COIIACYIOTCS C PaHee MOMYYESHHBIMU JTAHHBIMHU
(Farouji et al., 2015; Wang et al., 2017).

3nadenue PIC paccuuThIBaNM U KaXXI0H CTpPaHbBI, OHO
He 3aBHCEJI0 OT pa3Mepa BeIOopkH (Tadm. 3). Harpumep, npu
CPaBHEHUH UCCIIEAYEMBIX 00Pa3I0B Pa3InuHOTrO MPOUCXOXK-
JICHUS yCTAHOBJICHO, YTO HAUOOJBIIINH ITOKA3aTeIb BISBICH
cpenu rerotunoB u3 Cupun (PIC = 0.49), npeacraBieHHBIX
IeCThI0 00pa3iamu; Bropoe no BennunHe 3HaueHue PIC 006-
HapykeHo y TeHoTHNoB u3 Typrmu (14 o6pasios, PIC = 44).
B pesynbprare anannsa MmojgydeHHBIX JAHHBIX OBUIO TakKKe
YCTaHOBJICHO, 4TO 00pa3iipl u3 Cupuu (3.5 ayieseil Ha JIOKYC,
Hg = 0.54) u Typuuu (4 annens Ha nokyc, Hg = 0.48) Gonee
MOJIUMOP(HBI, 4eM OCTaIbHbIE TeHOTUTIBL. OTHOCHTEIIHHO BBI-
COKOE pa3Ho00pa3ue cpesid TEHOTUIIOB CUPUICKOTO M TypeLl-
KOTO IIPOUCXOKAEHHS 10 CPABHEHUIO C IPYTHMHU PETHOHAMHU
OTMEYaJIOCh U B IpyTHX HccaenoBannsax (Hammer et al., 2000;
Moghaddam et al., 2000; Wang et al., 2017). J{yist ocTanbHbIX
M3Y4IEHHBIX PETMOHOB BbIABICHBI cpeiHue 3Hadenus PIC, na-
xonsuecs B npeaenax 0.26-0.399. Hanvensbiuunii nmokazarenb
pasnoodpasus (PIC = 0.26) ycTaHOBJICH Ui YeThIpeX 00-
pasnos u3 Mpaka. CieyeT OTMETUTb, YTO BCE 3TH T€HOTHUIIBI
ObUTH M3 OZHOTO M TOTO ke perrnoHa Hunasa. Hecmotpst Ha
000N 00BEM BBIOOPKH M IIMPOKUI Tana3oH MecT coopa,
rerotuns! n3 Mpana (19 00pasnos) 1eMOHCTPUPYIOT OTHOCH-
TEJILHO y3Koe renerndeckoe pasnooodpasue (PIC =0.33), uto
YKa3bIBaCT HAa CXOJHBIA reHETUYCCKUN (POH ATUX 00pPa3IOB.
JI1s TeHOTHIIOB, MPOUCXOAANIUX M3 AsepOalmxaHa, HE-
CMOTpSI Ha HEOOJIBIIOE YHCIIO M3yUYCHHOTO MaTepuana (TsTh
00pasuos), 3HaueHue PIC cocrasmiio 0.399. Paznuuus mexay
o0pa3maMy UPaHCKOTO TPOMCXOXKICHUS B OCHOBHOM OBLIH
CBSI3aHBI C IEPBBIMU TPEMSI JIOKYCaMH, a OCTAIILHBIE BOCEMb
JIOKYCOB TOKa3aJli BBICOKYIO JIOJIFO OOImuX auiesnei. [eHe-
THYECKOE Pa3HOOOpa3ue MOMYIIAUHA JUIIIONTHOHN MIIEHUIIBI
n3 Vpana u3yyanm MHOTHE uccnenosarenu. [lomydeHHble
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Table 3. Genetic diversity parameters within particular geographic regions

Subsets Sample size Number

of alleles
T boeoncum .................. 6 3 .......................................... 7 5 ..............................
SYR ................................. 6 ............................................ 3 5 ..............................
TUR ................................ 144 ................................
|RN ................................. 19 .......................................... 3 4 .............................
|_EB4 ............................................ 2 3 ..............................
ARM ............................... 6 ............................................ 2 7 ..............................
BGR ................................ 2 ............................................. 1 5 ..............................
|RG4 ............................................ 19 ..............................
AZE ................................ 5 ...............................................................................

Major allele Ho He PIC

frequency
...... o 60013052049
...... 0 60020054049
...... 0 62013048044
...... 0 710”037033
...... 0 64016040035
...... 0 670100440395
...... 0 7000031027

Ho, observed heterozygosity; He, expected heterozygosity; PIC — polymorphism information content.

B Halleil paboTe pe3ynbTaThl HE COTNIACYIOTCS C JAHHBIMU
JPYTHX aBTOPOB, OOHAPYXMBIIMX OOJiee BEICOKHH YPOBEHBb
IEHETUYECKOTO Pa3HO00pa3usl Cpe Iy TUIIIONTHOM ITIIEHHUIIBI
T. boeoticum npanckoro npoucxoxnenus. Tak, M.R. Naghavi
¢ kosreramu (2009) ¢ ncnospzoBanreM SSR-MapkepoB BbIs-
BWJIM BBICOKUH YpOBEHb noumopdusma y BusioB 7. boeoticum
(PIC = 0.81), coOpaHHBIX U3 pa3HBIX arPOCHUCTEM, a TAKXKe C
nomouibto RAPD-, AFLP- u SSR-mapkepoB yCcTaHOBHIH, UTO
Han0oJIee BEICOKUI FeHETHUCCKUN TOIMMOPHU3M HAOFOIa-
ercs cpenu nomynsnwii 7. boeoticum w3 Vpana.

I'enernueckue B3anmocssizu. Kax n3secto, apdextus-
HOCTb THOPUIM3ALIMH 3aBUCHT OT BBIOOpA FEeHETHYECKH Pa3in-
quMbIX TeHoTunoB (Burkhamer et al., 1998; Bohn et al.,1999).
B cBs131 ¢ 5TUM HaMU TIPENIPHUHSTHI yCHITUS JUIS TIPOTHO3ZUPO-
BaHMs HauOoJIee Pa3IMnYMMbIX 00pa3IIOB ITyTEM ONpEeICHHs
CTETICHN CXOJICTBA MJIN PACCTOSIHUS MEXKIY HUMH.

B ananusupyemoii KoiieKnnu coOpansl 00pasisl AUILIO-
UAHOM mieHu1sl 1. boeoticum pa3inIHOTO MIPOUCXOKICHUS:
OTEUEeCTBEHHBIC U 3apyOekHble TeHoTHIbl. Ha ocHOBaHMHM
JTAaHHBIX O TEHETHYECKOM ITOTMMOP(GH3ME PA3THIHBIX COPTOB
MIICHUI[BI ObLIA MOCTPOCHA ACHApOrpaMMa (cM. puc. 1), oT-
pakaromas CXOJCTBO M3y4aeMbIX TeHOTHUNoB. VHaekc re-
HETHYECKOTO PACCTOSHUSI Cpein T'eHOTHIOB 1. boeoticum
BapbupoBan ot 0 10 1, yTo yka3bIBaeT Ha BBICOKHH yPOBEHb
TEHETUYECKUX Pa3Inuuil B U3y4yaeMOW KOJUIEKUHH. bbuio
Takke BeIsiBICHO 100 % CXOICTBO MeXIy OOpaszlamMu IO
HoMepoM 164 (Caymosckast Apasusi) u 165 (JIusan). O0-
passl mog Homepamu 21 (Mpak) u 56 (Cupus), a Taxoxe 22
(Upan) n 57 (Cupust) oka3zaJuch CaMbIMH OTAAJICHHBIMH, y
HUX WHJEKC FeHeTUYECKOro paccrosHus coctaBmi 0.94 u 1
COOTBETCTBEHHO. | €HOTHIIBI, conep Kalie pa3InaHbIe KOMOU-
HalWK aJuIesied, MOTYT MOCITYXHUTh IIEHHBIM UCTOYHHKOM JIJIST
Oy/lyLIMX CEJNEKIIMOHHBIX TPOrPaMM, IIOCKOJIbKY YeM OOJIbIe
pasnuuns MEXIY POIUTEIbCKUMHU (OpMaMH, TeM OOJIbIle
yncio xenaembix ayuteneit (Ghaderi et al., 1984). Bersinena
HeKoTopas audQepeHInaIys TeHOTHIIOB B 3aBUCUMOCTH OT
reorpaduyeckoro pernona. B qactHocTH, B Kitactepe 2 Jioka-
JIM30BAJINCh UCKITFOYNTETbHO 00pasiisl u3 Typrmy, a B KiacTe-
pe 5 nmpeBaynpoBaId FeHOTUITBI HPAHCKOTO TIPOUCXOMKICHHMSI.
Hecmotpst Ha Maiy1o BEIOOPKY, TEHOTHITEI U3 A3epOaiimkana
00BeIMHIIINCH B Kitactepe 3. OJHaKo B OOJBIIMHCTBE CITyJacB

leHeTuKa pacTeHUn

MOYXHO HaOJTIO/IaTh JTIOKAJIH3AIHNIO H3yUYEeHHBIX 00pa3IoB O/IH-
HAKOBOTO TIPOMCXOX/ICHHS B Pa3HbIX KJlacTepax.

Ecnu conocTaBuTh TaHHBIE KIIACTEPHOTO aHAIM3a U METOAAA
IIaBHBIX KOMIIOHEHT, MOYKHO BBISIBUTH HEKOTOPBIE CXOJCTBA
W pa3Nuyus rpymmn o0pasios.

I'pynna A comepxuT 15 reHOTUIIOB, KOTOPBIE INIAaBHBIM
o0paszom mpoucxonunu u3 Asepbaiikana 1 ApMEHHH (CM.
puc. 2). CXOXy[0 TpyNIUpOBKY MOKHO OTMETHUTh Ha JICH-
JporpaMMe KJIaCTepHOro aHanu3a (cM. puc. 1), rie ueTsipe
W3 TSITH M 9eThIpEe W3 MIECTH TeHOTHIOB U3 AsepOaiikaHa
1 ApMEHHH COOTBETCTBEHHO OOBETMHMIINCH B Kiactepe 3.
B rpynne B npeBanupyrot renoturisl u3 Typuuun u coceJHUX C
Hell pernoHoB. Ha nenaporpaMMe KiacTepHOro aHajim3a Kiac-
Tep 2 MPEACTaBICH TAKXKE MCKIIOYUTEIFHO TCHOTHITAMH U3
Typruu. I'pynnupoBka reHOTHIIOB 1o Homepamu 6 (Typrgust)
u 42 (Typrus), 12 (Typuus) n 2 (A3epbaiikaH) yka3bIBaeT
Ha Hanm4aue o0mux amesnel (cM. puc. 2). B rpynme C, anano-
TMYHO KJIACTEPHOMY aHaJIH3Y, KOJTMYECTBEHHO MpeodIaiaoT
o0pasmpl u3 Mpana, B Hell Takke MPUCYTCTBYIOT T€HOTUIIBI
n3 Typuun u Cupun. CBs3b MeXly reorpaguueckuM Ipo-
MCXOXK/ICHHEM U TeHETHUECKOM OpraHu3anueii 1uis o0pasinos
u3 Mpana (cM. puc. 2) MOXeT OBITH 00yCIOBICHa OOIINM
TEHETHYECKUM ()OHOM CPEaH IepMOILIa3Mbl, OTPAHUUCHUEM
TEHETUYECKOTO M0TOKA, YTO TAKXKe TOJITBEP)KACHO CPaBHHU-
TenbHO HU3KUM nokasarenieM PIC. Cxoxkune pe3ynnsraTsl paHee
OBUTH TTONTyYeHBI Ha IpyTuX Kynbsrypax (Izzatullayeva et al.,
2014). B camocrositesnbHyto rpyminy D 060co0uICs reHOTHIT
mox HomepoMm 21 u3 Mpana.

[Tpn 0600mennn nomyueHnsix JanHbIx PCoA n xiacrep-
HOT'O aHaJlu3a MOYKHO CJIeJIaTh 3aKIJIIOUSHHUE O CJIa00H reHeTH-
yeckoit auddepernnanmm 06pa3oB H3y4eHHON KOJUTSKIINH.
Koppensius reHeTH4ecKkoro paccTosHUS ¢ Teorpaduieckum
IMPOUCXOXKJACHHUEM BbISIBJICHA JIMUIb JJI 06pa3I_IOB JUIIIOU /-
HoW mmeHuIts! 1. boeoticum w3 Vpana. B panHnx mccueno-
BaHMAX ITOKA3aHO OTCYTCTBHE KOPPEISIMU MEXIy I'eHEeTH-
YECKHUM PAacCTOSIHUEM U TeorpapuuecKiM MPOUCXOKICHUEM
y nomynsiwid 7. boeoticum n3 Upana (Ovesna et al., 2002;
Malaki et al., 2000).

Taknum 006pa3oM, aHaIIN3 HalIEH KOJUIEKIIMH TTIOTBEPIKIAET
BBICOKOE pazHooOpasue 7. boeoticum o MUKPOCATEITUTHBIM
JIOKyCaM, 5TH MapKepbl BIIOJIHE MOTYT OBITh HCIIOIB30BAHbI
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JUISl OLICHKH TeHETHYECKOT'0 MOIMMOP(U3Ma KOJUISKIIHMH TIIIe-
HUIB! B 1eoM. C TTOMOIIBIO 3THX MapKepOB B KOJUIEKIIUH
OBLTH YCTaHOBJICHBI YHUKATBHBIC TCHOTHITBI, HECYIITHE PEAKHC
aJIJIEIIM 110 MUKPOCATEIUIUTHBIM JIOKYCaM, U, COOTBETCTBEH-
HO, 3TH TIpaiMepsl MOTYT OKa3aThCs MEPCIECKTHBHBIMA IS
WICHTH(UKALUY U TEHETHIECKOH MacropTu3auy o0pasnos
T. boeoticum. 3HaHNE TEHETHYECKOTO Pa3HOOOpasus odpas-
IIOB JTUKOW OIHO3EpPHSIHKH, COXPAHAEMBIX B KOJUICKIINH, He-
00XOIMMO TS UX HCTIOIh30BAHHS IIPH IPOBEICHUH HaYTHBIX
uccneaoBanuil. [lomyuyeHHble HaMU pe3yNbTaThl 1at0T AOIOJ-
HUTETHHYIO HH(POPMAILINIO O TEHETHYECKOH CTPYKTYpe U pa3-
HOOOpa3nu n3y4eHHbIX 00pas3nos 1. boeoticum.
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CpaBHUTe/NbHbIN aHaIN3 IMOJHbIX ITOC/IeJ0BaTe/IbHOCTEM
IVIACTUAHBIX TeHOMOB UecHOKa Allium sativum
11 JIyKa pertyaToro Allium cepa
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MepepanbHbI NccefoBaTeNbCKUii LeHTp «DyHAaMEHTabHbIE OCHOBbI G1IOTEXHONOTUWY POCCMIICKO akagemun Hayk, IHCTUTYT BUOMHXeHepuK,
Mocksa, Poccua

CeKBeHVIpOBaHIIe 1 CPAaBHUTESNIbHASA XapaKTepUCTMKa MIaCTUAHbIX
reHOMOB PacTeHUI — aKTyasbHbIA MHCTPYMEHT At COBPEMEHHbIX
dunoreHeTNYECKMX N TAKCOHOMUYECKMX nccnegosanuin. Pog Allium L.

Comparative analysis
of the complete plastomes

(cem. Amaryllidaceae) o6befmHseT 6onee 900 BULOB pacTeHUA, BKITIO-
Yan TaKmMe SKOHOMMYECKHM 3HaUYVIMble OBOLLHbIE KYJIbTYPbl, Kak YeCHOK
Allium sativum, nyk penuaTtbiin Allium cepa, nyk-nopei A. porrum v gp.
B HacToALen paboTe BnepBble onpeaeneHa nosHas HykneoTraHas
nocnefoBaTeNnbHOCTb MNACTUAHOIO reHoOMa YecHoKa A. sativum.
Mnactom A. sativum nmven pasmep 153172 n.H. 1 coctoan us 6onbluomn
yHuKanbHon (LSC, 82035 n.H.) n manow yHukanbHon (SSC, 18015 n.H.)
KOMWIA, pa3fieneHHbIX MHBEPTUPOBaHHbIMK noBTopamu (IRa n IRb)
pasmepom 26561 n.H. Kaxablin. B nnactTmgHoM reHome YeCHOKa aHHO-
TUpoBaHo 134 reHa, U3 HUx 82 6enok-koampytowumx, 38 TPHK, 8 pPHK
1 6 ncesporeHoB. CpaBHUTENbHbIN aHaNN3 MIACTUAHbIX FeHOMOB A. sd-
tivum n A. cepa BbIABU Pa3nnuna B pasmepax CTPYKTYPHbIX 3eMeH-
TOB 1 CMeNcepoB Ha rpaHNLIAX MHBEPTUPOBaHHbIX MOBTOPOB. ObLyee
YMCNO reHoB B NiacTomax A. sativum un A. cepa 6bis10 0AMHaKOBbIM,
OfIHaKO reHHbIN COCTaB Pasnnyanca: reH rpl22 6oin GyHKUMOHANbHbBIM
y A. sativum v nceBporeHom y A. cepa, a reH rps16 — Ha060poT, NCeBLO-
reHom y A. sativum n 6enok-kogupytowmm y A. cepa. B nocnegosatesnib-
HOCTAX MIaCTUAHbIX FEHOMOB YeCHOKa A. sativum v nyka penyaToro

A. cepa 6binv AEHTUGULMPOBaHbI 32 MUKPOCaTEIUTHbIE MOC/IeA0Ba-
TeNIbHOCTY, 6OsbLLE NONOBUHBI KOTOPbIX — AUHYKNEOTUAHbIE, OCTaslb-
Hble — TeTpa-, MeHTa- 1 reKCaHyKNeoTUAHbIe, @ TPUHYKIeOTUHbIe
oTcyTcTBoBanu. CpaBHVBaeMble NnacTUAHbIE reHOMbI OTIMYaNUCh
4YNCNOM NMOBTOPOB PAAA MUKPOCATENNINTOB, @ HEKOTOPbIE MUKPOCa-
TeNNUTbI BCTPEYaNUChb TONbKO Y OAHOIO 13 BUAOB.

Kniouesble c/ioBa: MNacTUAHbIA reHoM; yecHok; Allium sativum,
Allium cepa.
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of garlic Allium sativum
and bulb onion Allium cepa

M.A. Filyushin ®, A.M. Mazur, A.V. Shchennikova,
E.Z. Kochieva

Federal Research Centre “Fundamentals of Biotechnology’, RAS,
Institute of Bioengineering, Moscow, Russia

Sequencing and comparative characterization of plant
plastid genomes, or plastomes, is an important tool
for modern phylogenetic and taxonomic studies, as
well as for understanding the plastome evolution. The
genus Allium L. (family Amaryllidaceae) incorporates
more than 900 species, includes economically signifi-
cant vegetable crops such as garlic A. sativum, onion
A. cepa, leek A. porrum, etc. In this work, the plastome
of garlic A. sativum has been completely sequenced.
The A. sativum plastome is 153172 bp in size. It consists
of a large unique (LSC, 82035 bp) and small unique
(SSC, 18015 bp) copies, separated by inverted repeats
(IRa and IRb) of 26561 bp each. In the garlic plastome,
134 genes have been annotated: 82 protein-coding
genes, 38 tRNA genes, 8 rRNA genes, and 6 pseudo-
genes. Comparative analysis of A. sativum and A. cepa
plastomes reveals differences in the sizes of structural
elements and spacers at the inverted repeat bound-
aries. The total numbers of genes in A. sativum and

A. cepa are the same, but the gene composition is dif-
ferent: the rpl22 gene is functional in A. sativum, being
a pseudogene in A. cepa; conversely, the rps16 gene is
a pseudogene in A. sativum and a protein-coding gene
in A. cepa. In the A. sativum and A. cepa plastomes,

32 SSR sequences have been identified. More than
half of them are dinucleotides, and the remaining are
tetra-, penta-, and hexanucleotides at the same time,
trinucleotides were absent. The compared plastomes
differ in the numbers of certain SSRs, and some are
present in only one of the species.

Key word: plastid genome; garlic; Allium sativum;
Allium cepa.



pPYIHEHIINKA pOJl OJHOJNOJBHBIX pacTeHui Allium L.

(cem. Amaryllidaceae, Asparagales) o0beanHsieT H6omee

900 BunoB (Seregin et al., 2015), nponspacraromux mpe-
nmyectseHHO B CeBepHoM nonyiapun. K atoMmy posy oTHO-
CSITCSI OBOIIIHBIE KYJIBTYPbI, HAPHUMEP YECHOK, JTyK PEeIT4aThli,
JyK-TIOpeH U IpyTHe, a psiji BUIOB UCTIONB3YETCS B KAUECTBE
JIEKOPaTUBHBIX. MHOTHE BUBI JIKOB SIBIISIIOTCSL PEAKHUMHU U
suaemuaabiME (Friesen et al., 2006). YecHok Allium sativum n
JIYK perryarTsiii 4. cepa —Hanbosee SKOHOMUIECKN 3HAIHMBbIC
BUJIBI POJIa, 00IIEMHPOBOIT 00BEM ITPOU3BOJICTBA KOTOPBIX, 110
JaHHBIM [Ipo0BONBCTBEHHOI 1 CENBCKOXO3SIHCTBEHHOM Opra-
auzau OOH (FAO) 3220161, coctaBmi 26.5 u 57.2 MitH T
COOTBETCTBEHHO.

IMnmeBast IEHHOCTh KaK Y€CHOKA, TaK M JyKa Perm4aTroro
OIIpesiessieTcs], TPEKIE BCETO, YITIEBOIAHBIM COCTABOM JINCTHEB
W JIYKOBHII, @ TAK)K€ HAJIMYUEM CHEelN(PHUUECKIX BTOPUIHBIX
MmeTabonuToB (Jones et al., 2004). OGpa3oBaHme TEPBUIHBIX
YIIIEBOJIOB TMPOMCXOJHT B XJIOPOILIACTax B mporecce (Goro-
cuHTe3a. X0Ts (POTOCHHTE3 PU3HACTCS KITIoueBOi QyHKIMei
IUIACTUJI, OHH UTPAIOT TAK)KE BAJKHYIO POJIb B IPYTUX acIieK-
Tax (U3MOIOTUU W PA3BUTHS PACTEHHH, BKJIIOYAsh CHHTE3
AMHMHOKHCIIOT, HYKIICOTHUOB, )KUPHBIX KUCIIOT, (PUTOrOPMO-
HOB, BUTAMWHOB U MHOXKecTBa MeTaboimuToB (Daniell et al.,
2016).

[TnacTuaHbIl FeHOM pacTeHuil, 3a UCKIIIoUeHneM HedoTo-
cunaresupyronmx BunoB (Bellot, Renner, 2016; Ravin et al.,
2016) u BunoB cemeiictBa Fabaceae (Sveinsson, Cronk,
2014), umeeT KOHCEpBAaTUBHYIO YETHIPEXUYACTHYIO CTPYKTY-
py — 6ompmmas yaukansHas (large single copy, LSC) u manas
yaukaneHas (small single copy, SSC) xoruwu, pa3aeneHHbIC
MHBEPTHPOBAaHHBIMU NIOBTOpamy (inverted repeat, IR), a rarxoke
cxomHbIi mopsgok reHoB (Wicke et al., 2011). ITo marHBIM
NCBI, B HacToOs11eE BpeMs CEKBEHHPOBAHBI TOJIHbBIE HYKIIEO0-
THUJIHBIE [TOCIIEIOBATEILHOCTH TUIACTUIHBIX TEHOMOB OoJiee
yeMm y 2400 BUIOB BBICIINX PACTCHUH.

Jnst onpenieneHus MOCIIEI0BaTEIbHOCTEH TIIACTOMOB Cy-
IIECTBYET TPU CTpaTeruu: 1) CEeKBEHUPOBAHHE TOTAIbHOMN
JIHK u c6opka muractoma; 2) BeIIEICHIE U CEKBEHUPOBAHHE
xsoporutactHoit JIHK; 3) ammmudukanus ¢ ncrons3oBaHnemM
B KauecTBe Matpuilbl TotaidbHou JIHK mepekpriBarommxcs
(hparMeHTOB TUIACTOMA U MX JaJIbHEHIee CeKBEHUPOBAHUE
u coopka (Dong et al., 2013). 'enom npencraBuTerneil poaa
Allium nmeer Gonbioii pasmep (Ricroch et al., 2005), uro
JieraeT mpoOIeMaTHIHON cOOpKY TUIACTHIHOTO TeHOMA MpH
cexBenupoBanuu toransHoi JTHK. Btopoii meTon BecbMa
TPYA03aTpaTHBIN U TpeOyeT OOJBIINX KOJIMUECTB PACTUTEb-
Horo MaTtepuaina. C IMOMOIIIBI0 3TOTO MeTo/1a OblJIa MOTy4eHa
TIOJTHAS TIOCJIE/I0BATEIBHOCTD TUIACTUIHOTO TEHOMA TOJIBKO Y
OJTHOTO IpesicTaBuTelIs poaa Allium — nyka peruaroro A. cepa
(von Kohn et al., 2013). TpeTsrM METOIOM ONPEAETICHEI IT0-
CJIC/IOBATEIBHOCTH TUIACTOMAa MHOTHX BHJIOB PACTCHUH, Ha-
npumep KyBIMHKN Nymphaea alba (Goremykin et al., 2004),
orypua Cucumis sativus (Chung et al., 2007), psicku Lemna
minor (Mardanov et al., 2008) u qp. Tak Kak K HACTOSIIEMY
BPEMEHU CEKBEHHPOBaHA ITOJIHAS TOCJIEI0BATEIBHOCTh IIa-
CTHJHOTO T€HOMa HECKOJIBKHX T€HOTUNOB Allium cepa, T0
MIPE/ICTABISLIOCH BOBMOXKHBIM pa3paboTaTrh YHUBEPCAIBHYIO
cucTeMy npailMepoB IS aMILTH(DUKALMU ePeKPhIBAOIINX-
Csl yYacTKOB TIacTOMa y Apyrux BuAOB Allium. IlosTomy
1enb Hamel paboThl — pa3padoTKa CUCTEMbI NMPaiitMepoB U

leHeTuKa pacTeHUn

OIpeieJIeHNne MOJIHON HYKJIEOTHIHON MOCIEe10BATEIbHOCTH
TUTACTHTHOTO TEHOMA YeCHOKA A. sativum 1 ee TIOCIeayIomee
CpaBHEHHE C IJIACTOMOM A. cepa.

MaTeleaﬂbl n metogbl
Jnst cexBeHMpoBaHUs ObUT B3ST oOpasen A. sativum u3 Y3-
Oekucrana (katanoxHeiii Homep k31) u3 komutekuuu Bee-
POCCHICKOTO MUHCTUTYTa T€HETUYECKUX PECYPCOB PaCTEHUM
uM. H.W. BaBunosa. Toransayto JJHK Beiaensinu u3 nuctoeB
metonom CTAB (Doyle J.J., Doyle J.L., 1987) ¢ momosHu-
TETHHOW JeTpoTenHu3anue penona-xaopopopmom (1:1).
Ha ocHoBe paHee ompe/elIeHHBIX TOCIIE0BATEIHHOCTEH
IUIACTOMa HECKOJIbKUX T€HOTHUIIOB JIyKa penuaroro 4. cepa
(von Kohn et al., 2013; Kim et al., 2015) 65110 pazpabotano
11 map npaiimepos (Tadu. 1) 11t aMmmpuKannuy IacTHIHOTO
reHOMa y POJICTBEHHOIO €My YeCHOKa. Pa3Mepbl y4acTKoB
BapbUPOBAIH OT 6 10 21 T.10. H., UX KOHIIBI NTEPEKPHIBATHCH
Ha 500-1000 1. H. AMIUTHUKALIIO (PParMEHTOB MPOBOIHIIH
¢ ucnonb3oBanreM Habopa LongAmp® Hot Start Tag DNA
Polymerase (New England Biolabs, CIIIA). DxBumMonspHas
CMech TOTy4eHHBIX aMIUTH(HUKATOB, conepxkamias o 100 Hr
KaXJ0ro (hparMenra, rnocie nmpoOoroAroToBKH ObLIa ceKkBe-
HupoBaHa ¢ momorbio [llumina HiSeq 1500 Sequencing
System (3AO I'enoananmutnka, Mocksa, Poccust). Coopky
MOJIyYEHHOI'0 ITyjla YTEHUI B KOHTHTH MPOBOJWIN C I10-
momrsio Spades v.3.8 (Bankevich et al., 2012). ITomyueno
11 KOHTHTOB, KOTOpBIE 3aTeM OBUIN OOBEANHEHBI B EIUHYIO
MOCJIE0BATENLHOCTD, B KadecTBe pedepeHca HCIoIbp30Ballu
mwractoM A. cepa (KF728079). ITpo6ensl ObUTH 3aKPBITH B
nporpamme Bandage (Wick et al., 2015), mocie aToro ureHus
OBUIN COMOCTABJIEHBI C MOJTYYEHHBIM OJAMHOYHBIM KOHTHIOM
JUT 0OecTiede s TPaBUIHBHOCTH TOTOBOM COOPKH | OTIpeie-
JICHUSI BEJIMYMHBI TTOKPBITHS. [IOKpBITHE yYaCTKOB COCTaBHIIO
ot 900x no 8000x, quMHAa KOHTHTOB BapbHpoBayia OT 6 /10
21 1.11. 1. [lomy4ueHHBIH TIACTHIHBIN TeHOM OBIIT AHHOTHPOBAH
¢ omonipio nporpamm DOGMA (http://dogma.ccbb.utexas.
edu) u tRNAscan-SE (Lowe, Eddy, 1997). KoopauHats Bcex
TEHOB MPOBEPEHBI BpY4HYI0. PH3ndeckas KapTa INIaCTHIHOTO
reHoma 4. sativum Obla MOCTPOCHA C TIOMOIIBIO TPOTPAMMBI
OGDRAW (puc. 1) (Lohse et al., 2013). I'panuis uHBEpTHPO-
BaHHBIX TTOBTOPOB OBIIN TIEPENPOBEPEHBI CEKBEHHNPOBAHNEM
¢ mpaitMepaMu, CeUU(PUIHBIMU K (IAaHKHPYIOIINUM ydacT-
kam: ycfl-ndhF (5'-ATTGGTATTATTCTGGATACGGC-3';
5'-GATCTGTTTATTCATCTCTACAG-3"), rpl22-rpl2
(5'-GATGCTCGATAAGGCATAAG-3'; 5'-GTAAGCG
TCCTGTAGTAAG-3'), rpl2-psbA (5'-CTGTAGTAAGAG
GAGTAGT-3'; 5-TTGATAGTCAAGGTCGTGT-3").

Jnst mpoBesieHnst CPaBHUTEIBHOTO aHAJIN3a TTACTHIHBIX
IEHOMOB HCIIOJIb30BaHa TOCIIEI0BATEIBHOCTh CTEPUIILHOTO
rerotuna 4. cepa (KF728079). IlocnenoBarensHOCTh A. cepa
KF728079 6buta aHHOTHPOBaHAa HAMU de novo, TaK Kak B MC-
xoHO# anHoTarwmu (von Kohn et al., 2013) psin reHoB, B 4acT-
Hocti TPHK, nMeroT HeBepHbIe KOOPAUHATHL, &, HAlIPUMED, B
reHe 7psl6 He onpeieNeHbl TPaHHIBI HK30HOB, B pE3yJIbTaTe
4ero OH ObLI IIPU3HAH MICEBJOI€HOM, XOTSI TAKOBBIM HE SIBJISI-
ercs. BelpaBHMBaHME MOCIEI0BATEIbLHOCTEN, ONPEACICHUE
GC-cocrasa nposoaunu B mporpamme MEGA 7.0 (Kumar et
al., 2016). [Touck MUKpPOCATEIUTUTHBIX TOCIICIOBATCIBHOCTEH
BemmonHsn B mporpamme SSRIT (Temnykh et al., 2001) co
CJIETYIOIIMMU TTapaMeTPaMH: JUIS M- U TPUHYKIICOTHJIOB — HE
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Table 1. Primers used for amplification of A. sativum plastome regions

Plastid genome region Sequences of primers

Annealing temperature, °C  Amplicon size, kb

rpl2-atpA 5'-GGCTATAATTGGAGATACCATT-3' 54 12
5'-GAAATTAGTAATATTATCCGYGAA-3'

atpA-rpoC1 5-TAATCGTTGACCTCTTGCCAATT-3' 57 10
5'-TCCCATCGAAGTTCACTATGAAT-3’

rpoCl-psaB 5'-TGTAKRGCTTCTTCKATTTCTCG-3’ 53 20
5'-ATTTCCAAGGTTTAGCCAAG-3'

psaB-rbcl 5'-CATAAAGATTCCAYTGACC-3’ 53 18
5'-GTTGTCCAKGTACCAGTAGAAG-3'

rbcl-psal) 5'-ATGTCACCMCAAACAGARACT-3’ 57 10
5'-TACTGGGTCATTCATAGCATTAC-3’

psal-psbB 5'-ACTAAATTCATCRAGTTGTTCC-3’ 54 10
5-GGAATGCTCCAAATTCSACTT-3'

psbB-ycf2 5'-GAATTAGAYCGKGCTACTTT-3' 55 15
5-TCTCTGGATTGATCAGARGAT-3'

ycf2-ndhB 5-TTAGACAATGTGTGGTTGKTA-3’ 53 8
5'-ACGAAACCAAGAAATAACCC-3'

ndhB-rr23 5'-AGGGTATCCTGAGCAATTKCAA-3' 58 1"
5-CAAACCTCCTGGCTGTCTCT-3'

rrn23-ndhF 5'-TGATCTATCCATGACCAGG-3’ 54 6
5'-GATGAAATTCTTAATGATAGTTGG-3'

ndhF-trnN 5'-GTAAATAGATMCGAAACATATAA-3' 52 21

5'-CTCCCCAAGTAGGATTCGA-3'

MCHCC IISITU ITOBTOPOB, AJIA TETPa-, ICHTA- U ITCKCAHYKJICOTU-
JIOB — HE MEHEee TpeX TIOBTOPOB.

PesynbraTbl n 06CyxaeHune
JInvHA MOTHON HYKJIEOTHAHON MOCIEN0BaTeIbHOCTH IIja-
CTHHOIO reHOoMa YecHoKa A. sativum coctaBmia 153172 m. 1.
(cM. puc. 1). [TocnenoBarensHOCTb II1acTOMa A. sativium Oblia
nenoHuposana B 0a3zy nanHeix NCBI (KX683282). Kparkas
AQHHOTALUS TUTACTUTHOTO TeHOMa YeCHOKA A. sativum ormyomnn-
koana Hamu panee (Filyushin et al., 2016). ITnacTunHbiii
TeHOM A. sativum COCTOHUT U3 OONBIION YHUKATBHOW KOTIHH
(82035 m.H.) u Mano# yHukanbHOI Konmu (18015 m.H.),
pasenieHHbIX WHBepTUpoBaHHbIMU 1oBTOopaMu (IRa u IRb)
pasmepom 26561 1. H. KaxabIi. B mracTiIHOM TeéHOME aHHO-
TrpoBaHo 134 rena, u3 Hux 82 Oenok-koaupyrommx, 38 TPHK,
8 pPHK u 6 ncesnorenos (Filyushin et al., 2016).
benok-koaupyronye reHspl, aHHOTUPOBAHHbBIE B TUIACTU-
HOM TeHOME A. sativum, BKJIIOYaJIU TeHbl O0JIBIION cyObean-
HULIBI pubocomsl (Tensl rpl2, rpll4, rpll16, rpl20, rpl22, rpl23,
rpl32,rpl33 n rpl36), Manoi cyobeTUHHUIIEI pUOOCOMBI (TEHBI
rps3, rps4, rps7, rps8, rpsll, rpsi2, rpsi4, rpsl5, rpsi8 u
rps19), dorocucremsl 1 (psad, psaB, psaC, psal u psaJ),
tdotocuctemsr Il (psbA, psbB, psbC, psbD, psbE, psbF,
psbH, psbl, psbJ, psbK, psbL, psbM, psbN, psbT wu psbZ),
cyosenunun AT®-cunrassl (atpA, atpB, atpE, atpF, atpH u
atpl) m npyrux ceMeicTB. BombIIMHCTBO TEHOB HAXOAWUTCS
B IUTACTUAHOM TE€HOME A. sativum B OJHOW KOIHH, TOJBKO
18 reHoB npecTaBIeHbI ABYMSI KOITUSIMU 32 CUET HAXOXKJICHUS
B MHBEPTHUPOBAHHBIX ITOBTOPAX: IIECTh OEIOK-KOANPYIOLINX
reHoB (rps19, rpl2, rpl23, ycf2, ndhB v rps7), Bocemb TPHK
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(trnR-ACG, trnL-CAA, trnV-GAC, trnH-GUG, trnl-CAU,
trnl-GAU, trnA-UGC u trnN-GUU) u Bce uetbipe reHa pPHK
(rrn4.5, rrn5, rrnl6 u rrn23). lllects TeHOB OBLIM TIPHU3HA-
HBI [ICEBJIOI€HaMH, TaK KakK JHO0 COfepIKali BHYTPEHHUI
CTON-KOIOH (7ps2, rpsl6, infA, nBa ycf15 B IRs), mubo O6putn
0o0pa3oBaHbl B pe3yibTrare HEMOMHON myruukamun (ycfl).
CeMHa/IaTh TEHOB COJIEPKAIM MHTPOHBI, U3 HHUX IISTHAJ-
1ate — oauH UHTpoH (atpF, rpoCl, trnK-UUU, trnG-GCC,
trnL-UAA, trnV-UAC, ndhA; uetsipe reHa B IRs: rpl2, ndhB,
trnl-GAU u trnA-UGC), a nBa (clpP w ycf3) — nBa uHTpOHA
(Filyushin et al., 2016).

CpaBHeHHE TUTACTHHBIX TCHOMOB YeCHOKa A. sativum 1
nyka permuaroro A. cepa (KF728079) BBIIBUIIO pa3nuyius Kak
B pazMepax CTPYKTYPHBIX JIEMEHTOB, TaK U B TEHHOM COCTaBE
(Tabmn. 2). B pesynbrare ananm3a HyKJICOTHAHBIX TTOCIIEIOBA-
TEJILHOCTEW CPaBHUBAEMBIX IUTACTOMOB HJICHTU(PHUIIUPOBAHO
2063 BapuabenbHbIX caiita (1.33 % OT BBIpPOBHEHHOH [UTH-
uel). [lmactomsl A. sativum u A. cepa UMeNN OIUHAKOBOE
KOJIMYECTBO OEJIOK-KOIUPYIOIUX T'€HOB, OAHAKO COCTaB
(hyHKIIMOHATHHBIX U TICEBAOT€HOB ObLT pa3nudeH. Tak, rpl22
y A. cepa — nceBNOTeH, a 'y A. sativum B 3TOM T€HE HE BBISIB-
JICHO BHYTPEHHUX CTOIN-KOAOHOB. B TO ke Bpems reH rpsi6
y A. cepa — OeNOK-KOOUPYIONUTHA, a y A. sativum 3TOT TeH
CUUTAETCS TICEBIOTCHOM, TaK KaK COJIEPXKHUT CTOI-KOJIOH BO
BTOPOM JK30HE.

[locmenoBarensHOCTH 1ps2, infA, ycf15 ABASIOTCA TICEBHO-
reHamu u'y A. sativum n'y A. cepa (tabdn. 2). I'en rps2, xax
OBUIO TOKA3aHO B pe3yJibTaTe MAaCCHBHOTO MapajlielIbHOTO
cexBenuposanus TotansHoi JIHK 48 mpencrasureneit Aspa-
ragales (Steele et al., 2012), copepHT NpexKAEBPEMEHHBII
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Fig. 1. Circular gene map of the A. sativum (KX683282) plastid genome.
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CTOII-KOJIOH JIMIIb Y HEKOTOPBIX MPEACTaBUTEINICH 3TOro no-
psnka, Bimodast B Allium. Aramms goctynmHbX B NCBI
MOCJICZIOBATEIBHOCTEH IIACTOMOB ITOKa3al, 4To ycfl5 —
TICEBJIOTEH HE TOJBKO y BUAOB Allium, HO U 'y BUIOB JPYTHX
pomnos mopsika Asparagales, B To Bpems Kak infA (Ticeqorexn
y A. sativum n A. cepa) y BunoB A. altaicum (MH159130;
COOCTBCHHBIC HEOMYOJIMKOBAHHBIC MaHHbBIC) U A. obliqguum
(NC _037199; Filyushin et al., 2018) — 6e10K-KOAUPYIOIITHA.

Jiist pyHKIMOHUPOBAHUS THIACTH Heooxoammo ocorree 2000
0€JIKOB, IIPY ATOM B CAMOM ILIACTU/IHOM T'€HOME KOIUPYIOTCSI
He 6omee 90 GenkoB (CunsBckas u ap., 2015). Ilepenoc re-
HETHYECKOTO MaTepHaja U3 MUTOIIIa3MaTHIECKIX TCHOMOB B
SIIEPHBLI TEHOM CUUTAETCS XapaKTEPHOU 4epPTOM BOJIIOLUU
coBpeMeHHBIX pacTeHuil (Brandvain, Wade, 2009; Sloan,
2015). dns psia BUAOB pacTeHUi paHee ObUT ITOKa3aH repe-
HOC reHa 7psl6 B siIepHBIA TeHOM, IIPU 3TOM B IIACTHIHOM
TEHOME OH JIN0O0 COXPaHSETCS, IOO OTCYTCTBYET (TTOIHOCTBHIO,
YaCTHYHO MM COJIEPIKUT CTOTI-KOJIOH), @ pHOOCOMaIbHBIH Oc-
nok S16 tpancnioprupyercst B ruiactuabl u3 sipa (Keller et
al., 2017). Hamuane/oTcyTcTBHE TeHA 7ps/ 6 y BUAOB OHOTO
porta ObIIO ONIMCAHO paHee, HAITPUMED, JUTsl BUIOB Arabidopsis

leHeTuKa pacTeHUn

Table 2. Comparison of major structural features of complete
plastid genomes of A. sativum and A. cepa

Parameter A. sativum A. cepa
(KX683282) (KF728079)
Genome size, bp 153172 153355

IRs 26561 26485
chercentage367368 .......................
Tota|n umberofgenes ................ 1 34 .......................... 1 34 .......................
Number .....................................................................................................

protein-coding genes 82 82
..... n umberoftRNAgenes3838
..... n umberoerNAgenesss
‘Pseudogenes  6(ps2,1ps16,  6(ps2,1pl22,

infA, ycf15 (IRs),  infA, ycf15 (IRs),
ycf1 (IRa)¥) ycf1 (IRa)¥)

* ycf1 rom IRa is considered a pseudogene because of incomplete duplication.
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Fig. 2. Comparison of the inverted repeat border regions of A. cepa (KF728079) and A. sativum (KX683282).

Table 3. Characterization of microsatellite sequences

in plastid genomes of A. sativum (KX683282) and A. cepa (KF728079)

Location Motif

Region

Number of repeats

Location Region Number of repeats

(Roy etal., 2010). MoxHO TIpeAITOI0KNATH, YTO TEHBI PHOOCO-
MaJlbHbIX ONIKOB 1ps16 (y A. sativum), rpl22 (y A. cepa), rps2
U TeH infA, xonupyromuii (Gakrop HHUIUAIIUN TPAHCIISAIHH,
OBLITH TIEPEHECEHBI B SIACPHBINA TEHOM, TaK Kak 0e3 3THX OSIIKOB
ObLT ObI HEBO3MOKEH MPOLIECC TPAHCISIUY B IuTacTuaax. Yro
Kacaercsi reHa ycf15, 1o, BO-IepBbIX, JOCTOBEPHO HE U3BECTHO
0 ero (GyHKUMAX B IUIACTHAAX, BO-BTOPBIX, HE U3BECTHO €ro
MIPOUCXOXKACHHUE, TaK KaK OPTOJIOTH TOTO I'eHa HE W/ICHTH-
¢unmposansl y sybakrepuit (Shi et al., 2013).

B nnactunnom renome A4. sativum B CpaBHEHHUH C IIACTO-
MOM A. cepa ObUIO 0OHAPY)KEHO CEMb IPOTSKEHHBIX JIeie-
IIUH, TOKAJIM30BaHHBIX B MEXKTEHHBIX crelicepax trnC-petN
221 m.1.), rps18-rpl20 (62 .1.), rpoB-trnC (56 1. H.), cemA-
petA (53 m.u1.) u trnT-trnL (tpu nenerwwm 38, 23 u 18 . 1H.).

AHanM3 HYKJICOTH/IHBIX [TOCIIEI0BATENIbHOCTEH IPaHUIl UH-
BEPTUPOBAHHBIX IIOBTOPOB B IUIACTHAHBIX TeHOMaX A. sativum
U A. cepa BBISIBWI pa3iu4us B pazMepax (QIaHKHPYHOLIMX
creticepos (puc. 2). Tak, pasmep crieiicepa mexny ycfl u ndhF’
y A. sativum coctaBiseT 52 1. H., ay A. cepa — Bcero 2 1. H.
VY A. sativum v A. cepa pazaM4aloTcs TaKXKe JIHHBI crielicepa
LSC-IRb. Cnenyer OTMETHTb, UTO B IIaCTOMAaX A. sativum u
A. cepa rensl rps19 w trnH Tax ’&e, Kak M y IpyToro MpecTa-
BUTEIs Topsiaka Asparagales, Asparagus officinalis (Steele
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etal., 2012), MOTHOCTBIO PACIIONOKEHBI B HHBEPTUPOBAHHBIX
noBTOpax. B To ke BpeMs y IpeicTaBuTeNeH APyTuX pozoB,
Haripumep Solanum, B IRs HaXoaUTCs TOJIBKO ()parMeHT reHa
rps19. OgHaxo npucyrcTBue reHoB 7ps/9 u trnH B IRs He
cnenuuIHO I BUZOB Asparagales, a Takke BcTpedaeTes y
JIPYTUX TIOPSIJIKOB OJIHOOJIBbHBIX, HartpuMep y Poales (Redwan
etal., 2015).

[Tonck MUKpOCaTEIUTMTHBIX MOCIIEA0BATEILHOCTEH B IIa-
cromax A. sativum u A. cepa BbisiBuI Bcero 32 SSRs, u3 ko-
TopeIx 17 ObuTH AuHYKIEOTUAHBIME (Tabm. 3). MuTepecHO
OTMETHTB OTCYTCTBHE TPHHYKJICOTUIHBIX MUKPOCATEIIIUTOB.
CpaBHHMBaeMble IUIACTOMbI OTIMYAINCH YHCIOM ITOBTOPOB
HEKOTOPBIX MHKPOCATEIIUTOB, IIPH 3TOM IS IEBATH MHKPO-
CaTeJUTUTOB OBIJIO TIOKa3aHO UX OTCYTCTBHE y OJJHOTO U3 HC-
cieyeMbIx BUIOB. bosbiast yacts SSRs ObLia Jokasr3oBaHa
B MEXTEHHBIX Cllelicepax, B TO BpeMs KaK B TeHaX 1 HHTPOHAX
0OHAPY’KEHBI TOIBKO YETBIPE M IIATh MUKPOCATEIUTUTOB CO-
OTBETCTBEHHO. Y A. sativum B MeXKTCHHbIX crieficepax ndhF-
rpl32 w rpl32-trnL, noxamm3oBaHHBIX B SSC, OBIIO UICHTH-
¢unuposano Tpu mMukpocaremmmra ((AT), n 1Ba moBTOpa
(TA);), KOTOpBIE HONHOCTBIO OTCYTCTBYIOT Y A. cepa. Hyxno
OTMETHTb, 9TO crieiicep #pl32-trnL BEICOKO BapHaOenbHBIN Y
pas3HbIX Tpymm pacteHuii (Shaw et al., 2007), B cBsA3U ¢ 3THM
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OH HauOoJIee YaCTO UCIOJIB3YETCs s (DHIIOTCHETHICCKIX
WCCIIeIOBaHUH, B TOM yucie u ais pona Allium (Wheeler et
al., 2013; Herden et al., 2016; Sinitsyna et al., 2016).

Takum 00pa3oM, BIIepBbIC OIIPEICIICHa U OXapaKTepU30BaHa
MOJTHASI HYKJICOTHIHASI MTOCIIEJ0BATEIbHOCTD [LIACTHIHOTO
TCHOMA A. sativum ¥ IPOBEIICHO €€ CPaBHEHHE C IIACTOMOM
poactBeHHOro Buna A. cepa. [loiaydeHHYO MOCIEI0BATEb-
HOCTH TTactoma A. sativum MOXXHO HCIIONB30BaTh B Jallb-
HeHIeM T QUIIOTCHETHYECKUX UcceoBaHui pona Allium.
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of poplars from Moscow region
based on high-throughput sequencing of ITS
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Poplars are widely used in landscaping of Moscow due to the
ability to effectively purify the air from harmful impurities

and to release a large amount of oxygen. The genus Populus
is characterized by a high level of intraspecies polymorphism,
as well as the presence of natural interspecies hybrids. The
aim of our work was to evaluate the genetic diversity of
poplars, which are growing on the territory of Moscow city

by high-throughput sequencing of internal transcribed
spacers of 455 rRNA genes (ITS sequences). Sequencing of

ITS of 40 poplar plants was performed on lllumina platform
(MiSeq) and about 3 000 reads were obtained for each
sample in average. Bioinformatics analysis was performed
using CLC Genomics Workbench tool. The involved set of
poplars had a high level of genetic diversity — the number

of single nucleotide polymorphisms (SNPs) detected in each
genotype relative to the reference ITS1 and ITS2 sequences

of P. trichocarpa varying from 4 to 44. We showed that even
trees which had been planted on the same territory and,
probably, at the same time had significant genetic differences.
It can be speculated that highly polymorphic plant material
was used for planting poplars in Moscow. For some sites with
SNPs, several variants of nucleotides were found in the same
individual and the ratio of SNPs was different. We assume that
close to 50/50 ratio is observed in interspecific hybrids due to
genetic differences in the ITS sequences between maternal
and paternal genotypes. For SNPs with a predominance of one
of the variants, the presence of paralogues among numerous
genomic copies of ITS sequences is more likely. The results

of our work can provide a framework for molecular genetic
markers application with the purpose of Populus species and
interspecific hybrids identification, determination the origin of
a number of natural hybrids, and monitoring the diversity of
genus Populus in the Moscow city.

Key words: Populus; poplar; Moscow; high-throughput
sequencing; ITS; polymorphism; genetic diversity.

Received 11.09.2017
Accepted for publication 06.05.2018
© AUTHORS, 2018

@ e-mail: mnv-4529264@yandex.ru

TeHeTMYeCKUI MOAUMOPPU3M
TOIOJIe/i MOCKOBCKOI'O permoHa
Ha OCHOBe
BBICOKOIIPOM3BOANTEIbHOTO
CEeKBEHMPOBAHUS
ITS-mmocnegoBaTebHOCTEN

E.B. Bopxeprt!, I.C. Kpacuos!, H.A. Boabiesal,
1

IT. Kesumanal> 2, 0.10. IOpxesuu!, O.B. Mypasenko!,
A.B. KyApﬂBueBal, H.B. Meabuukopal @

! WHCTUTYT MonekynapHoi 6ronorun nm. B.A. SHrenbrapgra Poccuiickoin
akagemuu Hayk, Mocksa, Poccua
2 Poccuiickuin yHUBepcuTeT ApYyK6bl HapoaoB, Mockaa, Poccus

Tononb WNPOKO ncnosnb3yeTca B 03eneHeHnn MockBbl 6naro-
Zaps CnocobHOCTV 3GPEKTUBHO OUMLLaTL BO3AYX OT BPEAHbIX
npvmecei v BbifenATb 60MblUOe KONMYecTBo Kucnopoga. Poay
Tononb (Populus) CBONCTBEH BbICOKMI YPOBEHb BHYTPUBULO-
BOro NOIMMOP®M3Ma, a TaKXKe Hanmyre eCTeCTBEHHbIX MeX-
BVAOBbLIX rM6punAoB. Lienbto HacToALlen paboTbl Obina oLeHKa
reHeTUYeCcKoro pasHoobpasms Tononen, pacTyLmx Ha Teppu-
TOopuK ropoaa MocCKBbI, C MICMNONb30BaHNEM BbICOKOMPOU3BO-
AUTENIbHOIO CEKBEHVPOBaHWA BHYTPEHHUX TPaHCKpUbupye-
Mbix cnercepos reHos 45S pPHK (ITS-nocnepgosatenbHocTen).
Ha nnatdopme lllumina (MiSeq) npoBeaeHo ceKBeHMpPOBaHME
ITS-nocneposatenbHocTen 40 pacTeHUIA TONONA 1 B CPeAHEM
nony4yeHo okono 3000 npouTeHui Aa Kaxaoro obpasua.
BrionHdopmaTyeckan obpaboTka aHHbIX NpoBefeHa C
ncrnonb3oBaHuem nporpammbl CLC Genomics Workbench.
WccnenoBaHHan BbibopKa ToMosei MMena BbICOKUA YPOBEHD
reHeTNYeCcKoro pasHoo6pasmnA: YUNCIO BbIABIEHHbIX B KaXKAOM
reHoTVNe OLHOHYKNEOTUAHbIX Nonumopdusmos (SNP) oT-
HOCUTENbHO pedepeHCHbIX nocnegoBaTenbHocTen ITST n ITS2
P. trichocarpa BapbupoBano oT 4 o 44. [Toka3aHo, UTo faxe
fepeBbA, NOCaXKeHHble Ha OAHON TEPPUTOPUU U, BEPOATHO, B
OAHO BpeMs, 3HaUNTENIbHO Pa3NnyaloTca reHeTnyeckn. MoxHo
NpPeanonoXnTb, YTO NPY Nocagke Tonone B Mockee Mcnonb-
30Banca KpalHe NonMMopHbIN pacTUTENbHbIN MaTepuan. [ns
HekoTopbIx canTtoB ¢ SNP y ogHOro 1 Toro »e nHanBuayyma
BbIAIB/IEHO HECKOMNbKO BapMaHTOB HYK/1IeOTULOB, COOTHOLLEHNe
KOTOpPbIX 6bI110 pa3nnyHbIM. Mbl Npegnonaraem, 4To COOT-
HoweHwue, 6nm3Koe K 50/50, HabNoAaeTCs B MEXBUAOBbIX
rmépugax n ABNAETCA CNefCTBMEM FreHeTUYEeCKMX Pa3nnynii B
ITS-nocnefoBaTeNIbHOCTAX MEXAY MAaTEPUHCKUM U OTLOBCKUM



HOW TO CITE THIS ARTICLE:

reHotmnamu. Ana SNP ¢ npeobnagaHiem ogHOro 13 BapuaH-
TOB BEPOATHEE Hanume NnapanoroB CPeAn MHOrOUNCIEHHbIX
reHoMHbIx Konui ITS-nocnegosatenbHocTen. Pesynbrathl
paboTbl 3aKnafblBalOT OCHOBY /11 NPUMEHEHUA MONEKYNApP-
HO-FeHETNYECKMX MaPKEPOB C Liefbo naeHTUOMKaLMmn BULOB
1N MEXBULOBbIX TMOPUAOB TOMONSA, ONpefeneHns NPonNCXoX-
LEHUA psAfa eCTeCTBEHHbIX TMOPUAOB, @ TakXKe MOHUTOPUHTa
pa3Hoobpasua npeacTaBuTenel poaa Populus, pacTywmx Ha
Tepputopun ropoga Mocksbl.
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oscow is one of the largest megalopolises of the
I\/\ world with a developed infrastructure, in which

there are more than 12 million inhabitants, that
is associated with an unfavorable ecology in the city. To
improve the situation, effective landscaping of the city is
necessary. Poplar is actively used in the landscaping of
Moscow due to the ability to purify the air from pollutants,
and release a large amount of oxygen.

Genus Populus, according to the Eckenwalder
classification (Eckenwalder, 1996), includes 29 species
predominantly distributed in the Northern hemisphere.
Poplars are dioecious wind-pollinated plants that leads to
high intraspecies diversity (Rae et al., 2007). It is known
that various species of poplar are easily crossed forming
natural interspecific hybrids (Roe et al., 2014; Jiang et al.,
2016) that poses difficulties in identifying their taxonomic
status. Genome of P. trichocarpa was sequenced in 2006
being the first genome of a tree (Tuskan et al., 2006). It
is shown that the use of nucleotide sequences of internal
transcribed spacers (ITS) of 45S ribosomal RNA (rRNA)
genes (Hamzeh, Dayanandan, 2004) is efficient for genetic
polymorphism evaluation, taxonomic classification, and
determination of phylogenetic relationships in poplars.
The ITS region includes highly variable ITS1 and ITS2
sequences located on both sides of highly conserved
sequence encoding 5.8S rRNA. ITS sequences, unlike
chloroplast and mitochondrial markers, are inherited from
both parents and have high variability, while the procedure
for their amplification is standardized (Poczai, Hyvonen,
2010). All of the above promotes the active use of ITS
sequences for plant barcoding (Li et al., 2011).

ITS sequences are represented by many copies in a
genome and different ITS paralogs may be present in one
individual that requires special attention in data analysis
and may even hinder obtaining of reliable data by Sanger
sequencing (Hollingsworth et al., 2011). High-throughput
sequencing can overcome the mentioned above difficulties
because hundreds of ITS are sequenced for one individual
and sample preparation does not require cloning. In the
present work, high-throughput sequencing of ITS was
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performed and genetic polymorphism of poplars growing
on the territory of Moscow city was evaluated.

Materials and methods

Plant material was collected during the poplar flowering
in the south and north of Moscow city. Young leaves
were frozen in liquid nitrogen and stored at —70 °C.
DNA isolation was performed as described previously
(Melnikova et al., 2014). The DNA quality was evaluated
by electrophoresis on 1 % agarose gel. DNA concentration
was measured on Qubit 2.0 fluorometer (Life Technologies,
USA). For further work, a test set of DNA from 40 poplar
plants was used.

Two-stage polymerase chain reaction (PCR) was used
to prepare DNA libraries for high-throughput sequencing:
the first stage included amplification of selected regions
of the genome and the addition of universal sequences
to the amplicons; at the second stage, the addition of
sequences necessary for high-throughput sequencing and
dual indexes for sample identification was performed. To
amplify the ITS region, we used the primers proposed by
Hsiao and White (White et al., 1990; Hsiao et al., 1995) (see
Figure) with the universal adapters added. For the second
PCR, Nextera XT v2 primers were used (Table 1). Primer
design was proceeded according to the recommendations
of the Illumina protocol (https://support.illumina.com/
content/dam/illumina-support/documents/documentation/
chemistry documentation/16s/16s-metagenomic-library-
prep-guide-15044223-b.pdf).

PCR for DNA library preparation was performed on
Geneamp 9700 (Applied Biosystems, USA). The reaction
volume was 25 pl and included 1x Tersus polymerase
(Evrogen, Russia), 1x buffer for Tersus polymerase, 0.5 uM
of each primer (Evrogen), 200 uM dNTP (Thermo Fisher
Scientific, USA), and 40 ng of total DNA. The following
reaction conditions were used: 3 min—95 °C; 10 cycles for
the first PCR and 35 cycles for the second PCR: 15s—95 °C,
30s—58°C,and 1 min—72 °C; 3 min— 72 °C. The quality
and concentration of 40 DNA libraries were evaluated
on Agilent 2100 bioanalyzer (Agilent Technologies) and
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[eHeTnyeckni nonumopdrsm
Tonosnen MOCKOBCKOro pervoHa

Primer ITS5 Primer ITS4
— —
/] 18SrRNA 5.85 rRNA 28SRNA [/
ITS1 ITS2

Primer localization for amplification of ITS sequences of 455 rRNA gene.

Qubit 2.0 fluorometer (Life Technologies). DNA libraries
were sequenced on a MiSeq sequencer (Illumina, USA)
using MiSeq Reagent Kit v2 (500 cycles). The reading
length was 250 nucleotides from each side for the target
sequence; double indexes (Multiplexed Paired-End Run)
were also sequenced.

The CLC Genomics Workbench software package
(Qiagen, USA) was used for bioinformatics analysis of
the data. The reads were mapped to ITS sequence of
P. trichocarpa (GenBank: AJ006440.1), the genome of
which is the reference one for Populus. The parameters
were as follows: window length — 11, maximum number
of gaps and mismatches — 2, minimum average quality
of surrounding bases — 15, minimum quality of central
base — 20, minimum coverage — 500, minimum paired-
end coverage — 0, maximum coverage — 20 000, minimum
variant frequency — 20 % or 50 reads.

Results

We performed high-throughput sequencing of ITS of
40 poplar plants growing on the territory of Moscow city.
Sequence length was 250 nucleotides (paired-end reads),
and, on average, about 3 000 reads were obtained for each
sample. A bioinformatics analysis of the ITS sequences
was carried out. The results are presented in Table 2 and
Supplementary Materials!.

The investigated set of trees was characterized by a high
level of genetic diversity, the number of detected single
nucleotide polymorphisms (SNPs) varied from 4 to 44 relative
to ITS sequences of P. trichocarpa (GenBank: AJ006440.1).
One of the subgroups of trees (numbers 17-28) had been
planted in one territory and, probably, at the same time on
both sides of the pedestrian road. Table 2 shows even this
group of plants to be extremely heterogeneous — the number
of detected SNPs varied from 6 to 44.

