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OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.663

Structural and functional features of phytoene synthase
isoforms PSY1 and PSY2 in pepper Capsicum annuum L. cultivars

E.A. Dyachenl(ol, M.A. Filyushin1 ®, G.I Efremovl!, E.A. Dzhos! 2, A.V. Shchennikoval, E.Z. Kochieval

T Federal Research Centre “Fundamentals of Biotechnology” of the Russian Academy of Sciences, Moscow, Russia
2 Federal Scientific Vegetable Center, VNIISSOK, Moscow region, Russia
® e-mail: michel7753@mail.ru

Abstract. The fruits of various pepper cultivars are characterized by a different color, which is determined by the
pigment ratio; carotenoids dominate in ripe fruits, while chlorophylls, in immature fruits. A key regulator of carote-
noid biosynthesis is the phytoene synthase encoded by the PSY gene. The Capsicum annuum genome contains
two isoforms of this enzyme, localized in leaf (PSY2) and fruit (PSY1) plastids. In this work, the complete PSY7 and
PSY2 genes were identified in nine C. annuum cultivars, which differ in ripe fruit color. PSY7 and PSY2 sequence
variability was 2.43 % (69 SNPs) and 1.21 % (36 SNPs). The most variable were PSY1 proteins of the cultivars‘Maria’
(red-fruited) and‘Sladkij shokolad’ (red-brown-fruited). All identified PSY1 and PSY2 homologs contained the phy-
toene synthase domain HH-IPPS and the transit peptide. In the PSY1 and PSY2 HH-IPPS domains, functionally
significant sites were determined. For all accessions studied, the active sites (YAKTF and RAYV), aspartate-rich
substrate-Mg?*-binding sites (DELVD and DVGED), and other functional residues were shown to be conserved.
Transit peptides were more variable, and their similarity in the PSY1 and PSY2 proteins did not exceed 78.68 %.
According to the biochemical data obtained, the largest amounts of chlorophylls and carotenoids across the cul-
tivars studied were detected in immature and ripe fruits of the cv.‘Sladkij shokolad’ and ‘Shokoladnyj' Also, ripe
fruits of the cv.’Nesozrevayuschij’ (green-fruited) were marked by significant chlorophyll content, but a minimum
of carotenoids. The PSYT and PSY2 expression patterns were determined in the fruit pericarp at three ripening
stages in ‘Zheltyj buket; ‘Sladkij shokolad; ‘Karmin” and ‘Nesozrevayuschij, which have different ripe fruit colors:
yellow, red-brown, dark red and green, respectively. In the leaves of the cultivars studied, PSY1 expression le-
vels varied significantly. All cultivars were characterized by increased PSY1 transcription as the fruit ripened; the
maximum transcription level was found in the ripe fruit of ‘Sladkij shokolad; and the lowest, in ‘Nesozrevayuschij-
PSY2 transcripts were detected not only in the leaves and immature fruits, but also in ripe fruits. Assessment of
a possible correlation of PSY7 and PSY2 transcription with carotenoid and chlorophyll content revealed a direct
relationship between PSY1 expression level and carotenoid pigmentation during fruit ripening. It has been sug-
gested that the absence of a typical pericarp pigmentation pattern in ‘Nesozrevayuschij’ may be associated with
impaired chromoplast formation.

Key words: carotenogenesis; Capsicum annuum; pepper fruits; fruit ripening; fruit pigmentation.
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AHHoTayus. [nofbl COPTOB NepLia XapaKTepU3yTCa PasfIMYHO OKPaCKoW, KOTopas onpeaenseTcs COOTHOLLe-
HMEM MUITMEHTOB, MPU 3TOM B CMENbIX MI0AAX ZOMVHUPYIOT KaPOTUHOWADI, TOTAA KaK B HECMENbIX — XAI0podunbl
(MHorga BMecTe ¢ aHToUMaHamu). KnoueBbIM perynsaTtopomM 61MoCMHTE3a KapOTUHOWAOB ABNAETCA GUTOUHCUHTA-
3a, Kogmpyemas reHom PSY. feHom nepua Capsicum annuum COREPXUT ABa reHa, KopupyoLwmx GUTONHCKUHTA-
3bl, OfiHa U3 KOTOPbIX JIOKaNM3yeTca NpenmyLLecTBeHHO B nnactugax nucta (PSY2), gpyrasa — B nnactugax nno-
fa (PSY1). B gpaHHoW paboTe 6binm NaeHTUGMLNPOBAHbI NMOHOrEHOMHbIe nocnefoBaTenbHocT PSY1 n PSY2 y
nessTy coptoB C. annuum, PasNnyaloLLMXca OKPacKon crnenoro nioga. BaprabenbHocTb NnocnegoBaTenbHOCTEN
cocTtaBuna 2.43 % (69 SNP) n 1.21 % (36 SNP). Hanbonee BapuabenbHbl 6enku PSY1 coptoB Mapus (KpacHbii
nnog) n Cnagkuin wokonag (KpacHo-KopuYHeBbIN nnod). B nocnepgosatenbHocTax PSYT n PSY2 onpepeneHsi
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Structural and functional features of phytoene synthase
isoforms PSY1 and PSY2 in pepper Capsicum annuum L. cultivars

OUTOMHCMHTa3HbIN fomeH HH-IPPS v TpaH3utHbIn nenTtug. NneHTuduruymposaHbl GYyHKLMOHANBHO 3HAauyMMble
yyacTkn B gomeHe HH-IPPS PSY1 n PSY2 aHanusmpyemoii BbIbOpKM copToB nepua. Ana nccnegyembix obpasuos
obnacTy, orpaHuumMBaiolme akTueHble caiitbl (YAKTF n RAYV), acnaptaTt-6oratbie cy6cTpaT-Mg?*-ceasbiBatowme
canTbl (DELVD 1 DVGED) n fipyrue ¢pyHKLMOHasbHbIE CaliTbl, KOHCEPBATVBHbI. TPaH3UTHbIE NeNTUAbI OblIn 6onee
BapuabenbHbl, UX CXoACTBO Y 6enkoB PSY1 1 PSY2 He npeBbiwano 78.68 %. buoxmmmyeckuin aHanus nokasarn,
YTO HanboMbLLIME KONNYECTBA XJIOPOGUIIIIOB 1 KAPOTUHOWMAOB CPEAN UCCIeAyeMON BbIGOPKY cofepKaTcs B He-
cnenbix 1 cnenbix nnogax coptoB Cnaakui wokonad u LLlokonagHbii. 3HaunTeNbHbIM CoepkaHeM xnopodun-
NOB, HO MVHUMANbHBIM — KapOTVHOWAOB OTIMYANIUCL Crefble NNoAbl copTa HecospeBatownii (3eneHblin niog).
Mpodurnb skcnpeccum reHoB PSYT 1 PSY2 6bin onpepeneH B nepukapne nnofa Ha Tpex CTafgusax Co3peBaHus y
coptoB MenTbli 6ykeT, Cnagkui Wwokonag, Kapmuu n HecospeaioLmii, KOHTPACTHbIX MO OKpacke Crenoro no-
[la — KeNToN, KOPUYHEBOWN, TEMHO-KPACHOW 11 3e/1eHOI COOTBETCTBEHHO. B NIMCTbAX nccneayeMbix COPTOB YPOBHY
akcnpeccun PSYT 3HauMTenbHO BapbupoBanu. [na Bcex COpToB Obin XxapaKTepeH pocT TpaHCKpunLmmn reHa PSY1
Nno Mepe co3peBaHA NoAA, NPV STOM B 3pe/IOM MI0AE MAaKCMMasbHbIN YPOBEHb TPAHCKPUMLIMK BbIAIBNIEH y COpPTa
Cnapkuin Wokonag, a camblii HU3KNIA — y copTa Heco3speBatowwmin. TpaHcKprnTbl PSY2 6b11u BbIAIBIIEHbI HE TONTbKO B
JINCTE 1 He3pesioMm NJI0Ae, HO 1 B crnenbix nioaax. OueHka BO3MOXHOW Koppenauuy TpaHckpunumm PSYT n PSY2 ¢
CYMMapHbIM COfilepKaHNeM KapoTMHOMAOB 1 XJI0POdUNIOB NoKasana, YTo UMeeTcA NpAMas 3aBUCMMOCTb MeXay
YPOBHeM 3Kcnpeccun reHa PSYT 1 KapoTVHOMAHON NUrMeHTaumen nnoga B npouecce co3peBaHus. BoickaszaHo
npeanonoXeHune, 4To y copta HecospeBatoLmin OTCyTCTBME TUMMYHOTO ANA MIOAOB NepLa naTTepHa NMrmeHTa-
Luy nepukapna B NpoLecce CO3peBaHnA MOXKeT ObITb CBA3aHO C HapyLUeHNAMN 06pa30BaHNA XPOMONMACTOB.
KnioueBble cnoBa: KapoTuHoreHes; Capsicum annuum; NNOAbI NepLa; Co3peBaHne NIOJ0B; OKpacKa nnoga.

Introduction

The genus Capsicum includes, according to various es-
timates, 30-35 species, five of which are domesticated:
C. annuum, C. chinense, C. frutescens, C. pubescens, and
C. baccatum (Moscone et al., 2007; Dias et al., 2013).
Peppers, both sweet and hot (chili), have a high dietary
value as they are rich in antioxidants, including vitamin C,
flavonoids, and carotenoids (Sun et al., 2007; Cervantes-
Paz et al., 2014).

It is known that primates, including humans, do not syn-
thesize carotenoids de novo, but are in dire need of them,
since, for example, B-carotene and a-carotene are precur-
sors of vitamin A. The antioxidant activity of the carote-
noids found in carotenogenic fruits and vegetables helps
to reduce the risk of various diseases, such as certain types
of cancer, age-related eye pathologies and cardiovascular
diseases (Howard et al., 2000; Story et al., 2010; Giuliano,
2017). Among vegetable crops, pepper, which fleshy fruits
are enriched with various types of carotenoids, is one of
the main sources of antioxidants in the human diet. In this
regard, the obtaining of new pepper varieties is an impor-
tant task of modern breeding (Berry et al., 2019; Sun, Li,
2020).

Pepper species have different antioxidant levels, and
many breeding programs use the natural variation to iden-
tify the characteristics of “exotic” allelic diversity and
donors of specific carotenoid spectra. However, at present,
closely related accessions of the same species are predomi-
nantly used, which often do not have strong phenotypic
differences, usually observed when using wild relatives
(Berry et al., 2019).

Carotenoids together with chlorophylls and anthocyanins
determine the color of pepper fruits. It should be noted that
carotenoids are the dominant pigments in ripe pepper fruits,
while chlorophylls (sometimes together with anthocyanins)
are in immature, growing fruits. In C. annuum cultivars,
fruit color depends on the ratio of pigments, as well as on

the stage of ripening: from green, yellow, white or purple in
unripe fruits (mature fruit stage, MF), to orange, red, dark
red, brown and sometimes almost black — in ripe fruits (ripe
fruit stage, RF) (Levy etal., 1995; Markus et al., 1999; Ha
et al., 2007). Usually, sweet peppers are harvested at the
technical ripeness stage (blanche fruit, intermediate ripe
stage, IR), and hot peppers at biological ripeness (RF).
The pepper fruit ripening is accompanied by the transition
of tissues containing chloroplasts to tissues containing
chromoplasts. In chromoplasts, chlorophylls degrade,
but the synthesis of carotenoids continues, which, unlike
chlorophylls, are able to accumulate in specialized globular
structures (Osorio, 2019). This leads to a decrease in the
chlorophyll content, the accumulation of carotenoids and,
as a consequence, to a change in the ripening fruit color.

Unlike tomato, in ripe fruits of which the main carote-
noids are lycopene and B-carotene, in pepper fruits, caro-
tenogenesis goes further — to the formation of xanthophylls;
carotenoid spectrum in ripe pepper fruits is represented
by major concentrations of red pigments — capsanthin
and capsorubin, as well as by various combinations of
minor amounts of orange and yellow pigments B-carote-
ne, B-cryptoxanthin, lutein, zeaxanthin, anthraxanthin and
violaxanthin (Giuffrida et al., 2013; Mohd Hassan et al.,
2019).

Carotenoid pigments are isoprenoid molecules obtained
as a result of successive transformations of the universal
precursor, isopentenyl pyrophosphate. Several reactions
convert this compound into geranylgeranyl pyrophos-
phate (GGPP), two molecules of which condense head-to-
tail by phytoene synthase to form phytoene, the precursor
of all carotenoids (Fraser et al., 2000).

Thus, phytoene synthase is a key regulator of carotenoid
biosynthesis, supplying the main substrate — phytoene (Fra-
ser et al., 2000). This enzyme is encoded by the PSY gene,
the expression of which is influenced by intermediate and
final products of the pathway (Welsch et al., 2003; Kacha-
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novsky et al., 2012; Enfissi et al., 2017). Several types of
phytoene synthases have been identified in plants, and
phytoene synthase activity depends on the type of enzyme
and its intracellular location (Shumskaya et al., 2012). In
Arabidopsis thaliana, only one PSY gene was identified
(Zhou et al., 2015), while in tomato Solanum lycopersi-
cum, three, and the protein products of these genes have
different localization: PSY1 — in fruit plastids, PSY2 —in
leaf plastids, PSY3 —in root plastids (Stauder et al., 2018).
In pepper C. annuum, two genes are currently known
that encode phytoene synthases, one of them is mainly
localized in the leaf plastids (PSY2), the other — in the
fruit plastids (PSY1) (Thorup et al., 2000; Kilcrease et al.,
2015). Accordingly, in tomato and pepper, PSY2 transcripts
are mainly present in photosynthetic green tissues, while
PSY1 is found in mature fruits of both crops and in tomato
flower petals (Giorio et al., 2008; Kilcrease et al., 2015;
Berry et al., 2019; Filyushin et al., 2020). However, both
phytoene synthases can be transcribed in all plant organs
(Stauder et al., 2018).

This study is focused on identifying the genes of phy-
toene synthases PSY1 and PSY2 in C. annuum cultivars,
assessing their intervarietal variability, both structural and
functional, as well as possible correlations between the
expression of these genes and fruit pigmentation.

Materials and methods
Plant material. Individual plants of nine C. annuum cul-
tivars were used in the research: eight cultivars of sweet
pepper (Nesozrevayuschij, Karmin, Shokoladnyj, Sladkij
shokolad, Ratunda, Maria, Gogoshary, and Zheltyj buket)
and one hot pepper cultivar (Mechta hozyayki) (Table 1).
The plants were grown in a greenhouse at the Federal Sci-
entific Vegetable Center (FSVC, Moscow Region).
Identification of the whole genome sequences PSY/
and PSY2. Genomic DNA was isolated from freshly col-
lected, ground in liquid nitrogen, leaves of each of the
analyzed pepper cultivars, according to (Puchooa, 2004).
100 ng of each obtained preparation was used as a tem-
plate for PSY1 and PSY2 amplification. The amplification
primers were previously developed based on the genome
sequences of C. annuum PSYI1 (LOC107868281 bifunc-
tional 15-cis-phytoene synthase, chromoplastic, Gene ID:
107868281) and PSY2 (LOC107859651 phytoene syn-
thase 2, chloroplastic, Gene ID: 107859651) available
in the NCBI database. Amplification of the PSY/ gene
was performed with primers CaPSY1F and CaPSY1R
(5'-TCAGAATGTCTGTTGCCTTG-3’ and 5'-TCCTG
ATTTCATGTTCTTGTAGA-3"), PSY2 — with primers
CaPSY2F and CaPSY2R (5-AGCATGTCTGTTGCTTT
GTTG-3"and 5'-CTTCATTCATGTCTTTGYTAGTG-3').
High precision LongAmp® Hot Start Tag DNA Polymerase
(New England Biolabs, Ipswich, MA, USA), C1000 Touch
Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) and the following PCR conditions were used: initial
denaturation (94 °C, 10 min); 36 cycles of denaturation
(94 °C, 40 s), annealing (56 °C, 40 s) and synthesis (65 °C,
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4 min); final completion of the fragments (65 °C, 7 min).
Amplified fragments of the expected size were purified
from agarose gel using a QIAEX® II Gel Extraction kit
(QIAGEN, Hilden, Germany), cloned into the pGEM®-T
Easy vector (Promega, Madison, WI, USA), and sequenced
(2—4 clones for each sample) on ABI Prism 3730 DNA
Analyzer (Applied Biosystems, Waltham, MA, USA).

Comparative structural analysis of the PSYI! and
PSY2. Alignment and analysis of the obtained nucleo-
tide and amino acid sequences were performed using
the MEGA 7.0 (https://www.megasoftware.net/). Known
sequences of C. annuum PSYI (Gene ID: 107868281) and
PSY2 (Gene ID: 107859651) were used for comparative
analysis. Conserved domains in encoded proteins were
determined using the NCBI-CDD (http://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi) and UniProtKB (https://
www.uniprot.org/). The functional significance of each
amino acid (aa) residue substitution was predicted using the
PROVEAN (http://provean.jcvi.org/index.php). By radical
substitutions is meant those substitutions that can presum-
ably affect the folding of the protein or its functionality.

For cluster phylogenetic analysis of the PSY/ and PSY2
genes identified in pepper cultivars, we also used the
PSY gene sequences in C. annuum cv. Zunla 1 (PSY1,NC _
029980.1:¢c205334820-205328571; PSY2, NC 029978.1:
142877052-142881261) and C. annuum cv. Valencia
(PSYI1, GU085273.1). The analysis was performed us-
ing the neighbor-joining (NJ) method in the MEGA 7.0
program.

PSYI and PSY2 expression pattern in fruits of the
analyzed pepper cultivars during ripening. Total RNA
was isolated (RNeasy Plant Mini Kit, QTAGEN, Germany)
from fruit pericarp at three developmental stages (MF, IR,
and RF). The resulting preparations were purified from
DNA impurities (RNase free DNasy set, QIAGEN, Ger-
many), evaluated qualitatively and quantitatively (spectro-
photometrically and by electrophoresis in 1.5 % agarose
gel), and used for the cDNA synthesis (GoScript™ Reverse
Transcription System, Promega, USA).

To determine the PSY/ and PSY2 expression pattern,
quantitative real-time PCR (qRT-PCR) was used, which
was carried out in three technical replicates with the kit
“Reaction mixture for RT-PCR in the presence of SYBR
Greenl and ROX” (Syntol LLC, Russia) on a CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories, USA).
Primers for qRT-PCR were developed earlier, based on the
C. annuum PSY1 (X68017) and PSY2 (XM_016704726.1)
mRNA sequences: for PSY/ —PSY1-F and PSY1-R (5'-GT
GAAGAGACAGCTGAGATCG-3' and 5'-TCTCCGG
AGTCATTAGCATCG-3"), and for PSY2 — PSY2-F and
PSY2-R (5'-AAGGAGTCGCAGAACTGAGC-3' and
5'-GTCGTTCGCTTCAATCTCATCTAA-3") (Filyushin
etal., 2020). To normalize gene transcription level, the re-
ference gene Actin7 expression and the primers Actin7-F
and Actin7-R (5'-CATTGTGCTCAGTGGTGGTTC-3’
and 5'-TCTGCTGGAAGGTGCTAAGTG-3") were used
(Bemer et al., 2012). The qRT-PCR conditions were:
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Table 1. Characteristics of fruits of studied C. annuum cultivars

C. annuum cultivars Accession origin Fruit color

(ID, if available)

MF IR
T T et
S e
e e e
‘Mechtahozyayki (hot) ~ FSVC(8355299) DG GR
e s
e e
e o P
o f— e
A e e

Structural and functional features of phytoene synthase
isoforms PSY1 and PSY2 in pepper Capsicum annuum L. cultivars

Sum of chlorophylls, ~ Sum of carotenoids,

ug/g fresh weight ug/g fresh weight
..... R FMF|RRFMF|RRF
6438 ........ 123 ........ 2 94 ...... 1 45 .......... 68559

Y833 ........ 149 .......... 0273 ........ 474 ........ 1 077

R .... SegmentsofG ....... 1 85 ........ 126 .......... 7368102383

R .... 426 ........ ”2 .......... 90 ...... 1 32 ........ 253876

R .... 473 .......... 7 49 ........ 0 ......... 1 86 ...... 1087 ....... 4071

D .... R626 ........ 143 .......... 0261 ...... 13305202

B .... .............................. 1 1949077 ...... 9 653610 ...... 17375970

B .... .............................. 1 218_* ....... 1309485 .......... _* ....... 1 0099
..... D R______

Note. Pepper fruits were analyzed at three stages of ripening: MF — mature green fruit of the final size, IR — intermediate ripe, RF - ripe fruit. Fruit color: G — green,
DG - dark green, Y - yellow, YG - yellow green, R - red, DR - dark red, B — brown, GR - green red. Cultivar ID is provided according to the State Register of Breeding

Achievements Admitted for Use in RF (https://reestr.gossortrf.ru/).

* At the time of plant material collection, the IR fruits of cv. Shokoladnyj variety were not found; ** at the time of plant material collection, this cultivar had no fruits
at the required ripening stages (in different years, the total carotenoids in Ratunda fruits exceeded that of cv. Shokoladnyj up to two times).

95 °C — 5 min; 40 cycles (95 °C — 15 s, 62 °C — 50 s).
The obtained data were statistically processed using the
GraphPad Prism v. 7.02 (https://www.graphpad.com).

The sum of chlorophylls and the sum of carotenoids in
fruit pericarp (together the skin and pulp) were determined
spectrophotometrically in chloroform-methanol extracts;
the pigment content was calculated using the formulas
(Lichtenthaler et al., 1987; Solovchenko et al., 2001), in
two biological and three technical replicates.

Results and discussion

Characteristics of the PSY1 and PSY2 gene sequences

and proteins encoded by them

Previously, it has been shown that the PSY1 and PSY?2 vari-
ability may determine the color of the pepper fruit (Cao et
al., 2019; Filyushin et al., 2020). Therefore, for this study,
nine C. annuum cultivars were selected, which differ in
fruit color during ripening: Nesozrevayuschij, Zheltyj
buket, Shkoladnyj, Sladkij shokolad, Karmin, Ratunda,
Maria, Gogoshary and Mechta hozyayki (see Table 1).
Unripe fruit color of all analyzed cultivars was green or
dark green, however, the dynamics of color change as they
ripen differed among cultivars. In the cv. Nesozrevayuschij,
the fruits remained green until biological ripeness, in the
cv. Zheltyj buket they were yellow-green at the IR stage
and yellow at the RF stage, in cv. Sladkij shokolad and
Shkoladnyj, fruits were red-brown at both stages, while the
other four cultivars had green-red fruits at the IR stage and
red/dark red fruits at the RF stage (see Table 1).

690

For each of the nine pepper cultivars, the PSY/ and
PSY2 gene sequences were determined, starting from the
ATG codon (Table 2). The length of the PSYI gene was
2844 bp in all analyzed cultivars. For comparison, C. an-
nuum cv. Zunla 1 PSYI available in the NCBI database
(Gene ID: 107868281) has the same size, while S. lyco-
persicum cv. Heinz 1706 (Gene ID: 543988) is longer
(3302 bp). The length of the PSY2 gene in the studied
cultivars was 2985 bp, with the exception of PSY2 from
cv. Mechta hozyayki (2994 bp, due to the 9-nucleotide
insert in the second intron) (see Table 2). The C. annuum
cv. Zunla 1 PSY2 (Gene ID: 107859651) is also 2985 bp,
whereas S. lycopersicum cv. Heinz 1706 PSY2 (Gene ID:
543964) is 3032 bp. The variability of the PSY! and PSY2
genomic sequences in pepper accessions was 2.43 %
(69 SNPs) and 1.21 % (36 SNPs), while 16 and 15 SNPs
were localized in exons, respectively. Compared to S. /yco-
persicum cv. Heinz 1706 PSY! and PSY2, PSYI and PSY2
of the pepper cultivars contained 1072/128 and 818/100
(gene/exons) SNPs.

The coding part of the PSY/ and PSY2 genes consisted
of six exons and in all studied cultivars was 1260 and
1299 bp, respectively (see Table 2). Found differences
in cDNA length were due to the presence of insertions in
exons I and VI of PSY2. Most of the identified SNPs were
concentrated in exon III of PSYI (7 SNPs, 43.75 % of
all exon substitutions) and in exon VI of PSY2 (6 SNPs,
40.0 %). Exon II of both genes was invariable and the
most conserved with respect to the S. lycopersicum
cv. Heinz 1706 PSY genes. Exon I of both genes turned

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 7


https://www.graphpad.com

E.A. ObayenHko, M.A. OuntowwH, ILU. Eppemos
E.A. xoc, A.B. LLleHHnKoBa, E.3. Kounesa

Table 2. Characteristics of homologous genes PSYT and PSY2 in C. annuum cultivars

C.annuum Gene  NCBIID Exon/intron length, bp
cultivars name | ................... | .I ..................
Zheltyjbuket  PSYI  MT507241  448/9 51261
PSY2 MTSO07250  466/101 51/744
Karmm ......................... P 5y1 ......... M -|-507242 . 448/9 6 ........ 5 1/2 6 1 ........
PSY2  MTSO7251 466101 51/744
M ana ............................ P SY’ ......... M -|-507243 448/9 6 ........ 5 1/2 6 1 ........
PSY2  MTS07252 4661101 51744
‘Sladkijshokolad  PSY1  MT507244  448/96  51/261
PSY2  MTS07253  466/101 51744
SShokoladnyj PSYI  MT507245  448/9%6 51261
PSY2  MTS07254 4661101 51744
Nesozrevayuschij  PSY1  MT507246  448/96  51/261
PSY2  MTS07255 4661101 51744
‘Gogoshary PSYI  MT507247  448/9%6 51261
PSY2 MTSO7256 4661101 51/744
‘Mechtahozyayki  PSYl  MT507248  448/9 51261
(hev PSY2  MTSO7257 4661101 51/753
Ratun da ....................... P 5y1 ......... M -|-507249 448/9 6 ........ 5 1/2 6 1 ........
................... M T507258466/10151/744

out to be the most polymorphic in comparison with the
S. lycopersicum PSY genes. Note that since in this work, a
limited number of cultivars (nine) were analyzed, the data
on gene polymorphism are applicable only to the set of
analyzed cultivars.

The PSYI and PSY2 nucleotide sequences have been
translated. The putative proteins PSY1 and PSY2 of all
analyzed cultivars were 419 and 432 aa, respectively
(see Table 2), contained a conserved phytoene synthase
domain HH-IPPS (130-412 and 26-310 aa, according
to UniProtKB, and 75—405 and 92-430 aa, according to
NCBI-CDD) and the N-terminal transit peptide TP (1-129
and 1-25 aa, according to UniProtKB, and 1-74 and
1-91 aa, according to NCBI-CDD). TP cleavage sites in
all possible cases were invariant within the analyzed set
of cultivars.

Compared to the C. annuum cv. Zunla 1 and S. lycoper-
sicum cv. Heinz 1706 PSY'1 and PSY?2, in pepper cultivars,
PSY1/PSY2 contained 9/15 and 46/43 aa substitutions,
respectively. Out of nine substitutions in PSY1, seven
were radical (r) and only two were neutral (n), while all
r-substitutions were in the conserved domain, and two
n-substitutions were in the transit peptide (Fig. 1). The
nC59Y substitution was typical for PSY1 of almost the
entire studied set of cultivars, except for the cv. Sladkij sho-
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Gene, cDNA, Protein,
.I.I.I .................. | VVV| .......... bp bp aa
173328 236/250 193/649 150 2844 1260 419
173193 236219 193429 180 2085 1299 432
173328 236/250 193/649 159 2844 1260 419
173193 236219 193429 180 2985 1299 432
173328 2367250 193/649 159 2844 1260 419
173193 236/219 193/429 180 2985 1299 432
173328 2367250 193/649 159 2844 1260 419
173193 236/219 193/429 180 2985 1299 432
173328 2367250 193/649 159 2844 1260 419
173193 236/219 193/429 180 2985 1299 432
173328 2367250 193/649 159 2844 1260 419
173193 236/219 193/429 180 2985 1299 432
173328 2367250 193/649 159 2844 1260 419
173193 2367219 193/429 180 2085 1299 432
173328 236/250 193/649 150 2844 1260 419
173193 236219 193/429 180 2094 1299 432
173328 236/250 193/649 150 2844 1260 419
173193 2367219 193429 180 2085 1299 432

kolad, and all radical substitutions were cultivar-specific.
The most variable were PSY1 of cv. Maria and Sladkij
shokolad (see Fig. 1).

In the PSY2, of 15 aa substitutions nine were radi-
cal. Phytoene synthases PSY2 of cv. Mechta hozyayki,
Gogoshary, Ratunda, and Shokoladnyj did not differ from
each other or contained nT430A, while each of the other
cultivars had one or two r-substitutions in the HH-IPPS
domain (see Fig. 1).

The presence of radical aa substitutions in PSY1 and
PSY2 of the analyzed cultivars can affect the mature phy-
toene synthase folding, as well as enzyme ability to interact
with protein partners and perform correct catalytic func-
tions. Previously, it was shown that the PSY1 and PSY2
sequences are highly similar (Giorio et al., 2008; Cao et
al., 2019). Comparison of the identified C. annuum PSY1
and PSY2 confirmed this observation.

Considering the UniProtKB data on the domain localiza-
tion, HH-IPPS contains 21 variable sites specific for each
of'the PSY1 and PSY2 protein groups (see Fig. 1). Also, at
the PSY 1 domain C-terminus, two deletions, P422—-S427del
and L429del, were identified. The PSY 1 and PSY2 domain
sequence was highly conserved (92.86 %).

In contrast to the HH-IPPS domain, the TP sequence
was found to be highly variable. In comparison with
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PSY1 14 59 186 210 214 288 320 321 389 PSY2 71 72 117 178 180 191 236 290 309 383 387 393 394 395 430 C
Zunla1 V ¢ P A D G G L N T GG T T E T V A D K E Y N N T
Maria Y D R S D Y
Mechta hozyayki Y A
Gogoshary Y
Karmin Y E D N A
Ratunda Y T A
Zheltyj buket Y Vv N R D Y A
Nesozrevayuschij F Y S R G S
Sladkiy shokolad T K P S A
Shokoladnyj Y
TP HH-IPPS domain TP? HH-IPPS domain? *
HH-IPPS domain? **
Fig. 1. The PSY1 and PSY2 amino acid polymorphism in the studied C. annuum cultivars compared to C. annuum cv. Zunla 1.
* According to UniProtKB, ** according to NCBI.
63| Zheltyj buket
{ Maria
C.annuum cv.Valencia
24 Nesozrevayuschij
47 rRatunda
441" Shokoladnyj -
< Mechta hozyayki E
Karmin
100 Gogoshary
C.annuum cv. Zunla 1
48\- Sladkij shokolad
S. lycopersicum cv. Red Setter
S. lycopersicum cv. Red Setter
- Ratunda
100 C.annuum cv. Zunla 1
100 | Shokoladnyj
% Gogoshary
Mechta hozyayki g
1 Zheltyj buket ~
0 Maria
2 Sladkij shokolad
22 Karmin
YT M { Nesozrevayuschij

Fig. 2. Phylogenetic analysis of the PSYT and PSY2 full-genome sequences of the studied C. annuum cultivars.

The dendrogram was constructed using MEGA 7.0 (NJ method, Tamura-Nei model, bootstrap 1000). For comparison, Solanum lycopersicum cv. Red Setter

PSY1and PSY2 (EF534740.1, EU021055.1) were used.

PSY2 TP, PSY1 TP contained 29 aa substitutions (21.32 %
of aligned length). Thus, the identity of TP in PSY1 and
PSY2 in the studied pepper cultivars was 78.68 %; also,
two insertions (insF31S33 and insG50) and four deletions
(PSY2 numbering: N12del, D35del, L57-R62del, and S64-
D65del) were identified in the PSY 1 sequence. Apparently,
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differences in TP sequences may be responsible for the
specificity of delivery of each of the phytoene synthases
to different types of plastids, as was suggested earlier (Cao
etal., 2019).

Inthe PSY'1 and PSY2 of the analyzed pepper cultivars,
functionally significant sequences were searched. As a

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 7



E.A. ObayenHko, M.A. OuntowwH, ILU. Eppemos
E.A. xoc, A.B. LLleHHnKoBa, E.3. Kounesa

result, it was shown that the adjoining regions of active
sites (143-YAKTF-147/149-YAKTF-153 and 393-RAY V-
396/399-RAY V-402), aspartate-rich substrate-Mg2*-bind-
ing sites (173-DELVD-177/179-DELVD-183 and 299-
DVGED-303/305-DVGED-309), 18 substrate-binding
pockets and 15 catalytic residues are conserved for the
cultivars under study. The exceptions were the substitutions
rE180G (cv. Nesozrevayuschij, PSY2) at the DELVD site,
nD309E (cv. Karmin, PSY2) at the DVGED site, and
nG288R (cv. Maria, PSY 1, substrate-binding pocket). In all
cultivars, the sites F47Y 45/F153Y 54 and A, /A, Were
conserved for both PSY 1 and PSY2, with the exception of
the rA210D in the cv. Maria PSY 1. This composition of
functionally important sites determines the similarity of the
PSY1 and PSY2 carotenogenic activity level, and, as was
shown earlier, the substitution in the A, /A, site is not
critical, in contrast to F47Y [44/F53Y 54 (Cao etal., 2019).
Therefore, found radical substitution rA210D should not
significantly affect the cv. Maria PSY1 activity.

To confirm the structural similarity of the identified PSY/
and PSY2, cluster analysis was performed based on their
genome-wide sequences in comparison with the known
S. lycopersicum cv. Red Setter and C. annuum cv. Zunla 1
PSYI and PSY2 (Fig. 2). On the dendrogram, the pepper
cultivars were expectedly grouped into two large clusters
combining the sequences PSY/ and PSY2, respectively (see
Fig. 2). Within each cluster, C. annuum accessions formed
a single closely related subcluster with insignificant internal
bootstrap values (17-50) and the only reliable combina-
tion of cv. Maria and Zheltyj buket based on PSYI. The
S. lycopersicum species occupied the base branch in each
of the clusters.

Thus, the identified PSY/ and PSY2 of nine pepper
cultivars, which differ in a ripe fruit color, were highly
similar in structure, which suggests that they may preserve
the conserved key functions of phytoene synthases in the
carotenoid biosynthesis.

The content of chlorophylls and carotenoids

in fruit pericarp during ripening

The total content of chlorophylls and carotenoids was mea-
sured in fruit pericarp during development in the analyzed
pepper cultivars (see Table 1). It was shown that unripe fruit
of all cultivars (stage MF) contains comparable amounts
of chlorophylls and carotenoids, which characterizes the
fruit tissues as photosynthetic. In IR fruits, chlorophyll
content decreased by 1.46-5.60 times, depending on the
cultivar. In ripe fruits (RF stage), chlorophyll was found in
significant quantities in cv. Sladkij shokolad, Shokoladny;j
and Nesozrevayuschij, and in small quantities in Gogoshary
and cv. Mechta hozyayki. There were no chlorophylls in
ripe fruits of cv. Zheltyj buket, Karmin and Maria.

In immature fruits, the carotenoid content was the high-
est in the cv. Shokoladnyj and Sladkij shokolad (48.5 and
61.0 pg/g), while in the other cultivars it ranged from 6.8
(Gogoshary) to 27.3 pug/g (Zheltyj buket) (see Table 1). In
ripe fruits, the primacy remained with the cultivars forming
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chocolate-colored fruits: the highest carotenoid content was
detected in the cv. Shokoladnyj (1009.90 pg/g), while in the
cv. Sladkij shokolad, it was reduced by 1.7 times, and in the
red-fruited cv. Karmin and Maria — by 1.94 and 2.48 times,
respectively (see Table 1). Ripe fruits of the remaining
four cultivars accumulated significantly less carotenoids.
However, a similar low carotenoid content did not provide
the similar ripe fruit color: Zheltyj buket — yellow, Mechta
hozyayki — red, Nesozrevayuschij and Gogoshary — green
and red-green, respectively. At the same time, cv. Nesozre-
vayuschij and Gogoshary fruits had on average two times
less carotenoids in comparison with the cv. Zheltyj buket
and Mechta hozyayki fruits (see Table 1).

In accordance with the obtained biochemical data, it
can be assumed that red-fruited cultivars synthesize red
pigments typical for peppers — carotenoids capsanthin and
capsorubin. In brown-fruited cultivars, the color may be
formed by two components — red carotenoids and green
chlorophylls. The yellow or green color of fruits at the
stage of biological ripeness is most likely determined by the
presence of yellow-colored carotenoids (lutein, zeaxanthin)
and chlorophylls, respectively.

PSY1 and PSY2 co-expression pattern

in the fruit pericarp during ripening

Carotenoid accumulation in fruits is directly related to the
PSYI expression level (Meléndez-Martinez et al., 2010);
however, although PSY?2 is mainly expressed in photosyn-
thetic tissues, its transcripts have also been found in fruits
(Jang et al., 2020). In this study, PSYI and PSY2 expression
pattern was characterized in leaves and fruit pericarp (peel
and pulp) at three ripening stages (MF, IR, RF) in four
pepper cultivars (Fig. 3). The analysis included cv. Zhelty;j
buket, Sladkij shokolad, Karmin and Nesozrevayuschij,
contrasting in the ripe fruit color (RF) — yellow, brown,
dark red and green, respectively (see Table 1). Ripe fruits
of cv. Karmin and Sladkij shokolad were characterized by
a high carotenoid content (520.2 and 597.0 pg/g), while
ripe fruits of cv. Nesozrevayuschij, and Zheltyj buket ac-
cumulated only 55.9 and 107.7 pg/g, respectively.

In the leaves of the analyzed pepper cultivars, the PSY/
expression levels varied significantly. For example, the
levels were similar in cv. Nesozrevayuschij and Zheltyj
buket (0.15 and 0.17, respectively), while three and ten
times lower (0.054) in cv. Sladkij shokolad and Kar-
min (0.012), respectively (see Fig. 3). In the fruits of the
analyzed pepper cultivars, a PSYI expression pattern was
similar — progressive upregulation during fruit ripening. At
the final stage of ripening, in the ripe fruit, the maximum
PSY1 expression level was observed in cv. Sladkij shokolad,
and the minimum — in c¢v. Nesozrevayuschij (see Fig. 3).

Phytoene synthase PSY2 is considered to be more
specific for photosynthetic tissues (Giorio et al., 2008). In
green unripe fruit (stage MF), all analyzed cultivars were
characterized by the presence of chlorophylls — the highest
in cv. Sladkij shokolad and the lowest in cv. Nesozrevayu-
schij. Surprisingly, only in these two cultivars, ripe fruits
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Fig. 3. The PSYT and PSY2 expression pattern in leaves (L) and fruits at
three stages of ripening (MF — mature fruit, IR - intermediate ripe fruit,
RF - ripe fruit) of C. annuum cultivars.

Asterisks indicate gene expression values that differ significantly from its
expression in all other tissues of the same accession.
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also contained chlorophyll (in the former it was 3 times
higher than in the latter).

In the leaves, the PSY2 expression level in cv. Sladkij
shokolad was 2-3 times higher than in the other three
cultivars, in which the expression was comparable (see
Fig. 3). Besides, PSY2 transcripts were detected in the fruit
pericarp at all ripening stages in all analyzed cultivars. In
the immature fruit pericarp (stage MF), PSY2 expression
was approximately at the same level in cv. Nesozrevayus-
chij (0.057), Sladkij shokolad (0.050), and Karmin (0.046),
while in cv. Zheltyj buket, it was twice lower (0.025) (see
Fig. 3). In all analyzed cultivars, the PSY2 expression
level decreased as fruits ripen. In ripe fruits (stage RF), the
PSY2 level was similar in cv. Nesozrevayushchij, Zhelty;j
buket, and Karmin, and 2.3-3.5 times higher in cv. Sladkij
shokolad (see Fig. 3).

It can be assumed that the presence of PSY2 expres-
sion in pepper ripe fruits is associated with the chloroplast
preservation. This was evidenced by the chlorophyll pres-
ence in the ripe fruit pericarp, for example, in cv. Neso-
zrevayushchij and Sladkij shokolad (see Table 1). How-
ever, cv. Zheltyj buket and Karmin also showed PSY2
expression in ripe fruits, while no chlorophyll was found
there. Thus, it can be assumed that PSY2 can function
not only in chloroplasts, but also in chromoplasts. Earlier,
using pepper cv. MicroPep Yellow as an example (with
lack of PSYI gene transcription), it was shown that the
synthesis and accumulation of yellow pigments in fruit
chromoplasts is associated with PSY2 expression (Jang et
al., 2020).

The regulation of carotenoid biosynthesis and accumula-
tion in pepper fruits is a complex process (Deruere et al.,
1994; Kilcrease et al., 2015). In ripe fruits, carotenoids
accumulate in chromoplasts in specialized globules, and
if their formation is impaired, then carotenoids can be
synthesized, but not accumulated (Osorio, 2019). Globule
formation is controlled by the Orange protein, which at the
same time prevents carotenoid degradation and stabilizes
the phytoene synthase PSY activity (Osorio, 2019). Peel
of cv. Nesozrevayuschij fruits, as they ripen, retained the
green color, while the pulp color changes from light green to
yellow-green. In accordance with this and in contrast to the
other three analyzed cultivars, there was no significant in-
crease in the carotenoid content (see Table 1), and the PSY1
transcription level in the ripe fruit of cv. Nesozrevayuschij
was 1.6 and 2.1 times lower than that of cv. Karmin and
cv. Zheltyj buket, respectively. It can be assumed that in
cv. Nesozrevayuschij, a number of processes characteris-
tic of fruit ripening, such as degradation of chlorophyll,
transformation of chloroplasts into chromoplasts, and/or
de novo chromoplast synthesis, are disturbed (Kilcrease
et al., 2015; Berry et al., 2019). However, the fruits of
cv. Nesozrevayuschij ripen (the seeds are fully formed
and viable), although there is no noticeable change in the
pericarp color. This confirms the previously shown lack of
a relationship between fruit carotenogenesis and ripening
(Fraser et al., 2007).
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Conclusions

Thus, in the present study, in nine C. annuum cultivars,
differing in ripe fruit color, PSY7 and PSY2 genes encoding
phytoene synthases were identified and characterized; the
co-expression pattern of these genes in the vegetative and
reproductive organs, as well as possible relationships of
the expression level with the total carotenoid content were
determined. A direct correlation was found between the
PSYI gene expression level and carotenoid pigmentation
of the fruit during ripening. It was shown that in the cv. Ne-
sozrevayuschij, the pericarp pigmentation pattern, typical
for pepper fruits during ripening, is disturbed, which may
be associated with blocks in the chromoplast formation.
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SSR-based evaluation of genetic diversity in populations
of Agriophyllum squarrosum L. and Agriophyllum minus Fisch. & Mey.
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Abstract. The development of informative polymorphic DNA markers for poorly studied genera is an important
step in population analyses of living organisms, including those that play very important ecological roles in harsh
environments, such as desert and semi-desert area. Examples of those poorly studied desert species are Agriophyl-
lum squarrosum L. and Agriophyllum minus Fisch. & Mey. However, a recent RNA-sequencing project in A. squar-
rosum has proposed a large set of hypothetical SSR (simple sequence repeat) markers. In this work, 11 novel poly-
morphic SSRs were found due to the screening of 24 randomly selected SSRs for three populations of A. squarrosum
and one population of A. minus. The analysis of 11 SSRs revealed 16 polymorphic loci in two Agriophyllum species,
8 polymorphic loci within three populations of A. squarrosum, and 6 polymorphic loci in the population of A. minus.
Statistical analyses showed high interspecific, but relatively low intraspecific genetic diversity. The phylogenetic
clusterization and population structure analysis have demonstrated a clear segregation of A. minus from A. squar-
rosum, as well as the separation of population 1 from populations 2 and 3 of A. squarrosum.Thus, we identified the
set of novel and informative SSR markers suitable for the study of genetic diversity in Agriophyllum.

Key words: sand rice; Agriophyllum squarrosum; Agriophyllum minus; SSR markers; genetic diversity; population
structure.
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OlleHKa reHeTNYeCKOTro pasHoobpasus

C MCII0/1b30BaHMeM SSR-MapKepOB B IIOIIY/IALISIX

Agriophyllum squarrosum L. n Agriophyllum minus Fisch. & Mey.,
COOpaHHBIX Ha I0ro-BOCTOKe KasaxcraHa

FO.A. Tennenckast, A.C. KapeAOBal, C. A6yraAI/IeBa1' 2 T1. XKao3, T. Yen3, E.K. Typycr[eKOBl’ 2®

T UHCTUTYT 61OoNorm 1 G1OTEXHONOTUM PacTeHni, ANMaTbl, KasaxcTaH
2 Kadeapa 6ropasHoo6pasns 1 6uopecypcos, Kasaxckui HaLMOHaNbHbIV yHUBEPCUTET UM. anb-Oapabu, Anmarbl, KasaxcTa
3 KnioueBas nabopatopus No Gpu3nNoOorAn CTPECca 1 SKOMOTAN B XONOAHbIX U 3aCyLUIBLIX PErUOHaX,
CeBepo-3anafHblil MIHCTUTYT SKONOrMYECKON cpefbl 1 pecypcos, laHcy, Kutan
® e-mail: yerlant@yahoo.com

AHHoTayus. PazpaboTka nHdopmaTmeHbIX nonrmopdHbix HK-MapkepoB Ana ManounsyyeHHbIX pofoB — HEO6X0-
LAMMOe 1 BaxkHoe ycsioBue Ana 3GGeKTUBHOIo NonynALMOHHOMO aHasr3a XIBbIX OPraHN3MOB, B TOM YKCIe Urpato-
LLIMX BaXKHYO SKONOMMYECKYHO POJib B CYPOBbIX KNMMATUUYECKNX YCNOBUAX, B YaCTHOCTU B NMYCTBIHAX V1 NOAYMYCTbIHAX.
Mprmepamy NOAOGHbIX Manor3yyeHHbIX MYCTbIHHBIX BUAOB ABnAtoTca Agriophyllum squarrosum L. n Agriophyllum
minus Fisch. & Mey. B HegaBHeM npoekTe no PHK-cekBeHupoBaHuio A. squarrosum 6bino HaliAeHo 6onbluoe Konu-
YyecTBO runoTeTnyecknx SSR (NpocTble noBTOpAOWMECS NOCNeA0BaTENbHOCTA) MapKepoB. B HacTosweln paboTte
B pe3ynbTaTe CKpVHUHIa 24 ciyyaiiHo oTobpaHHbIX SSR-MapKepoB Ana Tpex nonynauuin A. squarrosum v OgHown
nonynauun A. minus obHapy»eHbl 11 HOBbIX MOMMOPOHbIX SSR-MapkepoB. M3yueHne 3tux 11 SSR-mapkepoB no-
Kasano Hanuume 16 nonnMopdHbIX JIOKYCOB AN ABYX BURoB Agriophyllum, 8 nonmopdHbIX IOKYCOB cpefm Tpex
nonynauunin A. squarrosum n 6 NoAMMOPPHbLIX NOKYCOB ANA nonynaumnu A. minus. CTaTUCTUYECKNIA aHaNn3 BbIABUN
BbICOKOE MEXXBULOBOE, HO OTHOCUTENIbHO HU3KOe BHYTPUBMAOBOE reHeTnYecKoe pa3Hoobpasme. OuroreHeTuye-
CKWI aHanmM3 1 aHanm3 CTPYKTYpbl NONYNAALUA NO3BOANAN OBHAPYXMTb ABHOE pa3fesieHne Ha YpoBHe BMAOB, a
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Genetic diversity of Agriophyllum squarrosum
and Agriophyllum minus in South-East Kazakhstan

TakXe JuBepreHumio nonynaummn 1 A. squarrosum oTHOCWTENbHO NONYNAUMIA 2 1 3 AAaHHOTO BUAA. Takum o6pasom,
HaMW naeHTNOMLMPOBaH Habop HOBbIX 1 MHGOPMATVBHBIX SSR-MapKepoB, NOAXOAAMX ANA U3yUeHNs FeHeTUYe-

CKOro pasHoobpasua Agriophyllum.

KntoueBble ci0Ba: KyMapuuriK NecyaHblii; Kymapuuk maniii; Agriophyllum squarrosum; Agriophyllum minus; SSR-map-
Kepbl; reHeTnYeckoe pasHoobpasue; CTPYKTypa Nonynsaumm.

Introduction

Xerophytes and psammophytes (plants with adaptations to
survive in water-deficiency environment) become the main
plants in the desert region. Despite the harsh environmental
conditions, many of these plants have adapted and became a
part of complex and diverse desert ecosystems. Due to the wide
distribution of desert territories, the study of its wild flora is
very important for the ecological prediction and conservation
of biodiversity. The Central Asia region, including Kazakh-
stan, is having numerous large and small sand deserts, such
as Gobi, Taklamakan, Karakum, Kyzylkum and Moiynkym.
Deserts and semi-deserts occupy more than half of Kazakhstan
territory and keep growing (Issanova et al., 2015). The major
representatives of wild desert flora here are herbaceous plants,
subshrubs, shrubs and subtrees. The list of dominating species
includes genera Artemisia, Salsola, Ferula, Arthrophytum,
Calligonum, Ammodendron, Haloxylon, and Agriophyllum
(Rachkovskaya et al., 2003). Many of them are endemic for
the Central Asian and Kazakhstan deserts.

Agriophyllum squarrosum L. and Agriophyllum minus
Fisch. & Mey. are important desert species in Kazakhstan.
They belong to the tribe Corispermeae within the subfami-
ly Chenopodioideae of the family Chenopodiaceae (Kiihn,
1993). The genus Agriophyllum includes five species, and
four of them, including 4. squarrosum, grow in Kazakhstan
(Ageevaetal., 1960). A. squarrosum is also widely spread in
all Central Asia territory, Caucasus, and China. Local people
in the sandy desert regions of China consume the seed of the
species during periods of food shortage, and refer to the plant
as ‘shami’ in Chinese, which translates as ‘sand rice’ (Chen et
al., 2014). Sand rice is an example of psammophyte perfectly
adapted for harsh desert environmental conditions. Morpho-
logically it is a shrub-like plant with a height ranging from
20 to 100 cm. The stem of sand rice at the young plant stage
is firm, branched, green, and covered with short hairs. Leaves
are small, sessile, green, and usually linear. Small flowers
are organized in a spike-like inflorescence. 4. squarrosum
blossoms in the late summer and early fall, after that ovoid
shape seeds are formed. Seeds of sand rice are very light and
covered by a thin husk. After ripening, the husk is cracked
into two parts, and seeds are easily dispersed by the wind.
The root system is represented by a long taproot penetrat-
ing deep into the soil to access stored moisture, and almost
equally long lateral roots branching near the soil surface and
helping to fix plant in loose sand. Although, there is a lack of
information related to the structure of the sand rice’s genome,
the transcriptomic analysis of 4. squarrosum (2n = 18) had
showed presence of 67741 unigenes and approximately 43 %
of them were annotated (Zhao et al., 2014).

Throughout history, sand rice was used for diverse purposes.
Aboveground organs (stem and leaves) are eaten by both wild
animals and livestock of farmers in arid and semi-arid regions,
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especially in Western Kazakhstan on camel pasture. Histori-
cally, nutritious seeds of sand rice were an alternative to cereals
not surviving in hot deserts. In China and Mongolia, the local
villagers consume sand rice seed in a variety of dishes. There
are many reports about the rich nutrition value of 4. squarro-
sum seeds close to its widely-used as food quinoa seeds (Chen
et al., 2014). However, sand rice is not a domesticated plant
species with several agriculturally unfavorable traits, such
as fragile spikes and light seeds. Still, the works on possible
domestication of sand rice as a novel crop are reported (Chen
et al., 2014). In addition to nutrition purposes, sand rice had
found its application in medicine. Back in the days, it was used
as antipyretic and analgesic medicine (Gong et al., 2012; Chen
etal.,2014). It was reported that the extract of 4. squarrosum
decreases blood glucose levels in type 2 diabetic mice and
has the potential for further medical researches (Saqier et al.,
2019). Sand rice is useful in combat against shifting sands
(Wen-Ming et al., 2004). Climate change and human activities
led to the growth of sand desert areas and the migration of sand
dunes to agricultural territories. The structure of the sand rice
root system and its ability to form seed banks in active sand
dunes allow the fixation of the sand surrounding the plant.
Thus, 4. squarrosum has a tremendous potential together with
other psammophytes to be used in a large-scale sand fixation
(Liu et al.,2007; Ma, Liu, 2008). This species is an interesting
model for different studies of morphology and physiology of
desert plants. For example, earlier 4. squarrosum was already
used for the study of growth under drought conditions (Mo
etal., 1997; Huang et al., 2008) and for the study of fertilizer
effect on psammophytes under different rainfall conditions
(Yuan et al., 2019).

Endemic species with great economic potential like sand
rice are an interesting subject for genetic and molecular re-
searches. One of the most common methods utilized for the
studies on biodiversity conservation, population and phylo-
genetic studies of wild plant species is the usage of molecu-
lar DNA markers (Nybom, 2004). Examples of successful
application of the most common DNA markers in plants
include random amplification of polymorphic DNA (RAPD)
(Nybom, Bartish, 2000), amplified fragment-length polymor-
phisms (AFLP) (Zhang C. et al., 2018), and other nuclear and
chloroplast DNA markers (Abugalieva et al., 2017; Almere-
kovaetal., 2018; Turuspekov et al., 2018). Nuclear ribosomal
internal transcribed spacer (nrITS) region and five chloroplast
DNA (cpDNA) fragments have been used earlier for the study
of population dynamics of 4. squarrosum in China (Qian et al.,
2016). The maturase K (matK) gene of the chloroplast genome
and nrITS were used for comparison of 4. squarrosum and
A. minus populations in two regions of Kazakhstan (Geniev-
skaya et al., 2017). The literature survey suggests that there
is a limited information on the study of Agriophyllum species
by using SSR markers. However, a recent RNA-sequencing
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Table 1. Geographical locations of sampling sites

Sampling site Species, population

South-East Kazakhstan, Zhambyl region,
Moyynkum desert

South-East Kazakhstan, Zhambyl region,
Moyynkum desert (near Birlik village)

2020
24.7

leHeTnyeckoe pasHoobpasue Agriophyllum squarrosum
n Agriophyllum minus Ha toro-BocTtoke KasaxcTaHa

Number of plants Coordinates Altitude, m

10 44°34'55.1"N 411
76°58'30.3"E

25 44°40'56.9"N 407
76°41'49.7"E

19 44°41'36.2"N 407
76°44'53.5"E

20 44°42'08.3"N 403
76°44'19.3"E

Fig. 1. A. squarrosum (on the left) and A. minus (on the right) in Moyynkum desert.

project of 4. squarrosum populations in China has suggested
several thousands of potential SSR markers for this species
(Zhang J. et al., 2018).

In this study, we selected 24 SSR markers from this Agrio-
phyllum genome resequencing project and used them for the
assessment of genetic diversity within and among populations
of A. squarrosum, and between A. squarrosum and A. minus.

Materials and methods
Plant material. In total, leaf samples of four wild Agriophyl-
lum populations were collected in South-East Kazakhstan
and used for the analysis (Table 1). The list included three
populations of 4. squarrosum and one population of A. minus
sampled in Moyynkum desert of Almaty region in South-East
Kazakhstan (Fig. 1). Population 1 of 4. squarrosum was col-
lected in 2016, while the populations 2 and 3 of A. squarrosum
and population 1 of A. minus were collected in 2019. The
distances between populations were at least four kilometers,
and plants within the population were sampled in at least
50 meters apart.

DNA extraction, amplification and SSR marker assess-
ment. Five young leaves from each sample were dried in si-
lica gel. The total genomic DNA was extracted from dry leaf

tissues using CTAB method (Doyle, 1991). The quality and
concentration of extracted DNA were assessed via spectro-
photometric test, and 1 % agarose gel electrophoresis.

Twenty-four pairs of SSR markers and their primers
(Supplementary Table)! were selected from 6150 SSRs in the
sequence of 4. squarrosum genome reported by Zhang J. and
co-authors (2018). SSR motives and expected sized of alleles
were obtained from the same source.

Annealing temperature (73) for primer pairs and concen-
tration of reagents in a PCR reaction mix were determined
empirically. All successful PCR reactions were performed in
total 16 pl volumes, including 4 mM of each ANTP, 2 mM
of MgCl,, 6.4 mM of primer mix (forward +reverse), 1.6 U
of Taq polymerase and 50 ng of DNA. The amplification
was performed in Veriti Thermocycler (Applied Biosystems,
Foster City, CA, USA) with an initial denaturation step at
94 °C for 3 minutes, followed by 40 cycles of 94 °C for
30 seconds, optimized 7, °C (see Suppl. Table) for 45 seconds
and 72 °C for 1.5 minutes. The final extension step was at
72 °C for 10 minutes. The PCR products were separated on
6 % polyacrylamide gel (PAG). The SSR profile image was

1 Supplementary Table is available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx10.pdf
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captured using the GelDoc gel documentation unit (Bio-Rad
Laboratories, Hercules, CA, USA). Allele sizes were estimated
visually based on the size of ladder bands and the control
sample on each gel.

Statistical analysis. Nei’s genetic diversity indices were
calculated via POPGENE software ver. 1.32 (Yehetal., 1997);
the polymorphism information content (PIC) (Botstein et al.,
1980) was calculated as follows: PIC = X(1—p?), where p, is
the frequency of the i-th band or percentage of individuals in
which the fragment is present. Principal coordinates analy-
sis (PCoA) and unweighted pair group method with arithmetic
mean (UPGMA) hierarchical clustering were performed based
on genetic distances among populations and species. PCoA
plot was made via GenAlEx (Genetic Analysis in Excel)
ver. 6.5 software (Peakall, Smouse, 2012), UPGMA analysis
was performed in R statistical software environment (R Core
Team, 2018). Bayesian clustering was based on the use of the
STRUCTURE software ver. 2.3.4 (Pritchard et al., 2000). The
value of K was set from 1 to 5 with five iterations for each
value of K. Both, length of burn-in period, and the number
of Markov Chain Monte Carlo (MCMC) repeat after burn-in
was set at 100000. Web-tool STRUCTURE HARVESTER
(Earl, von Holdt, 2011) based on Evanno’s method (Evanno
et al., 2005) was used to determine the best fit value of K.
The molecular variance (AMOVA) test was calculated using
GenAlIEx software.

Results

Performance of SSR markers in Agriophyllum species

Initially, 24 SSR markers were chosen for the analysis (see
Suppl. Table), however, successful amplification was per-
formed for 18 markers only. Five of 18 SSRs were multilocus
markers, while other 13 SSRs were single-locus. In total,
18 markers allowed identification of 23 loci (Table 2), of which
16 were polymorphic and suitable for the analysis (Table 3).

The screening of sixteen SSR loci has allowed the identi-
fication of 43 alleles in the analysis of three populations of
A. squarrosum and one population of 4. minus. The molecular
sizes of alleles in loci were ranged from 143 to 342 bp. The
number of alleles in the study of all four populations varied
from 2 to 4.

In total, eight polymorphic loci were observed in 4. squar-
rosum, six polymorphic loci were found in 4. minus, and
16 loci had demonstrated polymorphism between two species
(see Table 3). In total, 20 alleles were identified exclusively
in A. squarrosum, 16 alleles were exclusive for 4. minus, and
7 alleles were found in both species. The average number of
alleles per locus in polymorphic loci was 2.69+0.70 for both
species, 2.25+0.16 for A. squarrosum, and 2.17+0.17 for
A. minus, respectively.

Nei’s index and PIC value were calculated separately
for polymorphic SSR loci of 4. squarrosum, A. minus, and
jointly for two Agriophyllum species (see Table 3). The ge-
netic distance-based PCoA plot suggested a clear separation
of A. minus from populations of A. squarrosum, as well as
distinguishing of the population 1 from populations 2 and 3
in A. squarrosum (Fig. 2, a). The UPGMA tree had also de-
monstrated two clusters corresponding to A. squarrosum and
A. minus. The portion of samples in population 1 of 4. squar-
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Table 2. The characteristics of SSR loci
successfully amplified in A. squarrosum and A. minus

No. Locus Annealing Number Range

of alleles sizes,

temperature of alleles

* Monomorphic loci excluded from further analysis.

rosum was clustered together with populations 2 and 3, while
the remaining part formed a separate subcluster (see Fig. 2, b).
Bayesian distance-based analysis of the structure among two
Agriophyllum species was congruent with the UPGMA clus-
terization and also indicated that K = 3 is an optimal number
of groups in the study (see Fig. 2, ¢).

AMOVA results for the set of data containing all Agriophyl-
lum samples revealed that the majority (88 %) of the genetic
diversity in Agriophyllum exists between two species rather
than within them (Table 4).

Genetic diversity in A. squarrosum populations

Part of this study was focused on the assessment of the genetic
diversity within and between populations of 4. squarossum. In
total, 26 alleles were identified in eight SSR loci. The largest
number of unique alleles was found in population 1 (8 alleles),
while population 2 had only one unique allele (Table 5). The
largest values of Nei’s index (0.27+0.16) and PIC value
(0.25+0.09) were observed in population 1.
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Table 3. Assessment of genetic diversity in populations of Agriophyllum species based on SSR marker analysis

No. Locus A. squarrosum A. minus A. squarrosum + A. minus

Note. na - number of alleles per locus; ne - number of effective alleles; Nei — Nei’s genetic diversity index; PIC — polymorphism information content; SEM —
standard error of mean. * Monomorphic loci were not considered for the calculation of mean and SEM values.
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A. squarrosum g 56
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— 2}
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C 1.0
0.8
A. squarrosum 06
¢ popl 0'4
0.2
Coord. 1 (94.80 %) 0
A. squarrosum A. squarrosum A. minus
pop1 pop2 + pop3

Fig. 2. Population structure among studied Agriophyllum species.

a, PCoA of three A. squarrosum and one A. minus populations; b, UPGMA dendrogram showing clusters among 74 samples of both species; ¢, Bayesian clustering
of 74 Agriophyllum samples at K= 3.
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Table 4. AMOVA in two species of Agriophyllum

Source df SS MS
BEtween spec,es ............... 1 ..................... 4 3 5 2 8 9 ...................... 43 5 2 89 ......
W|th.nspec|es72151941 ...................... 21” ...........
Tota|73 ................... 537230 ..........................................

Genetic diversity of Agriophyllum squarrosum
and Agriophyllum minus in South-East Kazakhstan

Est. Var. (%) p
14.840 (88) 0.001
2.110(12) 0.047

Note. df - degree of freedom; SS — sum of squares; MS — mean squares; Est. Var. - estimated variance; p - significance level.

Table 5. Average values of diversity statistics for eight polymorphic SSR loci

across three A. squarrosum populations

A. squarrosum nea ne na
PopUIatlon1 ...................... 81431032188i035
PODUIatIonZ ...................... 1 102i006113i035
POPUIatI0n3 ..................... 0103i009113i035

Nei PIC
............... 027t0160251009
............... 002i005002i005
............... 003i007002i006

Note.nea-number of alleles exclusive for population; na - number of alleles per locus; ne — number of effective alleles; Nei — Nei's genetic

diversity index; PIC — polymorphism information content.

Table 6. AMOVA among and within three populations of A. squarrosum

Source df SS MS
Amongpopu|at,on52 ..................... 2918514592 .........
W|th.npopu|at|on551 ................... 775561521 ...........
TOta|53106741 ..........................................

Est. Var. (%) p
............... 0771(34)0002
1521(66)0003 .........................
............... 2292(100)

Note. df - degree of freedom; SS — sum of squares; MS — mean squares; Est. Var. - estimated variance; p - significance level.

The AMOVA for 4. squarrosum had shown a higher mo-
lecular variance within populations than the variance among
populations (Table 6).

Discussion

The availability of informative DNA markers is advantageous
for the study of rare species, their population structure, and
for the development of a proper conservation strategy to
prevent their extinction (Adams, Turuspekov, 1998; Kramer,
Havens, 2009). SSR markers are one of those types of DNA
markers that reliably utilized in population structure analy-
sis due to their hyper-variability, co-dominance, and high
reproducibility (Aitken et al., 2005). Successful applications
of SSR markers for the identification, classification, and
taxonomy of Chenopodiaceae species have been reported
previously (Borger et al., 2008; Prinz et al., 2009; Sampson,
Byrne, 2012; Nachtigall et al., 2016). However, for the genus
Agriophyllum, there were no previous studies with the use of
SSRs. The situation was changed recently due to the RNA-
sequencing project of 4. squarrosum accessions, and a large
number of hypothetical SSR markers were suggested for
population studies (Zhang J. et al., 2018). Hence, in this work
24 SSRs were randomly selected for the assessment of three
populations of A. squarrosum and one population of A. mi-
nus collected in South-East Kazakhstan. The assessment of
selected SSR markers resulted in the identification of 11 novel
SSR markers that allowed the identification of 16 polymorphic
loci in two Agriophyllum species (see Table 3). The large
percentage of molecular variance (see Table 4) and a large
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genetic distance (see Fig. 2) observed between 4. squarrosum
and A. minus indicated good discriminative power of studied
SSR markers and confirmed a significant genetic difference
reported between these species earlier (Genievskaya et al.,
2018). Fifteen SSR loci used for both species were in inter-
mediate diversity group with PIC values ranged between 0.32
and 0.50, and Nei’s diversity index ranged between 0.39 and
0.56 (see Table 3).

When species were analyzed separately, 8 out of 16 loci
were polymorphic for A. squarrosum, and 6 loci were poly-
morphic for A. minus (see Table 3). The average diversity in
A. minus was slightly higher than in 4. squarrosum and lower
than the average interspecies diversity (see Table 3). Thus,
A. squarrosum and A. minus have maintained a low level of
genetic diversity. It has been demonstrated that annuals like
Agriophyllum or short-lived perennials usually demonstrate
low levels of genetic diversity compared with long-lived and
outcrossing species (Austerlitz et al., 2000). However, the
limited amount of samples in studied species (particularly in
A. minus), their close geographical locations, and a relatively
small number of polymorphic SSR markers used for the
analysis could influence obtained results.

The study of the genetic diversity within 4. squarrosum
suggested that 66 % of the total variation was within and
34 % between populations (see Table 6), indicating that the
difference of population 1 from populations 2 and 3 was rather
substantial. The presence of relatively high diversity within
populations may be explained by the geographical proximity
of A. squarrosum populations used in this study (see Table 1),
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which may cause a high rate of gene flow in a limited area
(Conner, Hartl, 2004). Populations 2 and 3 of 4. squarrosum
had demonstrated an extremely low level of genetic diversity
in comparison with population 1 (see Table 5), but the fact
that samples from each population clustered together using
multiple analyses (PCoA, UPGMA, Bayesian clustering) (see
Fig. 2) indicates that there is a high level of heterogeneity in
the species. The grouping of 5 samples from population 1
on the UPGMA tree and on the STRUCTURE bar plot into
separate subcluster in the entire species cluster may indicate
the presence of some barriers between groups of samples
within population 1 interfering gene flow. Therefore, even if
no physical obstructions were found during the sample collec-
tion, probably, two groups in population 1 may be considered
as subpopulations (Waples, Gaggiotti, 2006). This assumption
is also supported by the relatively higher genetic diversity in
population 1 comparing with the other two 4. squarrosum
populations (see Table 5).

Conclusions

In this study, sequences of 24 pairs of oligonucleotides for
SSR markers were randomly selected from A. squarrosum
genome resequencing project, and used for the study of genetic
diversity in the genus Agriophyllum. Hence, it is the first report
exploring the performance of novel SSR markers in the genetic
analysis of this genus. The study revealed 16 polymorphic
loci in eleven SSR markers using two Agriophyllum species,
8 polymorphic loci within three populations of A. squarrosum,
and 6 polymorphic loci within the population of 4. minus.
Statistical analyses showed high interspecific, but relatively
low genetic diversity in populations 2 and 3 of A. squarrosum.
The phylogenetic clusterization and analysis and population
structure analysis demonstrated clear segregation of 4. minus
from 4. squarrosum, as well as the separation of population 1
of A. squarrosum form populations 2 and 3. As a result, we
identified the set of novel and informative SSR markers
suitable for the study of genetic diversity in Agriophyllum
species. These results provide an important contribution to
the population study and approaches for the development of
conservation mechanisms for Agriophyllum species.
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AHHoTayusA. O630p NOCBALEH Npobsieme NOTEHLMANbHO OMACHbIX J1f OTEUYECTBEHHOTO KapTodeneBoACTBa KapaH-
TVHHBIX BUAOB M NaToTMNOB HemaTopd. Kaptodenb nopaxatotr 6onee 30 BMAOB MapasvMTUYECKMX HEMATOA, OfHAKO B
CTaTbe OCHOBHOE BHUMAHVE yieNeHO CamMbIM BPeJOHOCHbIM, MPUHOCALMM 60/bLLIO Yilepb KapTodpeneBoAcTBY Npea-
cTaBuTensam popos Globodera, Ditylenchus, Nacobbus n Meloidogyne. TNpoaHanu3npoBaHbl GuTonaTonornyeckne un
MOMeKynApHble MeTofbl MAEHTUdUKALUY BYAOB 1 MAaTOTUMOB U OCHOBHbIE AOCTUXEHWSA B U3YUEHWUN N3MEHUMBOCTM
nonynAuuniA napasmTuyeckux Hematog kaptodens. MokasaHo, uto, bnarogapa 0COBEHHOCTAM »KM3HEHHOTO LKA He-
MaTog v NabunbHOCTY UX FEHOMOB, FeHETUYEeCKas N3MEHUYBOCTb 3TVX OPraH3MOB OUYEHb BEMKKa, YTO CO3AaeT yrpo3y
06pa3oBaHMsA HOBbIX MATOFeHHbIX FeHOTUNOB Mapa3uTta. CBefleHNsA O BHYTPY- 11 MEXMOMYALVOHHON N3MEHUYMBOCTM
HeMaToA BaXKHbl ANA U3yUYeHUA NyTell UHTPOAYKLMM N pacnpoCTPaHEHNA OTAENbHbIX BUAOB, @ TaKXKe Noncka Koppens-
L MONEKYNAPHbIX MapKepoB C onpeaeneHHbIM natotunom. GunoreHeTMYeCKMe NCCNe[oBaHNUsA, OCHOBaHHbIE Ha CO-
BPEMEHHbIX JaHHbIX MO FEHETUYECKOV U3MEHUYMBOCTM NOMYNALMIA, MO3BONIMIN BbIABUTL KOMMEKCbI BUAOB Yy Globodera
pallida (Stone) Behrens n Nacobbus aberrans (Thorne) Thorne & Allen (sensu lato), Bkntouyatowme KpunTuyeckmne Bugbl.
K OCHOBHbIM COCTaBNALMUM YCMELWHON 3aluThl, NPeJoTBpallatoLell MacCoOBOe PacnpoCTpaHeHne napasnuTnyeckux
HemMaTof, OTHOCATCA KapaHTMHHbIE MEePOMPUATUA, arpoTeXHUYECKMe npuemMbl, Gronormyeckme cnocobbl 3alwmTbl 1
BO3[eNbIBaHMe YCToNumBbIX copToB. Ocob60e BHMMaHMe B 0630pe yaeneHo BONpocam cenekuuy coptoB KapTodens ¢
AJIMTENbHON YCTONUMBOCTbBIO K PasfMyHbIM BUAAM HEMATOA, MOCKOMbKY BO3iesibiBaHNE TaKUX COPTOB — SKOSIOrMYECKN
Hav6onee 6e30nacHbIi U SKOHOMUYECKI BbIFOAHbBIN CNocob NpefoTBpalleHns anuduToTuii. B HacToswee Bpems fo-
CTUMHYTbI 3HAUUTENbHbIE YCMEXW B FeHETUYECKOW 3aLymTe COPTOB KapTodens, 0CO6eHHO B OTHOLLEHWU LIMCTO06pa3yto-
WX Hematog. MNpriBeaeHbl cBefileHNs 06 UCTOYHMKAX YCTOMYMBOCTM KapTodens K napasuTnyeckm HeMaToAam, Bblje-
NEeHHbIX B KONNEKLUAX AUKMX U KYNIbTYPHbIX BUAOB. [poaHanu3npoBaHbl AaHHble 06 MAEHTUPMLMPOBAHHBIX R-reHax v
QTL ycToNuMBOCTY, KOTOPbIE ObIIN NHTPOrPECCUPOBaHbI B CENEKLIMOHHBIN MaTepuan C MOMOLLbIO Pa3fIyHbIX METO[0B
1 nofaxopoB. MpefAcTaBneHbl pe3ynbTaTbl U3yUeHNsA CTPYKTYPHOW 1 GYHKLMOHANIbHOW OpraHr3aLuy reHOB yCTOMYMBO-
CTU K 4MCTOO6pa3yoLWmm HemaTogam Kaptodens. PaccMoTpeHbl pe3ynbTaTbl MCCIeA0BaHMIA MO UCMONb30BAHNIO MOe-
KyNSAPHbIX MAaPKEPOB OrNpefeneHHbIX FeHOB B MapKep-0nocpefoBaHHON cenekummn ans co3faHusa HOBbIX YCTONUMBBIX
COPTOB, B TOM UMCIIe C FPYMNMNOBOM YCTOMUYMBOCTBIO.

KnioueBble cnoBa: KapTodenb; Nnapasmtuyeckme Hematopbl; Globodera; Ditylenchus; Nacobbus; Meloidogyne; natotunbi;
VN3MEHUYMBOCTb MONYNALMI; yCTOMUYNBOCTb COPTOB; reHbl ycTonumsoctu; QTL.
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Quarantine nematode species and pathotypes
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Abstract. The review considers quarantine species and nematode pathotypes potentially dangerous for domestic po-
tato production. Potatoes are affected by more than 30 types of parasitic nematodes, but the review focuses on the
most harmful representatives of genera that cause great damage to potato production: Globodera, Ditylenchus, Nacob-
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bus and Meloidogyne. Phytopathological and molecular methods of identification of species and pathotypes and the
main achievements in studying the population variability of parasitic potato nematodes were analyzed. It was shown
that due to the peculiarities of the life cycle of nematodes and lability of their genomes, the genetic variability of these
organisms is very high, which creates a threat of forming new pathogenic genotypes of the parasites. The information
about the intra- and interpopulation variability of nematodes is important for studying the ways of introduction and
distribution of separate species, as well as for searching for the correlations of molecular markers with the pathotype.
Phylogenetic studies based on modern data on genetic variability of populations have allowed to reveal species com-
plexes in Globodera pallida (Stone) Behrens and Nacobbus aberrans (Thorne) Thorne & Allen (sensu lato), including
cryptic species. The main components of successful protection preventing a wide distribution of parasitic nematodes
are quarantine measures, agricultural techniques, biological methods of protection and cultivation of resistant culti-
vars. Special attention in the review is paid to the breeding of potato cultivars with durable resistance to various nema-
tode pathotypes, because the cultivation of such varieties is the most ecologically safe and economically advantageous
way to prevent epiphytoties. Currently, significant progress has been made in the genetic protection of potato culti-
vars, especially against cyst-forming nematodes. The review provides data on sources of potato resistance to parasitic
nematodes identified in collections of wild and cultivated species. Data on identified R-gens and QTL of resistance that
have been introduced into breeding varieties using different methods and approaches are analyzed. The literature data
on the study of structural and functional organization of genes for resistance to potato cyst nematodes are given. The
results of molecular research on revealing the polymorphisms of loci involved in the control of resistance to cyst and
gall nematodes, the development of molecular markers of certain genes and their use in marker-assisted selection for
developing of new resistant cultivars, including those with group resistance, are considered.

Key words: potato; parasitic nematodes; Globodera; Ditylenchus; Nacobbus; Meloidogyne; pathotypes; population vari-
ability; resistance cultivars; resistance genes; QTL.
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BeepeHne

Kaprodens (Solanum tuberosum L.) siBIsieTCS OMHON U3 OC-
HOBHBIX CEJIbCKOXO3SIMCTBEHHBIX KYJIBTYP M BO3/CIIBIBACTCS
Ha Oosee yeM 19 MITH ra celnbCKOXO3sICTBEHHBIX YTOAUN IO
BCEMY MHPY C €KETOIHBIM MPOU3BOACTBOM Oojee 390 mirH
torH kaprodens (FAOSTAT, 2019). [To BanoBomy cOopy
kaprodens Poccuiickas Penepanus 3aHUMAECT TPETHE MECTO
B Mupe nocie Kurast u Unauu, u ero cpeqHeroioBoe mpo-
M3BOJICTBO B CTpPAaHE COCTaBISIET MPUMEPHO 29 MIIH TOHH
B roa1. OCHOBHO# (haKTOpP, CHIIKAIOIIUNA PEHTAOCIBHOCTD
BO3/ICBIBAHUS KapTodens, — 00JIe3HH, CIT0COO0M KOHTPOIIS
KOTOPBIX MPOIOJKAIOT OCTAaBaThCs XUMHUYECKUE CPE/ICTBA
3amuThl. Bo3zenbiBanue copToB kaprodens ¢ ATUTeNbHOR
YCTOMYHBOCTHIO K OOJIE3HIM — SKOIOTHIECKU Hanboee 6e30-
TIaCHBIN ¥ PKOHOMHYECKH BBITOHBIH CIIOCOO MPEeI0TBPAIICHUS
AMUPUTOTHIA.

[NTapa3uTtnyeckne HeMaTo bl TOBCEMECTHO IMIPUHOCST 00IIb-
II0# yIepO MPOU3BOACTBY KapToderst, eXKeroaHbIe rodas-
HBIE TIOTEPH YpOskasi OT HUX cocTaBisAtoT 10—15 % u oneHu-
BatoTcs B 78 muipn nosutapos (Fabia et al., 2018). Kaprodens
MOpaxaroT 34 BU/a Napa3uTHYECKUX HEMATO, 6 U3 KOTOPBIX,
10 KpaﬁHeﬁ MEPE, MOT'YT BbI3bIBATH 3HAYUTCIIBHBIC TTOTECPU
ypoxasi. Cpean HUX pacnpoCTpaHEHHBIMH BO BCEX 30HaX BO3-
JieTIbIBaHMs KapTo(ers 1 HanboJiee BPEIOHOCHBIMH SIBIISTFOTCS
ucToodpasyronme kaprodensasie Hemaroas! (LIKH) — 30-
notucrtas kaprodensHas HeMarona (3KH) Globodera rosto-
chiensis (Woll.) n 6nennas kaprodenbaas Hemarona (bBKH)
Globodera pallida (Stone). DTu BUIbI CYUUTAOTCS 00bEKTAMH
BHEIITHET0 ¥ BHYTPEHHETO KapaHTHHA U MIHPOKO paclpocTpa-
HEHbI Ha Bcex KOHTHHEeHTax: B EBpone, CeBepHoil u KOxHOM
Awmepuke, Azun, Appuke, Oxeannu (EPPO, 2020a, b), 3KH
pacripocTpaneHa Takxke 1 B ABctpanuu (Blacket et al., 2019).

Kpowme LIKH, cymiecTBeHHBIC TOTEPU ypoxKasi KapTodes
TMOBCEMECTHO MOTYT BBI3bIBATH KApAaHTUHHBIC, IUPOKOCIIC-

UAJM3UPOBAHHBIC BBl HEMATOJ, HAa HACTOSIIUN JICHb
OTCYTCTByIOLIME Ha Tepputopun Poccuiickoit denepauuu.
B cooTBeTcTBHY ¢ €ANHBIM IIEPEYHEM KapaHTHHHBIX 00BEKTOB
EBpasuiickoro skoHomuueckoro cotoza (EADC) ot 30 HosOpst
2016 . Ne 158 ¢ u3BMEHEHUSIMU U IOTIOTHEHUSIMU OT 8 aBrycra
2019 r. B mepedeHb KapaHTHHHBIX BPETHBIX OPTaHU3MOB, OT-
cyTcTByromux Ha Teppuropun EADC, BXOAAT: N0oKHas raj-
noBast Hemartona Nacobbus aberrans (Thorne) (EPPO, 2019),
KoTyMOuiicKasi KOpHeBas rajuioBas Hemarona Meloidogyne
chitwoodi Golden et al., kopHeBas raytoBast Hemarona M. en-
terolobii Golden et al. n noxHas koymMOMiicKasi rauoBast
uHemaroma M. fallax Karssen (https://docs.eaeunion.org/docs/
ru-ru/01413200/cned 06032017 158). Crebnenast HemaTona
kaprodens Ditylenchus destructor (Thorne) oTHOCHTCS K Ka-
paHTHHHBIM BuaaM B EBponeiickoM corose (crmucok A2), HO
13-3a MIMPOKOT0 PaclpOCTPAHEHHUS B HAllleH CTpaHe BXOAUT
B CNUCOK A3 — perylnupyemMbIXx HEKapaHTHHHBIX BPEIHBIX
opranm3MoB Ha Tepputopun Poccuiickoii @enepannu (EPPO,
2019b; EPPO, 2020d; OEPP/EPPO, 2017a).

Bomnpochl kiaccupukanuy BUIOB NMapasuTHYECKUX Kap-
TO(ETBHBIX HEMATOJ ellle He IPUBECHBI K eANHOM cucTeMe.
Cornacno knaccugukanuu, npuastoit EPPO (EPPO, 2000),
BUbI Hemarof ponoB Globodera, Ditylenchus, Nacobbus u
Meloidogyne, paccMOTPEHHBIX B 3TOM 0030pe, OTHOCATCS K
onaoMy kiraccy Chromadorea, n mopsinky Rhabditida, HO
4YeThIpeM pas3iuuHbIM cemeiicrBam: Heteroderidae (Buabl:
Globodera rostochiensis, G. pallida — nnctooOpasyromtie
Hemaronbl ), Anguinidae (Ditylenchus destructor — cteOneBas
Hemaroa kaproders), Pratylenchidae (Nacobbus aberrans —
noxHas ramioBas Hemaroxa) U Meloidogynidae (Meloido-
gyne chitwoodi, M. fallax — ramioBsle Hemaronsl). Kpome
NepeyrciIeHHbIX BUA0B pona Meloidogyne, paccMaTpuBaroT-
Csl TaKKe IpyTHe BUJIBI 3TOTO POJia, CBEACHHS 00 YCTOHYHBO-
CTH K KOTOPBIM BHJIOB posia Solanum MMEIOTCs B IMTEparype.
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M. javanica (Treub, 1885), M. hapla Chitwood, 1949, M. are-
naria Chitwood (1949), M. incognita Kofoid & White, 1919.

B nmTeparype o0cyskaeTcst BO3SMOKHOCTD CYIIECTBOBAHNUS
kpunruueckux BuoB y LIKH (Thevenoux et al., 2019) u Buno-
BBIX KOMIUTEKCOB, Kak, Harpumep, y G. pallida (Subbotin et al.,
2011)u N. aberrans (Cabrera-Hidalgo et al., 2019). Ha ¢uo-
TeHETUYECKOM JIPEBE, TOCTPOSHHOM Ha OCHOBAHUH CXOJICTBA
HYKJICOTUIHBIX TTOCIIEIOBATEIbHOCTEN MaJION CyOBEMHHUIIBI
pAHK, dbunym Nematoda paznenen Ha 12 xnaj, U3 KOTOPBIX
4 BKJIIOYAIOT HEMATO/Ibl, Mapa3uTUPYIOUINE Ha PACTCHUSIX.
Hanbomnee Bpen1oHOCHBIE BUABI HEMATOJ, MPUBOISIINE K
3HAYUTENILHBIM AKOHOMHUYECKUM TIOTEPSIM B KapTo(eneBoI-
CTBE, — PEACTABUTEIN YeThIpeX pomnoB: Meloidogyne spp.,
Globodera spp., Ditylenchus spp. u Nacobbus spp., OTHECEHBI
k xnane Tylenchomorpha (Holterman et al., 2006). Pa3Burtue
MCCJIEIOBAHNN IO TAKCOHOMHUH Tapa3uTHYECKUX HEMAaTo
HE00XOMMO, TIPEXKIE BCETO, ISl TOHUMAHHS 3BOTIOLIMOHHBIX
MIPOLIECCOB B MOIYJIALUSX MAaTOT€HOB, CBSI3aHHBIX C PEIICHHU-
eM MpoOJieMbl TeHEeTHYEeCKOH 3amuThl. Hampumep, B padbote
R. Thevenoux ¢ komteramu (2019) moka3aHo, 4To TeHETHYE-
CKHE PAaCCTOSIHUSI MEXJy reorpadMuecKiMU TOMyJISIUsIMH
G. pallida na tepputopuu [lepy MOryT CBUICTEIHCTBOBATH
0 IUBEPreHINH TOMYJSIIUNA ¢ BO3MOKHBIM 00pa30BaHNEM
HOBOTO BHJIA.

CocTapnsioye yClenHoH 3amuTsl, TpeaoTBpaIlaroiei
MaccOBOE PaclpOCTPAHEHHUE MTAPa3UTHUECKUX HEMATO, — 3TO
KapaHTHHHbBIE MEPOIIPUSATHS W BO3JEIBIBAHUE YCTOWUYHNBBIX
coptoB. 13 cymiecTByOIMX OHOJIOTMUECKHX CIIOCOOO0B 3allI-
TBI KapTO(esis OT Mapa3suTHUECKUX HEMATO MOXKHO OTMETHTh
WCIIOJIb30BaHNE PACTEHUH HEX035€B, KOTOPBIE CTUMYIHUPYIOT
BBIXOJ] JINUUHOK M3 SIML, HO HE SIBIISIIOTCS CyOCTpaToM JJist
UX pa3sMHOXEHUs. TakuM BHOM-JOBYIIKOH CUHTAETCS, Ha-
npumep, Solanum sisymbriifolium (Lam.) (Timmermans et
al., 2006). B CHIA (mrrar Aiijaxo) UCIOJIb30BAHUC B Kaye-
cTBe JOBYIIKH S. sisymbriifolium B Tpex odarax G. pallida
MO3BOJIMJIO CHU3UTH JKU3HECTIOCOOHOCTH suIl Ha 95-100 %
(Dandurand et al., 2019).

Copra xapTodens ¢ yCTOMYUBOCTHIO K PACIIUPEHHOMY
CIIEKTpY ITaTOTeHOB OoJiee KOHKYPEHTOCTIOCOOHBI Ha PHIHKE 1
00ecreYrBatoT MOTYUYSHNE KOOI HUECKH YUCTOW NPOTYKIIUH
1 COXpaHEeHHe OKpy:katomielt cpensl. [Tocinenane aBa akropa
MMEIOT HE TOJHKO SKOHOMHYECKOE, HO U CYIIECTBEHHOE CO-
MaJbHOE 3HAYCHUE.