For some sites with SNPs, more than one nucleotide
variant was detected. For these SNPs, in some cases,
the ratio of allelic variants was close to 50/50, while in
other cases, the distribution was unequal (Supplementary
materials). It might be assumed that the 50/50 ratio is
observed in hybrids and is a result of genetic differences
in ITS sequences between paternal and maternal plants.
For SNPs with a significant prevalence of one nucleotide
variant over another, polymorphism within numerous
copies of ITS in the genome is more likely.

1 Supplementary Materials are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx8.pdf
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Table 1. Primer sequences for DNA library preparation

Primer Nucleotide
sequence
ITS5_Illu_F TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAGTCGTAACAAGGTTTCCGTAGGTG
ITS4_Illu_R GTCTCGTGGGCTCGGAGATGTGTATAAGAG

ACAGTCCTCCGCTTATTGATATGC

CAAGCAGAAGACGGCATACGAGATIi7]
GTCTCGTGGGCTCGG

AATGATACGGCGACCACCGAGATCTACAC
[iI5]TCGTCGGCAGCGTC

Note: Primer sequences, which are necessary for amplification of ITS, are
italicized. i7 and i5 are the sequences for dual indexing of samples.

Discussion
Poplar is a model object for biological research in
trees (Jansson, Douglas, 2007). Over the last decades,
numerous approaches have been developed and applied
for the analysis of poplar genome, the study of interaction
between genotype and environment, and the identification
of inter- and intraspecific polymorphism in Populus
(Jansson et al., 2010; Melnikova et al., 2017). Morphology
analysis is actively used in studies of poplars growing
on the territory of Moscow city and the Moscow region.
High heterogeneity of poplar populations in Moscow and
widespread distribution of interspecific hybrids were shown
(Kostina, Nasimovich, 2014; Kostina et al., 2017).

In addition to morphological features, the use of
molecular markers is effective for plant diversity evaluation
(Melnikova et al., 2009—2011; Khadeeva et al., 2011;
Bolsheva et al., 2015). In our work, we first applied
high-throughput sequencing of ITS to assess the genetic
diversity of poplars in Moscow. ITS sequences were
already used to study the polymorphism and barcoding of
poplar species growing in western China and the number
of detected SNPs (38) was high (Feng et al., 2013); that is
comparable to the obtained by us data. It should be noted
that high-throughput sequencing of ITS performed in the
present work allowed us to obtain a much more complete
picture of the genetic polymorphism of poplars growing
in Moscow by contrast to Sanger sequencing. Thus a high
level of genetic diversity of the studied plants was revealed.
It can be assumed that such heterogeneous populations
of poplars are highly adaptive and have the advantage of
surviving in ecologically unfavorable urban conditions.
We also showed that while planting poplars in Moscow,
an extremely polymorphic plant material was probably
used, and even trees planted at the same time in one limited
territory were considerably genetically different.

The results of our work lay the foundation for the
development of molecular markers for poplars species and
interspecific hybrids of poplars growing on the territory of
Moscow identification, as well as for determination of the
origin of a number of natural hybrids. In addition, recent
studies showed that poplar sex is genetically determined
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Table 2. Single nucleotide polymorphisms of poplars growing in M

E.V. Borkhert, G.S. Krasnov, N.L. Bolsheva ...
O.V. Muravenko, A.V. Kudryavtseva, N.V. Melnikova

oscow based on ITS sequence

No. Number
‘paired-end  SNPs* SNPs with several |
reads nucleotide variants

14886 .......................... 11 ............................. 0 ....................................
24447 .......................... 16 ........................... 11 ....................................
3 .......... 3 274 ........................... 8 ............................. 3 ....................................
44465 ........................... .4 ............................. 6 ....................................
5 .......... 7 812 .......................... 3 0 ........................... 13 ....................................
6 .......... 5 920 .......................... 2 9 ........................... 13 ....................................
7 .......... 1329 ........................... 6 ............................. 2 ....................................
s .......... 1685 ........................... 7 ............................. 5 ....................................
94863 .......................... 16 ............................ 2 ....................................
10 ............ 321 .......................... 10 ........................... 10 ...................................

11 .......... 3 171 ........................... 13 ............................ 9 ....................................

12 .......... 2 597 .......................... 18 ............................ 6 ....................................

13 .......... 2 829 .......................... 10 ............................ 8 ....................................

14 .......... 2 740 ........................... 9 ............................. 6 ....................................

15 .......... 2 567 ........................... 9 ............................. 7 ....................................

16 .......... 3 908 .......................... 2 5 ........................... 2 1 ....................................
176592 .......................... 3 0 ........................... 14 ...................................
18 .......... 2 150 ........................... 8 ............................. 6 ....................................
19 .......... 2 373 ........................... 9 ............................. 7 ....................................
20 .......... 2 163 .......................... 10 ............................ .é ....................................

*ITS sequences of P. trichocarpa (GenBank: AJ006440.1) were used as references.

and only a small percentage of trees with recombination
in the sex-associated genome region could change the sex
(Geraldes et al., 2015; Borkhert et al., 2017; McKown et al.,
2017). These data open up new opportunities for molecular
marker development so as to use in the landscaping only
male poplars, which do not produce fluff, while barcoding
using ITS will allow evaluation of polymorphism and
maintenance the diversity of populations adaptive to
unfavorable urban conditions.
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Soybean (Glycine max (L.) Merr) is an essential food, feed,
and technical culture. In Kazakhstan the area under soy-
bean is increasing every year, helping to solve the problem
of protein deficiency in human nutrition and animal feed-
ing. One of the main problems of soybean production is
fungal diseases causing yields losses of up to 30 %. Mo-
dern genomic studies can be applied to facilitate efficient
breeding research for improvement of soybean fungal
disease tolerance. Therefore, the objective of this genome-
wide association study (GWAS) was analysis of a soybean
collection consisting of 182 accessions in relation to fungal
diseases in the conditions of South East and South Kazakh-
stan. Field evaluation of the soybean collection suggested
that Fusarium spp. and Cercospora sojina affected plants

in the South region (RIBSP), and Septoria glycines — in the
South East region (KRIAPP). The major objective of the
study was identification of QTL associated with resistance
to fusarium root rot (FUS), frogeye leaf spot (FLS), and
brown spot (BS). GWAS using 4 442 SNP (single nucleotide
polymorphism) markers of lllumina iSelect array allowed
for identification of fifteen marker trait associations (MTA)
resistant to the three diseases at two different stages of
growth. Two QTL both for FUS (chromosomes 13 and 17)
and BS (chromosomes 14 and 17) were genetically map-
ped, including one presumably novel QTL for BS (chromo-
some 17). Also, five presumably novel QTL for FLS were
genetically mapped on chromosomes 2, 7, and 15.The
results can be used for improvement of the local breeding
projects based on marker-assisted selection approach.

Key words: soybean; fusarium root rot; frogeye leaf spot;
brown spot; GWAS; SNP; QTL mapping.
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ITorHOreHOMHBIV aHa/IN3 accolualmii

C YCTOIUMBOCTHIO K TPUOHBIM 60/I€3HSIM
B KOJIJIEKIIUY COU B YCIIOBUSIX
IOro-BocTouHoro u IOkHoro KasaxcraHa

A. 3atpibexosl 2, C. A6yFaAI/IEBal, C. AI/IAOPEHKOS,

A. Pcaaues?, E. Typycr[eKOBI@

T YIHCTUTYT 61ONOrM 1 GYOTEXHONOTMM PacTeHNit KomuTeTa HayKu
MwuHucTepcTBa 06pa3oBaHmA 1 HayKku Pecrny6nunkn KasaxctaH, Anmarbl,
KasaxcTaH

2 KasaxCKuit HaLiOHabHbIi1 arpapHblil yHuBepcuteT, AnmaTbl, KasaxcTaH

3 Kasaxckuii HayUHO-MCCNIEOBATENBCKNIN MHCTUTYT 3eMneaenns
1 pacTeHNeBOACTBa, Noc. AnmManbibak, AnmMaTnHCKas obnacTtb, KasaxctaH

4 HayuHo-nccnenoBaTenbCKuin UHCTUTYT NPO6IeM 61ONOrNyecKoii
6e3onacHocTn KomuTeTa Haykn MyHUCcTepcTBa 06pa3oBaHunA 1 HayKn
Pecny6nukm KasaxcTaH, noc. lBapgenckuii, Xambbinckas obnactb, KasaxctaH

Cos (Glycine max (L.) Merr) — BaxxHas nuiLLeBas, KOPMOBas 1 TEXHU-
Yeckad KynbTypa. B KaszaxctaHe nnowazb nog coen yBenuyrBaeT-
CA C KaXXJblM FOI0M, YTO OOYCIIOB/IEHO €€ BaXKHOCTbIO B PELLEHNN
npobnembl geduumTa 6enKka B TMTAHNM It0AEN N KOPMIIEHWN XN-
BOTHbIX. OIHOI 13 OCHOBHbIX NPO6IEM NPON3BOACTBA CO ABNA-
10TCA rpubHbIe 6onesHY, Bbi3biBatowme notepu ypoxkas fo 30 %.
[na nosblweHnA 3PpeKTUBHOCTM CeneKkLn, HanpaBneHHoOM Ha
ynyuLleHne yCTONUMBOCTY COU K 60NIe3HAM, MOTYT BbiTb UCMOSb-
30BaHbl COBPEMEHHbIe reHOMHble TEXHONOrK. Taknm 06pasom,
Lienbio HACcTOoALLEero ccneaoBaHNA Obl1 MOMHOrEHOMHbIV aHaNn3
accoumaumii (GWAS) B konneKkuum coum, coctoswlen ns 182 obpas-
LIOB, Ha YCTONUYMBOCTb K rpUBHbIM 60ne3HAM B ycnoBumax Oro-Boc-
TouHoro v OxHoro KasaxctaHa. B pesynbrate noneBow oLeHKu Kon-
neKumm com obHapyXeHbl pacTeHUA, NopaXkeHHble Fusarium spp.

un Cercospora sojina B fOxHom pervione (HUWMNEBB) n Septoria gly-
cines - B lOro-BoctouHom pervoHe (KasHU3uP). ViccnegosaHune
6bIN10 HaLleNeHOo Ha MAEHTUOUKALMIO TOKYCOB KOMMUYECTBEHHBbIX
npu3sHakos (JTKIM), cBA3aHHbIX C YCTONYNBOCTBIO K OCHOBHbBIM 3a60-
neBaHMAM, TaknM Kak ¢y3apro3s kopHeso raunu (FUS), uepko-
cnopos (FLS) n centopnos (BS). GWAS c ncnonb3oBaHviem 4442
SNP-mapkepos (single nucleotide polymorphism) matpuubi
Illumina iSelect no3sonun nageHtTUdMLMpoBaTb 15 accoumaymin
Mapkep-npu3Hak (MTA) Ha yCTOMUMBOCTb K TPEM 60NIE3HAM Ha
[BYX pa3HbIX CTagmAx pocTa. [eHeTnyeckn KapTnposaHbl Aea JIKI
Kak ana FUS (xpomocombl 13 1 17), Tak 1 ana BS (xpomocomb! 14

1 17), BKNtoyasa oanH npeanonoxntenbHo Hosbil JIKI ana BS, ko-
TOPbIN 6bIN NAEHTUPULMPOBAH Ha Xpomocome 17. Kpome Toro,
NATb NpeanonoxuTenbHo HoBbix JIKM gna FLS 6binn naeHtudnym-
pOBaHbl Ha XpoMocomax cou 2, 7 n 15. PesynbtaTbl nccnefgosaHumA
MOTYT 6bITb MCMONIb30BaHbI AN1A yNyULleHNA cenekUMOHHbIX Npo-
rpamMmm, B TOM YMcsie MapKep-onocpeaoBaHHON cenekymu.

KntoueBble cnoBa: cos; ¢py3apro3 KOPHEBOW rHUMK; LIEPKOCNOPO3;
centopuos; GWAS; SNP; JIKIM kapTupoBaHue.



portant legumes in the world due to its high nutritional

value and protein content (Masuda, Goldsmith, 2009). In
Kazakhstan, this crop is mainly cultivated in the South East
region. According to the Agency for Statistics of the Repub-
lic of Kazakhstan, in 2017 soybean was grown in an area
of 137.4 thousand hectares (http://www.fcc.kz/attachments/
article/4325). For further development of the soybean industry,
the Government of Kazakhstan has declared a new initiative
to expand the soybean area to 400 thousand hectares by 2020
to ensure its yield at 1 million tons (Zatybekov et al., 2017).

The productivity of soybean largely depends on availabil-
ity of well-adapted cultivars with approptiate flowering and
maturity times to match various ecological environments of
the country (Zhang et al., 2007). Our previous study based on
evaluation of 120 soybean accessions in three different regions
of Kazakhstan (Abugalieva et al., 2016) has confirmed the
results of observations in other parts of the world (Contreras-
Soto et al., 2018; Copley et al., 2018), which underline the
importance of suitable flowering time for plant adaptation in
a particular environmental niche.

Another important factor that severely limits the soybean
productivity worldwide is susceptibility to harmful diseases
(Yang X.B. et al., 2001; Vidic et al., 2013). For instance,
25 known diseases posed a constant threat to the productivity
of soybean in the USA (Mueller et al., 2010). In China, out
of eight most common diseases, six are caused by fungi. In
Russia, reports suggest there are up to 32 soybean diseases
(Zaostrovnykh, 2005; Kurilova, 2010; Polozhieva, Dubovits-
kaya, 2015). In Kazakhstan, more than ten fungal diseases
of soybean have been identified (Mombekova et al., 2013;
Didorenko et al., 2014), and with expansion of the area under
the crop, it is an obvious necessity to study the genetic back-
ground associated with the tolerance to harmful pathogens.

The damage caused by various diseases is determined
by environmental conditions, the biology and spread of the
parasite, and the characteristics of breeding material (Faske
et al., 2014). Different parts of the plant, including seeds,
sprouts, roots, shoots, leaves, and beans can be severely af-
fected by these diseases. In this respect, all soybean diseases
can be separated into three large groups: 1) diseases of seeds,
sprouts, and seedlings; 2) patches that affect various parts of
the plant; 3) diseases that cause the plants to wilt (Faske et al.,
2014). In general, the total yield loss from susceptibility to
fungal diseases can reach up to 40 % (Zaostrovnykh, 2005).
J.K. Pataky and S.M. Lim (1981) reported that soybean yield
loss due to S. glycines was associated with reduction of seed
weight. M.D. Dias et al. (2016) identified a highly significant
correlations (p < 0.01) between yield and soybean Colle-
totrichum truncatum incidence on pods (» = —0.85). About
90 kg/ha of soybean grain were lost for each 1 % increment
in the disease incidence.

Currently, a large number of genes controlling the resistance
to various diseases and pests have been identified (Prabhu et
al., 1999; Wang J. et al., 2010; Vidic et al., 2013). Several
soybean mapping populations were developed for genetic
localization of QTL and genes associated with the soybean
diseases, such as rhizoctonia root rot (RRR, caused by Rhi-
zoctonia solani) (Zhao et al., 2005), fusarium root rot (FUS,
caused by Fusarium spp.) (Stacey, 2008), phytophthora root

Soybean (G. max (L.) Merrill.) is one of the most im-

leHodoHp 1 ceneKkuma pactTeHuin

rot (PRR, caused by Phytophthora sojae) (Zhang et al., 2013),
frogeye leaf spot (FLS, caused by C. sojina) (Mian et al., 1999)
and sclerotinia stem rot (SCL, caused by Sclerotinia sclerotio-
rum) (Zhao et al., 2015). The majority of these studies were
based on use of SSR (simple sequence repeat) microsatellite
markers. However, with the development of SoySNP50K
iSelect SNP (single nucleotide polymorphism) array (Song
et al., 2013), most of the modern studies rely on the use of
SNP markers, which are crucial for genome-wide association
studies (GWAS) (Klein, 2007). GWAS is based on use of
whole genome genotyping and a detailed phytopathological
and morphological description of collections with a high level
of genetic diversity (Klein, 2007). A survey of recent reports
has shown successful use of GWAS for studying soybean
resistance to fungal diseases (Bao et al., 2015; Iquira et al.,
2015; Schneider et al., 2016; Qin et al., 2017).

The purpose of this study was to assess the tolerance of the
soybean germplasm collection represented by 182 accessions
from major soybean growing regions from all around the world
to most harmful diseases spreading in the South and South East
of Kazakhstan. The GWAS was applied for identification of
marker-trait associations for resistance to FUS, FLS and BS.

Materials and methods
The analyzed soybean collection consisted of 182 accessions,
including 18 released cultivars and prospective breeding lines
from Kazakhstan (Zatybekov et al., 2017). The accessions
represented 12 countries from 5 geographic regions, including
Western and Eastern Europe, North America, East Asia, and
Kazakhstan. The collection was tested in the experimental
plots of Research Institute of Biological Safety Problems
(RIBSP, southern Kazakhstan) and Kazakh Research Institute
of Agricultural Plant Production (KRIAPP, south-eastern Ka-
zakhstan) in 2016-2017. Despite the environment similarities
of the two localities, the conditions of soybean growth were
different, as KRIAPP tested plants in irrigated, and RIBSP —in
non-irrigated sites. Plants were grown in 1 meter long rows
with a 30-cm distance between adjacent rows and a 5-cm gap
between plants within rows. In total, the data for mean values
of eight agronomic traits of the 182 soybean accessions har-
vested in two environments were subjected to further statistical
analysis. The eight traits included the following data: days to
seedling emergence (VE), days to flowering time (R2), days to
development of pods (R4), days to full maturity of seeds (RS),
plant height (PH), number of seeds per plant (NSP), thousand
seeds weight (TSW), and yield per plant (YP).

Disease resistance analysis was carried out in relation to
the three fungal diseases spread in the regions. In the South
East the plants were analyzed for resistance to BS (caused by
S. glycines), while in the South they were tested for resistance
to FLS (C. sojina) and FUS (caused by a group of unidentified
Fusarium pathogens indicated in this study as Fusarium spp.).
The plant resistance to fungal diseases of the leaf surface was
characterized based on a nine-point scale, where point 1 stood
for highly resistant (no symptoms), 3 — for resistant (5-19 %
foliage affected), 5 — for partially resistant (2049 % of the
foliage affected), 7 — for susceptible (50-79 % of the foliage
affected), and 9 — for highly susceptible (up to 80 % of the
foliage affected) (Hnetkovsky et al., 1996). The plant resis-
tance to root rot was characterized based on a five-point scale,
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where point 1 stood for healthy root without infection symp-
toms, 2 — for slight cortical necrosis or vascular discoloration,
3 — for moderate cortical necrosis or vascular discoloration,
4 — for extensive cortical or vascular tissue distroyed, and
5 — for withering and dying of a plant (Leath, Carroll, 1982).
The disease severity after infection as a percentage of the af-
fected area and the healthy part of plants was noted as well.
Therefore, the resistance to all three diseases were marked with
number 1 (for instance, FUS1), and the diseases severity were
marked as number 2 (for instance, FUS2). Statistical analyses
of obtained data were calculated by using Statistical Package
for the Social Sciences (SPSS 16.0) (https://www.ibm.com/
analytics/data-science/predictive-analytics/spss-statistical-
software) computer programs.

DNA samples were extracted and purified from single seeds
of individual cultivars using commercial kits (Qiagene, CA,
USA). The DNA concentration for each sample was adjusted
to 50 ng/pl. All samples were genotyped using the soybean
5403 SNP Illumina iSelect array (Song et al., 2013) at the
Traitgenetics GmbH (Gatersleben, Germany). The Illumina
Infinium procedure was performed according to the manu-
facturer’s protocol. SNP genotype analysis was carried out
using the Illumina Genome Studio software (GS V2011.1).
Population genetic analysis and principal coordinate analysis
were performed using GenAlEx 6.5 (Peakall, Smouse, 2012).

The SNP dataset was filtered using a 10 % cutoft for missing
data and markers with minor allele frequency >0.10 were con-
sidered for GWAS. Numbers of hypothetical groups ranging
from k=1 to 10 were assessed using 50,000 burn-in iterations
followed by 100,000 recorded Markov-Chain iterations. To
estimate the sampling variance of population structure infer-
ence, five independent runs were carried out for each & by the
STRUCTURE software (Pritchard et al., 2000). The output
from STRUCTURE was analyzed for delta K value (AK) in
STRUCTURE HARVESTER (Evanno et al., 2005). On the
basis of the final & values, Q-matrix for three identified clusters
was developed. GWAS for resistance to the most harmful fun-
gal diseases of soybean in South East and South Kazakhstan
were studied using 4,442 SNP filtered against minor alleles.
GWAS based on the MLM model, including options with Q
and K matrices, was conducted using the TASSEL 5 software
(Bradbury et al., 2007). Pairwise LD between markers was
measured using linkage disequilibrium parameter (»2) between
alleles using R studio (Wimmer et al., 2012). The LD decay
rate was estimated as the chromosomal distance at which the
average pairwise correlation coefficient (%) dropped to a half
of its maximum value (Wimmer et al., 2012). The GWAS for
resistance to diseases and spread of the diseases during the
plant growth was run separately, and as the first evaluation
was marked as FUS1, FLS1, and BS1, the evaluations for the
spread of the diseases during the plant growth were marked
as FUS2, FLS2, and BS2.

Results

Diseases resistant

Field trial results at the experimental stations of the South East
and South regions suggested a clear difference in the develop-
ment of FUS, FLS, and BS on the leaf surfaces at the adult
stage of the plant growth. While results at the RIBSP (South
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Fig. 1. Resistance of the soybean collection to three studied fungal
diseases in the South and South East regions of Kazakhstan:

a — experimental plot of Research Institute of Biological Safety Problems;
b - experimental plot of Kazakh Research Institute of Agricultural Plant
Production.

region) showed the occurrence of FUS and FLS, and luck of
BS symptoms, the data at the KRIAPP (South East region)
allowed the identification of only BS development (Fig. 1).
At the RIBSP site, FUS showed stronger influence on plant
growth as only 62.1 % of plants were resistant, whereas 77.4 %
was resistant to FLS, and 100 % resistant to BS (see Fig. 1, a).
At KRIAPP the collection showed 79.3 % resistance to BS
with no signs of FUS and FLS throughout the plant growth
period (see Fig. 1, b).

Three-way ANOVA suggested that the origin of the ac-
cessions was significantly associated with reducing of YP
in relationship to the development of FUS and FLS in South
Kazakhstan (Table 1). Among tested accessions, there were
clear examples of association between the high resistance and
yield. For instance, cultivar (cv.) ‘Santana’ from France was
highly resistant to FUS and had high YP (8.7+£0.26 g), while
cv. ‘Chernovickaya 7’ from Ukraine was highly susceptible to
FUS with the YP of only 1.8+0.15. The collection included ten
accessions from East Asia, which showed complete resistance
to all three diseases.

Phenotypic variation of the collection
Comparative assessment of five groups of samples in the
studied soybean collection in two regions for 2016—-2017 has
not revealed sharp differences in the main agronomic traits.
The varieties from North America and West Europe showed
good potential in NSP, while the varieties from East Asia — the
highest potential in TSW. Pearson correlation demonstrated
that NSP negatively correlated with TSW (p < 0.001) and
positively — with YP (p < 0.001). Overall highest average
yield in the collection of 182 accessions for the two fields was
recorded for the Supra variety from Canada (23.0+3.86), fol-
lowed by Cheremosh (18.7+2.89) from Ukraine and Slaviya
(19.3+£5.42) from Russia. Among the accessions from Ka-
zakhstan, the Mysula variety showed the best YP (18.3+3.45).
It is interesting that in 2016, 14.8 % of the collection showed
a higher yield result in comparison with standard variety
Zhansaya, and in 2017 the number of higher yield accessions
was even bigger (54.4 %).

Multivariate ANOVA suggested that FUS and FLS affected
each studied trait both in RIBSP and KRIAPP, except FLS was
not a factor for variation in TSW (see Table 1). On the other
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Table 1. Multivariate ANOVA for the main agronomic traits by SPSS

Factors Traits df FUS FLS BS
Res, Stan Ce ........... N SP ............ 8 ................. L e n 5 .............
. TS W ........... 8 ................. o n 5 ............... n 5 .............
. YP .............. 8 ................. o L n 5 .............
. VER2 .......... 8 ................. o o n 5 .............
VERg .......... 8 ................. o g
Reg,on ................. N sp ............ ]7 ............... n 5 ................ n 5 ............... n 5 .............

. TS W ........... 17 ............... n S ................ n 5 ............... n 5 .............

. yp .............. 17 ............... n S ................ e n 5 .............

VER2 .......... 17 ............... n S ................ n S ............... n 5 .............

VERg .......... ]7 ............... R n 5 ............... n 5 .............

Factors Traits df FUS FLS BS
o,—,gm ................... N5p44 .............. T ns ..............
TSW44 .............. n 5 ............... n 5 ............... ns ..............
yp44 .............. S ns ..............
VER244 .............. n 5 ............... n 5 ............... ns ..............
VER344 .............. n 5* ................. ns ..............
Res,stancex ........ Ns P ............. 8 9 .............. n 5 ............... n 5 ............... ns ..............
(T S S
YP 89 ns ns ns
VER2 .......... 8 9 .............. n S ............... n 5 ............... ns ..............
VERg .......... 8 9 .............. n 5 ............... n 5 ............... ns ..............

Note:df - degree of freedom. The F values are provided with significance level indicated by the asterisks.

*%%

p <0.001,**p <0.01,* p < 0.05, ns — not significant.

Table 2. Mean genetic diversity indexes in five soybean groups based on 4442 SNPs

Population East Europe West Europe
N ...................................... 8 3 ..................................... 2 4 ..................................
Ne .................................... 1 9 3i0006 ..................... 1 72i0005 ...................
|07610003 ..................... 0 610003 .....................
h045i0002 ..................... 0 40i0002 ...................

East Asia North America Kazakhstan

1 0 .................................... 3 2 ..................................... 3 3 ..................................
1661,0006 ..................... 167i0005 ..................... 1681,0005 ...................
055£0004 058+0003 058+0004
0360003 0380002 0390002

Note:N - number of accessions; Ne — number of effective alleles; | - Shannon index; h — Nei’s diversity index.

hand, BS significantly affected the duration of plant growth
at the VERS stage, the only one out of the eight studied traits
(see Table 1).

Genetic variation in the soybean collection

based on SNP markers

Genotyping of the soybean collection using the Illumina
iSelect SNP array revealed 5403 successful SNPs (74.03 %
success) with 77.98 % variants being transitions and 22.01 % —
transversions. The final data consisted of 4442 polymorphic
SNPs spanned on 20 chromosomes with the average length
0f47.4 Mb and the average number of SNPs per chromosome
of 222.1. The number of markers per chromosome varied
from 163 in Gml1 to 286 in Gm13 with the chromosome
length ranging from 37.3 Mb in Gm16 to 62.2 Mb in Gm18.
The average density of SNP map was one marker per every
213 Kb. The LD decay curve at the threshold 72 = 0.1 was
20 Kbp (Supplemental Fig. 1)!. The PCoA allowed to separate
182 accessions based on their breeding origin and were split
into five geographically distinct groups (see Supplemental
Fig. 2). The smallest group was from East Asia (10 acces-
sions), and the largest — from Eastern Europe (83 accessions,
see Table 2). The PCoA analysis based on NeiP data showed
that genotypes from two European groups were positioned
separately from other three groups by the PCoA1 component
(see Supplemental Fig. 2), while PCoA2 effectively sepa-
rated the remaining three groups. The accessions from North

1 Supplementary Materials are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx9.pdf
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America and Kazakhstan appeared to be the most close groups,
while the accessions from East Asia were genetically more
distant from the other four groups (see Supplemental Fig. 2).

Association mapping
A total of 9 SNPs for 15 MTAs at the two stages of plant
growth were identified to be associated with the resistance to
three fungal diseases (Table 3). For each MTA separate QQ
plots were generated to validate the significance of the as-
sociations. In addition, the results were statistically validated
using a t-test for identification of a false positive MTA. All
15 identified MTAs were significant after ¢-test application.
The results suggested that two MTAs were significant for re-
sistance to FUS, five — for FLS, and two — for BS (see Table 3).
Also, the physical position of each critical SNP marker was
compared with positions of known QTLs (https://soybase.
org/search/qtllist by symbol.php). In this study only two out
of nine SNPs matched the positions of analogous QTL in a
soybean genome (see Table 3).

The largest number of SNP markers in identified MTAs
were located in chromosome 2, where mainly QTLs for
resistance to P. sojae were genetically mapped (Fig. 2). The
analysis of genome physical locations of associated SNP
markers revealed that 3 SNPs were part of CDS (coding DNA
sequence) and remained 6 SNPs were located in intergenic
regions (Table 4).

Each SNP in intergenic position was considered for pos-
sible functional annotation based on the actual proximity of
nearby located genes.

BaBuWNOBCKMNI XKYpHan reHeTUKN n cenekuyum « 2018 - 22«5

539


http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx9.pdf
https://soybase.org/search/qtllist_by_symbol.php
https://soybase.org/search/qtllist_by_symbol.php

GWAS of a soybean breeding collection from South East

and South Kazakhstan for resistance to fungal diseases

A. Zatybekoy, S. Abugalieva
S. Didorenko, A. Rsaliyev, Y. Turuspekov

Table 3. List of MTAs identified using the TASSEL software and matching with locations of corresponding QTL
available in the Soybase database (https://soybase.org)

Disease SNPID

stages

Chr

Position

Allele Allele

p-value

Add

r2, %

Fusarium lesion length 1-2,

Suggested Known QTLs*
QTLID
in this study
qFus. spp 13-1

Phytoph 9-2
qFus.spp 17-1  SCN 23-2

Phytoph 9-2

Fusarium lesion length 1-2,

freq

G/T  43/134
A/C 134/41
G/T 43/134
A/C 134/41
T 72/104
A/G 84/87

/T 48/130
A/C  75/103
G/T 38/130
a) 72/104
A/G 84/87

/T 48/130
A/C 75/103
A/C 87/87

/T 109/62

* Based on the QTL list on SoyBase (https://soybase.org/search/qtllist_by_symbol.php).
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Fig. 2. Genetic map of identified SNP markers in identified MTAs for resistance to the three diseases analyzed in soybean population.

Discussion

The analysis of three diseases from two regions of Kazakhstan
revealed strong environmental influence on plant tolerance
to studied pathogens, as FUS and FLS were the factor in the
South, and BS — in South East parts of the country, respective-
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ly. ANOVA suggested that FUS and FLS affected nearly all

studied traits, except for TSW, which was a factor in case of
FUS, but not in case of FLS (see Table 1). The test also sug-
gested that the origin of the plant material was essential for
NSP and YP in both FUS and FLS studies. A different outcome
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Table 4. Physical positions of identified SNPs in the soybean genome

SNP ID

Positions
in genome

Pathogenes
of three diseases

Putative gene

Annotation of putative gene

was observed in BS analysis, as this disease affected plants
only for the duration of the VERS stage (see Table 1), which
shows that the S. glycines did not affect plants in RIBSP and
was barely important in KRIAPP. It is interesting that all ten
studied accessions from East Asia and selected lines from
Europe showed strong tolerance to all three diseases and could
be directly involved in the breeding processes of soybean for
resistance to studied fungi diseases.

On the other hand, the genetic study of the collection based
on 4,442 polymorphic SNPs indicated a relatively close ge-
netic relationship between the samples from Kazakhstan and
North America, as PCoA test placed them together in left upper
part of the graph (see Supplemental Fig. 2).

GWAS of the three diseases evaluated at the two stages of
plant growth period allowed for identification of nine SNP
markers associated with 15 MTAs (see Tables 3, 4). Two SNPs
were identified in the GWAS of FUS on chromosomes 13
and 17 (see Fig. 2). The region on chromosome 13 matched
with the well- known QTL (Fusarium lesion length 1-2) identi-
fied by M. Ellis et al. (2012). The authors had found that the
region between the Satt160 and Satt149 markers was signifi-
cantly associated with resistance to Fusarium graminearum.
M. Kassem et al. (2006) reported that the Satt160 marker on
chromosome 13 appeared to be a significant determinant of
seed yield. It is interesting that this region was also associated
with resistance to P, sojae (Wang H. etal., 2010). The region on
the chromosome 17 has the same location with a QTL identi-
fied in GWAS for resistance to Fusarium virguliforme (Bao
etal., 2015; Zhang et al., 2015). SNP marker Gm17.8109237
identified in this study has located approximately 4 Mb from
SNP marker ss715611120_C T identified by J. Zhang et al.
(2015) and 6.7 Mb from SNP marker BARC-051665-11191
identified by Y. Bao et al. (2015).

The most significant amount of MTAs was found in GWAS
for resistance to FLS (see Tables 3, 4). The SNP locations of
identified five QTLs for FLS were mapped on chromosomes 2,
7, and 15, and did not match locations of the QTLs found in
the previous study for resistance to this disease (Yang W. et
al., 2001; Pham et al., 2015). A literature survey showed that
one QTL for resistance to FLS matched the QTL previoulsy
mapped on chromosome 13 (Pham etal., 2015), while another

leHodoHp 1 ceneKkuma pactTeHuin

was positioned on chromosomes 16 (Yang W. et al., 2001).
Therefore, the MTA found in this study presumably suggested
that they are novel QTL for resistance to FLS.

In case of BS, the location of one out of two identified QTLs
has matched the same region on chromosomes 14 witha QTL
for resistance to sudden death syndrome (SDS) caused by
F virguliforme (Anderson et al., 2015). A physical position of
associated SNP Gm14.4811528 for this QTL was in proximity
of candidate gene Glymal4g06580 (Schmutz et al., 2010). The
annotation of the gene is suggesting that it is a serine/threonine
protein kinase, which is a common genetic factor often in-
volved in controlling soybean diseases resistance (Cook et al.,
2012). However, the identified position of the second MTA on
chromosome 17 has possibly been reported for the first time.
Therefore, in this study soybean QTL for resistances to FLS
and BS were presumably novel ones. As the analyzed popu-
lation in two regions has shown different reaction to tested
diseases, these findings underline the importance of studying
a genetically diverse collection of a particular soybean grow-
ing in a certain environmental niche. Identified MTAs may
facilitate the discovery of new genes for resistance to diseases
and a better understanding of genotype x environment interac-
tion patterns. Also, the size and level of genetic variation in
the studied genetic panels appear to be critical for the positive
outcome of GWAS-based projects. It has been demonstrated
that experiments with a sample size less than 384 accessions
(Gurung et al., 2014) and large LD blocks (Zanke et al., 2014)
might lead to identification of false positive associations. On
the other hand, in the study by M.K. Turner et al. (2017), it
was shown that smaller panels might allow for detection of
false negative associations that would not have been detected
in more extensive panels (Oyiga et al., 2017). Therefore, the
results of this study using relatively small soybean collection
size (n = 182) may potentially relate to the above-mentioned
findings by M.K. Turner and his coauthors.

With development of new genomic technologies, such as
KASP (kompetitative allele-specific polymorphism) (Semagn
etal., 2014), the designated SNP markers (see Tables 3, 4) for
each of the identified MTAs for resistances to FUS, FLS and
BS can be transformed into convenient types of DNA markers
to enhance marker-associated selection projects in soybean.
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GWAS of a soybean breeding collection from South East
and South Kazakhstan for resistance to fungal diseases

Thus, the results of this study are a further contribution to the
genetics and breeding of soybean associated with resistance
to main fungal diseases.
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Alloplasmic lines are formed when the cytoplasm of one
species is replaced by the cytoplasm of another as a result of
repeated recurrent crosses of wide hybrids with the paternal
genotype. Since the cytoplasm replacement results in new
intergenomic interactions between a nucleus and cytoplasm
leading to variability of plant characteristics, alloplasmic

lines with restored fertility can be an additional source

of biodiversity of cultivated plants. Earlier, recombinant
alloplasmic lines (H. vulgare)-T. aestivum designated as
L-17(1)-L-17(37) were formed from a plant with partially
restored fertility of the BC, generation of barley-wheat

hybrid H. vulgare (cv. Nepolegayushchii) x T. aestivum

(cv. Saratovskaya 29). This male-sterile hybrid was consistently
backcrossed with wheat varieties Mironovskaya 808 (twice)
and Saratovskaya 29, and Mironovskaya 808 had a positive
impact on the restoration of fertility. This paper presents

the results of investigation into a group of recombinant
alloplasmic lines (L-17F ), as well as into doubled haploids (DH)
lines - alloplasmic DH-17-lines obtained from anther culture
of alloplasmic lines (L-17F_). The most productive of these
lines were used as initial breeding genotypes. Hybrid form
Lutescens 311/00-22 developed from the crossing of the
alloplasmic DH(1)-17 line (as maternal genotype) with
euplasmic line Com37 (CIMMYT), the source of the 1RS.1BL
wheat-rye translocation, proved to be successful for breeding.
The presence of the 1RS.1BL translocation in the genome

of the Lutescens 311/00-22 form and the L-311(1)-L-311(6)
alloplasmic lines isolated from it did not lead to a decrease

of fertility or sterility in the plants. This indicates that the
chromosome of the 1BS wheat does not carry the gene(s)
that determine the restoration of fertility in the studied

(H. vulgare)-T. aestivum alloplasmic lines. Alloplasmic lines
L-311(1)-L-311(6) showed their advantage in comparison with
the standard varieties for resistance to leaf and stem rust,
yield, and grain quality. The breeding tests performed at Omsk
Agricultural Scientific Center, Agrocomplex “Kurgansemena”,
Federal State Unitary Enterprise “Ishimskoe” (Tyumen Region),
using alloplasmic lines L-311(5), L-311(4) and L-311(6) resulted
in varieties of spring common wheat Sigma, Uralosibirskaya 2
and Ishimskaya 11, respectively.

Key words: alloplasmic lines (H. vulgare)-T. aestivum; DH-lines;
translocation 1RS.1BL; varieties of common wheat.
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¢ TpaHciaokanyen 1RS.1BL: cxogHblie
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T DepepanbHbIit NCCIeAOBaTENbCKMIA LEHTP MHCTUTYT LuTonorin
1 reHeTnKn Cnbmpckoro otaeneHna Poccuinckon akagemmmn Hayk,
HoBocnbupck, Poccus

2 DepepanbHOe roCyJapCTBEHHOE BIOPKETHOR HayUHOE yupexeHe
«OMCKMIN arpapHbIii HayUHbIN LeHTp», OMcK, Poccua

3 Arpokomnnekc «KypraHcemeHa», KypraH, Poccua

4 DepepanbHoe rocyaapCTBEHHOE yHIUTaPHOE NPeanpUATIe
«Mwmmckoer, TomeHckas obnactb, Poccns

AnnonnasmaTnyeckune NMHUY 06PpasyoTca NPY 3ameLleHnm
LMTONIa3Mbl OAHOTO BMAA Ha LITOMNNa3My ApPYroro B pesysib-
TaTe NOBTOPAOLMXCA BO3BPATHbIX CKPELLMBAHNIA OTAANIEHHDbIX
rmépunaoB C OTLIOBCKUM FreHOTUMOM. Tak Kak Mpu 3ameLLeHnn
LuTonnasmbl MeXAy AAPOM 1 LUTOMIa3MON BO3HMKAIOT HOBble
MeXXreHOMHble B3aMOAENCTBIA, MPUBOAALLMNE K N3MEHYM-
BOCTV MPV3HAKOB pacTeHWI, annonnasmaTmyeckme NMHum

C BOCCTaHOBJIEHHOW GepPTUABHOCTBIO MOTYT CRYXUTb LO-
NOMHUTENbHBIM MCTOYHMKOM B1UOPa3HO06pPasna KynbTypHbBIX
pacteHwuii. PaHee B Hawwmx paboTax 6binn nonyyeHbl pekomou-
HaHTHble ansionnasmatuyeckue nuuum (H. vulgare)-T. aestivum,
0603HayeHHble Kak J1-17(1)-J1-17(37), cbopmmpoBaHHble OT
pacTeHna C YaCTUYHO BOCCTAHOBEHHOW GepTUIbHOCTBIO

BC; nokoneHua AumeHHo-MNweHnYHoro rmbpuga H. vulgare
(Henoneratowwmin) X T. aestivum (CapaTtoBckas 29). 9T0T
MY>KCKO-CTEPUIIbHBIN rnbpug 6bin nocnefoBaTenbHO 6eKKpoc-
CrpoBaH copTamu niweHnubl MupoHoBckas 808 (aBaxkabl) 1
CapatoBckas 29, rage copT MnpoHoBckasa 808 okasan BnnaHue
Ha BOCCTaHOBJEHUE GepTUNbHOCTY. B cTaTbe NpefcTaBieHbl
pe3ynbTaTbl U3yYeHNsA rpynnbl PeKOMOVHAHTHBIX annonnasma-
TNYecknx nnHuin J1-17F,, a Tak»Ke NMHUIA raniongos C y4BOEeH-
HbIM YMCIIOM XPOMOCOM — annonnasmatnyeckux Ar-17-nuHun,
NoJyYeHHbIX B pe3ynbTaTe KyNbTUBUPOBaHNA NbUIbHIKOB

nuHun J1-17F,. Hanbonee npofyKTUBHbIE U3 N3YUYEHHbIX IMHUIA
BKJ/IOYEHbI B CENeKLMOHHbIN NpoLecc. YcnewwHon Ana cenex-
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Lmn okasanacb rubpuaHaa ¢opma JliotecueHc 311/00-22,
nonyyeHHas oT CKpeLlBaHuA annonnasmatuyeckon Ar(1)-
17-nuHnn ¢ synnasmatnyeckon nuHnen Com37 (CIMMYT),
NCTOYHUKOM MNLIEHNYHO-PXKaHOoM TpaHcnokauun 1RS.1BL. Mpw-
cyTcTBME TpaHcnokauun 1RS.1BL B reHome dopmbl JlioTecueHc
311/00-22 v BblA€NEHHbIX 13 HEE afToN1a3MaTUUYECKUX TUHNI
N1-311(1)-1-311(6) He NPUBENO K CHUKEHMIO GpepTUIbHOCTU
pacTeHWI NN NX CTEPUIIBHOCTU. ITO YKa3blBaeT Ha TO, UTO
XpomocoMma nweHurubl 1BS He HeceT reH(bl), onpegensatowyme
BOCCTaHOBJEeHVE GepTUNIbHOCTA Y U3YUYEHHbIX B HacToALL el
paboTe annonnasmatuyeckmux nuHui (H. vulgare)-T. aestivum.
JNInenn N1-311(1)- N1-311(6) nokasanu nx NpenmyLLecTso no
CpaBHEeHWIo C COPTaMU-CTaHAAPTaMM MO YCTONUYMBOCTU K
6ypoii pXKaBunHe, CTEOGNEBON PXKaBUMHE, YPOXKANHOCTY, Ka-
YecTBY 3epHa. B pe3ynbraTe ceneKUMOHHbIX UCnbiTaHni B OM-
CKOM arpapHOM Hay4yHOM LieHTpe, Arpokomniekce «Kypran-
cemeHa», Ha npeanpuatuy «Mwmnmckoe» TomeHcKom obnactu
Ha OCHOBe annonnasmMatuyeckux nuHuin J1-311(5), 11-311(4)

1 J1-311(6) co3paHbl copTa APOBOW MArKow nweHunubl Curma,
Ypanocnbupckas 2 u Mwmmckas 11 cOoTBETCTBEHHO.

KntoueBble cioBa: annonnasmatnyeckue MHUm
(H. vulgare)-T. aestivum; OT-nuHnm; TpaHcnokauma 1RS.1BL;
copTa MArKOW MLeHnLbl.
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recurrent crosses of wide hybrids with the paternal

genotype and combine the cytoplasm of the
maternal species with the nuclear genome of the pollen
parent (Tsunewaki, 1996). The new nuclear-cytoplasmic
interactions formed due to cytoplasm replacement can
cause epigenetic modifications of nuclear genes (Soltani et
al., 2016), leading to changes at the level of transcription
and metabolism (Crosatti et al., 2013; Soltani et al.,
2016). These processes may lead to plant developmental
disorders (Suzuki et al., 1995), changes in resistance to
stress factors (Dhitaphichit et al., 1989; Keane, Jones,
1990; Buloychik et al., 2002; Talukder et al., 2015) and
changes in the manifestation of agronomically important
traits (Ekiz et al., 1998; Liu et al., 2002; Atienza et al.,
2008; Klimushina et al., 2013). The most common sign
of'a nuclear-cytoplasmic conflict included in alloplasmic
lines is cytoplasmic male sterility (CMS) (Tsunewaki,
1996; Bentolila et al., 2002).

From a practical perspective, alloplasmic lines are
obtained from different species of cultivated plants
and characterized by CMS that represents a system for
obtaining hybrid seeds in heterotic breeding (Cisar,
Cooper, 2002). Given that new intergenomic interactions
arise during cytoplasm replacement, alloplasmic lines with
restored fertility can be an additional source of biodiversity
in cultivated plants (Liu et al., 2016). For wheat alloplasmic
lines, examples of their practical use are not numerous.
The VPM1 alloplasmic line carrying the cytoplasm
of Aegilops ventricosa Tausch was the source of two

Q lloplasmic lines are formed as a result of repeated

leHodoHp 1 ceneKkuma pactTeHuin

commercial varieties of wheat Roason and Rendezvous
(Jones et al., 1998) resulting from hybridization of the
amphiploid (4e. ventricosa % T. persicum) with common
wheat variety Marne. This alloplasmic line and the
varieties derived from it are resistant to a number of fungal
pathogens due to the introgression of Ae. ventricosa genes
Pch-1 and Sr38/Lr37/Yr17 (Delibes et al., 1988; Friebe
et al., 1996). Common wheat variety ‘Xiaoshan 2134’
carrying the cytoplasm of Ae. crassa, is characterized by
high grain quality, resistance to salinity and high yield (Liu
et al., 2002). The authors ascribe these traits to the effect
of nuclear-cytoplasmic heterosis. The lines of common
wheat with cytoplasm Triticum timopheevii and Secale
cereale characterized by tolerance to drought (Semenov
et al., 2014) and high-quality gluten characteristics
are considered promising for breeding (Klimushina et
al., 2013; Semenov et al., 2016). With the use of rye
cytoplasm, new forms of triticale have been obtained
(Gordey et al., 2011).

Earlier, we reported the production of the recombinant
alloplasmic lines of common wheat derived from back-
cross progenies of barley-wheat hybrids H. vulgare x
T aestivum (Pershina et al., 1998) and restoration of
their fertility (Pershina et al., 1999a). Alloplasmic lines
(H. vulgare)-T. aestivum characterized by different fertility
levels proved to be valuable models for studying the
variability of both nuclear and organellar (mitochondrial
and chloroplast) genomes in the process of nuclear-
cytoplasmic co-adaptation (Bildanova et al., 2004;
Aksyonova et al., 2005; Pershina et al., 2014). Some
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Alloplasmic lines (H. vulgare)-T. aestivum
with TRS.1BL for production of wheat varieties

of the recombinant alloplasmic lines with full fertility
restoration were included in breeding of common wheat
(Belan et al., 2017).

The aim of presented research was to generalize
and analyse the results of obtaining and studying
of recombinant and introgressive alloplasmic lines
(H. vulgare)-T. aestivum, which have been successfully
used in breeding and have become a source of the new
varieties of spring common wheat.

Materials and methods

Production of recombinant and introgressive allo-
plasmic lines (H. vulgare)-T. aestivum. The Nepoleg-
ayushchii variety of cultivated barley was crossed with
spring common wheat Saratovskaya 29, and the pollinated
flowers were treated with a solution of gibberellic acid.
Using embryo cultivation, hybrid plants H. vulgare %
T. aestivum were grown and were characterized by male
sterility but female fertility (Pershina et al., 1998). The
F, hybrids were consistently backcrossed with wheat
Mironovskaya 808 (twice) and Saratovskaya 29. Among
the plants from the BC, generation, one partially fertile
plant was isolated (three seeds were set in one spike, and
34 in another) (Pershina et al., 1999a). Each fertile plants
grown from these seeds became the source of recombinant
alloplasmic lines designated L-17(1)-L17(37) (Fig. 1). To
form each subsequent generation of alloplasmic lines, the
seeds from the main spike of the most productive plant
were selected. Alloplasmic DH-lines DH(1)-17F,, DH(1)-
17F,, and DH(1)-17F, were derived by anther culture of
alloplasmic line L-17F, (Pershina et al., 1999b).

In this paper, we present the results of a study of seven
alloplasmic lines: L-17(3)F, L-17(4)F,, L-17(9)F,, L-17(12)
F,,L-17(18)F,, L-17(21)F,, and L-17(24)F ; three alloplasmic
DH lines: DH(1)-17F,, DH(2)-17F,, and DH(3)-17F ; and
six introgression alloplasmic lines: L-311(1)F, ~L-311(6)
F,,- The introgression alloplasmic lines were isolated from
the hybrid form L-311/00-22F, obtained as a result of the
crossing of alloplasmic line DH(1)-17F, with euplasmic
line Com37 (Belan et al., 2010). Using the results of
chromosome C-banding, E.D. Badaeva identified the wheat-
rye translocation 1RS.1BL in the alloplasmic lines of group
L-311 (Pershina et al., 2013).

Growing conditions and study of alloplasmic lines.
Alloplasmic lines L-17F, and DH-17F, were grown in
the field of Institute of Cytology and Genetics near No-
vosibirsk in 1999 when there was no mass development
of leaf rust or stem rust pathogens. Control wheat line
Saratovskaya 29 (Sar29) was used to obtain barley-wheat
hybrids and alloplasmic lines (H. vulgare)-T. aestivum.
The alloplasmic lines of the L-311F | group were grown in
the field of the Institute of Cytology and Genetics in 2017.
Euplasmic line Om37 carrying translocation 1RS.1BL and
isolated from variety Omskaya 37, and alloplasmic line
L-17(3)F , were used as controls. Plants were grown on
plots 50 cm wide in rows of 10, with a distance of 25 cm
between rows. The germination rate was determined by
the number of seedlings. During harvesting, the height of
546
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H. vulgare L. (Nep) (2n = 14) X T. aestivum L. (Sar29) (2n = 42)
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)
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/ \ of fertility
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Alloplasmic lines L-17(1)-L-17(37)

Fig. 1. Development of a set of recombinant (H. vulgare)-T. aestivum al-
loplasmic lines L-17 (Pershina et al., 1998, 1999a).

Designation: Nep - barley variety Nepolegayushchii; varieties of common
wheat: Sar29 - Saratovskaya 29, Mir808 — Mironovskaya 808. GA, - gibberellic
acid.

the plants, the number of productive spikes, the length of
the main spike, the number of spikelets per main spike,
the number of seeds per main spike, and the frequency of
plants with full fertility (more than 35 seeds in the main
spike) were estimated.

To confirm the presence of the translocation 1RS.1BL,
the SCAR marker iag95 linked to the genes Lr26 and
Sr31 localized in the short arm of the rye chromosome 1R
(Mago et al., 2002), and genomic in situ hybridization
(Mukai, Gill, 1991) were used in the lines included in
this study. At least 20 plants were used per treatment.
The differences between the average values of the lines
were compared using #-tests. Data were analysed using
Statistica v.7.0.61.0.

Alloplasmic hybrid form L-311/00-22 and alloplasmic
lines L-311(1)-L-311(6) were grown in the field of Labo-
ratory of Spring Common Wheat of Omsk Agrarian Sci-
entific Center, following the methods described in (Belan
etal.,2017). Since 2007, the L-311 alloplasmic lines have
been tested according the full breeding scheme for BN-1,
BN-2, and BN-3 (breeding nurseries of the first, second,
and third year of study) and in a competitive variety trial
nursery. Assessments of resistance to powdery mildew
(Blumeria graminis f. sp. tritici), leaf rust (Puccinia
recondita f. sp. tritici), and stem rust (Puccinia graminis
f. sp. tritici) were made according to previously described
methods (Belan et al., 2017). In addition, yield and grain
quality parameters (1000-grain weight, seed protein con-
tent) were determined. Using analogous methods, alloplas-
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Table 1. Characteristics of the alloplasmic lines of L-17F, and DH-17F,
(Novosibirsk, field, 1999)
Genotypes Height Number Length Number Number of seeds 1000-grain % of FF
of plants,cm  of of the main of spikelets weight plants
productive  spike, cm per main spike per main spike per plant
spikes
Sar29 96.3+£2.0 43+0.3 9.1+0.1 13.8+0.2 40.1+£1.1 1523+13.4 45.8+0.7 80
L-17(9)F, 87.5+2.16%  38+0.2 82+0.2%%%) 12940, 2%% 38.1+£1.9 122.8+10.9 429+09% 60
L-17(18)F, 93.2+1.9 2940359 77401659 12120209 333+176%  886+126%%  430+08% 65
L-17(4)F, 96.4+1.3 54+0.6 9.3+0.2 13.6+04 42.8+2.1 194.6 +20.5 445+0.8 85
L-17(21)F, 94.6+1.6 52104 9.1£0.1 14.2+0.3 44.8+1.5% 192.1+14.6%  435+06% 95
L-17(12)F, 100+1.7 5.6+£0.3%* 9.2+0.1 145+0.3 41.8+1.0 197.9+15.7% 444+0.7 95
#L-17(3)F, 85.6+2.5%%  £1+03*%  94+0.2 14.2+0.3 426+1.4 199.7£154%  449+09 75
#L-17(24)F, 99.8+1.7 6.6+0.3***  93+0.1 15.5+£0.2%** 424+0.9 227.9+12.7%** 457+0.6 90
#DH(1)-17F,  96.1+1.1 6.7+0.3***  93+0.2 15.2£0.1%** 454+1.2%* 238.4+12.3%** 459+0.5 85
#DH(2)-17F,  80.2+£1.3%*¥ 554+03%**  93+0.2 14.8+0.2%* 45.2+1.6% 188.8+10.9*  46.6+0.4 100
#DH(3)-17F, 90.9+1.3% 6.7 £0.4%**  10.0+0.1%** 15.4+0.2%** 44.6+1.4% 239.7+£15.9%** 44.9+0.5 90

Note: FF — full fertility. The difference in comparison with the parent Saratovskaya 29 line is significantly less at * p < 0.05; ** p < 0.01 and *** p < 0.001;
and significantly more at * p < 0.05; ** p < 0.01; *** p < 0.001. # indicates the lines included in breeding.

mic line L-311(4) has been studied in the Agrocomplex
“Kurgansemena” competitive variety trial nursery since
2013, and alloplasmic line L-311(6) — since 2014 in the
Enterprise “Ishimskoe” (Tyumen Region) competitive
variety trial nursery.

Results and discussion

In this study recombinant alloplasmic lines (H. vulgare)-
T aestivum were inverstigated, in which barley variety
Nepolegayushchii (Nep) was a source of the cytoplasm,
and the recombinant nuclear genome was formed with the
use of common wheat varieties Saratovskaya 29 (Sar29)
and Mironovskaya 808 (Mir808) (see Fig. 1) (Pershina
et al., 1999a). Use of the Mir808 variety in recurrent
crosses of male sterile barley-wheat hybrid H. vulgare
(Nep) x I' aestivum (Sar29) had a positive effect on
fertility restoration: one of the plants of the BC, generation
set seeds after self-pollination (see Fig. 1).

According to our data, the Mironovskaya yarovaya
wheat variety recovered from Mir808 (Dorofeev et al.,
1987), along with the Ulyanovka and Pyrotrix 28 varieties
(Pershina et al., 1999a, 2014), which also restored full
fertility of common wheat in the barley (H. vulgare)
cytoplasm. When the backcrossing of barley-wheat
hybrids H. vulgarex T. aestivum (Sar29) included only
the Sar29 variety in the backcrossed progenies, fixation
of complete sterility occurred (see Fig. 1) (Pershina et
al., 1999a, 2014). In addition, depending on the genetic
diversity of wheat varieties included in the backcrossing
of barley-wheat hybrids, numerous alloplasmic lines
(H. vulgare)-T. aestivum with different levels of fertility
were obtained, some of which, when self-pollinated,
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segregated into plants with low fertility including those
being completely sterile (Pershina et al., 1999a, 2014).

Alloplasmic lines L-17(1)-L-17(37) formed from a
partially fertile BC, generation plant with a 2n = 42 did
not contain barley chromosomes and were fertile in F,—F,
generations (Bildanova et al., 2004). The germination of
the recombinant L-17F, alloplasmic lines was similar to
the control level (not less than 98 %), and all the plants
were fertile (Table 1).

In the majority of alloplasmic lines, the frequency of
plants with full fertility (seed set higher than 35 seeds in
the main spike) was at the level of the Sar29 parent line,
varying from 65 % in L-17(18)F, to 95 % in L-17(21)F,
and L-17(12)F, (see Table 1). The full fertility was
significantly lower than that of the control (60 %) in
alloplasmic line L-17(9)F,. The analysis of the productivity
characteristics (the number of productive spikes, the
length of the main spike, the number of spikelets and seeds
per main spike, and the number of seeds per plant) differed
between different alloplasmic lines. So, in L-17(9)F, and
L-17(18)F,, the values of some of these parameters were
significantly lower than in the Sar29 control line, while
in L-17(4)F, they reached the control level. Alloplasmic
lines L-17(21)F,, L-17(12)F,, L-17(3)F, and L-17(24)F,
exceeded line Sar29 in the number of seeds per plant.
The increase in L-17(21)F, was due to an increase in the
number of seeds per main spike; an increase of a number
of productive spikes in alloplasmic lines L-17(3)F, and
L-17(12)F,; and an increase in the number of productive
spikes per plant and the number of spikelets per main
spike in alloplasmic line L-17(24)F,. For 1000-grain
weight, the values of this parameter were the same at the
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Fig. 2. The proof of the presence of wheat-rye translocation in the alloplasmatic lines of L-311(4)F,, L-311(5)F,,, L-311(6)F,, by the

results of GISH and PCR analysis.

a - spikes: 1 - alloplasmic line L-17(3)F,,; 2-4 — alloplasmic lines L-311(4)F,o, L-311(5)F,o, L-311(6)F;; 5 — euplasmic line Om37. b - GISH-
analysis of alloplasmic lines L-311(4)F,  (1RS chromosome is marked in green). ¢ - PCR assay developed for iag95 marker linked with Lr26
gene: 1 —rye S. cereale (control), 2 - 0m37, 3 - L-311(4)F 5, 4 - L-17(3)F;,, 5 = L-311(5)F ¢, 6 - L-311(6)F .

control level for the majority of the lines studied and was
lower for lines F-17(9)F,, L-17(18)F,, and L-17(21)F,
(see Table 1).

These data show that the new nuclear genome that
formed as a result of recombination between two genomes
of' wheat varieties Saratovskya 29 and Mironovskaya 808
when interacting with the cytoplasm of barley had a
positive effect not only on the restoration and maintenance
of fertility of alloplasmic lines (H. vulgare)-T. aestivum
but also on the traits that determine the productivity
of plants. This is mostly due to the high ecological
plasticity and high productivity of Saratovskaya 29 and
Mironovskaya 808, which have been grown for a long
time in many regions with different soil and climatic
conditions and hybridized with each other and with other
genotypes of wheat to produce many varieties (Dorofeev
et al., 1987).

Another important result of our study is that fertility
and the signs of high productivity were also evident in
the DH lines derived from alloplasmic line L-17F,. Earlier
we had been able to obtain 20 green plants grown from
anther culture of alloplasmic line L-17F, on a modified
medium of P-II (Pershina et al., 1999b). Eleven of these
plants with 2n = 42 were fertile. These plants were used
for development of a separate alloplasmic DH line. In
the current paper we present the results of a study of the
self-pollinated progeny of three alloplasmic DH lines:
DH(1)-17F,, DH(2)-17F,, and DH(3)-17F, (see Table 1).
In these lines, in comparison with line Sar29, the number
of productive spikes, the number of spikelets and seeds
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per main spike, and the number of seeds per plant were
significantly higher. Due to their high level of fertility
and productivity, these alloplasmic DH lines, along with
the original alloplasmic lines L-17(3)F, and L-17(24)F,
were included in the breeding. In addition, among these
alloplasmic lines, we found three more undersized lines
such as L-17(3)F,, DH(2)-17F, and DH(3)-17F,.

To date, from a practical point of view, the hybrid
combination obtained in Laboratory of Spring Common
Wheat Breeding (Omsk Agrarian Scientific Center) by
crossing alloplasmic line DH(1)-17F, (maternal genotype)
with line Com37 (pollinator, provided for the study by
A.L. Morgunov from the CIMMYT collection) has been
the most effective. In the early breeding nurseries, hybrid
alloplasmic form Lutescens 311/00-22 was reproduced
as a population, from which, after selection based on
agronomical valuable traits, six promising alloplasmic
lines were identified: L-311(1), L-311(2), L-311(3),
L-311(4), L-311(5), and L-311(6).

Using C-banding, E.D. Badaeva revealed in these
alloplasmic lines a wheat-rye translocation identified as
1RS.1BL (Pershina et al., 2013), which was inherited in
a number of self-pollinated generations. Figure 2 shows
the spikes of alloplasmic lines L-311(4) F, , L-311(5)F ,
L-311(6)F,, and the presence of translocation of IRS.1BL
in these lines prooved by the results of GISH and PCR
analysis. Since translocation 1RS.1BL was not detected
the alloplasmic line of group L-17, it can be assumed
that Com37 used as a pollinator in production of hybrid
Lutescens 311/00-22, had this translocation. (Currently,
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Table 2. Characteristics of alloplasmic lines L-311(1)F,,-L-311(6)F,, in comparison with euplasmic line Om37-1RS.1BL
and alloplasmic line L-17(3)F,,

Genotypes Number of productive  Length of main Number of spikelets Number of seeds

spikes spike, cm per main spike permalnsplke """"""" p erplant """""""""""
Om37 ........................ 5 0105 ............................... 105102 ............................. 136103415112 ....................... 18321181 .................
|_311(1)|:1o ................ 5 2103 ............................... 115i02** ......................... 196103*479112** ................... 19431135 .................
|_311(2)|:10 ................ 6 o+o4 ............................... 118101*** ....................... 199102***495103*** .................. 2 3181133 .................
|_311(3)|:10 ................ 6 1105 ............................... 124i01*** ....................... 2 03103***495i12*** .................. 2 574i162** .............
|_3 1 1 (4)F10 ................ 6 8+04* ............................. 12410 1 PR 2 Ogio 3 TR 5 68 i 1 . 0*** .................. 2 63511 9 3 s
|_3 1 1 (5)|:1o ................ 6 5 . +05* ............................. 12710 3 PR 2 ogio 4 SRR 5 09 iz 1 s 2 521i22 2 PR
|_3 1 1 (6)F10 ................ 6 3 i04* ............................. 12310 2 PR 2 1210 4 s 5 38 i 1 2*** .................. 2 603122 6 R
|_17(3)|:1247+04 ................................. 85i02(***) ..................... 146102(***) ..................... 3 26i12(***) ................ 15371134 .................