PesynpraToM IIATENEHON CeIeKINA KapToQens Ha YCTOH-
YMBOCTD KaK B Hallled cTpaHe, TaK 1 3a pyOekoM cTaja cepust
COPTOB, F'€HETHYECKH 3alUIICHHBIX OT Hauboliee pacrpo-
CTPaHEHHBIX TATOTUIIOB IIUCTOOOPA3YIOINX KapTO(PETbHBIX
Hemaroj. Harpumep, B crincke u3 216 coptoB KapToders,
YCTOMUYUBBIX K LUCTOOOPA3yIOLUIMM HEMarojaM, o100peH-
HBIX U1 ucronk3oBanus B EC, 213 3ammmensl renom H1,
JETePMUHUPYIOMUM YCTOWIMBOCTh K Hanbojee pacrpo-
CTPaHEHHOMY, B TOM 4ucile U Ha Tepputopun PO, naroruny
Rol (https://lbst.dk/fileadmin/user upload/NaturErhverv/
Sortsliste til internettet marts 2019.pdf). B Poccun B I'oc-
peecTpe CeJNeKIMOHHBIX I0CTHKEHUN 3apernucTpUpOBaHO
455 coproB kapTodens, 254 n3 Hux ycroituussl k 3KH, T.e.
55.8 % (I'ocymapcTBEHHBII peecTp CeNeKIIMOHHBIX T0CTHKe-
Huit, 2019). IIpu 3TOM HEOOXOIUMO YUUTHIBATH OMBIT CENIEK-
IIUOHHBIX TIpOrpaMM BenmkoOpuTaHuw, TAe BO BTOPOH ITO-
noBuHE 20-T0 BeKa MPEHMYIIECTBEHHO BO3/ICJIBIBAIIICH COPTa
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lMoTeHuUManbHO onacHble AnA OTeYeCTBEHHOro KapTOd)eJ'IeBO,ElCTBa
KapaHTUHHbIe BNAbl 1 NAaTOTUMbl HEMATOA

kaprodens ¢ renom H/ ycroitunBoctu k 3KH, uto npuseno
K 3amernieHuto nonysinuii G. rostochiensis Ha G. pallida
(Evans, 1993).

OcHoBHast TpoOJIeMa CENEKIMU PaCTeHUI Ha YCTOHYHBOCTh
K OOJIE3HSIM — BBICOKAsI a/IalTHBHASI HI3MEHYNBOCTB ITATOTEHOB,
MPHUBOJAIIAS K 0053aTeIbHON MOTEpe YCTOHYNBOCTH TIPH
JUINTEIBHOM BO3/ICIIBIBAHUU COPTOB, 3AIUIICHHBIX OJHUMHU
W TEMH e TeHaMH, Ha OOJIBIINX IUIomansix. B oTHomeHnn
LKH, u, B uactnoctu 3KH, mmpoxoe ncnoiab3oBaHue yCTOM-
YUBBIX COPTOB, 3alIMIIEHHBIX T€HOM ycToitunBoctu Hl,
3¢ (EeKTHBHBIM MPOTHB PACIPOCTPAHEHHOTO maToTHma Rol,
CO3JaeT yCIJIOBHUS JUIsl QJaNTHBHOW SBOJIOIMHU MapaszuTa H
OMACHOCTh MOSIBIICHUS] HOBBIX MaroTHNoB. He uckiroueH u
3aHoc apyrux narorunoB LIKH, a taxxe Buna G. pallida ¢
ceMeHHBIM KapTodenem u3 3amangnoii EBporsl. B HacTosmee
Bpemst B P Bun G. rostochiensis mpencTaBICH UCKITFOYH-
TEJBHO OJHHUM MaToTHIIOM, Rol, a OmemHass Hemarona
G. pallida no cux nop He oOHapykeHa. Takas ke CUTyarus
CYIIECTBYET B ABCTPaJIMH, IJIe PaCIPOCTPAHEH TOJBKO OJIUH
Bun G. rostochiensis n marotun Rol, a G. pallida ne o6Ha-
PY’XeH, 4To ObLITO ToKazaHo cekBeHnposanueM I TS yuacTkoB
pubocomubix reHoB (Faggian et al., 2012).

B Hate BpeMsi akTHBHO Pa3BUBAIOTCSI MOJIEKYIIIPHO-TEHE-
THYECKUE METObI BUOBON JHUATHOCTHUKU TapasuTHYECKUX
HEMaTo/I, MOSIBUJINCH HOBBIC JaHHBIC 110 MEXaHU3MaM H3-
MEHUYMBOCTH TOIYJSALIUA IHCTOOOPA3yOUINX U TaJUIOBBIX
HEMAaTo/I, YTO IT03BOJISIET OMPEICIUTH TPOUCXOXK/ICHNE MECT-
HBIX MOMYJISIMN TATOreHa U IPOTHO3UPOBATh MX BOZMOXKHBIE
aZlanTallMOHHBIE N3MEHEHUS K BO3JIEIBIBAEMBIM COPTaM
kaprodens. Mimerorcs ycrnexn B pa3pabOTKe MOJIEKYISPHBIX
MapKepOB IT'€HOB YCTOWYNBOCTH U CO3IaHHH COPTOB KapTode-
JI51, TEHETUYIECKH 3AIIUIIEHHBIX IIPOTHB PA3HBIX MATOTUIIOB U
BUJIOB IIUCTOOOpa3yIoImuX KapToenbHbIX HemaTo. Bee atn
CBEJICHUSI HEOOXOAMMBI JUIs pa3paboTku crpareruu 3ddex-
TUBHOM reHerndeckoit 3amwutel nporus LIKH B Poccuiickoit
Denepanui.

B aToM 0030pe mpecTaBiIeHbI MOCICAHNE TOCTHKEHUS B
M3Y9IEHUH N3MEHUYMBOCTH MOMYIIALNHA MapasuTHIECKUX Kap-
TO(ETBHBIX HEMATO]T, MOJICKYJISIPHOW ANarHOCTUKH, TeHETUKH
YCTOHYMBOCTH KapTO(eisi K HeMaTo/iam, a TAKXKE Pe3yJbTaThl
CEJIEKIINN Ha YCTOWYMBOCTH K IMOTCHIHAIBHO OMACHBIM IS
Poccun BuaM 1 maToTUaM IICTOO0O0PA3YIOMINX U TaNIOBBIX
HemaroJl. B crarbe He 3aTparuBanuch BOIpockl 0ronoruu ¢u-
TOIAPa3UTUUECKUX HEMATOM, XO3MHO-TIAPA3UTHBIX OTHOIIIE-
HU, 0COOEHHOCTE! TTaTOreHe3a pacTeHN, OMOXUMHYECKUX
(haKTOpPOB yCTOMYMBOCTH PACTEHUH 1 MEP KOHTPOJIUPOBAHUSI
BPEIOHOCHOCTH HEMATOJ, MOCKOJIBKY 3TH TE€MBbI HOAPOOHO
AQHAIM3UPOBAIIHCE B PsiJie KHOCTPaHHBIX 0030poB (Sato et al.,
2019; Abd-Elgawad, Askary, 2020; Holbein et al., 2020), a
Tak)Ke B MOHOTpa(uu 1Mo (PUTOMAPASHTUICCKIM HEMATOAAM
(https://www.rfbr.ru/rffi/ru/books/o_1781721#99; 3unoBbeBa
u n1p., 2012).

Lncroobpasytowme HemaToabl

HenTp npoucxoxnenust LIKH — pernon LlenTpanbubix Aua B
IOxnoit Amepuke (Evans et al., 1975; Plantard et al., 2008).
Cuwuraercs, uyto LIKH nonanu B Espony u3 HOxHoit Ame-
PHUKH B cepennHe 19-ro Beka ¢ CeIeKIIMOHHBIM MaTepHaloM
kaprodens, a OTTyJa pPacIpOCTPAHWINCH MO BCEMY MUDY.
Taxkum o6pazom, EBpora sBnsieTcsi BTOpHYHBIM LEHTPOM
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npoucxoxkacuus [IKH (Evans, Rowe, 1998; Hockland et al.,
2012; Boucher et al., 2013). Ha Teppuropuu Poccutickoit
®enepanuu mupokoe pacnpoctpanenue nomyunna 3KH,
KOTOpasi BCTpeyaercsi oyaraMu B 7 (eaepaibHbIX OKpyrax
61 cyosexta PO Ha TeppuTOpmHM 0OIIEH MIOMIAIBI0 OKOJIO
1.8 mutH ra (CnipaBo4HuK. ..., 2017). ITo nannsiv EBponeiickoit
n Cpeau3eMHOMOPCKOI OpraHu3aliiy o 3aliTe pacTeHuit
(EPPO), B Hactosmiee Bpemst 3KH pacripocTpaneHa Bo Bcex
cTpaHax EBpoOIbI, B TOM YHCIIe M HA TEPPUTOPUH CONPEIEITb-
HBIX CTpaH, Takux kak benapycs, JlarBus, Dcronus, Jlutsa,
VYkpanna, [py3us, ApMeHus; Ha A3HaTCKOM KOHTHHEHTE B
Tamxukucrane, SAnonnu u Uaauu (EPPO, 2020a, b). B PO
1o Hacrositiero Bpemenu bBKH He o0Hapysxena (Limantseva et
al., 2014; Xrortu u nip., 2017). B To e Bpems Bun G. pallida
mmpoxko Berpedaercs: B Espone. [To nanuemm EPPO, G. pal-
lida 3apeructpupoBaHa Bo Bcex cTpaHax EBpormbl, kpome
Benapycwu, JlatBun, JIutser, [Homsmm n Cnosakuu (https://
gd.eppo.int/taxon/HETDPA/distribution/RU_ru). B Ykpaune
nepBoe ooHapyxenue G. pallida ObLI0 OTMEUCHO B YIKIopojie
B 2005 1. (Pylypenko et al., 2005), HO oce KapaHTHHHBIX
MeponpusTuii y:xe B 2014 I B CyIECTBYIOIIEM Ouare naro-
reH He Obul BoisiBIeH, EPPO odunmansHo 3adukcuponaia
OTCYTCTBHE 3TOT0 BHJA AJIs CTpaHbl. B conpenensubix ¢ PO
EBponetickux rocynapctBax G. pallida Oblna BbIsIBICHA B
2018 u B 2019 1. B Dctonun (NPPO of Estonia (2018-02,
2018-11,2019-06)), a Taxxe B Hopsermm n @unnsaanu (Hol-
gado, Magnusson, 2012). Ha A3narckoM KOHTHHEHTE o4aru
BbKH 3adukcupoBansl B Unaun u SInonnu. B cBsi3u ¢ 60iib-
MUMH 00bEMaMU UMIIOPTa KaK MPOJIOBOJIBCTBEHHOTO, TaK U
ceMeHHoro KapTtoderst B Poccuio B mocineanue necsaTHICTHS
CYyIIECTBYET MOTEHI[MAIbHAsA BO3MOXKHOCTh 3aHoca bKH Ha
TEPPUTOPUIO CTPAHBI.

WzeectHs emie aBa Buna LIKH u3 poga Globodera, napa-
sutupyomue Ha kaprodene. G. leptonepia (Cobb & Taylor)
OpLTa 0OHApY>)KEHA TONBKO OAHAXK/IBI B TAPTUH KapToders u3
IOxHoIT AMepHKH, HO UHTEHCUBHBIE IOUCKHU B palioHe AHJI-
ckoro Haropss, u3BecTHOro Kak 1eHTp npoucxoxaenus LIKH,
He OBIIM yCIIeIIHBIMHU, TaKUM 00pa3oM, G. leptonepia — pen-
kuii 1 HensydeHHbI Bu (Thevenoux et al., 2019). B2008 . B
CIIA B mwtarax Ainaxo u Operon oOHapyKeHbI IMHUYHbIE
IIHCTBI, KOTOPBIE 110 MOP(OTOTHUECKON 1 MOJIEKYIISIPHOH /Ta-
THOCTHKE HE COOTBETCTBOBAIN HU G. rostochiensis, uan G. pal-
lida (Dandurand et al., 2019). HoBblit Buj ObLT OIIpe/ieiieH Kak
Globodera ellingtonae n.sp. (Handoo et al., 2012) u 65110
MOKA3aHO, YTO KapTO(ellb ¥ TOMATHI — €T0 PACTEHHSI-X035€Ba
(Skantar et al., 2011). OTcyTcTBHE CBEIEHHIT O pacmpocTpa-
HEHUH 3TOTO BUJA B IPyTUX PETMOHAX MUPA, TIO-BUANMOMY,
CBHUJICTEILCTBYET O HAJIWYUH JIOKAJIBHOM SHAEMHYHON TO-
nynauuu Ha CeBepo-AMepUKaHCKOM KOHTHHEHTE.

HucTtoobpasyromue kapTodersHbIe HEMaTOABI — 00IHTaT-
HBIC CIIEIATM3UPOBAHHBIC CE/ICHTAPHBIC TAPAa3HTHI, IS KO-
TOPBIX XapaKTepHO HAJIMYUE B )KU3HEHHOM IIMKJIE LIUCT, CO-
JIep KaIluX siifia 1 MHBAa3HOHHbIe TMINHKH. [ToTepu ypoxkas
MoryT nocturars 6omee 80-90 % (OEPP/EPPO, 2017b). Oc-
HOBHOUW quarHocTuueckuii npusHak G. pallida — okpacka
IIMCT: B KOHIIE CO3PEBAHUSI OHN HE IPUOOPETAIOT 30JI0THCTHIH
1BeT, Kak y G. rostochiensis, a octatorcs OnenusiMu. L{ucT
000MX BUJIOB MOTYT BBIKHBATH B TIOUBE 03 pacTeHHH-X0351EB
1o 10 et (Sijmons, 1993; Williamson, Hussey, 1996), onaako
MMEIOTCSI JJAHHBIC O COXPAHEHHUN UX KU3HECIIOCOOHOCTH JI0
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30 ner (Winslow, Willis, 1972). MakcumainbHbIe IOTEpH ypo-
¥kasl, accouuupoBaHHble ¢ nopaxenueM LIKH, onpenenenst
B 80 % (Brodie, Mai, 1989), HO mpu BBICOKO¥ MH(EKIIHOH-
Ho# Harpy3ke LIKH B nouse yporkaii kaprodeis MoXeT ObITh
nonHOCcThIO yHUUTOXKEH (Whitehead, Turner, 1998). Uetkune
CHUMITTOMBI TJIO0O/IEpO3a 9acTo He 3aMETHBI B MEPHOJl Bere-
taiuu kaprodenst (Lilley et al., 2007). Benencrsue storo mo-
TEpH ypoKasi MOTYT OBITh TPUIIMCAHBI BTOPUYHBIM OOJIE3HSIM,
BO3HUKIINM Ha YK€ 3apa’KeHHBIX HEMAaTO/l0 0CNaOJICHHBIX
pacTteHusix kaprodes.

BunoBas auarHocTuka ¢ MpUMEHEHHEM Mop(doMeTpude-
CKHMX M MOJICKYJSIPHBIX METOJOB IIMPOKO NMPUMEHSECTCS B
MPaKTHKE KapaHTUHA PACTEHUH U1l MIICHTU(QHUKAIIMY BUJIOB
I[IKH B o0Hapy)XeHHOM odare B rmocaakax kaprodemns. Mop-
(homeTprUecKre METO/IbI ANATHOCTHKH I0CTAaTOYHO MOIPOOHO
OMHCaHbl B KOJUICKTHBHON MOHOrpaduu (3MHOBBEBA U JIp.,
2012), a Taroke B 0030pax n MeTonmdecknx ykazanusx (Illec-
tenepos, 2002; Ryss, 2002; Bairwa et al., 2017; Christoforou
et al., 2017; OEPP/EPPO, 2017b).

MonekynapHble MeToAbl

naeHtTndukauymm sngos LKH

MonekyaspHble METOIbl UACHTH(GHUKALME BUIOB HEMATOX
MEHSIOTCS TTApAJUICIIBHO ¢ Pa3BUTHEM 0a30BBIX METOIOB MO-
ﬂeKyﬂﬂpHOﬁ TFCHCTUKU U 3aBUCAT OT KOHKPCTHBIX 3aJia4y HucC-
crefoBarels. B mocienHue rogsl MOIEKYIApHYIO IHarHOCTH-
Ky Pa3JIMYHbIX BHJOB HEMATO/ IPOBOASAT METOIaMU OOBIYHOM
[ILIP, TILIP B peansHOM BpemeHHu (konudectBenHas [11[P) u
obparno#t [TIP (OT-IILIP). Bo Bcex ciydasx OOBIYHO HC-
TMOJTB3YIOT MpaiiMepsbl, pa3paboTaHHbIE K MTOCIIE0BATEIFHO-
CTSIM y4acCTKOB Kiiactepa renoB prubocomubix PHK. Metoss
uneatuukanuu G. rostochiensis u G. pallida, ocHoBaHHBIE
Ha PECTPUKTHOM aHAJM3e MPOIYKTOB aMILTU(pUKanuu (par-
MeHTOB ITS1 wm ITS1+5.8S+ITS2 (Thiéry, Mugniery, 1996;
Fleming et al., 1998), cmernnmcs 6oree ynoOHBIMHI METOIAMA
TP ¢ BunocnenuduanpMu npaiimepamu (Bulman, Marshall,
1997; Zouhar et al., 2000; Vejl et al., 2002).

B nHammx paboTax Iuisi MOJICKYJISPHOH HASHTH(HUKAMN
BunoB G. rostochiensis u G. pallida (MuponeHnko u ap.,
2013, 2015; Limantseva et al., 2014) npumMeHeH METO MYJIb-
tutuiekcHo# TIHP ¢ aByms HabopaMu BHAOCTICIH(UIHBIX
npaiivepoB (Bulman, Marshall, 1997). Otu ke npaiimepsr
HCIIOJIb3YIOT IPYTUE aBTOPbI, HAIPUMED, 1151 KOJIMUECTBEHHOM
ITIIP (Nakhla et al., 2010).

st oneHKH 3QPEKTHBHOCTH METOJOB JIEKOHTAMHHAINN
pactutensHoro marepuana ot IIKH onpenenstor sxu3Hecmno-
cobHocTh mHcT, mpuMensist OT-TTLP kak maAMKATOp SKCTIpec-
CHM TEHOB «JIOMAIITHEr0 XO3IHCTBa», HanpuMep rera gpdl,
KOJIMPYIOILET0 MIHIEPoi-3-pocdar-aeruporeHasy — OHOTO
13 OCHOBHBIX (hepMmeHTOB rukonm3a (Kaemmerer, 2012).
B aT0i1 pabote BuIBI HEeMaTo | OBUTH OITPEAEIICHBI TPEaABaAPH-
TenbHO 110 MeTony S.R. Bulman u J.W. Marshall (1997) ¢ mo-
Morrsio crangapTaoi [TLP, Tak kak OT-ITI{P ne MmoxkeT OBITH
UCTIONIb30BaHa JIsl MACHTH()HUKAIIMN BUI0B HEMATO]I, TOKA HE
OyayT OOHAPYKEHBI BUIOCTICHU(PUUHBIC TeHbI, HCOOXOIUMBIC
JUIS BBDKUBAHMS OpTaHNU3Ma, aHAJIOT MYHbIE TeHAM «JI0MallIHe-
TO X03HCTBa». BeposiTHO, MOIMHOT€HOMHOE CEKBEHHPOBaHNE
oboux Bunos Hemaron (Cotton et al., 2014; Eves-van den
Akker et al., 2016) cnemaer mocTymHON HH(DOPMAIHIO IS
BBISIBIICHUSI TAKUX TCHOB.
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MatoTunbl G. rostochiensis n G. pallida

O6a Buya LIKH moryT ObITh KJTaccH(UINPOBaHBI Ha TATOTH-
bl HA OCHOBAHUH MX PEAKILHi BUPYJICHTHOCTH/aBUPYJICHT-
HOCTH Ha Au((HEpPEeHIUPYIOMUX TECT-KIOHAX KapTodens ¢
pa3ITUYHBIMK reHamu ycToiunBocty (Tadi. 1) (Canto Saenz,
De Scurrah, 1977; Kort et al., 1977). ns G. rostochiensis
OBLTH OTIpeAeTIeHBI MATh NaToTUNoB, Rol-Ro5; mia G. pal-
lida — tpn, Pal-Pa3 (Kort et al.,1977).

B 1990 1. nuddepennmarust nomysuuii [[KH Obiia nepe-
CMOTpEHA Ha OCHOBAaHMM HEUETKHX PA3IN4Mi MEXIy Haro-
THUITaMH, OTIpeJIeNIIeMbIMU Ha JaHHOM Habope, 4TO CBSI3aHO C
Pa3NUYHON JKM3HECHOCOOHOCThIO MHOKYIIOMAa U HaIWIHEM
KOJIMYECTBEHHON YaCTUYHOM YCTOMYMBOCTH, YPOBEHb KOTO-
poit Tpyano unTepnperupoBarh (Nijboer, Parlevliet, 1990).
ITo MHEHHIO aBTOPOB, OCHOBAHHOM Ha aHAJIM3€ JIUTEPaTyphl
U COOCTBEHHBIX SKCHEPUMEHTAIBHBIX JAHHBIX, BO3MOXKHO
WACHTU(PHUINPOBATh TONBKO TpH maroTumna: Rol (OpiBmme
Rol nRo4), Ro3 (6s1Bimme Ro2 1 Ro3) u RoS5 (6s1BImmii RoS).
Kronsr-muddepentmaropsr 60.21.19 1 65.346.19 paznuyaror
TOJIBKO BHJIBI HEMATOJl, HO HE MX MaTOTHIBL. B oTHOIIEHNH
G. pallida H. Nijboer u J.E. Parlevliet (1990) cuuraror Bo3-
MOXKHBIM XapaKTE€PHU30BaTh MOMYISIHIO TOJIBKO Kak Ooiee
WJIN MEHEE BHUPYJICHTHYIO, HE BBIIEJSIS MATOTHUILL. B TO ke
Bpemst B Hunepiangax B 1975 . ObU10 OTMEUEHO OOMIbHOE
pasmuoxkenue bKH Ha coprax, ycToluuBbIX Kk maroruny Pa2.
[To peaxuun knona-gudpdepenimaropa (VIN)’ 62-33-3 uszo-
nsT Ol oTHeceH K marotuny Pa3 (Dellaert, Vinke, 1987).
ABTOpaMH TOKa3aH Pa3iNyYHbII YPOBEHb Pa3MHOXKEHUS Ia-
totuna Pa3 Ha pa3HBIX reHOTHIIAX KapTOdeIs.

ITo muennto Eppomneiickoii u Cpeu3eMHOMOPCKOI OpraHu-
3aIUH 110 3aIIUTE PACTEHUH, TEPMUH «ITATOTHID) B OTHOIICHUHT
HKH cuuraercss CIHMIIKOM OOIIUM, ¥ MHOTHE ITOMYJISIUH,
OCHOBBIBasiCh Ha MeXlyHapoaHOH cxeme 10 quddepeH-
muannu (Kort et al., 1977), He MOTYyT OBITE aIeKBaTHO HJICH-
TU(QHUIUPOBAHBI ¥ OTHECEHBI K TOMY MJIM MHOMY NATOTHITY
(OEPP/EPPO, 2017b). B Hacrositiee Bpemsi mpejiaraercst
MIPOBOJUTH N3YYECHUE BUPYJICHTHOCTH MECTHBIX TTOITYJISIINH
G. rostochiensis n G. pallida na Hrabopax COpTOB, BbIpalIBac-
MBIX B TOI WJIM HHOH CTpaHe, CO CIEAYIOIINMH ITATOHHBIMU
momysiisivu LIKH: Rol Ecosse (INRA, ®@panmus), Ro5
Harmerz (BBA, I'epmanns), Pal Scottish (SASA, Benuko-
opuranus) u Pa3 Chavornay (INRA, ®panuus). B cBsizu ¢
TEM, YTO B CEJIEKIIMH KapTO(es HCIONb3yIOTCS pa3IndHbIe
TEHETHYECKNE UCTOYHHUKH YCTOHYMBOCTH, BUPYJICHTHOCTh
stanoHHbIX nomyssiuid [IKH momxua perymspHo nepenpo-
BEPSATHCS 10 OTHOILIEHUIO K 3TUM Habopam copToB. TouHO Tak
K€, ECITH B pe3yJIbTare MOHUTOPUHTa OyaeT 0OHapy»KEHO, 4TO
XapaKTepUCTUKH BUpyJAeHTHOCTH nomyrsiiuii LIKH memaron B
EBpone namenunucse, To aranonssle nomyssiuuy LIKH cnenyer
nepecmorpets (OEPP/EPPO, 2006, 2017b).

Bo Bcem mupe mupoko pacnpoctpanet narotun 3KH Rol,
1, COOTBETCTBEHHO, OONBITMHCTBO ycToiumBhIX K 3KH coproB
3aIIUIIeHb! AP (HEKTUBHBIM IIPOTUB STOTO ITATOTHIIA TeHOM H /.
[Ipeomonenue atoro rena npyrumu natotunamu 3KH 3aperu-
ctpupoBaHo B [Tombire, rae Buepsoie B 2013 1. OBLT BRISBICH
narotun Ro5 (Przetakiewicz, 2013). B CILIA B Teuenue Oomnee
50 net ¢ momenTa nepBoro obnapyxeans 3KH ren H/ ocra-
BaJICs 9((hEKTUBHBIM ITPOTUB PACIPOCTPAHEHHOTO ATOTHIIA
Rol. B 1995-1996 rr. na JIonr AlineHae 1 B CeBEpHON yacTu
wrtara Hero-Mopk Ha coprax, 3auiieHHbIX TeHoM H 1, GbL10
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Table 1. Set of potato differentials for identifying pathotypes
of cyst nematodes (Canto Saenz, De Scurrah, 1977;
Kort et al., 1977)

Potato differentials Pathotypes

Solanum tuberosum ssp. andigena Ro1,4
hybr. CPC 1673

OTMEYEHO MOosIBJIIEHUE pazMHoxkatouleiicss nomyasinun 3KH,
KoTopas Obu1a onpezeneHa kak narorun Ro2 (Brodie, 1995;
1996). MHTepecHo, 9TO HAa OOITHPHBIX TEPPUTOPHSIX, HATIPH-
mep B Poccuiickoit @enepannu u ABcrpanun (Buxropus),
BCTpEYaeTCsl TONBKO OAMH BUM, G. rostochiensis, 1 OJWH Tia-
totur dtoro Buaa, Rol (Limantseva et al., 2014; Blacket et
al., 2019).

[MosiBnenne naroruna Pa2/3 G. pallida 8 CILIA B mirare
Aliaxo MPOM30IUIO B pPe3yIbTaTe OAHONH MHTPOLYKIIUU B
2006 r. [Tocnenyronine MHTEHCUBHBIE UCCIIEIOBAHMS TOKA3AIU
pacnpocTpaHeHHe dTOro BHJa Ha MOJISIX OOLIel oAb
369 ra, B OCHOBHOM ITyT€M MEXaHHYECKOTO TMePeHOCa HHO-
KYJIIOMa C CEJTbCKOX035UCTBEHHOM TEXHUKOMU. B ¢BsI3u ¢ 3TUM
HEMEJIJICHHO OBbLIIO BBEICHO SMOApro Ha MMIIOPT KapToders u3
3TOTO IITaTa TpaJUINOHHBIM TapTHepaM B Kanany, IOxHyto
Kopeto u Mekcuky. SImoHust npekpaTnia UMIOPT KapToders
u3 CIIA (Dandurand et al., 2019). Takum 06pa3zom, cepbes-
HBI SKOHOMHYECKkHi ymepd ot mossierus G. pallida Ha
HEeOOJIBIINX TIOMIA/ISX OJJHOTO PETHOHA ObII CBSI3aH ITIaBHBIM
00pa3oM ¢ HeOOXOAMMBIMY KAPAHTUHHBIMU OTPAaHUYCHHSIMU.

leHeTNYecKasa N3MeHUYMBOCTb

nonynauun 3KH n BKH

HucTtoobpasyromue kapToenbHbIe HEMATOABI TPYIITHPYIOT-
Cs1 B TIATOTHUIIBI COIVIACHO UX CIIOCOOHOCTH Pa3MHOXKATHCS Ha
muddepenunaropax (Canto Saenz, De Scurrah, 1977; Kort et
al., 1977). Uneatudukanus narotuna GUTONaToIOTHIeCKUM
METOIOM 3aHMMaeT MHOTO BPEMEHH, TI03TOMY TpeIPHHIMA-
IOTCS TTOTBITKU HAaUTH MOJIEKYISIPHBIE MapKepbl, CIOCOOHBIE
uAeHTH(UINPOBATh MaToTHIEL. OJHAKO 10 CUX MOP 3TH MO-
MIBITKA OBLUTH O€3yCITCIIHEL.

B pabotax, MOCBSIIEHHBIX M3YYEHHIO T€HETUYECKOH M3-
menunBocTH [[KH, ymorpebnsercs TEpMUH «IIOMYIISIINS,
KOTOPYIO PacCMaTpUBAIOT KaK BAPHUAHT NaroTuma. IHTepecHo,
YTO pa3HbIC MMOMYIAINN OAHOI'O ITaTOTUIIA MOXKHO Pa3INYuTh
C UCTIOJIb30BaHNEM KOMOWHAINU MOJIEKYJISIPHBIX MapKepoB,
Harpumep rera-3ppexropa rbp- 1, HeKOAUPYIOIINX YIACTKOB
snepHoii (ITS pernon) u muroxoHapuaabHoi (scmtDNATV)
JIHK (Hoolahan et al., 2012).

B 3TOM 1utaHe npencTaBisioT HHTEPEC Pe3yibTaThl n3yde-
HUSI HYKJICOTHIHOTO nIosiuMopdusma rera-spdexropa pel-2,
KOTOpBIiA y HemMaton pona Globodera xomupyet 3¢ hexTopHYyIO
MOJIEKYITy TTEeKTaT-JI1a3y, y4acTBYIOIIYIO B Aerpasialliy Kile-
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TOYHOH CTEHKU pacTeHHs-x03suHa. OJHAKO HAOIHOIaeMbIid
nonuMopdu3M He ObUT CBSI3aH C ONPEIEICHHBIM TaTOTUIIOM
G. rostochiensis wmu G. pallida, XOTst ObUTH BBISIBIICHBI BUIO-
cneuuduyneie caitsl (Geric Stare et al., 2011).

B xaugecTBe remeTndeckoro Mapkepa matoturnos G. pallida
paccmarpuBaroT Takke reH-addexrop Gp-Rbp-1 (Carpentier
et al., 2012), KOTOpBIH KOTUPYET CEKPETHPYEMBbIH OEIoK,
WHIYIHPYIOMUH crierduaeckuit, uitu 3¢ heKTop-aKTHBUPO-
BaHHbI nMMyHHUTET (effector-triggered immunity), onocpe-
JTIOBaHHBIN TeHOM yctoiuuBoctu Gpa?2 Solanum tuberosum.
Co3nana 6a3a qaHHBIX U3 158 MOTMMOPQHBIX TTOCIEI0BATEIh-
Hoctelt reHa Gp-Rbp-1, HaiineHo 8 callToB, KOTOpBIE HAXO/IST-
Cs1 TI0J1 KOHTPOJIEM MOJIOKHUTENILHOTO €CTECTBEHHOTO 0TOOpA.
W3 Hux Toabko oauH cait, P/S 187, mogxoauT 11t 0O0bsicCHEHUS
y3uaBauust Gp-Rbp-1 renom Gpa2 (Carpentier et al., 2012).

JlaHHble, TOJlyYeHHBIC NIPU aHAJIM3€e BHYTPU- U MEXIIO-
nyasiquoHHol u3MeHunBocty LIKH, BakHBI 1711 OLIEHKH
MyTe MHTPOIYKIUH U PaclpOCTPaHEHHs, a TaKKe IMONCKa
KOppEJISIME ¢ TaToTUIIOM. J{JIs 7TOT0 NCTIONB3YIOT Pas3inyHbIe
Monekynsipabie Mapkepsl — RAPD (Blok et al., 2006; Mupo-
HeHko u 1ap., 2015), AFLP (Folkertsma et al., 2001), SSR
(Plantard et al., 2008; Boucher et al., 2013), SNP (Davis et al.,
2005). Hanmpumep, ¢ MOMOIIBI0 MUKPOCATEIUTUTHBIX MapKe-
POB OblTa OIICHEHAa N3MEHYNBOCTH MOMYJIsIuUii marotuna Rol
G. rostochiensis B ABctpanuu (mrar Bukropus). [Tokazano
60JIBIIIOE CXOJCTBO MEXK/Y aBCTPAINHCKUMHU MOMYISIIUAMHI
10 YacToTaM ajuiesiel MUKpPOCATEIIIUTHBIX JIOKYCOB M B TO
)K€ BpeMs OTIIMYME UX OT APYTUX MOIYJISLHUI, COOpPAaHHBIX 10
BCEMY MHPY. DTOT (aKT CBHIETEIHCTBYET 00 OJHOPAa30BOM
3anoce 3KH B ABcTpanuio, 4TO JaeT BO3MOXKHOCTB JIETKO
KOHTPOJINPOBATH MOSIBIIEHHE HOBBIX BUJIOB M NATOTHIIOB He-
maton (Blacket et al., 2019).

B 2011 r. 6bu1 pa3paboTaH HOBBIH BBHICOKOIIPOWU3BOAH-
TenbHBI MeTox reHotunupoBanuss GBS (genotyping-by-
sequencing) (Elshire et al., 2011). ITo3aree ObT BHEApPEH
meton Pool-Seq, ocHoBanHbIi Ha cexBenuposannn JTHK
CJIOKHBIX 00pa3IoB, MMyJI0B, BMecTO nHBH1yyMoB (Futschik,
Schlotterer, 2010). Cpenu LIKH pacmpocTpaneHa moimaH-
JIpHsL, T. €. MHOXXECTBEHHOE OIIIO/IOTBOPEHNE CAMKH Pa3HBIMHU
camuamu (Turner, Rowe, 2006), mosTOMy 0JTHa IUCTA MOXKET
COZIepKaTh HECKOIBKO COTEH TCHETHUYECKH PA3JIMUHBIX SIHIL.
Wmenno myier muet (10 15 muct) Hemarox ObUTH 00bEKTOM
MCCIIE/IOBAaHMS C MOMOIIBI0 KOMOMHAUU 10ax0110B Pool-
Seq m GBS, 4TO MO3BOIMIO M3YYHUTH OTHOLICHHUS MEXKIY
23 nonymsuusmu G. rostochiensis N3 AEBATH CTPaH, TPE-
CTaBJSIIOIIMME TIiTh narotunoB (Mimee et al., 2015). Ha
(hMITOTEHETHYIECKOM JIpeBe, TTOCTPOSHHOM TS 23 TOMyIIs-
UMK Ha OCHOBaHUM YacToT amenen anst 604 SNP-nmokycos,
MOMYJISIUN CIPYIIIUPOBAIHMCH M0 TEHETUYECKOMY CXOJICTBY
W TTIaTOTHITHOMY COCTaBy B JiBa kiactepa: Rol, Ro2 u Ro3,
Ro4, Ro5. OTMedeHo 00MbIIIoe TeHETHIECKOE CXOICTBO IBYX
nonyssiuuid 3KH u3 CIIIA, oTHOCAIMXCA K pa3HBIM MAaTOTH-
mam (Rol u Ro2). ABTOpBI CUMTAIOT, UTO M3-32 THUTEIHHOTO
UCIIONIb30BaHMS YCTOWYNBBIX COPTOB KapTodens ¢ renoM H1
pasBuTue BUpYJeHTHOH nomyisinun (Ro2) Moxer ObITh pe-
3yJAbTaTOM HEJAaBHEHW MyTalllM, a HE MHTPOAYKIMH HOBOTO
naroruna 3KH (Mimee et al., 2015).

Bo3mokHo, B Onmkaiiiiee Bpemsi Oyjaer pa3paboTaH HO-
BBII IMOIXO K MOJEKYISIPHOW THArHOCTHKE MaToTUIOB Rol
1 Ro2, ocHOBaHHBIN Ha HCITOIB30BaHUH PE3YIIBTATOB ITOJTHO-
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TeHOMHOT'O CEKBEHHUPOBaHMsI MHOXKECTBEHHBIX JIMHUI Rol
n Ro2, momyueHHBIX U3 OJHOM IMCTHI, ¥ BBISBICHUH OIHO-
HyKJIeoTuHbIX nonmumopdusmoB (Dandurand et al., 2019).

JlaHHbIe JUTEPATYpBI 110 TEHOTUIIMPOBAHUIO TTOMYJISLINI
HEMATOJ C TOMOIIBIO MOJIEKYIISIPHBIX MapKEPOB MOKa3bIBAIOT,
YTO OJIMH MATOTUIT MOKET OOBETUHATH MOITYIISIIMHA HEMATOI,
Pa3IyaroLIMecs HE TOJIBKO 110 reorpapuyeckoMy IPOUCXOXK-
JICHUIO, HO ¥ TEeHETUYIECKNM NapameTpaM n3MeHunBocty. Ha-
IIpUMeEp, ¢ UCTI0JIb30BaHNEM KoMOnHaIn MeTo0B Pool-Seq
n GBS ObutH nosyueHsl CBEIeHHs] 0 TeHETHYECKOM pa3Ho-
00pasuy MOMyIALNH, HA OCHOBAHUHM KOTOPBIX PacCUMTaHbI
nnyekcsl Guxcanmu (Fst) mpu momapHoM cpaBHEHNH TOIY-
ssiuid G. rostochiensis. Tak, narorun Rol Obu1 ipezicTaBicH
B pabore 14 momymanusaMH U3 AEBATH CTPaH: MUHUMAIBFHOE
3Hauenue, Fst = 0.04, momyueHo npu cpaBHEHUH NOMYJISILUAN
u3 ['epmanun u benbruu, a MakcumanbHoe, Fst = 0.43, — nus
nomyssiimid 13 CHIA n Kanager. MoxHO mpenmonarars, 9To
Ha ()OHE TaKOW BBICOKOH I'€HETHUECKOM M3MEHUYHUBOCTH BBI-
COKa BEPOSATHOCTb aJAITUBHON 3BOJIOLUHU, IPUBOISAILICH K
oOpa3oBaHmIO HOBBIX arotunoB (Mimee et al., 2015).

Apnanranus napasura K reHOTHIIaM X035IMHa, 3alHIIICHHBIM
3¢ PEeKTUBHBIMU F€HAMH YCTOHUUBOCTH, MOXKET OBITh CBsI3a-
Ha CO CHM)KEHHOW (PUTHOCTBIO Ha BOCHPHUUMYHBBIX COPTaXx.
«llena» HOBOW BHPYJICHTHOCTH COCTOHT B TOM, YTO KJIOHBI C
TaKOIl BUPYJIEHTHOCTBIO CTAHOBSATCSI MEHEE arpecCUBHBI Ha
copTax ¢ OTCYTCTBHEM KOMIUIEMEHTapHOTO I'eHa yCTOHYH-
BOCTH, T.€. Ha BOCIPHMMYMBBIX copTax. Bemeacrue 3toro
CHIDKAETCsI KOHKYPEHTOCIIOCOOHOCTh TaKUX 0CO0EH B MpH-
POZHBIX MOIMYJISIIUSAX NMapa3uToB. Takue (akThl MPHUBEIEHbI
B 0030pe (Laine, Barres, 2013) mis rpuboB, OOMHIICTOB,
BHUPYCOB W HeMaroj, B 4actHoctu Meloidogyne incognita
(Castagnone-Sereno et al., 2007). Ha npumepe G. pallida
OBLTa IMoKa3aHa ajanTalys mapasura mocie 8—10 maccaxei
Ha copre kaprodens lledher ¢ QTL ycroituusoctu GpaV,,,,
MHTPOTPECCUPOBAHHBIM OT Solanum vernei i KapTUPOBAHHBIM
Ha xpomocome V (Fournet et al., 2013). ABTOpBI MpUIITH K
HEO)KUJIAaHHOMY BBIBOJY 00 yBEIWYEHHH (PUTHOCTH JIMHUM C
HOBOIf BUPYJICHTHOCTHIO Ha BOCTIpUUMYNBOM copTe Desiree,
KOTOpasi BbIpaXkajlach B ()OPMUPOBAHHUU YBEIHMUCHHBIX 110
pa3Mepy LHKCT, COAEPIKAIINX OOJIbIIee KOJIMUECTBO JINYNHOK,
U B COKPAIICHUHM BPEMEHH 00pa30BaHMS JIUYMHOK M3 SIHII.
[TockonbKy 3TH AaHHBIE OBUIM TTOMYYEHBI B JIADOPATOPHBIX
YCIIOBHSIX, TO, 0€3YCIIOBHO, TPEOyeTCs OATBEPIKACHUE TAKO-
ro crieHapus aganrtaiun G. pallida B ycnoBUSX TPUPOTHBIX
MOMYJISALUH.

Jist moHMMaHus YBOIOIIMOHHO#M ucropuu G. pallida nipo-
BeieHs! o0mmpHBIe cOoprl momyisimuii LIKH Ha kaproderns-
ubIx nossix [epy (Picard et al., 2004). Copoxk 1Be nepyaHcKue
nonyssiunu G. pallida Gp11M TpOaHATM3UPOBAHBI C HCIIOIB30-
BaHHMEM BOCBMH MHUKPOCATEUTUTHBIX MapkepoB. [Tomymsiunu
Ppa3IeniIich Ha IOKHBIE M CEBEPHBIE U 00pa30BaIH ISTh Kia-
cTepoB. bosbliiee reHeTHUECKOe pa3HOOOpa3ue BBISIBICHO Ha
tore [lepy. B cBsi3u ¢ 3TMM ObUTA BEIIBHHYTA UAES O TOM, YTO
IIPOLIECCHI TOPOOOPa30BaHKs B AHAX BBI3BAIN MHOKECTBO
a/IalITUBHBIX U3MEHEHNH Y HEMATo/l U CTUMYJIMPOBAIIU IIPO-
1ecc BUA0oOpazoBaHus y npeacraButeneii pona Globodera
(Grenier et al., 2010). DTu uccrenoBaHUs OBLTH TPOIOIDKE-
HBI Ha OoJiee MIMPOKOM MaTepHale MepyaHCKUX MOIMyJIsIuii
G. pallida. beiny reHOTUTIMPOBAHEI 117 MOMyAInii ¢ NCTIONb-
30BaHUEM JIaHHBIX CEKBEHUPOBAHMS TeHa cathepsin L, y4da-
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CTBYIOIIETO B [TPOLIECCE MUTAHMUSI HEMATO/IbI M BKIIFOYAIOIIETO
12 mHTPOHOB, 1 HOBOTO Habopa U3 13 MUKPOCATEIUTUTHBIX JIO-
kycoB (Thevenoux et al., 2019). B pe3ynsrare 05110 BBISIBICHO
ropasjio Oosbliiee TeHETHYECKOE Pa3HO00pa3ye MOMyJIISINH,
KOTOpPBIE OBIITH CTPYKTYPHUPOBAHBI B MIECTh rpymit: la, 1b, 2,
3, 4 u “pallida Chilean type”. Oka3anocp, 4TO TeHETHYECKHUE
paccrosiHust Mexy nonysuusmu G. pallida oObsicHSIFOTCS
HE TOJBKO reorpadudeckuM (HakToOpoM, HO M KIUMaTHde-
CKHMH YCJIOBHSIMH, a TAKKe THIIOM MouBbl. [loka3aHo, 4ToO
JUIMHA TIPOJIyKTa aMIUIM(pUKAIUK TeHa cathepsin L ciyxuT
JUarHOCTHYECKUM BHIOCTICIM(DUYHBIM MapKepoM sl BU-
noB G. rostochiensis, G. pallida n G. ellingtonae. V130n5Tb1
rpynit 1, 2 1 3 UMEIOT OJJMH U TOT K€ aJuielIb reHa cathepsin L,
YTO CBHAETEIBCTBYET 00 NX TeHETHYECKOH OIU30CTH U MO3-
BOJISICT CYATATH MX MOMYJISLUSIME OHOTO BHa. [lomyssiuun
rpynmsl 4 u rpynnsl pallida Chilean type moryt cunurarbcs
KPUNTHYECKUMH BUJIAMH BHYTPH BUJIOBOTO KoMIuiekca G. pal-
lida. O TeHeTHYECKOI OTIAJICHHOCTH TPYIIIIBEI 4 OT OCTATBHBIX
roBOpuUT (pakT OOHAPYKEHUsI Y U30JISITOB 3TOW TPYIIIIbI YHHU-
KaJIbHOW ajuteny reHa cathepsin L. O IUBEpreHIMY TPYIIIBI
pallida Chilean type cBHIETENbCTBYIOT BBICOKHE 3HAYCHUS
Fst npu cpaBuennu ¢ G. pallida, xotopsie 6butH BbInIe 0.5,
410 cpaBHUMO Juts Fst Mexxny nepyanckumu G. rostochiensis
u G. pallida (=0.58) u G. pallida w G. mexicana (=0.48)
(Thevenoux et al., 2019).

leHeTMKa ycTonunBocTu Kaptodens

K lUCTOoO6pasyowmm HemaTtoaam

1N nepcnekTnBbl cenekumn

G. rostochiensis (3KH). VcTrounnkamu ycTOHYMBOCTH Kap-
todens k paznuunbiM narotunam 3KH u BKH ciyxar muo-
THe I0’)KHOAMEPUKAHCKHE 1 MEKCUKAaHCKHE BUJIBI KapTO(es
(Castelli et al., 2003; Nunziata et al., 2010; Dalamu et al.,
2012). Y psina ycToduuBbIX 00pa3oB KyIbTypHBIX U OJIN3KO-
POZICTBEHHBIX AUKUX BUIOB KapTo(hests ObII0 HASHTHDHINPO-
BAHO OKOJIO 25 TeHETHYECKHUX (PAKTOPOB, AETCPMUHNPYIOIINX
ycroitunBocth K [IKH: R-renbl, 00ecriednBaroiye peakiuio
cBepxuyBCTBUTENbHOCTH (HI, Gpal) nnm KOHCTHTYTHBHO
9KCTIPECCUPYIOMINECS BO BceX TKaHsAX pactenus (Grol-4), n
JIOKYCBI KONTM49ecTBeHHBIX Mpu3HakoB (QTL), BoBneUeHHBIE B
KOHTPOJIb IJIUTENILHOM OJIUTO- U IOJIUIE€HHONW YCTOMUNBOCTH
100 B KOHTPOJIb YACTUYHOH YCTOHYMBOCTH K OJHOMY WIIH
HECKOJIbKMM MAaTOTHUIIAM OJ[HOTO M3 BUI0B HemMaTo (Taou. 2).
Wnentnpumnuposans! Takxke asa QTL, BOBIeUEHHBIC B KOHT-
POJIb YACTUYHON IPYIIIOBON YCTOMYMBOCTH K Pa3HBIM BU/IaM
L1KH, o6a kapTupoBaHbl Ha XpoMOcoMe V B OJTHOM M TOM K€
kmacrepe: Grpl QTL, onpenensiommidi yCTORIUBOCTD Kap-
toens k narorunty Ro5 3KH u x marorunam Pa2/3 BKH
(Finkers-Tomczak et al., 2009, 2011), u Ro2 A QTL ycroii-
yuBocTH K matoturry Ro2 3KH u x matorumam Pa2/3 BKH
(Park et al., 2019).

['eHBI, KOHTPOJIUPYIOIINE YCTOMYMBOCTh K Hauboliee pac-
npoctpaneHHbIM matoTumaM L{KH, Opimm KIOHUpOBaHBI U
CEKBEHUPOBAHKI: FeH GpaZ yCTONYMBOCTH K IatoTunam Pa2
u Pa3 BKH (Rouppe van der Voort et al., 1997; Van der Vos-
sen et al., 2000), Grol-4, onpenensronii crenupuIecKyro
ycToitunBocTh pactenuil k naroruny Rol 3KH, Bxoasmuii B
CJIOKHBIN KJ1acTep reHoB cemericTBa Grol (Paal et al., 2004),
u rer H1 ycroitumBoctH k marorunam Rol/Ro4 3KH (Fin-
kers-Tomczak et al., 2011). BeisiBnena cioxuast cTpyKTypa
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3THX JIOKYCOB, COJEpIKaIlMX KaK MOJHOpa3MepHbIe, TaK U
nedeKTHbIe Koy roMonoroB R-reHoB, — RGH (resistance
gene homologues). IIpogyKTbl STHX T€HOB OTHOCSTCS K pas-
HBIM KJIacCaM PELENTOPHBIX OEJIKOB, B3aUMOJCHCTBYIOLINX
¢ a¢pexropamn marorena. Tak, reH Gpa2 xoaupyeT OEIOK
cemeiicta LZ-NBS-LRR (Van der Vossen et al., 2000),
HI — 6enok cemeiictBa CC-NB-LRR (Finkers-Tomczak et
al., 2011), a Grol-4 — CTPyKTypHO OTIMYHBIA OEIOK, OTHO-
camuicsa k cemeiictBy TIR-NB-LRR ¢ nononHutensHbM
TIR-nomenom, romonoruusbM Toll-niono6HOMY perientopy,
axtusupyromemy IL-1 (Paal et al., 2004).

Juist nerekunu y pacTeHui (yHKIMOHAIBHBIX ajuiesei
R-renoB ycroitunBoctu k [IKH, a Takxke J0KyCOB KOJIUYECT-
BEHHBIX NPHU3HAKOB, KOHTPOJIHMPYIOIINX YaCTUIHYIO yCTOM-
YHBOCTH K TNI000/EpO3aM, pa3paboTaHbl MHOTOYHCICHHBIC
JIHK-mapxepsl, KOTOpbIE HIMPOKO MPUMEHSIOTCS B MapKep-
onocpenoBanHoit cenexmun (MAS) (Dalamu et al., 2012;
XioTTH 1 ap., 2017), a Takke MyIbTUIUIEKCHBIE CHCTEMBI
(Asano et al., 2012), mo3BOJISIFOLIHE CYIIIECTBEHHO MTOBBICUTh
3G PEKTUBHOCTD CENEKIIMOHHO-TEHETHUYECKUX MTPOTPaMM 10
coznanuio ycroiunssix k LIKH coproB xaproderns.

Kaxk ynomuHasocs Bbilie, Hanbosee 4acTo HeMaToA0y CTOMH-
YMBBIE COPTA 3AIIUIICHBI IOMUHAHTHBIM aJliesieM reHa H1, co-
XpaHsIomuM yxe 6oiee 50 et cBoro 3 pEKTHBHOCTH IPOTUB
HaunbOouee pacripoctpanennoro naroruria 3KH Rol (Ellenby,
1954; Gebhardt et al., 1993). Copta ¢ renamu Grol-4, nnn
GroV1,um ¢ QTL-nokycamu cepuu Grol Takxke NpOSIBISIIOT
YCTOWYHMBOCTH K matoTuity Rol G. rostochiensis (cm. Ta01. 2).
B 10 e BpeMs B COPTHMEHTaX COPTOB U CEJIEKIIMOHHBIX KJIO-
HOB Pa3HbIX CTPaH YaCTOTa BCTPEYAEMOCTH 00PA3LIOB C STUMH
reHaMH pa3ianyHa. Tak, o JaHHBIM MOJbCKUX Koiuter, 77 %
3 61 TPOTeCTHPOBAHHBIX 3apyOEeKHBIX COPTOB OOJIATaN
Mapkepamu reHa 7 u 28 % — mapkepom rena Grol-4, npu-
9YeM pe3yJIbTaThl MOJIEKYIIPHOTO CKPUHUHTA KOPPEINPOBAIN
¢ MaHHBIMH ¢uTomaTonornyecknx tectoB (Milczarek et al.,
2011). U3 812 copTOB ¥ CENCKIIMOHHBIX KIOHOB STIOHCKOTO
cenekientpa NARO (Xokkaitno) y 33 % oOpasioB Obuin
BBISIBJICHBI MapKepsl TeHa [/, B TO e BpeMs HU OJUH W3
MIPOTECTHPOBAHHBIX 00pa3loB He 00J1aan MapKepoM reHa
Grol-4 (Asano et al., 2012). AHaiorn4Ho B BbIOOpKE U3
58 CeneKIMOHHbIX KIIOHOB HHINMCKOM ceaeKIu okoiao 60 %
TEHOTHITOB UMEITN MapKepbl reHa H/, a TeHOTHIIOB ¢ MapKe-
pom rena Grol-4 e obHapyxeno (Sudha et al., 2016, 2019).
ITpu 3ToM oxomo 20 % u3 217 mpoTecTUpOBaHHBIX 00Pa3IIOB
kosutekiun UACh Vausepcurera FOxuOro Uninm okazainch
MAS-103UTHBHBIMU B CKPHHMHTE ¢ MapkepoM rea Grol-4
(Lopezetal., 2015). CormacHO CyMMapHBIM pe3yasTaTaM MO-
JIEKYJIIPHOTO CKPUHUHTA 225 POCCUHCKHUX COPTOB KapTo(erst
u copToB OmKHero 3apyoexns (114 u3 KOTOPBIX BXOJSAT B
TocynapcTBeHHBII peecTp CeNeKUNOHHbBIX JOCTHKEHUI, 10-
MYIICHHBIX K NCTIOIb30BaHMI0 B PD), 0T 2 110 5 MapkepoB reHa
H1 6bun BbIsiBIICHBI y 28 % M3y4YEHHBIX COPTOB, @ MapKephbl
reHa Grol-4 —numb y 2 % (AHTOHOBA 1 1p., 2016; Knmumenko
u ap., 2017; TaBpunenko u ap., 2018). OdeBuaHO, 9TO B Ce-
JIEKIIMOHHBIX IPOTpaMMaXx pa3HbIX CTPAH UCIIOIb30BAHBI Pa3-
HBIE IOHOPHI R-TeHOB YCTOHUMBOCTH K matoTuiy Rol G. ro-
stochiensis. B TUTHPOBaHHBIX BBIIIE PA0OTaX OMHCAHO Pa3-
JIMYHOE YUCII0 MapKEPOB, HO B OOJIBIIMHCTBE CIy4aeB B Ha-
60ps1 BxoamiH 1 Hanbosee nHdopmaTuBHbIe n3 HUX: Grol-4-1
reHa Grol-4, a Taxxke Mapkepsl TG689 u 57R rena H1.
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Quarantine nematode species and pathotypes
potentially dangerous for domestic potato production

Table 2. Resistance (R-) genes/QTLs identified in wild and cultivated Solanum species
which confer resistance to different pathotypes of potato cyst nematodes and root-knot nematodes

Species of pathogenic  Pathotypes Wild and cultivated potato species — R-genes/QTLs References
nematodes source of nematode resistance (chromosomal
localization)
Potato Cyst Nematodes
Golden cyst nematode  Ro1 S. spegazzinii Gro1-4 (VIl) Paal et al., 2004;
Globodera rostochiensis Gebhardt et al., 2006
Ro1 S. spegazzinii QTL Gro;, (X) Kreike et al., 1993, 1996
QTL Gro,; 5(XI)
QTL Gro, ,(Ill)
S. vernei GroV1(V) Jacobs et al., 1996
Ro2 S. canasense, S. tuberosum ssp. andigena - Nunziata et al., 2010
Ro2 Breeding clones with Ro2_AQTL (V) Park et al., 2019
S. tuberosum ssp. andigena Ro2_BQTL (V)
and/or S. verneiin their pedigree
Ro5 Interspecific hybrids Grp1_QTL (V) Rouppe van der Voort et al., 1998;
S. tuberosum with S. vernei, Finkers-Tomczak et al., 2009
S. oplocense, ssp. andigena
Ro1,5 S. spegazzinii GroT (VII) Barone et al., 1990;
Paal et al., 2004
Ro1, Ro4 S. tuberosum ssp. andigena H1 (V) Ellenby, 1952;
Ross, 1979;
Gebhardt et al.,, 1993;
Bakker et al., 2004;
Finkers-Tomczak et al., 2011
White cyst nematode Pal S. multidissectum H2 (V) Dunnett, 1960;
Globodera pallida Strachan etal., 2019
Pa3 S. tarijense Gpa3_QTL (XI) Wolters et al., 1998
Pa3 S. tarijense GpaIVt’a . —QTL (XI) Tan et al,, 2009
Pa2/Pa3 S. tuberosum ssp. andigena H3(IV) Howard et al., 1970;
Bradshaw et al., 1998
S. tuberosum ssp. andigena Gpa2 (XII) Rouppe Van der Voort et al.,, 1997;
Van der Vossen et al., 2000
S. tuberosum ssp. andigena Gpal\/‘;g g (%) Moloney et al., 2010
S. sparsipilum Gpa\/si7 —QTL(V) Caromel et al., 2005
S. sparsipilum GpaX S;,_QTL Caromel et al., 2005
S. spegazzinii Gpa_QTL Kreike et al., 1994
S. tuberosum ssp. tuberosum Gpa (IV) Bradshaw et al., 1998
S. sparsipilum Gpa4_QTL (V) Wolters et al., 1998
Interspecific hybrids Gpa5_QTL (V), Rouppe van der Voort et al., 2000;
S. tuberosum with S. vernei, Gpa6_QTL (IX) Bryan et al., 2002
S. oplocense, ssp. andigena
S. spegazzinii GpaM1_QTL (V) Caromel et al., 2003
GpaM2_QTL (VI)
GpaM3_QTL (XII)
S. vernei GpaV,,,_QTL (V) Sattarzadeh et al., 2006
Breeding clones with S. tuberosum ssp. Ro2_AQTL (V) Park et al., 2019
andigena and/or S. vernei
Interspecific hybrids Grp1_QTL (V) Rouppe van der Voort et al., 1998;
S. tuberosum with S. vernei, Finkers-Tomczak et al., 2009
S. oplocense, ssp. andigena
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Table 2 (end)
Species of pathogenic  Pathotypes Wild and cultivated potato species — R-genes/QTLs References
nematodes source of nematode resistance (chromosomal
localization)
Columbia Races 1, 2

root-knot nematode
Meloidogyne chitwoodi

Northern Ruh-tar_QTL (VII) Draaistra, 2006
T0otkNOt NEMmatode

. Ryh-cnA_QTL
Meloidogyne hapla Mh-chc'*— =

gy P Ruh-chcB_QTL
Meloidogyne fallax S. chacoense Rust-che
S. fendleri Ruici feny X1)

M. arenaria, Interspecific hybrids Mh Berthou et al., 2003
M. incognita, S. tuberosum with S. sparsipilum
M. javanica

Note: Bold type indicates R-genes that were mapped, cloned and sequenced.

G. pallida (BKH). VicTounnKH yCTORYINBOCTH KapTO(ems K
narotunam Pa2/P3 BKH mocraTouHo mupoKo HCIOIh30BaHbI
B cenekiuu. Tak, Mmapkepsl reHa Gpa2 BeisiBIeHB Y 17.5 %
00pa3moB BEIOOPKH 13 812 COPTOB M CEINEKIIMOHHBIX KIOHOB
smoHcKoro cenekierTpa NARO, (Asano et al., 2012); mapxke-
poi rera Gpa2 w/nim Gpa5_QTL neTekTupoBaHbl y yCTOHYH-
BbIX K BKH 3apy0e)kKHBIX COPTOB M OTCYTCTBOBAJIH Y BOCTIPH-
nmuuBbIxX (Milczarek et al., 2011). 13 66 K110HOB MHIMIHCKOH
CEJICKIIMH MPUMEPHO Y IOJIOBUHBI OBUIM J€TEKTHPOBAHBI
mapkepbltokycos GPaV,,, QTLu Gpa5_QTL ycroitunsoctn
k Pa2/3 BKH, nprnaem noutu Bce MAS-TI03UTHBHBIE TEHOTH-
bl ObuTH penorunuuecku ycroiunsbl kK BKH (Sudha et al.,
2019). LenenanpapiaeHHBII TONCK ICTOYHUKOB YCTOHYMBOCTH
K G. pallida B Hamieit crpane 110 MOCIEAHET0 BpeMEHH (hak-
THUYECKH HE MPOBOJIUIICS, TIOCKOJILKY 3TOT naroreH B Poccun
He obHapyxeH. C HCIOIB30BaHUEM aJUIENb-CIEIU(HUIHOTO
Mapkepa rena Gpa2 cpean 193 oTeuecTBEHHBIX COPTOB BbI-
siBrieHo 24 (12.4 %) MAS-1I03UTHUBHBIX — MOTEHIIHAIBHBIX
nctouHnkoB ycroranBocTi K BKH (I"aBpmnenxo u ap., 2018;
Kimumenko u ip., 2019). OcoOrlit MHTEpec A O CIIETYFOIINX
CEJICKIIMOHHBIX Pa0OT, HAlPaBJICHHbBIX HA TMPAMHUPOBAHNE
TEHOB YCTOHYMBOCTH K Pa3HBIM BPEHBIM OPTraHU3MaMm, Mpe-
CTaBIISIIOT COpPTA, COUYeTaroUe Mapkepsl reHoB Gpa2 u H1
YCTOWYMBOCTH K 00OMM BHJIaM IIUCTOOOPA3YIOIINX HEMATOl —
G. pallida n G. rostochiensis.

Copra M celeKIMOHHbIC KIOHBI KapToders, ycToH4YnBbIe
K G. rostochiensis, Hecylue TOMUHAHTHBIN ajuiesb rena H
ycToitumBocTH K marotunaMm Rol/4, mopaxarorcs ApyruMu
naroturamu 3KH (Brodie, 1995, 1996, Przetakiewicz, 2013),
M3BECTHO TAK)Ke, YTO PACTEHMs C Mapkepamu jokyca Gpal
nopakatorcst 3KH (Sudha et al., 2019). B cBsi3u ¢ 3TiM B 110-
CJIe/THEE ICCSTUIICTHE YCUITUSI HCCIIEI0BATENEH pa3HbIX CTPaH
HarpaBJieHbl Ha TIOMCK HCTOYHUKOB IPYIIIIOBOM YCTOHYMBOCTH
K m1o6onepo3am. C 3TO¥ eapio MPOBEACHBI (PUTOMATOIOTH-
YEeCKHE TECTHI, 0 pe3yJabTraraM KOTOPBIX Cpeau o0pas3ioB
TIKEX (S. kurtzianum, S. sparsipilum, S. vernei) v KyJbTypHBIX
BUIOB (S. stenotomum) ObIIA OTOOPAHBI HCTOYHUKH YCTOM-
YUBOCTH KO BCEM M3BECTHBIM mnarotunam G. rostochiensis
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(Rol1-Ro5) u G. pallida (Pal-Pa3) (Dalamu et al., 2012).
Takne MCTOYHMKN TPYNIIOBOH yCTOHYMBOCTH OBUTH TaKKe
BBIJACJICHBI B Pa3JIMYHBIX KOMGI/IHaLlI/IHX MEKCOPTOBBIX CKPEC-
muBanuii (Przetakiewicz et al., 2017). B cenekmmoHHBIX
nporpammax CIIIA ynanock oToOparh MSITh CENEKIIMOHHBIX
KJIOHOB, OTHOBPEMECHHO yCTOﬁ‘lHBBIX K TpEeM BUaM IUCTOO-
Opasyromux kapTodenpHbIX HeMaton: G. rostochiensis (Rol
u Ro4), G. pallida n G. ellingtonae (Whitworth et al., 2018).
HHTepecHO OTMETHTb, YTO OOJIbIIAst YACTh TEHOTHIIOB, YCTOM-
4uBHIX U K G. rostochiensis (Rol m Ro4), u x G. ellingtonae,
obnaanm MapkepamH Jiokyca H I, 9To TI03BOIHIIO aBTOpam
MPEIONIOKHUTh HAJTMYUE Y ATUX KIIOHOB HOBOTO JIOKYCa, TeC-
HO CIICTIICHHOTO C H, NeTepMHUHHPYIOMIETO YCTOHIYHUBOCTD
kaprodens k G. ellingtonae (Whitworth et al., 2018).

B eBporeiickoii 6aze nanHbIx 1o copram kaprogeins (The
European Cultivated Potato Database, ECPD) mpuBenenst
CIHCKH OOJIBIIOTO KOJIMYECTBA COPTOB C YCTOWYHMBOCTBIO K
Pa3IUyYHBIM MATOTHIIAM [HCTOOOPA3YIOMINX KapTO(PeTbHBIX
HEMAaToI.

FannoBble HemMaTOAbl

M3BectHO 6omee 90 BHIOB raJuIOBRIX HEMaTo U3 poaa Meloi-
dogyne — MMPOKO CHENNATN3NPOBAHHBIX MaTOr€HOB, MOpa-
karomux 0osee 2000 BHIOB paCTCHUH, B TOM YHCIIE KapTO-
tens (Hunt et al., 2009; Moens et al., 2009). Haubomnpmmii
yiepd KapTo(elneBOACTBY rajulOBble HEMATOIbl HAHOCAT B
pailioHaX TPOIUUYECKOTo U cyOTponnyeckoro kiaumara (Lima
et al., 2018). braronpusTHEIMA 17151 pa3BUTHS OOJIBITHHCTBA
BUI0B pona Meloidogyne SIBISIOTCS yCIOBUS TIOBBIIICHHOM
TEMIICPATYPbl, HATUMYUEC UPpPUTALIUHA U JICTKAA MeCUaHasi mo4uBa
(Jones etal.,2017). B Takux ycIOBUAX ITOTEPH OT HOPAKCHUS
raJuIOBBIMH HEMATOIaMHt, HalIpHMeEP TAKUMH, Kak M. javanica
u M incognita, moryT cocTaBiaTs 100 %. B peruonax c yme-
PEHHBIM KIIMMaToM, Takux kak EBpomna n CeBepHas AMepuka,
pacnpocTpaHeHHBIN 1 BPEJJOHOCHBIH Ha KapToderne BUI — Ko-
JymOuiickas rajioBasi KOpHeBast Hemarona — M. chitwoodi.
OTOT BUJA MOXET MOpa)xkaTh KapTodenas MpH TeMIeparype
ke 6 °C (Jones et al., 2017).
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l"annoBsie HemMaTob! — SHAONAapa3uThl. MH(EKIMoHHbIMI
SIBJISTFOTCSI TMIMHKY BTOPOH CTaZUn pa3BUTHUS, KOTOPBIE, BBI-
JIYIHBIIUCH U3 LI, IEPEABUTAIOTCS B TIOUBE U HAXO/AT KOPHU
pacTeHusi, a jajiee C UCIOIb30BaHUEM CTHIIETa U Habopa dH-
3MMOB, ITPOHUKAIOT B KIETKH KOPHS M HAYMHAIOT MUTATHCS.
B pesynbrare runeprpodun ¥ rHIIEpIuIa3ui COCEAHUX KICTOK
00pa3yroTcsi TMTAaHTCKUE KIJIETKH, B KOTOPBIX POUCXOJIST eIle
Tpu auHBKY. [TonoBo3penas caMka OTKIIABIBAET B CPEAHEM
400-500 stun Mexay KI€TKaMH KOPTUKAIbHOM MapeHXUMBI
WJIM Ha ITIOBEPXHOCTU KOpHEH. IlepBas JIMHbKA JINYUHOK IIPO-
WCXOZIUT BHYTPU SIHIIA, TTOCJIE YETO HOSIBISACTCS NH(EKIIMOHHAST
JIMYMHKA BTOPOTO BO3pacTa. B3pocible caMIlbl HE Mapa3nTh-
PYIOT Ha PaCTEHHH, OHU BBIXO/ST B IIOUBY U norubatot (Lima
et al., 2018). ITopaxkenHble pacTeHus: KapTrodens — HU3KO-
pocIble, XJOPOTHYHBIE, ¢ OyphIMHU TIATHAMHU Ha JIHCTBHIX U
THUJIBIO KITyOHEH.

Jlist TajioBBIX HEMATOJl XapaKTEPHBI PAa3IUYHBIC THIIBI
Pa3sMHOKEHHS: OT KJIACCHYECKOTO aM(UMHUKCHCA 10 MUTOTH-
YEeCKOro nmapTeHoreHesa. [y mapTeHOreHeTHUeCKUX BUIOB
Meloidogyne, x KoTopsIM OTHOCATCS M. chitwoodi, M. javani-
cau M incognita, He TOAXOIUT KOHLETIIUS OMOJIOrHIECKOTO
Bujia. Maentudukanys BUJOB MOCTPOCHA Ha ONpPEIeTICHUH
MOP(OJOTHYECKUX MPHU3HAKOB U MOIACpKaHa OMOXIMUYE-
CKMMH JJAHHBIMH, OCHOBAaHHBIMH HA M30()EPMEHTHOM aHAIIN3E
(Dalmasso, Berge, 1978). [lyisi npiMeHEHHUs] 3THX METO/IOB
Tpebyrores 3penbie camki. [locnennue 30 et paspabdarbiBain
METOIbI MOJIEKYJISIPHON TMarHOCTHKH I'aJUTOBBIX HEMATO/ Ha
ocnose /IHK nonmumopdu3moB prubOOCOMHOM 1 MUTOXOHIPH-
anbHOM JJHK 1 aHOHMMHBIX 10KyCOB, Takux kak RFLP, RAPD
u AFLP (Hyman, Powers, 1991; Powers, 2004). Hctounu-
kamu JIHK B 3TOM cityuae MOryT OBITh fiHiIla, TUUUHKH WUIH
B3pocible 0coOu. B HacTosee BpeMst METO/IbI IMarHOCTUKHI
raJuIOBBIX HEMATOI, KaK ¥ IPYTruX, ocHoBaHbl Ha [1LIP ¢ Bumo-
crieuupUYHBIMY TpaiiMepamu, Harpumep it M. incognita v
M. javanica (Donkers-Venne et al., 2000; Dong et al., 2001),
M. chitwoodi n M. fallax (Wishart et al., 2002).

leHeTnKa ycTonunBocTn Kaptodpens

K rasyloBbiM HeMaTofjam U nepcneKkTnBbl cenekunmn
Ha ceropssiHuil 1eHb yCTOMYUBBIE K TaJUIOBBIM HEMATOLAM
CEJICKIIMOHHBIE COPTa KapTO(Es eIie He BBIBEICHBI, OTHAKO
MCTOYHUKHU yCTOHYMBOCTH K pasHbIM BHIaM poaa Meloido-
gyne 6])1.]'11/1 BBIACJICHBI CPEAU JUKHUX BHUJ0B, HA UX OCHOBE
CO3/IAI0TCSI MEPCIIEKTHBHBIE CEJICKIIMOHHBIE KJIOHBI U HCCIIe-
JIyeTcsl TEeHeTHKa YCTOWYMBOCTH KapToderst K 5THM BUAAM
rapasuTH4ecKuXx Hemaron. Tak, B pesysbrare (hPUTONaToso-
THYECKOTO CKPUHHMHIA HA YCTOWYMBOCTD K IaJUIOBBIM HEMa-
tomam 6oxee 5000 HHIUBH Ty aTbHBIX PACTCHUN 64 TUKHUX BH-
JIOB KapTogesisi M0Ka3aHo, 4To ycroluuBbie K M. chitwoodi
u M. fallax oGpa3bl BCTPEYAIOTCS B OCHOBHOM CPEIH LIEHT-
palibHO- ¥ ceBepoaMepHKaHCKuX BUIoB (Janssen et al., 1996),
Y KOTOPBIX OBLI YCTAHOBJICH MOHOTCHHBIH KOHTPOJIb YCTOM-
guBocTH (Brown et al., 1989, 1991). MHorue muIionHbIe
BU/IbI 9THX PETMOHOB MPUHAICKAT K TPETHUYHOMY TCHITYITY
1 u3-3a 0apbepoOB MPE3UTOTHYECKOH HECOBMECTUMOCTH HE
MOTYT CKpeImuBarses ¢ S. tuberosum. HTpOTpeccus reHa
Ry 1e1(pipy, ©OCCTICUHBAIOIIETO PE3UCTEHTHOCTD JHUILIOUTHOTO
MeKcuKaHckoro Buaa S. bulbocastanum x pacam 1 u 2 xo-
TyMOWHCKON TayuTOBOH KOpHEBOW Hemartomsl M. chitwoodi,
OblIa OCYIIECTBIICHA C TOMOIIIBIO MEXBHIOBOH COMAaTHUECKOI
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rubpuansanu ¢ S. tuberosum. B pe3ynbsrare kocerperaruoH-
HOTO aHaJIN3a MOIMYIISIUN, TOyYeHHBIX B BO3BPATHBIX CKpe-
IMIMBAaHUSIX dTHX COMATHYECKUX TMOPHUIOB, MPOBEIEHHOTO
¢ Wcrojibp3oBaHueM xpomocomcrenuduunsix RFLP-mapke-
poB, TeH R,/ ;) ObLT KapTHpOBaH Ha xpoMmocome XI (Brown
et al., 1996).

OproJioruuHbIe TeHbl yCTOWYMBOCTH K M. chitwoodi —
Rt 1feny M Rt 1(hony = HUACHTU(UIMPOBAHBI Y aJUTOTIOIHILIO-
WIHBIX MEKCUKAHCKUX BUIOB Solanum hougasii u S. fendleri
(Brown etal., 1999, 2003, 2009; Draaistra, 2006) (cm. Tab6i1. 2).
B cepun pabdot C.R. Brown ¢ xomneramu (1996, 1999, 2003,
2009, 2014; Zhang et al., 2007) mmosry4eHbI HHTPOTPECCUBHBIE
bopwmbl kapTodens noxonenuit BC,—BC( ¢ renamu R, 1(blby
Ritei(feny 1 Riser(howy PMKHX MEKCHKAHCKUX BHJIOB, A TAKKe
paspaborans! cueruieHnsle ¢ HUMHA STS- n CAPS-mapkepst
JIJIS1 TPOBEJICHUSI MapKEP-0MOCPEI0OBAHHON CENIEKIIMU. YCTOM-
YUBOCTH HHTPOTPECCUBHBIX (hOpM 00YCIIOBIIEHA TeHEepaIiei
AKTHBHBIX ()OPM KHCIIOPO/A M aKTUBALIMEH 3al[UTHBIX MeXa-
HHU3MOB, B KOTOPBIX [IEHTPAIILHYIO POJIb UTPAET CATHUIMIIOBAS
kucsiora. OHa 3aIyCKaeT PeakIH CBEPXIyBCTBUTEIBHOCTH
1 Kackaaa (PU3MOIOTHUECKUX U OMOXHMHUYECKHX pPEeaKIHi,
MpeOTBpaIIAoNUX pa3sutue M. chitwoodi B KOpHSIX pac-
tenuii (Bali et al., 2019). BaxxHO OTMETHTH, YTO KIOHBI C
MICHTHYUIMPOBAHHBIM TCHOM R,/ ; -, YCTOHIMBOCTH K
M. chitwoodi omHOBpeMEHHO 00JIa1alli U YCTOHYHBOCTBIO K
M. fallax (Draaistra, 2006).

Cpenu 10’)KHOAMEPHUKAHCKHUX JIMKHUX BUIOB KapTodes 00-
pasioB, ycToHuuBbIX K M. chitwoodi w x M. fallax, ue 00-
HapyK€HO, 32 UCKIIIOUCHNEM EANHUYHBIX 00pa3loB y TPex
BUNIOB: S. berthaultii, S. chacoense, S. gourlayi. I1o pe3ynb-
taram AFLP-anannza rubpuanoii nomynsiuuu S. tuberosum x
S. chacoense, 6p11 nnenTuduupoBan QTL RMf-chc ycToii-
ynBocTH K M. fallax (Draaistra, 20006).

MHOro4YuCIIEHHbIE HCTOYHUKU YCTOMUUBOCTH K CEBEPHOMI
ramioBoit Hemarone M. hapla 6pumn 0TOOpaHBI Cpeau Kak
CeBepo-, TaK M IOKHOAMEpPHKAaHCKUX BHIOB (Janssen et al.,
1996). ITocT3uroruueckast HECCOBMECTUMOCTD, ITPOSIBIISIOIIAS-
cs1 B OOJIBIITMHCTBE KOMOMHAINI MEKBHUIOBBIX CKPEIINBAHUI
uKuX BuaoB FOxHOI AMepuku ¢ S. tuberosum, OTHOCUTEIb-
HO JIETKO IPEO0JI0JIeBANacCh UCIOIb30BAHUEM JUTAIIONI0B
COPTOB KapTo(esisi WM SKCIIEPUMEHTAIBHBIX TOJIUIIONI0B
JIMKHX JUTUTOMIHBIX BUIOB JJISL OCTHKEHUSI 3HAYSHUH «d (-
(exruBHON TonaHocTH» (EBN), a Takxke nmondopoM cos-
MECTHMBIX KOMOMHaIuii ckpemmBanuii (I"aBprrenko, Epmu-
muH, 2017).

Takum o0Opazom, ycroituussie kK M. hapla oOpa3upl TUKUX
BUIOB FOXHONW AMEpHKH OTHOCHTEIBHO JIETKO BOBJIEKa-
JMCh B THOpUIM3anuio ¢ S. tuberosum; pacuieruIsiomnecs
THOPUHBIC MOMYJISIIUN HCIIOIb30BAIN ISl KapTHPOBAHUS
JIOKyCOB, 00yCIaBIMBAIOMINX YAaCTHYHYIO YCTOWIMBOCTH K
M. hapla (Draaistra, 2006). B sT0ii pabote Ha xpomocome VII
Ob1 kapTupoBad R, -~ QTL 1ukoro apreHTHHCKOro BHIa
S. tarijense, npa npyrux QTL, R,, , Awu R,, ., B, TaKk u
HE y/lajoch KapTHPOBaTh M3-3a HapyNIICHWH KOJMHEapHO-
¢t XpoMocoM S. chacoense u S. tuberosum, OIHAKO ObLIH
otobpansl AFLP-mapkepsl, accOIMUpOBaHHEBIE C JIOKYyCaMHU
YCTOWYMBOCTH K CeBEepHOW ramioBoil Hemarone (Draaistra,
2000) (cm. Tabm. 2).

BaXHBIM NPaKTHUECKUM PE3YIBTaTOM PadOT O KapTHPO-
BaHuio R-renoB 1 QTL ycroitumBocTn kaproderns K ramio-
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BBIM HEMATO/IaM CUUTAETCSI pa3paboTKa CIICTUICHHBIX C HUMH
JIHK-mapxepoB (Rouppe van der Voort et al., 1999; Draai-
stra, 2006), KoTOpBIE MTPUMEHSIOTCSI B MapKep-onocpeio-
BaHHOM ceneknuu. Cleayer OTMETUTh, YTO MEPBbIE Pe3yiib-
TaThl UCCIEA0BAHUM 110 TMpaMUANPOBaHUIO R, . QTLu
Ry 1ar QTL OKa3a1MCh HEPE3YIBTATHBHBIMU, IIOCKOJIBKY Cpe-
JI1 KJIOHOB, 0TOOpaHHbIX B MAS, He BBISIBJICHO YCTOHYHMBBIX K
M. hapla (Tan et al., 2009). ccrenoBanus, HanpaBiIeHHBIE Ha
nonck 3 dextuBHBIX KomMOuHaIwi QTL-10KycOB 1 R-TeHOB
JUIsl CO3JIaHMsI BBICOKOYCTOMYMBBIX K IaJUIOBBIM HEMaToaam
TEHOTHIIOB, TIPOAOIKAIOTCA.

B pa6orte F. Berthou ¢ komeramu (2003) n3yden xapakrep
HAaCJIe/I0BaHMsl yCTOMYMBOCTH K Pa3JIMYHbIM BUJIAM I'aJIIOBBIX
HEMaToJ] THOPH/IOB - ¥ TETPAIIONAHBIX KYJIBTYpPHBIX BHU-
JIOB KapTodesi ¢ OIM3KOPOACTBEHHBIM IOKHOAMEPHUKAHCKUM
BUAOM S. sparsipilum. Pe3ynbpraTel aHanu3a ICBSITH THOPU/I-
HbIX KoMOuHanui (u3 F,, F, 1 BO3BpaTHBIX CKpeLIMBaHMIT)
MO3BOJIMJIM YCTAHOBUTH MOHOTCHHYIO YCTOHUUBOCTD K TPEM
BMJIaM TaJUIOBbIX HeMarto, M. arenaria, M. incognita, M. ja-
vanica, 0oOyCIIOBICHHYIO JOMUHAHTHBIM ajuieneM reHa Mh
(cM. Tabm. 2). Bmecte ¢ TeM 0TOOpaHHbBIE yCTOHYMBEBIE TEHO-
TUIIBI TOpaXkanuck M. mayaguensis, M. chitwoodi, M. fallax,
M. hapla. BaxxHO OTMETHTB, 9TO yCTOWYMBOCTH THOPHU/IOB,
ompenensieMas reHoM Mh, CylecTBEHHO CHMXAETCs NPH
NOBBILIEHUH TeMneparypbl ot 24 no 29 °C (Berthou et al.,
2003), 9T0 HEOOXOANMO YUHUTHIBATH MPH MPOBEACHUH (PHUTO-
MaTOJIOTHYECKUX TECTOB B PETMOHAX C TPOMHUYECKUM U CyO-
TPOMMYECKUM KIIMMATOM, /1€ IMPOKO pacipoCTpaHEHbI raj-
JIOBBIE HEMATO/IBI.

Buabl napasuTnyecknux Hematog Kaptodens,
reHeTnka yCTOVNVIBOCTI/I K KOTOPbIM He N3y4yeHa
CrebneBasi HemaTona kaprodens Ditylenchus destructor
(Nematoda, Tylenchida) — mupoko pacripoCTpaHCHHBIC BUIBI
B PETHOHAX C YMEpEHHBIM KiIuMmaroM B EBporie, B ToM uncie
B Poccun, CeBepHoit Amepuke, Azun, Oxeannn u HOxHol
Adpuke (Mai et al., 1990; Illecteniepos u ap., 2006, 2010;
Sigareva et al., 2012; OEPP/EPPO, 2017a).

BpenonocHocTs ctebneBoi Hemartons! kaprodens D. de-
Structor COCTOUT B MOBPEKACHUSIX KIyOHEH, KOTOpbIE I0-
KPBIBAIOTCSI PACTPECKUBAIOIIUMHUCS TEMHBIMH TIATHAMU, TIPH
9TOM CHMIITOMBI MTOPAKEHUSI HaJ[36MHOW YacTH pacTEeHUS
OTCYTCTBYIOT. BeCh *KM3HEHHBII LIUKJI HEMATO/L JUIUTCS OKOJIO
IIECTH JTHEW M MPOXOIUT B KIyOHAX KapTO(essi, B KOTOPbIE
OHH IIPOHMKAIOT Yepe3 KOKypY OKOJIO ITIa3KOB, IINTAsACh Kpax-
MasibHbIMU 3epHamu (Mai et al., 1990).

CrebneBas Hemaroza D. dipsaci mopakaeT CTeOJH, CTOJIO-
HBI ¥ KiTyOHU KapTodens. Ha kiryOHsx 00pa3yroTcest cepoBaro-
Oypble IsATHA, pacTeHue oTcTaeT B pocte. [lopaxxeHHbIe cTeOnu
M3rU0ArOTCs M CTAHOBSITCS B3Iy ThIMU. VICTOUHUK MH(EKIINN —
nopaxenHsle Kiryonu (Lima et al., 2018). MuorouncieHHble
HCCJIEIOBAHUS T€HETUYECKON M3MEHUYMBOCTH IOIYJIALUI
D. dipsaci moka3ainmg, 9To 3TOT BUJ, (PaKTHUECKH SBIISIETCS KOM-
ruiekcoM BuzoB (Subbotin et al., 2005). s nneHTHOUKATAN
Bu0B Ditylenchus ObLTH pa3paboTaHbl BHIOCICIUPUIHBIC
YHHUBEpCaJIbHBIE TIpaiiMephl K MOCIIEI0BATEIbHOCTSIM TEHOB
U CIIeHCepHBIM y4acTKaM I'eéHOB pUOOCOMAaIBHOTO KilacTepa,
nasasive B [THP cneuuduyecknii npomykrsl aMrumpuka-
un: D. destructor — 1200 1. 0., D. dipsaci n D. myceliopha-
gus — 900 m.o. (Vrain et al., 1992). JIng naeHTHUKANH
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lMoTeHuUManbHO onacHble AnA OTeYeCTBEHHOro KapTOd)eJ'IeBO,ElCTBa
KapaHTUHHbIe BNAbl 1 NAaTOTUMbl HEMATOA

HOpPMAaJIbHON W THraHTcKod pac D. dipsaci MCHOIb30BaIN
TP ¢ mpumeneanem SCAR-mpaitmepoB (Esquibet et al.,
2003); mpaiimeps! Ha 5.8S p/IHK 6butn paszpadoranst u1s Mo-
JeKysipHoit nuarnoctuku D. destructor (Marek et al., 2005).
IIpoTOKOIIBI IO MONEKYIISIPHON THATHOCTHKE TOAPOOHO OTIH-
canbl EPPO — European and Mediterranean Plant Protection
Organization (OEPP/EPPO, 2017a). Bunocnenuduunsie
npaitmeps! Ha I TS-y9acTky ObIIH HCTIONB30BAHBI IS HICHTH-
tdukanmu D. destructor B MockoBckoit oomactu (Mahmoudi et
al., 2019). B nmuteparype ObLIr cOOOMICHMS 00 yCTOWYHMBBIX U
TonepaHTHBIX K D. destructor u D. dipsaci copTax xapToders
(Mwaura et al., 2015). I'enerrka ycroitunBocTH KapTodems K
KJIyOHEBO#1 1 cTeOeBOi HeMaTo/laM He U3yveHa.

Jlo:xkuas rajasioBast Hemarona Nacobbus aberrans —>Hne-
MUYHBIH B U1 FOKHO-AMEPHKAaHCKOTO KOHTHHEHTA, TEM
HE MEHEee M3-3a IMPOKOTo Hana3oHa X03s€B, BKIIYAIOIIEro
84 Buna pacTeHul, 1 SKOHOMHYECKOTO 3HAUCHUS [UISl TAKUX
KYJIBTYD, KaK KapTodeib, TOMaT U caxapHasi CBEKJIa, OHa OT-
HEeCeHa K KapaHTHHHBIM o0bekTam. J[is kaprodens norepu
ypoXKasi COCTaBHJIH B cpetHeM 65 % B AHzickoM pernone Jla-
THHCKON AMepuku. TakcoHOMIUYecKHe mpoOieMsl posa Na-
cobbus paccmotpenbl B 0030pe (Manzanilla-Lopez, 2010). Co-
BPEMEHHBIC MOJICKYJISIPHBIE JJaHHbIE [TO3BOJIMIN PUCBOUTD
N. aberrans cratyc BuioBoro komiuiexca. J{ist ooHapysxenuns
Nacobbus spp. B Io4Be U KIIyOHSX KapToQesst HCIONb3YIOT
metonsl RFLP u cexBennposanue ITS-rDNA-o6macTeit (Reid
et al., 2003), ITL{P ¢ BunocrennpuaHbIME TpaiiMepamu (At-
kins et al., 2005). B nmuteparype coo011aaock 00 HCTOUHUKAX
ycroitunBocT K Nacobbus aberrans, 0To0paHHBIX cpey 00-
Pa3loB JUKHUX I’KHOAMEPUKAHCKHUX BUIOB: S. microdontum,
S. acaule, S. okadae (Franco, Main, 2006), reHEeTHKa YCTOHYH-
BOCTH KapTO]es K JTOKHOM raJjIOBOM HEMAToe HE 3yUYeHa.