Note:The difference in comparison with euplasmic line Om37 is significantly greater at * p < 0.05; ** p < 0.01; *** p < 0.001; and significantly less at *** p < 0.001.

Table 3. Results of studying promising alloplasmic lines of group L-311
in a competitive variety trial nursery, Omsk, 2010

Lines Growing Productivity, t/ha 1000-grain weight Protein content in the Lesion of rust disease
season, grain (Nx5.7), %
days
|_311(1)98 ...............................
|_311(2)97 ...........................................................................................................................................................................................................
|_311(3)93 ...........................................................................................................................................................................................................
|_311(4)93 ...........................................................................................................................................................................................................
|_311(5)94 ...........................................................................................................................................................................................................
|_311(6)93 ............................................................................................................................................................................................................
0m335t93 ............................................................................................................................................................................................................

Note: Om33-Stis a variety of spring common wheat Omskaya 33 used as a reference.

the Com37 line and alloplasmic lines DH(1)-17F, have
been lost.)

The fact that the substitution of chromosome 1BS for
IRS did not result in decrease of fertility or sterility in
alloplasmic lines (H. vulgare)-T. aestivum indicates that
the restoration and maintenance of fertility of these lines
does not depend on the effect of Rf-genes controlling the
restoration of wheat fertility in the alien cytoplasm and
localized in chromosome 1BS (Tsunewaki, 2015).

In our previous work, other genotypes of alloplasmic
lines (H. vulgare)-T. aestivum were obtained in which the
introduction of wheat-rye translocation 1RS.1BL into the
genome, including a combination with wheat-Agropyrum
translocation 7DL-7Ai1, did not have a negative effect on
the fertility (Pershina et al., 2014).

The results of a study into the morphobiological traits of
alloplasmic lines L-311(1)F  ~L-311(6)F, in comparison
with alloplasmic line L-17(3)F , (has no thelRS.1BL
translocation), and euplasmic line Om37 carrying this
translocation, are presented in Table 2.
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In all the six alloplasmic lines of group L-311F  car-
rying thelRS.1BL translocation the lengths of the main
spike, the number of spikelets and the number of seeds per
main spike were significantly higher than in control line
L-17(3)F , and line Om37. In addition, alloplasmic lines
L-311(3)F ,, L-311(4)F,, L-311(5)F,, and L-311(6)F
exceeded the control line in the number of seeds per plant,
and the lines L-311(4)F , L-311(5)F , and L-311(6)F  —
in the number of productive spikes.

Since rye chromosome arm 1RS carries a complex
of genes (Lr26/Sr31/Yr9/Pm8) controlling resistance to
fungal pathogens (Singh et al., 1990), the varieties with
1RS.1BL have become widespread throughout the world
(Rabinovich, 1998; Schlegel, 2018). Mass cultivation of
homogeneous varieties of wheat with this translocation has
reduced the effectiveness of the gene resistance to fungal
pathogens, including appearance of the highly aggressive
Ug99 race virulent to the Sr31 gene (Pretorius et al., 2000).
At the same time, the effect of 1RS.1BL translocation on
the manifestation of agronomically important and adaptive

10°
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traits depends on the genetic background and plant grow-
ing regions (Hoffmann, 2008; Tahmasebi et al., 2015).
The gene Sr3] remains effective for protection against
stem rust in different regions of Russia (Gultyaeva, 2017).

From the data obtained a conclusion can be made that
the genetic background of the alloplasmic lines of group
L-311 was favourable for realization of the positive ef-
fect of the 1RS.1BL translocation on both agronomically
important and adaptive traits in the breeding trials regions
including Omsk, Kurgan and Tyumen regions.

The study of alloplasmic lines L-311(1)-L-311(6) for
consecutive self-pollinated generations in breeding nurs-
eries and competitive variety trial nurseries was initially
carried out in the fields of the Omsk Agrarian Scientific
Center. It should be emphasized that leaf rust expansion
had been noted there every year since 2001, and in 2007
the epiphytoty of this pathogen was recorded. Since 2009,
the threat of stem rust has increased. In addition, powdery
mildew is observed in this region every year.

Studying alloplasmic lines L-311(1)-L-311(6) demon-
strated their moderate resistance to powdery mildew. In
comparison with variety-standard Omskaya 33 susceptible
to leaf and stem rust pathogens, the alloplasmic lines
showed complex resistance to local populations of leaf
and stem rust (Table 3).

Moreover, these alloplasmic lines exceeded the
variety-standard for yield, 1000-grain weight, and seed
protein content. Table 3 presents the results of studying
alloplasmic lines L-311(1)-L-311(6) in 2010 in a com-
petitive variety trial nursery. According to the tests results
obtained from 2010 to 2012, middle-ripened alloplasmic
line L-311(5) was identified as the most promising and
was transferred in 2013 to the State Committee for Test-
ing of New Varieties as variety Sigma. This variety was
included in State Register of Selection Achievements of
the Russian Federation in West Siberia in 2016.

The middle-ripened alloplasmic line L-311(4) was
studied in the competitive variety trial nursery of Agro-
complex “Kurgansemena”. Based on the three year results
(2012-2015), variety Uralosibirskaya 2 was transferred to
the State Committee for Testing of New Varieties in 2016.
This variety was tested in the Urals and West Siberian
region. In 2014, middle-early alloplasmic line L-311(6)
was studied in the competitive variety trial nursery of En-
terprise “Ishimskoe”, Tyumen Region. Based to the four-
year data this line was transferred to the State Committee
for Testing of New Varieties as variety Ishimskaya 11 in
West Siberia in 2017.

In addition, the efficiency of using alloplasmic lines
from group L-311 for obtaining hybrids and the allo-
plasmic DH lines combining resistance genes to fungal
pathogens localized in wheat-rye translocation 1RS.1BL
with complexes of effective resistance genes from other
sources has been shown (Pershina et al., 2013).
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In the meantime, search for environmentally friendly
renewable energy sources alternative to fossil fuel has been
driven by energy security challenges including limited
availability of fuel and energy price fluctuations. Therefore
herbal perennial grasses with their rapid growth and
prominent biomass yield increasingly make it a favorite
choice as a valuable agricultural crop usable for cellulosic
ethanol production. As an example, the genus Miscanthus
Anderss. (silvergrass) comprises ca. 14-20 species including
M. sacchariflorus (Maxim.) Hack., M. sinensis Anderss.,

M. purpurascens Anderss, and M. x giganteus, which appear
to be an almost inexhaustible source of sustainable raw
material, and several Miscanthus species were investigated as
a potential biofuel energy crop with commercially viable way
of its producing. Introduction and investigation of Miscanthus
species were initiated in the Central Siberian Botanical Garden
of the Siberian Branch of the Russian Academy of Sciences
(CSBG SB RAS, Novosibirsk, Russia) based on the grass and
ornamental plant collection in the late 1990s. The paper
objective is studying the biological traits of three Miscanthus
species introduced into the CSBG SB RAS, selection and
genetic identification of cultivars and varieties as the most
perspective agricultural crop. To evaluate the potential

crop yield and selection prospects of Miscanthus species
being competitive as a valuable biofuel energy crop, the
authors have estimated seasonal rhythms of model species
development in the continental climate conditions of West
Siberia. The article characterizes different Miscanthus varieties
obtained either by the ex situ or in situ methods; presents

the biochemical analysis of plant material and molecular
identification of three Miscanthus species introduced into the
CSBG SB RAS. The seasonal development analysis of three
selected varieties of Miscanthus (M. sacchariflorus, M. sinensis,
and M. purpurascens) proved the hydrometeorological
conditions to be advantageous for prominent biomass yield,
e. g. contributory to use Miscanthus in West Siberia as an easy
to grow cellulose-rich grass. Molecular markers applicable in
DNA-identification and genetic passportization of Miscanthus
varieties have been established, which are perspective as such
an economically available plant material as alternative non-
woody source of cellulose.

Key words: Miscanthus; bioenergy; phenology;
biomorphology; reproductive biology; chemical composition;
DNA sequencing; ITS locus; trnL-F intron.
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PecypcHBbIii TTOTeHIIIa]I HEKOTOPBIX
BUOOB poaa Miscanthus Anderss.

B VCJIOBMSIX KOHTYMHEHTA/JIbHOTO
KJIIMaTa jiecocTeny 3araaHoii
Cubupn

O.B. Aoporunal @, O.10. Bacuavesal, H.C. Hyxannal,
A.B. Byraosal, I0.A. Tucmaryauna?, E.B. XKmyap!,
I.A. 3yesal, O.B. Komunal, E.A. Lpi6uenxo?

T LieHTpanbHbiit cubrpckiin GoTaHmueckuin ca CBUPCKOro oTaeneHus
Poccuiickoi akapemmn Hayk, HoBocnbupck, Poccua

2 YIHCTUTYT NPOBRem XMMUKO-3HEPreTYecknX TexHoNorit CUBMPCKoro
oTaeneHuna Poccminckom akagemnn Hayk, buinck, Poccuna

3 HoBocnbrpcKkmii rocyaapCcTBEHHbIN arpapHbii yHUBEPCUTET,
HoBocnbupck, Poccua

B HacTosALWee BpemA BeCbMa akTyaslbHbl 3aa4m Mo NMOUCKY
anbTepHaTUBHbIX PEBECUHE NCTOYHNKOB SHEPTM, SKOMO-
rmyeckn 6e3onacHbIX M SKOHOMUYECKM AOCTYMHbIX. B cBA3M

C 3TUM OCOOBIN UHTEPEC NPEeACTABNSIOT BULbI TPABAHNCTBIX
pacTeHuin C BbICOKOW CKOPOCTbIO POCTa U XapaKTepusyioLm-
ecA BbICOKUMM 3HaYeHUAMN HapacTaHUA Hafi3eMHO Bere-
TaTUBHOW MacCbl, UMetoLLMe NPaKTYecKoe NpUMeHeHe B
KauecTBe UCTOYHMKa 6ro3TaHoNa. [MprMepoM MOXET CNy>KUTb
pon Miscanthus Anderss. (BeepHUK), BKNOYAIOLMIA NTPUMEPHO
14-20 BupoB, B Tom uncne M. sacchariflorus (Maxim.) Hack.,

M. sinensis Anderss. u M. purpurascens Anderss., a Takxe

M. x giganteus, KOTopble ABAAIOTCA MPaKTUYECKN Hencyepnae-
MbIMN UCTOYHVKaMV BO30OOHOBNAEMOrO CbipbA B 0611acTy anb-
TepHaTUBHOW SHepreTuKu. B LieHTpanbHOM cnbupckom 60TaHu-
yeckom capgy (LICBC) CO PAH (HoBocmnbmpck) Ha ocHOBe Kosnek-
L1 Fa30HHbIX N AEKOPATMBHbBIX 31aK0B B KOHLe 1990-x rT.
6b110 HayaTo GOPMMPOBaHIE 1 N3yUYeHe POJOBOIO KOMIMJIEK-
ca Miscanthus Anderss. Llenbto 3Toro nccnegoBaHus ctano
n3yyeHme 6ronoruyecknx ocobeHHoctern Buaos Miscanthus:
M. sacchariflorus, M. sinensis u M. purpurascens, HTpoZyLu1po-
BaHHbIX B LICBC, oT60p 1 reHeTnveckan ngeHtndrkauma nep-
CNeKTUBHbIX POPM B KaueCTBe TEXHUYECKMX CbIPbeBbIX pac-
TeHWI. [INa oLeHKN pecypcHOro noTeHumana u nepcnekTBbl
cenekUMOHHO paboTbl C poaoBbIM Komnniekcom Miscanthus ¢
LieSiblo XO3ANCTBEHHOTO CMOMb30BaHNA B KayecTBe TeXHNYe-
cKoW (6UO3HepreTUYECKON) KynbTypbl B YCIIOBUSAX NIeCoCTeni
3anapHon Cnbupw 6blIn N3yyeHbl CE30HHbIE PUTMbI Pa3BUTUA
MOZeSbHbIX BULOB B YCNIOBUAX KOHTUHEHTANIbHOIO KNnmarta B
CpaBHEHVMN C MYCCOHHbIM U YMEPEHHO KOHTVHEHTasbHbIM; OXa-
pakTepur3oBaHbl Griomopdbl, 0bpasytowmecs ex situ v in situ;
onpegneneH XMMUYeCKniA COCTaB PacTUTENBHOTO CbiPbA U NPO-
BefleHa ngeHTndrKaLma no MonekynapHo-reHeTnYecknm Map-
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Kepam Tpex BuaoB Miscanthus, nHTpoayunposaHHbix B LICEC
CO PAH. AHann3 ce30HHOro pa3BUTKA TPeX OTOOPHbLIX GopM
BeepHUKoB (M. sacchariflorus, M. purpurascens n M. sinensis)
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the vascular plants species of the world flora are studied

regarding to their utility for humanity (Revin, 2000).
Introduction in the culture of food, technical and ornamental
plants of local and non-local flora allows reducing the load
on resource species in their natural habitats. An integrated
approach to solve these problems includes studying the
biological and ecological characteristics of species in situ
and ex situ, which has been discussed at the International
Congresses of Botanical Gardens (Spain, 2004, Poland, 2007,
Ireland, 2010, China, 2012) on repeated occasions.

A special group of objects is represented by species showing
high polymorphism in nature and at the same time having
a wide range of practical applications in various economic
fields. The generic complex of Miscanthus Anderss. including
M. sacchariflorus (Maxim.) Hack., M. sinensis Anderss., and
M. purpurascens Anderss., originally known as ornamental
grasses, is unique in this respect. However, over the past two
decades, those species, as well as M. x giganteus, have been
referred to the plant objects valued as practically inexhaustible
sources of renewable raw materials for pulp production that
in turn is a base product for developments in the field of
alternative energy (Slynko et al., 2013).

The collection of lawn and ornamental grasses is a part
of the bioresource scientific “Collection of Living Plants in
the Open and Closed Ground” USU 440534 of the Central
Siberian Botanical Garden of the Siberian Branch of the
Russian Academy of Sciences (CSBG SB RAS). Forming the
collection of living plants and studying the Miscanthus family
complex started in the late 1990s mainly due to receiving the
cloned material from other botanical gardens.

Since 2003, the collection was widened by Miscanthus
samples from their natural habitats at the Russian Far East.
The most significant replenishments occurred in 2013
(samples from the Gamov Peninsula, Primorsky Krai) and
2017 (Chuguev and Khasan districts of Primorsky Krai, the
Kuril Islands — Shikotan, Kunashir, Iturup, and Kamchatsky
Krai). Selection of promising plant raw materials as a valuable
alternative biofuel material being the ultimate research
objective, there is a need to study genetic polymorphism and
DNA marking in these Miscanthus species.

0 ccording to domestic and foreign scholars, only 5 % of
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Miscanthus is one of the most efficient solar energy
accumulators on the planet (Dohleman, Long, 2009).
According to physiologists’ research, Miscanthus species
have the highest potential productivity. Obtaining up to
40 tons of dry biomass per hectare is associated with C -type
photosynthesis typical for all representatives of this genus.
Unlike most of the traditionally cultivated C, plants, such as
sugar cane and corn, Miscanthus are able to maintain a high
intensity of photosynthesis even under rather low temperatures
(Naidu et al., 2003; Anisimov et al., 2016), which explains
the high productivity of these plants grown under more severe
climatic conditions than in natural ones.

The prospects of Miscanthus growing in the Ob forest-
steppe region is conditioned by the fact that C, photosynthesis
is ineffective in low-light terms due to high energy require-
ments according to some scholars. In Miskanthus natural
habitats (Vladivostok), the average annual number of sunshine
hours is 2140, while in Novosibirsk — 2077, that is much higher
than in Moscow (1731) and approximates to the parameters
of Krasnodar (2110) and Yalta (2185).

The study objective is to investigate the biological features
of Miscanthus species (M. sacchariflorus, M. sinensis and
M. purpurascens) introduced into the CSBG SB RAS, along
with selection and genetic identification of promising forms
as technical raw plants.

Materials and methods

Three species were chosen as model ones, their ecological
and biological characteristics being studied since 2012 in
the CSBG SB RAS. The introduced samples were collected
at the Russian Far East. Taxonomic signs are presented by
Voroshilov (1982) as follows:

M. sacchariflorus. A lemma has a short straight awn not
protruding from a tylosis floccus. The floccus hairs are white,
rarely reddish; a rhizome has thin creeping shoots. It grows at
the territory of the Russian Federation in Primorye, the western
and southern regions of the Amur River basin.

M. sinensis. Inflorescence rami are branched; both spikes
are at some distance from the axes of spigs. Glumes are
asperous with long hairs. Tylosis flocci of a lemma are rather
sparse, squarrose after flowering, dirty white, but quite often
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reddish as well. The lemma awn is considerably protruding
from of a floccus, well visible, genuflexuous. A rhizome is
shortened, thick. It occurs on Sakhalin and the Kuril Islands.

M. purpurascens. Inflorescence rami are unbranched
(sometimes, except for a base itself); a sessile spikelet is
located directly on the sprig axis. Glumes are only asperous.
Flocci after flowering are often not so squarrose, denser and
reddish. A rhizome is long, horizontal. The species inhabits
Primorye. Records for Sakhalin and Kuril Islands are
erroneous apparently.

Miscanthus growing rhythms and development were
studied by techniques of phenological observations in the
USSR botanical gardens (Methodology..., 1975) modified
and supplemented in the course of the research by G.A. Zueva
in compliance with objects’ peculiarities. Hydrothermal
characteristics of vegetation and rest periods were calculated
from the data of Novosibirsk State Agrarian University and
the weather station Ogurtsovo (Novosibirsk Region), and the
climate monitoring data (http://www.pogodaiklimat.ru/) as well.

Biomorphological investigations were based on the data on
Miscanthus life forms presented by A.B. and T.A. Bezdelevs
(Bezdelev, Bezdeleva, 2006) for M. sacchariflorus and
M. sinensis. Characteristics of M. purpurascensis life form are
not given in this biomorphological report. For morphometric
parameters, mean values (X), error (s ), and a coefficient of
variation (V, %) are presented.

The chemical composition of plant samples (leaves)
collected in the CSBG SB RAS in the first decade of October
was defined at the Laboratory of Bioconversion of the Institute
for Problems of Chemical and Energetic Technologies SB
RAS (Altaisky Krai).

Miscanthus plant specimens were grounded with scissors.
Cellulose mass fraction determined by Kurschner method (in
terms of absolutely dry raw materials —adrm), acid-insoluble
lignin mass fraction (adrm), pentosan mass fraction (adrm),
ash content (adrm), mass fraction of extractive substances —
fat-waxy fraction (FF) (extractant — dichloromethane, adrm)
were carried out according to standardized analysis of plant
raw materials (Obolenskaya et al., 1991).

To extract the genomic DNA, CTAB method developed
by Doyle and Doyle (1990) with dry plant material (leaves)
was applied. The DNA concentration was determined by
spectrophotometry using a BioSpectrometer Kinetic and
pCuvette G1.0 microcuvettes (Eppendorf, Germany).

Primers ITS4 and ITS5 and the PCR protocol recommended
by White et al. (1990) were used to amplify the internal
transcribed spacer 1 and 2 regions (ITS1-2) of the nuclear
ribosomal DNA. To amplify the #7nL-F intergenic spacer of
chloroplast DNA, universal primers “c” and “f” (Taberlet et
al., 2007) were applied, as well as PCR protocol proposed
by Amirahmadi et al. (2010). DNA loci amplification was
performed on Thermal Cycler C1000 (Bio-Rad, USA).
The length of the amplified fragments was analyzed by
electrophoretic separation in an agarose gel (1.5 %) in Sub
Cell Model 96 chambers under the current (4 V/cm). The
amplified fragments were stained with SYBR-Green (Thermo
Fischer Scientific, USA); visualizing and video recording of
the separated PCR fragments were carried out with Gel-Doc
XR + gel documentation and the Bio-Rad ImageLab Software
systems.
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The obtained individual DNA fragments of ITS1-2 and
trnL-F intergenic spacers were purified from PCR components
by AMPureXP sorption (Agencourt, USA) and sequenced
directly using the BigDye Ready Reaction DNA Sequencing
Kit v.3.1 kit (Thermo Scientific, USA). The Sanger reaction
products were purified from unincorporated fluorescent dyes
by centrifugation (900 g, 2 min) with a Sephadex G-50 Fine
column (750 pl suspension) (GE Healthcare, USA), and
scanned with 3130XL automatic genetic analyzers (Applied
Biosystems, USA) at the Collaboration Centre “Genomics”
(Novosibirsk). The obtained sequenograms were applied to
mark species of the genus Miscanthus: M. sacchariflorus,
M. sinensis and M. purpurascens. The comparison was made
in nucleotide bases pairs (nbp).

MEGA 7.0.25 software (Kumar et al., 2016) was used to
align the nucleotide sequences by the Clustal-W method,
to calculate p-distances and to determine GC-nucleotides
content; a scheme of genetic relationships of the analyzed
samples was constructed by the Maximum Parsimony method.

Results

Miscanthus morphology and phenorhythm peculiarities
under the conditions of West Siberian forest-steppe

To study the phenorhythmics in Miscanthus three species,
the hydrothermal character of vegetation periods in various
regions was analyzed (Table 1): (1) natural habitat zone
(Vladivostok, mid-latitude monsoon climate); (2) region with
a long-term successful experience of Miscanthus raw materials
commercial production (Penza, mid-latitude moderate-
continental climate); (3) experimental sites in the risk crop
farming zone (Novosibirsk, mid-latitude continental climate).

Table 1 shows that for their spring regrowth and development
Miscanthus gain from the thermal regime in conditions
of Penza and even Novosibirsk (May), however, in late
September—October this advantage over natural habitats is
leveled. It is the heat accumulation in the autumn months that
contributes to a full-fledged generative development and seed
production in Primorsky Krai.

When comparing the temperature and solid precipitation in
Novosibirsk, Penza and Vladivostok in winter, it was revealed
that unlike the warmer growing conditions in Vladivostok in
September—October, the winter temperature regime in natural
habitats is more severe in December—January as opposed
to Penza (Table 2). Compared to Novosibirsk, Vladivostok
in winter has less snow precipitation, but this does not
damage wintering reproduction buds in situ. Thus, 100 %
winter hardiness of the genus Miscanthus representatives in
Novosibirsk is explained by the historically developed and
genetically fixed adaptive capabilities of the Far Eastern
plants.

Studying the seasonal development of plants introduced
into the culture makes it possible to draw more reliable
conclusions on prospects, or, on the contrary, the inadequate
stability of species and varieties, only if the long-term research
period includes either dry vegetative season or the one with
heavy winter precipitation, or extreme overwinter. For six-
year long observations of M. sacchariflorus, M. sinensis,
M. purpurascens in the forest-steppe conditions of West
Siberia, it has been noted the following:
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Table 1. Hydrothermal character of the vegetative season in geographical regions of Miscanthus cultivation,

representing three types of climate

Indicator

September October November

August

Table 2. Hydrothermal character of the winter period
in the geographical regions of Miscanthus cultivation
in three climate types

Indicator December January February March
................................. Novos,b,rskcontmenta|c|,mate
Meanmax,mum°c_1o1_122_98 ........... _21 ......
Averagetemperature,"C 139 161 -143 70
Meanmm,mum°c_175_196_179 ........ _”1
preqp.tat.onnormmm31261517 .........
"""""""""""""""" Penza, moderate continental climate
Meanmax,mum°c_44_55_511o ........

Mean maximum, °C -6.0 -8.2 —4.1 2.1
Averagetemperature,C -99  -122 -85  -19
Meanmm,mumloc_uf, _153_”3 ......... _47 ......
preap,tat,onnormmm% .................. 1 o ............... 25 .............. 35 .........

—1in 2012, the vegetation period was abnormally dry and hot,
there was 38 % of the precipitation norm in June, and only
6 % in July; an average monthly air temperature exceeded
the average annual one by 4.7 °C in June, and by 3.1 °C
in July;

— in 2013, the vegetation period had excess moisture, the
precipitation exceeded an average long-term data being as
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much as 115 % in July, 284 % in August (171 mm), and

135 % in September;

—the early wintering in 2013 (November) was relatively mild,
especially considering the almost twofold excess of snow
precipitation;

—1in 2016 the early wintering was extreme, when in November
during the entire second decade, the minimum air
temperatures were below —20 °C, and even —25 °C for six
days, with a slight excess of mean annual solid precipitation;

—the wintering in 2012-2013 was the harshest one (first of all,
for phanerophytes, not for hemicryptophytes, which group
the involved plants refers to), when 24 days in December
were characterized by a minimum air temperature below
—25 °C, of which 10 days were the coldest (from —30.0 to
—41.5°C).

However, the severe temperature conditions did not
significantly affect M. sacchariflorus, M. sinensis and M. pur-
purascens winter hardiness.

It was found that during all the years of observation,
the three plant species of Miscanthus had the same set of
phenophases of vegetative and generative development
(regrowth, tubing, earing and flowering). The exception was
2013, when the earing and flowering phases did not occur. It’s
explained not so much by the excessive precipitation leading
to a turbulent vegetative development of plants similar to the
Far Eastern monsoon climate, but lower air temperatures fixed
in Novosibirsk at the same time. Probably, the heat shortage
slowed the intrarenal differentiation of generative organs to
such an extent that the plants couldn’t reach even the earing
phase before the first autumn frosts.

M. sacchariflorus stably differs from M. sinensis and
M. purpurascens by earlier (5—10 days) regrowth; the advance
persists even after entering the other phenophases. It should
be noted that in its natural habitats of Primorsky Krai this
species occupies the northernmost areas (e. g. Sikhote-Alin).

Plant gene pool and breeding
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Table 3. Morphometric parameters of vegetative organs of Miscanthus in West Siberian forest-steppe (ex situ)

Length of vegetative Number of leaves, pcs.

Leaf width*, cm

Straw diameter, cm

Leaf length®, cm

*The fourth top leaf.

Table 4. Chemical composition of Miscanthus samples (X+s,, %) introduced in the CSBG SB RAS, Novosibirsk

Samples Cellulose by Kurschner® Lignin
Mpurpumscen5484i10 .................................... 2 31105 ................
Ms,nen5,54914_r1o .................................... 2 33105 ................
M sacch a”ﬂorus ......... 5 33i1 0 .................................... 2 3110 5 ................

Note: * In terms of absolutely dry raw material; FF — fat-waxy fraction.

The earliest entry into generative phases was marked for all
the three species in 2014, which was characterized by early
spring warming and thereafter by earlier soil thawing.

The most references (Greef et al., 1997; Nishiwaki et al.,
2011; Gifford et al., 2015) devoted to various aspects of
research and utilization of Miscanthus species, forms, hybrids
and varieties point out that the concerned gene pool collection
requires serious systematic verification.

To a large extent, the taxonomic accessory of vascular plants
is traditionally determined by the quantitative and qualitative
characteristics of generative organs and aboveground
vegetative ones. However, in the Miscanthus species, the
structure of the underground organs should also be taken into
account. So, while studying M. sacchariflorus biomorphology
in the CSBG SB RAS, it was revealed that the species life
form in the Ob forest-steppe conditions matches its life form
description made by A.B. and T.A. Bezdelevs (Bezdelev,
Bezdeleva, 2006) for natural habitats in Primorye: a perennial
summer-green herbaceous thin-long-rhizome sympodially
growing polycarpic with an elongated erect shoot.

These authors described two biomorphs for M. sinensis.
However, in our opinion, their description of the life form
“a perennial summer-green herbaceous thick-long-rhizome
loose-tussock sympodially growing polycarpic with a semi-
rosellate erect shoot” is more relevant to M. purpurascens,
while “a perennial summer-green herbaceous short-rhizome
loose-tussock sympodially growing polycarpic with a semi-
rosellate erect shoot” is referred to M. sinensis, for which
particularization is character under local conditions.

The dynamics of shoot formation and morphometric
parameters in culture were compared with shoots development
of M. x giganteus under conditions of mid-latitude moderate
continental climate (Penza). It is believed that one of the parental
forms of Miscanthus giganteus is M. sinensis (Table 3).

Table 3 shows that the length of generative shoots in
Miscanthus three species varies within 163—220 cm. In Penza

leHodoHp 1 ceneKkuma pactTeHuin

Pentosans® Ash* FF
.......... o
.......... o P S
.......... e T S

the range of generative shoots of Miscanthus giganteus was
160-207 cm (Gushchina et al., 2016). The species studied in
Novosibirsk (CSBG SB RAS) and Penza are similar in this
parameter, as well as in the leaves width.

It should be noted that the stems and leaves characteristics
are of particular importance when using Miscanthus as a
technical crop. As these studies were carried on within the
framework of SB RAS Integration Project “Fundamental
basics of ethylene production from Miscanthus” (http://
www.sbras.ru/files/files/pril _pso-230 15-08-17.pdf), a
special attention was paid to obtaining raw materials and
further analysis of its chemical composition for the content
of cellulose, as well as lignin, pentosans, ash and fat-waxy
fraction, which results are tabulated in Table 4.

As it turns out, M. sinensis and M. purpurascens are
close not only by habitat regions, morphological features,
but in chemical composition as well. M. sacchariflorus
reveals higher values of both cellulose and lignin. Lignin
high content can be associated with the greater ash content
(6 %). In commercial production, it is caused by the higher
concentration of soil acid-insoluble salts, which may result
from the excessive mineral fertilizer application to obtain
the maximum yield. However, to process such biomass into
cellulose is much more difficult. It is noteworthy that under the
CSBG SB RAS conditions, all the three Miscanthus species
were grown on aligned agrarian background.

Miscanthus species genetic marking
To determine the genetic polymorphism and DNA marking in
Miscanthus species, the variability of the length and nucleotide
composition of ITS1-2 nDNA locus sequences and #nL-F
chIDNA intergenic spacer were studied in three species:
M. sacchariflorus, M. sinensis and M. purpurascens.

Based on the analysis of the ITS1-2 internal transcribed
spacer of nuclear ribosomal DNA of Miscanthus, the
variability of this region length was revealed, comprising
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Resource potential of some species of the genus
Miscanthus Anderss. in West Siberian forest-steppe

M. sacchariflorus_2

M. sacchariflorus_1

0.V. Dorogina, O.Yu. Vasilyeva, N.S. Nuzhdina ...
G.A. Zueva, O.V. Komina, E.A. Tsybchenko

M. purpurascens

27 M. sacchariflorus_3
M. purpurascens
92 M. sinensis

99

M. sinensis

M. sacchariflorus_2
9 M. sacchariflorus_1

M. sacchariflorus_3

Genetic relatedness between Miscanthus representatives based on the ITS (a) and the trnL-F (b) data sets using Maximum

Parsimony method.
The bootstrap values are given in the nodes.

440 bp in M. purpurascens, 486 bp — M. sinensis and
656-671 bp — M. sacchariflorus, correspondingly. The length
of trnL-F xIDNA intergenic spacer chIDNA in Miscanthus
varied in a smaller range: from 893 bp (M. sinensis) to 962 bp
(M. sacchariflorus_2). The resulting trnl.-F sequences are
marked by a low content of G and C nucleotides (an average
of 31.4 % for a locus) while for the ITS locus an average
GC-nucleotide counts 61 %. ITS sequences are characterized
by the presence of polyguanine fragments; tnL-F locus
sequence — of a large number of poly-A and poly-T-blocks.
According to the sequencing data on nuclear (ITS) and
chloroplast DNA (#7nL-F) loci, the schemes were created (see
the Figure), which reflect genetic polymorphism and related
connections between representatives of the genus Miscanthus.
Both schemes reliably reveal the close relationship between
M. sinensis and M. purpurascens (the bootstrap support value
is over 90 %). Based on the analysis of different marker loci,
two different models of clustering M. sacchariflorus samples
were identified. According to sequencing ITS region, all three
samples form a common clade (see the Figure, a). At the same
time, a sample of M. sacchariflorus 3 and two samples of
M. sacchariflorus 1 and M. sacchariflorus_2 form two separate
clades according to the #rnL-F locus analysis (see the Figure, b).

Discussion

The hydrothermal conditions of all vegetative periods
(2012-2017), when the seasonal development of three selected
forms of Miscanthus was studied (one of each species —
M. sacchariflorus, M. purpurascens and M. sinensis), were
favorable to the vegetative mass of plant raw materials
production, i. e. their usage as a technical culture. Assess-
ing the ornamental qualities of the objects revealed the only
vegetative period of 2013, when not any sample entered the
generative phase due to excess moistening. Neither earing nor
flowering (when impressive thyrses develop being ornamental
even over the winter snow) was observed.

Morphometric parameters of vegetative (technologically
significant) Miscanthus organs in West Siberian forest-steppe
were not inferior to the ones under the conditions of the
moderate continental climate, varying at a low or medium
level, thus making it possible to predict the yield (raw stock)
rather precisely.

A general morphological peculiarity of M. sacchariflorus
(which occupies northernmost habitats in monsoon and
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moderate continental climates) is the structure of underground
organs, namely the thin-long-rhizome biomorph. Phenorhythm
types and life forms of M. sacchariflorus and M. sinensis
correspond to those under the natural conditions of Primorsky
Krai. This testifies their rather high adaptive capabilities,
and the prospects for selection of the most technologically
(including biochemically) productive forms taking into
account the intraspecific polymorphism.

Based on the analysis of the genetic relationships of the
genus Miscanthus representatives and the sequencing data
of two ITS1-2 and #rnL-F loci, it should be concluded that
obtained results are quite consistent in toto. The different
nature of the phylogenetic trees branching can be conditioned
by various types of inheritance (biparental and uniparental)
character for nuclear and chloroplast markers, respectively,
chosen to construct trees.

The revealed molecular features of Miscanthus different
species can be used to identify and certify the Miscanthus
forms and lines promising as available plant material, suitable
for perspective environmentally safe alternative biofuel
production.
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TeHgeHIIVSI IIPEeOdOIeHUS VCTOMUMBOCTI

K OYpOIi p>KaBUMHE MHTPOTPECCUBHBIX JIMHUI
MSITKO IIIIeHUIIbI C TeHeTUYeCKIM MaTepnajioM
Aegilops speltoides Tausch

A Taotaukosa! @, A.B. Memkosa?, E.VI. Tyabrsiepa’, O.IT. Murpodarnosat, 1.d. Aamouknna®

1 Omckuit rocyfapCcTBeHHbIV arpapHbii yHuBepcuteT nmenu MN.A. Ctonbinuna, Omck, Poccua

2 OmcKuin arpapHbIN HayuHbIn LeHTp, Omck, Poccna

3 Bcepoccnitckuin HayYHO-NCCNIEOBATENbCKIAI MHCTUTYT 3alLuThl pacTeHuit, CaHKT-Metep6ypr, MywkuH, Poccns

4 DenepanbHblii NccefoBaTeNbCKUI LIEHTP BCepOCCUIICKII MHCTUTYT reHeTUUECKNX PecypCoB pacTeHuit e H.W. Basunosa (BUP),
CaHkT-lMetepbypr, Poccusa

5 MockoBcKuin HayuYHO-MCCNeAoBaTENbCKNIA MHCTUTYT CENbCKOro Xo3ancTea (HemurHoBKa), MockoBckasa obnacTb, Poccus

Pa3BuTre Bypoli pxaBurHbl, Bbi3biBaeMol rpubom Puccinia triti-
cina Erikss., NpMBOANT K CYLLECTBEHHBIM NOTEPAM YPOXKasA MArKOM
nweHunubl Triticum aestivum L. Bug Aegilops speltoides Tausch

(2n = 14, reHom SS) cumTaeTca NepcnekTUBHbLIM NCTOYHVKOM FreHOB
LA 3aWmnTbl NWweHnUbl oT 6onesHei. Lienbto nccnegosanuin 6bin
MOHUWTOPVIHT YCTOMUMBOCTM 06pa3LioB Ae. speltoides, nHTporpec-
CUBHbIX IMHUI 1 COPTOB MATKOW MNLIEHMULbI C FeHETUYECKMM MaTe-
puanom 3Toro BuAa K 3anagHocubupckon nonynsayuy sosbyante-
na 6ypon pxkaBumHbl. OLleHKa YCTONUMBOCTY PACTEHUI B YCIOBUAX
€CTeCTBEHHOMO NHPEKUOHHOTO GOHa Nokasana, Yto obpasubl

Ae. speltoides 6binv IMMYHHbI K 6ypoii pxKaBunHe, OfHaKo Habnto-
[aeTca TeHAEHLMA NOBbILWEHWA BOCMIPUMMYMBOCTY MHTPOTPeCccmB-
HbIX IMHWI 1 COPTOB MNieHULbl. OTMEUEHO CHUKEHME 3aLUTHOTro
nencTBuA reHoB Lr28, Lr36 v Lr35, Ho Lr47 coxpaHAeT cBoto b dek-
TUBHOCTb B 3aNaiHOCMOVPCKOM PErmoHe, YTo NOATBEPKAEHO
OLIEHKOW BMPYNEHTHOCTN OMCKOW nonynauun P. triticina K nepe-
YnCNeHHbIM reHam. B nepuog nccnegosannin (2003-2017 rr.) 6bina
npeofoneHa pe3ncTEHTHOCTb NHKI Of 26/89, 156/90, aHanoros
copTa HoBocnbumpckan 67 AHK-39 (B, C) n nuHmm J1-500 13 konnek-
uun «ApceHan». inaum Opg (35/1, 35/89, 210/90, 278/89), AHK-39
(A, D, E), J1-501, copTa Yenaba 75 n Mit octaBanucb BbICOKOYCTOM-
UMBbIMY B TEYEHME BCErO Neprofa NpoBeaeHnsa ncnbitaHuin. Mo
[aHHbIM MONEKYNIAPHOrO aHann3a 1 GUTonaToNornyYecKoro TecTu-
pOBaHusA, B M3yUYeHHbIX 0bpasLax (3a NCKNYEHNEM IMHWI copTa
Thatcher n Pavon) He BbiABNEeHbl U3BeCTHble reHbl Lr28, Lr36 v Lrd7
oT Ae. speltoides. Ha ocHOBaHMM AaHHbIX, MOAYYEHHbIX C MOMOLLbIO
[HK-mapkepoB, caenaHo npeanonoXeHve o Tom, 4to copT Yensa-
6a 75, cemb ycTonumsbIx nuHWM cepuin Op n AHK-39 copepxat
TpaHcoKauum ¢ reHom LrSp. B octanbHbix 0bpasuax BepoAaTHO
Hanuumne fONONHUTENbHbIX HENAEHTUGULNPOBAHHBIX FEHOB
ycTonumnBocCTm Ae. speltoides. TeHAEHUMIO CHUMXEHWA YCTONUYNBOCTI
K 6YpOI prKaBUMHE UHTPOTPECCHBHBIX JIMHWIA U COPTOB C reHamu
Ae. speltoides HeOBXOANMO yUmnTbIBaTb MPU CENEKLMUM MATKOW MLue-
HULbI, NPeAHAa3HAYeHHOW ANA BblpalyBaHus B 3anagHomn Cnbrpu.

KntoueBble cnosa: Triticum aestivum; Aegilops speltoides; nHTpo-
rpeccuBHble NUHWK; Puccinia triticina; BUPYNeHTHOCTb; Lr-reHbl;
MOJeKynApHbIe MapKepbl.

A tendency towards leaf rust
resistance decrease in common
wheat introgression lines

with genetic material

from Aegilops speltoides Tausch
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O.P. Mitrofanova?, LF. Lapochkina®
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Leaf rust, caused by the fungus Puccinia triticina Erikss.,
inflicts serious crop loss of common wheat Triticum aesti-
vum L. The species Aegilops speltoides Tausch (2n = 14, SS)
is considered a promising issue of genes to protect bread
wheat from diseases. The objective of this study was the
monitoring of resistance to leaf rust of Ae. speltoides ac-
cessions and introgressive lines and cultivars with genetic
material of this species to the Western Siberian popula-
tion of fungus. The estimation of specimens in the field
conditions on natural infectious background showed that
the Ae. speltoides accessions were immune to leaf rust,
however, a tendency towards increasing susceptibility of
the introgressive lines and varieties was detected. The
protective effect of the known genes Lr28, Lr36 and Lr35
decreased, but Lr47 remained efficient in West Siberia, as
confirmed by the results of testing of the Omsk population
of P. triticina for virulence to the mentioned genes. During
the study (2003-2017) the resistance has been overcome
of lines Od 26/89, 156/90, analogs of cv. Novosibirskaya
67 - ANK-39 (B, C), and L-500 from the “Arsenal” collection.
High resistance to leaf rust was preserved of lines Od
(35/1,35/89,210/90, 278/89); ANK-39 (A, D, E); L-501 and
cvs. Chelyaba 75 and Mit. Analysis of DNA markers and
phytopathological tests showed that the studied variet-
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KAK UUTUPOBATbD 3TY CTATbIO:

ies and lines lacked the known genes Lr28, Lr36, and Lr47
from Ae. speltoides (except for the lines of cvs. Thatcher
and Pavon). On the base of analysis of DNA markers, it was
assumed that Chelyaba 75 and seven resistant lines from
the Od- and ANK-39-series have translocations bearing
the LrSp gene. Presumably, the rest of samples possess
additional not yet identified genes of Ae. speltoides. The
trend of overcoming of resistance to leaf rust of introgres-
sive lines and varieties with Ae. speltoides genes should be
taken into consideration in common wheat breeding in
Western Siberia.

Key words: Triticum aestivum; Aegilops speltoides; introgres-
sive lines; Puccinia triticina; virulence; Lr-genes; molecular
markers.
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ypasi p>KaBuMHa, BeI3bIBaeMasi rpudoM Puccinia triticina
Erikss., pacripocTpaHeHa BO BCEX perHOHaX BO3AEIIBIBA-

HUSI MSITKOW mieHuusl Triticum aestivum L. 1 IpuBOIUT

K exerofgubM — 5—10 %, a B roasl snudurotuit — 50-70 %
notepssm ypoxkas (Eversmeyer, Kramer, 2000). dns cradu-
JM3anuK (UTOMATOIOTHYECKOH 0OCTAaHOBKH B arpoleHO3ax
HeoOXOAMMO MOBBIIIATH Pa3HOOOpa3ue COPTOB MO TeHaM
YCTOHUYMBOCTH, B CBSI3H C UEM B CENIEKIIMOHHBIX YUPEXKICHHUAX
TUIAHOMEPHO MPOBOJIAT PAOOTY IO NEPEHOCY TEHETHYECKOTO
Mmarepuajia Jpyrux BHJIOB B TeHOM mnuieHunsl. B Karanore
CHUMBOJIOB T€HOB TIIIEHHIIBI ocaHo O6omnee 80 reHOB yCTOM-
YMBOCTH K Oypoii prkaBunHe (rens! Lr) (Mclntosh et al., 2013).
BBaeieHne 4yepoHbIX TeHOB B COPTa — JTUTENBHBIN IPO-
1IeCC, TIOCKOIBbKY HHTPOTPECCHHU, 0COOEHHO MHOKECTBEHHBIE,
PE3KO YXYIIIAIOT X03IHCTBEHHO LICHHBIC TIPU3HAKU PACTCHNH
(Friebe etal., 1996; Salina et al., 2015). XKectkue TpeboBanus
K YPOXaWHOCTH M Ka4€CTBY 3€PHA MIICHUIBI BBIHYXKIAIOT
CCJIEKIIMOHEPOB HCIIOIB30BaTh OTPaHWYCHHBIA HAaOOp dy-
JKepOAHbIX TeHOB Lr (MapThiHOB 1 ap., 2015). Monexynsp-
HO-T€HETUYECKUI CKPUHUHI COpPTOB M3 [ocynapcTBeHHOro
peecTpa CENCKIIMOHHBIX JOCTH)KEHHUH, JOMYIICHHBIX K HC-
nosp3oBannto (2005-2013 rr.), mokasai, 4to OoJbIIas MX
4acTh, MPEUMYIIECTBEHHO BO37eNbIBaeMbIX B [loBOIKbeE,
1OxHO0-Ypanbckom u 3anaaHo-CHONPCKOM perHoHax, 3aliy-
1ieHa nByms renamu, Lrl9 u Lr9, ot Agropyron elongatum
(Host.) Beuv. u Aegilops umbellulata Zhuk. cooTBeTCTBEHHO.
Joist pacimpeHns reHeTHYECKOH 0a3bl CENeKINH MIICHUTIBI
MEePCIEKTUBHBIMU UCTOYHUKAMH I'€HOB YCTOHYMUBOCTH K 0O-
JIE3HSAM CUMTAIOTCS BUABI pona Aegilops L. cexmim Sytopsis,
npexze Bcero Bua Aegilops speltoides Tausch (2n =2x = 14,
reroM SS). Pe3ynbsraTel GPUTONATONIOIMYESCKHIX OLIEHOK, B TOM
YHCJI€ MHOTOJIETHUX, 00pPa3IoB 3TOTO BHAA, HMPEICTABICH-
HBIX B KOJUIEKLHUSX Pa3IMYHBIX CTPAH MHpa, MTOKA3aJH, YTO
OOJIBIIMHCTBO U3 HUX IPOSIBISIET MMMYHHUTET MM BBICOKYIO
YCTOWYHMBOCTH K MECTHBIM IMOITYJIAIHSIM BO30yANTETS Oypoit
pxaBunns (Gill et al., 1985; Shah et al., 2000; Muxaiinona,
20006; Anikster et al., 2005; Teipbimikus u ap., 2012; Holubec
etal., 2014). B nacrosiee BpeMsi B TeHOM MATKOH MIIICHUITBI
oT Ae. speltoides nepeHeceHbl MECTh TEHOB YCTOWYMBOCTH,

leHodoHp 1 ceneKkuma pactTeHuin

3 uux Lr28, Lr36, Lr47, Lr51, Lr66 nposBISIIOTCS Ha CTaTuu
MIPOPOCTKOB, a Lr35 — y B3pocubix pacternit (Mclntosh et
al., 2013).

B Poccuu nmeeTcst 0orarhlii OIBIT IPEICEICKIIMOHHOM pa-
60THI ¢ 0Opasmamu Ae. speltoides. Bo Beepoccuiickom mH-
CTUTYyTe T€HETUYECKHUX pecypcoB pactenuil umenu H.1. Ba-
BuioBa (BUP, Cankr-IletepOypr) ObliM MomyueHB! HHTPO-
TPECCHUBHBIE JIMHUY C TPYNIIOBOH PE3NCTEHTHOCTBIO K TPUO-
HBIM OO0JIE3HSIM M TaMeTonuAHBIM TeHoM G (OnuHIoBa u
np., 1991). B MocKOBCKOM Hay4YHO-HCCIIEJIOBATENHCKOM HH-
CTHTYTE CeNbCKOro X03siicTBa (HeMunHOBKa) co3maHa KO-
JEKIUsT MHTPOTPECCUBHBIX JMHHUHM MIIEHUIBI ApCeHal C
reHaMu JMKUX BUAOB, BKItouast Ae. speltoides (Jlanoukuna,
2005). B HannonansnoMm mentpe 3epHa uM. [LIL. Jlykps-
HEHKO TMOJYYCHBl YCTOWYMBBIC K P)KaBUMHHBIM OOJIE3HIM
JIMHUM Ha OCHOBE F€HOMHO-3aMEIICHHOM (pOPMBI MILICHUIIBI
ABponec (terpa-ABpopa x Ae. speltoides) (daBosH u np.,
2012). TlepBbIii poccuiicknii cOPT MSTKOH MIICHUIIBI C TEHE-
THYECKUM MatepuanoM Ae. speltoides — Yensiba 75 (¢ reHoM
LrSp)— sxuttodeH B ['ocymapcTBEHHBIH peecTp CeTeKINOHHBIX
JOCTHKEHUH, JOMYyIIEHHBIX K UCHONb30BaHuIo, B 2012 1.
(Tronus u np., 2017).

Jis IepCeKTUBHOM CETeKITHH BayKHa HH(POPMALIUS O CTe-
MIeHN YCTOMYMBOCTHU K OOJIE3HN MCTOYHHKOB I'eHOB Ae. spel-
toides B OCHOBHBIX PETMOHAX BO3JIEJIBIBAHUS MIICHUIBI, &
TaKKe O TeHETHIECKOM KOHTPOJIE TIPU3HaKa. B cBsa3n ¢ aTum
IEJIBI0 MCCIIEAOBAHMH OBIT MOHHUTOPHUHT YCTOHYHMBOCTH K
Oypoii pxkaBurHE 00pa3IoB Ae. speltoides, THTPOTPECCHUBHBIX
JIMHUH 1 COPTOB MSATKOH MIIEHHIIBL, TOIyYEHHBIX C yIaCTHEM
9TOTO BHA, K 3araJIHOCHONPCKOI oMy sy Oypoit pxkas-
YHHBI.

MaTtepwuanbl n metogbl

PacTurenbHblii MaTepuad. B uccnenoBanus ObIUTH BKITIOUE-
HBI 00pas31el BUaa Ae. speltoides (xx-2, 12,43,452,453) u 20
COPTOB U JIMHUI MATKOH MIIEHUIIBI ¢ €T0 TeHAMH U3 KOJUIEKIUU
FEHETUYECKUX PECypCcoB pacTeHnil Becepoccuiickoro HHCTH-
TyTa FeHETUYECKUX pecypcoB pacteHuit um. H.M. BaBuiosa
(BUP). U3BecTHBIC TeHBI OT Ae. speltoides Hecnn ITMHUU
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spoBoi Msrkoi nuenuns copra Thatcher TeLr28 (RL-
6079, tpancnokanus T4AS.4AL-7S#28S), TcLr35 (RL-6083,
T2BS-2SS.2SL), TeLr36 (ER84018, 6BS), copt Pavon (Lr47)
(x-44748, TAS-7S#1S-7AS.7AL). UuTpOrpeccUBHbIC THHUN
cepun On (26/89, 35/1,35/89, 69/89, 156/90, 210/90, 278/89)
coznans! M.I. OnuHII0BOM € cCOTpyAHMKaMHU Ha OCHOBE ampu-
murutonna 1. dicoccum * Ae. speltoides, 4acth U3 HUX HeEcCa
raMeTOLUHbINA reH Ge, MPUBOISIIIN K 3IMMUHALUH TBUIBIIBI
C PEleCCUBHBIMH AJUIENISIMH YCTOWYNBOCTH (JIMHUU-KYKYIII-
KH), B ApyTUX OH oTcyTcTBOoBan (OauHnoBa u ap., 1991).
Amnarnoru copra mmueHuns HoBocubupekas 67 AHK-39(A-E)
(kk-65529, 65528, 65524, 65525, 65526 COOTBETCTBEHHO)
nonyuensl C.d. Kopanem Ha 6a3e pazubix nunuit On (Kosans
u zp., 2001). Copt spoBoii mmenunsr Yemsada 75 co3man ¢
yuactreM auaun O (JTHHUS-KyKy1ika) 1 Hecet reH LrSp (Tro-
HUH U Ap., 2017). JIuauu JI-500 u JI-501 (xx-62903, 62904)
nonyuyersl .@. Jlamoukunoit (2005). CopTt 03uMoOl mrre-
uunel Mit (k-58063, CIIIA) nmeet B posiocioBHOIt Ae. spel-
toides (Genetic Resources Information System. ..., http://www.
wheatpedigree.net/). B kaguecTBe cTaHIapTOB BOCTIPHAMYH-
BOCTH HCIOJIB30BAJIM COPTa SPOBOM MATKOW mmeHnp [1a-
MsTH A3neBa (cpeanepannuii), HoBocubupckas 67 (cpeane-
cnensiit), Cepedprcras (CpeTHETIO3THUT).

®durtonarojoruieckue oumeHKu. Passurue Oypoil pxas-
YMHBI HA TIOCEBAX OLICHMWBAJIU B JIECOCTEIHOM 30HE fora 3a-
nagaoi Cubupn (. OMCK) Ha €CTeCTBEHHOM HH()EKIIMOHHOM
¢one 820032017 rr. MaccoBoe pazBuTHe Oypoii p>KaBUHHbI
B 30HE HAOJIIOJIaeTCsl B KOHIIE MIONISi—aBIycTe, Kornua y pac-
TEeHUH GPOpMHUpPYETCS U CO3peBaeT 3epHO. THI peakIu pac-
TEHWH Ha 3apa)KEHHUE B MOJIEBBIX U JJAOOPATOPHBIX YCIOBHAX
OMpPENeIIsIN 10 MATHOATbHOH MiKane: 0 — UMMYyHHUTET, 0e3
CcUMITTOMOB; (; — HEKpO3bI 0e3 Iy cTylT; | — yCTOWYNBBIN, O4eHBb
MEJIKHE MYCTYJIbl ¢ HEKPO30M; 2 — YMEPEHHO YCTOWYNBBIH,
MYCTYJIbI MEJIKUE WIIH CPETHHUE, C HEKPO30M; 3 — YMEPEHHO
BOCIIPUUMYHBBIH, yCTYIIbI CPEAHEH BETUINHBI 0€3 HEKPO3a;
4 — BOCIIPUMMYHBBIH, ITyCTYJIBI KPYITHBIE, YACTO CIIMBAIOIIIE-
cs (Mains, Jackson, 1926). Peakiuro 0-2 6amna cuuranu
ycroitunBoit, 3—4 Gamna — BocnpunMuuBoi. CTerneHns mopa-
JKEHUsI pacTeHuH (B %) OIEHUBAJIM 110 CPAaBHUTEIBHOH IITIKaJIe
(Peterson et al., 1948).

H3yyenne nomyasiuum P. triticina. CiopooOpasisl UIs
aHanm3a nonynsiuuu P, triticina coonpamu B 2013-2016 1T Ha
COpPTax sIPOBOM MATKOM MIIIEHHUITBI B pa3HBIX paifoHax OMckoi
obnactu. M3ydeHne momynsanuy 0 BUPYJIEHTHOCTH ITPOBO-
JIJTH ITyTEM OTIPEZIeTICHUs peaKInil TPOPOCTKOB JIMHUH, CO-
nepkanux reusl Lr28, Lr36, Lr47, na 3apakeHue u3onsaTaMu
rpuba. AHaIN3 aJUIETBHOTO COCTaBa T€HOB BUPYICHTHOCTH
BEITONTHSUTH 110 Metony JI.A. Muxainosoit (2006). YactoTy
BUPYJCHTHBIX KJIOHOB B MOMYJSAIMU (B %) ONpeaessuiu Mo
pesynbratam anammsa 300—400 u307ATOB.

MoJiekyasipHO-TeHeTHYeCKHe ucceaoBaHus. s no-
cTyaupoBanusi reHoB Lr28, Lr35, Lr47 u Lr66 y obpa3uos
neHUI! uernonbk3oBamn JJHK-mapkepsr SCS421; Sr39+422r;
PS10; S13-R16 cooTBeTcTBEHHO. JIOMOIHUTENBHO B aHAIN3
BKJIFOYHMJIM MapKepbl T€HOB, IIHUPOKO PACHPOCTPAHEHHBIX B
poccuiickux coprax mmeHunsl: Lr9 (mapkep SCSS), Lrl9
(SCS265), Lr20 (STS628), Lr24 (Sr24#12, Sr24#50),
Lr26 (SCM9), Lr39 (=Lr41) (GDM39), Lr34 (L34DINY/
L34Plus), Lr37 (Ventriup/LN2). JIHK Bemensim u3 Tpex
JIMCThEB 5—7-AHEBHBIX MPOPOCTKOB MIIEHUIIBI IO METOIMKE
562
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J.b. Hopoxosa u 3. Knoke (1997). Ammmudukaruio JJTHK
TIPOBOMIIH TT0 paHee OMMMCAHHBIM MpoTokoiraM (Marais et al.,
2010; I'ynersiea u ap., 2017; http://maswheat.ucdavis.edu).
J1J1s TOCTYNMPOBaHMsI FTEHOB YCTOMYMBOCTH B 00pa3iax Iiie-
HUIIBI JIOTIOJTHUTEIBHO TPOBENN (PUTOMATOIOTHIECKUI TeCT
C UCTIOJIb30BAaHUEM TECT-KIIOHOB ITATOTeHa, MAPKHPOBAHHBIX
BUPYJIEHTHOCTBIO K Lr9, Lr19 n Lr26 (Muxaiinosa, 2006).

Pe3ynbratbl

B nepuon 20032017 IT. 0TMEYEHO €KEroJHOE HHTECHCUBHOE
pa3BuTHe Oypol prKaBUMHBI Ha MOcCeBaxX (MOpakeHHE BOC-
npuUMYHBEIX copToB 70—100 %), 32 HCKITIOUCHUEM CE30HOB
¢ anuTenbHoM 3acyxoit (2008, 2010 1 2012 rr).

B cBs131 ¢ ycuneHneM pa3BuTHS Oypol piKaBUMHBI U TIpe-
oznosieHneM 3P PEeKTHBHOCTH OOJBIINHCTBA H3BECTHBIX TCHOB
ycroituuBoctu (IImorauxosa u ap., 2015) B 2014-2017 rr. B
HCCIIeTOBaHUs OBLT BKITIOUEH Habop 00pasnoB Ae. speltoides.
JluHuM ¢ reHeTHYecKUM MarepuanoMm Ae. speltoides Obln
noy4eHsl B 1980-2000 rr. 1 mposIBISIIM BBICOKYIO yCTOWYH-
BOCTB K Oypoii pkaBunHe B paifoHax ux co3nanus (OanHIoBa
u ap., 1991; Jlanoukuna u ap., 1996; Kosane u ap., 2001;
Mclntosh et al., 2013). Bce oHn posiBIIsisii IMMYHUTET Ha
CTaJ1H MPOPOCTKOB (TAHHBIE HE TPHUBOIATCS) U B3POCIBIX
pacTeHHH B IOJIEBBIX ycinoBusiX B OMcKoi obnactu (Tabnmia).

Jlunus TcLr28 ¢ renetnveckum Matepuaiom Ae. speltoides
JUTATENTFHOE BPeMs COXpaHsia IMMYHHUTET, HO B 2011 1. G110
OTMEUEHO NOSBJICHHE EANHUYHBIX TycTyn, aB 2013 n2017 rr.
cTeneHb nmopaxkeHus moBbicuiack 10 30 %. YcToMuMBOCTH
muann TcLr36 B 2003-2009 rT. BappupoBana, a ¢ 2011 .
CHUMITTOMBI 00JI€3HM oTMedalHch exeronno (5-30 %). Cpe-
JI1 M3BECTHBIX TeHOB Ae. speltoides cambiM 3(pheKTHBHBIM
octaercs Lr47, vo ¢ 2013 1. Ha pacTtenusx copra Pavon, no-
HOpa 3TOTO T'eHA, PETYJSIPHO OTMEUACTCS TTOSIBIICHUE ITYCTYI
narorena (crenens nopaxenus 1-10 %). I'en Lr35 ompene-
JII€T BO3PACTHYIO YCTOMUMBOCTD K P>KaBUMHE, €r0 1EUCTBHE
ycrimBaeTcs ¢ (ha3bl KOJIOIICHUS 1 CI1a00 3aBHUCHT OT yCIIOBUI
cpensl (Ilnoraukosa, Ty6eit, 2009). B 20032014 rr. maxxe
MIpU MHTEHCUBHBIX BCIIBIIIKAX Ooyie3HM mopaxenue TcLr3s
He npesbimano 5-30 %, Ho B 2016-2017 rr. oHO ycunuuock
110 40-50 %, 4TO CBUAETENLCTBYET O CHMKEHHU d(PdeKTHB-
HOCTH T€Ha.

B nauaie 90-x rr. XX B. Bce aunnu U.I". OauH1oBoi 0bu1i
MMMYHHBI K MOIYJIIIUK Oypoit p>kaBarHbl B OMCKOM 001ac-
tu. B 1998 1. 6612 mpeononena ycroitunocts On 69/89 (ue
omy6nkoBaHo), B 2014 . — O 156/90, B 2017 . — O 26/89
(20 %), ocTanpHBIE YETHIPE JIMHUHM COXPAHIIOT UMMYHHUTET
1o Hactostero Bpemenu. Cepust muanit AHK-39(A-E) 6pi1a
norydeHa Ha ocHoBe JMHUHA Ox. B 1moneBbIX yclIoBUsIX OHU
JUTUTENIbHOE BpeMs NPOSIBISUIN UMMYHUTET, HO B 2014 1.
6pu1a ipeomornena pesucreHTHOCTE AHK-39C, a 8 2017 1. —
AHK-39B. Ocraneabie muann cepun AHK-39 (A, D, E)
COXPAHSIOT BBICOKYIO YCTOHUMBOCTH (IOpaskeHue He Oosiee
5-10 %) (cM. TabmuIy).