3aKknoyeHune
B Hactostiee Bpems 3amura KapToesist OT MapasuTHIECKUX
HEeMaToJ CBOJMTCS K JIBYM OCHOBHBIM COCTaBIISIIOIINM: 1) Ka-
PaHTHHHBIM MEPOITPUSITHSIM, KOTOpPBIE HE Beerna 3 QpeKTHBHbBI
M3-3a MHOTJAa HEKOHTPOJIMPYEMOTO MEePEB0O3a MOCATOUHOTO
Marepuasna U CelNbCKOXO3SHCTBEHHON TEXHUKH MEX1y 4acT-
HBIMH XO3SIICTBaMH, U 2) MCIIOJB30BAaHUIO YCTONYMBBIX K
HEMAaTo/103aM COPTOB, B TOM YHUCJIE C IPYNIIOBOI yCTONYHUBO-
CTBIO K pa3HbIM BUaM HeMato. Benenctsue aToro mouck uist
CEJICKIIMY HOBBIX TEHOB YCTOHYMBOCTH, B TOM uHcie 3(dex-
THUBHBIX IIPOTHB MOTEHIMAIBHO OMACHBIX ITATOTUIIOB 1 BUIOB
Mapa3suTHIECKUX HEMATO/, CO3/IaayT IOAYIIKY Oe30macHo-
CTU» B Clly4ae UX 3aHOCa Ha TeppUTOpUt0 PD uinu nosiBineHus
B pe3yibTaTe aJanTalnoOHHBIX MpoueccoB. MHpopManms o
KapTupoBaHHBIX R-reHax u QTL ycToiiunBocTy kK HemMaTogaM
u accoruupoBanHbx ¢ HUMH JIHK-Mapkepax cyiiecTBeHHO
MOBBIIAET 3P (PEKTUBHOCTD CENEKINOHHO-TeHETHUECKUX TTPO-
rpaMM 1O CO3JJaHUIO0 HOBBIX COPTOB, YCTOMUUBBIX K Pa3HBIM
MaTOTUIIAM U BUJIaM Mapa3sUTHYECKUX HEMATOI.
IlepcrieKTHBHBIM NTPEACTABISIETCS PA3BUTHE HOBBIX MOJIE-
KyJISIpHBIX TexHoaoruii. [Tocnennue 20 et ¢ MoMeHTa 0OHa-
pyxxenust PHK unreppepenm (RNAI) (Fire et al., 1998), aty
TEXHOJIOTUIO TIBITAIOTCS HCTIONIB30BATh [UIS 3aIIUThl PACTCHNI
oT pa3nnuHbIX BUJI0B Hemarop (Lilley et al., 2007; Bairwa et
al., 2017). [TokazaHo, 4TO KCIPECCUS] B PACTCHUH-XO3SIMHE
nyuenoueyHoit PHK, HaueneHHol Ha reHbl JOMAIIHETO XO-
341CTBa WU Mapa3UTU3Ma y FaJUIOBOI HEMATObL, IPUBOAUT K

715


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Mwaura%2C+P

N.V. Mironenko, T.A. Gavrilenko
A.V. Khiutti, O.S. Afanasenko

YCTOWYMBOCTH NPOTHB 3TOM HemaTo sl (Gheysen, Vanholme,
2007). JJanpHeiimee pa3BUTHE MOJEKYIISIPHBIX TEXHOJIOTHH,
a TAKXKE UCCIICIOBAHM T OMOJIOT MY MTapa3UTHUCCKUX HEMATOJ
KapTodessi, N3MEHYMBOCTH TOMYJISILNI, SBOIIOLMH, CTPYK-
TYpHOI ¥ pyHKIIMOHATIBHON T€eHOMHUKH KaK Napa3uToB, TaK U
UX XO035I€B ITO3BOJIMT COBEPIICHCTBOBATH CIIOCOOBI KOHTPOJIS
3a00sieBaHui KapTO(dessi, BhI3bIBACMBIX MMAPA3UTHUCCKUMU
HEeMaToJaMH.
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Pyrenophora tritici-repentis population structure
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Abstract. Pyrenophora tritici-repentis is a causative agent of tan spot in wheat. In recent years, there has been an
increasing spread and harmfulness of wheat tan spot. The aim of the research was to study the racial composi-
tion of the P. tritici-repentis population in the Republic of Kazakhstan. A collection of 30 common wheat acces-
sions, including promising lines and cultivars from Kazakhstan and CIMMYT-ICARDA, was assessed for resis-
tance to P. tritici-repentis in a greenhouse and characterized using the Xfcp623 molecular marker, diagnostic for
the TsnT gene. Monosporic isolates of P. tritici-repentis isolated from the southeastern region were assigned to
certain races based on the manifestation of symptoms of necrosis/chlorosis on standard differentials (Glenlea,
6B662, 6B365). Five races of P. tritici-repentis have been identified, including races 1, 2, 3, 7 and 8. It has been
shown that races 1 and 8 of P, tritici-repentis are dominant. As a result of the analysis of the frequency of occur-
rence of the P, tritici-repentis races, it was found that race 1 (50 %) producing Ptr ToxA and Ptr ToxB and race 8
(35 %) producing Ptr ToxA, Ptr ToxB and Ptr ToxC turned out to be dominant. From a practical point of view,
of greatest interest are 16 wheat samples, which demonstrated resistance to race 1 and confirmed insensiti-
vity to Ptr ToxA in a molecular screening. These include eight Kazakhstani (4_PSI, 10204_2_KSI, 10204_3_KSlI,
10205_2_KSI, 10205_3_KSI, 605_SP2, 632_SP2, Dana) and seven foreign lines (KR11-20, KR11-03, KR11-9014,
11KR-13, KR11-9025, KR12-07, GN-68/2003). The results of this study are of interest in wheat breeding programs
for tan spot resistance.
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CrpvykTypa nonyiasuuu Pyrenophora tritici-repentis
B Pecniy6imke Ka3zaxcTaH U naeHTU UKL
YCTOMUYMBOI K MIUPEHOPOPO3Y repMoILia3Mbl ITIIIEHUIIbI

A.M. Koxmerosal’ 3@, H.M. Kosaaenko?, M.T. KyMap6aeBal' 3

1 MHCTUTYT 6ronorum n GuoTexHonornm pacteHni, Anmatbl, KazaxcraH

2 Bcepoccrinckiii HayuHo-UCCeAoBaTeNbCKU UHCTUTYT 3aLyuUThbl pacTeHui, MywkmH, CaHkT-MeTepbypr, Poccusa
3 Kazaxckuit HaLMOHasbHbIN arpapHbIvi yHuBepcuteT, AnmaTbl, KasaxctaH

® e-mail: gen_kalma@mail.ru

AHHoTauua. Bo36yanTtens nupeHodoposa Pyrenophora tritici-repentis — opHa 13 Hanbonee BpeOHOCHbIX 60-
ne3Hen NUCTOBbIX MATHUCTOCTEN MLeHWLbl. B nocnegHne rogbl oTMeYaloTca HapacTatollee pacnpocTpaHeHne
1 BpeOHOCHOCTb NupeHodopo3sa B KasaxctaHe. PacoBbiln cocTaB P. tritici-repentis npeTepneBaeT n3meHeHUs
13-3a KIMMaTUYeCKUX 1 CPeAoBbIX GpRyKTyaluid, a Takke 13-3a Bce 6onee ycunuBaroLWenca TeHaeHLUn Bo3-
LenblBaHNA OOHUX U TEX »Ke COPTOB MLUEHNLbl Ha 6ONbLUNX TEPPUTOPUAX. B HacToALLee BpemaA UMeeTca Nnllb
orpaHuyeHHas nHGoOpMaLMsA O PacoBON CTPYKType nonynauuu P, tritici-repentis B KasaxctaHe. Lienbto uccnepo-
BaHWU 6biny U3yyeHne nonynaumn P. tritici-repentis no pacoBomy COCTaBy Ha oro-Boctoke Pecny6nmkm Kasax-
CTaH, a Takxe naeHTdUKaLma yCTonumBbIX K nnpeHopopo3y obpasLos nweHunubl. Konnekuymsa n3 30 o6pasyos
MArKOW MNLUEeHNLbI, BKIOYaloLWan nepcneKkTuBHbIe MMHAW 1 copTa 13 KasaxcTtaHa 1 U3 MexayHapOAHbIX LieHT-
pos CIMMYT u ICARDA, 6bina nofiBeprHyTa OLieHKe YCTOMYMBOCTU K BO3OyAUTENIO NpeHopopo3a B Tennuue
1 OXapaKTepr30BaHa C MCMOJIb30BaHMEM MOJIEKYNSPHOTo MapKepa Xfcp623, anarHoctnyeckoro Ans reHa Tsnl.
MoHoKkoHugmanbHble n3onATbl P, tritici-repentis, BbigeneHHble 13 NONynALMN NaToreHa iro-BOCTOYHOro permo-
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CrpykTtypa nonynaumu Pyrenophora tritici-repentis
1 naeHTUUKaLMA YCTONUMBOW repMonsia3mbl MLIEHNLbI

Ha, 6bIIN OTHECEHbI K OMNpeAeNeHHbIM pacaM Ha OCHOBE MPOABEHNS CUMNTOMOB HEKPO3a/X10opo3a C UCNOosb-
30BaHVEM CTaHAapTHbIX obpasuoB-anddepeHumaTopos (Glenlea, 6B662, 6B365). NoeHTudnumposaHo nATb
pac P. tritici-repentis, Bkntovatowux pacol 1, 2, 3, 7 n 8. [lokaszaHo, 4To AoMUHMPYIOT pacbl 1 1 8 P. tritici-repentis.
B pe3synbTraTe aHanmM3a 4acToTbl BCTPEUYAEMOCTU pac BO3BYAUTENA XKenTol NATHUCTOCTU P. tritici-repentis ycTa-
HOBJIEHO, YTO fJOMUHVMpPYIOLLENn oka3anacbk paca 1 (50 %), npoayumpytowasn Ptr ToxA n Ptr ToxB, n paca 8 (35 %),
npoayumpytowan Ptr ToxA, Ptr ToxB n Ptr ToxC. C npakTuyecKkom TOUKY 3peHra HanbonbLUmiA MHTepec NpesCcTas-
nAT 16 06pa3sLOB MLUEHNLbl, KOTOPbIe JEMOHCTPUPOBAN YCTOMYMBOCTDb K pace 1 1 NoATBEPANIN HeUYBCTBU-
TeNIbHOCTb K TOKCUHY Ptr TOXA Npu MONeKyIapHOM CKPUHUHTE. K HM OTHOCATCA BOCEMb Ka3axCTaHCKUX JIMHWUI:
4_PSI, 10204_2_KSI, 10204_3_KSI, 10205_2_KSI, 10205_3_KSI, 605_SP2, 632_SP2, Dana 1 cemb 3apy6eHbIX
nunmn: KR11-20, KR11-03, KR11-9014, 11KR-13, KR11-9025, KR12-07, GN-68/2003. Pe3ynbTaTbl 3TOro nccinego-
BaHWUA NPefCTaBAAIT MHTEPEC ANA NPOrpaMmMbl CeNeKLMM NMWEHNLbI Ha YCTONUYMBOCTb K NpeHodopo3y.
KnioueBble cioBa: NiueHnLa; NMPeHOPOoPOo3; packl; MONeKynAapHble MapKepbl; Tsn T; ToxA.

Introduction

One of the main reasons for the reduction in yield of wheat in
Kazakhstan are the diseases with airborne infection. Domi-
nant position as a part of the pathogenic complex of wheat
in the south and south-east of Kazakhstan took rusts (yellow,
stem and leaf rust) (Kokhmetova et al., 2011, 2016b, 2018b;
Rsaliyev A.S., Rsaliyev Sh.S., 2018), as well as leaf spot
diseases (tan spot and Septoria) (Kokhmetova et al., 2017,
2018a, 2019).

The causative agent of wheat tan spot is the fungus Pyre-
nophora tritici-repentis, which belongs to the class Ascomy-
cetes, the subclass of marsupials, the order Dothidiales, the
family Pleorosporaceae. In addition to wheat, P, tritici-repentis
infects more than 60 species of forage and wild-growing
grasses (Koishybaev, 2010; Mironenko, Kovalenko, 2018).
The infection is manifested on leaves and leaf sheaths of
cereals in the form of small single or multiple spots oval or
round shape, yellow or light-brown color, a chlorotic zone is
formed around the spot. The source of the primary infection is
the ascospores of the fungus, the secondary infection is caused
by conidia, which are carried by the wind (Pospekhov, 1989).

The harmfulness of the disease leads to a decrease in the
assimilation surface, an increase in transpiration, a decrease
in the accumulation of organic matter, the defeat of all above-
ground plant organs, a loss of grain quality due to the formation
of unfulfilled grain. In conditions favorable for the develop-
ment of the disease, losses of more than 50 % were noted
(Shabeer, Bockus, 1988). P, tritici-repentis (PTR) (Died.), the
causative agent of tan spot, induces two different symptoms on
susceptible varieties — necrosis and chlorosis. Both symptoms
are genetically under independent host control. At present,
eight PTR races have been identified in the world based on
the ability to induce symptoms of necrosis and chlorosis on a
set of wheat differentiatial cultivars. Integrated disease control
strategies, such as cultivation of resistant cultivars, combined
with desired crop rotations and management practices, are
the most effective, environmentally friendly and economical
means to control wheat tan spot (Singh et al., 2010).

P. tritici-repentis is found in all major wheat-growing re-
gions. The tan spot pathogen is registered in Australia, Cana-
da, the United States of America, South America, Romania,
Moldova, England, Kazakhstan, Ukraine, Belarus, Central
Asia (Mikhailova et al., 2012). The first information about
the distribution of P. tritici-repentis in Central Asia was pre-
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sented by B.A. Khasanov in the early 1980s (Postnikova,
Khasanov, 1997). Monitoring of wheat fields in Central Asia
and Kazakhstan in 2003 showed that tan spot is most common
on winter wheat, while the severity could reach from 50 to
100 % (Koishybaev, 2002; Lamari et al., 2005).

The compatibility reaction between the P. tritici-repentis
race and the corresponding differential is realized through an
intermediary — the host-specific toxin (Host Selective Toxins,
HST). To date, four HSTs have been characterized: one toxin
inducing necrosis, Ptr ToxA, two toxins inducing chlorosis,
Ptr ToxB and Ptr ToxC, and one toxin inducing both necrosis
and chlorosis, Ptr ToxD (Balance et al., 1989; Orolaza et al.,
1995; Ali et al., 2010).

The population structure investigation of P. tritici-repentis
in Kazakhstan have received attention since the beginning of
the 2000s, and it continued in recent years (Zhanarbekova
et al., 2005; Maraite et al., 2006; Kokhmetova et al., 2016b,
2017). The greatest diversity of racial composition in the
pathogen population was noted in Azerbaijan, where races 1,
2,3, 5,7 and 8 were identified, and in Syria, where races 1, 3,
5,7 and 8 were observed (Lamari etal., 2005 ). Race 1 was the
most common in Central Asia and Kazakhstan (87 %), while
races 2, 3, and 4 were less common (Zhanarbekova et al., 2005;
Maraite et al., 2006). Earlier, we carried out a comparative
study of the similarities and differences of P. tritici-repentis
populations in terms of virulence and racial composition in
the Republic of Kazakhstan and the North Caucasus region of
Russia. It was shown that in recent years race 8 found in high
frequency in Kazakhstan (Kokhmetova et al., 2016a, 2017).

The inheritance of resistance to tan spot is both quantita-
tive and qualitative, and genes for resistance to toxins and
quantitative trait loci (QTLs) are race-specific and control the
process that reduces sensitivity to toxins (Mikhailova et al.,
2012). Six major genes for resistance to tan spot 7sr/—T5r6,
localized on chromosomes 2BS, 3AS, 3BL, 3DS, and 5BL,
have been identified (Mclntosh et al., 2013). In the review by
P.K. Singh et al. (2016) indicate that numerous genetic studies
with the analysis of QTLs have demonstrated that resistance to
tan spot is inherited as a polygenic trait, while the main race-
specific genes, 757 to Tsr6, often explain the effects of these
loci (Singh S. et al., 2008; Singh P.K. et al., 2016). Additional
QTLs have been identified and localized on chromosomes
1AL, 2AS, 3AS (Singh S. etal., 2008), 4AL, SAL, 1BS, 2BL,
3BS, 3BL, 5BL, 2DS, 2DL and 7DS (Singh P. et al., 2016).
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To increase the efficiency of breeding for resistance to tan
spot, it is necessary to identify promising wheat lines charac-
terized by a diversity of disease resistance genes, and then
place them in the territory of the disease spread. Since under
the influence of abiotic and biotic factors in nature there are
permanent changes in the racial composition of pathogens,
it is necessary to regularly analyze the structure of pathogen
populations. This makes it possible to assess the dynamics of
the variability of the racial composition in the population and
to identify isolates with a new spectrum of virulence.

The aim of our research was to study the racial composi-
tion of the P, tritici-repentis population from the southeastern
region of the Republic of Kazakhstan, as well as to search for
sources of resistance to tan spot in the collection of wheat
samples.

Materials and methods

To determine the distribution area and harmfulness of Pyre-
nophora tritici-repentis, infected wheat leaf samples were
randomly collected from winter bread wheat in the south-
eastern regions in 2018 in the Almaty region of the Republic
of Kazakhstan. The analysis of the phytosanitary state of wheat
crops was carried out during the period of heading and grain
milk stages (June).

The object of the study was a collection of 30 entries of
common wheat Triticum aestivum, including 17 promising
breeding lines and cultivars from Kazakhstan and 13 entries
from CIMMYT-ICARDA (see Table 2). The study of the
wheat collection is aimed at finding the sources of resistance
to PTR based on the assessment of seedling resistance to the
dominant races of the fungus, the study of field (adult plant)
resistance and molecular screening to P. tritici-repentis toxins.
Salamouni (Lebanon) cultivar was used as a insensitive control
for race 1 of tan spot and Ptr ToxA, Glenlea (Canada) — as a
susceptible control for race 1 and Ptr ToxA.

Evaluation of field resistance to tan spot was carried out un-
der conditions of the Kazakh Research Institute of Agriculture
and Crop Production (KazNIIZiR), (Almalybak, 43°13'09" N,
76°36'17" E, Almaty region) in the 2019-2020 crop season.
Experiments were conducted as a completely randomized
design with two replicates in 1 m2. The severity of plants
was assessed under conditions of an artificial infectious back-
ground on flag leaves in GS 65-69, Zadoks scale (Zadoks et al.,
1974). The infectious background was created using infected
with tan spot straw stubbles (1 kg/m?). The level of resistance
was assessed according to the scale of 1-100 % for appraising
the intensity of disease (Saari, Prescott, 1975). The standard
wheat differentials of disease Glenlea (sensitive control) and
Salamouni (resistant control) were used as controls.

The differentiation of races was carried out in accordance
with the classification proposed by L. Lamari and C.C. Bernier
(1998), using a Canadian set of disease differentials (wheat
cultivar Glenlea and lines 6B662 and 6B365). The Ptr ToxA
toxin induces the formation of necrosis symptoms the Glenlea
wheat cultivar, and the Ptr ToxB and Ptr ToxC toxins induce
the chlorosis symptoms on the 6B365 and 6B662 lines.

Monoconidial isolates of the fungus were isolated from
wheat infectious material collected in the farm and breeding
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fields of the southeastern region of the Republic of Kazakhstan
using the method of L.A. Mikhailova with colleagues (2012).
To study the racial composition of the Kazakhstani population
of P, tritici-repentis, 20 monoconidial isolates were used. The
study of the structure of the population by racial composition
and virulence was carried out using the method of leaf sections
placed in a 0.004 % solution of benzimidazole (Mikhailova
et al., 2012). Seedling resistance was also assessed using the
benzimidazole method. The degree of development of the
disease was assessed on the 7—8th day. The plants were rated
for disease based on lesion type; cultivars with a necrotic
reaction 1-2 were attributed to resistant (R), and with reac-
tion 3—5 — to susceptible (S) entries (Lamari, Bernier, 1989).
The presence or absence of chlorosis was assessed on lines
6B365 and 6B662.

Genomic DNA was extracted from 5-day-old wheat seed-
lings from plant material using the CTAB method (Riede,
Anderson, 1996). To identify the carriers of resistance genes,
the method of polymerase chain reaction (PCR) was used
with primers flanking diagnostic gene markers and DNA
samples from a collection of 30 common wheat samples
(T aestivum L.). The cultivars carrying the Tsn/ gene, which
is sensitive to the Ptr Tox A toxin, were identified on the basis
of PCR using the SSR marker Xfcp623 (Zhang et al., 2009;
Faris et al., 2010). The marker has two alleles: 380 bp (asso-
ciated with sensitivity, the dominant allele of the 7sn/ gene)
and the null allele (associated with insensitivity, the recessive
allele of the tsnl gene) (Zhang et al., 2009). The composition
of the reaction mixture and the PCR conditions followed the
protocol (Roder et al., 1998). To separate the amplified DNA
fragments, electrophoresis was performed in a 2 % agarose
gel in TBE buffer (45 mM Tris borate, | mM EDTA, pH 8)
(Chen et al., 1998). The gels were visualized using a Mega
Bio-Print 1100/26M gel documenting system, Vilber Lourmat.

Results

To study the racial composition of the Kazakhstani P. tritici-
repentis population, 20 monoconidial isolates were analyzed.
Using differential lines and cultivars from Canada, 20 isolates
were characterized as belonging to certain races of P. tritici-
repentis, presented in Table 1. In accordance with the gene-
rally accepted classification of races (Lamari et al., 1998), the
isolates were assigned to race 1 as inducing toxins Ptr ToxA
and Ptr ToxC, to race 2 (Ptr ToxA), race 3 (Ptr ToxC), race 4
(non-inducing toxins), race 5 (Ptr ToxB), race 6 (Ptr ToxB
and Ptr ToxC), race 7 (Ptr ToxA and Ptr ToxB) and race 8
(Ptr ToxA, Ptr ToxB and Ptr ToxC).

As a result of the analysis of the frequency of occurrence
of the races of the pathogen P. tritici-repentis, it was found
that in isolates from the southeast of Kazakhstan the dominant
race was 1 producing Ptr ToxA and Ptr ToxB (50 %), and
race 8 producing Ptr ToxA, Ptr ToxB and Ptr ToxC (35 %).
Races 4, 5, and 6 were not found in the studied samples of
the P. tritici-repentis population. Thus, in the southeastern
region of Kazakhstan, five races of P. tritici-repentis have
been identified: 1, 2, 3, 7, and 8.

Inoculation and evaluation of 30 promising lines and varie-
ties of winter soft wheat in laboratory conditions were carried
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Table 1. Determination of the races of P. tritici-repentis isolates
from the south-east of Kazakhstan on the Canadian set
of differential cultivars

Isolate catalog  Reaction of differential cultivars Race
number to the P. tritici-repentis inoculation number
G|en|ea63662 ............ 6 3365 ..........
1YUKZ .................. N (TOXA) ......... RC|(-|-OXC) ........ 1 ...............
2YUKZ .................. N (TOXA)C|(TOX3)C|(TOXQ ........ 8 ...............
3YUKZ .................. N (TOXA) ......... RCI(TOXC) ........ 1 ...............
4YUKZTOXATOXBTOXC .............. 8 ..............
5YuKZ .................. N (TOXA) ......... RC|(TOXC) ........ 1 ...............
6YUKZ .................. N (TOXA) ......... RC|(-|-OXC) ........ 1 ...............
7YUKZ .................. N (TOXA) ......... RCI(TOXC) ........ 1 ...............
SYUKZ .................. N (TOXA)C|(TOX3) ........ R .................... 7 ...............
9YUKZ .................. N (TOXA)CI(TOXB)CI(TOXC) ........ 8 ..............
mYUKZ ................ N (TOXA)Cl(TOXB)CI(TOXC) ........ 8 ...............
”YUKZ ................ N (TOXA) ......... RC|(-|-OXC) ........ 1 ...............
12YUKZ ................ N (TOXA)C|(TOX3)C|(TOXQ ........ 8 ...............
13YUKZ ................ N (TOXA)C|(TOX3)C|(TOXQ ........ 8 ...............
14YUKZ ................ N (TOXA) ......... RC|(-|-0XC) ........ 1 ..............
15YUKZ ................ R ..................... R C|(T0XC) ........ 3 ...............
16YUKZ ................ N (TOXA)C|(TOX3)C|(TOXC) ........ 8 ...............
17YUKZ ................ N (TOXA) ......... RCI(TOXC) ........ 1 ...............
18YUKZ ................ N (TOXA) ......... RCI(TOXC) ........ 1 ...............
19YUKZ ................ N (TOXA) ......... RC|(-|-0XC) ........ 1 ..............
2 OYUK Z ................ N (T OX A) ......... R .................... R .................... 2 ...............

Note. Manifestation of symptoms: N — necrosis, Cl — chlorosis; R - resistant
response to P, tritici-repentis infection.

out (Table 2). Since most of the P. tritici-repentis infectious
material collected in southeastern Kazakhstan was attributed
to isolates of race 1 producing the ToxA toxin (see Table 1),
we used an isolate of race 1 to screen wheat material. The
analysis of wheat samples was carried out for an isolate of
the Kazakhstani population of the fungus from the southern
region of the Republic of Kazakhstan (1-Yu-KZ), producing
the Ptr ToxA toxin (see Table 2).

The reactions of wheat genotypes to the Ptr 1-Yu-KZ
isolate presented in Table 2 indicate that five promising
lines are characterized by the highest resistance, which is
16.6 %. This group includes three Kazakhstani (GF 13 CP,
GF_16_CP, 10204 _3 KSI) and two foreign wheat lines from
ICARDA-CIMMYT (KR11-9025 and GN-158/2004). Sixteen
samples (53.3 %) showed moderate-resistant (MR) response.
Moderately susceptible type of reaction (MS) was identified
in three entries. The susceptible type of reaction (S) was
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observed in six entries, which is 20 % of the total amount of
the studied material.

The results of assessing the field resistance to tan spot
showed that the development of the disease was observed
mainly in the lower and middle tiers of plants, the maximum
severity was 40 %. A resistant type of reaction to the disease
(1015 %) was observed in 14 lines, which amounted to
46.6 % of the total amount of the studied material. Four wheat
lines were characterized by high field resistance to the disease:
GF24 CP, 10204 2 KSI, KR11-20 and 11KR-13.

The search for genotypes-carriers of alleles of the genes
of sensitivity, Tsnl, and insensitivity, ¢sn/, to the Ptr ToxA
P, tritici-repentis toxin in promising wheat lines was carried
out as a result of molecular analysis of a collection of wheat
entries and comparison of these results with screening based
on reactions to isolate 1-Yu-KZ, producing Ptr ToxA toxin.

Genotyping of wheat entries using a molecular marker was
aimed at identifying carriers of genes that control sensitivity
and resistance to the Ptr ToxA toxin. The Xfcp623 marker
amplified a 380 bp fragment associated with the 7sn/ gene
sensitive to the Ptr ToxA toxin in 13 entries (43.3 %) (see
Table 2, the Figure). The null allele of the Xfcp623 marker was
found to be linked to toxin insensitivity in 17 wheat entries.
Most of the entries (76.4 %) were insensitive to the isolate of
race 1 (1-Yu-KZ) producing the Ptr ToxA toxin (see Table 2).
The linkage rate of the Xfcp623 marker to race 1 insensitivity
was 76.4 %. An example of an electrophoretogram with the
results of PCR, reflecting the presence/absence of the Tsn/
locus sensitive to Ptr ToxA in the samples under study, is
shown in the Figure.

The frequency of the Xfcp623 marker allele linked to the
tsnl gene, which controls the insensitivity to the Ptr ToxA
toxin, was 56.6 % (17 entries). The frequency of the marker
linked to the dominant allele of the Tsn/ gene linked to the
sensitivity to the Ptr ToxA toxin was 43.3 % (13 entries).

The SSR marker Xfcp623 amplified a 380 bp DNA frag-
ment associated with the dominant ToxA-sensitive Tsn/ allele
in 13 entries and in the control Glenlea. Another allele, found
using the Xfcp623 marker in other wheat entries (17), was a
null allele characteristic of ToxA-insensitive genotypes and
indicating the recessive state of the tsn/ allele.

From a practical point of view, of greatest interest are 16
wheat samples, which demonstrated resistance to race 1 and
confirmed insensitivity to Ptr ToxA in a molecular screen-
ing. These include eight Kazakhstani (4 PSI, 10204 2 KSI,
10204 3 KSI, 10205 2 KSI, 10205 3 KSI, 605 SP2,
632 SP2, Dana) and seven foreign lines (KR11-20, KR11-03,
KR11-9014, 11KR-13, KR11-9025, KR12-07, GN-68/2003).

Discussion

The studies presented in this article made it possible to deter-
mine the racial composition of P, tritici-repentis isolates estab-
lished in 2018 in the southeast of Kazakhstan. The study of the
racial composition of the Kazakhstani southeastern population
of P, tritici-repentis confirmed the previously obtained results
(Kokhmetova et al., 2016a) and revealed the dominance of
races | and 8 in this territory. An analysis of the frequency of
occurrence of the fungus races showed that in the collection
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Table 2. Screening of promising lines of winter bread wheat from Kazakhstan and ICARDA-CIMMYT
for seedling and field resistance to P, tritici-repentis

Name Origin Response to isolate Field resistance to Ptr, Xfcp623,Tsn1
Ptr 1-Yu-KZ* %**

Salamouni - resistant control Lebanon 1/0 5 R null
for race 1 and Ptr ToxA toxin

Glenlea - susceptible control Canada 3/3 30 S 380
for race 1 and Ptr ToxA toxin

*lsolate 1-Yu-KZ, producing Ptr ToxA toxin; above the line — the score for necrosis; below the line - the score for chlorosis; ** the average percent disease severity
for two years are presented (2019-2020); Xfcp623 — SSR marker of the TsnT locus sensitive to Ptr ToxA amplifies a 380 bp DNA fragment.
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<—380bp

DNA amplification products of wheat entries using the diagnostic marker Xfcp623, linked to Tsn1 gene determining susceptibility

to Ptr ToxA.

1-GF_13_CP;2-GF_16_CP; 3 - GF_19_CP; 4 - GF24_CP; 5-4_PSI; 6 - 10204_2_KSI; 7- 10204_3_KSI; 8 - 10205_2_KSI; 9 - 10205_3_KSI;
10 - 602_SP2; 11 - 605_SP2; 12 — 618_SP2; 13 - 632_SP2; 14 - 634_SP2; 15 - 635_SP2; 16 — Dana; 17 - Dinara; 18 — Saloumoni - resistant
check to Ptr ToxA; 19 - Glenlea - susceptible check to PTR ToxA. M — 100 bp DNA Ladder (Gene-RulerTM, Fermentas). 2 % agarose gel.

of isolates from Kazakhstan in 2018 the races 1 and 8 were
dominant. In northern Kazakhstan in the early 2000s, races 1
(Zhanarbekova et al., 2005) and races 2, 3, and 4 (Maraite et
al., 2006) were widespread. The indicated differences in the
racial composition in Kazakhstan may be due to changes in
climatic conditions in different years. The presented differen-
ces in the composition of the pathogen indicate the need for
an annual analysis of the structure of pathogen populations
in order to understand the dynamics of its variability and the
distribution areas of P. tritici-repentis.

The study of the structure of tan spot population in three dif-
ferent climatic zones of Russia made it possible to determine
the racial composition of the P, tritici-repentis populations. It
was established that races 1 and 2 were dominant. Race 8 was
found in all regions. The population from Dagestan lacked
races 5, 6, 7, while the population from Western Siberia lacked
race 4 (Kremneva et al., 2007; Mikhailova et al., 2010, 2014).

A comparative analysis of Kazakh and Russian samples of
pathogen populations, carried out in 2016, showed that isolates
from Kazakhstan are the most virulent, but the isolates from
the North Caucasus region of Russia are the most phenotypi-
cally diverse (Kokhmetova et al., 2016a). The authors revealed
a diversity in the virulence of isolates: in Russia, 4 races of
P tritici-repentis (1, 2, 4, and 8), and in Kazakhstan — five
races (1, 3, 4, 6, and 8) were identified. Study of the popula-
tion structure of P. tritici-repentis in the West Asian regions
of Russia and North Kazakhstan showed that a high degree
of similarity in the structure of fungi populations from these
regions was noted on the basis of toxin formation, which in-
dicates a single epidemiological zone (Gultyaeva et al., 2018).

Studies aimed at assessing the resistance of wheat germ-
plasm to tan spot have received great attention (Chu et al.,
2008; Singh P. et al., 2016; Kokhmetova et al., 2017, 2018a,
2019). The present work is due to the need to create geneti-
cally heterogeneous sources of resistance, which can be used
in breeding wheat varieties resistant to P, tritici-repentis. This
problem was solved on the basis of the use of DNA technolo-
gies and the use of isolates of race 1, which produce the most
common toxin in Kazakhstan, Ptr ToxA.

Molecular markers for the diagnosis of insensitivity to
Ptr ToxA and Sn ToxA (Xfcp393 and Xfcp394) have previously
been developed (Zhang et al., 2009). After the 751/ gene was
cloned and sequenced, the dominant SSR marker Xfcp623 was
developed on the inner region of the gene (Faris et al., 2010).
The Xfcp623 marker, proposed as a diagnostic marker for the
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Tsnl gene, is considered more reliable than those previously
developed. The reliability of the Xfcp623 diagnostic marker
for detecting wheat genotypes with resistance to the pathogen
and insensitivity to Ptr ToxA has been shown in a number of
studies (Karelov et al., 2015; Mironenko et al., 2017). Taking
into account the higher efficiency of the Xfcp623 marker, in
our study we genotyped wheat germplasm using this marker.

As a result of our research, a collection of 30 common
wheat entries was characterized using the Xfcp623 molecular
marker, which is diagnostic for the 751/ gene associated with
sensitivity to Ptr ToxA. From a practical point of view, of the
greatest interest are 16 wheat samples, which demonstrated
resistance to race 1 and confirmed resistance to Ptr ToxA in
molecular screening. These include eight Kazakh and seven
foreign wheat lines. Susceptibility to Ptr ToxA did not always
correlate with susceptibility to race 1 and depended on the
genetic background of the host.

The results of genotyping and screening of wheat entries for
resistance to the most common isolates of P. tritici-repentis in
Kazakhstan are of interest in order to increase the efficiency
of breeding based on the elimination of carriers of dominant
alleles of the Tsn/ gene sensitive to the aggressive Ptr ToxA
toxin from the breeding material. Carriers of the identified
tsnl gene for resistance to Ptr ToxA can be used in breed-
ing programs for gene pyramiding of genes for resistance to
wheat diseases.
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Comparative analysis of wild and cultivated Lathyrus L. species
to assess their content of sugars, polyols,
free fatty acids, and phytosterols
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Abstract. Under the condition of climate change, the need for crops resistant to abiotic and biotic stresses is in-
creasing. Lathyrus spp. are characterized by a high nutritional value of their green biomass. The grass pea is one of
the most resistant to drought, waterlogging, cold, salinity, diseases and pests among cultivated legumes, and it is
grown at minimal cost. The creation of new Lathyrus L. sorts with an improved nutrient composition of nutrients
will allow to obtain high-quality feed in areas with extremely unstable weather conditions. In this connection, we
studied the patterns of variability in the parameters of the carbohydrate complex (sugars, their lactone and methyl
forms), polyols (including phenol-containing alcohols), phytosterols, free fatty acids (FFA) and acylglycerols in the
green mass of 32 samples of Lathyrus sativus L., L. tuberosus L., L. sylvestris L., L. vernus (L.) Bernh., L. latifolius L.,
L. linifolius (Reichard) Bassler. from the VIR collection, reproduced in the Leningrad region in contrasting condi-
tions 2012, 2013.The content of identified compounds varied depending on the genotype, species, and weather
conditions. High temperatures and high level of precipitation in 2013 contributed to the accumulation of monosac-
charides, in more colder and drier conditions in 2012 - oligosaccharides, most of polyols and FFA. The cultivated
species (L. sativus) was distinguished by its high sugar content, and the wild species as follows: L. latifolius by FFA;
L. linifolius by ononitol, myo-inositol, and glycerol 3-phosphate; L. vernus by MAG and methylpentofuranoside. The
species cultivated in culture (L. sativus) was distinguished by a high sugar content, wild species: L. latifolius — by FFA,
L. linifolius — ononitol, myo-inositol and glycerol-3-phosphate, L. vernus — MAG and methylpentofuranoside. Ac-
cording to our results, the studied samples are promising for the selection of Lathyrus varieties with high nutrition
quality and stress-resistant.

Key words: Lathyrus L.; wild species; varieties; green mass; gas chromatography; polymorphism of characters.
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(Lathyrus L.) 110 comep>XaHIIO caxapoOB, MHOT'OATOMHBIX CIIMIPTOB,
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AHHOTaLuA. B ycnoBuaAx n3meHeHMs KnnmaTta yBennuvBaeTcA NOTPeObHOCTb B YCTOMUMBBLIX K abMOTUYECKNM 1
6UOTNYECKMM CTPEeCCaM CeNIbCKOX03ANCTBEHHbIX KyNbTypax. Buabl UsHbI XapakTepur3yoTcsa BbICOKOW NUTaTeNbHON
LIeHHOCTbIO 3e/1eHOl Macchl. YnHa NoceBHan — oAHa 13 Hambonee yCTOMYMBBIX K 3aCyxe, 3ab6onaunBaHuio, Xonoay,
3aconeHuio, 6onesHAM 1 BpeamTenam 6060BbIX KyNbTyp, BbipallyBaeTCA NPY MUHUMAalbHbIX 3aTpaTtax. Co3faHve
copToB Lathyrus L. ¢ ynyyleHHbIM COCTaBOM NUTATENbHbIX BELeCTB NO3BOMIUT NOyYaTb KaueCTBEHHbIe KOpMa B
panoHax ¢ KpaiHe HeyCTONUYMBbBIMN NOFOAHbIMY YCIOBUAMN. B CBA3M € 3TUM Hamy nCceaoBaHbl 3aKOHOMEPHOCTH
MN3MEHUYMBOCTY NOKa3aTesie YrieBoAHOro KOMMeKca (CaxapoB, UX NTAKTOHHbIX U METUbHbIX GOPM), MHOFOaTOM-
HbIX CNPTOB (B TOM umncsie deHoncomepalymnx), GUToCcTeposios, CBOOGOAHBIX XUPHbIX KACIOT U aLuArimLeponos
B 3efieHOM Macce 32 obpasuos Lathyrus sativus L., L. tuberosus L., L. sylvestris L., L. vernus (L.) Bernh., L. latifolius L.,
L. linifolius (Reichard) Bassler. u3 konnekunmn BUP, penpopyumpoBaHHbix B JIeHWHIPagCKo 0611acT B KOHTPACTHBIX
ycnosusax 2012 n 2013 rr. CogepkaHve naeHTMoUUMPOBaHHbIX COeANHEHNI BapbUpOBasio B 3aBUCMMOCTY OT re-
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CopepkaHue caxapoB, MHOFOaTOMHbIX CMIUPTOB,
CBOOOLHBIX XMPHBIX KNCIOT 1 dutocTeponos y Lathyrus spp.

HOTUMA, BAA 1 METEOPOJIONMYECKIMX YCIOBUMIA. BbicoKne TemnepaTypbl 1 605bluoe KonnMuyecTBo ocagkos 2013 T.
CNoco6CTBOBANM HAKOMEHUIO MOHOCaXapuaoB, bonee XxonofHble U cyxme ycnous 2012 . — HAKOMIEHWIO ONNroCca-
XapuaoBs, 60bLIVHCTBa MHOTOATOMHbIX CMIPTOB U CBOBOLHbIX XUPHbIX KUCNOT. Bua, Bo3aenbiBaeMblil B KynbType
(L. sativus), oTMYancs BbICOKAM COAEepPKaHNeM CaxapoB, AVKUe BUAbl — CBOGOAHbIX XUPHbIX Kucnor (L. latifolius),
OHOHUTONA, MUO-UHO3KTONA U ruuepon-3-pocdara (L. linifolius), MAT n meTunneHtodypaHosuaa (L. vernus). Mo pe-
3y/bTaTam 13y4yeHus GONbLUMHCTBO NCCNeOBaHHbIX 06Pa3LOB NepCreKTUBHO A CenekLUmmn HOBbIX BbICOKOMMTa-
TeNbHBIX U YCTOMYMBBIX K CTPECCaM KOPMOBbIX COPTOB Lathyrus.

KnioueBble cnoBa: Lathyrus L.; fukre BUAbI; COPTa; 3eNeHas Macca; ra3oBas XpomaTtorpadus; reHeTryeckre pecyp-

Cbl; NONIMMOPGU3M MPU3HAKOB.

Introduction

The changing climate leads to the expansion of areas with
extremely unstable weather conditions, thus enhancing the
demand for stress-resistant crops grown for food and feed.
Many species in the genus Lathyrus L. are used as sources
of human food, animal feed, and medications. A majority of
wild peavines are exploited as pasture and fodder plants. The
best-known species is the grass pea (Lathyrus sativus L.)
with its millennia-long cultivation history, cultivated on all
the continents. This leguminous crop is considered one of the
most resistant to drought, waterlogging, and cold (Campbell,
1997). It is adapted to a diversity of soil types, including
salinized soils, and would yield harvests in the environments
where other crops would die, so it was recognized as ‘the food
for survival’ (Sarkar et al., 2019). The species is resistant to
diseases (powdery mildew, rust, etc.) and pests (Sarkar et al.,
2019). The yield of grass pea seed reaches 2.9 t/ha, and that
of its green biomass is 5.2 t/ha.

Grass pea seed and green biomass are notable for their high
nutritional value. The grain contains, depending on growing
conditions, from 18 to 34 % of protein (Rizvi et al., 2016;
Burlyaeva et al., 2018; Donskoj et al., 2019), and the biomass
from 10 to 27 % (Burlyaeva et al., 2015). Seeds of L. sativus
and L. cicera L. are characterized by high concentrations
of essential amino acids (63—-64 %) and polyunsaturated
fatty acids (66.9 and 58.6 %, respectively), predominantly
linoleic (Grela et al., 2012). The hay from grass pea matches
alfalfa in nutritiousness (Poland et al., 2003). The content
of organic acids in the Lathyrus green biomass varies from
140.0 to 2140.0 mg/100 g, free amino acids from 11.8 to
610.0 mg/100 g, and secondary metabolites from 4.4 to
224.6 mg/100 g (Solovyeva et al., 2019).

In Russia, compared with other countries, Lathyrus spp. oc-
cupy a minor niche in the national plant production. Breeding
work is conducted in a limited number of institutions, which
has a negative effect on the crop’s utilization in agriculture.

Our previous investigations of the green biomass of wild
and cultivated Lathyrus spp. exposed a wide range of com-
pounds in it (organic acids, free amino acids, and secondary
metabolites). Accessions from the peavine collection were
identified as promising sources for the development of highly
nutritious, resistant and officinal cultivars (Solovyeva et al.,
2019).

The present study is the next step in the research into me-
tabolomic profiles of peavine green biomass with a focus on
the content of saccharides, free fatty acids (FFA), polyols, and
acylglycerols. The objective of the study was to assess the
interspecific and intraspecific polymorphisms of biochemical
characters in Lathyrus spp. and the effect of weather conditions
on their variability. To solve this task, the technique currently
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widely known as profiling was used (Steinhauser, Kopka,
2007). This technique is one of the so-called metabolomic
methods of analysis, which, in addition to delivering informa-
tion on individual metabolites in a studied object, makes it
possible to evaluate the status of this object (Worley, Powers,
2012; Hong et al., 2016).

Thus, our aim was gaining knowledge about variations in
the status of metabolic networks in the accessions of Lathy-
rus spp. in the context of their taxonomic characteristics and
weather conditions.

Materials and methods

The experiment encompassed 32 accessions of six Lathy-
rus spp. from the collection of the Vavilov Institute (VIR):
grass pea (L. sativus), flat pea (L. sylvestris L.), spring pea
(L. vernus (L.) Bernh.), heath pea (L. linifolius (Reichard)
Bassler), everlasting pea (L. latifolius L.), and tuberous pea
(L. tuberosus L.), grown in the fields of Pushkin experi-
mental laboratories of VIR in 2012 and 2013 according to
the guidelines approved by VIR (Vishnyakova et al., 2010).
Meteorological conditions during the growing seasons were
contrasting. In 2012, the sum of active temperatures was
1885.0 °C, and the precipitation amount 340.7 mm; in 2013,
the sum of active temperatures increased to 2474.3 °C, and
rainfall to 646.4 mm.

Plants were collected in the phase of first mature pods. Fresh
green biomass was analyzed from 5 plants of each accession
(leaves, inflorescences, pods in the phase of milk ripeness, and
stems). Gas chromatography/mass spectrometry (GC-MS)
profiling was performed using the protocol for the analysis
of trimethylsilyl derivatives, developed at the Komarov Bo-
tanical Institute while working on the program task, theme
AAAA-A18-118032390136-5 “Assessment of changes in the
correlational structure of metabolite networks in the process
of growth and development of fungi and plants from the
viewpoint of systemic biology”, and adjusted for use on Agi-
lent 6850-MSD 5975 at the Research Park of St. Petersburg
State University Center for Molecular and Cell Technologies
(Puzanskiy et al., 2018).

The plant material was examined by the GC-MS tech-
nique: it was extracted with ethanol, and then evaporated dry
on a CentriVap Concentrator (Labconco, USA). The solid
residue was dissolved in pyridine containing 1000 ppm of
tricosane that served as an internal standard; then, 20 pl of
BSTFA (N,O-Bis[trimethylsilyl]trifluoroacetamide) (Supelco,
USA) was introduced. To ensure the silylation reaction suf-
ficiency, the vials were kept for 15 min under +100 °C in
a special thermal block. The samples were analyzed on an
Agilent 6850 chromatographic mass spectrometer with the
Agilent 5975 D mass selective detector (USA). Chromato-
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graphic separation was done on an Agilent HP-5MS column
(USA), length: 30 m, internal diameter: 0.25 mm, stationary
phase film thickness: 0.25 um, linear temperature program-
ming mode: 70 to 325 °C, speed: 6°/min (50 min), carrier gas:
helium. The analysis was performed with a constant gas flow
velocity through the column (1 mL/min) as follows: evaporator
temperature: +300 °C; flow split ratio during sample injection:
1:20; mass spectra scanning range: 50 to 1050 amu; scanning
speed: 2 scans/sec. Total ion current (TIC) chromatograms
were recorded for the samples.

The results were processed using UniChrom and AMDIS
software resources, NIST 2010 mass spectra libraries, and
in-house libraries of the Research Park of St. Petersburg State
University and the Komarov Botanical Institute.

The amount of trimethylsilyl (TMS) derivatives of the
identified compounds was calculated by the internal standard-
ization method for tricosane using UniChrom software. With
the semiquantitation approach applied, the detector’s sensiti-
vity coefficients for individual compounds need not be taken
into account (Worley, Powers, 2012). The data produced by
the analysis are presented in conventional units (c.u.) (Sitkin
etal., 2013).

Statistical data processing was done with Statistica 7 and
Excel 7.0 software for Windows, using the principal factor
analysis (PFA) and one-way analysis of variance (ANOVA).
Statistical significance of the environmental effect on the
expression of biochemical characters was assessed using
Fisher’s criterion (LSD test), and the factor’s effect size (per-
centage) — 1? (intraclass correlation coefficient, according to
Fisher) — was calculated by the following formula (Ivanter,
Korosov, 2003):

) SSfactor

L SStotal

x 100 %,

where 12, % is the effect size percentage of the factor’s impact;
SStctor 18 the sum of squared deviations for the factor; SS,
is the total sum of squared deviations.

Results

The GC-MS profiling of the green biomass of Lathyrus L. spp.
identified about 300 components. Organic acids, free amino
acids and phenol-containing compounds were discussed in
an earlier publication (Solovyeva et al., 2019). This study
presents analytical results of comparing the contents of over
60 compounds in the peavine green biomass, including such
groups as sugars, polyols, phytosterols, and FFA. The levels of
the identified compounds are presented in c.u. (see the Table,
Suplementary Material 1)!.

Carbohydrate composition. Sugars in the peavine green
biomass consisted of mono- and oligosaccharides. Monosac-
charides were represented by pentoses (ribose, arabinose,
lyxose, and xylose) and hexoses (fructose, glucose, sorbose,
galactose, mannose, rhamnose, and altrose). Oligosaccharides
included disaccharides (sucrose, maltose, and rutinose) and a
trisaccharide (raffinose). Fructose, glucose and mannose were
the main sugars in the hexose group, xylose in the pentose
group, and sucrose in the group of disaccharides (Fig. 1). Be-
sides, metabolically active forms of saccharides were idenified:

T Supplementary Materials 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx11.pdf
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Comparative analysis of Lathyrus spp. on the content
of sugars, polyols, free fatty acids and phytosterols

Comparative analysis of the content of saccharides,
polyols and FFA in the green mass
of some Lathyrus L. species (c.u.)

Species Saccharides  Polyols FFA

L. sativus L. 1808+ 124* 487+66 162+25
423-4470* 77-3184 10-732

L. sylvestris L. 825+101 340+73 130+42
592-1162 244-630 40-288

L. vernus (L.) Bernh. 304+204 1041+22 50+7
40-569 1019-1062 43-56

L. linifolius (Reichard) 327 +5 2343 +247 114+3

Bassler 322-331 1895-2791 110-117

L. latifolius L. 488+10 360+31 345+81
478-4990 329-391 264-427

L. tuberosus L. 144+25 66+17 86+34
119-169 49-82 52-120

*%

* Arithmetic mean+standard error of the arithmetic mean;
(min-max).

variability

Ribose
Arabinose
Lyxose
Rhamnose
Xylose
Altrose
Fructose
Sorbose
Galactose
Mannose
Glucose
Sucrose
Maltose
Rutinose
Raffinose

Fig. 1. Component composition profiles of monosaccharides and oligo-
saccharides: percentage of the total sugar content in the green biomass
of Lathyrus spp.

lactone (glucose 1,4-lactone), phosphate (fructose 6-phosphate
and glucose 1-phosphate), and methyl sugars (methylpento-
furanoside and methylglucofuranoside).

The relative content of sugars varied across the years
(Fig. 2) and the genotypes. A majority of sugars were mono-
saccharides (67 % of the total sugars) represented mostly by
hexoses (66 % of the total sugars). Pentoses amounted to
slightly more than 1 %, and oligosaccharides to 32.6 %; of the
latter, disaccharides accounted for 32.3 %, and trisaccharides
for 0.3 %. Sucrose had the highest percentage among disac-
charides (31.9 %).
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The mean value for sugars in 2012 was 1442 c.u. (40 to
4470). The greatest part of sugars was represented by disac-
charides, their mean content equal to 903 c.u. (0 to 3983).
The mean total amount of monosaccharides was 538 c.u. (40
to 2085). They were represented mostly by hexoses, with the
mean level of 530 c.u. (29 to 2082). Pentoses averaged 8 c. u.
(0to 24). Identified among trisaccharides was raffinose whose
mean content was 1 c.u. (0 to 14). The mean content of total
oligosaccharides was 904 c.u. (0 to 3984).

In 2012, the highest saccharide levels were recorded for
the accessions of L. sativus (up to 4470 c.u.) and L. sylvestris
(up to 1162). The remaining peavine species accumulated less
than 600 c.u. of sugars. The lowest values were observed in
the accessions of L. tuberosus (144 c.u.).

In 2013, the total content of sugars, including monosac-
charides (hexoses and pentoses), increased on average to
1830 and 1278 c.u., respectively, while the content of sucrose
reduced to 551. Compared with 2012, the limits of the varia-
tion range changed for total sugars from 144 to 2511 c.u., for
monosaccharides from 63 to 1842 c.u. (for hexoses from 63
to 1751 c.u.), and for oligosaccharides from 273 to 1060 c. u.
The major part of sugars in 2013 was represented by monosac-
charides (hexoses). Mean values for total oligosaccharides in
2013 decreased to 532 c. u., while those for raffinose increased
to 11 c.u. The ranges of variability for pentoses and raffinose
(0.3—64 and 040 c.u., respectively) in 2013 became wider
than in the previous year.

High levels of sugars (more than 2831 c.u.) during the
entire period of studies were observed in the accessions of
L. sativus.

Polyols and phytosterols. Most of the identified polyols
were hexatomic (sorbitol, dulcitol, mannitol and inositol); their
mean total amount was 476 c.u. (see Suppl. Material 1). They
were represented mainly by inositol, its isomers and deriva-
tives (myo-inositol, chiro-inositol, methyl-inositol, ononitol
and galactinol); their total sum was 413 u. e. In addition to the
alcohols mentioned above, glycerol, erythritol, threitol, xylitol,
arabinitol and phytol were identified. Besides, phytosterols
(campesterol, stigmasterol, B-sitosterol, isofucosterol and
taraxasterol) and phenolic alcohols (coniferol, a-tocoferol,
kaempferol and pyrogallol) were observed; their total sums
were 9 and 3 c.u., respectively. In the phytosterol group, B-si-
tosterol prevailed (8 c.u.). Phosphate forms of glycerol and
inositol were also identified as well as metabolic products of
glycerophospholipids (glycerol 3-phosphate and myo-inositol
2-phosphate). Phenol-containing alcohols were discussed
earlier (Solovyeva et al., 2019).

The content of polyols significantly varied across the
years of the study (see Fig. 2). In 2012, their mean level
was 744 c.u., with the limits of variation from 171 to 3184.
In 2013, their amount reduced to 317 c.u., and the range of
their variation narrowed (77 to 442). This value in L. sativus
in 2012 (637 c.u.) was lower than the mean (calculated for
all accessions), but in 2013 it decreased to 322 c.u. The same
tendency was observed in the accessions of L. sylvestris:
437 c.u.in 2012, and 275 c.u. in 2013.

The highest content of polyols was found in L. sativus
(3152 c.u.), alower one in the accessions L. linifolius (2307),
L. vernus (1050), L. sylvestris (619) and L. latifolius (348),
and the lowest in L. tuberosus (66).
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Fig. 2. Mean values for monosaccharides, oligosaccharides, total sugars,
fatty acids, polyols, and phytosterols in the Lathyrus green biomass in
2012-2013.

The highest amounts of erythritol and phytosterols (1 and
22, respectively) were observed in the accessions of L. sativus,
and the highest total polyols in L. sativus and L. linifolius
(3115 and 2307 c.u., respectively).

Free fatty acids and acylglycerols. Nineteen FFA were
identified, including saturated (capric, undecylic, lauric, pal-
mitic, stearic, arachidic, behenic, lignoceric, cerotic, montanic
and melissic) and unsaturated ones (oleic, linoleic and lino-
lenic), hydroxy acids (hydroxyoctadecanoic, hydroxytetraco-
sanoic, hydroxyhexacosanoic, hydroxyoctacosanoic and hyd-
roxytriacontanoic), and monoacylglycerols (MAG-1 C16:0
and MAG-1 C18:0) (see Suppl. Material 1).

In 2012, the total FFA content in the peavine green biomass
was 248 c.u. (limits of variation from 37 to 732), with 1 c.u.
for MAG (0 to 21). In 2013, the values of FFA and MAG re-
duced to 52 and 0.5 c.u., and their variation limits narrowed
(10 to 138, and 0 to 2, respectively) (see Fig. 2).

Hydroxyhexacosanoic, palmitic, linolenic and stearic acids
showed the highest values: their shares in the total content of
FFA and hydroxy acids were 32,22, 14 and 13 %, respectively.
The mean percentage of linoleic acids was 7 %, with 5 % of
capric, 3 % of oleic, 2 % of hydroxyoctacosanoic, and 1 %
of undecylic acid. The percentage of minor FFA was less
than 1 %.

The highest mean content of FFA was observed in the ac-
cessions of L. latifolius (up to 345 c.u.). Other species showed
lower levels: 162 c.u. in L. sativus, 131 in L. sylvestris, 114 in
L. linifolius, and 86 in L. tuberosus. The lowest FFA amounts
were found in L. vernus (50 c.u.), but this species was dis-
tinguished for the contents of MAG-1 C16:0 (up to 11 c.u.)
and MAG-1 C18:0 (up to 10). The levels of MAG in the other
species were much lower.

Discussion
Our experiment disclosed the presence of significant interspe-
cific and intraspecific variability of the Lathyrus accessions
both in the quantitative content and qualitative composition
of the identified compounds (see Suppl. Material 1).

The analysis of the resulting data showed a strong variation
in the values under different weather conditions (see Fig. 2).
High temperatures and intense rainfall (2013) contributed
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to the accumulation of sugars at the expense of an increase
in the percentage of monosaccharides, while the colder and
drier conditions (2012) provoked a rise of polyols, FFA and
oligosaccharides.

A single factor analysis of variance was applied to ascer-
tain the statistical significance of the effect of weather on the
studied characters. Growing conditions were found to pro-
duce a statistically significant impact on the variability of
the total sugars, total FFA, ribose, arabinose, xylose, altrose,
rhamnose, mannose, glucose, galactose, sucrose, maltose,
rutinose, raffinose, certain acids (palmitic, stearic, oleic,
linoleic, linolenic, lignoceric, hydroxyhexacosanoic and hy-
droxytriacontanoic), stigmasterol, threitol, glycerol, xylitol,
erythritol, ononitol, sorbitol, mannitol, phytol, -sitosterol,
campesterol, phosphate, glucose 1-phosphate, methylphos-
phate, threono-1,4-lactone, and glucono-1,4-lactone (Fig. 3,
Suppl. Material 2). Variations of other compounds were not
significantly affected by weather. The strongest effect of grow-
ing conditions was observed in the accumulation of mannose
(effect size N2 = 62.9 %), rhamnose (62.3), glucose (56.7),
raffinose (41.1) and altrose (40.9 %) in the peavine biomass.
Variability of the total FFA levels was determined by meteo-
rological conditions to the extent of 34.1 %; linolenic (51.1)
and palmitic (46.9) acids were the most dependent on them.
Among phytosterols, the highest values of n?> were recorded
for campesterol (80.2 %) and stigmasterol (71.6); among
polyols, for threitol (53.6 %) and mannitol (37.9). A significant
weather impact was produced on the content of phosphoric
acid derivatives (60.0 %), glucose 1-phosphate (36.7), and
threono-1,4-lactone (31.5). Thus, weather conditions were
found to have a significant effect on the accumulation of
a considerable number of identified compounds in the green
biomass of Lathyrus spp.

The principal factor analysis (PFA) was applied to reveal
the interplay among biochemical characters and disclose re-
gularities in their variations under the influence of weather
conditions, genotypes, and taxonomic (species-specific) at-
tribution. As a result, 10 factors determining 65.8 % of the
total variance in plant characters were identified. In the first
factor (F1, 20.7 % of the total variance), two large groups of
biochemical characters demonstrated negatively correlated
concurrent variations. The first group included rhamnose,
xylose, altrose, glucose, maltose, rutinose, raffinose, erythritol,
threitol, mannitol, campesterol, stigmasterol, phosphate and
glucose 1-phosphate; the second one united palmitic, linoleic,
linolenic and stearic acids, glycerol, sorbitol, B-sitosterol and
threono-1,4-lactone. This factor demonstrates that higher
amounts of the compounds from the first group in peavine
green biomass are accompanied by lower levels of those from
the second group, and vice versa. The dominating characters
in F1 (determining variations of the others) are campesterol,
stigmasterol, linolenic acid, and palmitic acid. The second
factor (F2, 7.5 %) proves the relationship between sorbose and
fructose. The third (F3, 6.8 %) ascertains the interactions of
methyl-inositol, glyceraldehide, a-methylglucofuranoside, and
methylglucoside. The fourth (F4, 6.3 %) shows correlations
between capric, oleic and hydroxytetracosanoic acids. The
fifth (F5, 5.4 %) incorporates arachidic, behenic, hydroxy-
hexacosanoic and hydroxyoctacosanoic acids. The sixth fac-
tor (F6, 4.8 %) includes melissic and hydroxyoctadecanoic

734

Comparative analysis of Lathyrus spp. on the content
of sugars, polyols, free fatty acids and phytosterols

Total saccharides
Oligosaccharides
Raffinose
Rutinose

Maltose

Sucrose
Monosaccharides
Glucose
Mannose
Galactose

Altrose
Xylose
Rhamnose
Arabinose

Ribose i
0 10 200 30 40 50 60 %

Glucose-1-phosphate
Phosphate

Gluconic acid 1,4-lactone
Threono-1,4-lactone
Methylphosphate

0 1b 2.0 3.0 4XO SXO éO %
B-sitosterol
Stigmasterol
Campesterol
Phytol
Mannitol
Ononitol
Sorbitol
Threitol
Erythritol
Xylitol
Glycerol

0 10 20 30 40 50 60 70 80 %

Total fatty acids
Hydroxytriacontanoic acid
Hydroxyhexacosanoic acid

Lignoceric acid
Stearic acid
Oleic acid
Linolenic acid
Linoleic acid

Palmitic acid

0 10 20 30 40 50 %

Fig. 3. The effect size percentage (n2) showing the impact of weather
conditions on the variability of biochemical characteristics.

acids, the seventh (F7, 4.1 %) ononitol, the eighth (F8, 3.6 %)
glycerol 3-phosphate, the ninth (F9, 3.5 %) lupeol and gua-
nosine, and the tenth (F10, 3.3 %) myo-inositol 2-phosphate
and uridine.

While studying the distribution of accessions in the space
of the first two factors, it seems obvious that the plants are
grouped according to the years of observations (Fig. 4). The
right-hand part of the graph contains cultivars with high levels
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of saccharides (rhamnose, xylose, altrose, glucose, maltose,
rutinose, raffinose, and glucose 1-phosphate), phosphate,
erythritol, threitol, mannitol, campesterol and stigmasterol,
and low levels of FFA (palmitic, linoleic, linolenic and stearic
acids), glycerol, sorbitol, B-sitosterol, threono-1,4-lactone.
The left-hand part harbors accessions with the opposite values
of the above-listed compounds, the upper part with minimal
amounts of sorbose and fructose, and the bottom part with
the highest levels of these two sugars. Thus, the accessions
reproduced in 2013 clustered in the section with high amounts
of most of the sugars, while those of 2012 in the FFA section.
Adverse growing condition (2012) provoked the accumulation
of glycerol, sorbitol and B-sitosterol, whereas optimal condi-
tions for plant growth and development (2013) favored eryth-
ritol, threitol, mannitol, campesterol and stigmasterol. The
wild species L. vernus, L. linifolius and L. tuberosus showed
intermediate levels of most sugars, polyols and FFA, and low
values of fructose and sorbose. The accessions of L. sylvestris
differed from other wild forms in the higher fructose and sor-
bose content. Many indicators in L. latifolius were close to
those in L. sylvestris. The cultivated L. sativus demonstrated
the richest polymorphism of all the studied characters. Most
of'the cultivars representing L. sativus concentrated in the sec-
tion of intermediate and high levels of fructose and sorbose,
but no species-specific groups were observed for the other
biochemical characters: the accessions scattered across the
graph in accordance with individual features of their genotypes
and their normal responses to weather conditions.

Factors F3—F10 highlighted heterogeneity of the accessions
in each of the principal components (Suppl. Material 3). Maxi-
mums of factor loadings for most of the factors were recorded
in the accessions of L. sativus (k-34 and k-900), L. linifolius
(N-597422), and L. vernus (N-591179 and N-593953).

According to Chavan (1998), the green biomass of peavines
is characterized by a fairy high content of sugars. Within the
plant, sugars play the role of osmoprotectants and stabilizers of
membranes and proteins, including the same under the impact
of low temperatures. Therefore, accessions with high sugar
content, especially as far as oligosaccharides and raffinose
are concerned, are more resistant to abiotic environmental
stressors. Oligosaccharides are accumulated by a plant as a re-
sponse to the cold stress (Krasenski, Jonak, 2012; Moreno et
al., 2018). In our experiment, the growth of the oligosaccharide
content was observed in the year with lower temperatures,
which confirmed the above-mentioned. The highest levels of
raffinose were observed in L. sativus, so its accessions may
be recommended to breeders to develop stress-adaptable and
cold-tolerant cultivars.

Some researchers reported that if the raffinose content in
food or feed exceeded 0.4 % dry weight it may cause dys-
peptic disorders (Muzquiz et al., 2012). In our experiment, its
percentage never exceeded this level, so the green biomass
of all studied peavine species may be used as animal feed.

Mannitol, arabinitol, sorbitol, galactinol, dulcitol, erythri-
tol and other polyols improve adaptive properties of a plant
against salt, water and temperature stresses. Accessions with
a high content of these compounds may be identified as
potentially resistant to unfavorable environmental factors
(Tibbett et al., 2002; Majumder, Biswas, 2006; Dong et al.,
2013; Baudier et al., 2014; Zhou et al., 2014; Patel, William-
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Fig. 4. Distribution of the accessions over the space of the first two factors
(F1 and F2).

son, 2016; Moreno et al., 2018). According to our data, the
content of glycerol and sorbitol in peavine green biomass was
higher under cold and dry conditions in 2012 (23 and 56 c. u.,
respectively), which confirmed the results of the authors
referred to above. The highest levels of glycerol and sorbitol
were observed in L. sativus.

Inositol, its isomers and derivatives, including phosphate
ones (methyl-inositol, chiro-inositol, myo-inositol, ononitol,
and myo-inositol 2-phosphate) participate in the cell mem-
brane biosynthesis and plant growth regulation, are incorpo-
rated into the composition of the cell’s phosphate ‘depot’,
and appear among the antistress factors of plant protection
(osmolites) (Dong et al., 2013). In this research, when the
plants developed under cold dry conditions, their mean values
of ononitol were higher than in an optimal environment (505
and 245 c.u., respectively). The same situation was observed
with the levels of mannitol, xylitol and erythritol in the green
biomass of L. sativus: under unfavorable conditions their
content increased. The maximums of methyl-inositol, chiro-
inositol, and myo-inositol 2-phosphate were identified in L. sa-
tivus (200, 40 and 0.5 c.u., respectively), while myo-inositol
and ononitol maximums in L. /inifolius (212 and 2088 c.u.,
respectively). On the whole, high values in the polyol content
were recorded for all Lathyrus spp., which explains their
resistance to abiotic and biotic stressors.

Phytosterols play an important role in plant growth and
development, because they are precursors of phytohormones
(Beebe, Turgeon, 1992; Deng et al., 2016; Valitova et al.,
2016). According to published data, the main phytosterol
in plants is B-sitosterol, which coincides with our results:
[-sitosterol accounted for 86.5 % of the total content of identi-
fied sterols. In our experiment, the total phytosterol content
in the peavine biomass was 39 c.u.

Among FFA on the surface of L. sativus seeds, palmitoleic
and palmitic acids are prevailing, followed in descending
order by stearic, myristic, oleic, arachidic, capric, behenic,
linoleic and linolenic acids (Adhikary et al., 2016). In this
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study, the major share of identified FFA also went to pal-
mitic, linoleic, linolenic, oleic and stearic acids. The pre-
sence of the mentioned FFA in green biomass characterizes
peavines as highly nutritional fodder plants promising for
cultivation.

Thus, over 300 compounds have been identified in the green
biomass of Lathyrus spp. (Solovyeva et al., 2019); more than
60 of them are described in this publication. The values of
a majority of the analyzed biochemical substances demon-
strated a wide range of variability. Their amounts significantly
varied across different genotypes, species, and years of testing.
The studied accessions showed high intra- and interspecific
polymorphisms, both in the quantitative content and qualita-
tive composition of the identified compounds.

Wild species (L. vernus, L. linifolius and L. tuberosus) had
medium values in the content of most sugars, polyols and FFA,
and low levels of fructose and sorbose. As far as their sugar
content is concerned, L. sylvestris and L. latifolius occupied
an intermediate position between the abovementioned wild
species and L. sativus. The cultivated L. sativus stood out for
the highest amount of sugars in its green biomass, L. linifolius
for ononitol, myo-inositol and glycerol 3-phosphate, while
L. vernus for MAG and methylpentofuranoside.

The comparative analysis helped to identify accessions suit-
able for further profound investigations into sugars, polyols,
FFA, phytosterols, etc. It is especially valuable for future
researching, because these compounds are indicators of green
biomass quality and resistance to unfavorable environmental
factors. The identified accessions can be used to produce
both highly nutritional and resistant cultivars of Lathyrus
spp. Considering the latest achievements in genomics, such
accessions may be regarded as quality and resistance sources
not only for peavines but for other crops as well.

Conclusion

Considerable polymorphism of biochemical characters has
been disclosed in wild and cultivated Lathyrus spp. The
results obtained attest to the high potential of the studied
species for contemporary agricultural production and new
breeding trends.

Introducing L. sativus, L. sylvestris, L. vernus, L. linifolius,
L. latifolius and L. tuberosus into animal feed production
would expand the assortment of the exploited fodder crops.
Due to their resistance to abiotic stressors and the disclosed
nutritional value, Lathyrus spp. could play an important role
in food security maintenance in areas with unpredictable
weather conditions.
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Phenotypic diversity of bread wheat lines with introgressions
from the diploid cereal Aegilops speltoides
for technological properties of grain and flour
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Abstract. The creation of varieties adapted to changing environmental conditions, resistant to various pathogens,
and satisfying various grain purposes is impossible without using the genetic diversity of wheat. One of the ways
to expand the genetic diversity of wheat is to introduce new variants of genes from the genetic pool of congeners
and wild relatives into the genotypes of existing varieties. In this study, we used 10 lines from the Arsenal collection
created on the genetic basis of the spring variety ‘Rodina’and the diploid species Aegilops speltoides in the Federal
Research Center “Nemchinovka” in 1994. The lines were previously characterized for the presence of transloca-
tions and chromosomal rearrangements cytologically and using molecular markers. Technological analyses were
performed on grain obtained in Western Siberia and Moscow region. The aim of this study was to establish the
possibilities of expanding the phenotypic diversity for technological properties of grain and flour as a result of
such hybridization of bread wheat and the diploid cereal Aegilops speltoides. The variety ‘Rodina’ forms a vitreous
grain with a high gluten content in Siberia, but has low physical properties of flour and dough. Five derived lines
were found to have significantly higher protein and gluten content in grain. The highest values under both grow-
ing conditions were found in lines 73/00i, 82/00i, and 84/00i. Two lines (69/00! and 76/00/) showed a high flour
strength and dough elasticity, characterizing the lines as strong and valuable in quality. These lines can be used for
baking bread. Line 82/00! inherited from Ae. speltoides a soft-grain endosperm, which indicates the introgression
of the Ha-Sp gene, homoeoallelic to the Ha gene of bread wheat, into ‘Rodina’ Flour of this line is suitable for the
manufacture of confectionery without the use of technological additives. The lines generally retained their charac-
teristics in different growing conditions. They can be attracted as donors of new alleles of genes that determine the
technological properties of grain and resistance to biotic stresses.

Key words: bread wheat; Ae. speltoides; introgression lines; chromosomal rearrangements; grain vitreousness; pro-
tein and gluten content in grain; physical properties of dough; soft grain and endosperm grain hardness.
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AHHoTayusa. Co3gaHne coOpToB, aanTMPOBaHHbIX K M3MEHAIOLLMMCA YCIOBUAM OKpY»KatoLen cpefibl, yCTONUMBbIX
K Pa3nmMyHbIM NaToreHam 1 COOTBETCTBYIOLUMX Pa3IMYHOMY LIeNeBOMY Ha3HauyeHWIo 3epHa, HEBO3MOXHO 6e3 nc-
Nonb30BaHUA FeHeTNYEeCKoro pasHoobpasna nweHnubl. OQHUM 13 NyTel ero pacluMpeHns ABMAETCA BBEAEH e B
reHOTUMbI CYLLECTBYIOLNX COPTOB HOBbIX BAPMAHTOB rEHOB 13 FEHETMYECKOTO MNyfa POACTBEHHbIX BUAOB U ANKNX
copoawnyeir. B HacToALeM nccnefoBaHny UCNonb3oBaHbl 10 NMHWI 13 KonneKuun «ApceHan», Co3aHHbIX Ha OCHO-
Be ApoBoro copta PoguHa n Bupa Aegilops speltoides B HayuHo-nccnegoBatenbCKoM MHCTUTYTE CENTbCKOFO XO3AM-
CTBa LieHTpasibHbIX paioHoB HeuepHo3eMHOI 30HbI (HbiHe DeaepanbHblii CCeAoBaTeNbCKUIA LeHTP «<HeMUMHOB-
Ka») B 1994 . JluHunn 66111 paHee oxapakTepr30BaHbl LUTONOMMYECKNMU U LUTOreHETMYECKUMIM METOAAMY, a TaKXKe
C MOMOLLbIO MONEKYNAPHbBIX MAaPKEPOB Ha HanMume 3ameLleHnin 1 NepecTpoek XPOMOCOM. TeXHONOrYecKme aHa-
Nun3bl 6bINN BbIMOSIHEHDBI Ha 3epHe, nonyyeHHoM B 3anagHon Cnbrpmn n MockoBckoi obnactu. Lenb nccneposa-
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Pa3Hoo6pasue NMHNIA MATKOW MLLEHNLbI
C MHTporpeccuamm ot Aegilops speltoides no kauecTsy 3epHa

HUA — YCTAHOBUTb BO3MOXHOCTY paclUMpeHuns GeHOTUNMYECKoro pasHoobpasna MieHWLbl MO TEXHONMOMMYeCKUMm
CBOWCTBaM 3epHa 1 MyKW B pe3ynbTaTe Takoi rubpugusauun. Copt PoguHa GopmrpyeT CTeKTOBULHOE 3€PHO C
BbICOKMM COfepKaHVeM KNenkoBUHbI B ycnoBuax Cnbrpu, HO MMeeT HeBbICOKME dur3nYecKme CBOMCTBA MyKU 1
Tecta. OGHAPYKEHO, UTO NATb MNPOU3BOAHBIX OT HETO JIMHWIA MEIOT JOCTOBEPHO Goee BbICOKOE cofiepKaHue ben-
Ka 1 KNeMKOBUHbI B 3epHe. HanbonbLune 3HaueHns B 060X yCIOBUAX BbIPaLLMBaHNA YCTaHOBAEHbI y IHI 73/00),
82/00' 1 84/00'. ige nuHum, 69/00' 1 76/00', NOKa3anm BbICOKYIO CUY MyKM 1 YNIPYroCTb TECTa, XapakTepusylowme
NIMHUW KaK CUJIbHbIE U LieHHble MO KayecTBYy. 3ePHO 3TUX IMHWUIA MOXKeT ObiTb MCMOSIb30BAHO ANA BbiNeykmn xeba.
Nunnsa 82/00' yHacnenosana ot Ae. speltoides MArkosepHbili SHLOCMEPM, YTO FOBOPUT 06 UHTPOrPECC B FeHOM
copta PoguHa reHa Ha-Sp, romeoannenbHOro reHy Ha Markow nweHuubl. Myka 3Ton IMHY NpUrogHa Ansa N3rotos-
NEHVA KOHOUTEPCKMX 13aenuni 6e3 NnpuMeHeHNsa TeEXHONOrMYecKmx 4o6aBoK. JIMHUY B OCHOBHOM COXPaHAN CBOU
0COOEHHOCTM B Pa3fINYHbIX YCNOBUAX BblpalmBaHua. OHM MOryT ObITb NpUBNEYEHbl B KaueCcTBE JOHOPOB HOBbIX
annener reHoB, onpeaensALLMX TEXHONOrMYecKne CBONCTBA 3epHA U YCTONYMBOCTb K BUOTUYECKUM CTpeccam.

KntoueBble cnoBa: MArkas niweHnua; Ae. speltoides; NHTPOrpeccUpoBaHHbIE NINHUM; XPOMOCOMHblE NepecTponKy;
CTeKJIOBUIHOCTb 3epHa; cofepKaHuve 6eflka 1 KNekoBrHbI B 3epHe; dr3nyecKkmne CBOMNCTBA TeCTa; MATKO3ePHOCTb

2020
24.7

1 TBEPA03€PHOCTb SHAOCNEpMa.

Inroduction

Climate change on the Earth entails a change in growing con-
ditions for crops. Breeders when faced with the new natural
challenges, must have a large arsenal of genetic diversity in
order to create varieties with the required properties. In Russia,
bread wheat is one of the main cereal crops, which grain is
used for food, fodder and for technical purposes. Also, grain is
an important export item. In 2020, the area under spring bread
wheat in Russia was 12.2 million hectares, while the total
area under spring crops was 52 million hectares (Ganenko,
Belaya, 2020).

For a long time breeding was focused on the obtaining of
high-yielding wheat cultivars; this resulted in a loss of valuable
and rare alleles that ensure the development of high-quality
cultivars with high gluten content in grain. Changes in the
spectrum of pathogens and their racial composition also pe-
riodically remove many varieties from the use in production.
As aresult, the gene pool of wheat cultivars becomes narrower
in a practical application.

Currently, breeding is faced with the task of obtaining the
cultivars that are adapted to changing environmental condi-
tions, resistant to various pathogens and satisfying various
end-use grain purposes (baking yeast bread, making pizza,
cookies, pancakes, noodles, etc.) (Pefia, 2002). This task re-
quires the expansion of the genetic diversity of wheat in many
ways. The classic way to solve this problem is to use ancient
varieties and genetic collections of wheat in hybridization
(Mitrofanova, 2012; Vikram et al., 2016). The alternative way
is hybridization of bread wheat with closely related species
and wild relatives that carry gene variants that are absent in
the genotype of existing cultivars. This pathway is mainly used
to search for genes of resistance to biotic and abiotic stresses
(Tsitsin, 1958; Vavilov, 1986; Leonova, Budashkina, 2016;
Voronov et al., 2019). Introgression of alien genetic mate-
rial also affects certain grain quality traits (Krupnova, 2013;
Shchukina et al., 2017; Alvarez, Guzman, 2018).

The main grain components of caryopsis that affect the
technological properties of grain are gluten (protein) and
starch; their composition and content determine the practical
use of grain. The search for the genes that can diversify these
parameters in wheat during interspecific and intergeneric
hybridization is an urgent area of research. Understanding the
relationship between the chromosomal rearrangements and
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introgressions with the formation of the end-use product of
grain enlarges the field of work of breeders. The aim of this
study was to establish the possibility of enlarging the pheno-
typic diversity for technological properties of grain and flour
in bread wheat due to chromosomal rearrangements resulting
from hybridization with diploid cereal Aegilops speltoides.

Materials and methods

Genetic material. We used 10 lines of the spring bread
wheat cultivar Rodina from the ‘Arsenal’ collection (69/00%,
73/001, 76/001, 77/00%, 81/001, 82/001, 84/00', 99/00, 102/00!
and 103/007). They were obtained by selecting individual
plants with bivalent meiosis from the progeny F,M,-F,M, of
asymmetric sex hybrids F\M, (2n = 49). The asymmetric sex
hybrids were obtained from crossing of the cultivar Rodina
(2n = 42) with the species Aegilops speltoides (sample k-389
from the VIR collection, St. Petersburg) whose pollen was
irradiated with gamma rays at a dose of 10 kR (Lapochkina,
1999). The lines were previously characterized for the pre-
sence of substitutions and rearrangements of chromosomes
by cytological and cytogenetic methods, as well as using mo-
lecular markers.

Establishment of the mechanisms of alien material intro-
gression in wheat genome (the presence of substitutions,
translocations) was carried out by studying the nature of chro-
mosome pairing in meiosis in specially obtained F, hybrids
(test line X the original cultivar Rodina). In the lines, the genes
for resistance to leaf rust and powdery mildew were identified
using microsatellite and STS markers and the test pathotypes
of the fungus (Table 1) (Lapochkina et al., 2003, 2005; Gajnul-
lin et al., 2007). The parental cultivar Rodina turned out to be
heterogeneous for the chromosomal translocation TIBS/1RS
inherited from the cultivar Kavkaz, which was involved in the
origin of the cultivar (World Seeds x Kavkaz) (Dorofeev et al.,
1987). By analyzing the gliadin storage proteins, the line with
the absence of this rearrangement was isolated (hereinafter
referred to as cultivar Rodina). This genotype was used as a
control in all experiments.

Growing conditions. The lines and the parent cultivar
Rodina were grown with spring sowing in the experimental
field of the Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences (Akademgoro-
dok, Novosibirsk region) in 2003—2005, 2007, and 2013. On
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Table 1. Genetic features of the spring bread wheat lines with introgressions from Aegilops speltoides

Cultivar Cytogenetic status Powdery mildew infection
and lines in Moscow region, %
Rodina-  T1B/1R 80
control (from cultivar Kavkaz)
69/00' Disomic substitution 0-10
73/00' Disomic substitution 0
5B/5S
76/00! Disomic substitution 5-15
7D/7S, T 1BS/1SS
and T 4BL/4SL
77/00 Disomic and telocentric 15-25
substitutions
81/00! Disomic and telocentric ~ 0-5
substitutions
82/00 Disomic substitution 0-5
84/00! Small translocation 10
99/00' Disomic substitution 5-10
and translocation
102/00' Recombination 40
103/00' Disomic substitution 10-15

and translocation

the experimental field of the Federal Research Center “Nem-
chinovka” (Moscow region), the growing was carried out
from 2000 to 2011.

A row seeding scheme was used in tiers with a width of a
row 1 m, five rows per sample, 50 grains per row. The soils in
Novosibirsk are gray forest, in Nemchinovka — sod-podzolic.
Fertilizers were applied to the soil before sowing, in accor-
dance with the agronomic practice adopted for these soils.
Harvesting was carried out manually in sheaves, followed by
post-harvest ripening for a month, which is necessary for the
complete formation of the gluten complex in grain.

According to the agroclimatic zoning of Russia (https://
geographyofrussia.com/agroklimaticheskoe-rajonirovanie/),
Moscow region and Novosibirsk are situated in the same zone
of sufficient moisture for the growing season with droughts
in certain years. The meteorological data of the Ogurtsovo
station which is the closest in geographical position to the
site of the experiments in Novosibirsk, are given in Supple-
mentary Materials 1 and 2'. The number of replicates for lines
in experimental plots by years in Novosibirsk is indicated in
Supplementary Material 3.

1 Supplementary Materials 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx12.pdf
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Leaf rust infection Comments
in Moscow region, %
80 The cultivar is susceptible to powdery

mildew, leaf and stem rust. Resistant
to yellow rust

0 The line with a group resistance to
fungal diseases. Resistant to brown
rust the seedling stage as well.
Dominant inheritance of resistance

The genes Pm2, Lr10, Lr21 (STS) were
identified. Based on the results of
infection with test pathotypes,

the adult plant resistance genes are

assumed

40-60 No data

0 The genes Pm2, Pm3c, Lr21, Lr46
were identified

0 The genes Lr10+ and Lr26, Pm3c, Pm4e
were identified

20/, -40/, -60/5 No data

0 The genes Lr1, Lr10, Lr21,Lr37, Lr46,

Pm2, Pm4b were identified

0-1/¢.4 The genes Lr10, Lr21, Lr35, Lr34 (STS)
were identified; test pathotypes of
fungiLr12,Lr27,Lr 31

40-60 No data

Technological analysis of grain included: determination
of thousand grains weight, grain vitreousness, flour particles
diameter after grinding, protein and gluten content in grain.
We also determined the physical properties of dough, water
absorption capacity and mixing characteristics of flour ob-
tained from the grain grown in Novosibirsk.

Thousand grains weight was determined by the express
method through weighing of 100 grains. Total grain vitreous-
ness was determined visually after cutting 100 caryopses in
half. The indicator of total vitreousness is the sum of fully vit-
reous and half of the amount of partially vitreous grains (State
Standard 10987-76). The average flour particles diameter was
determined using a PSH-4 device according the previously
described method (Shibayev et al., 1974; Egorov, 2000). Wet
gluten content in grain in Novosibirsk was determined by
hand washing in water from one gram of meal (State Standard
R 54478-2011). The amount of wet gluten was expressed as a
percentage of the meal weight. At the Federal Research Center
“Nemchinovka” the protein and gluten content in grain was
determined on a SpectraStar 2400 Infrared analyzer.

The samples were milled on a laboratory roller mill MLV-1,
with a 70 % flour yield, for further research on alveograph
and farinograph devices.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 7



J1.B. WykunHa, N.®. JlanouknHa
T.A. MweHnYHMKOBa

Physical properties of dough were determined on a Chopin
alveograph equipped with a fifty-gram kneader (State Standard
R 51415-99 with a modification for research work). Flour
strength (W, J-10*), dough elasticity (P, mm) and dough
extensibility (L, mm) were determined. Dough balance was
calculated as the ratio of elasticity to extensibility (P/L). Wa-
ter absorption capacity (WAC, %) and mixing characteristics
of flour were determined on a Brabender farinograph with a
fifty-gram kneader (State Standard ISO-5530-1-2013 with
a modification for scientific research). WAC is amount of
water (expressed as a percentage) required to form a dough
with a consistency of 500 units of farinograph (u.f.). The
mixing characteristics included five characteristics: dough
formation time (DF, min), dough stability (DS, min), dough
liquefaction (DL, u. f.). valorimetric assessment (comprehen-
sive assessment based on the results of the study of flour on a
farinograph) (VA, u. val. — valorimeter units). Electrophoresis
of endosperm gliadin proteins in the lines was performed as
described earlier (Pshenichnikova, Maystrenko, 1995).

Statistical analysis. The data for each trait for each geno-
type were averaged over all years of research (see Suppl. Ma-
terial 3), and the average deviation was calculated. Student’s
t-test was used to determine the significance of differences
from the control for each feature. All calculations were per-
formed using Microsoft Office Excel 2013.