B 2014 . Habop MHTPOTPECCUBHBIX JMHUH OBLT JOMOIN-
HeH copramu Yensioa 75, Mit u muausvu JI-500 u JI-501 u3
Koyiekuuu «Apcenam. I[lo nanHbIM (puTOTaTONOrHYECKUX
onenok 2014-2017 rr., copr Yensi6a 75 n muaus JI-501 coxpa-
HSIFOT BBICOKYIO YCTOMUMBOCTB K Oypoii pkaBurHe, IIOpaKeHNe
copra Mit BapsupoBaino ot ymepenHoro (30 % 8 2016 ) no
cimaboro (1-10 % B 2014, 2017 rr.), a muaus JI-500 okazanack
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TeHaeHUMA NpeofoneHNA YCTOMUMBOCTA K Bypoii pXkaBUnHe J1.A. MnoTtHuKoBa, J1.B. Mewkosa, E.W. Tynbtaesa 2018
VNHTPOTrPECCUMBHbIX IMHUIN MATKOW MLWEHWLbl O.MN. MutpodaHosa, N.0. JlanoukrHa 22.5
Results of the field estimation of leaf rust severity in Ae. speltoides accessions, introgression lines,
and common wheat varieties with Ae. speltoides genes (score / %), 2003-2017
Variety or accession™ Years

2 0 03 ........ 2 004 ........ 2 005 ........ 2 006 ........ 2 007 ........ 2 009 ........ 2 011 ......... 2 013 ........ 2 014 ......... 2 015 ........ 2 016 ........ 2 017 .......
PamyatiAzieva  4/70  4/70  4/90  4/70  4/90  4/80  4/80  4/100 4/80  4/20  4/80  4/100
Saratovskaya 20 4/80  4/70  4/100 4/70  4/100 4/100 4/80  4/80  4/90  4/50  4/100 4/100
‘Novosibirskaya67 ~ 4/70  4/80  4/100 4/80  4/100 4/100 4/90  4/90  4/100 4/70  4/100 4/100
Serebnstaya ....................... e e e : _4/100 ....... 4 /904/80 ......... 4 /1004/100 ......

kz,qespe/to,des ............... e e S S e 0 /0 ............ 0 /0 ........... o /0 ........... 0 /o ..........

k12Ae5pe/to,des ............. e e S S R 0 /0 ............ 0 /0 ........... o /0 ........... 0 /o ..........

k43Ae5pe/to,des ............. e e S S R 0 /0 ............ 0 /0 ........... o /0 ........... 0 /o ..........

k452Ae5pe/to,des ........... e S S e R 0 /0 ............ 0 /o ........... o /0 ........... 0 /o ..........

k453Aespe/to,des ........... e S S e R 0 /0 ............ 0 /o ........... o /0 ........... 0 /o ..........

Tchzg ................................. o /o ........... o /0 ........... 0 /o ........... 0 /0 ........... 0 /0 ........... o /04/54/20 ......... 4 /104/5 ........... 3 /204/20 ........
T35 4710 45 430 420 430 420 420 410 430 410 440  4/50
Tch36 ................................. 3 /5 ........... o .............. 0 4/104/10 ......... o /04/104/30 ......... 4 /104/5 ........... 4 /204/20 ........

pavonLr47 ......................... e S e - 0/0410 .......... 4 /54/1 ............ 4 /14/5 ..........

od35/1 ............................... o /o ........... o /0 ........... 0 /o ........... 0 /0 ........... 0 /0 ........... o /oo/o ........... 0 /o ........... 0 /0 ............ 0 /0 ........... o /0 ........... 0 /o ..........

od35/39 ............................ o /o ........... o /0 ........... 0 /o ........... 0 /0 ........... 0 /0 ........... o /oo/o ........... 0 /o ........... 0 /0 ............ 0 /0 ........... o /0 ........... 0 /o ..........

o d 2 10/90 .......................... o /o ........... o /0 ........... 0 /o ........... 0 /0 ........... 0 /0 ........... o /00 /0 ........... 0 /o ........... 0 /0 ............ 0 /0 ........... o /0 ........... 0 /o ..........

o d 2 73/89 .......................... o /o ........... o /0 ........... 0 /o ........... 0 /0 ........... 0 /0 ........... o /00 /0 ........... 0 /o ........... o /0 ............ 0 /o ........... o /0 ........... 0 /o ..........

od26/89 ............................ o /o ........... o /0 ........... 0 /o ........... 0 /0 ........... 0 /0 ........... o /00/0 ........... 0 /o ........... 4 /14/5 ........... 4 /104/20 ........

0d155/90 .......................... o /o ........... o /0 ........... 0 /o ........... 0 /0 ........... 0 /0 ........... o /00/04/5 ........... 4 /604/80 ......... 4 /704/60 ........
0d69/89  4/90  4/70  4/100 4/70  4/100 4/80  4/80  4/80  4/80  4/80  4/80  4/80
ANK39A ............................ 0 /o ........... o /0 ........... 0 /o ........... o /0 ........... 0 /0 ........... o /oo/o ........... 0 /o ........... o /04/5 ........... o /04/10 ........

ANK39V ............................ 0 /o ........... o /0 ........... 0 /o ........... o /0 ........... 0 /0 ........... o /oo/o ........... 0 /o ........... o /04/5 ........... 4 /104/40 ........

ANK395 ............................. 0 /o ........... o /0 ........... 0 /o ........... o /0 ........... 0 /0 ........... o /04/14/30 ......... 4 /704/40 ......... 4 /1004/100 ......

ANK39D ............................ 0 /o ........... o /0 ........... 0 /o ........... o /0 ........... 0 /0 ........... 0 /oo/o ........... 0 /o ........... o /0 ............ 0 /o ........... o /04/10 ........

ANK39|5 ............................. 2 /10 ......... 0 .............. 2 /5 ........... 2 /5 ........... 2 /10 ......... 0 /oo/o ........... 0 /0 ........... 2 /5 ............ 0 /o ........... o /04/5 ..........
|_500 .................................. e R e e — 4 /404/10 ......... 4 /704/100 ......
|_501 ................................... e S S e R o /0 ............ 0 /o ........... o /0 ........... 0 /o ..........
Che|yaba75 ....................... e S S e R o /0 ............ 0 /o ........... o /04/5 ..........
Nm ...................................... e S S e R 4 /14/5 ........... 4 /304/10 ........

*k, accessions from the VIR collection; Tc, near isogenic lines of var. Thatcher; Od, I.G. Odintsova’s lines; ANK-39, immune analogs of var. Novosibirskaya 67; L, lines

from the Arsenal collection.

BOCIIpUUMUYMBA K O0JIe3HU. B 11€710M, COmacHoO pesyabsraram
OILICHOK pa3JIMYHbIX WHTPOTPECCHBHBIX JIMHUH U COPTOB C
reHamu Ae. speltoides, OTMEUCHO MOCTEIICHHOE TIOBBIIICHHE
MX BOCTIPHIMYHUBOCTH K OOJI€3HU, OCOOCHHO YCHIIMBILEECS
B2013-2017 rr.

Jlist MoATBEPIKICHHS TIOJIyYSHHBIX PE3yJIbTaToB ObLIT U3Y-
YEH COCTaB NOMYISILKU P, friticina 10 BUPYJAEHTHOCTH K TeHaM
Ae. speltoides Lr28, Lr36, Lr47. YcTaHOBJICHO, YTO 3HAYUTEIb-
Hasl JOJIsl U30JIATOB P, triticing Hecsa aJllesId BUPYJIEHTHOCTH
pp28, pp36, pp47. Ilpn stom B iepuon 2013-2016 rr. momnst
KJIOHOB (B CpeIHEM MO 001acTH) ¢ auiensiMu pp28 Bo3pocia
B 2.5 pa3sa (¢ 15.6 10 38.4 %), a ¢ pp36 v pp47 — cHU3UIACH
B 2.1 m 3.3 paza (¢ 30.1 m0 19.7 % u c 15.1 no 4.5 % coot-
BETCTBEHHO).

leHodoHp 1 ceneKkuma pactTeHuin

B pesynbrare MOJIEKYIAPHOTO aHAIHM3a Y N3ydaeMbIX 00-
pa3LOB MILIEHULbI HE BBIABIEHO reHoB Lr9, Lrl19, Lr24, Lr37,
Lr39, Lr20, Lr34 Lr28 v Lr47, 4To cornacyeTcs ¢ JaHHbIMU
(huTOmaToIOrMUECKOro TecTHpoBaHui. Y copra Yemsaba 75
(c rerom LrSp), muamii Ox (210/90, 278/89, 35/1, 35/89) u
AHK-39 (A, E, D), coxpaHuBIIHX yCTOWYHBOCTH K Oypoi
PrKaBUMHE, TIOKa3aHO HAMMYHE aMIUTHKOHA pasmepom 800 1. H.
st mapkepa Sr39#22r u 695 n.H. qua mapkepa S13-R16

(pucyHOK).

O6cyxpeHue

Msirkast mieHua Bo3/ebiBacTcsi B (hopMe MOHOKYJIBTYPBI
Ha oOmmpHOi omann B [ToBomwkbe, Ha FOxHOM Ypaie, B
3anagnoi Cubupu, Anraiickom kpae, CeBepaom Kazaxcrane.
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<— 800 bp

LA _ Bl 8 <«— 695bp

M 1 2 3 4 5 6 7 8 9 10 11 12 13

14 Lr35 Ch75

Electrophoretic resolution of PCR products of wheat accessions with markers (a) Sr39#22r and (b) S13-R16.

Lanes: M, molecular weight ladder 100 bp (Fermentas); 7, ANK-39E; 2, Mit; 3, ANK-39V; 4, ANK-39A; 5, ANK-39D; 6, ANK-39S; 7, L-500;
8,L-501; 9,0d 210/90; 10, Od 278/89; 11,0d 26/89; 12, 0d 156/90; 13, 0d 35/1; 14, Od 35/89; Lr35, line TcLr35; Ch75, var. Chelyaba 75.

B 70-90-x rr. XX B. BCTIBIIIKHN Oypoii p>KaBUMHBI B 3THX pe-
I'MOHAX IPOUCXO/IMIIH KaXK/IbIe YEThIPE-IIECTh JIET U3 JECSATH
(Canmn, 1997). B nmocnennue necsITUICTHS PETyIsIpHOE pa3-
BUTHE OYpoil p’KaBYMHBI M YCHIIEHHE €€ BPEJOHOCHOCTH OT-
Meuensl B [ToBomxne 1 Ha FOxxHoM Ypane (Mapkenosa u ap.,
2014; TronwH u 11p., 2017). [IpoBeeHHBIC HAMHU HCCIICTOBAHUS
moKasaiy, 4yTo Ha tore 3amagaoit Cubupu B 2003-2017 T
CHJIbHOE Pa3BUTHE PIKABUMHBI (ITOpaKEHUE COpTOB J10 70—
100 %) mpoucxonmio B 12 u3 15 ce30HOB, T. €. 9aCTOTa BCIIbI-
IIeK OOJIE3HH CYIIIECTBEHHO BO3POCIIA.

3amagHocudupcKas nomyJsiius P, triticina BecbMa arpec-
CHBHA, €¢ KJIIOHBI HecyT 13—15 reHoB BUPYJACHTHOCTH KakK K
TeHaM YCTOMYMBOCTH, BBEJCHHBIM B KOMMEpPYECKHE COpTa
(Lr9), Tax 1 K HE UCII0Ib30BaHHbBIM B cenekiuu (I1noTHnkoBa
u ap., 2015). DTo BBIHYXIAeT BKIIOYATh B CENCKIIMOHHBIN
IIpOIlecC HOBBIE I'€HBl YCTOMYMBOCTH, a TaKXXe MPOBOAUTH
MOHUTOPHHT X 3()()EKTUBHOCTH B PErHOHE.

C yueroM ycuiieHHs pa3BUTHsI Oypoi pikaBUMHBI MIICHH-
1l B 3amagHoit Cubupu Oblia TIPOBEICHA OIICHKA yYCTOWYH-
BOCTH ITATH 00pas1oB Ae. speltoides v yCTaHOBICHO, YTO OHU
coxpanmnn ummynutet B 2013-2017 . Panee B paborax
JIPYTHX aBTOPOB OBIJIO TIOKa3aHo, 4T0 00pasisl Ae. speltoides
UMMYHHBI K nonynsuusMm P, triticina CeBepo-3anagHoro u
Ceepo-Kaskasckoro permonos (Teipsimkus u ap., 2012;
I'ynersieBa n ip., 2014; Bonkosa u 1p., 2016), uTo cBUAETEb-
CTBYeT 0 cTaOWIIbHOI ycToiunBoCTH Buja Ae. speltoides k
6one3Hn.

Bo3spacTHast ycTOWYMBOCTS CUNTACTCS HECTICIU(PUIECKON, a
reHsl Lr]3 n Lr34 nmociay X 0OCHOBOH AJISl CO3AaHUS COPTOB
TIIICHHIIBI C JITUTETbHON ycToHunBOCThIO (durable resistance)
k Oypoii pkapumHe (Parlevliet, 2002). B Hammx sxcrepu-
MeHTax red Lr35 obecrieunBan yCTOMYUBOCTH B3POCIBIX
pactenuii 10 2015 1., Ho B 20162017 TT. MIOpa)KeHNE THHUH
TcLr35 nocturiio 40-50 %, 94T0 AEMOHCTPHUPYET CHIDKCHUC
ero a¢dexruBHOCTH B OMCKO# 00nacTy.

AHanu3upyst UTOTH 15-IE€THETO U3y4eHHs] HHTPOTPECCHB-
HBIX JIMHUH ¥ COPTOB C TeHaMmH Ae. speltoides, cienyeT oTMe-
TUTh TEHACHIMIO CHU)KEHHS UX PE3UCTEHTHOCTH K OOJIE3HH.
CyMMapHasi 71011 CpEIHEYCTOHYNBBIX U BOCTIPHMMYHUBBIX
00pa3mos (mopaxenue ot 20 1o 100 %) B 2017 rr. Bo3pocia
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110 42 %, 9TO MO3BOJISICT MTPEAIIOIOKUTH HAKOTIJICHHUE B ITOITY-
ssiuu P, triticina TeHOB, BUPYJIEHTHBIX K TeHaM Ae. speltoides.

Hamm nanubie 00 3)()eKTUBHOCTH T€HOB YCTOWYMBOCTH
Ae. speltoides x Oypo#l pKaBUMHE HECKOIBKO OTIUYAIOTCS
OT pe3yJIbTaToB, MOJYYCHHBIX paHee B JIPyTUX PEruoHax.
T'en Lr28 oGecrneunBan BBICOKYIO YCTOMYMBOCTH PACTEHHNA
B Jlenunrpanckoit n Yensonnckoir obnactsax (I'yasrsieBa u
Ip., 2014; Tronun u 1p., 2017). B HoBocubupckoii obmactu
110 2016 1. 6511 2ppextuBHBI rensl Lr28 u Lr35 (Couanosa,
Iuckapes, 2017). Takue pazau4us MOT'YT OBITh OOBSICHECHBI
KOMIUIEKCOM IPUYMH: PAa3NUuUsAMU Nomynsauuil P. triticina,
HabopaMu BO3JEIBIBAEMBIX COPTOB (BKJIIOYas O3WMBIE),
0COOCHHOCTSIMH KIIMMaTa, 3HaYUTEIbHBIMUA PACCTOSHUSIMHU
Mexay pernonamu u T.4. B HoBocuGupckoii obnactu no-
SIBJICHHE HOBBIX PaC MAaTOr€HOB OTMEYANIOCh MO3XKE, YeM B
Owmckoit obacTh. Tak, HaKOIIJICHUE BUPYJIEHTHBIX K reny Lr9
ki0HOB B OMcko# obmactu pousornuio B 2007 ., a 8 Hoso-
cubnpckoif — B 2008 1. AHaJIOrHMYHO TIepBas 3a TOITHE TOIBI
BCTIBIIIKA cTeONIeBOI prkaBuMHBI B OMCKO# 001acTH 3aperu-
crpuposana B 2008 1., a B HoBocubupckoit — 8 20102011 rr.
(MemxoBa u zip., 2008; Couanosa, 2016).

Ha ocHOBaHMM pe3ynbTaToB MOJICKYJISIPHOTO aHAIN3A U
(hUTONATONOrNYECKUX TECTOB HAMU YCTaHOBJICHO, YTO B HC-
CIIeyeMBbIX 00pa3iax OTCYTCTBYIOT M3BECTHBIC TeHbI Lr28,
Lr36, Lr47 ot Ae. speltoides. IT0 TI03BOJISICT MIPEATIOIOKHUTD,
YTO YCTOHYMBOCTh U3YUYCHHBIX 00pa3Il0B 00eCHeYHBACTCS
HEW3BECTHBIMU T€HETHUECKUMH JIOKycamu. OJHaKo 10 Ha-
CTOSIIIIETO BPEMEHHU XPOMOCOMHAs JIOKAIN3AIHsL 9THX TCHOB
He u3ydeHa. B nmunuax JI-500 u JI-501, co3naHHBIX myTeM
MPSIMOM THOpHUAM3ANY MITKON MINEHUIIBI ¢ Ae. speltoides,
MOKa3aHO HAIMYHE TPEX HEN3BECTHBIX PELIECCHBHBIX L7-T'€HOB
(Jlanoukuna u ap., 1996).

CBenieHMs O T€HETUYECKOM KOHTPOJIE PE3UCTEHTHOCTH
K Oypo#i pkaBumHe yuHuH W.I. OQUHIOBONW OTCYTCTBYIOT.
V Bcex nunuit cepun AHK-39 (A-E), co3nanHbIX Ha OCHOBE
muani Of, MOKa3aH MOHOTEHHBIN JOMHHAHTHBIN KOHTPOJb
ycroiunBoct K 6onesnu (Imornukosa, Kyzemuna, 2017).
Hcxons u3 ponocinoBHOM ycroitunBoro copra Mit, B ero
CO3JIaHMN TpUHHUMaN ydactue Ae. speltoides. I1o naHHBIM
Pa3HBIX HICTOYHUKOB, B 3TOM COPTE IPHCYTCTBYET TAKXKE KOM-
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TeHaeHUMA NpeofoneHNA YCTOMUMBOCTA K Bypoii pXkaBUnHe
MNHTPOrPEeCCUBHDBIX JINHWIA MATKOW MIIEHULLbI

ounarus renoB Lrl, Lr10, Lr34 u, Bo3amoxHo, Lrl3 (Genetic
Resources Information System.. ., http://www.wheatpedigree.
net/). OHaKo nepBble ABa reHa He 3P QEeKTUBHBI B 3araHOH
Cubupu (IInotHuxoBa u ap., 2015), npucyrcteue Lr34 He
MOATBEP)KJCHO HAMH C TIOMOIIBIO MOJIEKYIISIPHOTO aHaJIN3a,
a Lrl3 onpezaenser KOJIUYECTBEHHYIO YCTOMUUBOCTB pac-
tenuit (4 6amna/20 %) ([lnotHukora, IlITyoei, 2009). He
HCKITIOYEHO, 9TO PE3UCTEHTHOCTH copTa Mit obecredanBaeTcs
reHaMH, yHacIIe[JOBaHHBIMU OT Ae. speltoides. B Oymymiem He-
00XOZIMMO M3YUUTh XPOMOCOMHYIO JIOKAJTU3ALIUI0 HHTPOTpec-
CHPOBAHHBIX U3 TeHOMa Ae. speltoides moKycoB y 00pasIoB,
UCIIONIb30BaHHBIX B HACTOSIIIIEM HCCIIEIOBAHHH.

B nareit pabore aist copro Uensioa 75, ueThipex JIMHUIMA
Ox u tpex ymuauit AHK-39 (A, D, E) noxy4eHsr cxomHsie
Ppe3yabTaThl MOJIEKYJISIPHOTO MapKHPOBAHMUS, YTO TTO3BOJISIET
MPEJITONIOKUTh HAJTMYNE Y HUX OIMHAKOBBIX 4y)KEPOHBIX JIO-
KyCOB PE3UCTEHTHOCTH. PaHee ObIJIO yCTaHOBIICHO, YTO Map-
KepBI UTsl HACHTU(UKAIIMY TeHOB Lr35 u Lr66 He SBISIOTCS
crporo crnemuduunbivu (I'yasrsieBa u ap., 2014). Mapkep
Sr39#22r ammmuduipyeT pparMeHTs! He TONBKO y 00pa3ioB
Ae. speltoides, mmann TcLr35 u copra Yensda 75, Ho n'y
00pa3ioB Apyrux BuaoB — 1. timopheevii, Ae. tauschii. [Tpu
Baymaanmy Mapkepa S13-R16 s rena Lr66, nokann3oBaH-
HOTO B XpoMocome 3 A, ObIJIO ITOKAa3aHO, YTO OH BBISIBIISIETCS
ToJbKO y iuHuu TcLr35 u copra Yensiba 2. C moMoIIb0 Ha-
60pa MOJIEKYIAPHO-IUTONOTHIECKIX MeTo0B (C-0rHIuHTa
n FISH) panee Ob1110 ycTanoieHo, uro copt Yesnsioa 75 mme-
et TpaHcinokaiuio 2DS.2SL ¢ renom LrSp (AnoHuHa u Aap.,
2016). CnemyeT OTMETUTb, UTO y HEKOTOPBIX JINHIH cepuit O,
AHK-39 u JI-501 He BbIsIBICHBI ()parMeHTHI, CrielU()UIHbIC
qst mapkepoB Sr39#22r u S13-R16, HecmoTpst Ha TO, YTO
pacTeHus 0Iroe BPeMsi COXpaHsIN yCTOHYNBOCTh. DTO MOA-
TBEPKJACT MTPEATIOIOKEHNE O HATMIUU B MaTepHasle JOMoI-
HUTEJbHBIX HEUICHTU(UIIMPOBAHHBIX I€HOB YCTOWYHBOCTH.
O BO3MOXKHOCTH IIPUCYTCTBUSI HEU3BECTHBIX TEHOB yCTONYH-
BOCTH Ae. speltoides B TCHOTUIIaX HHTPOTPECCUBHBIX JIMHUH
cooOriasu u apyrue aBropsl ([laBosts u ip., 2012; Mapkenosa
u n1p., 2014; Muxos u 1p., 2016).

B cBsi3u ¢ ycniieHHEM MopaykaeMOCTH pP>KaBIMHON HHTPO-
I'PECCUBHBIX 00Pa3lOB BCTAET BONPOC 00 MCTOUHHKE TCHOB
BUpYJIEHTHOCTH. Kak mpaBuiio, 0CHOBHOM IPUYMHOM IPEO0-
JICHUS TEHOB YCTOWYNBOCTH CUMTAIOT BOSHUKHOBEHHUE U Pa3-
MHOYXEHHE BUPYJICHTHBIX KIIOHOB Ha ITUPOKO BO3/IEIIBIBAEMBIX
copTax ¢ COOTBETCTBYIOUIMM TeHoM. OJHAKO MEPBBIH COPT
MIICHUIBI C TEHOM Ae. speltoides — Yensda 75 (LrSp) — Ob1n
PEKOMEH/IOBaH [UIsi BHEPEHHsI B IPOU3BOACTBO Ha HOkHOM
Ypane Tonsko B 2012 1., a B APYTUX POCCUHCKUX COPTAX T€HBI
9TOrO0 BHAA He ycTanosieHsl (Tionun u ap., 2017). Panee B
3anagnoii CuOMpH ObUTH BBISIBIICHBI TAKKE KIIOHBI, BUPYJICHT-
HBIE K FOBeHIJILHBIM T€HaM YCTOHYUBOCTH 1. timopheevii, XOTs
MarepHajl 3Toro Bujaa B coprax orcyrcrByet ([lmoTHukoBa 1
Ip., 2015). Onaum U3 00BSICHEHHI MOXET OBITh 3aHOC WH-
(hexrim n3 cocerHUX pernoHoB. B Kazaxcrane ectecTBeHHBIC
(bUTOLIEHO3BI 3aHMMAIOT 3HAYNUTEIbHBIE TEPPUTOPHH, B HUX
JIOCTATOYHO HIMPOKO IPEeICTaBICHbI BUIBI pona Aegilops,
BKIouasi Ae. crassa (reaom DMS) (EcumbexoBa u i1p., 2015).
He nckimodeHo, 4To B €CTECTBEHHBIX (DPUTOIIEHO3aX MPOU3-
pactaer U NpOMEKYTOUHbIN X034uH P. triticina — Isopyrum
Jfumarioides. MOXXHO TPEINONOKHUTh, YTO T€HBI BUPYIICHT-
HOCTH K BUAaM pona Aegilops BOZHUKAIOT B KJIOHaX rpuoa,
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CYIIECTBYIOIINX Ha JUKHX 371aKaX, a 3aTe€M IIOCTETIEHHO Tepe-
HoOcsTCA B 3anaHo-CHOUPCKUI PeTHOH.

B mocneHme rop! NOSBHIMCH COOOIIEHHST 00 aKTHBHOM
UCIIOJIb30BaHUU TeHOB Ae. speltoides B ceNEKIMOHHBIX MPO-
rpamMMax pa3iIMYHbIX yupexaeHui Poccun, co3anbl epBbIe
ycroiunBele copTa ¢ ero reHamu (Yemsda 75 u Ypanbckas
kykymka (aBosH u np., 2012; MapkenoBa u ap., 2014;
Cubmukees u ap., 2015; Anornna u np., 2016; TroruH u 1p.,
2017). Cnenyet otmetuth, uro nuauu M.I. OguHIOBOH M
KOJJIEKLIMHM «ApCeHaI» UCIOJb30BAIUCH B KAY€CTBE HCTOU-
HHUKOB yCTOIHUMBOCTH B PETHOHAX, PACTIONOKEHHBIX Ha ITyTH
nepemMerieHus mukionndeckux macc (IToBomkbe, FOxHBIH
VYpaut, 3anaanast Cubups). I3BeCTHO, 4TO IPH BOSHUKHOBEHHUU
OIaronpHUATHBIX YCIOBHH pEIKNE BUPYICHTHBIE ()EHOTHUIIBI
MOTYT CTPEMHTEILHO Pa3MHOXKUTHCSI M TIPEOJIOJIETh YCTOMN-
YHBOCTH COPTOB, BO3JIEJIBIBAEMBIX Ha OOJBLION ILIOLIAJIH.
Oto mpowmsonwio ¢ copramu ABpopa u Kaskas (ren Lr26) B
Cesepo-Kaskasckom pernone B 1973 r, a Takke ¢ cOpTamH,
3al[UIIEHHLIMU TeHoM Lr9, B OMckoit obmactu B 2007 1.
(Boponkosa u sip., 1975; MemxoBa u ap., 2008). [Tockonbky
PKaBUYMHHBIC TPUOBI CIIOCOOHBI K JAIBHUM BO3/TyITHBIM MH-
rpanusM, TO UCIOJIb30BaHNE IeHETUYECKU OITHOPOHBIX I10
YCTOHYMBOCTH COPTOB B COCEIHUX PETHOHAX BECbMa OIACHO.

Takum 06pa3om, MHOTOJIETHHI MOHUTOPHHT pa3BUTHS Oy-
POIi prKaBUMHBI HAa PACTEHUSX C reHaMu Ae. speltoides B 3a-
nagHo CHOMpH MoKa3al, 9TO yCTOWIMBOCTh 3HAYUTEIEHON
yact (42 %) WHTPOTPECCUBHBIX JIMHUN M COPTOB MSTKOH
IIIEHUIBI OblJIa YaCTHYHO WJIH ITOJHOCTBIO IIPE0JI0JIeHa Ta-
ToreHoM. Ha ocHOBaHMY 110J1€BBIX HAOMIOJCHHI yCTAHOBIEHO
CHIDKEHHE 3alIUTHOTO JSHCTBY U3BECTHRIX TeHOB Lr28, Lr36
u Lr35, xots reH Lr47 coxpaHsieT BBICOKYIO 3(p(heKTHBHOCTh
B pernoHe. BrICOKyro ycTOWYMBOCTE K Oypoil prkaBumHE
poaeMOHCTpHpoBany YacTh tnHui Ox 35/1, 35/89, 210/90,
278/89), nunun AHK-39 (A, D, E) u copr Yensiba 75, aunust
JI-501 u copt Mit. Aranm3 Matepuana ¢ momorsio JJTHK-map-
KEpOB M (PUTOMATONIOTMYECKUX TECTOB HE JJOKa3all IIPHCYT-
CTBHE B HEM U3BECTHBIX TeHOB Lr28, Lr36, Lr47. B nunusx
cepuit Oq u AHK-39, coxpaHUBIIHX yCTOMYHUBOCTH K O0IIE3-
HH, IPEAINONaracTcs HaJIMUue TPAHCIOKAIMY C TeHOM LrSp.
B ocranbHbIX IMHKSAX 1 copTe Mit BOBMOXKHBI JOTIOJIHUTEIb-
HBIE HEM3BECTHBIE TeHEI OT Ae. speltoides. TenneHIHIO TIpe-
OZIOJICHHSI TEHOB YCTOWYMBOCTH K Oypoil pKaBunHE, HHTPO-
IPECCUPOBAHHBIX OT Ae. speltoides, HEOOXOAUMO yUUTHIBATH
MIPU CEJIEKIIUH COPTOB MSITKOH MIIeHMIB! 11 3anagHoi Cu-
OMpH M COCEHUX PETHOHOB.
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Drosophila melanogaster inhabiting northern regions
of European Russia are infected with Wolbachia
which adversely affects their life span
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Wolbachia is a genus of bacteria causing intracellular
infection in the natural populations of Drosophila
melanogaster on all continents. In D. melanogaster,
Wolbachia affects various life history traits, behaviour,
sensitivity to stress and viral infection. The phenotypic
effects of Wolbachia might evolve to promote its
further spreading, increasing the interest in exploring
the spread of Wolbachia, in particular, at the boundar-
ies of the D. melanogaster habitat, in association with
the effects on vital traits of host species. In this paper,
we present data on the level of Wolbachia infection in
two D. melanogaster populations from the northern
regions of European Russia: Alexandrov (56.41° N,
38.72° E) and Valday (58.02° N, 33.24° E). The flies were
collected in private apple gardens located in two small
hamlets without supermarkets or fruit markets, from
2010 to 2015. The both populations demonstrated the
same level of infection: in average, 69.7 % of the inbred
lines (ILs) obtained from single females of the Alexan-
drov population and 68.4 % of ILs obtained from single
females of the Valday population. The infection rate
varied from year to year showing a tendency to reduc-
tion, its overall level being within the range previously
observed in other habitats. Life spans were compared
in sub-lines of the same IL, one infected with Wolbachia
and the other treated with tetracycline healing this
infection. In four out of five ILs, the lifespan of both
males and females was severely affected by Wolbachia;
in different ILs, the mean life spans reduced from 1.8
to 5.4 times and from 1.4 to 2.4 times, respectively.
Our results confirm that, despite D. melanogaster wide-
spread distribution, the Wolbachia effect on their life
span has been mostly negative.

Key words: Drosophila melanogaster; Wolbachia sp.;
PCR, natural populations; symbiont; life span.
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Drosophila melanogaster, obuTaroiiie
Ha ceBepe eBPOoIIericKoi yact Poccun,
3apaxkeHbl Wolbachia, HeraTuBHO
BJIVISIIOI eV Ha VX MPOJIO/IKUTEIbHOCTh
KUI3HU

H.B. Pommnal> 2, A.B. Cumonenko?, A.B. erMEHI_IOBaZ’ 3,

E.A. ]_[bI6yAbK02, B.E. AAaTOpL{eBZ, E.I. IMaciokoBa’®, A.B. Myxal@

1 NHCTUTYT 0bLwein reHeTuky um. H.A. BaBunoBa Poccuiickoi akagemmmn Hayk,
MockBa, Poccuna

2 NHCTUTYT MonekynapHom reHeTkn Poccuinckoi akagemun Hayk, MockBa,
Poccua

3 WHCTUTYT 6roxumunyeckoi ¢prsnkm um. H.M. dmaHyana Poccuiickoin akagemmum
HayK, MockBa, Poccusa

Wolbachia - pop 6akTepuii, BbI3bIBAOLLMX BHYTPUKIIETOUHYIO MHEK-
LINI0 1 LUMPOKO PacnpOCTPaHEHHbIX B MPUMPOAHbIX nonynaumax Dro-
sophila melanogaster Ha Bcex KOHTUHEHTaX. Bonbbaxmm okasbiBaoT
BAUAHUE Ha pAf Npu3Hakos D. melanogaster, onpepensiowux ee npu-
CNoOCOBNEHHOCTb, a TaKXKe Ha MOBEAEHVE MYX, X YYBCTBUTENBHOCTb

K CTpeccy v BUpycHon nHdekuun. Bnnavme sonbbaxuu Ha deHoTvn
BVAA-X03AMHA MOT/I0 CMOCOBCTBOBATb pacceneHunio 6aktepun, Uto
yBeNIMumMBaeT NHTepeC K AaNibHeNLweMy M3yUYeHuto ee reorpadurye-
CKOro pacnpoCTpaHeHus, B YaCTHOCTY Ha FpaHuULax cpefbl obutaHus
D. melanogaster, B coueTaHn C BO3AENCTBMEM Ha KU3HEHHO Ba)KHble
NpY3HaK1 BUAA-X03amnHa. B HacTosAwen paboTe NpriBefeHbl AaHHble 06
YPOBHe 3apa)KeHHOCTV Bonbbaxmen AByx nonynaumn D. melanogaster
13 ceBepHbIX pernoHos EBponeiickoin Poccun. Myx cobrpanu ¢ 2010
no 2015 r. B YaCTHbIX AGNOHEBbIX CafiaX, PacroNOXeHHbIX B IBYX He-
60nbLUVX AepeBHAX 6e3 CynepmMapKeToB Unv GPYKTOBbIX PbIHKOB,
Hefaneko ot ropofoB AnekcaHapos (56.41° c.w., 38.72° B.4.) n Bangan
(58.02° c. ., 33.24° B. 1.). O6e nonynAumMmM 6binn 3apakeHbl Bonbbaxmen
Ha cXofHOM ypoBHe. B cpefiHem 6bino 3apakeHo 69.7 % MHO6peaHbIX
nuHuiA (UI1), nonyyYeHHbIX OT MHANBUAYANbHbBIX CAMOK, BbITOBJIEHHbIX
65113 AnekcaHgposa, 1 68.4 % WJ1, nonyyeHHbIX OT MHAMBUAYANbHbIX
CcaMOK Banganckor nonynaummn. YpoBeHb 3apaxxeHra MeHANCA 13 roga
B rof, AEMOHCTPUPYA TEHAEHLMIO K CHVXKEHWIO, NP 3TOM B CpeHEM
Haxoawnca B Npefenax, paHee HabMOAaBLUNXCA B APYTX MECTOOOUTa-
HuAX. CpaBHMBaNach NPOLOSIKUTENbHOCTb XXNU3HU B CYONMHUAX OFHUX
n Tex xe WJ: ogHa cy6nmHmA ocTaBanach 3apakeHHOW Bosibbaxuel, a
Apyrasa 6bina BblieyeHa TeTpaunKIMHOM. B ueTbipex 13 nATn npoTtec-
TUPOBaHHbIX UJ1 NpofomKUTENBHOCTb XU3HM KaK CaMLOB, Tak M CAMOK
oKasanacb CUJIbHO CHVKEHHOW B MPUCYTCTBUM BONbOAXUu; B pasHbixX
W1 Bonbbaxus cokpallyana NpogoKUTeSIbHOCTb »K13HKW B 1.8-5.4 pa3a
y camuoB 1 B 1.4-2.4 pa3a y camok. [onyyeHHble pe3ynbTaTbl NoA-
TBEPKAAIOT, UTO, HECMOTPSA Ha LUMPOKOE PacnpoCTpaHeHe, Bofbba-
XA MOXKET HEeraTUBHO BNINATb Ha MPOJOIHKUTENBHOCTb KU3HN.

Kntouesble cnoa: Drosophila melanogaster; Wolbachia sp.; MLP;
NpYPOLHbIe NOMNYNAALUN; CUMOVOHT; NPOAOIIKNUTENBHOCTb XKNU3HMW.



olbachia is a genus of bacteria causing intracellular
\/\/infection and represents the most widespread mater-

nally transmitted facultative arthropod endosymbionts
(Werren et al., 1995; Werren, Windsor, 2000; Hingelbroeker
et al., 2008). From 40 % (Zug, Hammerstain, 2012) to 76 %
(Jeyaprakash, Hoy, 2000) of arthropod species are estimated
to have been infected. Wolbachia is widespread in the natural
populations of D. melanogaster on all continents (Hoffmann
et al., 1994, 1998; Solignac et al., 1994; Riegler et al., 2005;
Ilinsky, Zakharov, 2007; Verspoor, Haddrill, 2011; Richardson
et al., 2012; Ventura et al., 2012). However, the Wolbachia
infection has never been characterized for the northern Euro-
pean populations of D. melanogaster.

Wolbachia is able to affect the life history traits of their
hosts, mainly their reproduction, by causing cytoplasmic
incompatibility, parthenogenesis induction, male-killing, and
feminization, or by altering fecundity, fertility, and progeny
survival (reviewed in Maistrenko et al., 2015). In D. mela-
nogaster, apart from various life history traits (Olsen et al.,
2001; Fry et al., 2004; Markov et al., 2009; Sharon et al.,
2010; Serga et al., 2014), Wolbachia also affects sensitivity
to stress (Brownlie et al., 2009; Versace et al., 2014) and viral
infection (Teixeira et al., 2008; Martinez et al., 2015; Lindsey
et al., 2018), sleep and aggressive behaviour (Rohrscheib et
al., 2015; Bi et al., 2018). Among other traits, lifespan was
reported to be influenced by Wolbachia (Min, Benzer, 1997;
Brummel et al., 2004; Alexandrov et al., 2007; Carrington et
al., 2009). It is believed that some effects of Wolbachia on the
traits of their hosts evolved to promote spreading of bacteria
(Werren et al., 2008). This increases the interest in exploring
Wolbachia spreading, in particular, near the boundaries of the
D. melanogaster habitats, in association with effects on vital
traits of the host species.

In this paper, we describe the effect Wolbachia had in
D. melanogaster inhabiting two localities in the northern
regions of European Russia, which can be regarded as the
outskirts of this species’ natural habitat. The level of infection
declined in years, but remained relatively high in the both
populations. Our study has demonstrated that the life spans
of'both the males and females were negatively affected by the
presence of Wolbachia in four of the five cases tested. This
is a confirmation that Wolbachia has an important impact on
the vital traits of their host organisms.

Materials and methods

Fly strains. Flies were collected in private apple gardens
located in two small hamlets without supermarkets or fruit
markets, at a distance of several kilometers from Alexandrov,
Russia (56.41° N, 38.72° E) and Valday, Russia (58.02° N,
33.24° E). The flies were collected manually from the surface
of apple heaps (Alexandrov) or with baited traps (Valday). Fly
collections were carried out from late August to early October
0f 2010, 2011, 2012, 2014 (Alexandrov) and in 2014, 2015
(Valday).

From 40 to 60 isofemale lines per population per year
were started from females caught in nature. In their progeny,
the male phenotype was checked to avoid contamination by
D. simulans. Each line was maintained by brother x sister
inbreeding during 20-22 generations. The inbred lines (IL)
which survived inbreeding were further checked for the pres-
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ence of Wolbachia and used for the lifespan measurements.
Each IL was considered as genetically homogeneous (Fal-
coner, Mackay, 1996) and represented one haploid genome
of the population.

Tests for Wolbachia. DNA was extracted from 20-50 flies
of the same genotype following the standard phenol-chlo-
roform protocol. All ILs were checked for the presence of
Wolbachia via quantitative PCR (MiniOpticon real-time PCR
detection system, Bio-Rad) with primers to the Wolbachia
16S rRNA gene, 5'-CATACCTATTCGAAGGGATAG-3" and
5'-AGCTTCGAGTGAAACCAATTC-3" (Werren, Windsor,
2000). The lines showing positive results were treated with
tetracycline (0.25 mg per 1 mL of fly food (Holden et al.,
1993), with modifications) for three generations followed by
three generations of recovery, before they were used in life
span assays.

Lifespan assays. The lifespan was measured according to
(Roshina et al., 2014). Five virgin flies of the same genotype
and sex, all collected on the same day from cultures with
moderate density, were placed in replicate vials. Flies were
transferred weekly to vials with fresh food containing ap-
proximately 5 mL of standard medium without live yeast on
the surface. Dead flies were recorded daily. Experiments com-
paring fly life spans were conducted simultaneously. Sample
sizes were 50 flies/sex/line. Lifespan was estimated for each
fly as the number of days alive from the day of eclosion to the
day of death. Mean and median lifespan and survival curves
were primarily used to characterize lifespan.

Statistical analyses. Fisher’s exact test was used to com-
pare the proportions of infected ILs. Standard descriptive
statistic analysis of lifespan (Wilmoth, Horiuchi, 1999; Carey,
2003) was performed to determine mean lifespan and accom-
panying variances, standard deviations and standard errors;
median, minimum and maximum lifespans; lifespans of the
lower and upper quartiles, 10 and 90 percentiles. Survival
curves were estimated using the Kaplan—Meier procedure.
The nonparametric, distribution-free Mann—Whitney test
and Kolmogorov—Smirnov test were used to evaluate the
statistical significance of the difference between the survival
curves.

Results
The presence of Wolbachia was checked in inbred lines (ILs),
each obtained from a single female collected in the private
apple gardens located near Alexandrov, Russia (56.41° N,
38.72° E) and Valday, Russia (58.02° N, 33.24° E). From 20
to 75 lines per population per year were studied (Table 1). The
level of infection was high in Alexandrov in 2010 and 2011,
moderate in 2012 and became significantly lower in 2014
(» <0.01, compared to 2010 or to 2011, Table 1). In Valday
2014, the level of infection was significantly higher than in
Alexandrov 2014 (p < 0.05, see Table 1) and didn’t change
in 2015, although showed a tendency to reduction. When
averaged over years, the level of infection was similar in the
both populations: 69.7 % in Alexandrov and 68.4 % in Valday.
To assess the effects of Wolbachia on the lifespan, five
infected ILs from Alexandrov 2010 were divided into two
sub-lines each and, while one sub-line was maintained in the
same way as earlier, the other was treated with tetracycline
healing the Wolbachia infection. After treatment and subse-
BaBuWNOBCKMNI XKYpHan reHeTUKN n cenekuyum « 2018 - 22«5
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Wolbachia adversely affects life span of Drosophila
inhabiting northern regions of European Russia
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Table 1. The level of Wolbachia infection in the natural populations of D. melanogaster

inhabiting northers regions of European Russia

Number of ILs

Population

Number of infected ILs % of infected ILs

Table 2. Parameters of male and female life spans in the Alexandrov ILs (N = 50)

Line Sex Wolbachia  Mean Median Lower
quartile

1 ............ 6‘ ........... + ........................ 7 +05 .............. 7 ...................... 4 ...............
e 3 8119 ............ 3 9 .................... 10 ...............

9 ............ + ...................... 1 7109 ............ 19 .................... 11 ................
_41+1542 .................... 3 9 ...............

11 .......... 6‘ ........... + ...................... 2 5110 ............ 2 4 .................... 19 ...............
o 5 711 5 ............ 5 7 .................... 5 2 ...............

9 ............ + ...................... 2 o+11 ............ 19 .................... 15 ...............
s 5 3121 ............ 5 145 ...............

19 ......... 6‘ ........... + ...................... 2 7113 ............ 3 1 ..................... 18 ...............
s 5 o+114944 ...............

9 ............ + ...................... 2 711 2 ............ 2 7 .................... 2 1 ................
_46¢134743 ...............

30 ......... 6‘ ........... + ...................... 3 1+11 ............ 3 5 .................... 2 7 ...............
s 5 6123 ............ 5 545 ...............

9 ............ + ...................... 3 1115 ............ 3 2 .................... 2 2 ...............
_44+1444 .................... 3 1 ................

33 .......... 6‘ ........... + 40117 ............ 3 9 .................... 3 4 ...............
_4411741 ..................... 3 8 ...............

9 ............ + 45+174840 ...............
_49119 ............ 5 144 ...............

Note: Significant p-values are in bold case.

quent recovery, male and female life spans were measured in
the both sub-lines of each of five ILs.

The mean life spans of infected males and females were
relatively low (Table 2, Figure), the lowest being only seven
days. In four ILs, the life spans of cured males and females
were significantly longer than those of infected males and
females (see Table 2, Figure): depending on the line, the mean
life spans were increased from 1.8 to 5.4 times in males and
from 1.4 to 2.4 times in females. The positive effect was thus
smaller in females than in males. In one of the ILs, the life
spans of infected males and females were not different from
the life spans of cured males and females. In this line, the
life spans of infected males and females were the highest,
compared to the other four ILs.
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Upper p-values for comparisons with the infected sub-line
quartile pjann-Whitney test  Kolmogorov-Smirnov test
..... 2 7
4700000001 ........................... < 0001 ....................................
..... 2 3
4900000001 ........................... < 0001 ....................................
..... 3 0
..... 6 400000001<0001
..... 2 6
..... 6 gooooooo1<ooo1
..... 3 5
..... 5 400000001<0001
..... 3 3
..... 5 200000001<0001
..... 3 g
..... 6 gooooooo1<ooo1
43 ...............................................................................................................
..... 5 5ooooooo1<ooo1
47 ...............................................................................................................
. 48 .................... 0 o 6 7205 ............................. > 0 10 ......................................
..... 5 4
..... 5 90”1280>010
Discussion

Though the level of Wolbachia infection was analyzed in
many natural populations of D. melanogaster all over the
world, the number of populations studied is limited and they
are distributed unevenly across the Earth’s territory. The level
of infection can be as high as 100 %, which was registered in
Australian (Hoffmann et al., 1998) and Brazilian (Ventura et
al., 2012) populations, and as low as 5 % (in Australian popula-
tions, Hoffmann et al., 1998) and 1 % (in Sub-Saharan African
populations, Verspoor, Haddrill, 2011). In the large-scale work
of Ilinsky and Zakharov (2007) populations from Ukraine,
Belarus, Moldova, Caucasus, Central Asia, Ural, Udmurtia,
Altai, West and East Siberia, and the Far East were studied in
different years, from 1974 to 2005, and it was shown that the
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Wolbachia cHuxaeT npoaomKNTeNbHOCTb XN3HWU Drosophila,
obunTaloLWMX Ha ceBepe eBponeckoi Yactu Poccum
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Life spans of Wolbachia-infected males and females (dotted line) com-
pared to the life spans of tetracycline-cured males (solid line).

Wolbachia infection rate varied from 70 % in Middle Asia to
40 % in Eastern Europe (Ukraine, Belarus, Moldova). Popula-
tions of the southern regions of European Russia (Caucasian)
were analyzed by Bykov and co-authors (2014) who reported
that the levels of Wolbachia infection were moderate in this
region and higher than in the populations of Eastern Europe
described in (Ilinsky, Zakharov, 2007). However, the pub-
lished data are related only to the populations inhabiting the
southern latitudes of the northern hemisphere and the northern
latitudes of the southern hemisphere. Nothing has been previ-
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ously known about the presence of Wolbachia in the northern
populations of the northern hemisphere, including European
Russia. Our study has demonstrated that Wolbachia presents in
D. melanogaster inhabiting latitudes as high as 58° N. Infec-
tion frequencies appear to be moderate and vary over years.

While analyzing the frequency distribution of Wolbachia
infection in various geographic regions, it should be taken
into account that the studies were conducted in different years
and seasons, and, overall, were nonsystematic. Monitoring
of infection frequencies in Australian natural populations
indicated that they could be both stable and fluctuate over
time (Hoffmann et al., 1998). In Caucasian population, mi-
nor variations in the infection level were observed (Bykov et
al., 2014). In our study, we observed a decline in infection
frequencies over years. Laboratory cage studies showed that
low larval density contributed to the stability of infection
frequencies (Hoffmann et al., 1998). A plausible explanation
would be that either the presence of Wolbachia is beneficial
for the host or contamination occurs easier at high population
density. However, there is no sufficient evidence to state that
natural fluctuations in the level of infection are not random.
Whether the observed fluctuations are explained by the fit-
ness benefits, which Wolbachia provides for the host so that
to persist in populations or, alternatively, by its unfavorable
effects on fitness, remains to be elucidated.

Life span is a vital trait affected by Wolbachia. Interestingly,
opposite effects were described by different authors: Min and
Benzer (1997) and Alexandrov and co-authors (2007) demon-
strated that, in infected flies, the life span decreased, while
Brummel and co-authors (2004) reported the increased life
span in infected flies. In the flies from Alexandrov population,
healing from Wolbachia increased the life span and substan-
tially slowed down aging in four out of five cases. Why both
male and female life spans did not improve due to tetracycline
treatment in one of the lines remains an enigma. One possible
explanation is that the life span of infected flies in this line
was the highest, compared to other ILs. Generally, it remains
largely unclear why the Wolbachia infection in some cases
leads to life extension, while in other cases shortens flies’ life
span. Previously, it was suggested that the effect on the life
span depends on the strain of Wolbachia and ambient tempera-
ture (Brummel et al., 2004; Rohrscheib et al., 2016). At high
temperatures of 25 to 29 °C, the deleterious effects of virulent
Wolbachia strains on the host lifespan manifest themselves
much more clearly, whereas at lower temperatures of 16 to
19 °C, the lifespan impact may be negligent or even slightly
positive (Rohrscheib et al., 2016). During the late summer and
early autumn, the outdoor temperature in Alexandrov varies
from approximately 15 to 20 °C (https://ru.climate-data.org/
location/929946/); accordingly, detrimental lifespan effects
of Wolbachia may be compensated and pathogenic virulent
strains could spread in the natural population of flies. At the
laboratory conditions of 25 °C, the progeny of flies caught in
late summer and early autumn would suffer evident lifespan
shortening from the infection, as we have reported in this
paper. In addition and in part as opposed to what has been
said above, the divergence in longevity between different
D. melanogaster lines was demonstrated to be mostly associ-
ated with the host genetic background rather than the type of
Wolbachia infection (Carrington et al., 2009). Eventually, we
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Wolbachia adversely affects life span of Drosophila
inhabiting northern regions of European Russia

have to recognize that in spite of some available interesting
data, it is not yet exactly clear how the life spans measured in
the laboratory are related to the life spans under natural con-
ditions. Further research is needed to describe the processes
underlying the actual population dynamics of Wolbachia to
the full extent.

What molecular mechanisms can determine the effect of
Wolbachia endosymbiont on the D. melanogaster life span?
In recent years, it has been demonstrated that Wolbachia can
affect expression of the several genes related to aging. For
example, it has been suggested that Wolbachia is able to up-
regulate insulin signaling downstream of InR (Insulin Recep-
tor), thus negatively affecting the life span of flies (Ikeya et
al., 2009). Specific interactions between insulin signaling and
Wolbachia in lifespan regulation were confirmed in (Gronke et
al., 2010). Effects of mutations in /ndy also depended on the
presence of Wolbachia (Toivenen et al., 2007). Further studies
are needed to shed light on the molecular basis of Wolbachia
effects on lifespan.

Acknowledgements

This study was funded by the RFBR grant No. 15-54-46009
CT _a, the Presidium of the Russian Academy of Sciences
Program No. 41 “Biodiveristy of natural systems and biologi-
cal resources of Russia” (0112-2018-0022) and Russian State
Project (0112-2018-0010).

Conflict of interest
The authors declare they have no conflict of interest.

References

Alexandrov I.D., Alexandrova M.V., Goryacheva IL.I., Rochina N.V.,
Shaikevich E.V., Zakharov I.A. Removing endosymbiotic Wolba-
chia specifically decreases lifespan of females and competitiveness
in a laboratory strain of Drosophila melanogaster. Russ. J. Genet.
2007;43(10):1147-1152. DOI 10.1134/S1022795407100080.

BiJ., Sehgal A., Williams J.A., Wang Y.F. Wolbachia affects sleep be-
havior in Drosophila melanogaster. J. Insect Physiol. 2018;27:81-
88. DOI 10.1016/j.jinsphys.2018.02.011.

Brownlie J.C., Cass B.N., Riegler M., Witsenburg J.J., Iturbe-Or-
maetxe I., McGraw E.A., O’Neill S.L. Evidence for metabolic pro-
visioning by a common invertebrate endosymbiont, Wolbachia pipi-
entis, during periods of nutritional stress. PLoS Pathog. 2009;5(4):
¢1000368. DOI 10.1371/journal.ppat.1000368.

Brummel T., Ching A., Seroude L., Simon A.F., Benzer S. Drosophila
lifespan enhancement by exogenous bacteria. Proc. Natl. Acad. Sci.
USA. 2004;101:12974-12979. DOI 10.1073/pnas.0405207101.

Bykov R.A., Ilinskii Yu.Yu., Voloshina M.A., Zakharov I.K. Prevalence
and genotypic diversity of the symbiotic bacterium Wolbachia in the
Drosophila melanogaster population of Nalchik. Vavilovskii Zhur-
nal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding.
2014;18(2):315-319. (in Russian)

Carey J.R. Longevity: The Biology and Demography of Life Span.
Princeton, NT: Princeton Univ. Press, 2003.

Carrington L.B., Leslie J., Weeks A.R., Hoffmann A.A. The popcorn
Wolbachia infection of Drosophila melanogaster: can selection alter
Wolbachia longevity effects? Evolution. 2009;63(10):2648-2657.
DOI 10.1111/§.1558-5646.2009.00745 .x.

Falconer D.S., Mackay T.F.C. Introduction to Quantitative Genetics.
4th edn. Longman: Harlow, 1996.

Fry A.J., Palmer M.R., Rand D.M. Variable fitness effects of Wolbachia
infection in Drosophila melanogaster. Heredity. 2004;93:379-389.
DOI 10.1038/sj.hdy.6800514.

572 Vavilov Journal of Genetics and Breeding - 2018225

N.V. Roshina, A.V. Symonenko, A.V. Krementsova
E.A. Tsybul'ko, V.E. Alatortsev, E.G. Pasyukova, D.V. Mukha

Gronke S., Clarke D.F., Broughton S., Andrews T.D., Partridge L. Mo-
lecular evolution and functional characterization of Drosophila in-
sulin-like peptides. PLoS Genet. 2010;6(2):¢1000857. DOI 10.1371/
journal.pgen.1000857.

Hoffmann A.A., Clancy D.J., Merton E. Cytoplasmic incompatibility in
Australian populations of Drosophila melanogaster. Genetics. 1994;
136:993-999.

Hoffmann A.A., Hercus M., Dagher H. Population dynamics of the
Wolbachia infection causing cytoplasmic incompatibility in Dro-
sophila melanogaster. Genetics. 1998;148:221-231.

Holden P.R., Jones P., Brookfield J.F. Evidence for a Wolbachia symbi-
ont in Drosophila melanogaster. Genet. Res. 1993;62(1):23-29. DOI
10.1017/S0016672300031529.

Ikeya T., Broughton S., Alic N., Grandison R., Partridge L. The en-
dosymbiont Wolbachia increases insulin/IGF-like signalling in Dro-
sophila. Proc. R. Soc. B. 2009;276(1674):3799-3807. DOI 10.1098/
rspb.2009.0778.

Ilinsky Y.Y., Zakharov 1.K. The endosymbiont Wolbachia in Eurasian
populations of Drosophila melanogaster. Russ. J. Genet. 2007;
43(7):748-756. DOI 10.1134/S102279540707006X.

Jeyaprakash A., Hoy M.A. Long PCR improves Wolbachia DNA am-
plification: wsp sequences found in 76 % of sixty-three arthropod
species. Insect. Mol. Biol. 2000;9(4):393-405. DOI 10.1046/j.1365-
2583.2000.00203.x.

Lindsey A.R.L., Bhattacharya T., Newton I.L.G., Hardy R.W. Conflict
in the intracellular lives of endosymbionts and viruses: A mechanis-
tic look at Wolbachia-mediated pathogen-blocking. Viruses. 2018;
10(4):141. DOI 10.3390/v10040141.

Maistrenko O.M., Serga S.V., Vaiserman A.M., Kozeretska I.A. Effect
of Wolbachia Infection on Aging and Longevity-Associated Genes
in Drosophila. In: Vaiserman A.M., Moskalev A.A., Pasyukova E.G.
(Eds.) Life Extension: Lessons from Drosophila. Vol. 3. Healthy
Ageing and Longevity. Springer Int. Publ., 2015.

Markov A.V., Lazebny O.E., Goryacheva LI, Antipin M.L., Ku-
likov A.M. Symbiotic bacteria affect mating choice in Drosophila
melanogaster. Anim. Behav. 2009;77(5):1011-1017. DOI 10.1016/j.
anbehav.2009.01.011.

Martinez J., Ok S., Smith S., Snoeck K., Day J.P., Jiggins F.M. Should
symbionts be nice or selfish? Antiviral effects of Wolbachia are
costly but reproductive parasitism is not. PLoS Pathog. 2015;11(7):
¢1005021. DOI 10.1371/journal.ppat.1005021.

Min K.T., Benzer S. Wolbachia, normally a symbiont of Drosophila,
can be virulent, causing degeneration and early death. Proc. Natl.
Acad. Sci. USA. 1997;94(20):10792-10796. DOI 10.1073/pnas.94.
20.10792.

Olsen K., Reynolds K.T., Hoffmann A.A. A field cage test of the ef-
fects of the endosymbiont Wolbachia on Drosophila melanogaster.
Heredity. 2001;86(6):731-737. DOI 10.1046/j.1365-2540.2001.t01-
1-00892.

Richardson M.F., Weinert L.A., Welch J.J., Linheiro R.S., Mag-
wire M.M., Jiggins F.M., Bergman C.M. Population genomics of the
Wolbachia endosymbiont in Drosophila melanogaster. PLoS Genet.
2012;8(12):¢1003129. DOI 10.1371/journal.pgen.1003129.

Riegler M., Sidhu M., Miller W.J., O’Neill S.L. Evidence for a global
Wolbachia replacement in Drosophila melanogaster. Curr. Biol.
2005;15(15):1428-1433. DOI 10.1016/j.cub.2005.06.069.

Rohrscheib C.E., Bondy E., Josh P., Riegler M., Eyles D., van Swin-
deren B., Weible 1T M.W., Brownlie J.C. Wolbachia influences the
production of octopamine and affects Drosophila male aggression.
Appl. Environ. Microbiol. 2015;81(14):4573-4580. DOI 10.1128/
AEM.00573-15.

Rohrscheib C.E., Frentiu F.D., Horn E., Ritchie F.K., van Swind-
eren B., Weible M.W., Brownlie J.C. Intensity of mutualism break-
down is determined by temperature not amplification of Wolbachia
genes. PLOS Pathog. 2016;12(9):¢1005888. DOI 10.1371/journal.
ppat.1005888.

Roshina N.V., Symonenko A.V., Krementsova A.V., Trostnikov M.V,
Pasyukova E.G. Embryonic expression of shuttle craft, a Drosophila
gene involved in neuron development, is associated with adult life-

Animal genetics



Wolbachia cHuxaeT npoaomKNTeNbHOCTb XN3HWU Drosophila,
obunTaloLWMX Ha ceBepe eBponeckoi Yactu Poccum

span. Aging (Albany NY). 2014;6(12):1076-1093. DOI 10.18632/
aging.100712.

Serga S., Maistrenko O., Rozhok A., Mousseau T., Kozeretska I. Fecun-
dity as one of possible factors contributing to the dominance of the
wMel genotype of Wolbachia in natural populations of Drosophila
melanogaster. Symbiosis. 2014;63(1):11-17. DOI 10.1007/s13199-
014-0283-1.

Sharon G., Segal D., Ringo J.M., Hefetz A., Zilber-Rosenberg I.,
Rosenberg E. Commensal bacteria play a role in mating preference
of Drosophila melanogaster. Proc. Natl. Acad. Sci. USA. 2010;
107(46):20051-20056. DOI 10.1073/pnas.1009906107.

Solignac M., Vautrin D., Rousset F. Widespread occurrence of the pro-
teobacteria Wolbachia and partial cytoplasmic incompatibility in
Drosophila melanogaster. C. R. Acad. Sci. I11. 1994;317:461-470.

Teixeira L., Ferreira A., Ashburner M. The bacterial symbiont Wolba-
chia induces resistance to RNA viral infections in Drosophila mela-
nogaster. PLoS Biol. 2008;6(12):¢1000002. DOI 10.1371/journal.
pbio.1000002.

Toivenen J.M., Walker G.A., Martinez-Diaz P., Bjedov 1., Driege Y.,
Jacobs H.T., Gems D., Partridge L. No influence of /ndy on lifespan
in Drosophila after correction for genetic and cytoplasmic back-
ground effects. PLoS Genet. 2007;3(16):¢95. DOI 10.1371/journal.
pgen.0030095.

Ventura [.M., Martins A.B., Lyra M.L., Andrade C.A., Carvalho K.A.,
Klaczko L.B. Spiroplasma in Drosophila melanogaster popula-
tions: prevalence, male-killing, molecular identification, and no as-

leHeTMKa XKMBOTHbIX

2018
225

H.B. PowmHa, A.B. CumoHeHKo, A.B. KpemeHuoBa
E.A. Ubi6ynbKo, B.E. Anatopues, E.I. MNMaciokoBa, [1.B. Myxa

sociation with Wolbachia. Microb. Ecol. 2012;64(3):794-801. DOI
10.1007/s00248-012-0054-6.

Versace E., Nolte V., Pandey R.V., Tobler R., Schlétterer C. Experimen-
tal evolution reveals habitat-specific fitness dynamics among Wolba-
chia clades in Drosophila melanogaster. Mol. Ecol. 2014;23(4):802-
814. DOI 10.1111/mec.12643.

Verspoor R.L., Haddrill P.R. Genetic diversity, population structure and
Wolbachia infection status in a worldwide sample of Drosophila me-
lanogaster and D. simulans populations. PLoS One. 2011;6:¢26318.
DOI 10.1371/journal.pone.0026318.

Werren J.H., Baldo L., Clark M.E. Wolbachia: master manipulators
of invertebrate biology. Nat. Rev. Microbiol. 2008;6:741-751. DOI
10.1038/nrmicro1969.

Werren J.H., Guo L., Windsor D.W. Distribution of Wolbachia among
neotropical arthropods. Proc. R. Soc. B. 1995;262:197-204. DOI
10.1098/rspb.1995.0196.

Werren J.H., Windsor D.M. Wolbachia infection frequencies in insects:
evidence of a global equilibrium? Proc. R. Soc. B. 2000;267:1277-
1285. DOI 10.1098/rspb.2000.1139.

Wilmoth J.R., Horiuchi S. Rectangularization revisited: variability of
age at death within human populations. Demography. 1999;36:475-
495. DOI 10.2307/2648085.

Zug R., Hammerstein P. Still a host of hosts for Wolbachia: Analysis
of recent data suggests that 40 % of terrestrial arthropod species are
infected. PLoS One. 2012;7(6):e38544. DOI 10.1371/journal.pone.
0038544.

BaBuWNOBCKMNI XKYpHan reHeTUKN n cenekuyum « 2018 - 22«5

573



ﬂ leHeTnKa XXNBOTHbIX
~ OPUIMHANbHOE MCCNENOBAHUE / ORIGINAL ARTICLE

BaBunoBCKUi XKypHan reHeTnky 1 cenekuymn. 2018;22(5):574-585
DOI 10.18699/VJ18.397

Invasive mosquito species Aedes albopictus
and Aedes aegypti on the Black Sea coast
of the Caucasus: genetics (COI, ITS2),
Wolbachia and Dirofilaria infections

E.V. Shaikevich! @, LV. Patraman?, A.S. Bogacheva3, V.M. Rakova?, O.P. Zelya?, L.A. Ganushkina®

TVavilov Institute of General Genetics, RAS, Moscow, Russia

2 |nstitute of Medical Parasitology and Tropical Medicine named after E. Martsinovskii, Sechenov First Moscow State Medical University, Moscow, Russia

3 Moscow State University, Moscow, Russia

The area of invasive species Aedes albopictus and

Aedes aegyptiis expanding. Precise identification and
understanding of the genetic diversity of invasive
mosquito populations allows us to develop appropriate
control methods. Endosymbiotic bacterium Wolbachia
pipientis has different effects on their arthropod hosts

and can influence the transmission and spread of the
pathogens. The objective of the presented study was
molecular-genetic identification of the Aedes mosquitoes
collected in sampling sites on the Black Sea coast from
2007 to 2017; determination of genetic variability of

Ae. aegypti, Ae. albopictus and their symbiotic bacteria
Wolbachia; assessment of mosquitoes ability to be infected
and to spread parasitic Dirofilaria. Another objective

was obtaining the genetic characteristic of laboratory
strain Ae. aegypti IMPITM. We investigated two markers of
nuclear and mitochondrial DNA from Ae. albopictus and
Ae. aegypti and compared them to DNA from Ae. cretinus
and Ae. koreicus sympatrically inhabiting the territory, as
well as to one of Ae. aegypti from a laboratory line. The
study of nuclear and mitochondrial DNA revealed a low
level of variability in the invasive mosquitoes Ae. albopictus
and Ae. aegypti collected at different collection sites

and in different years. More than a half of Ae. albopictus
were infected with Wolbachia, two strains of bacteria,
wAIbA and wAlbB, occur in the Ae. albopictus population
on the Black Sea coast. Total infection of Ae. aegypti and
Ae. albopictus with dirofilariae was 1.8 %. Dirofilaria immitis
was found only in mosquito abdomen, larvae of infective
stage L3 were not found. D. repens larvae developed to the
infective stage in the mosquitoes of both species.

Key words: blood-sucking mosquitoes; Aedes aegypti;
Aedes albopictus; invasion; population; Black Sea coast;
ITS2; COI; Wolbachia; Dirofilaria.
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MHBa3uBHbIe BUAbI Aedes albopictus
1 Aedes aegypti Ha YepHOMOPCKOM
rnmob6epexkbe KpacHomapcKoOro Kpasi:
redHeTuka (COI, ITS2), 3apa>keHHOCTb
Wolbachia n Dirofilaria

E.B. lllaikeBuyl @, 11.B. HanaMaHz, A.C. Borauesa3,
B.M. PakosaZ, O.IT. 3eas2, A.A. l"al-[yu.nq/u-la2

1 NHCTUTYT 0bLwein reHeTukn um. H.U. BaBunosa PAH, MockBa, Poccus

2 YIHCTUTYT MEAVILIMHCKOW MapasnTosornm, TPOMMYECKIX 1 TPAHCMUCCUBHBIX
3abonesaHuin um. E.V. MapurHosckoro MepBoro MockoBcKkoro
rocyfapcTBeHHOro MeanLMHCKOro yHneepcuteTa um. .M. CeyeHoBa
(CeueHoBCKMI yHMBEpcMTET) MUHMCTEPCTBa 3apaBooxpaHeHus PO,
MockBa, Poccua

3 MockoBckui rocyfaapcTBeHHbI yHuBepcuteT nm. M.B. JlTomoHocoBa,
Mocksa, Poccuna

Apean nHBa3MBHbIX BUROB Aedes aegypti n Aedes albopictus,
NnepeHoOCYMKOB pafa TPAHCMUCCHBHBIX MHOEKLUIA, paclunpAeTca.
NpeHTMdMKaLma BUAOB-NEPEHOCUNKOB 1 MOHMMaHWe reHeTnye-
CKOro pa3Hoo6pasysa MHBA3VBHbIX MONYNALMUA MO3BONAT pas-
paboTaTb cooTBeTCTBYIOLWME NPOdUNaKTMYECKE MEPONPUATUA.
SHpocumbroTnyeckan b6aktepusa Wolbachia pipientis oka3sbiBaeT
pasnunyHble 3pPeKTbl Ha CBOVX XO3A€B-apTPOMOL U MOXET BAVATb
Ha npoLecc nepeaayn 1 pacnpocTpaHeHns Bo3dyanTtenein. OCHOB-
HOW Lienbto paboTbl 6bla MONeKyAPHO-TeHeTYecKan NaeHTU-
duKauma Bugos Komapos pofa Aedes, COGPaHHbIX B HACENEHHbIX
nyHKTax YepHomopckoro nobepexba ¢ 2007 no 2017 r.; onpepfe-
NeHne reHeTYeCcKon nameHunBocTy Ae. aegypti, Ae. albopictus n
nx cumbrnoTnyeckon baktepun Wolbachia; oueHka cnocobHoCTU
Ae. aegypti n Ae. albopictus K 3apaxxeHuto 1 pacnpoCTPaHEHWIO
napasutnyeckux Dirofilaria. OTaenbHoM 3agayeit ABNANACh reHe-
TUYeCKana XxapakTepuCTrKa nabopatopHom NMHum Ae. aegypti
WMIMnTM, koTopas noaaepKunsaeTca B nabopatopuu B Te4eHne
50 neT. iccnenoBaHbl MapKepbl AAEPHON U MUTOXOHAPWANbHOM
OHK'y Ae. albopictus n Ae. aegypti  npoBefieHO UX CpaBHEHME

¢ Ae. cretinus v Ae. koreicus, cumnaTpuyecky obrTaloWwrmMm Ha
[aHHOW TeppuTopunK, a Takxe c Ae. aegypti nabopaTopHO MNMHUN.
O6Hapy»eH HU3KMI ypoBeHb n3MeHunBocTr Ae. albopictus n

Ae. aegypti, cobpaHHbIX B Nprpofe B pa3HbIX TOUKax cbopa v B
pa3Hoe Bpewms. Y Ae. albopictus BbisiBNeHbl YeTbIpe ranioTuna

Ha OCHOBe CpaBHeHWA BaprabesibHoWM 06N1acTn BHyTPEHHEro
TpaHcKpubupyemoro cnencepa (ITS2) knactepa reHos pPHK n aBa
MUTOXOHAPWANbHbIX FaNIoTUNa NPU CPaBHEHNN NOCIefoBaTeSb-
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Y Ae. aegypti, cobpaHHbIX B Npupoae, 06HapyKeHbl YeTbIpe ramnnio-
Trna agepHon AHK v Tpy mutoxoHapuanbHbix rannotuna. bonee
nonosuHbl Ae. albopictus 3apaxeHbl Wolbachia. B nonynauum Ha
YepHomopckom nobepekbe KpacHohapcKoro Kpas BCTpevatTca
IBa wramma bakTtepum: wAIbA n wAlbB. O6Lasn 3apaeHHOCTb
KomapoB Ae. aegypti n Ae. albopictus pupodunapuamm cocTa-
Buna 1.8 %. Dirofilaria immitis o6Hapy»eHbl TONIbKO B OpIoLLKax
KOMapoB, Pa3BUTUA JIMYNHOK A0 MHOEKLMOHHON cTaguu L3 He Bbl-
ABneHo. JinunHkm D. repens pa3Bununcb Ao MHGEKLMOHHOW CTagnm
B KOMapax 060X BMAOB.
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albopictus; nHBa3sus; nonynaums; YepHomopckoe nobepexbe
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two mosquito species — Aedes (Stegomiya) aegypti

(Linnaeus, 1796) and Aedes (Stegomiya) albopictus
(Skuse, 1895) — was registered in Krasnodarskiy Region.
These are associated with numerous epidemic outbreaks of
denge, chikungunya, zika viral infections, etc. Ae. aegypti
also acts as a primary carrier for yellow fever (Jeffries,
Walker, 2016). Beside arboviruses, both mosquito species
are able to transmit the threadworm larvae of Dirofilaria
family responsible for dirofilariasis in humans and animals
(Ganushkina et al., 2014a). This transmissible helmintosis
demonstrates an expansive trend in the territory of Russia
(Bogacheva et al., 2017).

Ae. aegypti had been absent in Russia for 50 years, until
2001 (Ryabova et al., 2005; Yunicheva et al., 2008) due to
the special measures taken in the USSR in the 1920s and
1930s aimed at eradication of the aforementioned species
(Martsinovsky, 1929). The measures were taken consider-
ing the extreme danger of this carrier and occurrence of
substantial high-mortality dengue outbreaks in the countries
of South Europe.

Later in the 20th century, greater concerns aroused
worldwide about the expansion of Ae. albopictus, another
effective carrier of dangerous arboviruses, which started
to spread beyond its natural habitat in Southeast Asia.
This mosquito species expanded into areas, previously
inhabited by other endemic species, like morphologically
similar Ae. cretinus Edwards (Patsoula et al., 2006). For
the first time, this species was transferred to Albania from
China in the middle of the 1970s (Adhami, Reiter, 1998).
Currently this species of mosquito is found in more than
15 countries, and its habitat is growing persistently (Med-
lock etal., 2015). Ae. albopictus are able to cause outbreaks
of dengue and chicagunya infections even in absence of
Ae. aegypti (Delatte et al., 2008; Delisle et al., 2015; Calba
etal., 2017; Chuchuy et al., 2018). In the Russian Federa-
tion these species were first found in 2011 (Ganushkina
et al., 2012). Currently, the Caucasus coast of the Black
Sea is the only territory in the WHO European region that
geographically includes the Asian region of the Caucasus

0 t the beggining of the 21st century, expansion of
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where the both mosquito species have been registered as
active vectors for arbovirus infectious agents (http://www.
who.int/about/regions/euro/).

Hematophagous mosquito species may vary in pathogen
transmission capability. Their morphological markers used
for authentication could be either unclear, or missed or
erased during storage of adult specimens, which results
in identification errors. For example, cytochrome gene
sequence MF148262 annotated in Gene Bank as being
derived from Ae. albopictus originated in Malaysia, was
actually associated with 4e. aegypti. For that reason, DNA
analysis for verification of the population’s structure and
diversity had to be performed to devise necessary preven-
tive measures.

Dirofilariasis caused by Dirofilaria immitis and D. repens
is endemic to the Southern parts of Russia (Sergiev et al.,
2014; Kartashev et al., 2018). In assessment of epidemio-
logical situation one uses xenomonitoring for entomo-
logical control over filariasis infections (Ganushkina et al.,
2014a). Dirofilaries are identified by means of total DNA
amplification of vector mosquito with specific primers. This
method shows fillaries at all stages of development (L1,
L2, L3), while not every filaria reaches the pathogenic L3
stage, which can be transmitted through salivary glands
of a mosquito to human and animal hosts. Microfilaria
development to stage L3 requires certain thermal condi-
tions, therefore the disease is primarily limited to southern
regions. Dirofilaria can be found in mosquitoes of the fol-
lowing genera: Aedes, Anopheles, Ochlerotatus and Culex
(Bochkové et al., 2013; Kronefeld et al., 2014; Bogacheva
et al., 2017). During monitoring, taxonomical study of
mosquitoes can be frequently limited to the genus level.
Dirofilaria identification, specialization towards mosquito
species and determining the invasive stage of Dirofilaria
inside the mosquito are aimed towards discovering the
actual epidemiological significance of various mosquito
species (Ganushkina et al., 2014a). Major attention in latest
research has been paid to discovering the role of endosym-
biotic bacteria in the mosquito and other arthropods in the
host survivability, as well as in processes of transmission
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and spread of infectious diseases (Bourtzis et al., 2014;
Jeffries, Walker, 2016).

The main objectives of the presented research were
molecular genetics identification of Ae. albopictus and
Ae. aegypti collected in the populated areas of the Black
Sea coast from 2007 to 2017; determination of their gene
diversity; characterization of sympatric species Ae. cretinus
and Ae. koreicus; measuring of symbiotic bacteria Wolba-
chia appearence in investigated mosquito samples and of
Wolbachia strains diversity within the population of Ae. al-
bopictus; evaluation of the capability of Ae. albopictus
and Ae. aegypti to vector and spread parasitic Dirofilaria.
Within the framework of the study one also performed
genetic sampling of the laboratory line of de. aegypti
IMPITM cultivated for 50 years.

Materials and methods

Collecting the mosquitoes. The mosquitoes were collected
on the North Caucasus shore in years 2007, 2011-2013 and
20152017 (Table 1, Fig. 1). Ae. albopictus and Ae. aegypti
larvae were picked in temporal water basins using a scoop-
net. A part of the larvae was preserved in alcohol, while
the others were raised to adults. The adult mosquitoes were
caught either with an Electrofrog trap (LMD-Komplekt
plus, Russia), or “on self” with an exhauster and preserved
dry. More details on the mosquito collection protocol can
be found in (Ganushkina et al., 2013, 2016). The total col-
lection consisted of 3 005 specimens: 1430 Ae. aegypti and
1575 Ae. albopictus.

Molecular genetic analysis included mosquitoes from
the IMPITM lab line, four dried adult Ae. cretinus from the
IMPITM museum and five 4e. koreicus collected in Sochi
in 2013. The Ae. cretinus and Ae. koreicus were used to
determine the genetic differences between morphologically
similar species of the Aedes genus, which could potentially
present in the collections, collected in the territory in ques-
tion. Ae. cretinus is endemic towards the Black Sea coast
of the Caucasus. Ae. koreicus originating from Southeast
Asia, have been found in the area since 2013 (Ganushkina
etal., 2016).

Determining species of mosquitoes. Species identifica-
tion of all the mosquito samples was conducted with ac-
count for the morphology data (Gutsevich et al., 1970) and
using molecular genetic technologies. Up to 30 specimens
from each place and year were used for PCR identification
of'second inner transcribable spacer of pRNA gene cluster
(ITS2). Characteristic to Ae. albopictus is PCR sequence of
500 bp in size, for Ae. koreicus —450 bp, for Ae. cretinus —
390 bp, and for Ae. aegypti — 340 bp.

Mosquito identification by gene sampling. DNA
extraction from the mosquitoes was accomplished using
DIAtom DNA Prep (Izogen, Moscow). PCR identifica-
tion was conducted with the Evrogen Encyclo PCR kit
(Evrogen, Moscow). For the ITS2 amplification prim-
ers 5,8S and 28S were used (Porter, Collins, 1991). A
cytochrom oxidase I sequence (COI) of nearly 750 bp
in length was built up using primers TY-J-1460 (Simon
et al., 1994) and COIR (Shaikevich, 2007). Amplificates
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Table 1. Years and points
of Ae. aegypti and Ae. albopictus sampling

Year Sampling site  Geographical ~ Number of individuals
coordinates Ae. aegypti Ae.albopictus
2007 Adler 43°25'44"N, 52 0
39°55'26"E
Sochi 43°35'07"N, 89 0
39°43'13"E
Lazarevskoye 43°54'31"N, 25 0
39°19'52"E
Tuapse 44°06'19"N, 23 0
39°04'48"E
2011 Hosta 43°30'53"N, 1 16
39°52'05"E
2012 Adler 43°25'44"N, 3 24
39°55'26"E
Hosta 43°30'53"N, 0 47
39°52'05"E
Sochi 43°35'07"N, 6 116
39°43'13"E
Mamaika 43°38'35"N, 48 406
39°42'34"E
Dagomys 43°40'11"N, 0 24
39°40'07"E
Lazarevskoye 43°54'31"N, 31 48
39°19'52"E
Tuapse 44°06'19"N, 566 28
39°04'48"E
New Afon 43°04'50"N, 45 6
40°50'17"E
Pizunda 43°09'43"N, 7 58
40°20'27"E
2013 Adler 43°25'44"N, 6 164
39°55'26"E
Hosta 43°30'53"N, 0 23
39°52'05"E
Sochi 43°35'07"N, 3 46
39°43"13"E
Mamaika 43°38'35"N, 3 34
39°42'34"E
Lazarevskoye 43°54'31"N, 17 19
39°19'52"E
Tuapse 44°06'19"N, 394 21
39°04'48"E
2015 Adler 43°25'44"N, 0 120
39°55'26"E
Tuapse 44°06'19"N, 30 20
39°04'48"E
2016 Dagomys 43°40'11"N, 0 256
39°40'07"E
2017 Adler 43°25'44"N, 81 32
39°55'26"E
Sochi 43°35'07"N, 0 67
39°43"13"E
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were visualized in 1-2 % agarous gel and purified using
a clean-up extraction kit (Evrogen, Moscow) followed by
sequencing with the BigDye Termination kit 3.1 (Applied
Biosystems, USA). Thirteen ITS2 amplificates of Ae. ae-
gyptiu Ae. albopictus were sequenced (1-2 samples from
10 collection sites for various years), including Ae. cretinus
and Ae. aegypti taken in the amount of one sample from
each line. Mitochondrial DNA variability was studied us-
ing 28 sequenced sequences of the COI gene, 634 bp in
length, from 1-4 specimens collected at 1—4 sites and four
specimens from the Ae. aegypti lab line. The sequences
were registered in Gene Bank. The COI gene: de. aegypti
MG198586-MG198594, MH251909—-MH251911; 4e. al-
bopictus MG198595-MG198606; Ae. aegypti IMPITM
MHO023409 u ITS2: Ae. aegypti MH142316-MH142320;
Ae. albopictus MH142321-MH142326; Ae. aegypti
IMPITM MH142327; Ae. cretinus MH142328.

Data analysis. Gene sequence analysis was performed
using the following software: ChromasPro, BLASTN,
ClustalW, MAFFT v.6, MEGA v.6. Phylogenetic trees
were built using the Neighbor-Joining technique, the evo-
lution distances were calculated by maximum composite
likelihood method using MEGA v.6 program (Tamura
et al., 2013). The DNA sequences of Ae. albopictus and
Ae. aegypti closest to the extracted ones, as well as ones
characteristic for certain regions were selected in Gene
Bank (https://www.ncbi.nlm.nih.gov/) for the purpose of
comparative analysis. Their registry numbers can be found
on the diagrams. Sample collection time periods are indi-
cated in the annotations, where it is possible. The statistical
reliability of filogenetic tree branches was analyzed using
the bootstrap method (1000 iterations). Evolutionary di-
vergence level between the sequences was evaluated using
the MEGA v.6 software (Tamura et al., 2013).

Wolbachia contamination. Identification of the Wolba-
chia symbiotic bacteria was carried out using specific prim-
ers for bacterial surface protein gene wsp (81F and 691R,
see Braig et al., 1998). In order to separate the two strains,
multiprimer PCR was used (Zhou et al., 1998): primers
383F and 183F were paired with wsp-691R to separate the
wAIbA and wAIbB strains of Wolbachia in Ae. albopictus.
The PCR fragment corresponding to the wAIbA strain was
one of 379 bp, and to the wAIbB strain —of 501 bp. Validity
evaluation for the received data on bacterial contamination in
the samples was carried out using the Fischer accuracy test
with the error margin set for N> 10 (Tokarev et al., 2017).

Susceptibility to Dirofilaria. Only hemotrophic gonoac-
tive female mosquitoes collected in the wild were used for
analysis. In order to determine dirofilaria contamination
in mosquito pools, the mosquito imagos were dissected,
their abdomen and head-thorax parts separated, and 2 to
7 sample mosquitoes were grouped into pools based on
their collection time and place. In the head-thorax parts,
L3 larvae were registered. Contamination of mosquitoes
with Dirofilaria larvae was revealed by the amplification
of the ITS2 area using the DIDR-F1 and DIDR-R1 prim-
ers (Rishniw et al., 2006). PCR sequence size, specific
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Fig. 1. Sampling points on the Caucasian coast of the Black Sea.

to D. immitis was 542 bp, for D. repens — 484 bp. For
Dirofilaria DNA screening was conducted in pools and
not individually, contamination was evaluated using the
common MIR (minimum infection rate) method. The value
was calculated based on the assumption that at least one
mosquito specimen in the pool was infected with Dirofilaria
with the minimum infection rate calculated as the number
of positive pools divided by the total specimen quantity and
expressed as a percentage (Cancrini et al., 2003).

Results

Geography of sampling

Mosquitoes Ae. aegypti and Ae. albopictus were collected
on the coast of the Black Sea of Krasnodarskiy Region from
Adler to Tuapse in years 2007,2011-2013 and 2015-2017
(see Table 1). In 2012, the specimens of these species were
additionally gathered in the Republic of Abkhazia near
Pizunda and New Afon (see Fig. 1). In 2007 Ae. albo-
pictus were absent in the region, while in four sampling
sites from Adler to Tuapse Ae. aegypti were common (see
Table 1). Starting 2011, Ae. albopictus were present in each
pool from every populated area. Moreover, the quantity of
collected Ae. albopictus was vastly superior to the one of
Ae. aegypti in the area from Adler to Dagomys. In years
2012, 2013 and 2016 Ae. aegypti were not registered in
Hosta and Dagomys. However, de. aegypti prevailed
numerically in Tuapse, the northern part of the region, in
years 2012 and 2013.

In year 2017 collection was conducted only in Sochi and
Adler, and the larvae and imagos were attributed solely
to Ae. albopictus. In the pools of adult mosquitoes no
Ae. aegypti specimen was present, as no Ae. aegypti larvae
were found in typical breeding grounds of this species
(various small artificial basins filed with water: barrels,
cans, decorative pools, old dishware, tires). A sample from
a dried car tire found in Adler in August 2017 contained
preserved viable eggs of Ae. aegypti and Ae. albopictus
with the prevalence of Ae. aegypti, which later developed
in the lab into larvae and imagos.
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GenBank Origin Variable nucleotide sites®
annotation 2223333333334 ......... 4 ........
5 5 5 4 5 5 5 5 5 5 5 5 9 9
3 4 5 9 1 2 3 4 5 6 7 8 2 4
MH142327|MP|TMG ......... TGAC ......... TAAC ......... TAG ......... '|' ......... '|' ........
MH14232050ch|2007 ...................................................................................................................................................................................................
MH14231gmamalka2012 .............................................................................................................................................................................................
MH142317 ................ TuapsezmzA ...........................................................................................................................................
MH142325Ad|er2017__CAG ...................
MH1423'|6NeWAfon2012__________ ...................... c ........
MH142319Ad|er2013__________ ...................... c ........

Note: *The nucleotide positions are indicated relative to the MH142327 sequence. In Tables 2 and 3, the points denote the nucleotides identical to those indi-
cated in the first line, dashes - the absence of nucleotides in the sequence (deletions).

Table 3. Variable sites in the ITS2 region of Ae. albopictus

Gene Bank Origin Variable nucleotide
annotation
MH142321H05t32011 .......................................................................
MH142322P.Zunda2012 ...................................................................
MH142323P.Zund32012AC ........... e
MH142324 ........ TuapsezmgAc ......................................
MH142325Ad|er2017c ......................................

* The nucleotide positions are indicated relative to the MH142321 sequence.

PCR analysis
Ae. aegypti lab line. The Ae. aegypti mosquito lab line
has been constantly sustained for more than five decades
in the laboratory of the Martsinovskiy institute. The line
was named “IMPITM” after the abbreviated name of the
institute. Parts of the COI gene were sequenced for two
mosquitoes from two different genres. DNA sequences
from all four specimens were identical, one sequence was
registered in Gene Bank under number MH023409. Two
variable sites G148A and T624a (the site numbers cor-
respond to MH023409) in COI separated IMPITM-line
from lab cultures Ae. aegypti Liverpool (AY432648) and
RED (AF390098). As a nuclear marker, ITS2 area from
Ae. aegypti IMPITM (GenBank annotation MH142327)
was sequenced. ITS2 DNA in Ae. aegypti IMPITM was
identical to DNA of the Rockfeller strain (KF471588).
Nuclear DNA variability in Ae. aegypti and Ae. al-
bopictus. In Ae. aegypti four haplotypes with different
single-nucleotide substitutions and two deletions in their
ITS2 areas were found (Table 2). The first type was Ae. ae-
gypti collected in Sochi (2007) and Big Sochi — Mamaika
(2012). The second type was from Tuapse (2012) and dif-
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Table 4. Estimates of average evolutionary divergence over
ITS2/COI sequence pairs between and within the studied Aedes

Species Ae. aegypti Ae. albopictus  Ae. cretinus
Ae aegypn ................ 0 005 e
0.0028*
Ae. albopictus 0.14 0.004*
0.37 0.0127*%
Ae. cretinus n.d. n.d.
.................................... 030 03
Ae. koreicus n.d. n.d. n.d.
0.28 0.46 0.39

Note: The number of base substitutions per site from averaging over all se-
quence pairs within and between the Aedes species is shown. Below the di-
agonal are differences in ITS2 sequences; above the diagonal - in COI.

* Intraspecific differences; n. d. - not defined.

fered from the first by one G255A replacement. The third
haplotype was discovered in the specimens from New Afon
and Adler (2013). This haplotype differed by two deletions
(two and eight nucleotides) and one T494C replacement. In
the ITS2 area of Ae. aegypti collected in Adler (2017) two
deleted nucleotides were found, which was similar to the
first haplotype, and three nucleotide replacements — A349C,
G358A and T492G.

Four variable haplotypes were found in Ae. albopictus,
different by single-nucleotide mutations and one deletion
(Table 3). The earliest in this respect is the Hosta collection
(2011). We found an identical haplotype in Ae. albopictus
from Pizunda (2012). The second similar haplotype was
found in another specimen from the same collection (Pi-
zunda, 2012), different by deletions of two nucleotides and
replacements in G308A and T331C. The third haplotype
of Ae. albopictus (Tuapse, 2013), unlike the second, had
no deletion. The fourth one was found in Ae. albopictus
(Adler, 2017) and had one T331C replacement.

Intraspecific ITS2 variability in wild de. aegypti was
0.3 %, while the variability in wild Ae. albopictus was
1.3 % (Table 4). The genetic differences between species
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Fig. 2. Similarity dendrogram derived from comparative analysis of the ITS2 areas.

All the deletions were excluded from the analysis.
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Fig. 3. Similarity dendrogram of the COI gene sequences in Ae. aegypti and Ae. albopictus.

after ITS2 comparison indicated that Ae. aegypti was
1.3 times closer to Ae. koreicus and Ae. cretinus than to
Ae. albopictus (Table 4).

Comparison of the identified sequences between them-
selves and with their analogues from Gene Bank showed
that, while the ITS2 region was variable in one mosquito
species, its identical variants were present in specimens
from geographically separated regions (Fig. 2). The ITS2
sequences of each species form different dendrogram
clusters, their differences supported by the high values in
bootstrap analyses.

Mitochondrial DNA variability in Ae. aegypti and
Ae. albopictus. Nine COI sequences from wild Ae. aegypty
(2007,2011-2015) were identical. Same variant is present
in Gene Bank — annotated Ae. aegypty from Cambodia
(2000), India, England (2014), French Guyana (2014), Aus-
tralia (2015), Germany (2016) (Fig. 3). Ae. aegypti (Adler,
2017) had two other different mitochondrial haplotypes
(MH251909-MH251911) with synonymous nucleotide
replacements C48T and additional T189C in MH251909.

The genetic diversity between Ae. aegypti specimens from
Vavilov Journal of Genetics and Breeding - 2018225
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the Black sea coast for the COI gene was determined to be
0.5 %. The differences between the wild specimens and the
lab line included 11 nucleotide substitutes, one of which
(G148A) was non-synonymous (see Fig. 3).

Among Ae. albopictus species two mitochondrial hap-
lotypes were found. The first one consisted of 11 identical
sequences in the specimens (2011-2017) which were also
registered in Ae. albopictus from Spain (2005), Italy (2009),
China, Taiwan (2011), and Japan (2011) (see Fig. 3). The
second mitochondrial haplotype that differed from the oth-
ers by synonymic replacement A79G was aslo found in one
mosquito from Hosta (2012) (MG198601). The haplotype
identical to second one (79G) had been previously discov-
ered in Ae. albopictis from northern Italy (2009), Japan
and Germany (2011). The COI gene variability among
Ae. albopictus was 0.4 % (see Table 4).

Endosymbiotic bacteria Wolbachia

The frequency of Wolbachia contamination was investi-
gated in 411 specimens of Ae. albopictus, 50 specimens
of Ae. aegypti, 4 — of Ae. cretinus and 5 — of Ae. koreicus.
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Table 5. Prevalence of wAIbA and wAIbB strains of Wolbachia in Ae. albopictus from different sampling sites

wAlbA

Sampling site, N

wAlbB

wAIbA + wAIbB Infection£SD (%)*

* Standard deviation (SD) was considered for samples of more than 10 individuals.

Table 6. Infection of Ae. albopictus and Ae. aegypti with D. immitis and D. repens

Species Number Number of pools,
of specimens  infected with D. repens
(pools) ‘Head-thorax ~ Abdomen
Aea/bop,ctus366(74) ................ 1 0 ........................
Aeaegypt,21(4) .................... 1 0 ........................

All screened Ae. aegypti, Ae. cretinus, Ae. koreicus were
not infected with Wolbachia. In Ae. aibopictus symbiotic
bacteria Wolbachia were found in all the pools, the per-
centage of infected insects varied between 16.3 and 100 %
(Table 5). On the Caucasus coast all possible variants of
infected Ae. albopictus were found. Between 234 positive
specimens 3 variants of infection were found: rare strain
wAIbA (1.7 %), common strain wAlbB (78.6 %) and su-
perinfection with both strains wAlbA and wAIbB (19.7 %);
177 specimens were not infected. What is especially inter-
esting is the Dagomys population where in 2016 only 31
(16.3 %) out of the 190 mosquitoes were tested positively
for Wolbachia. The infection rate of the Dagomys Ae. al-
bopictus in 2016 was statistically different from the grand
total (Fisher test, p < 0.0001). If the Dagomys 2016 pool
were removed from analysis, the total contamination of
Ae. albopictus would be 91.8 %.

The variations in total infected specimens in the pools
can be explained by their small count, like in the Hosta
case (2012) or, possibly, by the poor condition of bacte-
rial DNA in the preserved mosquitoes. The low total of
infected mosquitoes was mainly due to Dagomys (2016).
In this case, 190 specimens were checked and considering
good PCR results for other genes, poor DNA condition was
hardly the reason. Most probably, the low rate of Wolbachia
infection was consistent and the Ae. albopictus population
requires further investigation (see Table 5).

leHeTMKa XKMBOTHbIX

Number of pools,
infected with D. immitis

MIR, % Head-thorax Abdomen MIR,%
03 0 5 14
4.8 0 0 0

Dirofilaria contamination

Using PCR with specific primers for the DNA of two
species of Dirofilaria 74 pools (366 specimens) of Ae. al-
bopictus, and 4 pools (21 specimens) of Ae. aegypti were
investigated (Table 6). Among 74 pools of Ae. albopictus
one was infected with D. epens (MIR = 0.3 %), five pools
were infected with D. immitis (MIR = 1.4 %). Only one
pool of Ae. aegypti out of four was infected with D. repens
(MIR =4.8 %). D. immitis was found only in the abdomen
pools of Ae. albopictus. Infective larvae L3 of D. repens
were found in pools of head-thorax parts of the both spe-
cies (see Table 6).

Discussion

Stable, replenishing population of Ae. albopictus inhabits
the territory of Krasnodarsky Region’s Black Sea coast.
Mosquitoes Ae. albopictus, first registered in 2011, have
been expanding with the great speed presenting serious
competition to Ae. aegypti.

Survey of the territory in years 2012-2013 showed
presence in this area of consistent, replenishing popula-
tions of two dangerous mosquito species — de. aegypti
and Ae. albopictus (Ganushkina et al., 2013). In 2012, the
areas surrounding New Afon and Pizunda were additionlly
investigated, with the same mosquito species discovered.
In Russia Ae. albopictus were found only recently, in 2011,
but they actively, as it is common for invasive species in a
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new place, have taken their niche around the Big Sochi in
the wet subtropical climate zone, pressing Ae. aegypti from
Adler to Lazarevskoe. In typical semidry Mediterranean
climate zone, Tuapse area, de. aegypti were predominant
in 2011-2013, while the quantity of Ae. albopictus in this
territory was negligible. Further to the north to Anapa,
where semidry Mediterranean climate is also present, no
mosquitoes of both species were found during July, Sep-
tember and October of 2013 (Ganushkina et al., 2013). In
2014-2015 the population of Ae. albopictus and Ae. aegypti
on the Caucasus coast of the Black Sea developed in the
way similar to the 2012-2013 trends (Ganushkina et al.,
2016). In populated areas to the south of Tuapse, mainly
Ae. albopictus were registered. In Tuapse Ae. aegypti
were predominant (4de. aegypti share 70 %, Ae. albopictus
30 %), however, the count of Ae. albopictus began to rise.
No further advances of Ae. albopictus in2012-2014 to the
northwest of Jubga (57 km from Tuapse, the last locality,
where Ae. albopictus were registered) were observed.
However, as we had predicted (Ganushkina et al., 2014b).
Ae. albopictus mosquitoes were able to expand in the
northwest direction making it essential to investigate the
Gelendjik area, where M.V. Zabshata (2016) had found
this species in 2015.

Our collections from July and August 2016, as well as the
data by Fedotova M. V. et al. (2017a, b) demonstrated that
in Adler, Hosta and Sochi no Ae. aegypti had been found,
and only Ae. albopictus had occupied the coast. However,
during August 2017 in Adler the viable eggs of both Ae. ae-
gypti and Ae. albopictus were found, which was confirmed
by DNA tests. The Ae. aegypti eggs are able to withstand
prolonged dehydration, but below-zero temperatures are
lethal to them. Consequently, despite the drastic decrease
in population, in positive conditions 4e. aegypti are able to
regain abundance. The population decrease may be linked
to the competition between Ae. aegypti and Ae. albopictus
larvae for food resources and the fertility loss in Ae. aegypti
due to possible interspecies copulation (Bargielowski et
al., 2015; Carrasquilla, Lounibos, 2015). A major role in
preserving the viability of diapausing eggs of Ade. aegypti
may be attributed to winter temperatures. Theoretically,
Ae. aegypti areal may correlate with the lowest rate of night
temperature at ground surface (Tsai et al., 2018). Median
borderline temperature of 13.8 degrees may play a critical
role in limiting of Ae. aegypti expansion on the Caucasus
Black Sea coast, where during some years it drops down
from —3 to —13 centigrade.

Amplification of the ITS2 region enables for identi-
fication of Ae. albopictus, Ae. aegypti, Ae. aretinus and
Ae. koreicus based on the size of the PCR product. This
method can be used along with morphological criteria for
the accurate species identification. Genetic divergence in
the variable non-coding ITS2 area among Ae. albopictus,
Ae. cretinus, Ae. koreicus and Ae. aegypti constitutes be-
tween 28 and 46 %. Ae. albopictus is genetically closer
to Ae. cretinus and Ae. koreicus than to Ae. aegypti. The
divergence between Ae. albopictus and Ae. aegyptiis 37 %,
and in the coding sequence of COI gene it reaches 14 %.
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The methods of molecular genetics were first used to
characterize the mosquitoes from the lab line of 4e. aegypti
cultivated in a laboratory for more than 50 years. The origin
of first mosquitoes of the IMPITM line is unknown. Ac-
cording to the nuclear marker, these mosquitoes are identi-
cal to the specimens in the Rockfeller line. The COI gene
analysis has shown that mosquitoes from the Ae. aegypti
IMPITM lab line contain DNA close to the one of African
mosquitoes and the specimens from the Liverpool and RED
lab lines. The databases contain neither COI sequences for
the Rockfeller strain, nor ITS2 for Liverpool and RED.
Therefore, no possibility exists to compare Ae. aegypti
IMPITM with any of the known laboratory cultures of
Ae. aegyptiusing the both markers. The origin of the labora-
tory strains of 4e. aegypti, bred in the laboratories of USA,
England, France and other countries since 1940—1950s are
often unknown (Kuno, 2010). The Ae. aegypti Rockfeller
line originated from Cuba and the Ae. aegypti Liverpool
line — possibly from West Africa (Kuno, 2010). The RED
line heritage was undetermined, but we know that it is a
variant of the Rex-D strain of 4e. aegypti (Costa-da-Silva
etal., 2017).

Ae. aegypti originated from Africa, from where they
expanded firstly to South and North Americas, and then
towards Asia (Bennett et al., 2016). Ae. aegypti found on the
Caucasus coast of the Black Sea have the COI gene identi-
cal to the one of invasive mosquitoes from Southeast Asia
(India, Cambodia), America (French Guyana), Australia
and single specimens carried to Europe (Kampen et al.,
2016; Dallimore et al., 2017). These invasive Ae. aegypti
are likely to have adaptive properties to subtropical and
even moderate climates.

Southeast Asia is considered to be the place of 4e. al-
bopictus origin, from where these mosquitoes expanded
worldwide. Previous research of 4e. albopictus had shown
a low level of diversity in mitochondrial DNA, but found
differences in the COI gene between the populations that
are present in countries with tropical or subtropical climate
(Mousson et al., 2005; Patsoula et al., 2006; Kamgang et al.,
2011; Zitko et al., 2011), where tropical populations carry
363C, and subtropical — 363T (relative to MG198595).
No tropical COI gene haplotype was found on the Black
Sea coast. One of the haplotypes found in de. albopictus
during our research was typical to Ae. albopictus not only
from Taiwan and Japan but also from Italy and Spain (see
Fig. 3). The second haplotype found in Ae. albopictus from
Hosta (2012) also presents in Ae. albopictus from Japan,
Italy and Germany.

Investigation of Ae. albopictus and Ae. aegypti from
the Black Sea coast using the markers of nuclear and mi-
tochondrial DNA and comparison with existing databases
has shown a low level of diversity among the mosquitoes
of these species collected in various sites and at different
times. It confirms that the worldwide expansion of inva-
sive Ae. aegypti, and especially Ae. albopictus, has been
happening very fast and no evolutionary changes have
occurred so far.

Animal genetics
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MHBa3usHble BUAbI Aedes albopictus n Aedes aegypti
Ha YepHomopckom nobepexbe KpacHogapckoro kpas

Our findings confirmed the absence of symbiotic bac-
teria Wolbachia in wild Ae. aegypti. Wolbachia was not
found in the specimens of Ae. cretinus u Ae. koreicus, but
wider screening is required to make conclusive statements
regarding symbiont presence in these species. We have
revealed the circulation of two Wolbachia strains, wAlbA
and wAIlbB, in the Ae. albopictus population from the Cau-
casus Black Sea coast. The wAIbB strain is prevalent in our
findings, which is similar for Ae. albopictus from different
regions worldwide (Calvitti et al., 2015). It is known that
the infection rate in the de. albopictus species is close to
100 %. Our values are lower, compared to what has usually
been registered in Ae. albopictus. In the Dagomys collec-
tion (2016) less than 16 % of specimens were infected.
An Ae. albopictus population totally free from Wolbachia
was discovered in Vietnam in 2012 (Minard et al., 2017).
Thorough investigation into Wolbachia infection and the
genetic structure of Ae. albopictus should be continued in
Dagomys using the markers of nuclear and mitochondrial
DNA in order to determine the nature of infected and non-
infected mosquitoes.

One of the goals of this study was revealing of invasive
stages of microfilaria in Ae. albopictus and Ae. aegypti
in order to determine their role as dirofilaria vectors. In
Ae. albopictus total dirofilaria infestation with both species
consisted of 6 infected pools out of 74 (MIR = 1.6%). In
Ae. aegypti one mosquito infected with D. repens was found
in a pool of four (MIR = 4.8%). Such high count should
be attributed to low amount of de. aegypti specimens in
the test. Discovery of D. repens DNA in the thorax part of
mosquitoes points to microfilaria development at larvae
stage L3 and that both Ae. albopictus and Ae. aegypti can
infect humans or animals while sucking blood. Spread of
dirofilariasis along the Black Sea coast is facilitated by
optimal climate conditions for the development of infective
agents, as well as intensive migration of people and dogs.
Obligate carriers of D. repens and D. immitis are known
to be carnivorous animals of feline and canine family.
(Sergiev et al., 2014; Bogacheva et al., 2017). Southern
Russia, due to its climate, is the region where consistent
dirofilaria transmission has been taking place. In recent
years, rising trend of dirofilariasis has been observed not
only in animals, but also in humans (Ermakova et al., 2017;
Kartashev et al., 2018). Considering the growth of invasive
mosquito population (4edes gene) on the Caucasus Black
Sea coast, the presence of this suitable carriers may be the
cause of dirofilariasis spreading.
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The Demoiselle crane (Anthropoides virgo Linneaus, 1758)
is a widespread crane species of Eurasia distributed in the
steppe and semi-desert zones from southeast Ukraine
eastward to Northern China. The Demoiselle crane uses
two wintering grounds in Africa and India corresponding
to the European and Asian breeding parts of the range
subdivided into several spatially separated breeding flocks.
The first estimates of the genetic diversity and differentia-
tion have been obtained from five of them: 1) Azov & Black
Sea, 2) Caspian, 3) Volga & Ural, 4) South Siberian and

5) Eastern Asian sampled across the total breeding range
in Russia using data from 10 microsatellite loci and the
1003-bp control region of mitochondrial DNA. In total, the
Demoiselle crane demonstrates high level of observed

(Ho = 0.638+0.032) and expected (Hg = 0.657 £0.023) hete-
rozygosity and haplotype diversity (h = 0.960). Genetic dif-
ferentiation among populations has shown to be weak for
both the microsatellite loci (Wright's F;=0.052 or AMOVA
estimate 0.016) and mtDNA (Fs; = 0.040). No evidence of
significant population structuring of the Demoiselle crane
has been found using the STRUCTURE analysis of multilo-
cus microsatellite genotypes and the NETWORK grouping
of control region haplotypes. Despite the haplotype diver-
sity was high, the nucleotide diversity of the species was
low (0.0033 +£0.0003). Negative but non-significant Tajima’s
and Fu’s tests did not suggest the recent population expan-
sion in the Demoiselle crane evolutionary history which
contrasts to other cranes of the Palearctic (the Eurasian
crane Grus grus, and the Hooded crane G. monacha). These
data indicate more stable conditions for the Demoiselle
crane breeding groups in the steppe zone in Pleistocene
as compared to boreal and subarctic breeding grounds of
other crane species.

Key words: Anthropoides virgo; microsatellite loci; Control
Region; genetic variation; genetic differentiation; breeding
groups.
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[TonyASIIIMIOHHO-TeHeTUYecKasi CTPYKTypa
KpacaBku Anthropoides virgo B Poccun

E.A. MyApMK1 ®, EJL Vapsimenko?, O.A. Fopou.u(03' 4
T.A. KameHueBa5, M.B. Kopen036, M.A. CMKOpCKM}?F,
I.C. A)KaMMpsoeB& 9, B.IO. VabsiieHko?, A.B. IMoanTos!

1 NHCTUTYT 0bLwein reHeTuky um. H.A. BaBunoBa Poccuiickor akagemmm Hayk,
MockBa, Poccus

2 NHCTUTyT Npo6niem sKomorin 1 3sonoLmn um. A.H. CeBepLiosa Poccnitckon
akagemun Hayk, Mocksa, Poccua

3 [ocypapcTBeHHbIN NPUPOAHDIN GUOCHEPHDI 3aroBeaHUK «[aypcKuity,
HwxHun Llacyuen, Poccua

4 NIHCTATYT NPPOAHBIX PECYPCOB, SKONOMAN 1 Kpronornn CUBMpCKoro
otaeneHna Poccminckon akagemnm Hayk, Ynta, Poccua

3 [UTOMHUK peaKuX BULOB Kypasiein OKCKOTO rocyAapCTBEHHOTO
6rochepHoro 3anosefHrika, bpbikuH bop, Poccusa

6 YNbAHOBCKIII FOCYAAPCTBEHHbIN MeAarornyeckui yHnBepcuTet
M. V.H. YnbsiHOBa, YnbaHOBCK, Poccus

7 MpupopaHbIn 3anoBegHNK «Onykckminy, Peopgocus, Poccna

8 WHCTUTYT 3Konoruv ropHbix Tepputopuii um. A.K. Tem6otosa Poccuiickoi
akagemun Hayk, Hanbunk, Poccma

9 focynapCTBEHHDBIN MPUPOAHDI 3aMoBefHK «[JareCTaHCKNin»,
Maxaukana, Poccua

Kpacaska (Anthropoides virgo Linnaeus, 1758) — LuMpoKo pacnpo-
CTpaHeHHbIN BUJ »Kypasnen EBpasnu, rHe3gawminca B CTENHON 1
nonynycTbIHHOW 30Hax oT fOro-BoctouHow YkpanHbl o CeBepHoro
Kntas. KpacaBka, rHe3aawanca B eBpONencKkomr 1 a3maTckom YacTax
apeana, 3umyet B CeBepo-BocTtouHoin Adpuke n MHgum cootseT-
CTBeHHO. BcnepcTtBre PpparmeHTaumm mect obmtaHuaA, rHesfosan
YacTb apeana BuAa nofpasAeneHa Ha HeCKObKO reorpaduueckmx
rpynnupoBoK. C ncnonb3oBaHneM JaHHbIX 10 MUKPOCATeNNIUTHbBIX
NOKYCOB 1 KOHTPOJIbHOTO pernoHa MmtoxoHapuanbHor AHK anu-
Holi 1003 nap ocHoBaHWI GbINM NONTyYeHbl NepBble pe3ysbTaThl
OLIeHKV FeHETNYECKOTO pa3sHoobpasna n guddepeHumaumm Nat
rHe370BbIX FPYNMNMPOBOK Ha TeppuTopun Poccnm: 1) a30BO-YepHO-
MOPCKOW; 2) NPUKACMUIACKON; 3) BONFO-ypanbCKo; 4) XKHO-cMbump-
CKOW 1 5) BOCTOYHOA3MaTCKOW. B Lileniom KpacaBka 4eMOHCTpMpyeT
BbICOKMIN ypoBeHb Habnopaemoln (Hy = 0.638+0.032) 1 oxxupae-
Mo (Hg = 0.657 £0.023) reTepo3nroTHOCTY 1 FanioTUNMYeckoro
pa3Hoobpasusa (h = 0.960). leHeTuecKas anddepeHumauma res-
[OBbIX FPYNNMPOBOK OKa3anacb HU3KOM Kak No MUKpocaTenInT-
HbIM flokycam (Fst no Panty —0.052, no aaHHbIM AMOVA - 0.016),
Tak 1 no mutoxoHapwuanbHol [AHK (Fsr = 0.040). He o6Hapy»eHo
OYEeBMAHON 3HAUYMMOW NOMYAALMNOHHOW CTPYKTYpPbI A. Virgo Hv no
MHOTOJTIOKYCHbIM MUKPOCATENIMTHBIM FreHOTVMaM Npuv aHanmse
STRUCTURE, H¥ no rannoTrnam KoHTposbHoro pervoHa B NETWORK.
HecmoTpa Ha BblcOKOe rannotunuyeckoe pasHoobpasue, HyKeo-
TUAHOE pa3Hoobpasue A. virgo okaszanocb HM3Kkum (0.0033+0.0003).
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1758) is one of the most abundant and the least geneti-

cally studied crane species in the world. It is a wide-
spread species breeding in the steppe and semi-desert zone
of Eurasia from southeast Ukraine eastwards through the
south of Russia, Kazakhstan, Kyrgyzstan, and Mongolia to
Northern China (Meine, Archibald, 1996). The main breeding
range can be conditionally divided into three parts: European,
South Siberian/Central Asian and East Asian. Besides, two
isolated populations recently have inhabited Eastern Turkey
and North Africa. The habitats in the European Russia are most
fragmented and can be subdivided into Azov & Black Sea,
Middle Don, Caspian and Volga & Ural/Western Kazakhstan
breeding groups (Belik et al., 2011). The Demoiselle crane
is phenotypically and ethologically uniform throughout the
range, and variation in nesting time in the north and south can
be explained by the environmental conditions.

The total population number is estimated at 200,000—
220,000 individuals (Ilyashenko, 2016a), and approximately
60,000-65,000 of them inhabit Russia. Due to the total
relatively high population size of the Demoiselle crane, its
world conservation status as a species of the Least Concern
tends to increase (www.iucnredlist.org). Red Data Book of
the Russian Federation (2001) considers the Demoiselle crane
as a recovering species. Despite the world high numbers, the
Demoiselle crane experiences decline in several regions that
led to its recognition as a locally threatened species tending
to range contraction. During the 20th century it disappeared
from most of territories westwards of the Black Sea as well
as in Eastern Turkey and North Africa; its number continues
to decline in Ukraine, Kyrgyzstan and Northern China as
well as along the southern border of the range due to anthro-
pogenic pressure, habitat degradation and long-term drought
(Ilyashenko, 2016a, b).

The Demoiselle crane belongs to migratory species: birds
from European and Asian parts of the breeding range use two
wintering grounds in Africa and India, respectively. We are un-
aware of any data on genetic structure of the species in general
or in particular localities including within-population levels
of genetic diversity and spatial genetic differentiation. In this
study, for the first time the genetic variation and differentiation
of five Demoiselle crane breeding groups in Russia have been
analyzed based on molecular data from nuclear microsatellite
loci and mitochondrial DNA control region sequences. The
objectives of our study were to compare parameters of popula-

_|_he Demoiselle crane (Anthropoides virgo Linneaus,
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tion genetic structure of Demoiselle cranes from European and
Asian parts differing by their breeding and wintering grounds
and estimate the degree of genetic differentiation within and
among them.

Materials and methods
Sample collection and DNA extraction. We studied 115 in-
dividuals from five breeding groups of the Demoiselle crane
in Russia representing almost the whole breeding range of the
species. The number of studied birds from each group was
the following: Azov & Black Sea (Republic of Crimea and
Krasnodar Region) — 33 birds, Caspian (Republic of Kalmykia,
Republic of Dagestan, Astrakhan Oblast, Stavropol Region,
and the western part of Volgograd Oblast at the right Volga
river bank) —42, Volga & Ural (Saratov Oblast, Samara Oblast
and eastern part of Volgograd Oblast in Transvolga) — 4,
South Siberia (Republic of Khakasia and two birds from
the Omsk zoo supposedly caught in the steppe zone east of
Altai Mountains) — 14, and Eastern Asia (Transbaikalia) — 22
(Supplemantary Figure)'. Some birds were captive but they
originated from the known breeding location. The biological
samples from the most studied cranes were obtained from
the natural populations of 4. virgo during our own field work
mainly in the Caspian and Transbaikalian regions. The bio-
material was taken partly from chicks of wild pairs caught
and then released in several region of European Russia ac-
cording to permits from the Federal Service for Supervision
of Natural Resources (Rosprirodnadzor) No. 104, 105 and
106 from 13.06.2017. The chicks were caught and released
immediately after taking their feathers later on used for DNA
extraction. For DNA isolation in the wild cranes, moulted
and plucked feathers were used, while in the captive birds we
used the blood taken during a planned clinical examination
z00s. In the blood and plucked feathers DNA was extracted
using the DIAtom™ DNAPrep100 Kit (Isogen Laboratories
Ltd., Russia), and in the calamus and blood clot of moulted
feathers — the using innuPREP Forensic Kit (Analytik Jena,
Germany) according to the manufacturers’ protocols.
Microsatellite genotyping. Individual genotyping was per-
formed by 10 preliminary selected heterologous polymorphic
loci isolated from the genomes of the Red-crowned crane Grus
Japonensis: Gj-MS8, Gj-M15, Gj-M34 (Hasegawa et al., 2000),
Gj-4066, Gj-8077 (Zou et al., 2010), the Blue crane Anthro-

1 Supplementary Figure is available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx10.pdf
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poides paradisea: Gpal2, Gpa38, Gpa39 (Meares et al., 2008)
and the Whooping crane Grus americana: Gram22, Gram30
(Jones et al., 2010). Polymerase chain reactions (PCR) were
conducted using GenPak PCR Core Kit (Isogen Laboratories
Ltd., Russia). PCR products electrophoresis was performed
in 6 % polyacrylamide gel in Tris-EDTA-borate buffer sys-
tem with subsequent gel staining with ethidium bromide and
visualization in ultraviolet light using the Kodak Edas 290 gel
documentation system (Kodak, USA). The size of observed
alleles was defined by means of gel electrophoresis image
analysis software GelAnalyzer (http://www.gelanalyzer.com).

Control Region sequencing. For the analysis of mitochon-
drial DNA (mtDNA) we amplified the Control Region with
LC16575 (5'-ACAAAAGAAACC CCCAAACTCA-3") and
HC01342 (5'-AAG AAT TCT GCG GAT ACT TGC ATG T-3")
primers following the PCR procedures recommended in
(Hasegawa et al., 1999). PCR products were detected by
electrophoresis with 1.5 % agarose gel and then purified us-
ing Diatom DNA Clean-Up Kit (Isogen Laboratory, Russia).
Subsequent sequencing was performed in both directions on
ABI 3130 GeneticAnalyzer (Applied Biosystems, USA) at
Evrogen (Moscow, Russia). Sequences have been deposited to
GenBank under accession numbers MH286917-MH286933.

Data analysis. The parameters of genetic diversity, corres-
pondence to Hardy—Weinberg equilibrium (HWE), F-statis-
tics and analysis of molecular variance (AMOVA) by micro-
satellite loci were calculated using GenAlEx 6.5 (Peakall,
Smouse, 2012). To reveal the population structure, Bayesian
clustering analysis was implemented in STRUCTURE 2.3.4
(Pritchard et al., 2000; Porras-Hurtado et al., 2013) using an
admixture model. The probability of genetic clusters num-
ber K was determined in Structure Harvester (Earl, vonHoldt,
2011). Subsequent analysis of the relevant K value was done in
CLUMPPv.1.1.2 (Jakobsson, Rosenberg, 2007). Visualization
of'the genetic structuring was realized in Distruct (Rosenberg,
2003). The alignment of the mitochondrial Control Region
sequences was performed using MAFFT algorithm (Katoh et

E.A. Mudrik, E.I. llyashenko, O.A. Goroshko ...
G.S. Dzhamirzoeyv, V.Yu. llyashenko, D.V. Politov

al., 2002) in Geneious 8.1.8 (Kearse et al., 2012). Alignment
statistics and DNA polymorphism, Tajima’s D (Tajima, 1989)
and Fu’s (Fu, 1997) tests were obtained from DnaSP v.5.10.01
(Librado, Rozas, 2009). Genetic subdivision (Fg;) for mtDNA
data was calculated according to Hudson et al. (1992). A hap-
lotype network diagram was constructed using the Median-
joining method in Network v4 (Bandelt et al., 1999).

Results

Microsatellite analysis. There were nine polymorphic mi-
crosatellite loci at Hardy—Weinberg equilibrium and only
Gram30 showed the lack of heterozygotes most likely due
to the presence of null-alleles. From two to ten alleles and
high levels of observed (H, = 0.531-0.843) and expected
(Hy = 0.533-0.809) heterozygosity have been fixed in the
Demoiselle crane by all studied loci (Table 1).

Generally, Demoiselle crane breeding groups demonstrate
high level of genetic polymorphism by microsatellite loci:
5.2 alleles per locus (N,), Hy = 0.638+0.032, H, = 0.657=+
0.023 and low inbreeding coefficient (F;q = —0.023) insigni-
ficantly differed from zero. They are also characterized by
weak genetic differentiation level by AMOVA (Fy = 0.016)
and Wright’s (Fg = 0.052) F-statistics (Table 2). Samples with
low number of individuals (Volga & Ural and South Siberia)
showed significant deviations in H, and H, levels that led to
significant heterozygosity excess (Fg = —0.339) in the Volga
& Ural location and deficiency of heterozygotes (/4 = 0.209)
in the South Siberia sample. In all other samples, genotype
distributions corresponded to Hardy—Weinberg equilibrium.
Unbiased estimates of the expected heterozygosity were lower
in European populations (uff = 0.634+0.035) as compared
to Asian locations (uff = 0.691+0.020).

The European breeding groups of the Demoiselle crane
were more genetically differentiated (AMOVA F¢. = 0.021,
Wright’s Fgp = 0.064) than the Asian locations (AMOVA
Fyp = 0.009, Wright’s Fg = 0.012). The AMOVA analysis
demonstrated that 94 % of Demoiselle crane genetic variation

Table 1. Characterization of 10 microsatellite loci in the Demoiselle crane

Repeat motif A

Observed alleles, bp

HWE deviation

Note: A - number of alleles; bp - base pairs; Hy — observed heterozygosity; Hg — expected heterozygosity; HWE deviation — deviation from Hardy-Weinberg
equilibrium: ns - nonsignificant, * significant at the 0.05 % probability level. Loci taken from: £ (Hasegawa et al., 2000); T (Meares et al., 2008); § (Jones et al., 2010);

¥ (Zou et al., 2010).
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Table 2. Parameters of population genetic structure for five breeding populations of the Demoiselle crane in Russia

estimated by 10 microsatellite loci

Breeding groups N Ny Ho He uHg Fis Fsr (Wright's/AMOVA)

‘Azov&BlackSea - 33 53 059840046 062840050 063740051 0035
casp,an4263 ........... O 64310057062810044 ........... 0 63610044 ......... - 0025 ............................................
Vo|ga&Ura|435 ........... 0 750i0”60551i0077 ........... 0 629i0088 ......... - 0339 ............................................
AveragebytheEuropeangroup 79 51 06640051 060240033 063440035  -0.110 0064/0021
SOUthSIbe”an ................................... 1452 ........... 0 52710070066510032 ........... 0 690i0033 ............ 0209 ............................................
EastemAs,an ..................................... 2 253 ........... 0 670i00270677i0026 ........... 0 69310027 ........... 0004 ............................................
AveragebytheAsiangroup 36 53 059940046 067140020 069140020 0106 00120009
Totalfor five breeding groups 115 52 06380032  0630+0022  0657£0023  -0023 00520016

Note: N — sample size; N, — allele number per locus; Hy - observed heterozygosity; Hg — expected heterozygosity; uHg — unbiased expected heterozygosity;

Fis — intrapopulation coefficient of inbreeding; Fst — among population coefficient of inbreeding.

was concentrated within individuals, 5 % —among individuals,
and 1 % —among populations. No evident population structure
among different geographical breeding populations of this
species has been revealed by Bayesian clustering analysis in
STRUCTURE based on microsatellite loci with most likely
estimated cluster number K = 4 (Fig. 1). However, some
increase in proportion of ‘green’, ‘red’ and ‘yellow’ clusters
in eastern samples can be considered as a trend to starting
process of differentiation among Demoiselle cranes wintering
in Africa and India.

MtDNA analysis. The Control Region sequences of the
Demoiselle Crane with full-length 1003 bp were obtained for
23 birds from different populations. This fragment contained
20 variable sites including ten singleton sites, nine parsimony-
informative sites and one inserted site. Among the 23 studied
individuals, a total of 17 haplotypes were defined: 12 and 5 in
European and Asian parts of the breeding range, respectively.
Among European birds, eight haplotypes (H2, H3, H5, H6, H7,
H9, H10, H11) were unique to the Caspian breeding group,
one haplotype (H12) was unique to Volga & Ural location,
and three haplotypes were shared by Azov & Black Sea and
Volga & Ural (H1) and Caspian and Volga & Ural (H4, HS)
breeding groups (Table 3, see Suppl. Figure). All five Asian
haplotypes were unique: one to the South Siberian (H13) and
four to the Eastern Asian (H14, H15, H16, H17) parts of the
breeding range so as European and Asian breeding groups did
not share any mitotypes.

In general, the haplotype diversity (/) of the mitochondrial
Control Region in the Demoiselle crane was exclusively high
(h=0.960+0.026). The overall nucleotide diversity was low
(m=0.0033+0.0003). The small number of analyzed haplo-
types did not allow us to compare all breeding populations
but the genetic differentiation between European and Asian
parts of the breeding range by mtDNA sequences also was low
(Fgr=0.040) corresponding to the microsatellite data. The test
for deviation from selective neutrality of Tajima (D =—1.255)
and Fu (Fg= —9.712) were negative but non-significant and
did not show the evidence of population expansion of A. virgo.
Lack of typical star-like structure of haplotype network also
suggests no recent bottlenecks and subsequent expansion
(Avise, 2000). Despite five identified Asian haplotypes were

leHeTMKa XKMBOTHbIX

1 2 3 4 5

Fig. 1. Model-based clustering results for multi-loci individual genotypes
of the Demoiselle crane iteratively assigned to four genetic groupings
(K=4).