Results

The obtained results are grouped in Tables 2 (milling para-
meters and wet gluten content in grain), 3 (physical properties
of dough) and 4 (mixing characteristics of flour). Thousand
grains weight of Rodina was 29.2 g in Novosibirsk and 39.1 g
in Nemchinovka (see Table 2). In Novosibirsk its grain was
vitreous (80.1 %) and medium-hard (20.4 um). Wet gluten
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content in grain reached 36.0 % in Novosibirsk, while in
Nemchinovka this value was almost 10 % lower. The flour
strength was 145 J- 10, the elasticity was 56 mm, and the
dough extensibility was 108 mm. P/L ratio was low (0.55) (see
Table 3). Water absorption capacity of flour in the cultivar was
66.6 %. Dough formation took a little over 3 minutes and it
retained the stability for 2 minutes. Dough liquefaction and
valorimeter number were 58 u.f. and 59 e.val., respectively
(see Table 4). In terms of grain quality, the Rodina variety
can be classified as a filler variety (Methods of State Variety
Testing..., 1988).

According to Table 2 none of the lines surpassed the control
in both geographical areas for thousand grains weight. The trait
in Novosibirsk was significantly reduced by the lines 73/00%,
77/001, 84/00, 99/00' and 103/00i. The smallest grain was in
the first two lines, which significantly, by 8.9 and 11.6 g, dif-
fered from the control. Of these five lines, three (73/00i, 77/00i,
99/00%) also significantly reduced the trait in Nemchinovka
(see Table 2). The correlation between the two regions for this
trait was highly significant (» = 0.75, p < 0.001).

Grain vitreousness and flour particles diameter were stud-
ied only in Novosibirsk. The lines, in general, did not differ
significantly from the Rodina cultivar (see Table 2). The lines
102/00" and 103/00' significantly outperformed the control by
8 and 11 %, respectively. The greatest significant decrease in
grain vitreousness was observed in the line 82/00' — 63.3 %,
which was accompanied by a twofold decrease in the flour
particles diameter (10.0 um) compared to the original cultivar.
The other three lines (69/00%, 84/00' and 99/00") also signifi-
cantly reduced the average diameter of flour particles by about
4 um, as compared with Rodina (see Table 2).

In the lines 73/00, 76/00, 82/00, 84/00' and 99/00!, an
increase in gluten content was observed in comparison with

Table 2. Average long-term indicators of milling parameters and wet gluten content in grain

of introgression lines and the cultivar Rodina

Cultivar Thousand grains weight, g Average
andlings  creeeee———essssins vitreousness
Novosibirsk Moscow region of grain, %
Rodina 29.2+45 39.9+0.6 80.1+3.1
69/00i 25.7+3.6 345+7.8 83.7+6.7
73/00i 20.3+3.4%% 325+2.1 81.2+9.163
76/00i 27.6+2.4 43.6+0.7** 83.5+7.0
77/00i 17.6£1.6%%* 30.8+£04% 88.8+5.5
81/00i 241+£54 415+0.7 79.8+8.4
82/00i 26.1+6.9 39.0+1.4 63.3+5.8%%
84/00i 23.1+£4.9% 36.7+6.4 77.7+14.2
99/00! 22.6+4.8% 354+3.2 80.6+4.7
102/00i 24.6+59 435+3.5 88.5+5.0
103/00 24.6+2.2% 41.5+£0.3 91.2+1.0%%*

*p<0.05* p<001;**p <0.001.

VMMYHUTET U NMPOAYKTUBHOCTb PACTEHUIA / PLANT IMMUNITY AND PERFORMANCE

Average size of
flour particles, um

Wet gluten content in grain, %

Novosibirsk Nemchinovka
204i35 ...................... 3 601,35 .......................... 2 58i38 ........................
157i24** .................. 3 73i40 .......................... 3 14i08 ........................
196130461i69*** .................... 3 58i33 ........................
203i2 9 ...................... 3 97 i 28* ........................ 2 831,6 6 ........................
2131,22 ...................... 3 891,73 .......................... 2 70i37 ........................
183120 ...................... 3 74120 .......................... 2 66i06 ........................
100i05***474i25*** .................... 3 27t19 ........................
160i30*410i46* ........................ 2 10i06 ........................
159i27*436i71* ........................ 3 15i08 ........................
266165 ...................... 3 30174 .......................... 2 61i26 ........................
193i32 ...................... 3 71i78 .......................... 2 821,0 ...........................
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Table 3. Average values of physical properties of dough in introgression lines and the cultivar Rodina,

field, five-year trials (Novosibirsk)

Cultivar and lines Dough strength, W, J- 104

Rodina - control 143+53 5614
69/00I .................................. 3 39i79** .................................. 114i20***
73/00| .................................. 121121 ........................................ 7111 ...........
76/00I .................................. 2 72i52** .................................... 8 5i18** .....
77/o| .................................... 173121 ........................................ 78i2** .......
81/00I .................................. 123i28 ........................................ 6 5i12 .........
82/0()' .................................. 159146 ........................................ 79i6** .......
g4/ool .................................. 166119 ........................................ 3 015** .......
99/oo| .................................. 183150 ........................................ 7513 ...........
102/()0' ................................ 129i15 ........................................ 6 5J_,9 ...........
103/00| ................................ 139i7 .......................................... 5112 ...........

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

Dough tenacity, b mm

Dough extensibility, L, mm  P/L ratio
........................ 108i26055i019
.......................... 951141251033**
.......................... 65i18*”81043
........................ ”61270791032
.......................... 85i15093i013
.......................... 80i14034i021
.......................... 72¢23129i063
.......................... 6918**1164_,011**
........................ 100150761005
.......................... 8011408‘&028
........................ 114i12045i007

Table 4. Mixing properties of dough in introgression lines and cultivar Rodina (Novosibirsk, 2013)

Cultivar WAC, % Dough formation, Dough stability, Dough liquefaction, ~ Valorimeter number,
and lines min min u.f. u.val.
ROdma666 ..................................... 3 .'.i.l.;.’.’ .................................... 2 .’.(.).(.).’.’ .................................... 5 859 ..................................
69/0()'686 ..................................... 5 00400 .................................... 7 073 ...................................
73/()0' .................. 7 26 ..................................... 3 ’30” .................................... 2 ,30” .................................... 9 058 ...................................

76/0()' .................. 7 15 ...................................... 4 10 .................................... 2 204866 ..................................

77/0().680 ..................................... 3 30 .................................... 1’00’ .................................... 7 556 ..................................

81/()0'681 ...................................... 3 ’15” .................................... 3 ,15” .................................... 8 563 ...................................

82/OO| .................. 7 75 ...................................... 3 30 .................................... 100 .................................... 14548 ...................................

84/00| .................. 7 06 ..................................... 5 ’00" .................................... 2 ’00” .................................... 7 566 ..................................

102/0()'640 ..................................... 3 .’.é.(.).l.l .................................... 2 .é.(.).l., .................................... 8 059 ..................................

Note. WAC - water absorbing capacity.

Rodina. The highest value was found in the three lines — 73/00',
82/00 and 99/00! (see Table 2). The same three lines were
superior to the parent variety in Nemchinovka. The average
gluten content for all the years of research in Novosibirsk was
10 % higher than in Nemchinovka.

Flour strength of the lines 69/00i and 76/00' significantly
exceeded the control, by 196 and 129 J - 104, respectively (see
Table 3). Dough elasticity of the introgression lines generally
increased. In the lines 76/00i, 77/00%, 82/00! and 84/00i, this
trait was significantly higher compared to the control, within
the limits of 78-80 mm. Dough elasticity of the line 69/00
has almost doubled. Two lines, 73/00 and 84/00i, showed
a decreased dough extensibility. P/L ratio of the lines 69/00%,
73/00i, 82/00' and 84/00i has more than 1.0, that is, it has
become more balanced. In the lines 69/00' and 84/00', these
changes are significant.

Mixing characteristics of flour in the lines were determined
only in one year and in one replication; therefore, it is impos-
sible to draw statistical conclusions about the reliability of the
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differences between the lines and the control. Nevertheless,
some lines are distinguished by a number of parameters (see
Table 4). WAC increased in the lines 73/00%, 76/00i, 82/00
and 84/00i. The maximum value of 77.5 % was in the line
82/00% which surpassed the control by more than 10 %. The
time of dough formation increased for lines 69/00' and 84/00
compared to the control. Only in the line 69/00! dough stabil-
ity has doubled. Dough liquefaction mostly increased in the
lines. The worst liquefaction value was observed for the line
82/00i — 145 u. f. The valorimetric number in this line was the
lowest, only 48 u.val. The line 69/00! had the highest valo-
rimeter number, which outperformed the control by 14 units
and consisted 73 e.val. (see Table 4).

Discussion

Currently, the works are underway to transfer the genes from
wild relatives to the genome of bread wheat in order to de-
velop a useful genetic diversity for breeding. Several studies
were carried out in relation to the technological properties
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Gluten
® Novosibirsk
Nemchinovka

47.4
436 i
41.0 Protein
37.1 Nemchinovka
2.7 15 33.0
8.2
6.1
1.0
15.0 15.7 14.4 14.5

Rodina 69/001 73/00! 76/00! 77/00t 81/00

82/00 84/001 99/00 102/00f 103/00!

Fig. 1. Wet gluten and protein content in grain of introgression lines and the cultivar Rodina grown in Nemchinovka and wet gluten content in grain of

the same lines grown in Novosibirsk.

of grain. In particular, introgression from the wild relative
Aegilops markgrafii increased the gluten content in grain and
improved other technological parameters (Shchukina et al.,
2017). Krupnova (2010) showed the effect of translocations
which carry Lr genes from wild relatives Agropiron elonga-
tum, Triticum dicoccum, Agropiron intermedium, T. dicoc-
coides on the protein content in flour, IDK-1 parameters,
sedimentation, falling number and grain test weight.

In our work, we investigated the influence of genetic ma-
terial from Ae. speltoides, introgressed into the genome of
bread wheat cultivar Rodina, on technological characteristics
of grain and flour. The transfer of alien genetic material was
confirmed by genetic, cytogenetic, and molecular methods
(Salina et al., 2001; Adonina et al., 2004, 2012; Gajnullin et
al., 2007). Long-term studies have shown that the lines carry
genes for resistance to fungal diseases; some of them were
identified (see Table 1). Milling properties, gluten content in
the grain and dough physical properties were studied in the
lines. Variability was found in comparison with the original
Rodina cultivar for all technological characteristics studied.
Some lines showed a high gluten and protein in grain, vari-
ability of milling parameters, variability of rheological and
mixing properties of the dough. Ten introgression lines were
studied in different years of cultivation and in different geo-
graphic regions of Russia. At the same time, it is important to
note that some of the discovered new properties were stably
preserved under various growing conditions.

In accordance with Russian and international trade stan-
dards gluten content in grain is the most important indicator
when determining the wheat grain grade. Figure 1 shows the
comparative values of wet gluten content in the grain grown
in the Moscow Federal Research Center “Nemchinovka” and
in Siberia. The same figure shows the protein content in grain
grown in Nemchinovka. The average values in the lines and
the parent cultivar grown in Novosibirsk was higher than in
Nemchinovka. The difference in gluten content in Rodina was
about 13 %, and in the lines, on average, 10 %. As can be seen
from the data obtained, the ratio of wet gluten to protein was
approximately 2 : 1. Such ratio is typical for bread wheat grain
grown under normal cultivation conditions and is consistent
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with the data obtained by other researchers (Kozmina, 1969;
Kulkarni et al., 1987). The line 73/00% was superior for glu-
ten content to all other lines under both growing conditions
and showed the highest protein content in grain (see Fig. 1).
The lines 76/00!, 82/00% and 99/00%, in the Moscow region,
as well as in Novosibirsk, showed high values of both traits.
This suggests that introgressions resulted in the inheritance
of the genes that significantly expanded the wheat diversity
for protein and gluten content in grain. However, differences
were also found in the manifestation of these traits. In the line
69/00', the protein and gluten content in the Non-Chernozem
region was 16.6 and 31.4 %, respectively, which exceeded the
control. In Novosibirsk, this line did not differ significantly
from Rodina. Significant differences in two growing regions
were found for the line 84/00. Under conditions of Novosi-
birsk it belonged to the group of lines with the highest gluten
content, while in the Non-Chernozem region it did not differ
from the parent cultivar (see Table 2, Fig. 1).

In the work of Adonina et al. (2012), using fluorescent
hybridization with the Speltl and pSc119.2 probes in com-
bination with microsatellite markers it was shown that the
line 73/00' carries translocations into the short arm of chro-
mosome 1B and the long arm of chromosomes 5B and 6B.
Subsequently, these translocations were transferred to separate
lines based on the Rodina cultivar (Adonina et al., 2012). The
original line 73/00' possesses a group resistance to a spectrum
of fungal diseases (see Table 1). But only the obtained line
with translocation into 5B chromosome had the maximum
resistance to leaf rust (Adonina et al., 2012). Earlier, in this
chromosome the loci were found responsible for the high
protein and gluten content in grain (Gonzalez-Hernandez et
al., 2004; Pshenichnikova et al., 2012). The line 73/00' was
distinguished by a decrease in thousand grains weight and
accumulation of a high amount of protein and gluten under
various conditions. The water absorption capacity of the dough
in the line was increased, which is probably due to the high
amount of gluten and protein in grain. However, the flour
strength was reduced, and dough liquefaction was increased
compared to the control which is undesirable when used for
food purposes. At the same time, such wheat genotypes can
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Fig. 2. Electrophoregram of gliadin components in the introgression
lines.

<——T1B/1R

!

The arrow indicates rye secalins introduced by the 1BS/1RS translocation.
The asterisks indicate the components of y- and w-gliadin that are absent
as a result of translocation. The dashed line indicates the rearrangement in
locus Gli-D1. T - 84/00%; 2 - 82/00%; 3 - 76/00%; 4 - cultivar Rodina; 5 - 73/00%;
6a, 6b - 69/00); 7 — 81/00.

be a valuable source of vegetable protein in the production of
feed for livestock and fish farming.

Another line — 82/001, which is characterized by a consis-
tently high protein and gluten content (see Table 2, Fig. 1),
simultaneously demonstrated a significant decrease in the
vitreousness of the grain and the average diameter of flour
particles in comparison with Rodina. The line showed a very
high water absorption capacity and a high dough liquefaction.
According to the literature data, the Ha locus, located in the
subtelomeric region of the short arm of 5D chromosome, is
responsible for the hardness and vitreousness of bread wheat
(Mclntosh et al., 2013). Two closely linked dominant genes
in this locus Pina-D1 and Pinb-D1, which encode proteins
puroindolines are responsible for the variability of the endo-
sperm structure.

Earlier it was found that the winter line 84/00% from the
Arsenal collection with soft-grain endosperm carries the
introgression from Ae. speltoides in the form of an entire
5S/5A chromosome substitution. It carries the locus Ha-Sp
homeoallelic to the locus Ha (Pshenichnikova et al., 2010).
Subsequently, on the basis of the line 84/00", spring supersoft-
grain lines were obtained. They combine in their genotypes
the homeoallelic loci Ha-Sp of the line 84/98Y and Ha the
latter being obtained from the soft-grain cultivar Chinese
Spring (Simonov et al., 2017). These lines are characterized
by a supersoft, mealy endosperm of the caryopsis and by
a vitreousness of less than 50 % and flour particle size of
10-12 um. According to cytogenetic data (see Table 1), the
line 82/00' carries a disomic substitution as in the line 84/00%.
However, the line 82/00! is spring, and it can be assumed that
introgression affected only the short arm of chromosome 5A.
New spring supersoft grain lines can be obtained using the
line 82/00'. Flour of such lines is suitable for the manufacture
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of confectionery products without the use of technological
additives (Pefia, 2002).

The same introgression in the proposed region could lead
to an increase in wet gluten content in grain. Earlier, in the
Weimai x Yannong hybrid wheat population, in the region
of chromosome 5A marked with the molecular markers
Xcfa2163.2-Xcwm?216 the main locus QGpce. WY-54.1 re-
sponsible for 53 % of the phenotypic variability for protein
accumulation in grain, and the locus QWgc. WY-54.2 respon-
sible for 36 % of the phenotypic variability for wet gluten
content were co-localized (Li et al., 2012). It should also be
noted that the line 82/001, in contrast to the line 73/00!, had
thousand grains weight comparable to the original variety (see
Table 2). This indicates the possibility of selection for high
gluten and protein content without loss of yield. The line was
characterized by a high resistance to fungal diseases carrying
the identified resistance genes Lr/0 and Lr26, Pm3c, Pm4b
(see Table 1). This level of resistance possibly is also provided
by introgression.

The original cultivar Rodina was characterized by low
rheological and mixing properties. The cultivar Kavkaz —
the carrier of the 1BS/IRS rye translocation is present in its
pedigree. The cultivar was heterogeneous for this trait. This
translocation is known to significantly impair dough physical
properties (Martin, Stewart, 1990) since it affects the composi-
tion of high molecular weight glutenins and gliadins. These
gluten proteins determine the balance between the elasticity
and extensibility of dough. By analyzing the component
composition of gliadins (Fig. 2), we selected the line of
Rodina which does not contain the translocation. Neverthe-
less, the physical properties of this line remained low (see
Tables 2, 3). According to electrophoretic data, the 1BS/1RS
translocation was inherited by the lines 81/00', 84/00' and
69/00 (see Fig. 2). The last line was heterogeneous for this
trait. Basically, these lines were also characterized by a low
flour strength like Rodina. Only one line, 69/00', showed the
average value of flour strength allowing to classify the line as
strong in quality and use it as an improver for baking purposes.
The line 69/00 is characterized by the absence of the most
slowly moving components of the @-fraction of gliadins (see
Fig. 2) which are controlled by the G/i-D1 locus of chromo-
some 1DS (Pshenichnikova, Maystrenko, 1995). The locus
is closely linked to the G/u-D1 locus, coding high-molecular
subunits of glutenins, which largely determine the strength of
flour and elasticity. Probably, this region of the chromosome
has undergone a recombination as a result of distant crossing.
Interestingly, the presence of the 1BS/1RS translocation does
not impair the physical properties of this line.

Disomic substitutions were found in the lines 76/00' and
81/00! by cytological methods. Molecular methods identified
the complete substitution of 7D chromosome for 7S chromo-
some from Ae. speltoides (Adonina et al., 2004). The line
81/00' additionally carries the 1BS/IRS translocation, and
the line 76/00' carries a translocation into the short arm of
chromosome 3A. The line 76/00! differs from the line 81/00t
in a number of technological parameters for the better. It can
be classified as valuable in quality and used as an improver.
Gluten content in the line 76/00 was significantly increased;
gluten was of better quality. Flour strength in the line reached
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272 J- 104, and the dough became more elastic (see Table 3).
Mixing flour parameters and water absorption capacity have
improved (see Table 4). It can be assumed that the substitution
of chromosome 7D for 7S has a positive effect on the quality
parameters of flour if the rye secalins are absent in gluten
composition. In addition, it was shown that the line 76/00
carries the 1BS/1SS translocation (see Table 1). Earlier, it has
already been noted that the introgression into the short arms
of the first homoeologous group chromosomes from species
of the genus Aegilops improves baking properties (Alvarez,
Guzman, 2018).

Conclusion

Ten spring lines from the ‘Arsenal’ collection, selected initially
for the resistance to powdery mildew or leaf rust, were for the
first time studied for a wide range of technological parameters,
including milling parameters, gluten and protein content in
grain and physical properties of flour and dough. Our research
has shown that introgressions from the species Ae. speltoides
significantly expand the genetic diversity of common wheat
for these properties and, as a consequence, the possibilities
of the final use of grain and flour. In this work, the lines
were identified that combine the new variability for various
technological traits with the resistance to various fungal di-
seases. The lines generally retained their characteristics under
different growing conditions in different growing years. They
can be involved in breeding work as donors of a complex of
agronomically valuable traits.
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The pattern of genetic diversity of different breeds of pigs
based on microsatellite analysis
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Abstract. One of the main tasks of genetics and animal breeding is the assessment of genetic diversity and the
study of genetic relationships between different breeds and populations using molecular genetic analysis me-
thods. We analysed the polymorphism of microsatellites and the information on the state of genetic diversity and
the population structure of local breeds in Russia: the Kemerovo, the Berkshire, the Liven, the Mangalitsa, and the
Civilian; in the Republic of Belarus: the Large White and the Black-and-White; and in Ukraine: the White Steppe, as
well as commercial breeds of imported origin of domestic reproduction: the Large White, the Landrace, and the
Duroc. The materials used for this study were the tissue and DNA samples extracted from 1,194 pigs and DNA of
the UNU “Genetic material bank of domestic and wild animal species and birds” of the L.K. Ernst Federal Research
Center for Animal Husbandry. Polymorphisms of 10 microsatellites (50155, S0355, S0386, SW24, SO005, SW72,
SW951, S0101, SW240, and SW857) were determined according to the previously developed technique using DNA
analyser ABI3130xl. To estimate the allele pool of each population, the average number of alleles (N,), the effec-
tive number of alleles (Ng) based on the locus, the rarified allelic richness (Ag), the observed (H,) and expected (Hg)
heterozygosity, and the fixation index (Fis) were calculated. The degree of genetic differentiation of the breeds was
assessed based on the pairwise values of Fs; and D. The analysis of the allelic and genetic diversity parameters of
the local breeds showed that the maximum and minimum levels of polymorphism were observed in pigs of the
Ukrainian White Steppe breed (N, = 6.500, N = 3.709, and Ag = 6.020) and in pigs of the Duroc breed (N, = 4.875,
N =2.119, and Ag = 3.821), respectively. The highest level of genetic diversity was found in the Large White breed
of the Republic of Belarus (Hy = 0.707 and N¢ = 0.702). The minimum level of genetic diversity was found in pigs of
the imported breeds - the Landrace (Hy = 0.459, Hg = 0.400) and the Duroc (Hg = 0.480, Hg = 0.469) - indicating a
high selection pressure in these breeds. Based on the results of phylogenetic analysis, the genetic origin of Large
White pigs, the breeds, from which the Berkshire pigs originated, and the genetic detachment of the Landrace from
the Mangalitsa breeds were revealed. The cluster analysis showed a genetic consolidation of the Black-and-White,
the Berkshire, and the Mangalitsa pigs. Additionally, the imported breeds with clustering depending on the origin
were characterised by a genetic structure different from that of the other breeds. The information obtained from
these studies can serve as a guide for the management and breeding strategies of the pig breeds studied, to allow
their better use and conservation.

Key words: pig breeds; microsatellites; genetic diversity.
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IIaTTepH reHeTMYECKOT0 pa3HOOOpa3us
V JIOKaJIbHBIX I KOMMepUecKIX IMopo/i CBUHEI
Ha OCHOBe aHa/Il3a MIUKpPOCaTe/l/INTOB

B.P. Xapsunosa ®, H.A. 3unoBbesa

DepiepanbHblli NCCIEROBATENBCKNIA LIEHTP XXUBOTHOBOACTBA — BVXK nm. akagemuka J1.K. pHcTa, lybposuLibl, MockoBckas obnactb, Poccus
® e-mail: veronika0784@mail.ru

AHHoTauusA. OQHOW N3 OCHOBHbIX 3afjay FeHETVKN 1 CeNEeKLMN XNBOTHbIX ABMAETCA OLIeHKa FeHEeTUYEeCKOro pasHo-
06pasma 1 nccnefoBaHne reHeTUYECKMX B3aVMOOTHOLIEHUI MEXAY Pa3UYHbIMK NOpoAamMy 1 MOMyNAUMAMA C
NMOMOLLbIO METOZIOB MOJIEKYIAPHO-TEHETMYECKOTro aHanm3a. Hamy npoBeaeH aHanvs nonnmMmopdrsma Mrukpocaren-
JITOB 1 NOJTyyeHa NHPOPMaLA O COCTOAHUM FEHETUYECKOTro Pa3HO06Pa3na 1 CTPYKTYPbl MOMYAALMIA IOKabHbIX
NopoA CBUHEN, pa3BoAUMbIX Ha Tepputopun Poccun (KemepoBcKas, 6epKLUnpCKas, IMBeHCKas, MaHranmua, um-
BUNbcKas), Pecny6nvku benapych (kpynHasa 6enas, yepHo-necTpas), YKpauHbl (CTenHan 6enas), a Takke Kommep-
YecKux nopos UMMOPTHOIO MPOUCXOXKAEHNA OTeYeCTBEHHON penpoayKummn (KpynHaa G6enas, naHapac, ApoK).
Matepuanom ana uccnefoBaHuin cnyxunm npobbl TkaHn 1194 06pas3uoB cBUHEN M3 GUOPECYPCHOW Konnekuyum
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«baHK reHeTMyeckoro matepuana *muBoTHbIX 1 NTuuy OFBHY OUL BUXK nm. J1.K. pHcTa. Monumopdusm 10 STR-
nokycos (50155, S0355, S0386, SW24, SO005, SW72, SW951, S0101, SW240, SW857) onpepenanu no paHee paspa-
60TaHHOW METOAMKE C MOMOLLbIO reHeTnUYeckoro aHanusaTtopa ABI3130xI (Applied Biosystems, CLLA). ns oueHKM
annenodoHaa Kaxgowm nopopbl paccunTbiBany cpepHee uncno annenen (N,) n appexktusHoe uncno annenen (Ng)
Ha NIOKYC, annenbHoe pasHoobpasue (Ag), BbIUMCIIEHHOE C MPVYIMEHEHNEM NpoLeaypPbl papudurKaumn, Habnogae-
myto (Ho) n oxupaemyio (Hg) rerepo3mroTHOCTb, nHAeKc dukcaumn (Fis). CreneHb reHeTnyeckon anpdepeHumaummn
nopop OLEeHNBaIN Ha OCHOBaHWM NMOMapHbIX 3HaYeHN Fgp 1 D. AHann3 napameTpoB afieNIbHOrO N FeHeTNYEeCKOro
pa3Hoo6pa3zmA NoKanbHbIX MOPOA MoKasan MakCUManbHbI yPOBEHb NOAMMOPGHOCTY Y CBUHEW YKPAaUHCKO cTen-
Holi nopogbl (N, = 6.500, Ng = 3.709, Ag = 6.020), a MUHMMasbHbIN — y CBUHEN Nopoabl Aopok (4.875,2.119 n 3.821
COOTBETCTBEHHO). Hanbonee BbICOKMIA yPOBEHb reHeTNYECKOro pasHo06pasyis BbIABIEH Y CBUHEN KPYMNHOW 6enoii
nopopabl Pecnybnukn benapycb (Hy = 0.707, Hg = 0.702). MMHMManbHbI YypPOBEHb reHeTNYeCKoro pasHoobpasuna
YCTaHOBJIEH Y CBMHEW MMMOPTHbIX nopof naHgpac (Hy = 0.459, He = 0.400) n flopok (Hy = 0.480, Hg = 0.469), uTto,
BO3MOHO, YKa3blBaeT Ha BbICOKOE AAaBfieHne oTbopa B 3Tux nopogax. [Mo pesynsratam GpunoreHeTMYeCKoro aHanm-
3a BblfiBNIeHa reHeTnYeckas 060co6IEHHOCTb MOPOJ CBUHEN KOPHA KPYMHOW 6enoii Nopoabl, B CO3AaHUN KOTOPbIX
NPVHUMaNM yyactne 6epKLUMpPCKMe CBUHbY, U OTAANIEHHOCTb MOPOA NIaHAPAC U MaHranmua. KnactepHbii aHanms
noKasaJs reHeTNYeCKylo KOHCONMANPOBAHHOCTb CBMHEN NOpoJ YepHo-necTpas, bepKwmpckaa u maHranmua. OT-
JINYHOWN OT APYIMX MOPOJ reHeTNYECKOW CTPYKTYPOW XapaKTepr30BainCh TakKe VMMOPTHbIe NOPOAbl CBUHEN C
Knactepusauunen B 3aBUCMMOCTI OT NPOUCXOXAeHNA. HGopmaLma, nonyyeHHasa B XOAe UCCeJOBaHN, MOXeT
CIYXWTb PYKOBOACTBOM AJ1A CTPATErnii ynpasieHNA 1 pa3BefeHNA N3yYeHHbIX MOPOoJ CBUHEN C LieSIbIo NyyLlero nx

NCNoJyib30BaHNA N COXPaHEHUA.

KnioueBble crioBa: nopoabl CBUHeN; MUKPOCaTe/JINTbI; reHeTn4eckoe pa3Hoo6pa3V|e.

Introduction

Currently, the industrial production of pork is based on the
use of a limited number of commercial breeds of imported
pigs. These breeds are well adapted for use in intensive pro-
duction systems, aimed at maximising the genetic potential
of productivity (Muiioz et al., 2019). Along with breeds of
imported origin, there are local breeds that are carriers of
unique forms of variability and constitute the national genetic
resources of agricultural animal species. Despite their small
size, local breeds have not lost their importance in the modern
conditions of the development of animal husbandry. Having
a lower productivity compared to commercial ones, such
breeds are characterised by a greater individual variability,
constitutional strength, stress resistance and good adaptation
to local climatic conditions (Kharzinova et al., 2017).

Nowadays, local breeds are considered irreplaceable genetic
resources for the creation of geographically oriented systems
for organic production of livestock products. According
to Stolpovsky (2013), due to the inclusion of transnational
livestock industries in the agriculture world, there is a danger
of a reduction of the national genetic resources, dependence
on food imports, and breeding achievements, and there is a
threat of globalisation of the spread of infections and hidden
genetic defects. This implies an increasing importance not
only to study the gene pool of species of foreign origin of the
animals but also the conservation of genetic resources of the
local breeds.

According to the guidelines for the development of national
plans for the management of farm animal genetic resources
(FAO, 1998), FAO proposes an integrated global management
of farm animal genetic resources using microsatellite reference
markers (short tandem repeats, STR) (Egito et al., 2007). To
date, there are many publications that show the applied im-
portance of STR for characterising the genetic diversity and
structure of pig breeds for commercial (Zinovieva et al., 2012;
Vrtkova et al., 2012; Szmatota et al., 2016) and local breeding
(Kaul et al., 2002; Kramarenko et al., 2018). However, com-
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parative studies of the entire variety of local and commercial
breeds of pigs bred in Russia have not yet been carried out.
The aim of this study was to characterise the genetic di-
versity and population structure of eight local and three com-
mercial pig breeds based on the analysis of microsatellites.

Materials and methods

The object of research was biological material obtained from
1,194 pigs, which was stored in the UNU “Genetic material
bank of domestic and wild animal species and birds” of the
L.K. Ernst Federal Research Centre for Animal Husbandry.
Tissue samples (ear pinch) were used as biological material.
The presented sample included eight local breeds bred in
Russia: the Kemerovo (Kemerovo region, KEM, n = 35), the
Berkshire (Yaroslavl region, BERK, n = 80), the Liven (Orel
region, LIV, n = 67), the Mangalitsa (Altai Territory, MNG,
n =52), the Civilian (Republic of Chuvashia, CVL, n = 43);
The Republic of Belarus: the Large White (BLW, n =47) and
the Black-and-White (BBP, n = 98); and Ukraine: the White
Steppe (LWUK, n=61), as well as three commercial breeds of
imported origin of domestic reproduction, bred in the breeding
and genetic centres of Oryol, Voronezh, and Lipetsk regions:
the Large White (LW, n=241), the Landrace (LDR, n=250),
and the Duroc (DUR, n = 223).

DNA isolation was performed using DNA-Extraction kits
for genomic DNA isolation (ZAO “Syntol”, Russia), in accor-
dance with the manufacturer’s protocol. Analysis of polymor-
phisms of ten microsatellites (S0155, S0355, S0386, SW24,
SO005, SW72, SW951, S0101, SW240, and SW857) was
carried out according to the previously described method
(Kharzinova et al., 2018). The results of the amplified frag-
ments were visualised using fragment analysis by using Gene
Mapper v. 4 software (Applied Biosystems, USA).

Analysis of population genetic parameters, the degree of
genetic differentiation based on matrices of pairwise values of
Fgyr and D and the construction of phylogenetic trees using the
Neighbor-Net algorithm were performed in GenAlEx 6.503
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(Peakall, Smouse, 2012), SplitsTree 4.14.5 software (Huson,
Bryant, 2006) and R package ‘diveRsity’, with subsequent
visualisation using the package ‘pophelper’ (Keenan et al.,
2013).

The genetic structure of the studied pig breeds was assessed
using principal component analysis (PCA) in R package
‘adegenet’ (Jombart, 2008) and was visualised using R pack-
age ‘ggplot2’ (Wickham, 2009) and through clustering using
STRUCTURE 2.3.4 software (Pritchard et al., 2000), using
a mixed model (the number of assumed clusters, K — from 1
to 20; length of the burn-in period — 100,000; model of Mar-
kov chains of Monte Carlo — 100,000). For each value of K,
10 iterations were performed. Structure Harvester (Earl, von
Holdt, 2012) was used to determine the optimal number of
clusters (AK), according to the method proposed by Evanno
et al. (2005). Source files were generated in Microsoft Excel
format and R 3.5.0 software environment (R Core Team).

Results and discussion

In the analysis of genotypes of ten microsatellites for the entire
sample, 69 alleles were detected, which exceeded the number
of alleles (48 alleles) detected in the molecular genetic analysis
of the Chinese pig breed with a similar number of markers
(Yue, Wang, 2003). Locus SW951 had the lowest number of
alleles (5 alleles). A similar trend for this locus was revealed
in studies of pigs bred in Ukraine (2 alleles) (Kramarenko et
al., 2018) and Thailand (7 alleles) (Charoensook et al., 2019).
The greatest number of alleles (22) was found at the SO005 lo-
cus, which was consistent with the results of the studies by
Guastella et al. (2010) and Salamon et al. (2019), in which
this locus exceeded the others in the number of alleles: 19 and
17 alleles, respectively. The minimum mean values of both
observed (H,) and expected () heterozygosity were noted
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at the SW951 locus: 0.437+0.067 and 0.482+0.071, respec-
tively. Locus SW857 had the maximum values of indicators:
H,=0.868+0.018 and H, = 0.783+0.018.

The analysis of the distribution of genotype frequencies to
the Hardy—Weinberg genetic equilibrium for the entire sample
(Table 1) showed significant deviations from the state of ge-
netic equilibrium at individual loci in all the breeds studied. In
Landrace pigs, deviations from the genetic equilibrium were
found at all loci, in Duroc and Large White pigs, at nine and
eight loci, respectively. It should be noted that local breeds
of pigs were inferior to commercial breeds in terms of the
number of loci with significant deviations from the state of
genetic equilibrium. The number of such loci varied from three
in the Liven breed to seven in the Ukrainian White Steppe
breed. These findings can indicate greater selection pressures
in commercial pig breeds, compared to local breeds. Of the
ten studied loci, highly significant deviations from the genetic
equilibrium were established for the SO005 locus, according
to Hardy—Weinberg (p < 0.001).

An interesting research result published by Kramarenko et
al. (2018) showed that in pigs of the Duroc breed bred in the
regions of Ukraine, eight out of twelve loci had insignificant
deviations from the state of genetic equilibrium.

To assess the degree of genetic diversity of populations
and breeds, two main indicators are most often used — the
level of polymorphism and the degree of homozygosity
(heterozygosity) (Khrabrova et al., 2011), whose results are
presented in Table 2. The minimum values of the average
number of alleles per locus (N, = 4.875) were observed in
three breeds: CVL, MNG, and DUR, and the maximum values
(more than 6.000) were observed in Landrace pigs (LDR,
N, =6.001) and in the Large White breed bred in the territories
of our country (LW, N, = 6.250) and in Ukraine (LWUK,

Table 1. Results of the test of ten microsatellites in the analysis of the studied breeds of pigs,

for compliance with the Hardy-Weinberg genetic equilibrium

Breed Locus STR

Sw24 S0155 SO005 SW72
LDR *x *x *x% *%%
CVL * ns wxK ns
LIV ns * ** ns
BLW * ns HRE ns
MNG ns ns i *
BERK ns ** HEX ns
KEM * ns HEE ns
LWUK ns %% x% *
BBP ns ns HEX ns
DUR %% %% *x% *%%
LW xx% X% % ns

SW951 S0386 S0355 SW240 SW857 S0101
*% *% * *¥¥* *%¥ *X¥
ns wEE wEE ns ns ns
ns ns ns ** ns ns
ns ns ns * ns *
ns * *XK¥ ns *¥% ns
*X% ns *X¥ ns *¥% ns
* KKK ns HX¥ ns *
ns HEX * ns * ns
*X¥ ns *XX HK¥ A¥* AX¥
*¥% *X¥ ns HX¥ *¥% *¥%

Note.® p < 0.05;** p < 0.01; *** p < 0.001; ns - not significant.

Breed hereinafter: KEM - the Kemerovo, BERK - the Berkshire, LIV - the Liven, MNG - the Mangalitsa, CVL - the Civilian; BLW - the Large White and BBP - the Black-
and-White of The Republic of Belarus, LWUK - the White Steppe of Ukraine, LW - the Large White, LDR - the Landrace, DUR - the Duroc.
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Table 2. Parameters of genetic diversity of the studied breeds of pigs based on the microsatellite analysis

Breed n Ny Ne AR Ho He Fis

(Fis 95 %, Cl > 0)
CVL 43 4.875+0.398 2.807+0.295 4.810+0.391 0.590+0.074 0.611+0.047 0.059

[-0.100; 0.218]
LIV 67 5.375+0.596 2.979+0.306 5.073+0.514 0.672+0.041 0.639+0.037 -0.060

[-0.159; 0.039]
BLW 47 5.000+0.535 3.672+0.492 4.934+0.527 0.707 £0.052 0.702+0.029 -0.002

[-0.088; 0.084]
MNG 52 4.875+0.639 2.723+0.376 4.659+0.613 0.524+0.113 0.545+0.095 0.100

[-0.120; 0.320]
BERK 80 5.125+0.441 2.789+0.206 4.769+0.342 0.575+0.048 0.627 +£0.028 0.079

[-0.062; 0.220]
KEM 35 5.125+0.611 3.246+0.443 5.444+0.626 0.550+0.055 0.644+0.054 0.139

[0.034; 0.244]
LWUK 61 6.500+0.802 3.709+0.427 6.020+0.657 0.627+0.043 0.709+0.028 0.118

[0.041;0.195]
BBP 98 5.375+0.595 3.057+£0.331 4.828+0.550 0.645+0.062 0.639+0.049 -0.008

[-0.097;0.081]
DUR 223 4.875+0.295 2.119+0.274 3.821+0.305 0.480+0.088 0.469+0.070 -0.014

[-0.178;0.150]
LW 241 6.250+0.559 3.349+0.467 5.126+0.518 0.651+0.047 0.672+0.030 0.036

[-0.039;0.111]
LDR 249 6.001+0.463 2.396+0.492 4.634+0.475 0.459+0.095 0.490+0.073 0.098

[-0.037; 0.233]

Note. n - the number of samples; N, - the average number of alleles per locus; Ng - the number of effective alleles per locus; Ag - allelic diversity; Hy - the
observed heterozygosity; Hg - the expected heterozygosity; Fs — inbreeding coefficient with a 95 % confidence interval.

N, = 6.500). The values of the number of effective alleles
per locus (V) ranged from 2.119 (DUR) to 3.709 (LWUK).

Another measure that characterises the level of polymor-
phism is allelic diversity (4y), which is considered as a strong
indicator of the evolutionary potential of a population (Al-
lendorf, 1986; Caballero, Garcia-Dorado, 2013), and it has
been suggested that this indicator is of key importance for the
conservation and management of the population (Greenbaum
et al., 2014). The minimum values of this indicator, which
were corrected using the rarefaction method, were detected for
DUR -4y =3.821, and were maximal in LWUK — 4 = 6.020.
According to Greenbaum et al. (2014), a decrease in allelic
diversity may lead to a decrease in the population’s ability to
adapt to future environmental changes. Moreover, according
to Wagner (2008), there is evidence that a high allelic diver-
sity, even of simple neutral alleles, increases the evolution-
ary potential by making less genotypic space available for
mutational events.

To date, the most commonly used indicators of the ge-
netic characteristics of populations presented in most studies
(Vonholdt et al., 2008; Toro et al., 2009; Andras et al., 2011)
are the observed (H) and expected (/) heterozygosity
(Greenbaum et al., 2014). The H, in the studied breeds of
pigs ranged from 0.459+0.095 for LDR to 0.707+0.052 for
BLW. According to some authors, a decrease in H, can lead
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to a decrease in the average fitness of individuals, and, there-
fore, this indicator has clear ecological consequences (Reed,
Frankham, 2003; Szulkin et al., 2010). Moderate levels of H,
(above 0.5) were observed in nine pig breeds, ranging from
0.545+0.095 for MNG, to 0.709+0.028 for LWUK. Pigs
of the Duroc and the Lansrace breeds were an exception, in
which this indicator had minimum values: 0.469+0.070 and
0.490+0.073, respectively.

According to the fixation index values, a slight lack of he-
terozygotes was found in seven breeds of pigs (CVL, MNG,
BERK, KEM, LWUK, LW, and LDR) with a variation of
positive values of the indicator from 0.036 for LW, to 0.139
for KEM. However, for these breeds, with the exception of
KEM and LWUK, the 95 % confidence interval (CI) of the
fixation index included the zero value, which indicates non-
significant deviations in the number of heterozygotes from
the theoretically expected, in these breeds. A slight shift in
the genetic balance towards an excess of heterozygotes was
noted in four breeds: LIV, BLW, BBP, and DUR, in which the
fixation index had negative values, which amounted to 0.060,
0.002, 0.008 and 0.014, respectively.

Among the local breeds, the maximum level of polymor-
phism was observed in LWUK (N, = 6.500, N = 3.709,
Ap = 6.020), and the maximum level of genetic diversity was
found in BLW (H,= 0.707, H; = 0.702). At the same time,
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Fig. 1. Results of the cluster analysis of eleven pig breeds based on microsatellites using the STRUCTURE 2.3.4 software.

Breeds: 7 - Civilian; 2 - Liven; 3 — White Steppe of Ukraine; 4 - Large White; 5 — Large White of The Republic of Belarus; 6 - Kemerovo; 7 - Mangalitsa; 8 — Black-

and-White of The Republic of Belarus; 9 - Berkshire; 70 - Duroc; 117 - Landrace.
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Fig. 2. Projection of the studied samples of the pig breeds on the plane of two coordinates according to PCA analysis.

pigs of the Mangalitsa breed had minimum values for all the
analysed parameters: N, = 4.875, N = 2.723, A = 0.659,
Hy=0.524, and H = 0.545. However, in an study by Druml
et al. (2012), the values of genetic parameters characterising
the level of genetic diversity of pigs of the Mangalitsa breed of
Austria and the National Reserve of Serbia were even lower:
N,=3.8,Hy=0.49,and H;=0.54 and N, = 3.94, ;= 0.58,
and H = 0.54, respectively. When comparing the animals of
imported origin of domestic reproduction, the group of large
white pigs exceeded the other two in all aspects: N, = 6.250,
Np=3.349,4,=5.126, H,=0.651, and H;=0.672. Of all the
studied pig breeds, the minimum level of polymorphism and
genetic diversity was found in the Duroc breed: N, = 4.875,
Ng=2.119, Ay = 3.821, Hy= 0.480, and H= 0.469. A simi-
lar trend towards a relatively low level of genetic diversity
of this breed was noted in the works of other authors. In a
comparative analysis of local breeds of Brazil with pigs of
specialised breeds (Duroc, Landrace, and Large White), the
minimum values of both the average number of alleles per
locus and the effective number of alleles were identified in the
Duroc breed, which amounted to N, = 3.65 and N;=3.01 (da
Silva et al., 2011). In his work, Szmatota et al. (2016), while
studying the genetic diversity of four commercial breeds and
one local breed of pigs in Poland using five microsatellites,
he revealed the lowest values of the average number of alleles
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per locus (N, = 4.6), the number of effective alleles per locus
(Ng = 2.78) and allelic diversity (4g = 4.6). However, the
studies by Kim et al. (2005), which focused on the descrip-
tion of the genetic diversity and population structure of four
European, two Korean and three Chinese pig breeds, showed
that Duroc pigs outnumbered others in these parameters. At
the same time, local Korean pigs showed consistently low
levels of allelic diversity and heterozygosity, while Chinese
pig breeds, except for the Wuzhishan breed, had a relatively
high degree of genetic diversity compared to commercial
and local Korean pig breeds. The lower values of population
genetic parameters detected in our work, both in pigs of the
Mangalitsa and the Duroc breeds, possibly indicates a high
selection pressure and a minimal or no migration of new
genes in the breeds.