1-Azov &Black Sea, 2 - Caspian, 3 -Volga & Ural, 4 - South Siberian, 5 - Eastern
Asian breeding groups.

unique, they are incorporated in general network and do not
form a separate haplogroup. Median haplotype network did
not reveal highly diverged haplogroups that can be attributed
for European and Asian lineages (Fig. 2, see Suppl. Figure).

Discussion
The Demoiselle crane demonstrates a high level of genetic
diversity by nuclear microsatellite loci (H, = 0.638+0.032,
H=0.657£0.023) and Control Region of mtDNA (/= 0.960).
We did not find a significant genetic subdivision of the species
across its breeding range from the Azov & Black Sea coast
to the Transbaikalia (Fg; = 0.016 and 0.040 by microsatellite
loci and mtDNA, respectively). In general, the weak genetic
differentiation in bird populations is common for the migra-
tory and especially widespread species. The Gruidae family
includes the migratory and non-migratory species as well as
species consisting of migratory and non-migratory subspecies
or populations. Significant level of genetic differentiation
due to the gene flow limitation has been revealed among the
subspecies of the non-migratory Sarus crane Grus antigone by
microsatellite loci (Fgp = 0.210) (Jones et al., 2005) and iso-
lated populations of the non-migratory Wattled crane Bugera-
nus carunculatus both by microsatellite loci (Fgp = 0.100)
and control region of mtDNA (Fg; = 0.450) (Jones et al.,
2006). In migratory crane species, the genetic differentia-
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Table 3. Distribution of 17 haplotypes of the control region among five breeding groups of the Demoiselle crane

Haplotype GenBank Breeding group Total
accession number ‘Azov&BlackSea Caspian Volga&Ural  South Siberian Eastern Asian
H1MH286917 ................................. 1 ............................................................. 1 2 ..............
HZMH23691333 ..............
H3MH23691922 ..............
H4MH236920 .................................................................. 1 ............................ 1 2 ..............
H5MH286921 ................................................................... 1 ................................................................................................................... 1 ..............
H6MH236922 .................................................................. 1 ................................................................................................................... 1 ..............
H7MH286923 .................................................................. 1 ................................................................................................................... 1 ..............
H3MH236924 .................................................................. 1 ............................ 1 2 ..............
H9MH286925 .................................................................. 1 ................................................................................................................... 1 ..............
H10MH236926 .................................................................. 1 ................................................................................................................... 1 ..............
H11MH236927 .................................................................. 1 ................................................................................................................... 1 ..............
H12MH236923 ............................................................................................... 1 ...................................................................................... 1 ..............
H13MH286929 ............................................................................................................................ 1 ......................................................... 1 ..............
H14MH286930 ......................................................................................................................................................... 1 ............................ 1 ..............
H15MH286931 .......................................................................................................................................................... 1 ............................ 1 ..............
H16MH286932 ......................................................................................................................................................... 1 ............................ 1 ..............
H17MH286933 ......................................................................................................................................................... 1 ............................ 1 ..............
Tota| .................................................................. 1 ................................ 1 3 ......................... 4 ............................ 1 ........................... 4 23 ............

© Azov &Black Sea
@ Caspian

© Volga & Ural

@ South Siberian
@ Estern Asian

e e
1 mutation

Fig. 2. Median-joining network of the Demoiselle crane haplotypes named as in Table 3.

The circle size is proportional to the number of individuals; the black spots represent interior nodes; connector length is proportional

to the number of mutations between haplotypes.

tion of populations including isolated ones was usually low
by different molecular markers not only in the wide-spread
Eurasian crane G. grus (Haase, Ilyashenko, 2012; Mudrik et
al., 2015) but also in the rare species like the Red-crowned
crane G. japonensis having the migratory and non-migratory
populations (Hasegawa et al., 1999, 2000; Sugimoto et al.,
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2015), the Siberian crane G. leucogeranus having two isolated
populations (Ponomarev et al., 2004), and the Hooded crane
G. monacha (Zhang et al., 2012). As for the Sandhill crane
G. canadensis, the species divided to six subspecies, shows
strong genetic differentiation (Fg; = 0.480) between two mi-
tochondrial lineages: the first one was composed of only one
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migratory arctic subspecies, and the second one combined
both the remaining non-migratory and migratory subspecies
differentiation among which was low Fy; = 0.066 (Rhymer
etal., 2001).

We can conclude that for the Demoiselle crane Pleistocene
glaciation did not cause a significant disruption of the initial
common range located in the steppe zone, and they were
relatively slightly affected by ice age events. Thus, fragmen-
tation of the species range could be likely attributed to in
late Holocene/Anthropocene. The Demoiselle crane did not
experience substantial demographic changes like bottlenecks
and expansions, retaining a typical for migratory birds level
of genetic diversity and differentiation. Despite the idea of
complete isolation of western breeding groups wintering in
Africa from Asian breeding groups migrating for winter to
India, gene flow between them may have ceased recently and/
or incompletely. In other words, ever continuous range of the
Demoiselle crane disrupted so late in its evolutionary history
that differences has not accumulated yet as it has happened
in some other species cited above. Nevertheless, the already
started process of differentiation between European and
Asian breeding groups of the Demoiselle crane is becoming
evident from the presented multilocus analysis of genotypic
variation, and the main cause of such subdivision is using
different migration flyways and wintering sites by birds of
these groupings. Another reason for the observed level of
differentiation could be low sensitivity of the selected genetic
markers (microsatellite loci and control region) so that efforts
should be made to develop and use additional marker types
such as nuclear gene sequences and SNPs.
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JKcIpeccus naJabMUTUITpaHcdepas

B CTPYKTYpaxX MO3ra MblIlIeli C TeHeTUYeCKU
IeTepMUHVPOBAHHOI MpeapacnoioskKeHHOCTbIO
K JenpecCcBHO-IIOI00HOMY ITOBEIEHIIO

E.M. Konaayposal* 2, T.B. Miapuubaenal, A.C. Lpi6ko!, E.T. [Tonnmackuu®, B.C. Haymenko! @

T DepepanbHbIl viccneaoBaTeNbCKII LEHTP VHCTUTYT LMTONOTUM 1 reHeTuKi CUBUPCKOTo oTAeneHus Poccuiickoi akaaemum Hayk, HoBocu6npck, Poccusa
2 HoBocrbrpcKmii HaLMoHabHbIN NCCNefoBaTeNbCKNIA FOCYAaPCTBEHHDIN yHUBepcuTeT, HoBOCn6mpCK, Poccnsa
3 WNHCTUTYT KneTouHo Helpodusnonoruy, Boiclaa meanumnHckas wkona faHHosepa, lepmaHua, laHHoBep

BonblWMHCTBO conpsiKeHHbIX ¢ G-6enKamm MeMOpaHHbIX PELLENTOPOB
NoABepraeTcA pasinMyHbIM NOCTTPAHCIALMOHHBIM MOANGUKALMAM.
Cpeau Takux moguounkaumnin — ocyLecTsigsemoe cneumanmsnpoBaHHbI-
MU pepmeHTaMu NanbmuTUnTpaHcdepasamm S-nanbMUTUIMPOBaHNE.
OHo npepcTaBnseT coboi KOBaeHTHOE NPUCOEANHEHWNE ANMMHHOW
Lienu XXUPHOW KNCNOTbI NanbmuTaTa K LMCTENHOBBIM aMUHOKMUCIOTHBIM
ocTaTkaMm. [ManbMUTUANPOBaHNE MOXET CYLLECTBEHHO BAMATb Ha PyHK-
LMo peLienTopoB, CONPAXKEHHbIX ¢ G-6enkamu, moanduumpya nx cta-
OGUNBHOCTb, TPAHCMOPTUPOBKY 1 GYHKLIMOHANIbHYIO aKTUBHOCTb. Ove-
BWAHO, UTO HapyLleHMsA B paboTe 3TOro Knacca peLenTopoB MOryT
NPVIBOAWTb K BOSHUKHOBEHUIO CaMblX Pa3HOOOPa3HbIX NMCMXONaTomno-
T, BKoYas genpeccuto. Tem He MeHee B HacTosALee Bpems CBA3M
MeXay NanbMuTUATpaHchepasam 1 fenpeccuBHO-NoJ06OHbIM NoBe-
[EeHNeM He YCTaHOBEeHO. HeT flaHHbIX 1 O permoH-cneumndryeckmx
0COBEHHOCTAX IKCMPECCMM NaNbMUTUATPAHCPEPa3 B CTPYKTypax
Mo3ra. B HacToALel paboTe nccnepoBaHa SKCNpeccna NanbMmUT-
TpaHcdepas ZDHHC5, ZDHHC9 n ZDHHC21 B cTpyKTypax mo3ra
Mbiwen nuHun ASC € reHeTUYeCKol NpeapacnoNioKeHHOCTbIO K Aie-
NpeccuBHO-NOLOOHOMY NOBEAEHMIO MO CPABHEHMIO C MbILIAMU POAU-
Tenbcko nnHUKM CBA, y KOTopbix He HabntogaeTca fAenpeccMBHO-Mo-
nobHoro noeefeHus. MPogeMOHCTPUPOBaHbI PErMOH-crelnduyeckne
0CO6EHHOCTU NPV UMMYHOAETEKLMY GeKOB NanbMUTUNTpaHchepas.
Mpw getekuun 6enka ZDHHC5 B cpefjHeM Mo3re BbIsSiBJIEHO ABE MOJO-
cbl Maccort 75 n 55 k[la. Mpn nmmyHopetekuun 6enka ZDHHC21 obHa-
py>KeHO AiBe Nonochl: nepBas maccon 27 kla Bo ppoHTanbHom Kope 1
cpegHeM Mo3re, TOrfa Kak B r’mrnokammne aHTuTena Br3yann3npoBani
nonocy 6enka maccow 32 kfla. Mpu ummyHogeTekumm 6enka ZDHHC9
BbIAABMIEHO MO fABe Noocbl 6enka B cpegHeM Mo3re 1 runnokamne:
nepsas nonoca maccon 46 klla, BTopas — 41 k[la. OgHako mbiwy nu-
Hum ASC npakTrnyecKkn He oTAnYanucb ot mbiwert CBA no akcnpeccum
nccnefyembix nanbMuTUnTpaHcdepas. Takum obpa3om, Hamum BiepBble
noKasaHbl pernoH-crneyuduryeckme 0cCob6eHHOCTH SKCNpeccun ncce-
[OBaHHbIX NanbMUTUNTPaHcdpepas B CTPyKTypax mo3ra. B 1o ke Bpems
YCTaHOBJIEHO, YTO reHeTMYECKU AeTePMUHNPOBAHHOE fenpecCcuBHO-
nopo6Hoe noeefeHMe y Mbiwwelt MHUM ASC He CBA3aHO C U3MEHEHVAMN
3Kcnpeccuy nanbMutTunTpaHcpepas ZDHHC5, ZDHHC9 n ZDHHC21.

Kntouesble cnosa: ZDHHC5; ZDHHC9 1 ZDHHC21 nanbmMutmunTpaHc-
depasbl; reHbl Zdhhc5, Zdhhc9, Zdhhc21; skcnpeccua reHoB; ypoBeHb
6enKa; Mbllwmn ASC; fenpeccMBHO-NoLO6HOE NoBeaeHue.
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Most G-coupled receptors undergo posttranslational
modifications. Among these modifications is S-palmi-
toylation, carried out by specialized enzymes palmitoyl
transferases. Palmitoylation is the covalent attachment
of a long-chain fatty acid, palmitate, to cysteine residu-
es. It can influence receptor stability, transportation,
and function. Obviously, malfunction of G-protein
coupled receptors can cause various psychic disor-
ders, including depression. However, no association
between palmitoyl transferases and depressive-like
behavior has been found hitherto. There is no informa-
tion on brain structure specific features of palmitoyl
transferase expression either. Here we investigate the
expression of ZDHHC5, ZDHHC9, and ZDHHC21 palmi-
toyl transferases in brain structures of ASC mice with
genetic predisposition to depressive-like behavior in
comparison with “nondepressive” CBA mice. Several
brain region-specific features were detected in the
immunodetection of palmitoyl transferase proteins.
Western blot of the ZDHHC5 protein in the midbrain
revealed two bands at 75 kDa and 55 kDa. Immuno-
detection of ZDHHC21 palmitoyl transferase revealed
two bands. One of them was visualized at 27 kDa in the
frontal cortex and midbrain. The other, at 32 kDa in the
hippocampus. Probing for ZDHHC9 also showed two
bands in each of the midbrain and hippocampus, at 46
and 41 kDa. However, the expression of all investigated
palmitoyl transferases in ASC mice with depressive-like
behavior was almost identical to those in CBA mice.
Thus, it was the first detection of brain region-specific
features of the expression of investigated palmitoyl
transferases. However, the study demonstrates that



KAK UUTUPOBATbD 3TY CTATbIO:

the genetic predisposition to depression-like behavior
in ASC mice is not associated with changes in ZDHHC5,
ZDHHC9, or ZDHHC21 palmitoyl transferase expression.

Key words: ZDHHC5; ZDHHC9 and ZDHHC21 palmitoyl
transferases; Zdhhc5, Zdhhc9, Zdhhc21 genes; gene
expression; protein level; ASC mice; depressive-like
behavior.
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A3JIMYHBIC TIOCTTPAHCIISIIMOHHBIE MOTU(HUKAIIHA MOTYT

CYIIECTBEHHO BJIUATH Ha (DYHKIHIO PELIEITOPOB, COMPSI-

*keHHBIX ¢ G-6enkoMm. Hanmpumep, mummgHbIe MOTU(HKA-
IIUH CITy’KaT MEXaHU3MOM, ITOCPEJICTBOM KOTOPOTO HEHPOHBI
00eCIICYMBAIOT paclpeieiCHue OCIKOB. DT MOIUBUKAIMH
YBENMYHUBAIOT THAPO(POOHOCTH OeNTKOB, 0OIeryast uX BCTPOii-
Ky BO BHYTPHKJICTOYHYIO WJIM TUIA3MAaTHYECKYI0 MEMOpaHYy.
MupuctunupoBaHue, NPEHUIUPOBAHUE U NAJIbMUTUIUPO-
BaHME — HanOoJiee MIMPOKO PACTIPOCTPAHEHHbIC JIUITHIHBIE
Moan¢ukanuy. [lansMuTHIMPOBaHNE YacTO HAOIIOAACTCS y
HEeMpOHAJILHBIX OEJIKOB. DTO YHUKAJIbHASI, 324aCTYI0 00paTH-
Masi, TOCTTPAHCIAMOHHAs MOAU(HUKALHS TPAHCMEMOPAHHBIX
0€JIKOB TIOTEHIIMAIBEHO PETYIUPYET MX MPOLECCHHT M JIOKa-
JIM3allui0 Ha ONpEACJICHHBIX MeM6paHHI)IX MHUKpPOJOMCHAX,
HarpuMep JINIUIHBIX padTax, Ui U3MEHAET KOH(OopMaIuio
OerKa, YTO OKa3bIBACT BIMSHHE HA €ro (pyHKIHOHAIBHYIO
AKTUBHOCTb U BO3MOXXHOCTb BSaHMO}IeﬁCTBOBaTb C Ipyrumu
oenkamu (Fukata Y., Fukata M., 2010).

VY4acTre naJTbMUTHIMPOBAHNS B TPAHCIIOPTUPOBKE N/WIN
JIOKaJIU3ALIMK PeLenTopa Ha MeMOPaHHBIX Cy0JOMEHax IToKa-
3aHO B OKCIIEPUMEHTE, IPOIEMOHCTPUPOBABIIEM, YTO CEPO-
ToHMHOBBIE 5-HT,, penentopel AUKOro TUMa OCTAalOTCS Ha
JIMITUIHBIX pa(bTax, TOTla KaK KOJIMYE€CTBO MYTaHTHOI'O HE-
nanemutummpyemoro 5-HT,, penenrtopa B 5TUX MHKPOZIO-
MeHax OBbUTO 3HaUMTEIbHO cHIbKeHO (Renner et al., 2007).
JlunuyHble padThl, KaK M3BECTHO, YaCTO BBINOJHSIOT POJIb
TIaTGOPMBI, 00ECTIEUNBAIOIIECH COBMECTHYIO JIOKATH3AIINIO
GPCRs (penentopos, conpspkeHHbIX ¢ G-Oenkom (G-protein-
coupled receptors)) ¢ onpenencHubiMU G-Oenkamu. OTa
0COOEHHOCTB MO3BOJISIET MPEATIONOKHUTE, YTO 3aBUCHMAsT OT
NajabMUTUIIMPOBaHuUs Jokanusauus 5-HT,, peuentopos Ha
JMITUHBIX padTax Ba)KHA JJIsI OTIOCPEJOBAHHON PELIETITOPOM
nepenaqn curaaia (Gorinski, Ponimaskin, 2013). Jlyst Toro xe
ceporonnHoBoro 5-HT,, perienropa nokasaHo, 4To 3aMeHa
HCO6XOI[I/IMI)IX JUTA TAJIBMUTUIIMPOBAHUA peUCITOPa aMHUHO-
KHCIOTHBIX ocTaTkoB mucTenHa Cys417 u Cys420 Ha cepun
MIPUBO/INT K HApyIICHUIO B3aMMOACHCTBHUS PEIETITOPA U €ro
G-6eika (¢ Gai-cyobeqununeil). HenansMutninmpyemslii My-
TanTHbIM 5-HT, , penentop neMoHCTpUpOBA TAKKe HECIIO-
COOHOCTH MHTHOMPOBATh MPOAYKIHI0 TAM® (muKnn4ecknit
ageHo3uHMoHO(ocdar). [loyueHHbIC pe3yIbTaThl TOBOPST O
TOM, 9TO nanbMutunuposanune 5-HT |, penenTopa BaXHO A1st
comnpsbkeHus perentopa ¢ G-0e1KoM M TPaHCAYKIIMH CHT'HA-
na. bonee toro, Hapymenue nanbmutuauposanus 5-HT, ,
perenTopa MpUBOANIO K HAPYIICHHUIO PELENTOP-3aBUCUMOI
aktuBanuy ERK knHas3, 4To yKa3pIBaeT Ha BAXKHOCTD ITAJIbMH-
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tuanposanus 5-HT, , penenTopa /s TpaHCYKIIMH CUTHAA
o GPy-onocpenoBannomy mytu (Papoucheva et al., 2004).

Taxum 00pa3om, MaTbMUTHINPOBAHNE MOYKET CYIIIECTBEH-
HO BJIMATH HA (YHKIMOHAIBbHYIO aKTHBHOCTBH PEIENITOPOB,
conpsbkeHHbIX ¢ G-0enkamu, a HapylleHHe MalbMUTHIHPO-
BaHUS ATHX PEIETITOPOB B CBOIO OUEPEIb MOKET MMPUBECTHU K
BO3HHMKHOBEHHIO CAMOTO IMPOKOTO CIIEKTPa MOBEICHYECKUX
U IICUXUYECKUX HapylleHul. [IeCTBUTENBHO, I0KAa3aHO BO-
BJICUCHNE MAIBMHUTHITPAaHC(Epa3, OTBETCTBECHHBIX 32 Iajlb-
MUTHIINPOBAHUE PA3IUYHBIX OCIIKOB, B MEXaHU3MBI TaKHX
MICUXOTIATOJIOTUH KaK, HampuMmep, 0osie3Hb AJblreiimepa,
6osre3Hp XaHTHHTTOHA, @ TAK)KE B MEXaHI3MBI T30 PEHIH 1
ymcTBeHHBIX oTKIIoHeHHH (Cho, Park, 2016). Tak, mogaBieHue
MaJIbMUTHIIMPOBAHMS OelTKa-IIpe/IlIeCTBeHHIKA aMUIION/Ia 1
0eJKa XaHTHHT THHA IIPABOHT K HAPYIICHHUIO NX MPOIIECCHHTA
(Cho, Park, 2016). Tem He MEHEe CBEICHHUS O POJIU TTAITBMHU-
TUJIMPOBAHMS OTPENEICHHBIX HEHPOHAJIBHBIX PELENTOPOB
B PETYJSIIAN PA3IUIHBIX (HOPM TOBEICHUS KpaifHEe CKYIHBL.
Opnnako uMeroTes nanaele o BoBiedeHnun ZDHHCY B me-
XxaHu3Mbl ymcTBeHHO# orctanoctu (Fukata Y., Fukata M.,
2010), a ZDHHCS — B MexaHU3MBI yCIOBHO-PEPICKTOPHOTO
3aMHpaHus ¥ THIoKamI-3aBucumoro odyuenus (Li et al.,
2010). IToxazano taxxe, yto ZDHHC2 1 npuauMaet ydacTtue
B PETYISIIUN BocTanuTensHOTO oTBeTa (Beard et al., 2016).

MHorue coBpeMeHHBIC THITOTE3bI O ITATOT€HE3E JETTPECCHU
YKa3bIBaIOT Ha KIIIOUEBYIO POJIb CEPOTOHMHOBOI CHCTEMBI
Mmosra (Maes, Meltzer, 1995; Harro, Oreland, 1996; Duman
et al., 1997). CepoToHHHOBEIE HEHPOHBI, JIOKAIN30BAHHbIC
B siipax mBa (raphe nuclei) cpeanero mMo3ra, JarT OOIIUp-
HBIE MTPOEKITNH BO MHOTHE oOmacTi Mosra (Jacobs, Azmitia,
1992), xoTopble BOBJICYCHBI B Pa3BUTHE JICTIPECCHH, B TOM
grcie B kopy u runmnokamil (Neumeister et al., 2005; Ressler,
Mayberg, 2007).

B cBsi3u ¢ BBINIECKa3aHHBIM 1IEbIO HAlIel paboThl ObIIO
M3yYCHHE 3KcIpeccun nanbmutTmiaTpanchepas ZDHHCS,
ZDHHC9 u ZDHHC21 xak Ha ypoBHe MPHK, Tak n Ha
ypoBHe Oenka B CTPYKTypax Mo3ra (CpeiHui MO3T, Kopa U
TUMIOKAMIT) MBIIIEH ¢ TEeHETUYECKON MPEeNpacroIoKEeHHO-
CTBIO K JACTIPECCUBHO-TIOTOOHOMY TTOBEICHHIO (MBIIITH JTHTHUN
ASC), o cpaBHEHHMIO C MBIIIIAMH pOANTENbCKOH T CBA,
HE MPOSBISIOUIMMHE JITTPECCUBHO-NI0I00HOTO OBE/ICHHUSI.

Matepwuanbl n metogbl

JKuporHble. ONbITH MPOBOJWIN HA B3POCIBIX CaMIIaX MBbI-
et maui CBA n ASC. Mpmm mmann ASC (Antidepressant
Sensitive Catalepsy) Oblin co3mansl B labopatopuu Helpo-
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JKCnpeccra NanbMUTUATPAHCPepas B MO3re MblLLEl
C reHeTUYeCKOo NPeapacnonoXeHHOCTbIO K Aenpeccum

TCHOMHUKH TOBEICHUs MHCTUTYTa MUTOJIOTHU U TCHETUKH
Cubupckoro otnenenus Poccuiickoii akagemun Hayk (MLl
CO PAH) B pesynbprare JIUTEIHHOW CENEKINN THOPUIOB
karanentuyeckoi inHuu CBA U HeKkaTanenTuyecKon JTMHUU
AKR Ha NOBBIIICHHYO IPEAPACHOIOKEHHOCTh K KaTaJIeTICHU
(basoBkuna u 11p., 2005; Kondaurova et al., 2006). [Tonyuen-
HBIE MBIIIN IEMOHCTPUPOBAIH PSIJT ACTIPECCHBHO-TIOTOOHBIX
XapaKTePUCTHUK, BKIIOUAsl MOBBIIICHHYIO HEMOIBHUKHOCTh
B TECTaxX MPUHYAUTEIHHOTO IUIABAHUS W MOABEUINBAHUS 32
xBocT (bazoBkuna u 1p., 2005), HAPYIIICHNS UMMYHHOH CH-
creMbl (Asbriepuna u zip., 2007). Ilpu aToM BBeieHHE DK30-
rearoro BDNF npuBoauno y meimmeit ASC k HopMamu3anuu
MTOBEJICHYCCKUX TTOKa3aTeJIei M aKTHBALMU CEPOTOHHMHOBOMH
cucrembl Mosra (Naumenko et al., 2012). Meimieii copeprxanu
B IUTACTHKOBBIX KJIeTKax pasmepom 40 % 30 x 15 cm B cranmapt-
HBIX yCIOBHAX (TeMneparypa 20—22 °C, OTHOCHTETbHAS BIaX-
HocTb 50-60 %, perynupyemslii cBeToBOM pexxuM (12 4 cBeta
1 12 4 TEMHOTBI)) CO CBOOOJHBIM JOCTYIIOM K CTaHIAPTHOMN
MUIIE U BOJE. Bce Tpoteayphl BRITOIHSIIN B COOTBETCTBUN
C MEX/IyHapOJHBIMH MTPABUIIAMH OOPAIIEHHS C JKUBOTHBIMH
(National Institute of Health Guide for the Care and Use of
Laboratory Animals, NIH Publications No. 80023, 1996).
KonndecTBo )KUBOTHBIX B KaXKI0# rpymre: 7 > 7.
JKCNpeccHI0 TeHOB OTPEACTSAIN C MOMOIIBIO KOJHYe-
ctBerHoro MeTona OT-ITLP (OT — oOpaTHast TpaHCKPUIIIINS;
[LIP — momumMepa3Hast emHas peakius), pa3padoTaHHOTO B
naboparopuu Heriporenomuku moenerus M ulm CO PAH
(Kulikov et al., 2005; Haymenko, Kynukos, 2006; Naumenko
et al., 2008). Mcrionp30Baiu 1Ba THIIA CTAHAAPTOB: BHYTPEH-
Hull u BHemHU. BuyTtpennuii crangapt (MPHK Gapdh —
glyceraldehyde 3-phosphate dehydrogenase (mmmeparnsae-
run-3-gocdar peruaporeHasa) MpUMEHsUTH ISl KOHTPOJIS
00paTHON TPAHCKPHUIIINH B Ka9Y€CTBE OCHOBHI JUIS pacdera
ypoBHsi MPHK unccnenyembix renoB. B npenBapurenbHbIx
OITbITax He ObUTH BBISBIICHBI pazianyuns B yposHe MPHK Gapdh
B HCCIIEyeMBIX CTPYKTypax Mo3ra. BHEmHUM cTaHmapToM
ciayxuia renomHast JJHK mbimm u3BecTHOM KOHIIEHTpaLUH,
4TO 1MO3BOJIMIIO KOHTponupoBars [P u onpenensite uncio
xormii MPHK uccnenyembix renoB u Gapdh B obpasnax.
Buvioenenue obweni PHK oCymeCTBISAINA C TOMOIIBIO
TRIzol Reagent (“Lifetechnologies”, CILIA) B cooTBeTCTBUM
¢ uHCTpYyKIwen npomsBoautens. O6myto PHK obpabarsiBa-
mu JIHKazoi 6e3 PHKasnoit akruBHOocTH (RQ1RNase-Free
DNase cat. # M6101, Promega Corporation, CI1IA) B cooTBeT-
CTBUU C IPOTOKOJaMU NpousBonutenel. Ilpucyrcreue npu-
Mmeceit renomuoit JJHK B npenaparax PHK onpenensuin B
COOTBETCTBHH C IIPOTOKOJIOM, OITUCaHHBIM paHee (HaymeHko,
Kynukos, 2006; Naumenko et al., 2008). PHK pa3Boauiu Bo-
noit mo koHmenTparwm 0.125 Mxr/mir u xpaanm mpu —70 °C.
Peaxyus oopamnoii mpanckpunyuu. O6uryro PHK (8 Mk,
nu | MKr) cmemmBaiu co 180 Hr cTaTUCTHYECKOTO TipaliMe-
pa IIHHOM 6 HYKJICOTHAOB (KOHEYHAS KOHIICHTPAITHS TIpaii-
Mepa — 5 MkM) u 2.25 MkM crepunsHoro KCI B o0beme
16 MK, neHarypupoBasiv npu 94 °C B TedeHue 5 MUH Ha
ammmdukarope «BUCy» M-120 (BIC-H, Poccwust), mocite gero
npoBoaniy oTkur ipu 41 °C B redenue 15 muH, 3arem 100aB-
Jsumd 15 MKI cMecH, cofiepkalielt 00paTHy o TPAaHCKPHUITA3y
M-MLV (200 en.), Tpuc-HCI (pH = 8.3, 0.225 MmxM), cMmech
dNTP (0.015 MxM xaxmoro), DTT (0.225 MmxM) u MnCl,
(0.03 MxM). ITomryuenHyt0 cMech (KOHEUHBIN 00beM — 3 1 MKIT)

Ddusnonormyeckas reHeTuka

E.M. KoHpaypoBa, T.B. inbunbaesa 2018
A.C. Lpi6Ko, E.I. MoHnmackuH, B.C. HaymeHko 22.5
Table 1. Primer sequences, annealing temperatures,
and amplicon length
Gene  Sequence Annealing  Amplicon
tempera- length,
ture, °C bp
Gapdh  F5'-tttgaagacgccagggaaatg-3’ 63 242
R5’-tgtccagaatcaaccaccaag-3’
Zdhhc21 F5'-aacagatggatggtgggcac-3’ 63 289
R5'-gtttcatcccaatcactgecttc-3’
Zdhhc9 F5'-gagtagtcccaaagcccatc-3’ 61 177
R5’-aggatgaggaagagggtcag-3’
Zdhhc5 F5'-ccacacctctgcacctacac-3’ 65 217

R5’-agggatcaaggaagggaaggtc-3’

nnkyouposanm ipu 41 °C B teuenue 60 muH. CHHTE3MpOBaH-
Hast k/IHK xpanunace npu remneparype —20 °C.

THonumepasnasa yennas peakxyus 6 peaibHOM GPEMEHU.
[Ipaitmepsl, ucrions3yemsle 1t amrumukanun kAHK wmc-
cieayeMbIX reHoB (Tabi. 1), pa3paboTaHbl HA OCHOBE ITO-
CIIeIOBATETHLHOCTEH, OIyOIMKOBaHHBIX B 6a3e manHeIx EMBL
Nucleotide database, mpu momoru nactpymenton Oligoanal-
izer (https://eu.idtdna.com/calc/analyzer) u Ensemble (https://
www.ensembl.org/index.html) u cuHTE3MpOBaHBI B KOMITAHUN
«bnocam» (HoBocubupcek). 1 mxn k/IHK cmemmBamm ¢ 19 Mk
Mactep Muxc (R-412, «Cunron», Poccust), cogeprxariero
nHTepKanupytomuii kpacurens SYBR Green 1. ITLP mpoBo-
mun Ha ammmndukarope LightCycler 480 System (Roche,
[IIBeiiiapusi) B COOTBETCTBUHU CO CIIEIYIOIIUM IMPOTOKOJIOM:
3 mua 94 °C, 1 nukm; 10 ¢ mpu 94 °C, 30 ¢ mpu COOTBETCTBRY-
fomieit remrneparype omkura (cm. Tadm. 1), 30 ¢ mpu 72 °C
40 nukmnos. Ceputo pazBenenuit renomuoil JIHK ¢ koHien-
tpanueit 0.125, 0.25,0.5, 1, 2, 4, 8, 16, 32, 64 u 128 ur/mMxi
aMIIIA(GUIAPOBAIIM OTHOBPEMEHHO B OT/ICIIBHBIX TIPOOUPKAX
Y MCIIOJIB30BAJIN KaK BHEITHUH 9K30T€HHBIH CTaHAapT JUIsl 1O~
CTPOCHHS KaTHOpOBOYHOH KpuBoi. KanmnbpoBouHas kpuBas
B koopanHarax Ct —log P konnuectsa crannapra JIHK Obuta
MOCTPOEHA aBTOMATHYECKH IIPOrPaMMHBIM 00€CIIedeHnEM
LightCycler 480 System. /{751 KOHTpoOJS CIeU(pUIHOCTH
aMITM(UKAIMU MCIIONb30BATM aHAIN3 KPUBBIX TIABICHHS
[TIP-npoayKTa /Uil Ka)KI0M peaklny ¢ Ka)0i mapou npa-
MEpOB. DKCIIPECCUs] TEHOB IPEJCTaBIeHa KaK OTHOIICHHUE
xonnuecTBa kJIHK nccrnenyemsix renos k 100 xonusiM BHY-
tpenHero crangapra — kK {HK Gapdh.

OnpenesieHne KOIHYeCTBA O0esIKa. YPOBHH OCIIKOB Majlb-
mutmirpancdepas ZDHHCS, ZDHHC9 u ZDHHC21 ompe-
JIeTIsIM py oMol BecrepH-0noT aHanu3za. /s noyueHust
MIperapaToB IUIa3MaTHIeCKIX MeMOpaH Oeska COOTBETCTBY-
IOIINE CTPYKTYPBI MO3ra (KOpa, THUIIIIOKAMII, CPEJAHUH MO3T)
TOMOTCHU3UPOBAJIH B TPUC-XJIOPHIHOM Oydepe, comepraiieM
300 MM caxapo3sl, 10 MM Tpuc HCI, pH 7.2, 1 MM EJITA,
5 MM B-MepkanrTosTanon u HHruOuTOpH! Tpoteas (Thermo-
Fisher Scientific Inc., cat. No. 88265). Muruburops! mpo-
Tea3 HMCIOIb30Ba B PEKOMEH/I0OBAHHBIX MPOU3BOJUTEIEM
KOHIeHTpalusix. [omorenar nenrpudyruposanu Ha 500 g
15 mus nipu 4 °C, oTOMpay CynepHaTanT u HeHTpU(yrupo-
Baym Ha 20000 g ipu 4 °C B Tedenue onHoro yaca. Otémpann
CyIepHATaHT, OCTABIINICS B MPOOHUPKE OCAJIOK peCyCIIeH-
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Table 2. Antibodies for probing and immunoassay conditions

E.M. Kondaurova, T.V. lichibaeva
A.S. Tsybko, E.G. Ponimaskin, V.S. Naumenko

Antibodies, manufacturer

Dilution Incubation time, conditions

rabbit anti-chicken antibodies conjugated with horseradish peroxidase,

ThermoFisher Scientific, Inc. cat. No 31401

goat anti-rabbit antibodies conjugated with horseradish peroxidase,

Santa Cruz, CLLA, cat. No sc 2004

3UpoBaJiM B romoreHusupytoniem oOydepe (Karkosa n np.,
2009). KonmuecTBo o01iero Oeska OLEHHUBAIHN, HCIOIb3Ys
kommepueckwii Habop Pierce BCA Protein Assay kit (Thermo-
Fisher Scientific Inc., CI1IA). O6pa3ubl MprBOANIN K paBHOH
koHI1eHTparmu (1mr/mi) ¢ momoribro Jlemmiu Oydepa (Tpuc
62 MM, caxapo3za 10 %, SDS 2 %, B-mepkantosTanon 5 %) u
JieHaTypupoBaiy B TeueHue 15 mun Ha 42 °C.

Bbenoxk paznensnu ¢ nomoiusto SDS-PAGE rens-anexrpo-
(hopesa, ncronb3yst 10 %-it pazaenstomuii resp 17 TaabMu-
tuntpanchepas ZDHHCS n ZDHHCY, 12 %-ii — anst maib-
mutmirpancdepassl ZDHHC21, u nepeHocnm ¢ oMoIbo
TMOJTyCYXOTO0 AMEKTPOOIOTTHHIA HA HUTPOLEIITIONO3HYO MEM-
Opany (Bio-Rad, CIIIA) B Teuenue HOUM pH crite Toka 50 MA.
Jlns nmepeHoca ucnonb3oBainu oydep, coaepxantuit 190 MM
ruiuHa, 25 MM Tpuc pH 8.3 n 20 % meranona. B kauectse
Mapkepa ucrnonb3oBanu Broad Range Markers (Santa Cruz,
CIIA, sc-2361). Jlns ummyHOIeTeKIMHU Oeika MeMOpaHy 010-
KHPOBAJH ¢ 5 %-M MONIOKOM, pa3BeeHHbIM B TBS-T Oydepe
(Tris Buffered Saline with Tween 20, Santa Cruz, CIIIA), B
TEYEeHHE OJTHOTO Yaca IIPH KOMHATHOM TeMIIeparype 1 HHKyOH-
poBany ¢ mepBUYHBIME aHTUTeNamu a1t ZDHHCS, ZDHHC9
nu ZDHHC21 (ta6m. 2). [Tocne nereximu 6eIKoB (KaK OMICaHO
HIDKE) Bce MeMOpaHbl 00pabaThiBaiu ¢ momolbplo Restore
Plus Western Blot Stripping Buffer (ThermoFisher Scientific
Inc., cat. No. 46430) s nanpHEHIICH PEUMMYHOICTEKIINN
BHyTpeHHero koHTpossi GAPDH (cm. Tabu. 2). [ns nerex-
UM BcexX OenKkoB MeMOpaHy OTMBIBAIH 5 X 5 MuH Oydepom
TBS-T, nobaBnsiin BTOpUYHBIC MOIUKIOHAIBHBIE aHTHTEINA
(cm. Tadm. 2). [ToBropsuin OTMBIBKY MEMOpaHHI.

Bce cBs3aHHBIC aHTHTENA BU3YAJIH3HPOBAIN C OMOIIBIO
Super Signal TM West Femto Maximum Sensitivity Sub-
strate (ThermoFisher Scientific Inc., CIIIA) B cooTBeTCcTBIM
C MHCTPYKIHUEH MPOU3BOIUTEINS U TENIbJIOKYMEHTHPYIOIIECH
cucremsl Fusion FX7-820 System (Vilber Lourmat, ®pan-
ust). [lomyyeHHoe n300pakeHHe JIEHCUTOMETPUPOBAIIHU, U
KOJIMYECTBEHHO OLIEHUBAJIN COJIEp KaHIe OeKa IpU ITOMOIIN
nporpammsl Scion Image. Dkcnipeccnio Oernka BhIpaXKaid B
OTHOCHUTEJIbHBIX €MHHUIIAX U HOPMHPOBAJIN HA HKCIIPECCHIO
GAPDH, xoTopast KOHCTUTYTHBHA JIJIsI KIIETOK MO3Ta.

AHanu3 BBISBICHHBIX BapHAHTOB OCIIKOB OCYIIECTBIISUIN
IIPY TTOMOLIM CPaBHEHHMS C YK€ M3BECTHBIMU M30(OpMaMHu,
OmyOIMKOBaHHBEIMH B 0a3ze maHHBIX http://www.uniprot.org
(http://www.uniprot.org/uniprot/Q8VDZ4).
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Crarucruka. Pesynerarel npeacTtaBisiin kak m=+SEM
(cpenHee+ cTanaapTHas OUIMOKAa CPEHEr0) U CPaBHUBAIU
UX C HCIOJIb30BAaHWEM OAHO(PAKTOPHOTO ANCHEPCHOHHOTO
ananuza ANOVA ¢ nocnenyronmm MHOXKECTBEHHBIM CpaB-
HenueM o dumepy. Kpurepuil 3Ha4MMOCTH pe3ynbTaToB —
p <0.05.

Pesynbratbl
HccnenoBanne ypoBuss MPHK. OgHodakTopHBIi nuc-
MEPCUOHHBIN aHAN3 HE BBIBWII Pa3IMIUi B SKCHPECCUH
renoB nansmutunTpanchepas Zdhhes (F, ;= 0.50, p > 0.5)
u Zdhhc9 (F, |, = 1.6, p > 0.2) B TUNIOKamMIie MBIIIEH HC-
CJIeI0BaHHBIX JIMHUH (pHc. 1, a, 6). OnHaKo SKCIpeccHs reHa
Zdhhc21 B runnokamine y mbimei guaun ASC Oblia craTu-
CTHYECKH JOCTOBEPHO HIIKE TI0 CPAaBHEHHIO C 3KCHpeccueit
sToro rena y meimueil munuun CBA (F, |, = 5.40, p < 0.05)
(puc. 1, 6). Bo ¢ppoHTanbHOI KOpe U cpeiHEM MO3re MbIIeit
HCCJIEIOBAHHBIX JIMHUM pa3Iudyuil 1O 3KCIPECCUU T€HOB
Zdhhc5, Zdhhc9 n Zdhhc21 ve obnapyxeHo (cm. puc. 1).
HccaenoBanue ypoBHs 6eska. [Tpu onienke ypoBHst Oei-
ka ZDHHCS5 B runmoxamrie pa3nudauii MexXIy H3y9aeMbIMU
JIMHUSAMY KMBOTHBIX He ycTanosieHo (F, ,=0.14,p=0.72)
(puc. 2). InTepecHO OTMETUTH, YTO B CPETHEM MO3TE IIPU UM-
MYHOJETEKIINH 3TON MaITbMUTHATPaHC(hepas3s! ObLT0 0OHAPY-
JKEHO J1Be 1oJockl Maccoit 75 u 55 k/la (cM. puc. 2, 6). Tem He
MeHee JI0CTOBEepHOM pasHullsl Mexay TuHusimu ASC u CBA
He BBIABJIEHO KaK 11 nojockl Maccoit 75 kMa (F, , = 0.03,
p =0.86) (cM. puc. 2, a), Tak 1 1151 BTOPOH IOJIOCHI Maccon
55 xlla (F, ;3 = 1.36, p = 0.26) (cMm. puc. 2, 6). Bo ¢pon-
TaJBHOM KOpe pa3imduii o yposHio 6enka ZDHHCS mexmy
mbimamu ASC 1 CBA Taxoke He oOHapykeHo (cM. puc. 2).
[Tpu ummynonerexmu 6enka ZDHHC21 takke ObL10 BbI-
SIBJICHO JIBE IOJIOCHI, JETEKTHPYEMble aHTUTEIAMH: TepBast
nostoca mMaccoit 27 k/la (puc. 3, 6) Bo hpoHTANBEHON KOpe U
cpenHeM Mo3re, a Bropas — mMaccor 32 k/la B rumnmokamre
(cm. puc. 3, 6). OnHaKO YpOBEHB HKCIPECCHH 3TUX OIHIOB
HE OTIINYAJICS MEXKIY HCCIIET0BAHHBIMHU JIMHUSIMU MBIIICH BO
BCEX CTPyKTypax Mmosra (¢pponransHas xopa — F, , = 0.01,
p = 0.98, cpennuit Mmosr — F, ;s = 0.43, 4.38 p = 0.54 u run-
nokamn — F, . =2.00, p = 0.18) (cm. puc. 3, a).
Omnpenenenne konuuectBa 6enka ZDHHCO ne BbisiBHIIO
paznmuunii Mexxay Meimamu tuani ASC 1 CBA Bo Beex nccre-
JIOBaHHBIX CTPYKTypax Mo3ra. OHaKo Mpu MIMMYHOJICTEKIINT
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Fig. 1. Levels of mRNAs of the genes (a) Zhhc5; (b) Zhhc9; (c) Zhhc21 in brain divisions of CBA and ASC mice.
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Fig. 2. The level of ZDHHCS5 protein in brain divisions of CBA and ASC mice.

(a) Quantitative evaluation of the intensity of the chemiluminescent signal at
75 kDa. The ZDHHC5 protein level is presented in relative units normalized to
the corresponding level of GAPDH. (b) Quantitative evaluation of the intensity
of the chemiluminescent signal at 55 kDa in the midbrain of CBA and ASC
mice. The ZDHHC5 protein level is presented in relative units normalized to
the corresponding level of GAPDH. (c) Western blotting on the membrane. The
numbers of samples in groups are N > 7.

9TOH NaJbMUTHITPaHC(Eepa3bl ObLTO 0OHAPYKEHO I10 JIBE I10-
JIOCHI O€JIKa B CPEJHEM MO3Te U THIIIOKaMIIe: TIepBasi [ojioca
Maccoii 46 x/la (puc. 4, ) 1 BTopasi, KOTOpO He HaOII0IaI0Ch
BO (hpoHTATBHOM Kope, Maccoii 41 k/la (cm. puc. 4, 6). Cnenyer
OTMETHTB, YTO B CPETHEM MO3r€ HHTEHCUBHOCTb HYKHEH 0~
nocsl (41 k/la) HaMHOTO CHJIBHEE TIeJIEBOH MOJIOCKI MAcCCOU
46 x/1a (cM. puc. 4, ¢). Pa3Hutipl 1o ypoBHIo 6ei1Ka Kak Macchl
46 xla (cpeanuii mo3r —F, ;5=0.22, p = 0.64 u runnoxammn —
F,,6=2.17, p = 0.16) (cm. puc. 4, a), Tak u Maccel 41 x/la
(cpemnmii mo3r — F, | = 0.39, u runmokamn — F, 5 = 0.02,
p=0.89) (cm. puc. 4, 6) 0OHAPYKESHO HE OBLIO.

O6cyxpeHue

B Hacrosmeil paboTe BIepBble UCCIEJOBAaHA YKCIPECCUS
nansmuTHnTpancepas ZDHHCS, ZDHHC9 u ZDHHC21 Ha
yposrae MPHK u Genka Bo ¢)poHTaIIBHOI KOpE, THITTIOKaMIIe
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Fig. 3. The levels of ZDHHC21 protein in brain divisions of CBA and ASC
mice.

(a) Quantitative evaluation of the intensity of the chemiluminescence signal
at 27 kDa in the midbrain and in the frontal cortex and at 32 kDa in the
hippocampus. The ZDHHC21 protein level is presented in relative units
normalized to the corresponding level of GAPDH. (b) Western blotting on the
membrane. The numbers of samples in groups are N> 7.

Y Cpe/THEM MO3Te JIBYX JINHUH MBIIICH: HE ITPeApacoNokKeH-
HOHM K jaenpeccuBHO-nIono0HOMY noseaenuo CBA u ASC,
XapaKTepU3YIOLIEHCs TEHETHYECKON IPEAPACIIONOKEHHOCTBIO
K JIeTIpeccuBHO-TI0I00HOMY noBezeHuo. [lokazano, 4to B
TUIIOKaMITe MbIiei ooeux nuHuii 6enoxk ZDHHC21 Busya-
JU3UPOBAJICS B BUJIE MOIOCH Maccoit 32 x/la, uro oTimyaer
€€ 0T OCHOBHOMH IoJiockl Maccoit 27 k/la, onpenenseMoi kak
ocHoBHOM 031 6enka ZDHHC21, skcnipeccupyemblii BO
(hpOHTATBHON KOpe M CpeaHeM Mo3re. MOYKHO Mpenroo-
JKUTB, YTO B THIIIOKAMIIE IPOUCXOJISIT TOCTPAHCIISIIIMOHHBIC
moaugukanuu ZDHHC21, 9To MOXKET UrpaTh CYIIECTBECHHYIO
pob B peryisimmn Gyakimm 6enka (Varki, 1993; Dutta et al.,
2017). B 6a3e nannbIx http://www.uniprot.org ectb nHpOp-
Manyda O MOCTpPaHCIAIUOHHBIX MOI[I/I(I)I/IKaLlI/IﬂX TOJIBKO JIA
naneMuTHATpancdepassl ZDHHCS (http://www.uniprot.org/
uniprot/Q8VDZ4). [yt AByX APYTrUX UCCIEOBAHHBIX B Ha-
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Fig. 4. The levels of ZDHHC9 protein in brain divisions of CBA and ASC
mice.

(a) Quantitative evaluation of the intensity of the chemiluminescent signal at
26 kDa. The ZDHHC9 protein level is presented in relative units normalized to
the corresponding level of GAPDH; (b) Quantitative evaluation of the intensity
of the chemiluminescent signal at 41 kDa in the midbrain and in hippocampus
of CBA and ASC mice. The ZDHHC5 protein level is presented in relative units
normalized to the corresponding level of GAPDH. (c) Western blotting on the
membrane. The numbers of samples in groups are N > 9.

1Iei padbote nanbMUTHIITPaHC(Epas TAKNUX TaHHBIX HET. Tem
HE MEHee, OCHOBBIBASICh HAa HAOJIOAAEMBIX HAMU PETHOH-
CHEIU(PUIECKUX PA3TUINIX MACChl HCCIEAYEMBIX OEIIKOB B
CPaBHECHUH C 3as1BIICHHBIMHU IIPOU3BOIUTEIICM aHTHTEI, MOXK-
HO IIPEIOIOKHTH, 4TO NambMuTHATpanchepazsl ZDHHC21
n ZDHHCO9, xax n mansmutnntpanchepasa ZDHHCS, mo-
TYT MOJBEPraThCsl MOCTPAHCISIMOHHBIM MOIH(DHUKALINSIM.
Henb3st Takke MCKIIOYaTh U BO3ZMOXKHOCTH CYIIECTBOBAHHUS
PETHOH-CIIEN(PUIECKUX BApUAHTOB UCCIEAYEMBIX (hepMeH-
TOB, OJIHAKO 3Ta TMIIOTe3a TpeOyeT NaTbHEHIINX HCCIIen0-
BaHMH C MCIOJIB30BAHUEM IIEJIEBOr0O OEJIKa MJIM HOKayTHBIX
KHUBOTHBIX.

[Ipu nmmyHnoaereknuu 6enka ZDHHCS B cpenrem mo3re
MBbIIIIeH 00eUX JUHUN OOHAPYKEHO JBE MOJIOCHI Maccoi
75 x/la (oxumaemas macca) u 55 x/la, Torma kKak B Kope U
THIIIOKaMITe BTOpast rojioca He oOHapyxeHa. B pabore 1o
M3YYEHUIO ATOW MaJbMUTWITPaHC(Epas3bl B CPETHEM MO3re
mebrmedt simann 129/0la (Li et al., 2010), kak 1 B uccieno-
BaHMSX, BHITIOJIHEHHBIX Ha KyJIbTypax kierok (Brigidi et al.,
2015; Badawy et al., 2017), nonocy ZDHHCS Becom 55 k/la
HE 00HAPYKUIH.

OnHako aHajloru4yHas BbIIBIEHHOH 111 Oenxa ZDHHCS
KapTuHa HaOJtof1ajach U NMPH BU3YaIM3allud HaJbMUTHII-
Tparcdepazsl ZDHHCY B cpennem mMo3re W THIITOKaMIIE.
[Tpn nmmynoznerexmn 6enka ZDHHCY B sTux cTpykrypax
MO3ra TaKke HabJIIoIaJIoCh 110 JIBE TOJIOCHL. B cpennem Mo3re
mosyioca Maccoit 41 x/la HaMHOTO sipue, YeM ToJIoca C 3asiB-
JIEHHBIM IPOU3BOJUTENEM aHTUTeN Maccoil 46 k/la. B rum-
MOKaMIle HIDKHSS T10JI0Ca, HA000pOT, MEHEe MHTEHCHBHA.
WnTepecHo, 9TO 7151 3TOH MaTbMHUTHATPAHCepas3sl pacyeTHAS
Mmacca cocrasisier umenHo 41 x/la (http://www.uniprot.org/

598 Vavilov Journal of Genetics and Breeding - 2018225

E.M. Kondaurova, T.V. lichibaeva
A.S. Tsybko, E.G. Ponimaskin, V.S. Naumenko

uniprot/P59268), Torna kak oxkuaeMasi, COrIaCHO OMHUCAHUIO
mpousBoauTeNs aHTHTEIN, — 46 k/la. CiemoBaTeTsHO, MOKHO
MIPEIIOJIOKUTD, UTO O0JIee TsDKeast 0JI0Cca — 3TO MMOCTTPaHC-
JSIMOHHO MoAK(UIIMPOBaHHAas popMa MaIbMUTHITPaHC]e-
pa3st ZDHHCO.

HyXHO OTMETHTBh KpaliHe MHTEpECHBIH (akKT, 3aKiIrova-
IOIIMICS B OTCYTCTBHU BO (POHTAIILHOM KOpE MbIIIeH 00enx
JIVMHUH albTePHATUBHBIX 09H/I0B, HCCIIETyEMbIX MTATbMUTHII-
TpaHcdepas, KpoMe oKuIaeMbIX. B epByro ouepenp, 310 yka-
3bIBAET HA OCOOEHHOCTB ATOH CTPYKTYpbI MO3ra Juisi (GyHK-
IIUM WCCIIEJOBAaHHBIX MadbMUTHITpaHCc(epa3. Kpome Toro,
IIPUHKMMas BO BHUMAHHUE BBISIBICHHBIN (DaKT, MOXKHO CEIaTh
BbBIBOJ, 4YTO Ha6J'IIOI[aeM]>Ie HaMH B T'UIIIIOKaMII€ U CPEIHEM
MO3T€ JJOMOJHUTEIbHBIE MOJIOCHI ATl BCEX HMCCIELYEMBIX
MaJIbMHUTHIATPaHC(Epa3 He SBISIOTCS apTeakToM HMMYHO-
JIETEKI1H.

Taxkum 00pa3oM, MOKHO TIPENNOIOKNTH, YTO HaOIIOmae-
Masi HAMH TIPH UMMYHOJIETEKIIH MaJbMUTHIITpaHC(epas3bl
ZDHHCS nerkas JIOMOJHHUTENIbHAsS MOJoca — u3opopma
(hepmeHTa, 3KCIIpeccupyonascs TOIbKO B OMPEAECICHHBIX
cTpykrypax mosra. nss ZDHHC9 Gonee BeposiTHO, UTO 10-
MOJIHUTENbHASL JIETKasl 10JI0Ca MOXKET MPEACTaBISTh CO00it
MOCTTPAHCIAIIMOHHO HeMoaAn(HUInpoBaHHYI0 GopMmy dhep-
MeHTa. B To ke BpeMs TspKenas JOTOJHHUTENIbHAS 10JI0ca
quist nanemutuiTpancdepasst ZDHHC21 moxeT ObITh Kak
pernoH-crnenupuIeckor n30popmoil pepMenTa, Tak U MoCT-
TPAHCISIIIMOHHO MOAN(MUINPOBAHHBIM (pepMerToM. OaHaAKO
JJI0 TOATBEPIKACHUA NI OMPOBEPIKECHUA TAKUX IPCAITOJIO-
KEHUH TpeOyIoTcs TaabHEHIINE NCCIeIOBaHUS.

Cremyer OTMETUTB, YTO CYIIECTBEHHBIX PA3ININI O KC-
MPECCUH NCCIIEI0BAHHBIX MAIbMUTHIITPAHC(HEPa3 MEKITY Mbl-
mramu THHAA ASC ¢ TeHEeTHUYECKOH TIPeIPacioioKeHHOCTHIO
K JICTIPECCUBHO-TTO00HOMY MOBE/ICHHUIO W MBIIIAMH POJIU-
tenbekoit iuHuu CBA o0HapyxeHO He ObLIO.

3aknioyeHune

Takum 00pa3om, MoJTy4eHHbIE B HACTOsIIEH padoTe JaHHbIe
YKa3bIBaIOT HA TO, YTO FeHETHIECKask IPEAPACTIONOKEHHOCTh K
JIETIPECCUBHO-TIOIOOHOMY MTOBEJICHUIO Y MbITiei inHur ASC
HE CBsI3aHa C 9Kcrpeccuei nanpmutmwiTpancepas ZDHHCS,
ZDHHC9 u ZDHHC21 Bo ¢hpoHTaNBEHON KOpPE, THIIIOKaMIIe
U cpeHeM Mosre. B To jke BpeMsi HaMu BIiepBbIe ObUTH BBI-
SIBJICHBI PErHOH-CHEeNU(PHIECKHE 0COOCHHOCTH 3KCIPECCHU
naneMuTHATpancepas ZDHHCS, ZDHHCY u ZDHHC21.
Pe3ynbraThl MO3BOJISIOT TIPE/IIOJIOKNTH CYIIIECTBOBAHHE He-
CKOJIBKMX M30(hOPM HJIM TIOCTTPAHCISIIMOHHBIX MO (UKL
WCCIIEZIOBAaHHBIX (EpMEHTOB, AU(PPEepEHITNATHEHO IKCIIPEC-
CUPYIOIINXCS B PA3IMYHBIX CTPYKTYpax MO3ra, OJHAKO 3Ta
rUIoTe3a TpedyeT NajbHEHIINX HCCIeIOBAaHHH.
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BiausHye oqHOKPaATHOTO BBeIeHUS CTPeIITO30TOL[MHA
Ha MeTaboJINThI TUIIIIOKaMIIa Mbliiien anuauy NODSCID

A.A. Typ, O.B. llleeaes, M.B. Illaparosa, M.A. 30a0Tbix, A.E. Akyros @

DepiepanbHblii NCCNeROBATENbCKUI LeHTP UHCTUTYT yutonorum u reHetnkn Cnbrpckoro otaeneHns Poccuinckol akagemmnmn Hayk, HoBocnbupck, Poccus

3Hauumoe yBenuyeHve 3a nocsiefHne rofbl Yicna nogen ¢ ycTaHoB-
NEHHbIM ANArHO30M «CaxXapHblil AnabeT» BbIBOQUT NCCNIE[0BAHMS,
NOCBSALLEHHbIE 3TOV NPO6NIEME, B UNCSIO Hanbonee akTyanbHbIX. Mpo-
LOKNTENbHAA rMNeprivKemMuns, CONPOBOXAAtoLas pa3BuTre 1 Teve-
Hue caxapHoro anabeta 1-ro Tnna (CA1), MOXeT 0Tpa3nTbCsA Ha yHK-
LMOHaNbHOM U CTPYKTYPHOM YPOBHE OpraHm3auum paboTbl FOIOBHOMO
Mo3ra. B ocHoBe NoJ06HbIX peakLMili MOXET NIeXXaTb N3MEHeHMe MeTa-
60n113Ma. OBLLENPUHATLIM METOLOM NPUMKN3HEHHOTO BbIABEHUS Me-
TaboNIMUECKUX peakLMil B OpraHn3Me CyXWUT MarHUTHO-Pe30HaHCHas
cnektpockonus (MPC). B HacToswel paboTe Ans OLEeHKN BANSAHUSA
cTpenTo3oToumHa (CT3) 1 XpOHUYECKON r’MnepriavkeMun, obycnos-
NEeHHON oTCpoYeHHbIM 3dpdekTom CT3, peanr3oBaHHbIM Yepes rnbenb
(-kneTok nogykenynoyHo xenesbl, nposefeHa MPC runnokamna mbi-
wett auHum NOD.CB17-Prkdcscd/NcrCrl (NODSCID) uepes 4 1 60 aHel
nocne BeegeHna CT3. Mogenb C11 ¢ BBegeHuem CT3 - camas pacnpo-
CTpaHeHHasn B MMPOBOW MPaKTUKe. BMecTe ¢ TeM O0CTaeTcsl OTKPbITbIM
BOMPOC — CyLIEeCTBYET SN KPaTKOCPOUHbI 3¢ deKT BBeaeHus CT3 Ha
YPOBEHb feTeKTPYyeMbIX ¢ omoLlbio MPC MeTabonnToB rvnnokamna
KMBOTHbIX. B pe3ynbTaTte cpaBHEHMA OMbITHOW rPYNMbl >KUBOTHbIX C
KOHTPOJIEM BbIAB/IEHO OTCYTCTBUE BNMAHUA CT3 Ha MeTabonunTbl run-
nokamna mbiwet NODSCID Ha 4-i1 feHb nocie ero BeeaeHusa. OgHako
B iPYrOM CPaBHEHUN MBOTHbIX OMbITa U KOHTPONA yepes 60 AHel no-
cne BeefeHusa CT3 oTMeYaloTca yBennyeHne cofepaHna anaHnHa n
TaypyriHa U CHUXKEeHMe coflepKaHunA nakTtata. Takum obpasom, BBefeHme
camoro CT3 He cKa3blBaeTcs Ha MeTabonmnsme runnokamna. Micnonbso-
BaHve MPC ABnAeTcs NepcnekTUBHbIM METOAOM AN1A OLEHKU BAUAHNA
C1 Ha MeTabon3M roIoBHOIO MO3ra XKUBOTHbIX.

KntoueBble cnoBa: caxapHblii AnabeT 1-ro Tna; MblW VHAM
NOD.CB17-Prkdc*““/NcrCrl; MarHUTHO-pe30HaHCHasA CNeKTPOCKONUS;
CTPENnTO30TOLMH; TMMNoKamn.
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The effect of a single
administration of streptozotocin
on hippocampus metabolites

in NODSCID mice
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M.A. Zolotykh, A.E. Akulov®

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

The significant increase in the number of people diag-
nosed with diabetes mellitus in recent years makes
studies of this problem topical. The persistent hyper-
glycemia accompanying the development and course
of type 1 diabetes mellitus (T1DM) can affect the func-
tional and structural levels of the organization of the
central nervous system. These changes may be medi-
ated by metabolic aberrations. Magnetic resonance
spectroscopy (MRS) is a common method of intravital
detection of metabolic reactions. In this study, MRS of
the hippocampus of NOD.CB17-Prkdc*4/NcrCrl mice
(NODSCID) was performed 4 days after the admini-
stration of streptozotocin (STZ) to assess the effect

of STZ itself, and 60 days after the administration of
STZ to another group of animals to assess the effect
of chronic hyperglycemia caused by the delayed ef-
fect of STZ, involving the death of pancreatic B-cells.
The simulation of T1IDM by STZ administration is

used worldwide. Nevertheless, the question remains
whether there is a short-term effect of the introduc-
tion of STZ at the level of hippocampal metabolites
recorded by MRS. The comparison of experimental
and control animal groups revealed no effect of STZ
on metabolites in the hippocampus of NODSCID mice
on day 4 after its administration. In contrast, another
comparison of the experimental and control animals
on day 60 after STZ administration showed elevated
contents of alanine and taurine, and a reduced lactate
content. Thus, the introduction of STZ itself does not
affect the metabolism of the hippocampus, and MRS is
a promising method for assessing the effect of T1IDM
on brain metabolism in animals.

Key words: type 1 diabetes mellitus; NOD.CB17-
Prkdc*4/NcrCrl mice; magnetic resonance spectro-
scopy; streptozotocin; hippocampus.



axapuslii quaber 1-ro Tuna (C/11) — pacnpocrpaneHHoe

XpOHHYECKOE 3a00JIeBaHNE, B OCHOBE KOTOPOTO JICKUT

HapyIICHHE CEKPCIUH MHCYTHHA ¥ OOMEHA BCIICCTB.
CJ11, ocobeHHO Ha oHE ¢1a00ro NTUKEMUYECKOTO KOHTPOJIS,
HeOmaronpusaTHO BIUseT Ha Mo3r (van Harten et al., 2006),
MOKET MPUBOJIUTH K MHOTOYHCICHHBIM OCIIO)KHCHHSIM, B
YaCTHOCTH K Pa3BUTHIO TnabeTnueckoil sHnedanonaruu. Ee
MIPU3HAKH MOTYT MPOSIBIATECS B aTpodun 6enoro u/mimm ce-
POTO BelecTBa Kak BCETro TOJIOBHOTO MO3T'a, TaK M OTJEIBHBIX
ero CTpykryp. IIpy 5TOM CTPYKTYpHBIE ¥ METa0OJIMYECKUe
OTKJIOHEHUS 3a9aCTYI0 HOCAT COMPSKCHHBIA XapaKTep.

Knuarmaeckne u 9KCepUMEHTATBHBIC UCCIICIOBAHMUS T10-
Kazaym, 4Tto AuabeTnveckas sHiedanonarus cBs3aHa ¢ Ha-
pymenusMu Mo3roBoro metadonmmsma (Northam et al., 2009),
a IPOTOHHAsI MATHUTHO-pE30HaHCHas1 ciekTpockomust (MPC)
YCIIEIITHO MCHOJIB3YETCsl JJIsl OLIEHKH MTOJ00HBIX HAPYIIEHUH
(Sarac et al., 2005; Heikkila et al., 2009; Mangia et al., 2013).
BonpmuHCTBO HccneI0BaHMii inn vivo HapYIIEHUH MO3TOBOTO
MeTaboJIn3Ma Ha KUBOTHBIX MOJEJSIX COCPEIOTOYEHO Ha
MPC runmoxammna (Biessels et al., 2001; Duarte et al., 2009;
Wang et al., 2012; Moshkin et al., 2014), gyTo 00ycIIOBICHO
0COOEHHOCTSIMH €0 OpraHU3alluH 1 ITOBBILIEHHOH peakiueit
Ha Bo3neiictBusa (Revsin et al., 2009). 1 HecmoTps Ha TO,
yro MPC rosoBHOro Mo3ra o0n1agaeT OTHOCUTENIBHO CIIab0K
CEJIEKTHBHOCTBIO, OIIPE/ICIIIEMbIE B XO/I€ UCCIICIOBAHUS Me-
TaOONUTHI PETUCTPUPYIOTCS KaK B HEHPOHAX U KJIETKaX TIIHH,
TaK H B MEXKKJIETOYHOM ITPOCTPAHCTBE, PE3YIBTATHI HCCIIEIO-
BaHUI AKTYyaJIbHBI IJI1 pEIICHUA MHOTUX ITPAKTUYCCKUX 3a/1a4.
C oToii ToukH 3peHus norydeHHas B xone MPC nundopmanys
00 ypoBHE MeTabOJIMTOB, yYaCTBYIOIINX B Pa3HBIX IPOIIECCAaX
(DYyHKLIMOHMPOBAHHMSI TOJIOBHOTO MO3I'a, T03BOJISIET KAUECTBEH-
HO OIICHUTH M3MeHeHne MeTabomm3Ma rpu CJ11 v BnustHuN
BEIIIECTB, MOJICIUPYIOIINX €TO.

Kak u3BectHo, ocHOBHO# Xapakrepuctuxoit CI[1 sBrsercs
paspyieHue -KIeTOK MOPKETyI0IHON KeJIe3bl C MOCIe Y-
IoLeH HEJ0CTAaTOYHOM NpoayKUued nHCynuHa. B momensx
Ha KMBOTHBIX TaKO€ COCTOSIHUE JAOCTHUIAETCS MOCPEACTBOM
BBEICHUS PsijIa XUMHUECKUX areHTOB, B YaCTHOCTH CTPETTO-
3oronmHa (CT3). XuMudecku HHIYIUPOBAHHAS MOJICIb THa-
0era OTHOCHUTEINILHO MPOCTa — TUa0eT 0OBIYHO MHYLUPYIOT
3a maTb-cemb aHel (King, 2012),  nemesa (Dufrane et al.,
2006) — CT3 cunresupyercst Streptomycetes achromogenes.
[Tocne BBenenus CT3 B opraHu3M OH € MOMOIIBIO OeJKa-Tie-
peHocunka Timoko3bl GLUT2 HakammmBaeTcs B B-KiIeTKax
MOJKENTYI0UHOM keJe3bl U BbI3bIBaeT ankuiuposanue JJTHK
(Szkudelski et al., 2001). IIpoucxoaut ucromenne NAD+
n cHmwkenue kiaertounoro AT® (Sandler, Swenne, 1983).
Kpome toro, CT3 npoBounpyeT nosiBieHne CBOOOJHBIX pa-
JIMKAJIOB, KOTOpbIe criocoOcTBytoT noBpexaenuto JJHK u
rubenn B-xretok (Lenzen et al., 2008). CenextuBHOCTS CT3 K
KIICTKaM ITOJKEITYIOYHON KEJIe3bI HE SBIISICTCS aDCOTIOTHOM,
u xotst CT3 He criocoOeH MpoHUKaTh Yepe3 reMarosHiedaim-
yeckuil Oapbep, ero BHICOKHE 03Bl MOTYT IPUBECTH K II0-
BBIIIIEHHOHN npoHunaemoctu 6apwsepa (Huber et al., 2006).
B cBsi3u ¢ 5THM B HUCCICAOBAHUAX, ITOCBAINICHHBIX OLICHKE MC-
Tabonr3Ma TKaHeH TOJIOBHOTO MO3Ta, IIPEICTABIACTCS HE00-
XOJMMBIM ITPOBEPKA KpaTkocpouHbIX 3¢ dekroB CT3 Ha meTa-
OOJIUTBI TOJIOBHOTO MO3ra, 0COOCHHO CTPYKTYp, UMEIOIINX
Hambomee ysS3BUMBIA remMaTodHIedanmaecknii 6aprep. Ha-
Py C 3THM HEKOTOPHIC JIMHUH MBIIICH UMCIOT Pa3IHIHYIO
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yyBcTBHTENBHOCTH K CT3, Harpumep, DBA/2 Gonee uyBcTBU-
TensHBL, 9eM C57BL/6, a mocneanne — BOCIPAUMYNBEE THHAN
BALB/c (Gurley et al., 2006). icnionb30BaHIE KOHKPETHBIX
JIMHUH MBIIIEH 11e1eco00pa3HO NPU MCCIIEIOBAHUSIX OCIIOXK-
HeHni, Bb3BaHHBIX CJI1 1 OpHEHTHPOBAHHBIX HA U3yUYCHHE
METabOoIMYECKNX OCHOB (DOPMUPOBAHUS THAOETHUYECKOM
sanedanonarun. B padore (Schmidt et al., 2003) BbisiBiC-
HO, YTO JUIS U3Y4YEHMs] HEMpONMATUil MOAXOASILENH MOJENbIO
moryT ctarb Mblu auHuE NODSCID (non-obese diabetes
severe combined immunodeficiency). Beenenne CT3 mplmam
NODSCID npuBOIHUT K yCTOHYHBOI THITEPIITNKEMIAH, KOTOpast
MIPOBONMPYET AUCTPO(YUIECKUE N3MECHEHUS B HEHPOHAX, YTO
MOXKET OBITh CII/ICTBUEM T€HETHYECKOTro AedekTa 3ToH Ju-
HHH, TaK KaK )KUBOTHBIE NMEIOT TIOHMKEHHYIO CITIOCOOHOCTB
K BOCCTAHOBJIEHHIO pa3pbIBoB JByLenodeunslx JHK. B To
JKE BPEMsI OCTAETCsl OTKPBITHIM BOIIPOC 00 M3MEHEHUSIX KOH-
LEHTPAIMH HEHPOMETA0OINTOB B PAHHUE U TO3IHHE CPOKH
nocine BeegeHusa CT3, T.e. npu dyNIMKEMHUH U yCTONUUBON
THIIEPIIIUKEMUH.

B nvactosmeit padote y mprmeit mann NODSCID nocpen-
CTBOM OIHOKpaTHOH npukuzHeHHot MPC uccnenoBansl Me-
TabOIMYECKHE U3MEHEHHSI B THITIIOKAMIIE Ha Pa3HbIX CPOKAX
nocne BBegenust CT3.

MaTtepwuanbl n metopbl
O0beKT HCc/IeI0BAaHUSA U YCJI0BHUSA coep:KaHusA. B xade-
CTBE OOBCKTA UCCIICAOBAHUS UCTIONBE30BAIN CAMIIOB MBITIICH
muann NOD.CB17-Prkdcseid/NerCrl (NODSCID). Bospact
JKUBOTHBIX B Hadasle SKCIIEPUMEHTa OBIT PaBEH BOCHMH He-
nersiM. JXKuBoTtHble Obutn BeIpatieHsl B SPF-BuBapuu Llentpa
IEHETUYECKUX PECYpPCOB J1a00OPATOPHBIX KUBOTHBIX MHCTH-
TyTa rronorun u reHetnkn CO PAH.

Ha npoTskeHnN BCero UcCiIe0BaHUs )KUBOTHBIX COICPIKa-
JIM B MH/IMBUlyaJIbHO-BEHTHIIMPYeMbIX kieTkax (OptiMice,
CIIIA) rpynmamMu 1o 1Ba >KHBOTHBIX ITPH CIEAYIOMIUX YCIIO-
Busix: ocBenlenue: 14C:10T; remneparypa 22-24 °C; oTHO-
curenbHas BlaxHocTh 40—-50 %; pesxum nutaHus 1 oTpeo-
JeHust Bonbl ad libitum. B xauecTBe TUTAHUSA UCIIOIB30BAINA
CTaH/IApTHBIM aBTOKJIABHPOBAaHHBIA kopM ssniff® R/M-H
autoclavable V1534-3 mst coneprxanust rpeizyHoB (Sniff, ['ep-
MaHWUsA), IMThS] — OYUIIICHHYTO CTEPIIIBHYIO BOY C J0OaBIe-
HHEM HEOOXOIUMOTO KOJIMYeCTBA MIHEPAIBHBIX CONCH (M-
HepasbHas 100aBka a1 Bojbl «CeBepsiHkay, Poccust).

CxeMma Hcc/IeIOBaHUS] U MAHUMYJISAIUH € *)KUBOTHBIMH.
IIposenena MPC runnokammna oHON FpyMIIbI dKUBOTHBIX Ye-
pe3 uetsipe Aust nocie BeeaeHust CT3 — 111 OLleHKH BIUSHUS
camoro CT3 u apyro#i rpymimsl depe3 60 qHei mocie BBeACHNS
CT3 — a5 OLEHKHU BIAUSHUS XPOHUUYECKOW TMIEPIIIMKEMUH,
oOycorienHoi BBeaeHneM CT3 u rudenbro B-KIeToK Mmoj-
JKEITYJOUHOMN XKeJe3bl.

B niepBoii rpymie ObUTH KOHTPOIBHBIC H OMTBITHBIC JKUBOT-
HBIC TI0 IIeCTh ocobeil. Ilepen uccaeIOBaHUEM Y BCEX HKH-
BOTHBIX ONIPEACTISITH MacCy Tella U, HCXOS U3 Hee, KOHTPOJIb-
HBIM 0CO0SIM BHYTPHOPIOIIIMHHO BBOMIIN (PU3UOTIOTUIECKHUN
pactBop, a onbiTHbIM — CT3 (Sigma, St. Louis, CIIIA) B no3e
150 mr/kr. Uepes ueTsIpe JHS OCIIe BBECHNUS BCEX KUBOTHBIX
noasepranu npouexype MPC-ckanupoBaHust.

Bo BTOpOIi rpyIie OblIM TakkKe KOHTPOJIbHBIC U OTBITHBIE
JKUBOTHBIE TI0 BOCEMb 0co0ei. Ha KHBOTHBIX MPOBOIMIN
TaKWe K& MaHUIYISALUU U TECTHI, KaK U B TICPBOW TPYIIIIE,
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tomsko MPC Oplta ipoBeneHa uepe3 60 mHei mociie BBese-
nust CT3.

YV Bcex KUBOTHBIX U3MEPSIIA KOHIICHTPALUIO TITIOKO3HI B
KPOBH TIOCPEIICTBOM AIICKTPOXUMHYECKOTO METO/IA TIPH I10-
Moty niirokoMerpa Diacont (OOO «/InakonTt», Mocksa, Poc-
Cusl) U WHAMBUAYAIBHBIX TE€CT-MOJIOCOK 3TOH K€ (UPMBI.
WzmepeHus MpoOBOIMITN Y BCEX JKUBOTHBIX JI0 Havyajia dKCIIe-
pHUMeHTa, 3aTeM Ha 4-i1 IeHb /715l IEPBOIl TPYIITbI JKHBOTHBIX
u Ha 60-e cyTku nocne BBeneHuss CT3 It BTOPOH TPyTIITEL.
3a00p KpOBU OCYIISCTBISUIA B MCKYCCTBEHHO CO3MaHHBIN
MIEpHOJI OTCYTCTBHS MOTPEOJICHUS] KOPMa U3 KOHYHMKA XBOCTA
YKUBOTHOTO, TAaKMM 00pazoMm, oHa Oblla CMEIIAHHOTO THUIIA,
B3sTas Hatoulak. [1o okoHuanuu MPC KMBOTHBIX BBIBOAMIU
13 KCTIEPUMEHTa METO/IOM LIEPBUKATIbHOMN TUCIOKALINY.

Bce skcnepuMeHTaNbHBIE MPOLEAYPHI BHITIOJHEHB B
coorBerctBuu ¢ Jupextusoit 2010/63/EU Epormeiickoro
napiaMeHTa u copera EBporneiickoro Coro3a ot 22 ceHTA0ps
2010 rozma mo oxpaHe KUBOTHBIX, HCIOIb3YEMBIX B HAYIHBIX
e, 1 onoopens! Komuccneit mo 6nostrke Ulul” CO PAH.

MarnuTHoO-pe30HaHCHAsl cneKTpockonus. Vccieno-
BaHU MPOBOIMIIN Ha TOPU30HTAIHLHOM TOMOTrpade ¢ Harpsi-
JKeHHOCTBIO MarauTHOTO monst 11.7 Tecnma (Bruker, BioSpec
117/16 USR, TI'epmanust). JKMBOTHBIX HapKOTH3HPOBAIH C
MTOMOIITBIO H30QITI0pana B cMecH kuciopoa (1.5 %, ckopocts
moroka 300 mi/mMuH). TemmepaTypy Tena MOAICPKUBAIN
temnoit Bogon (36 °C), nupKyaupyrolei yepe3 HacTOoJb-
HBIH JOTOK ToMorpadudeckoro ckanepa. Jlist KOHTPOJIS
TITyOMHBI aHECTE3WH MCIIONH30BaN ITHEBMATHUCCKHNA J1aT-
gk neixanust (SA Instruments, Stony Brook, NY, CIIA).
Bce nzo0pakeHus Mo3ra M CHEKTPHl OBLIA MOJYUYCHBI C
UCIOIb30BaHHEM 00beMHOM 'H paguovacToTHON KaTymiku
(500.3 MI', quamerpom 23 Mm). J{i1st TpaBUITEHOTO TO3UIIHO-
HUPOBAHMS CIIEKTPOCKOIIMYECKUX BOKCEJIEH, pa3mep KOTO-
pbix cocTaBisa 1.3 x2.5%2.5 MM — 8.1 MM3, ObUIM TOJTyYEHBI
T,-B3BemIennbIe H300paKEHUs (MMITYJIbCHAS IOCIEI0BATENb-
Hocth TurboRARE ¢ mapamerpamu: TE = 8 mc; TEeff=24 mc;
TR =2500 mc; RARE factor = 8, ckanupoBaHue IpoOBEICHO
B JIByX MPOCKIMUSX: aKCHAJIbHON U CaruTTaJIbHOM, mapamer-
pBI U300pakeHui: TommuHa cpe3a = 0.5 MM; paccTosiHue
MeXay HeHTpaMu cpe3oB = 0.9 MM; mosne 3peHust = 2 X2 cMm;
Matpuna = 256 X256 nukcenei; 4uciao ycpeaHeHun = 5.
[IpomomKUTENEHOCTD CKAHUPOBAHUS TS KaXKIOH TIPOEKITHU
coctaBuia 6 MuH 40 c. Pazmep Bokcelis O3BOJIWII IOJTYYUTh
CHEKTPBI C OTHOCUTEIBHO BBICOKUM pa3pelIeHUueM 3a IpUeM-
nemoe BpeMs peructpanun — 10 MuH. Bece MpOTOHHBIE CIIEKT-
PBI TOTYYEHBI C TIOMOIIIBO OTHOBOKCEIEHON CIICKTPO CKOTIHH
metonom STEAM (Stimulated Echo Acquisition Mode Spec-
troscopy) ¢ TE =3 mc, TM = 20 mc u TR = 5000 mc, criexT-
panpHOM mmpuHOM 4000 I'n, unciom Touek 2048. Ilepen
Ka)X/IbIM CIIEKTPOCKOTIMYECKHM HM3MEPEHHEM CHI'HAJl BOJIBI
MOJABIISUIA C TIOMOIIBIO TTEPEMEHHON MOITHOCTH MMITYIIbCa
1 ONTUMU3UPOBAHHOM 3anepkku penakcanuu — VAPOR
(Gruetter, 1993); mpoBoIMIN TaKXe HACTPOUKY OJHOPOIHO-
CTH MarHUTHOTO IIOJISI B IpeZesiaX BEIOPAHHOTO BOKCEINS C
ucnonb3oBanneM Meroauku FastMap (Bruker).

CrexTpsl ObUIH 00padOTaHBI CIICIUATN3UPOBAHHOM TPO-
rpaMMmoin, paszpaborannoit corpynaukamu Ulul" CO PAH
(Moshkin et al., 2014), mo mpuHIHATIAM aHAJOTHYHON TIPO-
rpammuomy obecneuenno LCModel (Provencher, 1993).
[Tomy4eHHBIE CHIEKTPHI COACPIKAIH TTHKH CIISTYIOIIIX COCH-
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HEHHIA: MUO-WHO3UTOJI, TIIMIMH, KPEaTuH, TIyTaMar/IiyTa-
MUH, TayPUH, XOJHMHOBbIE KOMIIOHEHTHI, acrapTar, N-areTu-
acriaprar, raMMa-amMuHomacistHas kucsora (FAMK), nakrar,
ananuH, GochopUIIdITAHOIAMUH.

CrarucTuyeckasi 00padoTka JaHHbIX. Bce 3HaueHus
HCCIeIyeMbIX TapaMeTPOB IPECTABICHBI B BUIE CPEAHEH 1
cranaaptHoit ommbku (M= SE). HopmanbHocTh pacripese-
JIeHNs1 TapaMeTpoB MpoBepsuTH KputepreM Kommoroposa—
CMmupHOBa. J[0CTOBEpHOCTh pa3iuyuii MeXay TpyIIamMu:
1) xoHTpoOsB — ONBIT Ha 4-e cyTku nociue BBegeHus CT3 u
2) KoHTpOJIb — omBIT Ha 60-¢ cyTku mocie BBenenns CT3,
BBH/Y OTCYTCTBHSI MHOXXECTBEHHOTO CPAaBHEHUS CPEITHHX,
OLIEHUBAJIM C MoMolIbio f-kputepust CtbloneHTa. Pacuersr
OBLTH BBITTOIHEHBI C HCIOJIb30BAHUEM ITPOTPAMMHOTO TTAKETa
STATISTICA 6.0.

Pesynbratbl
B xozne nposenenns MPC momyuens! nanasie mo 12 metabo-
JINTaM TOJOBHOIO Mo3ra. Y >KHBOTHBIX Ha 4-¢ CYTKH IOCJIC
BBeneHnst CT3 ypoBHU HCCIIEOBAaHHBIX METa0OIUTOB 0-
CTOBEPHO HE OTIIMYAIINCH OT 3HAYCHHUH, 3apETUCTPHPOBAHHBIX
Yy KOHTPOJIbHBIX 0co0eii (Tabnuiia). B Hauase uccienoBanus,
nepexn BBeneHueM CT3, KOHIIEHTpAIHS TIIIOKO3BI B KPOBU Y
MBIIIEH B KOHTpoJIe cocTaBuia 5.7+ 0.2 MMOIIB/1, B OITBITE —
5.6+£0.2 mmounb/n. Ha 4-e cyTku 3TH mokas3aresiu ObuId Cie-
nyrorue: 6.0+0.9 Mmons/i B koHTpOe U 5.8+0.9 MMomb/nt
B OTIBITE.

Bo Bropoii rpyrmne )KMBOTHBIX y CAMIIOB OIIbITa B CPABHEHUH
C KOHTpOJIeM 00HAPYKEHBI JOCTOBEPHBIC OTIMYHS: 00JIee BbI-
COKHeE 3HAYCHUS aJlaHMHA ¥ TaypUHA U IOHIKCHHOE 3HAUCHHE
nakrara (cM. Tabnuily). Y 3THX KMBOTHBIX TakK jK€ B Hayale
nccuenoBanus, nepex seeaenueM CT3, mpon3BeieHs! 3aMephl
KOHIICHTPAIINHX TITFOKO3BI B KPOBH: Y MBIIIEH B KOHTPOJIC OHA
cocrasmiia 5.4+0.3 MMoub/1, B onbiTe 5.6+0.2 MMOJIB/II.
Ha 60-e cyTkn 3T1 oka3arenu cocTaBisutu: 6.8 +0.2 MMOJIB/1T
B KoHTpoJe 1 22.5+2.0 MMOJIB/JT B OTIBITE.

O6¢cyxpeHue

[TonmyueHHBIE B pe3y/IbTaTe UCCICI0BAHNS JAHHBIC YKa3bIBAIOT
Ha oTcyTcTBHe 3 dexkroB CT3 Ha METaOOIUThI THITITOKAMITA
Ha 4-1 1eHb Tociie BBEACHNUS, HO HaOmMomatoTes 3 PeKTH Ha
(oHe pa3BUTHS THIIEPIIUKEMHH. TaK, B IEPBOM TpyIIe XKu-
BOTHBIX, B KOTOPOH OIIEHNBAJIOCh HETIOCPEICTBEHHOE BIMSIHUE
CT3 nHa MeTaOOJUTHI TUIIIIOKAMIIA, HE BBISIBIEHO HHU OJHOIO
JIOCTOBEPHOT'O OTJIMYHS B YPOBHSIX METa0OJIMTOB MEX/Ty KOHT-
POJBbHBIMU U OTIBITHBIMHU OCO6§IMI/I. I/I3B€CTHO, YTO BBCACHUC
CT3 B MHPOBOIi MpaKTHKE — HAHOOIEe MPOCTON U YIOOHBIH
TIO/IXOI /TSt TTOTy4eHHs ycToiumnBoi runepriukemut (King,
2012) n nenecoobpa3Hblil U1 TECTUPOBAHUSA JIEKAPCTB, METO-
JIOB JICUCHUS, a TAKOKe pabOT, CBA3aHHBIX ¢ JHA0CTHUCCKUMHU
OCJIOKHCHHUSIMH, BKITIOUas THa0CTHIECKYO dHIE(anonaTo
(Jederstrom et al., 2005; Sheshala et al., 2009). Ycroituugo
THIIEPIIIMKeMUs JOPMUPYETCS ¢ 5—7-T0 JTHS 10CTIe BBEICHUS
CT3. Hecmotpst Ha 3TO, OCTaeTCsS HEOOXOMMOCTH KOHTPOJIS
B03MOXHOTO dpdexra CT3 Ha MeTab0IM3M T'OJIOBHOTO MO3Tra
elle 10 HACTYIUICHHs TUIeprInKeMun. [loTeHInaibpHo K Ta-
KUM d(eKTaM MOKET MPUBECTH KPATKOCPOUHOE POpMHUPOBa-
HUE TUIMONIMKEMHUH B HaYaJIbHOU cTaiuu monenupoBanus CII1
WM HeNolHoe akkyMynupoBanue CT3 B maHKpeaTHueCKHUX
B-xnerkax. OfHAKO B CPABHEHUH C aJUIOKCAHOM — JIPYTHM
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Levels of hippocampus metabolites in NOD SCID mice determined by magnetic

resonance spectroscopy in vivo

Metabolites

Day 4 after STZ

Day 60 after STZ

pacrpocTpaHeHHBIM areHTOM ISl XUMUYECKH-UHITYIIHPO-
BanHoro CJ[1 (y xoroporo B azy I yxe B nepBbie MUHYTHI
MOCJIe BBE/ICHNS HAaOI0aeTCsl THITONITMKEMHUUECKask PEaKIUs
KaK pe3y/bTaT KpaTKOBPEMEHHOW MOBBIIIIEHHOH CTUMYJISIIIUI
CeKpelHu UHCYNMHA) — ipu BBeaeHnn CT3 3Ta runormkeMu-
yecKas peakiys He HaOmonaeTcs, Tak kak CT3 He HHrHOnpyeT
rmtokoknHa3zy. Kpome toro, CT3 He uMeeT HemoCpeACTBEH-
HOTO IIPSIMOTO MHTMOWPYIOLIETO BO3/ICHCTBUS HA TPAHCIIOPT
orroxo3sl (Elsner et al., 2000) mmm hochopumipoBanme TITFOKO-
knHa3bl (Lenzen et al., 1987). Bmecre ¢ tem CT3 ananoruuen
M0 CBOEMY CTPOCHHIO C TIIIOKO30i U MEPEHOCUTCS B KIIETKY
6emxom TpaHcmiopta rimoko3sl GLUT2, HO He pacmo3HaeTcs
JIPYTUMH IEPEHOCUMKAMH TITFOKO3bI. JTO OOBSICHSIET €T0 OTHO-
CHUTEJIbHYIO CEJIEKTMBHYIO TOKCHYHOCTbH JUIsl B-KJIETOK, MO-
CKOJIbKY OHH MMeIoT Bbicokne ypoBHH GLUT2 (Schnedl et
al., 1994). ITosTomy Hanmmuue nepeHocynka rmoko3sl GLUT2
B JPYIruxX opranax rnpuodperaer ocoOyro 3HaunmMocTb. Ilo-
kazaHo, uto CT3 moTeHnnanbHO CrocoOeH MPHUBOAUTE K IT0-
BpEeXICHHIO TToveK mim nedeHn (Weiss, 1982; Qinna, Badwan,
2015), rae Taxoke conpepxurcst GLUT2. Onnaxo obecrieuenue
GLUT?2 yBenmuenns naccuBHOro Tpancmopta CT3 B 3THX op-
raHax OrpaHHYCHO M3-32 X HU3KOH ah(PMHHOCTH K TIIIOKO3E.
Ba)xHO OTMETUTB, YTO I'OJIOBHOM MO3I HE UMEET BBICOKOI'O
ypoBHs conepxanns GLUT2.

Pe3ynbrarel BO BTOPOIl Tpymie >KUBOTHBIX BO MHOTOM
omnpezneinensl C/1 n GopmMupoBaHUEM XPOHUYECKOH TrHIIep-
IIMKEMUH, TOCKOJIbKY BBeAieHHe CT3 co BpeMeHeM pUBOANT
KaK K HeoOpaTUMOMY HEKPO3y (-KJIETOK, TaK M K Pa3BUTHIO
neprdepruuecKoil pe3uCTEHTHOCTH K HHCYIIMHY. MeTabonn3m
ronoBHOTO Mo3ra pu CII1 mpereprnieBaeT cepbe3HbIe U3Me-
HEHUSI, KOTOPbIe HAaIVISTHO JeMOHCTpUpYIoT naHubie MPC.
[To pesynbraram Hamieil pabOThI, y MBIIIEH OIbITa Yepes
60 mmeit mocne BBexenus CT3 HabmomaeTcs TOCTOBEPHOE
TMOBBIIICHNE YPOBHS TaypuHa. CIMTAETCs, 9TO TAypHUH BMECTE
C KpeaTHHOM Y MHO-WHO3UTOJIOM Y4acCTBYET B OCMOTHYECKOI
perymsauun mosra (Lien et al., 1990, 1991). Yeenuuenue
YPOBHS TaypHHA OTMEUYAETCS TAKXKE B TOJIOBHOM MO3T€ KPBIC

Ddusnonormyeckas reHeTuka

¢ CT3-unnynupoBaHHBIM caxapHbIM quadetom (Rose et al.,
2000). [TogoOHas kapTuHA HAOIIOMACTCS U B KIMHUYECKOU
npaktuke y manueHToB ¢ CI[1 (Kreis, Ross, 1992; Geissler et
al., 2003). ITomumo 3TOTO, TaypHH, SBISSICH OJHOW W3 HaHU-
0oJiee pacpOCTPaHECHHBIX CBOOOIHBIX AMUHOKHUCIIOT B I[CH-
TpaJbHOM HEPBHOHW CHCTEME, CIIOCOOCTBYET YIyUIICHUIO
SHEPreTHYCCKUX MPOLECCOB, CTUMYIIHPYS PEreHEPaIuio
npu AucTpodrueckux 3a00IeBaHUsIX U NpoLeccax, Conpo-
BOXKIAIOIMINXCSA 3HAYUTENBHBIM HapymIeHHeM MeTabonn3Ma
(Timbrell et al., 1995; Hussy et al., 2000; Tanabe et al., 2010).
HexoTtopsle ncciieioBaHust oKa3bIBatOT, YTO TAypPUH MOXKET
MIPEIOTBPATUTH WITH OOPATUTH IiepeOpabHbIe U HEHPOHHBIE
mucdyHKIMY, BEI3BaHHBIE runeprinkemueii (Obrosova et al.,
2001; Terada et al., 2011; Ito et al., 2012).

V xuBoTHBEIX TT0oCcie 60 mueir ¢ moMenTa BBeneHus CT3
MIPOUCXO/IUT TAKXKE CHIDKCHNE YPOBHSI JIAKTaTa M0 OTHOIIIe-
HHUIO K KOHTPOJILHBIM 0C00siM. B nureparype cymiecTByoT
MIPOTHBOPEYNBLIC TaHHBIE 110 YPOBHIO JTakTaTa Ha hore C/I1
1 XpOHUYECKOU THIIepIITHKeMun. HekoTophie ncciieroBareu
OTMEYAIOT IMOBLIIICHUE YPOBHA JIaKTaTa BIUIOTH 1O BO3HUK-
HOBEHHS THUIEpIaKTanuaeMuaeckoi komsl (Salceda et al.,
1998). B mpyrux paboTax, Ha000pOT, MMOKA3aHO CHIKCHHE
yposust sakrata (Lapidot, Haber, 2001; Wang et al., 2012).
B namewm nccnenoBanuy Ha GOHE MPOIOIDKUTETFHON THITEp-
TTMKEMUU MBI HaOMFOIaeM, 94TO aJaHWH U JIAKTAT HAXOMSTCS
B 0OpaTHOH CBA3H.

[To pe3ynbTaraM MOTYYSHHBIX JAHHBIX, MO)KHO OTMETHUTD
orcyrtcTBue BimsiHus BBeienns CT3 Ha ypoBeHb MeTab0INTOB
TUIIIIOKaMIIa UCCJIICAOBAHHBIX JKXUBOTHbLIX HAa 4-i JCHb I10CJIC
BBeZieHNs. Habmromaercst n3aMeHeHne B ypOBHE METa00JINTOB
THITIOKaMITa TIPH TpooInkuTenbHOM Bimsiann CT3, uro pea-
nuzyercs He 3a cuer camoro CT3, HO 32 cYeT TOKCUYHOCTH
CT3 10 OTHOMICHHIO K [-KJIETKaM MOKETYJOTHON KETIe3bl,
uX THOEeH 1 (HOPMHUPOBAHUS XPOHIHUCSCKON TUICPTITNKEMITH.
Takum 00pa3oM, B MOJIEIH XUMHYCCKU-UHIYIIHPOBAHHOTO
caxapHoro quadera 1-ro Tuma BBegenne camoro CT3 He mpu-
BOJUT K 3HAYUTEIHHBIM M3MCHCHUSIM YPOBHS METa0OINTOB
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THIIIOKaMITa, a Habmrogaemblie Ha 60-11 IeHb 1ocie BBEACHUS
CT3 u3MeHeHUus: COMpsKEHBl C Pa3BUTHEM XPOHHYECKOH
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B IIEHTPAJILHOV HEPBHOU CUCTeMe I KOMaHIHbIX
HelipOHaX OOOPOHUTEIbHOI'O IOBEJEeHSI MOJIIFOCKA
Helix cepoToHMHOM 1 HeliponentuagoMm FMRFamugom

AH. IpunkeBuy ®, T.I. 3auenmao

NHcTuTyT dusnonorum um. W.M. Masnosa Poccuiickon akagemmn Hayk, CaHkT-lNeTepbypr, Poccus

BoBneueHHOCTb 3NUreHeTNYeCKrX MeXaH3MOB B GOpPMMpPOBaHE JOSTO-
BpPeMeHHOV MaMATY He Bbl3blBaeT COMHeHWIA. B HacToALee Bpems cpean
3TVX MEXaHM3MOB Hanbonee akTUBHO UCCNeAYOTCA N3MEHEHUS YPOBHA
Pa3NnYHbIX TMCTOHOBBIX MoandrKaLmii (B NepByto oyepeab, aLeTUINPO-
BaHVA 1 METUINPOBAHNA) B COCTaBE XPOMATUHA KNEeTOK LieHTPabHON
HepBHoI cncTtembl (LIHC) Ha pa3nnyHbix SKCNepuMeHTanbHbIX MOZENSIX.
OpHa 13 Hanbonee yaobHbIX Mogeneit — monnocku, nx LLHC oTHocutenbHo
NPOCTO YCTPOEHa 1 ANA pAfa BULOB JOCTaTOYHO XOPOLLIO OXapaKTepPr30-
BaHa. B paboTe B KauecTBe 06beKTa UCC/IefoBaHMA ncnosb3osaHa LIHC
BUHOrpagHon ynutku (Helix lucorum), pnsa KoTopoi paHee 6bina BbliABNEHa
rpynmna HelpoHOB, yYacTBYOLMX B GOPMMPOBAHMMN Pa3INYHBIX TUMOB
noBeAeHUs, BKOYAs COXPAHAIOLMIACA BO BPEMEHMW OTBET HA Pa3finyHble
cTmynbl. Llenbto paboTbl 6110 U3yyeHne BANAHUA N3BECTHBIX 3PpdeKTO-
poB: cepoTtoHuHa n FMRFamunga, ceazaHHbix B LIHC ¢ akTMBaTOpHbIMY 1
TOPMO3HbIMY MYTAMU COOTBETCTBEHHO, Ha aLeTUIMPOBaHNe rncToHa H4
B MOAMMOTOYHOM KOMIMJIEKCE FaHTINEB, a TakXXe B KOMaHAHbIX HeMpPOHax
obopoHuTenbHoro noseaeHus npasoro (MMa3/2) n nesoro (JIMa3/2)
napvieTanbHbIX raHrmeB yAnTKuW. ViccnepoBaHve NpoBOANIOCH METOAOM
BecTtepH-6510T rubpuansaumm. NMonyyeHHble pe3ynbraTbl yKa3blBaloT Ha
CUJIbHYIO 3aBUCMMOCTb 3 PEeKTOB U3yyaeMblX HepoMeanaTopoB OT
cTpykTyp LIHC, KoTopble noaBepranncb BO3AENCTBUIO STUX BelecTs. Tak,
0Ka3anocb, YTO B NOAMIOTOYHOM KOMIMJIEKCE raHrMeB NoA AeNCTBMEM Ce-
POTOHMHA NPOVCXOAWIIO YCUIIeHe CYMMapPHOro aLeTUIMpoBaHUA rmcTo-
Ha H4, a FMRFamng nopasnan ero apdekT. B npoT1BononoXHOCTb 3Tomy,
B KOMaHAHbIX HEMPOHax NPaBoro napueTasbHOro raHrnA CEPOTOHNH

n FMRFamnpg ycunveanu gencreve apyr Apyra, 4To MpUBOANIIO K CyLle-
CTBEHHOMY MOBbILIEHNIO YPOBHA aLeTunnpoBaHna ructoHa H4. OgHako

B CUIMMETPUYHbIX HEMPOHAX NEBOrO MAPUETANIbHOTO FaHMINA HAKAKNX
N3MEHEHWI1 B YPOBHE aLETUAMPOBaHNA Noj feNcTBMEM 0O0UX BeLlecTs
He Habn[aNoCh, YTO CNYKNUT HOBbIM CBUAETENBCTBOM HaNMuna QyHK-
LioHanbHoW acummeTpun y Helix. PeynbTtaTbl MCCIEA0BaHNA NO3BONAOT
cAenaTb 3aK/oyYeHne 0 BOAKON PO TOPMO3HbIX NyTel, onocpeayemblx
FMRFamugom, B 3aBUCMMOCTU OT KOHTEKCTa HEMPOHabHbIX KOMMIEKCOB,
OHW MOTYT Kak NoAaBnATb eNCTBMe akTMBATOPHbIX MyTel, YTo Obino 3a-
dUKCUPOBaHO HamK B MOAFIOTOYHOM KOMMNIEKCE FaHIMNEB YNUTKK, TaK U
BbICTYMNaTb B POSIN VX CUHEPTUCTOB, KaK B KOMaHAHbIX HEIPOHax 060po-
HUTENbHOrO NOBefEeHVA NPaBOro NapueTasbHOro raHrus.

KnioueBble cioBa: MONNOCK Helix; AUMMYHOGNOTTUHT; SNMUrEHETKS;
[ONIroBpeMeHHas NamATb; aueTUAMpoBaHme rmcToHa H4; cepoToHuH;
FMRFamug; KomaHAHble HEMPOHbI.

KAK UUTUPOBATb 3TY CTATbIO:

lpuHkeBny J1.H., 3auenuno T.I. Perynauma auetmnmpoBaHua ructoHa H4 B LeHTpanb-
HOW HEPBHOW CUCTEME 1 KOMaHAHbIX HePOHax 060POHUTENIbHOrO MOBeAEeHUA MO-
niocka Helix cepoToHHOM 1 HeponenTugom FMRFamyupom. BaBnnoBcKuin )XypHan
reHeTUKM n cenekummn. 2018;22(5):606-610. DOI 10.18699/VJ18.401

HOW TO CITE THIS ARTICLE:

Grinkevich L.N., Zachepilo T.G. Regulation of histone H4 acetylation in the CNS and
defensive behavior command neurons of the mollusk Helix mediated by serotonin
and neuropeptide FMRFamide. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Jour-
nal of Genetics and Breeding. 2018;22(5):606-610. DOI 10.18699/VJ18.401 (in Russian)

Received 07.03.2018
Accepted for publication 28.05.2018
© AUTHORS, 2018

@ e-mail: Larisa_Gr_spb@mail.ru

Regulation of histone H4
acetylation in the CNS

and defensive behavior
command neurons

of the mollusk Helix

mediated by serotonin

and neuropeptide FMRFamide

L.N. Grinkevich®, T.G. Zachepilo

Pavlov Institute of Physiology, RAS, St. Petersburg, Russia

Epigenetic mechanisms are commonly known to
underlie memory formation. Presently, scientists’
attention is focused on changes in the levels of
histone modifications (mainly acetylation and
methylation) in the chromatin of CNS cells tested
in various experimental models. Owing to their
relatively simple CNSs, mollusks are among the
most popular models. Our experiments were con-
ducted with the mollusk Helix lucorum because its
CNS had been investigated in detail and most of
its neurons had been proven to participate in the
formation of different behavior patterns, including
the prolonged response to various stimuli. This
work concerns the influence of various effectors
(serotonin and FMRFamide, associated with CNS
activator and inhibitory pathways, respectively) on
the acetylation of H4 histone in the subesopha-
geal ganglion complex and in defensive behavior
command neurons of the right and left parietal
ganglia (RPa3/2 and LPa3/2) in the snail. Western
blot analysis showed that FMRFamide inhibited
histone H4 acetylation induced by serotonin in
the subesophageal complex of CNS ganglia. How-
ever, serotonin and FMRFamide cooperatively
enhanced the induction of histone H4 acetylation
in RPa3/2 defensive behavior command neurons.
No changes were found in the counterpart LPa3/2.
It is a new piece of evidence for functional asym-
metry in Helix. The inhibitory pathways mediated
by FMRFamide not only inhibit the activatory in-
tracellular processes in the entire CNS but can also
enhance them, as in RPa3/2 defensive behavior
command neurons.

Key words: mollusk Helix, Western blotting,
epigenetics, long-term memory, histone H4
acetylation, serotonin, FMRFamide, command
neurons.



3y4eHHEe MEXaHU3MOB (DOPMHUPOBAHMS JI0JITOBPEMEHHOM

namsta ([11) — omgHa U3 akTyanbHEHIINX 3a1a9 COBpe-

MEHHOM Helpoouonornn. B mocieanue roner Hanbomee
AKTHBHO Pa3BHBAIOIMMCSI HAIPABJICHHEM HCCIICJA0BaHUI B
9TO 00JIACTH CTAJIO M3yUCHNE N3MEHEHHH B STIUTEHETHYECKOM
nanamadTe XxpoMaTHHa B Pa3IMYHbIX KJIETKaX U CTPYKTYpax
uentpanbHoit HepBHOU cucteMbl (LIHC). [Ipu aTom ocoboe
BHUMAaHHE YIENACTCS MOCTTPAHCIAINOHHBIM MOAN(DUKAITH-
SIM THCTOHOB, PETYJIUPYIOIIUM aKTHBHOCTH IIPOMOTOPHBIX U
HHXAHCEPHBIX PailOHOB F€HOB M O0ECIIEUHBAIOIIUM JIOJIIO-
CpOUYHBIE H3MEHEHNUS B YPOBHE UX 3Kcmpeccuu (Zovkic et al.,
2013; Kim, Kaang, 2017). AuetnnnpoBaHue 1 METHINPOBa-
HHE TUCTOHOB OTHOCSITCSI K YHCIIy HauOoliee «IOMyIspHBIX
Moau(dUKaIHiD). ITO CBI3aHO KaK CO 3HAUUTEIHHBIM BKIIaJI0M
9THX MOAM(UKALIUH B OTIPEIeIeHIE yPOBHS FeHHO SKCIIpec-
CHH, TaK U C CYyIIECTBOBAHHUEM TEPAIIEBTHYECKUX CIIOCOOOB
KOPPEKTHPOBKH CTATycCa alleTHIINPOBAHUS ¥ METHIIMPOBAHHUS
THCTOHOB, MOTEHIINAILHO CITIOCOOHBIX BOCCTAHABJINBATH MCH-
TaJIbHBIE XapaKTEePUCTHKU NPH psizie narosoruii (Abel, Zukin,
2008; Gréff, Tsai, 2013). Tem He MeHee ClIeTyeT OTMETUTb, UTO
Y MEXaHU3MBbI PETYISIIH ITPOIIECCOB ALETUIINPOBAHUS M Me-
TUJIMPOBAHUSI TUCTOHOB, U CITOCOOBI BO31eHCTBHsI Ha 3 dek-
TUBHOCTB 3THX IPOIECCOB M3YUYCHBI JAJIEKO HETOCTATOYHO.

MoJIUTIOCKH — HIMPOKO MCIIOJIBb3yeMast SKCIICpUMEHTaIbHAS
MOJIe/Ib B HCCIIEIOBAaHUAX MOJIEKYJSIPHbIX MexaHnu3mos /[I11
(Balaban, 2002; I'puakeBnd, 2012; Kandel, 2012), B mepByto
oYepesb, B CBS3U C OTHOCHUTEIILHOM IIPOCTOTOH OpraHu3aluy
ux [JTHC u HanuyrieM 4pe3BbIYaiiHO yAOOHBIX IJISi UCCIIESIO-
BaHUS TUTAHTCKAX HEWPOHOB, TTO3BOJISIOMINX BECTH paboOTy
C OTZAEIBHBIMHI HEPBHBIMH KJICTKaMH. FIMEHHO Ha MOJLTIOCKE
(Aplysia) BriepBbic ObUIa MMOKAa3aHA KIFOUEBAs POJIb AlCTH-
TupoBaHus TUCTOHOB B (popmupoBannu I (Guan et al.,
2002), uTo B maybHEHIIIeM OBLIO IIOATBEPKACHO U Ha MOACTISIX
MMO03BOHOYHBIX KUBOTHBIX (Levenson, Sweatt, 2006). Panee
HaM# ObUTa MPOBEACHA CepHs MCCICIOBAHUN PONIN alleTH-
mupoBanus ructoHa H3 B mporecce oOyueHHs Ha MOJETH
YCIIOBHOTO 00OPOHHUTEIBHOTO pedicKca MUIICBOI aBep3Uu y
MoJutiocka Helix. Pe3ynsraTsl 3THX UCCIIETOBAaHUI HE TOIBKO
BBISIBUJIN TTOBBINICHNE YPOBHS alleTHIINpoBaHus rucrona H3
B pesysibTare 00y4YeHUs], HO M TO0Ka3allH, YTO 3TOT HPOLECC
3aIyCKaeTCsl CEPOTOHHHOM IPH YYaCTHH KHMHA3HOTO ITyTH
MAPK/ERK (Grinkevich et al., 2008; Danilova et al., 2010;
Kharchenko et al., 2010; Danilova, Grinkevich, 2012; I'pun-
keBu4, BopoOnena, 2014).

OHAaKO XOPOIIO U3BECTHO, YTO HAapS/ly C aKTHBAaTOPHBIMHU
nporieccamu 1715t popmuposanust 11 HeoOXoquMbl TaKoKe Mpo-
IECCHI TOPMOXKECHHS, OCYIIECTBICHIE KOTOPBIX Y MOJUTIOCKOB
cBs3aHo ¢ HeliporrenrtuaoM FMRFamuom (Phe-Met-Arg-Phe-
NH2) (Guan et al., 2002). B HejaBHeM UCCIICA0BAHUH BITUSTHHUS
ceporonnHa 1 FMRFaMmuia Ha conep)kaHue akTUBaTOPHOMN
(H3K4me3) n naruduropnoii (H3K9me2) monndukanmii
ructona H3 B ITHC Helix (I'punkesuy, Bopoobesa, 2016) MbI
TIOTIBITATINCH TTOOWTH TOONMKE K BBIICHCHHIO MEXaHH3Ma
9TOTO SIBJICHUS K 0OHAPYKMIIN TIPOTHBOIIOIOKHBIE AP (EeKThI
YKa3aHHBIX COEJUHEHUN.

3amageii HacTosIIeH paOOTHI OBLTO H3yUCHNE BITUSHAS ATHX
3¢ dexTopoB Ha aneTuMpoBanue ructona H4 B moxmrorou-
HOM KOMILJIEKCE T'aHIJIMEB, a TaK)Ke KOMaHIHBIX HEWpoHax
oboporuTensHOTO TIoBeAeHus1 npasoro (I111a3/2) u meBoro
(JITa3/2) napueTanbHBIX TAHIIINEB YIUTKH.

Ddusnonormyeckas reHeTuka

MaTepmanbl n metoabl

DKCHEPUMEHTHI MPOBOJIUIN HA B3POCIBIX BHHOTPATHBIX
ynutkax Helix lucorum. Beinenenne [IIHC, o6paboTky cepo-
TounHoM u/mim FMRF-amuioMm, BeljieJIeHHE TTOAITIOTOYHBIX
KOMIUICKCOB TaHIJIMEB U OTJCIbHBIX KOMAH/IHBIX HEHPOHOB
ocyuecTBIsLIH, Kak onucano (Danilova et al., 2010; I'punke-
B4, BopoOneBa, 2016). /111 kak0ro HE3aBHCHMOTO DKCIIe-
PUIMEHTa HEUPOHBI U3 TPEX YKUBOTHBIX OOBCIHHSUIHN (OTICIEHO
M3 JICBBIX W IPABBIX IMapUCTAIbHBIX FaHFJ'II/IeB) U MoJydain
KJIICTOYHBIE KCTPAKTHL, cormtacHo (Monsey et al., 2011). B xa-
yecTBe KOHTpOoJIs ucnonb3oBainu [IHC win koMaHAHbIE HEM-
ponbl 3 [{THC, koTopyro MHKYOHpOBaiH B (PU3N0JIOTHYECKOM
pactBope 6e3 moOaBIIeHIs H3y9aeMBbIX IpermaparoB. Pazene-
Hue 0eNKoB AMeKTpodope3om, BectepH-0moT ananmu3 u oopa-
0OTKY pe3yJIbTaTOB TaK)KE BBIIOJIHSIHN COIIACHO OITUCAHHBIM
MeTonam u npotokonam (I'puakeBnd, BopoOnesa, 2016).

Pesynbratbi

Nsyuenue BnusHus ceporonnHa 1 FMRFamua Ha anerunu-
poBanue ructoHa H4 npoBoauiy B NoANIOTOYHOM KOMILIEKCE
ranmmmeB (L{HC), a Takke B M30MMPOBAHHBIX KOMaHIHBIX
HelipoHax oboporuTensHOro oeaenus JIMa3/2 u [1l1a3/2,
PacIoJIOKEHHBIX B JIEBBIX M IPABBIX TAPUETATBHBIX TAHIIIHIX
HC Helix (puc. 1).

OcHoBHAas (pyHKIHUS MTOATTIOTOYHOTO KOMITIEKCA TaHITINEB
3aKioyaercsi B opMUpPOBaHUN OOOPOHUTEIBLHOTO TOBEC-
Hus. KitoueByro posib B 3TOM IPOIeCCce UTPArOT KOMaH/IHBIC
HelpoHbI o0oponuTensHOro noBeaeHus JII1a3/2 u I1l1a3/2,
pa3Mep KOTOPBIX cocTaBisieT 0Koso 200 MKM.

Jnsa ananu3a BIMSHMUS CEpOTOHMHA W HeWponentuia
FMRFamuzia Ha ypoBeHb TOTAJIBHOIO alETHUJIMPOBAHUS TH-
crona H4 IITHC ynurok nuakyOupoanu 1.5 gaca B ¢puznono-
'MYECKOM PacTBOpE /1Jisi 0€CII03BOHOYHBIX, COAEPIKALIEM HITH
cepororuH (0.2 MM), mmu FMRF-amuz (10 MmxM), i o0a
BEILIECTBA. DTO BpEeMs HHKYOaIMu C CEpOTOHHMHOM MPUBOANUT
K JIOJITOBPEMEHHON CEHCUTU3ALMU HEHPOHOB, BOBJICUECHHBIX
B opMHpOBaHHE 0OOPOHHUTENEHBIX PE(PICKCOB YIUTKH, a C
FMRFamniom — BbI3bIBaeT pazBuTHe npruBbikanus (Balaban,
2002; Guan et al., 2002). O6a 3Tu mporecca OTHOCATCS K
HEaCCOIMAaTHBHBIM (hOpMaM JOITOBPEMEHHOU mamsTH. B ka-
YECTBE KOHTPOJISI UCIIONIb30BAIU IKCTPAKTHI, TIOIyUYEHHBIE U3
IMHC, uaxy6upyemoii B pr3nonornaeckoM pacTBope 6e3 10-
Oasnenus ceporornHa win FMRFamuna.

AHa/n3 BIUsIHASA cepoToHMHA U Heliponentuaa FMRF-
aMu/ia Ha aleTHJINpoBaHue ructoHa H4 B noanioTounom
KoMIuiekce ranriimes Helix. Pe3ynbsrarel mpoBeIeHHBIX Me-
TozoM BectepH-010T rnubpuan3aiy SKCIIepuMEHTOB TOKa3bl-
BaroT, 4to nuKyOanus [{THC ¢ cepoTOHHHOM PUBOIUT K JOCTO-
BEPHOMY YBEIMUYEHHIO YPOBHS alleTHIINPOBaHN riucToHa H4
(» <0.001) B cyMMapHBIX TOMOT€HATaX MOATIOTOYHOTO KOM-
TUIeKCa TaHTIIMEB CIYCTS O/IMH Yac mocie o0ydeHus, a 1006aB-
JIeHHe B MHKYOAIIMoHHYI0 cpeny Heliponentiaa FMRFamuna
3 deKxT cepoTOHMHA MOJHOCTHIO HUBENHPYET (puc. 2).

Omnune ypoBHs aleTHIMpoBanus ructona H4 npu nakyOa-
i LTHC ¢ ceporormHOM 1 cMeckio cepoToHrH + FMRFamrg
nocrosepHo mpu p < 0.001. Hetiponentux FMRFamuz, npu-
MCHCHHBIN HE3aBUCUMO, TOCTOBEPHOT'O BIIMAHUSA HA YPOBCHD
alleTHIIMPOBAHNS HE OKa3bIBacT. OTINYME aleTUINPOBAHUS
ructoHa H4 npu naky6annu [THC ¢ cepoToHMHOM OT KOHT-
poiisi, ceporonnHa ¢ aobasinennem FMRFamuna u mpocto
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Regulation of histone H4 acetylation in the CNS
of mollusk Helix by serononin and FMRFamide

Command neurons

Fig. 1. Schematic location of identified neurons
in the subesophageal ganglion complex (dorsal
surface) of the Helix lucorum CNS.

Left and right cerebral ganglia with the LPa(2/3)
and RPa(2/3) giant defensive behavior command
neurons, symmetrically located in the left (LPaG)
and right (RPaG) parietal ganglia, respectively,
are shown, after (Kharchenko et al., 2010) with
modifications.
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Fig. 2. Histone H4 acetylation in the subesoph-
ageal ganglion complex after incubation of the
Helix CNS with FMRFamide, serotonin, and the
combination of serotonin and FMRFamide.

Y-axis: Amounts of acetylated histone H4 forms rel-
ative to total H4 and to the control. C, control; 5HT,
incubation of CNS with serotonin; F, incubation
with FMRFamide; 5HT+F, incubation with sero-
tonin and FMRFamide; Acet.H4, acetylated histone
H4; Total, total histone H4. C/5HT *p <0.003; 5HT/
(SHT+F) *p <0.003; 5HT/F **p<0.001; F (3.24) =
= 13.803, p = 0.0002. (ANOVA). Numbers of in-
dependent experiments: C (n = 8); 5HT (n = 9);
F(n=5); 5HT + F (n=6).

The data are shown as mean + SEM normalized ra-
tios. Upper panel: an exemplary Western blot with
antibodies against the acetylated form of histone
H4 and against the total histone H4.

FMRFamuna monreeprkmaercs post-hoc
LSD, Scheffe, Tukey HSD (ANOVA).
HOJ’Iy‘leHHI)Ie pe3yanaTb1 IIO3BOJISIKOT
TIPUITH K 3aKITFOYSHHUIO O THAMETPAITEHO
MIPOTUBONOJIOKHOM ACHCTBUM CEPOTO-
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Fig. 3. Effect of FMRFamide and serotonin on the acetylation of histone H4 in the command neurons
of the right and left parietal ganglia of the Helix CNS.

Y-axis: Amounts of acetylated histone H4 forms relative to the total amount of histone H4 and to the con-
trol. C, control; 5HT, incubation of CNS with serotonin; 5HT +F, incubation with serotonin and FMRFamide;
Acet.H4, acetylated histone H4; Total, total histone H4. * p < 0.03, post hoc LSD; **p < 0.01, post hoc LSD,
Scheffe, Tukey HSD. Numbers of independent experiments: command neurons RPa 3/2: C (n = 4), 5HT
(n=5),F (n=3),5HT+F (n = 3); command neurons LPa 3/2: C (n = 4), 5HT (n=4),F (n=3), 5HT+F (n=3).
Command neurons from three individual animals were combined for analysis.

nuHa 1 FMRFamuna Ha nHTerpansHelil yposeHs anetuiarposanus H4 B cymmapHoit
IHC BuHOTpagHO YAUTKH.

AHaJIu3 BJIMsAAHUS cepoToHNHA M HeliponenTuaa FMRFamuaa na aneruin-
poBaHue ructoHa H4 B koMaHIHBIX HelipoHAX 000POHUTEIBLHOIO MOBEICHHA
HHC Helix. ]Ins Gonee neransHOTO H3y4eHUs BIusHUS ceporonnHa 1 FMRFamu-
na Ha aneruuposanue ructona H4 B [THC ynutku Ha cnemyrorem sTare padboTh
HaMH ObLTH HCCIIEI0BaHbI N30JIMPOBaHHbIe KoMaH/ IHbIe Heiiponbl JI[1a3/2 u [111a3/2,
CUMMETPHUYHO PACIIOIOKECHHBIE B JIEBBIX M TPABBIX MapHETAIbHBIX TAHIIHAX
(cm. puc. 1).

[Toxa3zaHo, 4To MoK IefiCTBUEM CEPOTOHHHA BO3PACTAET YPOBEHD aAllETUIIMPOBA-
Hus ructona H4 B komananeix Heliponax [111a3/2 (mocrosepro mpu p < 0.03), a B
JIITa3/2 on ve mensiercs (puc. 3). Jlo6asnenue tonsko FMRFamuna B Kynsrypais-
HYIO Cpely JOCTOBEPHOTO U3MEHEHHUs alleTHIINPOBaHMS HE BBI3BIBAET (CM. puC. 3).
OpHako oOHapyKeHa aJAUTUBHOCTH B NeiicTBuu cepotoHnHa 1 FMRFamuna B
koMaHIHBIX Heliponax [11a3/2, B cmydae eciim 00a BemiecTBa MPUCYTCTBOBAIN B
KyJbTypanbHOH cpefe. [loka3zaHo, 4To COBMECTHOE BHECEHHUE B CPETy CEPOTOHMHA
n FRMFamuia BeI3pIBaeT 3HAYUTEIFHOE YBETHICHHUE alleTHINPOBaHus rucTona H4
otHOCHTENBbHO KOHTpoIts (1.78+0.27 p <0.01, ANOVA). [Ipu 5TOM Ha ypoBeHb are-
tunupoBanus rucrona H4 B neiiponax JII1a3/2 cmeck ceporonnna u FRMFamunia
BIUsTHUS He okaszbiBaeT (0.92+0.03).

CnenoBarenbHo, cepotoHnd 1 FMRFamua oka3bIBaloT aJiUTUBHBINA MOI0XKH-
TeNBHBIA (KT Ha TOTAJIBHBIA yPOBEHb alleTHINpOoBaHus ructona H4 B koman-
HBIX HEWPOHAX OOOPOHHUTENILHOTO TOBECHNUS MPABBIX MApUETATbHBIX TAHIIUEB,
HE BIVSISL ITPU 3TOM Ha YpOBEHb allCTWIIMPOBAHUs rHMcToHa H4 B cuMMeTpudHO
PACIIOJIOKEHHBIX KOMAaHIHBIX HEHPOHAX JIEBBIX MApHETaIbHbBIX TaHIJINEB.

O6cyxpeHue
[Tomy4eHHbIe HAMU pe3yIbTaThl YETKO [TOKA3bIBAIOT BIUSHUE COYETAaHUS CEPOTOHNHA
n FMRFawmmna na anerunuposanue ructona H4 xak B cymmapnoit [HTHC, Tak u B
KOMaHJIHBIX HelipoHax oboponuTtensHoro noseaenus [111a3/2 Bunorpaanoi ynut-
ku. OpHako 3G ¢GeKThl B3aUMOJISHCTBHS ATHX BEIIECTB KapAMHAIBHO PA3JINYHBI.
B cymmapnoii HTHC (mmoarmoTo9HbIH KOMITIEKC TaHTIINEB) HHIYIIHPOBAaHHOE CEpo-
TOHUHOM BO3pacTaHHe ypoBHs aneTuiupoBanus H4 cauMaeTcs Heliponentuaom
FMRFamuiom, a B KOMaHIHBIX HEHPOHAX OOOPOHUTEIHLHOTO MIOBEICHUS MPABBIX
MapueTaNbHBIX TAHIINEB HAOMIONAETCsl CHHEPTU3M B JEHCTBUN 3TUX MEINATOPOB
Ha aueTuinpoBanue rucrona H4.

Takum oOpa3oM, okasbiBactcs, uro FMRFamus criocobeH He TONBKO TOPMO-
3UTH IeHCTBHE CEPOTOHNHA Ha arleTHInpoBaHue ructoHa H4 (cxomHbril pesynsrat
ObLT TTONTydeH U B cyMMapHbIxX dkcrpakrax LIHC mommrocka Aplysia) (Guan et al.,
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Perynauyma auetunuposaHua ructoda H4 s LIHC
mMonsocka Helix cepotoHnHom 1 FMRFamugom

2002), HO ¥ B OT/ICJIBHBIX ()YHKLIMOHAIBHO BOYKHBIX HEHPOHAX
00OpOHUTENBEHONW ceTH ycuimBaTh ero. C OIHOW CTOPOHEI,
noxasinenne FMRFamunom anerunupoBaHus, HHIyIUpye-
Moro ceporoHMHOM B [THC MOTIOCKOB, CBHIETENHCTBYET O
BO3MO)KHOCTH TOpMO3HOT0 Biusinusg FMRFamuia Ha HepBHBIE
CeTH, B JAJIbHEHIIIEM He BOBJIEKAaeMbIe B INTACTHYECKHUE TTepe-
CTPOMKH, 4TO B KOHEYHOM HTOI€ TOPMO3HT IOBEIEHUYECKHE
peaKknuy Ha CTUMYIIBI, HE 3HAUUMBbIE ISl U3y4aeMOTo THIIA
naMsaTH. C 3THM MOJ0KEHHEM XOPOIIO CONNIACYIOTCS JaHHbBIE
o ToM, ytro FMRFamu npezcrapisier codoit TOpMO3HOM Me-
JIaToOp, UTPAIOIINIl CYyIIECTBEHHYIO POJb B ()OPMHUPOBAHUU
nenpeccun win npuBbikanus (Guan et al., 2002). C ngpyroit
CTOPOHBI, KaK I0Ka3aHO HAMH, B OTJEIbHBIX HACHTH()UIHPO-
BaHHBIX HelipoHax FMRFamuz ciocoGen BRICTYnaTh B Kade-
CTBE CHHEPTHCTa CEPOTOHMHA M OKa3bIBaTh aKTUBHPYIOILCE
BIMSIHME HA TaK Ha3bIBaeMbI€ 30HBI IUTaCTHUHOCTU. Hammm
Pe3yIbTaTHI coracyroTes ¢ padbotoii (psaxononsa, 111.-Poxa,
1986), B xoTOpO#i MOKa3aHo, uTo ceporoHnH u FMRFamnz
MOTYT OKa3bIBaTh OJIHOHAIPABICHHOE JIEHCTBHUE HA IIACTH-
YEeCKHE XapaKTEPUCTUKU U3YIaeMbIX KOMaHJHbIX HEHPOHOB.

Ha cymecTBoBaHne 3aBUCSIINX KaK OT CTPYKTYPBI TOJIOB-
HOTO MO3ra, TaK ¥ OT (hOpMbI 00yUEHHsI Pa3IUuMii B ypOBHE
aneTrnupoBanus ructonoB H3 u H4 mpu dpopmupoBannn
JIONTOBPEMEHHO TaMSITH YKa3bIBAIOT TAK)KE PE3yIIbTaThI C-
CII€IOBAaHUM ITHUX MTPOLIECCOB, TPOBEIEHHBIX Ha TO3BOHOYHBIX
*uBOTHBIX (Levenson et al., 2004; Bredy et al., 2007; Takase et
al., 2013). Takas crienuuka, BeposiTHEE BCero, 00yclioBiIeHa
KJICTOYHON HMHIAMBUAYATbHOCTBIO 3KCIIPECCUHU PA3TMUYHBIX
THCTOH-AIETHIIA3, & TAKXKE OCOOCHHOCTSIMU PETYISITOPHBIX ITy-
TEH, CBSI3aHHBIX C MOAY/ISIINEH aKTUBHOCTH 3THX (DepPMEHTOB
U UX NIPUBJICYCHUEM K OIPEAETICHHBIM Y4acTKaM XpOMaTHHA.

Kpowme Toro, B HacTosmie paboTe MbI 0OHAPYKIITH, UTO
ceporonuH 1 FMRFamua n3MeHstoT ypoBHb alleTHITMPOBaHUS
ructona H4 B koMaHHBIX HeilpoHaX 0OOPOHUTEIBHOTO TO-
BesieHns npaBbix ranrmes [111a3, HO He OKa3bIBAIOT HUKOTO
JICWCTBHS Ha aHAJIOTHYHbIC HeHpoHbI B sieBbIX (JI[1a3). Panee
TaKas aCUMMETpHsl OblIa 3aMKCUPOBaHa U NPU H3YyUYEHHUH
BinussHusT FMRFamua Ha nuiacTuueckue mpouecchl B KO-
MaHJHBIX HelipoHax ([pskoHoBa, I11.-Poxa, 1986). [Tokazano,
yro FMRFamuza BbI3biBaeT 0J0KHpPOBAaHHE NMPHUBBIKAHHUS K
PUTMHUYECKONH BHYTPUKIETOUHONW CTHUMYIISAIMHA UMITYJIbCAMHU
Toka B Hetipone JII1a3 n He BbI3bIBacT OJIOKMPOBAHMS B KIICTKE
[Ta3. Ha Hamuuue QyHKIMOHAILHOW aCUMMETPUHU B 3THX
HEeHpOHaxX CBUIETENbCTBYET U pabota B.A. Jlatnosa (1988),
B KOTOPOH BBISIBIICHO YCHIJICHHE AI[CTHIIXOJIMHOBOTO OTBETA B
[1ITa3 non neiictBuem cepotonrHa u ociabnenue ero B JI1a3.
MosKHO Tpeoararh, 4To Pa3Indys CBSI3aHbI C TEM, UTO HC-
cIielyeMble HeHpOHBI cofiep KaT MHIUBHIyaJIbHBIC TOATHUITEI
ceporoHrHOBBIX W/mi FMRFamMuHbIX perenTopoB, OMHAKO
3TOT BOIPOC TPeOyeT CHENHaTbHOTO H3ydeHHUSI.

B nammx npenptymmx padboTax OblII0 YCTaHOBIGHO HAJH-
Y1e aCHMMETPHH B KOMaHIHbIX Heliponax [111a3/2 u JIT1a3/2
TaK)Xe Ha ypOBHE aKTHUBAIIMU CEPOTOHWH-MHIYIHPYEMOTO
kackaga MAPK/ERK u anermnupoBanus ructoHa H3 mpu
dhopmupoBanuu y Helix ycioBHOro 000pOHUTEIBLHOTO ped-
nexca numeBoi aBep3un (Danilova et al., 2010; Kharchenko
et al., 2010) u BBLABUHYTO NPEIIOI0KEHHE O TOM, YTO, BO3-
MO)KHO, TaKasi aACHMMETPUsI CIIOCOOHA OTpakaTh JIaTePU3ALIUIO
MaMATH y 0eCHO3BOHOYHBIX. B mocnenHue roasl mokasaHo,
YTO aCUMMETPHSI UTPAET BaKHYIO POJb HE TOJBKO y UeIo-
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BEKa M TIO3BOHOYHBIX, HO U y OECII03BOHOYHBIX )KUBOTHBIX.
BoccTranoBieHre cHMMETPUH TPUBOAUT K 3HAYNTEIBHBIM
¢ynkronansapM Hapymernusm (Hobert et al., 2002; Ro-
gers, Vallortigara, 2008). OqHako Kak T€HETHYCCKHUE, TaK U
9BOJIIOIIMOHHBIE MEXaHU3Mbl TAKOW OpPraHU3aIMM BCE €Ile
OCTaIOTCS MaJIO MCCIICIOBAHHHBIMH.

Ha ¢enomenonorunyeckom yposue poinb FMRFamuna B
¢yskunonnpoBanann LITHC psina npyrux 6ecrio3BOHOYHBIX U
MO3BOHOYHBIX JKUBOTHBIX YK€ JJOBOJBHO XOPOIIO H3y4eHA.
OTa posb MHOTOTPAaHHA M BKIIIOYAET y4acTHE B IIpolieccax
Pa3BUTHS U aronTo3a, GOpPMUPOBAHNS NAMATH W CHIDKCHUS
00JICBOI YyBCTBUTEIILHOCTH, a Takxke cTumyisiiun cHa (Te-
legdy, Bollok, 1987; Raffa, 1988; Rdszer, Banfalvi, 2012;
Zatylny-Gaudin, Favrel, 2014; Lenz et al., 2015). B To xe
BpeMSI MOJICKYJISIPHBIE MEXaHM3MBI JICHCTBHUS 3TOr0 HEHpo-
MEeNTHA MTOKa N3yUYeHBI HEJJ0CTaTOYHO.

B raammsix BUHOTpaIHON YIUTKH coepKuTces okoio 1100
FMRFamun-conepxkamux HeliponoB. K HUM oTHOcATCS U
uccienyembele HaMmu komanHble Heliponsl (Elekes, Ude,
1993; Balaban, 2002). PerynsatopHoe IeliCTBHE CEpOTOHHUHA U
FMRFamua Ha TeHOM MOXKET OITOCPEIOBAThCS Yepe3 BHY TPH-
KJerouHble curHanbHblie kackaasl MAPK/ERK (I'punkeBuy,
2012; I'punkeBu4, Bopo6rera, 2016) u p38 MAPK (Guan et
al., 2003; I'puakeBuy, 2017). [Ipu 3TOM H3BEeCTHO, 4TO P38
MAPK yuacTByeT B MEXaHU3MaX CHHANTHYECKON JIEIPEeCCUn
y MO3BOHOYHBIX JKUBOTHBIX (Zhen et al., 2001), uro gemaer
BO3MOXXHBIM MPOBOJHTH TAPAJUICIIN C HAIIeH SKCIIepUMEH-
TaJIbHOM MOJIEIBIO.

B nenom mosyveHHsIe B HacToseH 1 npensiaymei (I'pun-
keBu4, BopoOneBa, 2016) paboTax jaHHBIE MO3BOJSIOT 3a-
KJIFOYUTB, YTO 3aITyCKaeMble HeHpoMeIaTopoM CepOTOHHHOM
n HelponentuioM FMRFamunom curnanbHble IyTH UMEIOT
TOYKH TIEPECEUCHNUS Ha YPOBHE SMUTCHETHYCCKUX MOTU(H-
karuit ructonoB H3 u H4 (¢ mocneayromumMu u3MeHeHUSIMU
TPAHCKPUIITOMOB) M YTO CHHEPTH3M WJIM aHTOT'OHU3M JIEH-
CTBHS N3YYECHHBIX 3QPEKTOPOB HA ITOM YPOBHE 3aBHCUT OT
KOHTEKCTa HEHPOHAJIbHBIX CTPYKTYP. JlanbHelllee pa3sBuTue
TaKUX HCCIIEN0BAHUN B OTJECIBHBIX MICHTH()UIIMPOBAHHBIX
HEeWpOHaX ¢ M3BECTHOW (PyHKIMEH MOXKET MPOJIUTH CBET Ha
CJIOKHEHIINE B3aUMOIEUCTBUS PErYJISTOPHBIX CUCTEM, 3a-
JIEWCTBOBAHHBIX B ()OPMHUPOBAHUH JIOJITOBPEMEHHOH MaMSITH.
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O1lleHKa BKJIaJga MOHIOJIbCKOM

With a view to trace the Mongol expansion in Tuvinian gene
9KCIIaHCHUI B I‘GHO(I)OH,II TYBIUHIIEB

pool we studied two largest Tuvinian clans — those in which,
according to data of humanities, one could expect the highest
Central Asian ancestry, connected with the Mongol expansion.
Thus, the results of Central Asian ancestry in these two

ALA. ,A,aM6a1’ 2 E.B. Baaanosckasn?® 3, M.K. YKa6aruu?,
I0.M. IOcynog?, IO.B. Boryuos? ¢, JK.M. Ca6utos’,

clans component may be used as upper limit of the Mongol
influence upon the Tuvinian gene pool in a whole. According
to the data of 59 Y-chromosomal SNP markers, the haplogroup
spectra in these Tuvinian tribal groups (Mongush, N = 64,

and Oorzhak, N = 27) were similar. On average, two-thirds

of their gene pools (63 %) are composed by North Eurasian
haplogroups (N*, N1a2, N3a, Q) connected with autochtonous
populations of modern area of Tuvans. The Central Asian
haplogroups (C2, 02) composed less then fifth part (17 %)

of gene pools of the clans studied. The opposite ratio

was revealed in Mongols: there were 10 % North Eurasian
haplogroups and 75 % Central Asian haplogroups in their gene
pool. All the results derived - “genetic portraits’, the matrix of
genetic distances, the dendrogram and the multidimensional
scaling plot, which mirror the genetic connections between
Tuvinian clans and populations of South Siberia and East Asia,
demonstrated the prominent similarity of the Tuvinian gene
pools with populations from and Khakassia and Altai.

It could be therefore assumed that Tuvinian clans Mongush
and Oorzhak originated from autochtonous people
(supposedly, from the local Samoyed and Kets substrata). The
minor component of Central Asian haplogroups in the gene
pool of these clans allowed to suppose that Mongol expansion
did not have a significant influence upon the Tuvinan gene
pool at a whole.

Key words: Y-chromosome; SNP-polymorphism; haplogroup;
ethnogenesis; tribal group; Tuvans.
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" HUN meauKo-coumanbHbIX Npobnem n ynpasneHusa Pecny6nuku TbiBa,
Kbi3bin, Poccua

2 MepurKo-reHeTMUeCKnn HayuHbIn LeHTp, MockBa, Poccua

3 AHO «BrobaHk CeBepHoli EBpasun», Mocksa, Poccus

4 HaumoHanbHbIit LieHTp GroTexHonoruy, AcTaHa, KasaxcraH

5 WHCTUTYT cTpaTernyecknx nccnepoBaHuin Pecnybnvkm balkopTtocTaH,
Yda, Poccus

6 NHcTuTyT 06Leit reHeTukn um. H.W. BaBnnoBa Poccuiickon akagemmm
Hayk, MockBa, Poccua

7 EBPa3NICKMiN HALNOHASbHbIIA yHusepcuteT um. J1.H. Tymnnesa,
AcTaHa, KasaxcTtaH

8 KeMepOBCKUI rocyaapCTBEHHbIN yHIBEPCUTET, KeMepoBo, Poccus

9 TYBUHCKII UIHCTATYT FyMaHUTaPHbIX 1 MPUKNAAHBIX COLMaNbHO-
SKOHOMMYECKMX nccnefosaHuii, Keisbin, Poccna

10 TyBUHCKNIA rOCyAapCTBEHHbIN yHMBepcuTeT, Kbisbin, Poccua

[lnAa BbIABNEHNA clefla MOHFONIbCKOW SKCMaHCUK B reHObOH-
[ie TYBUHLEB BrepBble N3yyeHbl reHOGOHAbI IBYX CaMbIX
MHOTOUYNCIEHHBIX TYBUHCKMX POLOB, Af1A KOTOPbIX MO AAHHbIM
ryMaHUTapHbIX HayK OXMAAETCA HanbOoNbLUNIA BKNAA LieH-
TPanbHOA3MaTCKOro KOMMOHEHTa, CBA3bIBAEMOrO C MOHIOJ1b-
CKoW aKcnaHcmen. Mpn Takom noaxofe pesynbraTthl nccne-
LOBaHNA MOTYT CNYKUTb BEPXHEN OLEHKOI «MOHFONIbCKOTO
BAVAHNA» HAa reHOPOHS TyBMUHLEB B LienioM. [1o AaHHbIM 0 59
SNP-mapkepax Y-XpOMOCOMbI CNeKTPbI Fanaorpynn reHodoH-
[I0B 3TUX TYBUHCKMX pofoB (MoHryw, N = 64; oopxak, N = 27)
0OKasanncb cxofgHbIMKW. B cpepHeM ABe TpeTn X reHodoH[0B
(63 %) cocTaBnAT «ceBepoeBpa3mninckmne» rannorpynnol (N¥,
N1a2, N3a, Q), cBA3bIBaeMble C aBTOXTOHHbIM HacesleHem
COBPEMEHHOro apeana TYBMHLEB, TOrAa Kak «LieHTpabHO-
asmatckue» rannorpynnbl (C2, O2) cocTaBnAlT MeHee NATON
yactu (17 %) reHodpoHAa N3yUYeHHbIX TYBUHCKMX pofoB. Ana
MOHTI0J10B HabsohaeTcsA NPAMO NPOTUBOMONIONKHOE COOTHO-
weHune: 10 % «ceBepoeBpasnNCcKmx» n 75 % «ueHTpanbHoa-
3MaTCKMX» rannorpynmn. Bce nonyyeHHble pesynbTaTbl — «re-
HeTnyecKmne NOPTPETbI», MaTPULLA FTEHETUYECKUX PACCTOAHNINA,
fAeHaporpamma 1 rpadprik MHOrOMePHOTO LWKannpoBaHusa,
oTpakaloLyme reHeTmyeckmne CBA3N TyBUHCKUX POAOB C Mo-
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eart of Asia, lying at its geographical center among the
mountains and foothills of the Altai-Sayan region. Both
ancient and more recent ways of migration passed through
Tyva, including the Silk Road that connected the East and the
West of Eurasia. That is responsible for sophisticated culture-
genesis of indigenous population, as the territory has long
been exposed to various tribes mixing and formation, altering
of languages (there is one of Turkic languages spoken today)
and cultural paradigms (along with buddhism, traditional
shamanism is still being practiced). Those processes might
have considerably affected the gene pool of the Tuvans.
However, one of the most acute problems in revealing the
ontogeny is the extent of the Mongol expansion influence.

Tuvinian and Mongoloid tribe groups had long been
historically united while being ruled by the Chinese Qing
dynasty as a part of Outer Mongolia. After the Mongolian
national revolution in 1911 and the events followed, Mongolia
declared independence from China, while Tuvans got
independent in 1926 to establish the Tuvan People’s Republic.
In 1944, the Republic became a part of the Soviet Union.
The historical destinies interplay of Tuvinian and Mongoloid
tribes may have left a considerable mark on the gene pool of
modern Tuvans. The most correct way to reveal the impact
of the Mongol expansion in the Tuvinian gene pool forming
is to study the clans for which this influence is supposed to
be most significant.

In 2010, Tuvans numbered 249 thousand people by
population census (Results of the All-Russian Census of
2010) and were subdivided into 26 clans (Serdobov, 1971).
Unfortunately, the ethnographers from the Tuvan Institute of
Humanitarian and Applied Socio-Economic Studies report
no integrated historical ethnographic and linguistic research
on settling and populations of Tuvinian clans having been
conducted since 1970. However, in 7 of 26 clans (namely,
Mongush, Oorzhak, Ojun, Kuzhuget, Khertek, Salchak,
Donghak), ethnographers suppose the Mongol ancestry to
be considerable. Representatives of those seven clans make
up to half of all the Tuvinian people, while two of them
(Mongush and Oorzhak) comprising about 33 % of the whole
population. Thus, to assess the Mongolian influence upon the
gene pool of Tuvans, we have studied the gene pools of the
two most numerous of those seven clans being presumingly
most influenced by the Mongol expansion; it is difficult to
make representative samples for the other minor clans. The
evaluation obtained is considered as the upper assessment
of the Mongolian ancestry; as for the rest of the Tuvans,

_|_he Tuvan Republic (Tuva or Tyva) is situated in the very
h
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ethnographers, historians and linguists conceive the influence
to be insignificant.

For Mongush and Oorzhak, West and partially, Central
Tyva are the autochtonous territories. However, the Mongush
representatives (about 57.5 thousand people) inhabit all the
koshuuns of Tyva, and the Oorzhak representatives (about
25 thousand people) live mainly in the western part of Tyva
(Barun-Khemchinsky and Dzun-Khemchinsky koshuuns).
There has not been consensus either on the scientific
etymology of those clans’ names, or their ethnogenesis. Two
controversial hypotheses (Mongolian and Turkic ones) do
interpret different combinations of ethnographic, historical
and linguistic data. We have detailed these hypotheses at
another paper (Damba et al., 2018), so only brief information
is given below.

The “Mongolian” hypothesis. Mongush. The most popular
is the version of Mongolian origin of the ethnonym directly
linking it to the ethnonym “mongol”. Ancient Mongols used to
have the form “mongyus”. A famous sinologist N.Ts. Munkuev
considered it not only as one of transcriptions, but a special
form of the ethnonym “mongol” (Tatarintsev, 1980).

Oorzhak. This ethnonym is referred to medieval mongolisms
related to the words “oghurchak” in old written Mongolian
(“abandoned”, “left”, “lonely”), and “oortzog” in modern
Mongolian (“distinct”, “separate”).

The “Turkic” hypothesis. According to B.I. Tatarintsev
(1986), who was a turkologist specializing in Tyva, the
ethnonyms “mongush” and “oorzhak” have Turkic origin,
so does the ethnonym “tuva”. Most historians agree that
this ethnonym was first recorded in Chinese documents of
VII century. The tribe “dubo” belonged to Tiele people, along
with ancient Uyghurs (Bichurin, 1950). The tribe “tuba”
(“tubas”) was also mentioned in the Mongolian document of
XIII century “The Secret History of the Mongols” as the one
conquered in 1207 (The Secret History, 1941).

Oorzhak. This clan is suggested to get its modern name
“Oorzhak”“Oghurtchak” from the Mongols not later than
in XIII-XIV centuries during the Mongol military expansion,
as in modern Mongolian language the word “ogurtchak™ was
changed by “oortzog” (Tatarintsev, 1986). The Oghur tribes
are known from the written sources of V-VII centuries.
Some of those tribes migrated westward, giving rise to the
peoples of Khazar-Bulgarian subgroup of Turkic languages.
On the other hand, up to most turkologists, the ethnonym
“uayghur” originates from “oghur” as nomadic Uyghurs had
been dominating the territories of modern Mongolia and
nearby areas for more than a century (745-847 AD). Thus,
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the ethnonym “oorzhak” may go back to the Turkic ethnonym
“oghur” (Klyashtorny, Savinov, 2005). Later, the Mongols
used the word “oghurtchak” to name the tribes migrating
from their native lands to escape invaders. It is known that in
XVII century, the Oorzhaks were migrating with other clans
about Mountain Altai and along the banks of the upper Ob
river outside of the present-day Tuva territory (Serdobov,
1971). B.O. Dolgikh (1960) was of the opinion that the
Oorzhaks were Mongolian-speaking in XVII-XVIII centuries,
nevertheless he cited the document dated to 1652 and referring
the Oorzhaks to Turkic-speaking clans.

Mongush. B.1. Tatarintsev gave preference to searching
for ethymology of the name “mongush” in South Siberian
and Old Turkic languages. In Turkic ethnonymy, “mongush”
correlates to the Kyrgyz “munghush”, the Bashkir “munash”,
the Chuvash “mon”, the Yakut “mun”, and the Old Turkic
“mungas” (Old Turkic Dictionary, 1969). B.I. Tatarintsev
admitted the presence of Mongolian language component in
the Tuvinian ethnos, but he supposed the result to be minimal;
thus he did not manage to find its direct reflection on the
Tuvinian ethnomy and the ethnogenesis of Tuvinian clans
(Tatarintsev, 1986).

Hence there are two alternative versions of the origin
of the both most numerous Tuvinian clans. The first one
connects their ethnogenesis to Mongols and the entire invasive
population from Central Asia, while the other associates their
origin with local Turkic-speaking population, the autochtonous
people later adopted Turkic.

Purpose of the study: the work targets to analyze the
gene pool of most numerous Tuvinian clans Mongush and
Oorzhak by genotyping of a wide range of the Y-chromosome
SNP markers. In those clans a significant impact of Mongolian
factor is supposed. The aim is to detect their genetic linkage
with peoples of Siberia and Central Asia and establish “the
upper assessment of Mongolian influence” upon the entire
gene pool of Tuvans.

Materials and methods
As the material for the study, genomic DNA was obtained by
phenol-chloroform extraction of venous blood.

The total number of population samples N=91; the samples
from the Mongush clan were collected in Chaa-Kholsky
koshuun (N = 64) and of the Oorzhak clan — in Barun-
Khemchiksky koshuun (N =27) of the Tyva Republic (Fig. 1).
Blood samples were collected only from male indigenous
Tuvan representatives, degree of relatedness between any of
them being more than 3, and all the ancestors belonging to
the same clan and living at the same territory for more than
3 generations. The informed consent to participate in the
investigation controlled by the Comission of Ethics of the
Research Centre for Medical Genetics (Moscow) was received
from all the individuals under the study.

SNP-markers genotyping was carried out by real-time
PCR method at StepOnePlus and 7900HT systems (Applied
Biosystems) using Tagman assays (Applied Biosystems).
59 SNP-markers were genotyped: M130, M217, F2613,
F2386, F1788, F3918, F3830, M86, F5485, SK1066, F3791,
F11899, F5481, F11791, F14768, F3960, P53.1, CTS4021,
M407, 212266, M174, M69, M170, M253, M223, P37,
M304, M267, M172, M47, M67, M92, M12, M9, M20,
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M231, LLY22g, M178, L708, L666, B211, M2118, VL29,
7236,F4205,P31,M122, M242, M120, M378, M207, M198,
M458, M343, M73, M269, M124, M70, and chrY:15310670
T>C. The nomenclature of haplogroups (hg) in the table of
hg frequencies (see the Table) is given as defined by ISOGG
Y-DNA Haplogroup Tree 2018 (https://isogg.org/tree/ISOGG _
YDNATreeTrunk.html), names of new-discovered markers
subdividing hg N3 into sub-clades N3al, N3a2, N3a3, N3a4,
and N3a5 being in accordance to proposed by I[lumée and his
colleagues (Ilumie et al., 2016).

Nei’s genetic distances were calculated by hg frequences
(Nei, 1975). Software Djgenetic (www.genofond.ru)
elaborated by Y.A. Seryogin and E.V. Balanovskaya was
used for calculations. Multivariate analysis methods were
conducted using a STATISTICA 6.0 software package
(StatSoft. Inc., 2001) applying Ward’s method. The results
were compared with the unpublished data on Y-chromosome
hg frequencies in populations of Siberia and Central Asia
from “Y-base” database elaborated under the supervision of
O.P. Balanovsky (www.genofond.ru).

Results and discussion

“Genetic portrays” of Mongush and Oorzhak clans
In the Mongush clan, there have been revealed 10 haplogroups
within the gene pool (see Fig. 1 and Table). Three most frequent
hg C2,hg Q, and hg R1ala comprising more than a half of the
entire gene pool were detected with equal frequencies (19 %).
More than one third of the gene pool (39 %) was constituted
by sub-clades of hg N. Other haplogroups (total 6 %), namely
02, R2a, R1b occurred in single Mongush representatives.

In the gene pool of the Oorzhak clan, there have been
detected 9 haplogroups (see Fig. 1 and Table). Hg N3a turned
to be the most frequent (30 %), while N1a2, N3a5 and Rlala
haplogroups displayed equal frequencies of 15 %. Lower
frequency was observed for hg Q and hg C2bla3. Others (total
12 %) — C2bla2a, O2, R1b — were seen in single individuals
from the Oorzhak clan.

As awhole, gene pools of the two clans under the study were
characterized by similar hg spectra, though their frequencies
differed; this can be explained by the fact that one sampling
value was twice as large as another. In both clans, two thirds of
Y gene pools (in total sample, average 63 %) were represented
by North Eurasian hg N and hg Q (see Table), while on the
contrary, Central Asian hg C2 and hg O had an insignificant
place in the gene pools of Tuvinian clans, average frequency
being about 17 %.

Let us consider the hg distribution detected in gene pools
of Tuvinian clans in detail.

Haplogroup C2 peaks in Central Asia (Wells et al., 2001;
Zerial et al., 2003), though its variants are abundant in
other peoples of Siberia and Far East. For instance, in one
of Buryat clans, namely Ekhirids, hg C2 frequency is 88 %
(Y-base); in Kazakhs from different regions of Kazakhstan,
total occurrence of hg C2 variants averages between 17 and
81 % (Abilev et al., 2012; Zhabagin et al., 2013, 2014, 2017),
in populations of the Amur River (such as Nanais, Negidals,
Nivkhs, Ulchs) — between 40 and 65 %, in Evenks — up to
68 % (Y-base), in Kyrgyz people of Pamir-Alay —up to 22 %,
correspondingly; of all Turkic peoples of Altai, relatively
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Fig. 1. Y-chromosomal haplogroup spectra in gene pools of Tuvinian Oorzhak and Mongush clans and of the neighboring
populations of South Siberia and Central Asia.

The sectors of the diagrams display proportions of haplogroups in gene pools. 1 - Barun-Khemchiksky koshuun (site of collecting sample
material from Oorzhak representatives); 2 — Chaa-Kholsky koshuun (site of collecting sample material from Mongush representatives).

Y-chromosome frequencies in gene pools of Tuvinian clans Oorzhak and Mogush and neighboring populations
of South Siberia and Central Asia (%)

Y-chromosomal SNP marker Clan Oorzhak Clan Mongush ~ Mongols Sagays Altai people
haplogroup (N=27) (N =64) (N=852) (N=69) (N=76)

Note: Symbol “*” in hg names highlights the ancestral marker presence and absence of mutations of all the daughter haplogroups. “Others” combine the
haplogroups with frequency lower than 1 %.
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high hg C2 frequency (16 %) is detected only in Telengits
(Balanovskaya et al., 2014; Balaganskaya et al., 2011a,
2016). In Tuvinian clans under the study, hg C2 frequency is
rather low — 19 % in Mongush and 11 % in Oorzhak, while
in Mongols it makes up almost two thirds of the entire gene
pool an comprises different genetic lines (subhaplogroups).

Despite being considered as typical for population of
Central Asia, haplogroup O is rare in Tuvinian clans, that is
one carrier of this hg has been detected in each of Mongush
and Oorzhak clans, while in Mongols, its frequency is the
second and reaches up to 17 % of the entire gene pool (see
Fig. 1 and Table).

Hence, in the gene pools of even considered to be the most
affected by the Mongol expansion clans, the arbitrarily Central
Asian hg C and hg O, which compose three quarters of the
Mongolian gene pool (75 %, see Table), are minor. Thus, in
the entire Tuvinian gene pool, one can infer that frequency
of those haplogroups is considerably lower (judging from the
ratio between the populations of clans presumably affected by
the Mongol expansion and of clans for which such influence is
precluded). Further analysis of distribution throughout Eurasia
of hg C and hg O new sub-clades, which can be traced by
genome-wide studies of Y-chromosome and mass screening in
indigenous peoples of Eurasia by new sub-clades, will permit
to clarify the ethnogenetic links between Tuvans and other
populations. Yet, the obtained data make us consider the low
percentage of “Central Asian” component in gene pools of
Tuvinian clans as reflection of a small genetic layer that can
probably mark the trace of the Mongol ancestry. However,
the other hypotheses need checking. One branch of the Silk
Road (an ancient trade route that had connected East Asia and
the Mediterranean 15 centuries before the Mongol expansion)
crossed Tyva and could bring Central Asian gene pools as well.
The territory of present-day Tyva used to be under cultural
influence of Hun (Xiongnu or Chanyu) Empire, which could be
attended with one of the very first waves of genetic interaction
between Central Asian and South Siberian populations.

Haplogroup N is abundant all over North Eurasia from
Scandinavia to Far East (Rootsi et al., 2007). The study on
whole Y-chromosome sequencing conducted with participation
of our group (Ilumée et al., 2016) subdivided this haplogroup
into several branches with their regional distribution. In gene
pools of the Tuvans involved, hg N was represented by two
sub-clades, namely N1a2 and N3a.

Sub-clade N1a2 peaks in populations of West Siberia
(in Nganasans, frequency is 92 %) and South Siberia (in
Khakas 34 %, in Tofalars 25 %) (Y-base). In Tuvans, N1a2
occurrence is nearly16 % in Mongush and 15 % in Oorzhak
clans, respectively, while in Mongols, the frequency is three
times less (5 %). Hg N1a2 is supposed to display the impact
of the Samoyedic component to the gene pool of Tuvinian
clans (Kharkov et al., 2013).

Sub-clade N3a is major in the Oorzhak clan comprising
almost half of the gene pool (45 %); it is represented by two
sub-clades, namely N3a* and N3a5. The same sub-branches
are specific to the Mongush clan as well, though with lower
frequencies: N3a* — 9 % and N3a5 — 14 % (see Table).
In Khori-Buryats from the Transbaikal region, a high
frequency is observed — 82 % (Kharkov et al., 2014), while
in Mongols, N3a5 occurs rather rarely (6 %). Hg N3a* was
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detected in populations of South Siberia only, and was widely
spread in Khakas-Sagays and Shors (up to 40 %) (Ilumée et
al., 2016) (Y-base).

Haplogroup Q is most spread in West and South Siberia.
It reaches its maximum frequencies (Y-base) in gene pools of
Kettic people (84 %), Selkups (66 %), populations of North
Altai (more than a half of the gene pool in Chelkans), Koibals
and Kyzyl Khakas (44 %) (Balaganskaya etal., 2011b). Hg Q
makes up one fifth of the Mongush gene pool, with frequency
only 3 % in Mongols. Presence of this haplogroup in Tuvinian
clans can reflect the genetic contribution of Samoyedic and
Paleosiberian tribes.

Thus, in the gene pools of Oorzhak and Mongush Tuvinian
clans, which are speculated to be mostly affected by
Mongolian ancestry, two thirds of the entire gene pools are
represented by typical “North Eurasian” haplogroups (58 % in
Mongush and 67 % in Oorzhak). This proves the hypothesis of
significant autochtonous component presence within the gene
pools of those clans; moreover, we have not detected hg N3a*
anywhere else, but South Siberian populations.

Within the pan-Eurasian haplogroup Rlala, two large
genetic lines (sub-haplogroups) are identified: “European”
(marker M458) and “Asian” (marker Z93) the latter almost
never occurring in Europe (Balanovsky, 2015) but abundant
in South Siberia and northern Hindustan. In the Altai-Sayan
region, high frequencies of the “Asian” branch are spread in
many peoples — Shors, Tubalars, Altai-Kizhi people, Telengits,
Sagays, Kyzyl Khakas, Koibals, Teleuts (Y-base) (Kharkov
et al., 2009). Hg Rlala comprises perceptible parts of gene
pools of Tuvinian clans (19 % in Mongush, and 15 % in
Oorzhak), though its occurrence in Mongols is much lower
(6 %). Those results also count in favor of the hypothesis of
autochtonous component dominance even in the gene pools
of clans potentially most influenced by Mongolian ancestry. If
we add Rlala variants to the “North Eurasian” haplogroups,
the “not-Central Asian” component will compose average four
fifth of the entire gene pools for Tuvinian clans (in Mongush
77 %, and in Oorzhak 81 %), being only 16 % in Mongols.
Such data are definitely contrary to the hypothesis of a crucial
influence of the Mongol expansion upon the development of
Tuvinian gene pool.

Tuvinian clans position within the genetic space

of Siberia and Central Asia

Position of the analyzed Mongush and Oorzhak clans within
the genetic space of Siberian and Central Asian peoples by
all their haplogroups cumulatively is assessed by the matrix
of genetic distances (d) that displays the populations studied
by genotyping of the same wide range of the Y chromosomal
SNP markers as Tuvans (Fig. 2). The first column presents
average genetic distances (d) for both clans, then all the
populations are ranged by their average genetic affinity to
the Tuvinian clans and divided into two classes — of close
to the clans’ populations (d < 1) and of distant ones (d > 1,
highlighted on the grey background, Fig. 2, a).

To begin with, let us note that Khakas-Sagays are almost
two times closer genetically to the Oorzhak clan (d = 0.16)
than both clans to each other (d = 0.28), while the other Khakas
groups of Koibals and Kyzyl people are the same close to the
Mongush clan (d = 0.26) as the clans to each other (d = 0.28).
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Clan Oorzhak
Sagays

Kachins

Clan Mongush

Koibals
Chelkans
Altai-Kizhi
Tubalars

Shors

Telengits

Kumandins
Kirghiz
Mongols
Kazakh

Kara-Kalpaks

Buryats from Buryatia

Buryats from Irkutsk Region

Buryats from Transbaikal Region

Khamnigans

Fig. 2. Matrix of genetical distances from the gene pools of Tuvinian clans Oorzhak and Mongush to the populations of Siberia and Central Asia (a)

and dendrogram of their genetic relationship (b).

By and large Khakas, Shors and populations of Northern
Altai (but for very peculiar Kumandins; in the dendrogram,
they associate with Kyrgyz people) and peoples of Southern
Altai. In fact, Buryats of the Transbaikal region are as distant
from Tuvans (d = 0.98) as Mongols are (d = 1.01). Greater
similarity of Transbaikal Buryats to Tuvans, as compared with
their geographically neighboring Buryats of Irkutsk region
(d = 3.37) and of the Buryat Republic (d = 1.88), results
from a very high frequency of “North Eurasian” hg N3a5 in
the Transbaikal region (82 %), which composes about 15 %
in Tuvinian clans.

Mongols are the first in the list of populations genetically
distant from Tuvinian clans (d > 1), however the Mongush
clan is twice closer to them genetically (d = 0.65) than to the
Oorzhak clan (d = 1.36). The same is observed for the distance
to Karakalpaks (d = 1.22 from the Mongush clan, and d=1.75
from the Oorzhak one) and to Kyrgyz people (d = 1.39 from
the Mongush, and d = 1.75 from the Oorzhak clans). This
fact highlights relatively more significant contribution of the
“Central Asian” component to the gene pool of the Mongush
clan, being in conformity with ethnography data. Yet, the
absolute value of this contribution is less in comparison with
the genetic impact of the autochtonous population of the
regions, as it is shown in dendrogramme (see Fig. 2, b). The
Oorzhak clan is in one cluster with Sagays and Katschins of
Khakassia, while the Mongush clan got to the same cluster
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with Koibals of Khakasia and Chelkans of Northern Altai. The
neighboring cluster comprises Shors and other populations
of Altai along with Kyrgyz people. Mongols together with
Kazakhs and Karakalpaks are joined to a distant from
Tuvans cluster, Buryats and Hamnigans to form an even
more genetically remote one. Hence the dendrogram exhibits
the conclusion that in Tuvinian gene pool, there prevails the
ancestry component from autochtonous population who are
genetically similar to their western neighbors (present-day
population of Khakhassia and Altai), but distant from Mongols
and Buryats, who are their neighbors in the west and the south.
Multidimensional scaling plot appears to be more correct
and informative, five clusters being presented (Fig. 3).
Great variety of Buryat populations is reflected by two well-
distinctive clusters of “west Buryats” and “east Buryats”.
Southern neighbors Mongols are closer to Tuvans than their
eastern neighbors (Buryats of Buryatia and Irkutsk region);
but along with other populations of Central Asia (Karakalpaks,
Kazakhs and Kyrgyz people), Mongols compose their own
“Central Asian” cluster. Within the genetic space of Siberia
and Central Asia, a compact cluster of Altai and the Tuvinian-
Khakassian one are the closest. In its entirety, the plot does
confirm once again the results obtained: both Tuvinian clans
have most close relationship to populations of Khakassia and
Altai; a weak trace of “Central Asian” component is more
distinctive in the Mongush than in the Oorzhak clan.
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Conclusion

Gene pools of two largest Tuvinian clans appeared to be
similar by Y-chromosomal spectra of haplogroups, suggesting
the affinity of their origin. Different hg frequencies might
mainly result from small samples. However, genetic relation
of the Mongush clan to Mongolian populations is slightly
closer revealing somewhat stronger influence of their southern
neighbors. Though the case in point is rather a weak trace
of Central Asian genetic ancestry. It is under the question,
whether it can be associated with the late Mongol expansion
only (manifested by the ethnonym mongush) or to earlier
constant migrations from Central Asia. Further detection
of noval Y-chromosomal sub-clades and mass screening in
population of North, Central and East Asia by SNP markers
of those new Y-chromosomal sub-clades might provide the
answer.

Nevertheless the source of a weak “Central Asian” genetic
ancestry is, the performed study unambiguously indicates
that the main part of gene pools of Tuvinian clans confidently
being associated by ethnographers with the Mongol expansion
is inherited from the autochtonous population of the Altai-
Sayan highlands. Predominance of “North Eurasian” Q, N1a2
and N3a haplogroups allows to assume that Tuvinian gene
pool was formed on the basis of Samoyed and Kets tribes
having inhabited the territory of present-day Tyva since the
Neolithic (6000—3000 BC). The conclusion about rather low
proportion of East Eurasian haplogroups within the gene pools
of the Mongush and Oorzhak Tuvinian clans, referring to a
later and less significant genetic layer, correlates well with
the anthropological data, which consider the South Siberian
component of Tuvinian ethnogenesis as an earlier and more
relevant in comparison with the South Central Asian one
(Aksyanova, 2009). It must be emphasized that genetic and
anthropological data betoken only the biological trace of
migrations, their demographic intensity and contribution to
the gene pool. They say nothing about the intensity of cultural
influence,which is the field of ethnographic and historical
estimation.

The present study was intentionally concentrated on
Y-chromosome paternal (male-specific) lines as they are
inherited in the same manner as enthonyms of clans do.
However, gene pools of South Siberian and Central Asian
ethnic groups are being analyzed by genotyping of the wide
range of the autosomal markers. Hence, the work is just a first
step towards reconstruction of interaction between indigenous
population of South Siberia and Central Asia. Only integral
population-genetic and historical-ethnographic investigations
into clan structure of Tuvans, Mongols (as present-day
Mongols comprise tribes of various ethnogenesis), and other
ethnic groups of Central Asia and Siberia might open some
pages of history of the very center of Asia, the largest in both
territory and population part of the world.
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The human primary immunodeficiency diseases (PIDs) refer

to a rare heterogeneous group of single-gene inherited

disorders causing malfunctions in the immune system, and

thus the affected patients have a predisposition to severe

life-threatening infections. The heterogeneous nature of PIDs,
which involves at list 300 different genes, makes diagnosis of
the disease a complex issue. Although studies revealed that
six million people have a kind of PID, but due to a complex

diagnosis procedure many affected individuals have not

gotten a correct diagnosis. However, thanks to advancing in
the DNA sequencing method and availability of sophisticated
sequencers molecular characterization of genetic disorders
have been revolutionized. The whole exome sequencing (WES)

method can help clinicians detect Mendelian disease and

other complex genetic disorders. The presented study used

WES to investigate two infants with symptoms of primary

immunodeficiency including hemophagocytic lymphohistio-

cytosis (HLH) and severe combined immunodeficiency (SCID).
It has been shown that the HLH patient had a mutation in the

UNC13D gene (NM_199242.2:c.627delT), and the SCID patient
had a mutation in the RAG1 gene (NM_000448.2:¢.322C>Q).

It has been demonstrated that WES is a fast and cost-effective

method facilitating genetic diagnosis in PID sufferers.
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I[TOTHO3K30MHbBIVI aHA/IN3
MMepBUYHOT0 UMMVYHOAeUIINTA

D.I1I. Paxmanu!, X. Asapmapa?, M. Kapumumyp?,
X. Paxumu’® @

! DakynbTeT MeANLMHCKUX bruoTexHonoruii, LLikona komnnemeHTapHom
MeAnLVHbI, MipaHCKUii yHBepCUTET MeANLIMHCKIMX HayK, TerepaH, MpaH

2 DakynbTeT MefnLUMHbI, VipaHCKNiA yHUBEPCUTET MEANLIMHCKIX HayK,
TerepaH, VipaH

3 DakynbTeT MONeKyNAPHON MeAuLIMHBI, ViccnenoBaTtenbcKuii LLeHTp 6uo-
TexHonorun, MHctutyT Mactepa VpaHa, TerepaH, MpaH

MepBUYHbIN MMMYHOREbULIMT NpeacTaBnAeT cobol retepo-
reHHyIo rpynny peaknx HacneaCcTBEeHHbIX MyTaunii equHNY-
HOTrO reHa, Bbi3biBatoLMX c60l B paboTe MMMYHHOW CUCTEMDI
yenioBekKa 1 NPOABAALWMNXCA B NPESPacnonoKeHHOCT naum-
€HTOB K TAXKESIbIM XKM13HeYyrpoXKaloLwmnm nHdexumam. fetepo-
reHHas npmpo,qa nemequro mmmyHo,qed)muma, I'Ipl/l KOTO-
poi MyTaLmm MOryT 6bITb MOLBEPXKEHbI MO MEHbLLEN Mepe

300 pa3nnYHbIX reHOB, CEPbE3HO OCNIOXKHAET ero AMarHoCTUKY.
W xoTAa 6110 NoACUMTaHO, UTO OT 3TOro 3aboneBaHUA MoryT
CTpafaTb OKOJIO LWEeCT! MUTIIOHOB YeNIoBeK, TONbKO HEMHO-
rme N3 HUX MOTyT PacCUUTbIBaTb Ha MOCTAHOBKY NPaBUIbHOTO
nmarHosa. OgHako pa3BuTe MeTofoB cekBeHupoBaHua JHK
1 JOCTYNHOCTb BbICOKOTEXHONOMMYHOTO 060pyA0BaHNA N03-
BOSIMNIV CAeNaTb 3HAUNUTENbHBIV LWar Brepes B 0651acT mose-
KYNAPHbIX NCCIefOBaHNIN reHeTuYecKnx 3abonesaHuin. Tex-
HOJMOrMA NONHO3K30MHOro aHanm3a [IHK moxeT okasaTb cyLue-
CTBEHHYI0 MOMOLLb Bpayam Npwu ANarHOCTMPOBaHNN MeHAe-
NEeBCKUX MPEAPACNONOXKEHHOCTEN K MUKPOOaKTeprasbHbIM
NHbEKUMAM 1 apyrnx Gopm pefKux reHeTnyeckrx 3abonesa-
HUN. B npepctaBneHHoM nccneaoBaHy Mbl CMOMb30Banu
MeTop NosfIHO3K30MHoro aHanusa AHK ana o6cnepgoBaHma
[BYX MNageHLueB C CMMMNTOMaMu NePBUYHOTO MMMyHogedu-
LUTa, TaKUMU Kak remodaroumtapHblii TMMPOrncTnoLmnTos
(F7F) v TAXenbI KOMOVMHUPOBAHHBIV MMYHogebUUMT (TKU).
MonHo3K30MHbIN aHann3 Bbiasua myTaumnio UNC13D reHa
(NM_199242.2:c.627delT) y nauneHTa c [T1I' n myTauuio RAG1
reHa (NM_000448.2:c.322C>G) - y naymnenTa c TKUA. Uccnepo-
BaHVie NOKa3aro, YT NMOSIHOIK3OMHbI aHaNIU3 — 3TO BbICTPbIN
1 SKOHOMUYHbIV METOA, MOMOTaLWMIA MOCTaBUTb NPaBUbHbIN
AnarHo3 nayneHtTam c nemequlm VIMMyHO,Eled)VILU/ITOM.

KntoueBble cnoBa: NepBUYHbIN UMMYHOAEDULNT; CEKBEHUPO-
BaHue HoBoro nokoneHus; UNC13D; RAGT.



uman primary immunodeficiencies (PIDs) include at
least 300 genetically-defined single-gene inherited
disorders causing malfunctions in the immune system
(Bousfiha et al., 2015). Recent studies have revealed that six
million people worldwide have a kind of PID, whereas only
27000-60000 individual have been diagnosed. Despite the
fact that the prevalence of PIDs is highest among children,
there are also many adult patients with PIDs (Bousfiha et al.,
2013). Patients with PIDs are predisposed to severe infections
such as the EBV, Neisseria, Papillomavirus, Streptococcus
pneumoniae, weakly virulent mycobacteria, Herpes simplex
virus, and Candida Albicans. Furthermore, the immune dys-
regulation and aberrant inflammatory responses (Abolhassani
et al., 2014) such as Allergy, Angioedema, Hemophagocy-
tosis, Autoinflammation, and Autoimmunity have also been
diagnosed in such patients (Bousfiha et al., 2013). PIDs are
classified into nine groups based on the clinical and labora-
tory parameters (Picard et al., 2015). The first group includes
the most common combined T- and B-cell immunodeficiency
(CID) and a severe PID form known as severe combined
immunodeficiency (SCID) (Bonilla et al., 2005). SCID is
characterized by profound defects of T-cell development and
it affects some of the B and NK cells (Kwan, Puck, 2015). He-
mophagocytic lymphohistiocytosis (HLH) is a heterogeneous
group of disorders related to dysregulation of the immune
system (PID class 4) that are classified into two groups, namely
genetic (familial HLH (FHL)) and acquired forms based on the
etiology. FHL includes five forms of loss-of-function mutation
(FHL1-5) leading to defects in the cytotoxic granule secretion
pathway in NK and CD8* T-cells, and they consequently lead
to failure in exocytosis of granules in immunologic synopsis
and completely eradicate target cells, in situation of immune
response (Sifers et al., 2016). HLH can also occur due to
infections and autoinflammatory/autoimmune and malignant
diseases which are known as the acquired forms (Janka, 2012).

Current procedures for PID diagnosis are very complex and
involve using specialized immunologic tests, including lym-
phocyte proliferation and cytotoxic assay, evaluation of serum
immunoglobulin level, flow cytometry, neutrophil function
assays and complementary analysis (McCusker, Warrington,
2011). However, immunological evaluation is performed to
assess a patient’s immune status for primary PID diagnosis. In
addition, phenotype — based PID diagnosis is often complex,
expensive and not always successful. Genetic investigation
of PIDs is also very complex, and covers more than 300
genes that may be involved. Allelic heterogeneity and locus
heterogeneity also increase the complexity of genetic analysis
(Moens et al., 2014; Stoddard et al., 2014).

Advances in next-generation sequencing (NGS), particu-
larly in whole exome sequencing (WES) have revolutionized
molecular diagnosis of Mendelian disorders (Gilissen et al.,
2012), and thus the traditional methods can be replaced by
interrogation of a large set of genes in the single test in a
timely and cost-effective manner instead of gene-by-gene
approaches (Stoddard et al., 2014; Vrijenhoek et al., 2015).
Thirty four new gene defects in PIDs have been diagnosed
using NGS technology, so far (Conley, Casanova, 2014). The
most recent research by S. Tamura et al. (2015) described the
identification of novel compound heterozygous mutation in
the DNA ligase IV (LIG4) gene through WES.

leHeTuKa yenoBeka

The present study was aimed at using WES for molecular
characterization of two families with PID-affected children
to be confirmed by the Sanger sequencing. We found a muta-
tion in UNC13D and RAG1 genes in HLH and SCID families
respectively. Our results have proved WES to be a useful
method for detecting pathogenic variants in PID sufferers.

Patients, materials, and methods
Patients. The patients selected for molecular characterization
using the whole exome sequencing were two children from
two Iranian families in consanguineous marriage hospital-
ized in Children’s medical center (Tehran) and their PIDs
were confirmed with specialized immunology methods.
The first patient was a six-month female infant with clinical
symptoms of HLH, and the second - a two-month male infant
diagnosed with SCID. The HLH patient had prolonged fever,
hepatosplenomegaly, an infection caused by Epstein—Barr
virus (EBV) and increased levels of ferritin, while the SCID
patient suffered of recurrent diarrhea, respiratory infections
without any circulating T and B cells (T~ B~ SCID). For the
children could participate in the study, the parents had signed
an ethical consent form.

Blood sampling. Peripheral blood samples were taken from
the children and their family members. The clinical informa-
tion obtained from their medical records included date and
year of diagnosis, disease class and severity, surgical history,
medication and family history. Genomic DNA was extracted
using salting-out protocol (Miller et al., 1988).

Whole exome sequencing and data analysis. One hundred
ng/ul of high-quality genomic DNA was first used for whole
exome enrichment in the lonAmpliSeq Exome RDY plates
and Ion AmpliSeq HiFi Mix. After ligation of Proton adapters
and quantification by qPCR, the final library was sequenced
using the Ion Proton platform which produced raw FASTQ
files at an average coverage depth of 50X.

The following general workflow was used for performing
bioinformatics analysis of the FASTQ raw data to prioritize
causative variants (Fig. 1).

The raw FASTQ files were processed using the NGS QC
toolkit (Patel, Jain, 2012) to estimate the quality and states
of sequence reads. Sequencing reads, which have some er-
rors such as adaptor and primer contamination, low quality
5" and 3’ end bases, short reads and those with quality scores
(Phered score) bellow 20, were trimmed from the FASTQ
files using the FASTX-toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/). BWA-MEM algorithm (Caboche et al., 2014)
was used to align reads against the reference genome sequence
(GRCh37), and then the results were stored in the SAM (Se-
quence Alignment/Map) file format. BWA-MEM is fast and
accurate alignment software for nucleotide sequences of about
70 bp—1 Mbp. Duplicate reads were marked by Picard tools
(https://broadinstitute.github.io/picard/). Afterwards, the SNP
and InDel calling was performed with the Genome Analysis
Toolkit (GATK; v 3.6) (Van der Auwera et al., 2013). The
functional variant annotation was performed using the follow-
ing software and databases: ANNOVAR (Wang et al., 2010),
KGGSeq (v1.0) (Li et al., 2012), the 1000-Genome Project
(www.1000genomes.org/), NHLBI GO Exome Sequenc-
ing Project (ESP), Exome Variant Server (EVS) (http://evs.
gs.washington.edu/EVS/), Exome Aggregation Consortium
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The green circles denote software, while the orange box shows all the databases and algorithms provided by KGGSeq that were used

for annotation and filtering.

Table 1. PCR primers
Sample Chr Pos Ref Alt Primer-Forward Tm, °C  Primer-Reverse Tm, °C  Product
length, bp
HLH 17 73836899 A -  AGGTATGGGAAGGGAAGGGATC 603  GCACCCCAGCATCCAGTGTG 631 257
SaD 11 36595176 C/G T GGACTTGTTTTCATTGTTCTCAG 549  CGAGTCAACATCTGCCTTCAC 581 544

Chr - chromosome; Pos - position; Ref - reference sequence; Alt - alternative sequence.

(ExAC) (http://exac.broadinstitute.org; release 0.3), dbSNP,
GENECODE (Harrow et al., 2012), knownGene, RefGene
(UCSC), mouse phenotype (Eppig et al., 2015) and DDD study
(Deciphering Developmental Disorders) (Firth et al., 2009).
The KGGSeq filtering strategy was executed to filter out both
common benign variants and recurrent artifact as well as to
find causal variants. At the first level, variant quality control
was checked using the KGGSeq software, which includes
various filters such as genotype QC, variants QC and sample
QC to filter out errors and low-quality variants. A cut-off of
20, 50 and 20 was done for variants’ Phred quality score,
mapping quality score and depth coverage respectively. SIFT
(Ng, Henikoff, 2003), PolyPhen-2 (Adzhubei et al., 2010) and
CADD (Kircher et al., 2014) tools were used for predicting
and scoring the possible impact of amino acid substitution
on the structure and function of human proteins. Prioritiza-
tion was performed with the focus on a primary immuno-
deficiency panel, which was gathered from the NCBI gene
database (http://www.mcbi.nlm.nih.gov/gene/) and recom-
mended genes from National Immunology Society resulting in
400 genes and genomic regions. The causative variants were
limited to following criteria: 1) a minor allele frequency
(MAF) of less than 0.1 % in data from the 1000-Genome
Project, EVS, and ExAC, 2) minimum CADD score of 20,
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and 3) high or moderate effect determined by SNPEff (v 4.2)
(Cingolani et al., 2012).

Sanger sequencing validation. The chromosomal regions
containing the candidate causative variants in patients were
amplified by polymerase chain reaction (Eppendorf, Germany)
with Taqg DNA polymerase (Amplicon, Germany) and de-
signed primer for each of them at PCR conditions as summa-
rized in Table 1. The sequencing diagrams were obtained using
the Chromas software (v 2.6) (http://technelysium.com.au).

Results

Molecular diagnosis of PIDs by means of whole exome sequ-
encing is a cost-effective and valuable approach for patients. In
the present project, WES was used to study two families with
HLH and SCID symptoms respectively. After performing the
sequencing, the total reads were about 44 and 55 million for
HHL and SCID patients respectively (Table 2). QC analysis
of the FASTQ files showed that the average length of reads
consisted of 190 nucleotides and 51 % of GC content, and
more than 86 present of reads had quality scores equal or
more than the cut-off (Q20) (see Table 2). After QC check-
ing and trimming, the trimmed files were mapped to human
reference genome version of GRCh37. Alignment statistics
report using Samtools (Li et al., 2009) indicated that 95 %
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of the reads were mapped to reference genome in the both
files (see Table 2). 49426 variants were observed in the HLH
patient, and 49629 variants — in the SCID patient after vari-
ant calling (see Table 2). After using the KGGSeq filters, the
observed variations for the two patients were 48838 (HLH)
and 49181 (SCID) respectively. Allele frequency trimming
performed using 1000G, ESP6500 and ExAc indicated that
30569 and 29968 variants had greater than 1 % of MAF in
the HLH and SCID patients respectively. Functional effect
prediction of variants was performed using the SIFT, Poly-
phen-2 and CADD software resulting in 80 pathogenic and
deleterious variants in the both patients. Top 10 variants with
higher scores are presented in Table 3. Finally, two variants
were considered as potential causative variants for the above-
mentioned phenotype of HLH and SCID. Selected variants
included a frameshift variant in Exon 8 of the UNC13D gene
(NM 199242 .2:¢.627delT) and a premature stop codon vari-
ant in Exon 2 of the RAG1 gene (NM_000448.2:¢.322C>Q)
in the HLH and SCID patient respectively (Table 4). Sanger
sequencing confirmed the both variants (Fig. 2).

Table 3. Top 10 variants with high scores for both patients

3.LW. PaxmaHu, X. A3apnapa 2018
M. Kapumunyp, X. Paxvumu 22.5
Table 2. Quality control and alignment statistics
Parameter HLH SCID

Totalreads (Mb) 44509 | 55250
Tota| bases( Gb) ................................ 3 457 .................... 10446 ................
Average : | e ngth ofrea d . (bp) ............ 1 90 ....................... 189 .....................
Q 20 .................................................... 8 657 % ................ 8 615 % ..............
%GC .................................................. 5 151% ................ 5 192% ..............
‘Mappedreads 44354714 55004005
Total aligned base reads 8307987731 10246246706
Percentreads on target 95120 9472%

Q20 - percent of base number calls with quality value of 20 or higher; % GC -
percentage of GC content; SNV - single nucleotide variant; INDEL - insertion
and deletion; CNV - copy number variation.

Allele

Causality

Table 4. Potential causative variants

Sample Chromosome  Position Damaging variant ~ Reference allele  Alternative allele  Type rsID
HLH 17 73836899 Exon 8:c.627 del T A - Homozygous rs755619812
SCID 1 36595176 Exon 2:c.322 C>T C/G T Homozygous  rs193922464
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Fig. 2. Sanger sequencing confirmation of considered variants in HLH and SCID patients:

a-in the HLH patient, IGV screenshot shows a homozygous deletion in the UNC13D gene confirmed both
in the proband and the parents; b - IGV screenshot from the SCID patient also shows a homozygous single
nucleotide substitution in the RAG1 gene confirmed both in the proband and the parents.

Discussion

Molecular diagnosis of PIDs with at least 300 genes, allelic and locus heterogeneity
is a challenging issue. Recent studies indicate that 121 gene defects have been identi-
fied in these diseases in addition to the list of genes involved in PID (179 genes) since
2011 (Al-Herz et al., 2011; Picard et al., 2015). Utilization of the Sanger sequencing
as a direct sequencing method for finding mutations in genes has become a de facto
issue in genetic diagnosis (Sanger et al., 1977). Despite the fact that the gene-by-gene
approach is a conventional diagnostic test for monogenic diseases, such methods are
too expensive and time-consuming in multigenic diseases such as the PIDs (Chou
et al., 2012; Sikkema-Raddatz et al., 2013). In contrast, WES method has become
a favorable test for genetic diagnosis of multigenic diseases and it sequences all
coding regions using amplification and parallel sequencing in a single test (Sikkema-
Raddatz et al., 2013; Stoddard et al., 2014). For example, E. Mukda et al. (2017)
evaluated 25 HLH patients and diagnosed pathogenic mutations in PFR1, UNC13D,
STXBP2,LYST and XIAP genes. G.S. Schulert et al. (2015) also conducted WES in
16 HLH patients and diagnosed the disease-causing mutations in PFR1 and LYST
gene. CARDI1 gene inactivation due to a premature stop codon was diagnosed in
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a SCID patient by means of WES (Greil
et al., 2013). Accordingly, the present
study sought to obtain a molecular
diagnosis of two patients with HLH
and SCID by means of WES. A variant
(rs755619812) in UNC13D gene and a
variant (rs193922464) in RAG1 gene
were detected in HLH and SCID patients
respectively after exome sequencing and
processing the raw data. In HLH case,
the UNC13D gene (17925.1) comprised
32 exons and 4.5-kb transcript with
the highest expression in spleen, thy-
mus, and peripheral blood leukocytes.
In lymphocytes, the encoded protein
(Munc13-4, 1090 amino acids, Uni-
Prot ID: Q70J99) played an important
role in cytotoxic granule exocytosis.
Munc13-4 is an essential protein for
maturation, docking, and priming of
cytotoxic granules in cytotoxic cells
(CTLs and NK)) (Feldmann et al., 2003).
Pathogenic mutations in the UNC13D
gene led to an ineffective protein create
type 3 of familial HLH (FHL-3). We
found a homozygous nucleotide deletion
(c.627delT:p.V210W1s*39) in exon 8
of UNC13D, and it caused a frameshift
mutation (see Fig. 2, ). This damaging
mutation led to the substitution of valine
with tryptophan at position 210 resulting
in a premature stop codon at 39 codons
after this substitution which produced a
truncated protein. This mutation results
in defects in the killing ability of NK and
CD8* T-cells and uncontrolled hyper-
inflammation in HLH patients. In 2006,
Stasdt et al. studied 63 HLH patients and
described the ¢.627del T mutation in two
infants in order to find the mutations
spectra of the PFR1, UNC13D, STX11
and RAB27A genes (Stadt et al., 2006).

In the second patient with clinical
symptoms of SCID, we found a homo-
zygous single nucleotide substitution in
the first position of Arginine codon 108
in Exon 2 of the RAG1 gene (¢.322C>G:
R108%*) leading to a premature stop
codon and consequently a truncated
protein (see Fig. 2, b). The human RAG1
gene (11p12) consists of 2 exons and
encodes a protein with 1043 amino acids
(UniProt ID: P15918). Recombination-
activating protein 1 (RAGI) is a cata-
lytic component of the RAG complex as
a multi-protein complex that mediates
the DNA cleavage phase during V(D)J
recombination. In the RAG complex
(RAG1/2), RAGI mediates the DNA-
binding to the conserved recombination
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signal sequences (RSS) and catalyzes DNA cleavage activities
by introducing a double-strand break between RSS and the
adjacency to each coding V, D, and J DNA segment (Melek,
Gellert, 2000). This somatic recombination leads to the di-
versity of immunoglobulins and T-cell receptors (TCRs). The
pathogenic mutations affecting the active core (amino acids
384-1009) of RAG1 produce the clinical symptoms of SCID
disease such as absence of lymphocyte (B- and T-cells) circula-
tion (Corneo et al., 2001) observed in our patient.

Conclusion
Whole exome sequencing has proved itself as a fast and cost-
effective method for detection of causative rare mutations in
PID patients.
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