To assess the genetic structure of the studied pig breeds,
Bayesian cluster analysis was carried out using STRUCTURE
(Fig. 1), as well as coordination analysis, using PCA (Fig. 2).
Despite the fact that the algorithm based on the values of AK
(Earl etal., 2012) revealed that the optimal number of clusters
for this sample is equal to 9, K =9 (AK = 136.79), the results
at K =11 were also presented.

The breeds LIV, BLW, and LW are characterised by a
mixed genetic origin. In addition, a similar genetic pattern
was observed in the CVL and LWUK breeds. A clear genetic
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Table 3. Genetic distances between the studied breeds of pigs based on the microsatellite analysis

Breed CvVL LIV BLW MNG BERK
CVLO 0101 0158 0175 0271 ........
LIVOO98 O 0107 0147 0187 ........
BLWOO98 0062 0 0242 0267 ........
MNG()”] 0”4 0132 0 0265 ........
BERK0195 0120 0135 0178 0 ...............
KEM0152 0088 0071 0099 0125 ........
LWUK0094 0125 0086 0169 0168 ........
BBP(”SO 0080 0062 0”8 0088 ........
DUR0189 0158 0199 0208 0181 ........
LWOH1 0102 0037 0162 0131 ........
LDR0244 0171 0190 0146 0189 ........

KEM LWUK BBP DUR Lw LDR
0212 0097 0207 0176 0153 0250 .........
0138 0195 0122 0189 0168 0186 .........
0113 0112 OHO 0285 0064 0271 ..........
0146 0269 0185 0246 0225 0150 .........
0200 0277 0113 0191 0221 0224 .........
O 0179 0113 0270 0151 0143 .........
0116 O 0178 0267 0077 0238 .........
0064 0120 O 0249 0132 0144 .........
0208 0222 0195 0 0291 0186 .........
0107 0083 0096 0190 O 0224 .........
0140 0171 0115 0222 0185 0 ................

Note. D values are shown above the diagonal. The Fsy values are below the diagonal for pairwise comparison.

structure has been identified in black-and-white, Berkshire,
and Mangalitsa pigs. The formation of several clusters of
breeds of imported origin is explained by both different origins
and different strategies of selection and the breeding work
used in the enterprises.

Principal component analysis, the key feature that enables
the projection of samples onto orthogonal coordination axes,
each of which consisting of a linear combination of allelic
or genotypic values (Patterson et al., 2006; Novembre et al.,
2008), revealed a genetic mixing and enabled the visualisa-
tion of a slight differentiation for most of the studied breeds.
Independent cluster formed by representatives of commercial
breeds (Duroc, Landrace, and Large White); at the same time,
local breeds formed overlapping arrays. According to Jolliffe
and Cadima (2016), the lack of clear clustering does not mean
the absence of differences but may indicate the similarity of
the largest source of variability. In addition, this analysis made
it possible to characterise the range of variability in three
components. The first component was responsible for most
of the genetic variability of the entire data set (4.3 %), while
the second and third components reflected 3.7 and 2.8 % of
genetic variability, respectively.

To assess the degree of differentiation of populations, two
main classes of indicators that determine the quantitative
structure of populations are used: fixation indices F; and
Nei’s G, and indicators of allelic differentiation, such as
Jost’s D and differential entropy (Jost et al., 2018). One of the
most commonly used indicators in population genetic studies
is the standard method for estimating the Fg fixation index,
described by Weir and Cockerham (1984). However, when
calculating the genetic distances based on the variability of
highly polymorphic markers, the values of the indicator may
be shifted (Meirmans, Hedrick, 2011; Hopper et al., 2018).
Therefore, we additionally performed calculations of the
D index proposed by Jost (2008) that takes into account the
proportion of allelic variations in populations (Table 3).
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The greatest genetic affinity for both indicators was found
for pigs of the Russian and Belarusian populations of the Large
White breed: LW/BLW Fg. = 0.037, D = 0.064. However,
regarding the maximum values of the indices, differences
were detected: the greatest genetic distance, according to the
Fg fixation index, is characteristic of the LDR/CVL = 0.244
group, and the LW/DUR = 0.291 group, according to the
D index.

To visualise the genetic degree of closeness of the studied
pig breeds, the numerical matrices of the pairwise genetic
distances, Fg; and D, were visualised using the Neighbor-Net
algorithm and are presented in Figure 3. A separate massif was
formed by groups of root pigs of a large white breed (CVL,
LWUK, LW, and BLW) and adjacent branches of the Keme-
rovo and Liven breeds. A separate branch is a cluster of breeds
in the creation of which pigs with the blood of the Berkshire
breed took part: BBP, BERK, and DUR. The Landrace and
the Mangalitsa animals are presented in a separate cluster.

Conclusion

Our studies were aimed at analysing the genetic diversity and
studying the relationship between eight local pig breeds and
three pig breeds of imported origin of domestic reproduction.
In general, the studied local breeds exceeded the groups of
imported pigs in both allelic and genetic diversity, which
is probably explained by the lack of a practical program of
continuous improvement of specific characteristics, to which
commercial breeds are subject. On the contrary, the maximum
positive values of the fixation index were detected in local
breeds (Kemerovo and Ukrainian White Steppe), which can
lead to a shift in the genetic equilibrium towards a lack of
heterozygotes. The analysis of the main components, car-
ried out on the basis of the allele frequencies of the studied
breeds of pigs, made it possible to characterise the range of
variability and trace the main patterns of population genetic
differentiation of individuals of the studied breeds of pigs.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 7



B.P. Xap3uHoBa
H.A. 3uHoBbeBa

BLW KEM MNG

—
0.01

DUR

2020
24.7

lMaTTepH reHeTMYecKoro pa3Hoo6pasins Nopog CBUHe
C CMOJIb30BaHVEM MUKPOCATENINTOB

BERK

LDR

BLW

Fig. 3. Phylogenetic dendrogram of the genetic relationships of the studied pig breeds based on the pairwise genetic distances
matrix Fst (a) and Jost’s D (b) using the Neighbor-Net algorithm.

The information obtained from these studies can guide the
management and breeding strategies of the studied breeds in
order to better use and conserve them. At the same time, further
studies of pigs, both local and specialised breeds, with many
microsatellites, using mitochondrial DNA and single nucleo-
tide polymorphism analysis, seem necessary. Future genetic
progress will mainly depend on the availability of sufficient
genetic variation, and a more holistic understanding of the
state of genetic diversity and the structure of pig breeds will
bring tremendous benefits for the entire pig industry.

References

Allendorf F.W. Genetic drift and the loss of alleles versus heterozygos-
ity. Zoo. Biol. 1986;5:181-190.

Andras J., Kirk N., Harvell C. Range-wide population genetic structure
of Symbiodinium associated with the Caribbean sea fan coral, Gorgo-
nia ventalina. Mol. Ecol. 2011;20:2525-2542. DOI 10.1111/j.1365-
294X.2011.05115.x.

Caballero A., Garcia-Dorado A. Allelic diversity and its implications
for the rate of adaptation. Genetics. 2013;195(4):1373-1384. DOI
10.1534/genetics.113.158410.

Charoensook R., Gatphayak K., Brenig B., Knorr C. Genetic diver-
sity analysis of Thai indigenous pig population using microsatellite
markers. Asian-Australas. J. Anim. Sci. 2019;32(10):1491-1500.
DOI 10.5713/ajas.18.0832.

da Silva E.C., Dutra W.M., Jr., Ianella P., Filho M.A.G. de Olivei-
ra C.J.P., de Moura Ferreira D.N., Cactano A.R., Paiva S.R. Patterns
of genetic diversity of local pig populations in the State of Pernam-
buco. R. Braz. Zootec. 2011;40(8):1691-1699. DOI 10.1590/S1516-
35982011000800010.

Druml T., Salajpal K., Dikic M. Genetic diversity, population structure
and subdivision of local Balkan pig breeds in Austria, Croatia, Ser-
bia and Bosnia-Herzegovina and its practical value in conservation
programs. Genet. Sel. Evol. 2012;44:5. DOI 10.1186/1297-9686-44-5.

Earl D.A., von Holdt B.M. Structure Harvester: a website and pro-
gram for visualizing Structure output and implementing the Evanno
method. Conserv. Genet. Resour. 2012;4:359-361. DOI 10.1007/
$12686-011-9548-7.

Egito A.A., Paiva S.R., Albuquerque M.S., Mariante A.S., Almei-
da L.D., Castro S.R., Grattapaglia D. Microsatellite based genetic
diversity and relationships among ten Creole and commercial cattle
breeds raised in Brazil. BMC Genet. 2007;8:83-97. DOI 10.1186/
1471-2156-8-83.

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

Evanno G., Regnaut S., Goudet J. Detecting the number of clusters of in-
dividuals using the software STRUCTURE: a simulation study. Mol.
Ecol. 2005;14:2611-2620. DOI 10.1111/j.1365-294X.2005.02553 .x.

FAO: Measurement of Domestic Animal Diversity (MoDAD): Original
Working Group Report. Rome, FAO, 1998.

Greenbaum G., Templeton A.R., Zarmi Y., Bar-David S. Allelic rich-
ness following population founding events — a stochastic modeling
framework incorporating gene flow and genetic drift. PLoS One.
2014;10(3):¢0119663.

Guastella A.M., Criscione A., Marletta D., Zuccaro A., Chie L., Bor-
donaro S. Molecular characterization and genetic structure of the
Nero Siciliano pig breed. Genet. Mol. Biol. 2010;33(4):650-656.
DOI 10.1590/S1415-47572010005000075.

Hopper J.V., McCue K.F., Pratt P.D., Duchesne P., Grosholz E.D.,
Hufbauer R.A. Into the weeds: matching importation history to
genetic consequences and pathways in two widely used biologi-
cal control agents. Evol. Appl. 2018;12(4):1-18. DOI 10.1111/eva.
12755.

Huson D.H., Bryant D. Application of phylogenetic networks in evolu-
tionary studies. Mol. Biol. Evol. 2006;23(2):254-267. DOI 10.1093/
molbev/msj030.

Jolliffe I.T., Cadima J. Principal component analysis: a review and
recent developments. Philos. Trans. R. Soc. A. 2016;374(2065):
20150202. DOI 10.1098/rsta.2015.0202.

Jombart T. adegenet: a R package for the multivariate analysis of ge-
netic markers. Bioinformatics. 2008;24:1403-1405. DOI 10.1093/
bioinformatics/btn129.

Jost L. GST and its relatives do not measure differentiation. Mol. Ecol.
2008;17:4015-4026. DOI 10.1111/5.1365-294X.2008.03887.x.

Jost L., Archer F., Flanagan S., Gaggiotti O., Hoban S., Latch E. Dif-
ferentiation measures for conservation genetics. Evol. Appl. 2018;
11(7):1139-1148. DOI 10.1111/eva.12590.

Kaul R., Singh A., Vijh R.K., Tantia M.S., Beh R. Evaluation of the
genetic variability of 13 microsatellite markers in native Indian pigs.
J. Genet. 2002;80:149-153. DOI 10.1007/BF02717911.

Keenan K., McGinnity P., Cross T.F., Crozier W.W., Prodohl P.A.
diveRsity: an R package for the estimation and exploration of popu-
lation genetics parameters and their associated errors. Methods Ecol.
Evol. 2013;4:782-788. DOI 10.1111/2041-210X.12067.

Kharzinova V.R., Karpushkina T.V., Deniskova T.E., Kostyunina O.V.,
Zinovieva N.A. Populational-genetic characterization of White
Large, Landrace, and Duroc pig breeds using microsatellites. Zoo-
tekhniya = Zootechnics. 2018;4:2-7. (in Russian)

Kharzinova V.R., Kostyunina O.V., Zinovieva N.A. Comparative cha-
racterization of the allele pool of local pig breeds based on micro-

753


https://doi.org/10.1111/j.1365-294X.2011.05115.x
https://doi.org/10.1111/j.1365-294X.2011.05115.x

V.R. Kharzinova
N.A. Zinovieva

satellite analysis. Svinovodstvo = Pig Breeding. 2017;1:5-7. (in Rus-
sian)

Khrabrova L.A., Kalinkova L.V., Zaitseva M.A. Guidelines for the Use
of Horse DNA Analysis for the Assessment of Genetic Resources in
Horse Breeding. Divovo, 2011. (in Russian)

Kim T.H., Kim K.S., Choi B.H., Yoon D.H., Jang G.W., Lee K.T,,
Chung H.Y., Lee H.Y.,, Park H.S., Lee J.W. Genetic structure of
pig breeds from Korea and China using microsatellite loci analysis.
J. Anim. Sci. 2005;83:2255-2263.

Kramarenko S.S., Lugovoy S.I., Kharzinova V.R., Lykhach V.Y., Kra-
marenko A.S., Lykhach A.V. Genetic diversity of Ukrainian local pig
breeds based on microsatellite markers. Regul. Mech. Biosyst. 2018;
9(2):177-182. DOI 10.15421/021826.

Meirmans P.G., Hedrick P.W. Assessing population structure: F(ST)
and related measures. Mol. Ecol. Resour. 2011;11(1):5-18. DOI
10.1111/j.1755-0998.2010.02927 x.

Muiioz M., Bozzi R., Garcia-Casco J., Nufiez Y., Ribani A., Franci O.,
Garcia F., §krlep M., Schiavo G., Bovo S., Utzeri V.J., Charne-
ca R., Martins J.M., Quintanilla R., Tibau J., Margeta V., Djurkin-
Kusec 1., Mercat M.J., Riquet J., Estellé J., Zimmer C., Razmaite V.,
Araujo J.P.,, Radovi¢ C., Savi¢ R., Karolyi D., Gallo M., Candek-Po-
tokar M., Fernandez A.L., Fontanesi L., Ovilo C. Genomic diversity,
linkage disequilibrium and selection signatures in European local
pig breeds assessed with a high density SNP chip. Sci. Rep. 2019;9:
13546. DOI 10.1038/s41598-019-49830-6.

Novembre J., Johnson T., Bryc K., Kutalik Z., Boyko A.R. Genes mir-
ror geography within Europe. Nature. 2008;456:98-101.

Patterson N., Price A.L., Reich D. Population structure and Eigen
analysis. PLoS Genet. 2006;2(12):¢190. DOI 10.1371/journal.pgen.
0020190.

Peakall R., Smouse P.E. GenAlEx 6.5: genetic analysis in Excel.
Population genetic software for teaching and research — an update.
Bioinformatics. 2012;28:2537-2539. DOI 10.1093/bioinformatics/
bts460.

Pritchard J.K., Stephens M., Donnelly P. Inference of population struc-
ture using multilocus genotype data. Genetics. 2000;155:945-959.
pmid: 10835412.

R Core Team. R: a language and environment for statistical comput-
ing. R Foundation for statistical computing. Vienna, Austria, 2012.
Auvailable at http://www.Rproject.org

ORCID ID

V.R. Kharzinova orcid.org/0000-0002-8067-0404
N.A. Zinovieva orcid.org/0000-0003-4017-6863

The pattern of genetic diversity of different breeds
of pigs based on microsatellite analysis

Reed D.H., Frankham R. Correlation between fitness and genetic diver-
sity. Biol. Conserv. 2003;17:230-237.

Salamon D., Margeta P., Klisani¢ V., Mencik S., Karolyi D., Mahnet Z.,
Skorput D., Lukovi¢ Z., Salajpal K. Genetic diversity of the Banija
spotted pig breed using microsatellite markers. J. Centr. Eur. Agric.
2019;20:36-42.

Stolpovsky Yu.A. Population genetics studies underlying preserva-
tion of domesticated animal species gene pools. Vavilovskii Zhur-
nal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding.
2013;17(4/2):900-915. (in Russian)

Szmatota T., Ropka-Molik K., Tyra M., Piérkowska K., Zukowski K.,
Oczkowicz M., Blicharski T. The genetic structure of five pig breeds
maintained in Poland. Ann. Anim. Sci. 2016;16(4):1019-1027. DOI
10.1515/a0as-2016-0006.

Szulkin M., Bierne N., David P. Heterozygosity-fitness correlations:
a time for reappraisal. Evolution. 2010;64:1202-1217.

Toro M., Fernandez J., Caballero A. Molecular characterization of
breeds and its use in conservation. Livest Sci. 2009;120:174-195.
Vonholdt B.M., Stahler D.R., Smith D.W., Earl D.A., Pollinger J.P. The
genealogy and genetic viability of reintroduced Yellowstone grey

wolves. Mol. Ecol. 2008;17:252-274.

Vrtkova 1., Stehlik L., Putnova L., Kratochvilova L., Falkova L. Gene-
tic structure in three breeds of pigs populations using microsatellite
markers in the Czech Republic. Research in Pig Breeding. 2012;
6(2):83-87.

Wagner A. Robustness and evaluability: a paradox resolved. Proc. Biol.
Sci. 2008;275:91-100.

Weir B.S., Cockerham C.C. Estimating F-Statistics for the analysis
of population structure. Evolution. 1984;38(6):1358-1370. DOI
10.2307/2408641.

Wickham H. ggplot2: Elegant graphics for data analysis. NY: Springer-
Verlag, 2009.

Yue G.H., Wang G.L. Molecular genetic analysis of the Chinese Er-
hualian pig breed. S. Afi: J. Anim. Sci. 2003;33(3):159-165.

Zinovieva N.A., Kharzinova V.R., Sizareva E.I, Gladyr’ E.A.,,
Kostyunina O.V., Lugovoi S.I., Tapiha V.A., Gamko L.N., Ovseen-
ko E.V., Shavyrina K.M., Ernst L.K. Evaluation of the contribution
of different pig populations to the genetic diversity of the large white
breed. Selskokhozyaystvennaya Biologiya = Agricultural Biology.
2012;6:35-42. (in Russian)

Acknowledgements. The research was carried out with the support of the Ministry of Science and Higher Education of the Russian Federation

AAAA-A18-118021590138-1 on the theme 0445-2019-0026.
Conflict of interest. The authors declare no conflict of interest.

Received April 14, 2020. Revised September 14, 2020. Accepted September 30, 2020.

754

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 7


https://elib.pstu.ru/vufind/EDS/Search?lookfor=Schiavo%2C+G%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Bovo%2C+S%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Utzeri%2C+V%2E+J%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Charneca%2C+R%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Charneca%2C+R%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Martins%2C+J%2E+M%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Quintanilla%2C+R%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Tibau%2C+J%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Margeta%2C+V%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Djurkin-Ku%C5%A1ec%2C+I%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Djurkin-Ku%C5%A1ec%2C+I%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Mercat%2C+M%2E+J%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Riquet%2C+J%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Estell%C3%A9%2C+J%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Zimmer%2C+C%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Razmaite%2C+V%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Araujo%2C+J%2E+P%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Radovi%C4%87%2C+%C4%8C%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Savi%C4%87%2C+R%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Karolyi%2C+D%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Gallo%2C+M%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=%C4%8Candek-Potokar%2C+M%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=%C4%8Candek-Potokar%2C+M%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Fern%C3%A1ndez%2C+A%2E+I%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=Fontanesi%2C+L%2E&type=AU
https://elib.pstu.ru/vufind/EDS/Search?lookfor=%C3%93vilo%2C+C%2E&type=AU

FEHETUKA U CENEKUMA XXUBOTHbIX BaBumnoBcKui xxypHan reHeTuku n cenekuymm. 2020;24(7):755-760

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.670

Chickens productivity selection affects immune system genes
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Abstract. The quantitative trait loci associated with the immune properties of chickens are of interest from the
point of view of obtaining animals resistant to infectious agents using marker-assisted selection. In the process
of selecting markers for genomic selection in broiler-type chickens, a non-standard genotype frequency of the
RACKT gene allele (SNP Gga_rs15788101) in the B5 line of broiler-type chicken cross Smena 8 was identified and
it was suggested that this gene was involved in selection. Therefore, it was decided to investigate the available
polymorphisms in the three genes responsible for the IgY titer (DMA, RACKT and CD1B). Molecular typing of single
nucleotide polymorphisms of three loci revealed an approach to fixation of the unfavorable allele of the DMA gene
(SNP Gga_rs15788237), an approach to fixation of the unfavorable allele of the RACK7 gene and the prevalence of
the favorable CD1B gene allele (SNP Gga_rs16057130). Analysis of the haplotypes revealed a strong linkage disequi-
librium of these genes. This suggests that these genes experience selection pressure. Analysis of the protein-coding
sequences of the CD1B and DMA genes of various breeds of chickens revealed a negative selection of these genes.
In order to understand whether the fixation of the studied alleles is the result of artificial selection of the B5 line of
the cross Smena 8, an analysis of similar loci in layer chickens Hisex White was carried out. The frequencies of the
alleles at the loci of the CD1B gene (Gga_rs16057130) and the RACKT gene (Gga_rs15788101) in the Hisex White
chicken genome differ from the frequencies of the alleles obtained for chickens of the B5 line of the cross Smena 8.
It can be assumed that the fixation of the allele in the DMA gene (SNP Gga_rs15723) is associated with artificial or
natural selection, consistent in broilers and layers. Changes in the loci Gga_rs16057130 and Gga_rs15788101 in the
B5 line of the Smena 8 chickens are most likely associated with artificial selection of broiler productivity traits, which
can subsequently lead to fixation of alleles at these loci. Artificial breeding of chickens leads to degradation of the
variability of genes encoding elements of the immune system, which can cause a decrease in resistance to various
diseases. The study of the negative impact of selection of economic traits on immunity should provide means to
mitigate negative consequences and help find ways to obtain disease-resistant animals.

Key words: chickens immune system genes; allele fixation; negative selection.
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AHHOTaLuA. JIOKYCbl KOMMYECTBEHHDbIX MPU3HAKOB, CBA3aHHble C MMMYHHbIMX CBOWMCTBAMU Kyp, NPeAcTaBnAaloT
MNHTEPEeC C TOUKMN 3PEeHNA NONYUYEHNA YCTOMUMBBIX K MHOEKLMOHHbBIM areHTam »KMBOTHbIX NPU NOMOLUM MapKep-
OMnoCcpeAoBaHHO (reHoMHoOW) cenekumu. B npouecce nof6opa MapKepoB AnsA reHOMHON cenekuyun y Kyp 6poii-
NepHOro Tuna BbiABNeHa HecTaHJapTHaA yacTtota annend reHa RACKT (SNP Gga_rs15788101) y Kyp nuHum B5
MACHOTo Kpocca cenekumm Cr'L «CmeHa» 1 BO3HMKIO NPefnonoXeHNe O TOM, YTO STOT reH BOBJIEYEH B CENeKLMI0.
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MosTomy 6bIN10 peLleHo NccneaoBaTb AOCTYMHbIE NOAMMOPGU3MbI B TPEX reHax, OTBETCTBEHHbIX 3a TUTP IgY (DMA,
RACKT n CD1B). MoneKynapHoe TUN1poBaHmne OfHOHYKIEOTUAHbBIX NOAMMOPGU3MOB TPEX JIOKYCOB NOKa3asno npu-
6nmkeHre K Prkcaumm HebnaronpuATHbIX annenein reHos DMA (SNP Gga_rs15788237) n RACKT n npeobnagaHue
6naronpusTHoro annensi reHa CD1B (SNP Gga_rs16057130). MNpu aHanv3e ranioTMnoB BbIBNEHO CUNIbHOE He-
paBHOBeCHOe cLenieHne STUX reHOB. OTO CBUAETENbCTBYET O TOM, YTO AaHHbIE FeHbl UCMbITbIBAIOT CeNeKLNUOHHOE
ZaBneHue. ViccnefoBaHue 6enoK-KogupyoLwmx nocneaoBatenbHocTel reHoB CD1B u DMA pa3nnyHbix Nopoa Kyp
NPOAEMOHCTPUPOBAJIO HEraTUBHYIO CeNeKLMIo STUX reHOB. 1A Toro utobbl NOHATbL, ABNAETCA NN PpUKCauma n3y-
YeHHbIX annenen pesynbTaTomM HanpaBAeHHON cenekummn Kyp nuHum b5 macHoro kpocca Cr'L «CmeHna», npoBefeH
aHaNn3 aHanorMyYHbIX TOKYCOB Y KYp ANYHON cenekumm «Xaiceke 6enblit». YacToTbl annenein B nokycax reHa CD1B
(Gga_rs16057130) v reHa RACKT (Gga_rs15788101) B reHOMe Kyp «XaiceKc 6enblii» OTINYAOTCA OT YacToT annenen,
nonyyeHHbIX Ana Kyp nnHumn b5 macHoro kpocca cenekuyun CrL «CmeHa». MoXHO NpeanonoXuTb, 4to prkcaumsa
annens B reHe DMA (SNP Gga_rs15788237) cBf3aHa C NCKYCCTBEHHbIM UM €CTECTBEHHBIM OTOOPOM, efIMHbIM A1
KYp MACHOW 1 AnYHON cenekuun. IameHeHmna B nokycax Gga_rs16057130 n Gga_rs15788101 y kyp nuHum b5 mac-
Horo Kpocca cenekuyun Cr'l «CmeHay, ckopee BCero, CBA3aHbl C MCKYCCTBEHHOW ceneKuuei MpU3HakoB NpoayKTyB-
HOCTV 6POIINEePOB, KOTOPas B AaNbHeNLIEM MOXET MPUBECTY K GUKCaLUy annenei B 3TUx noKycax. MickycctseHHasn
ceneKkuys Kyp BefieT K Aerpagauuy BapuabesnbHOCTU reHOB, KOAMPYIOLWMUX SNIeMeHTbl UMMYHHOW CUCTEMbI U, Kak
CnefCcTBME, YMEHBLLIEHUNIO PE3NCTEHTHOCTM K Pa3fnyHbiM 3aboneBaHmAM. /I3yyeHne HeraTMBHOrO BAVAHNA Cenek-
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KntoueBble c/ioBa: reHbl I/IMMyHHOIh CNCTEMDI KYP; ¢M Kcauuma annenemn; HeraTuBHasA cenekyums.

Introduction

Selecting production traits in the broiler chicken has a negative
effect on the breed’s resistance to infectious diseases (Zekarias
etal., 2002) and harms their immune competence. On the other
hand, resistant chickens are poor producers, e.g. high leucosis
resistance in layers reduces egg yield. The only exclusion to
this rule has been known so far is resistance to Marek’s disease
that stimulates egg laying (Zekarias et al., 2002). One of the
studies has demonstrated that broilers produce a short-term
humoral response, while layers — a long-term humoral and
strong cell-mediated response (Koenen et al., 2002). Another
study claims genetic selection to improve the broiler’s grow-
ing trait reduces the humoral and increases the cell-mediated
and inflammatory responses (Cheema et al., 2003). There
are studies proving intensive selection has no negative effect
on poultry immune competence (Emam et al., 2014). At the
same time, there is a theory saying the resources necessary
for physiologically normal immunity are taken to provide the
productivity trait in chicken (Zekarias et al., 2002).

After it was found out that antibody titers are genetically
inherited, the certain genes affecting this process were detected
(Yonash et al., 2001; Kaiser et al., 2002). The quantitative
trait loci associated with the immune properties in Gallus
gallus belong to different chromosomes (Slawinska, Siwek,
2013; Zhang et al., 2015). A genome-wide search for associa-
tions allowed one to detect in chromosomes 1, 3, 5, 12 and
16 nine single-nucleotide polymorphisms (SNPs) in the loci
associated with total immunoglobulin Y (IgY) concentration
in sera. The most significant five of them are located within
a narrow region covering 0.26 Mb of chromosome 16 in the
MHC-B locus that determines resistance to viral, bacterial and
parasitic infections in chickens. Locus’s variability determines
a breed’s resistance to different pathogens (Iglesias et al.,
2019). Keeping in mind that the number of haplotypes in the
locus is almost one order lower in broilers than in their wild
ancestors, it partially may explain the difference in resistance
(Nguyen-Phuc et al., 2016). The genes of this region may play
a crucial role in immune response modulation (Zhang et al.,
2015), so chickens produce IgY to provide their offsprings
with an effective humoral response to the most wide-spread

pathogens before their own immune system matures (Dias da
Silva, Tambourgi, 2010). While choosing genomic selection
markers in the parental lines of the B5 line/Smena 8 cross
broilers, a nonstandard allele genotype of the RACK1 gene
was identified and a suggestion was made that it might be
involved in the selection process. For that reason, a decision
was made to study the polymorphisms of all the three genes
responsible for the IgY titer.

Materials and methods
To isolate the DNA, feather samples from the 100 broilers
belonging to the 79th generation of the B5 line/ Smena 8 cross
(Cornish breed) bred at Breeding and Genetic Center “Smena”
were collected. To isolate the DNA of layer chickens, the
feather samples of 48 the Hisex White layer chickens bred at
the Zagorskoe Experimental Farm of Federal Scientific Center
”All-Russian Research and Technological Poultry Institute”
of the Russian Academy of Sciences were used. The DNA
was isolated from the animals’ quill of 0.3—0.5 cm in length
as it is required by the investigation protocol for the M-sorb
kit (No. HG-501, Syntol LLC, Russia). The PCR required
1.5 pl of isolated DNA and was performed in real time using
an ANK-M device (Institute for Analytical Instrumentation
of the Russian Academy of Sciences, Russia). The SNPs
were typed in two different ways: with the primers contain-
ing a modified LNA nucleoside on their 3" end (Latorra et
al., 2003); and introducing two different LNA nucleosides
into the 5’ end of a probe in a position compliment to an SNP
being studied. While the probe/target mismatch destabilized
the interaction, the proper positioning facilitated it. This was
due to the presence of LNA modification that significantly
changed the thermodynamic characteristics of the samples
(You et al., 2006). Using two different channels to detect a
fluorescent signal enabled us to detect an SNP in a single test
tube, increasing the assay’s effectiveness and simplifying data
interpretation. The primer/probe sequences for SNP detection
can be seen in Table 1.

Such dyes as 6-carboxyfluorescein (6FAM) and 5-carboxy-
rhodamine 6G (5SR6G) were used as fluorescent markers,
and the BHQ1 dye — as a quencher. The accumulated data
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Table 1. Studied SNPs and their positions in chromosome 16, genes responsible for IgY titers,

probes and primers used for the analysis

SNP Gene
Gga_rs16057130 CD1B
G>A

Gga_rs15788237 DMA
T>C

Gga_rs15788101 RACK1

A>G

Primer/probe sequences (5'—3’)

Note. Here and also in Table 2, 4 the nucleolytic sequence enhancing the IgY titer is marked in bold.

were put through the Ensamble genome browser at https://
www.ensembl.org/index.html (Zerbino et al., 2018). The
linkage disequilibrium was analyzed using the CubeX web-
tool (Gaunt et al., 2007) and the DNASp v.6 software (Ro-
zas et al., 2017). The positive and negative selection was
analyzed in the HyPhy software (Kosakovsky Pond, Frost,
2005) from the Datamonkey web server (http://datamonkey.
org) using the following sequences from GenBank:
AB268588.1,AY849318.1,NM_001024582.1, AB204802.1,
AY375530.1 for the CDI1B gene; AB268588.1, FJ770458.1,
NM 001099353.2, HM545127.1, AB426148.1 for the
DMA gene; and AY393848.1, M24193.1, NM_001004378.2,
CR386189.1, AY694127.1 for the RACKI gene. Protein se-
condary structure errors due to mutations were analyzed on
the Dim-Pred (Disorder inducing mutation prediction) server
at http://www.iitm.ac.in/bioinfo/DIM_Pred/ (Anoosha et al.,
2015). The protein 3D structures of corresponding genes were
modeled on the SWISS-MODEL web server at http://www.
expasy.ch/swissmod/SWISS-MODEL.html (Waterhouse et
al., 2018).

Results and discussion

SNP typing of the three loci responsible for enhanced IgY
titer in the B5 line/Smena 8 cross broilers was carried out.
All the three SNPs were localized within their corresponding
genes. Fixation of the allele Gga rs15788237 determining the
lowest IgY titer in the locus was revealed, as well as that of an
unfavorable allele Gga_rs15788101 and the predominance of
a favorable allele Gga rs16057130. The results of SNP typing
can be seen in Table 2.

CD1B gene. The CD1 proteins are a family that is similar
to MHC class I glycoproteins that expose alien and native
antigens, so they can be recognized by T-cells (Barral, Brenner,
2007). The ratio of synonymous (dS) and nonsynonymous
(dN) mutations in the 5’ coding sequences of the CD 1B gene in
the chickens of different origin demonstrated a negative selec-
tion to present in two regions. The analysis performed using
the HyPhy software showed the gene has two codon- altera-
tion regions that result in amino acid replacement (Table 3).
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However, while replacing nonpolar valine by alanine may not
affect the protein’s structure and functions, a replacement of
polar serine by nonpolar glycine may significantly alter both
the structure and the way the protein interacts with ligands.
Analyzing the two mutations on the DIM-Pred server dem-
onstrated their destructive effect on the protein’s secondary
structure in which the coding glycine occurred to bind the
favorable SNP Gga rs16057130 allele. 3D modeling of the
protein’s structure revealed no visible changes in case of
mutual replacements.

DMA gene. The DMA gene encodes the alpha-chain of
glycoprotein being the receptor to expose alien antigens with
specialized T-cells (Chazara et al., 2011). The gene’s dN/dS
ratio suggests there is one negative selection site in this gene
(see Table 3). The Ser27Leu replacement does not disrupt the
protein’s secondary structure but can probably affect the way
it interacts with its surrounding and ligands. However, if the
site really presents in the DMA gene, a question rises why the
unfavorable allele prevails for the IgY titer. A possible expla-
nation can be a balancing selection when a positive selection is
substituted by a negative one if the allele frequency becomes
high. In this case allele fixation never occurs, so they cannot
be regarded either as favorable or unfavorable (Hurst, 2009).
In essence, the issue remains open.

RACKI gene. The gene encodes C1, an activated kinase
receptor subunit. Analysis of the gene’s dN/dS ratio reveals
no signs of the selection determined by the encoding part of
the gene, which is hardly a surprise, for this protein is very
conservative and 100% match of that in humans. Thus, the
hypothetic reason of RACKI selection remains unidenti-
fied and can be predetermined as by the encoding as by the
regulation sites in both encoding and non-encoding domains
(Chen, Blanchette, 2007; Koonin, Wolf, 2010). Since struc-
tural conservation can not be a strong selection factor of its
own (Drake et al., 2006; Katzman et al., 2007), several such
factors may probably exist.

The allele fixation effect that produces extended runs of
homozygosity as a response to environmental and artificial
selection factors has recently been found in chickens (Rubin
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Table 2. Genotypes and alleles distribution
in the B5 line/Smena 8 cross broilers (n = 100)

SNP Gene Genotype Allele
frequency
Gga_rs16057130  CDIB GG =0.09,AA=047, G=0.31,
G>A(1) GA=044 A=0.69
Gga_rs15788237  DMA TT=0.92,CC=0.00, T=0.96,
T>C TC=0.08 C=0.04
Gga_rs15788101 RACK1T  AA=0.87,GG=0.00, A =0.935,
A>G AG=0.13 G =0.065

Table 3. Nucleotide changes in the CD1B and DMA genes,
leading to amino acid replacements

Gene Nucleotide Codon Amino acid

change replacement
CD7B .......... -|->C ...................... GTG>GCG ............ Va|202A|a ..................
CD7B .......... G > A ...................... GGC>AGC ............ G|y283ser ..................
DMA ........... CA >-|-G .................. TCA >-|--|-G ............. 5er27|_eu ...................

et al., 2010; Fleming et al., 2016). The runs are 3 million
base pairs on average and contain a certain number of linked
homozygous SNPs (McQuillan et al., 2008; Keller et al.,
2011; Hedrick, GarciaDorado, 2016). Finding such runs al-
lows one to detect the genome regions and genes involved
in both natural and artificial selections. In tropical climate,
adaptation of chickens to traditional poultry production leads
to natural selection of birds with favorable genotypes, so the
frequency of corresponding alleles increases in the next gene-
rations, affecting the homeostasis and immune system genes
(Marchesi et al., 2018). For us to understand if the fixation
of studied alleles was the result of artificial selection in the
B5 line/Smena 8 cross broilers, analysis of similar loci in the
Hisex White layer chickens was carried out (Table 4).

Similar to the results obtained from the B5 line/Smena 8
chickens, the Hisex White layers had an allele Gga rs15788237
fixation in the locus. However, the allele frequencies Gga
rs16057130 and Gga rs15788101 in the Hisex White ge-
nome are different from the frequencies obtained for the B5/
Smena 8 chickens.

Based on the data obtained, an assumption can be made that
the allele fixation in DMA gene is related to either artificial or
natural selection that is similar for both layer and broiler chi-
ckens. The changes in Gga_rs16057130 and Gga rs15788101
loci observed in the B5 line/ Smena 8 cross chickens are most
likely related to artificial selection of the productivity traits
typical for broilers, which in the future may result in complete
allele fixation in these loci. While the fixation, the so-called
genetic hitchhiking can take place when an allele changes its
frequency not because it is being selected but because it is
located next to a gene being selected (Smith, Haigh, 1974,
Futuyma, 2013). This phenomenon may involve both favor-
able and unfavorable alleles of the neighboring gene.

Thus, the presented experiment has confirmed that artifi-
cial selection for productivity traits may possibly affect the
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Chickens productivity selection
affects immune system genes

Table 4. Allele and genotype frequencies distribution
in the genome region containing immune system genes
in the Hisex White chickens (n =48)

SNP Gene Genotype Allele
frequency

Gga_rs16057130 CDIB GG=0.21,AA=035  G=043,
G>A GA =044 A=0.57
Gga_rs15788237 DMA TT=0.92,CC=0.00, T=0.96,
T>C TC=0.08 C=0.04
Gga_rs15788101 RACK1T ~ AA=0.25,GG=0.06, A=0.59,
A>G AG =0.69 G=041

immune system of chickens, the effect that was first studied
by J.J. Lietal. (2017). Typing of the /F/H1 and IFIT5 innate
immunity genes has demonstrated an interaction between
the production traits and the immune system. It can also be
assumed that artificial selection of commercial traits may
result in passive selection for immune traits. A study to iden-
tify artificial selection regions in chickens (Ma et al., 2018)
detected two immunity genes: BCL2L 14 (apoptosis mediator)
and CDH13 (encoding protein enhancing immune resistivity
to Campylobacter jejuni). Resequencing of the cockfighting
chicken genome (Guo et al., 2016) detected multiple immunity
genes involved in the selection process.

All the authors mentioned above reported about the genes
being involved in selection but not directly related to produc-
tivity traits. However, they did not mention whether favorable
or unfavorable alleles were selected. The fact that unfavorable
alleles can be selected as well has long been known since
both artificial and natural selection increases the frequency
of the rare recessive alleles having a negative effect on vi-
ability (Hocking, 2014). This can be exemplified by skeleton
and muscle diseases in growing chickens and by multiple
ovulations in broilers’ adult parents (Hocking, 2014) mean-
ing the corresponding diseased genes are a part of the parent
lines. Other negative manifestations of artificial selections
include reduced resistance to infectious disease, pulmonary
hypertension and osteoporosis that can be promoted by nega-
tive pleiotropic effect or genetic hitchhiking (Elferink et al.,
2012). A stark example of such unexpected selection results
can be a 22% body mass increase in the chickens bred from
crossing the Livorno White lines, which were selected for a
long term to produce two-yolk eggs (Abplanalp et al., 1977).
All these data prove that selection affects multiple genes. In
our study, selection of two unfavorable and one favorable
alleles of a single trait was observed, which is important
because unfavorable alleles can be beneficial for artificial
selection. Forecasting of the unfavourability is based on the
variants that greatly affect the phenotype but often turn out to
be unstable in nature. However, in artificial conditions, these
variants may be quite viable (Hedrick, GarciaDorado, 2016;
Bosse et al., 2018).

Conclusion

Artificial selection in chickens leads to degradation of the vari-
ability of the genes encoding the immune system elements that
may worsen the birds’ resistance to certain diseases. Studying
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the negative effect productive trait selection has on the im-
munity may give us a tool not only to mitigate the effect but
also to breed disease-resistant animals.
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AHHOTauus. BcnomoratenbHble penpoayKTuBHble TexHonorumn (BPT) 3aHMmMatoT Bce 6onee 3aMeTHOe MeCTo B penpo-
ayktonornn. Kpome Toro, B pa3BuTbix cTpaHax BPT obecneunBatot BocnponsBoacTso 6onee 50 % KpynHoro porato-
ro CKOTa, a B KONNEKUMAX reHETUYECKNX JINHMIA NabopPaTOPHbIX XMBOTHbIX ABASAIOTCA HEOTHEMSIEMbIM KOMMOHEHTOM
KpUoapxusmnpoBaHua 1 peaepusaumu. Mpoueaypbl BPT BKAOUAOT pa3BUTUE PaHHUX SMOPUOHOB BHE MaTEPUHCKOTO
OpraHr3mMa 1 BbICOKYIO BEPOATHOCTb HEMOJTHOM CUHXPOHM3aLUMn GU3MONOrMYECKOro COCTOAHMA CYppOoraTHON matepu
1 nepecaxrBaemMbix SMOPUOHOB. [OCKONbKY BCe 3TO NMPOUCXOAWT Ha CTaauy Hambosblueil BOCMPUUMYMBOCTY 3ap0-
OblLel K SnureHeTYeckomy nepenporpammmnpoBaHuio, TO NOMHBIN LK BPT 1 ero otgenbHble coctaBnaioLme MoryT
NPUBOANTL K YCTONYMBBIM GEHOTUNNYECKM U3MEHEHWAM MOTOMKOB. [lJaHHOE BAAHME NOATBEPXKAAIOT UCCIIeOBaHNA
MOPGOPYHKLMOHANBbHBIX XapaKTepPUCTMK NONOBO3PesbiX MOTOMKOB Mblllel ayTépeaHon nuHmum CD1, nonyyeHHbIX ¢
MCMNONb30BaHNEM Pa3HblX BapUaHTOB TPAHCMIAHTALMUIN paHHMX 3MOPMOHOB. CpaBHUTENbHbIE UCCNEA0BAHUS MACChl U
cocTaBa Tena, 6a3anbHOro ypoBHSA MMIoKO3bl U peaKLymn Ha roKO3HYI0 Harpy3ky (F1i0K030ToNlepaHTHbI TECT) BbiNoJIHe-
Hbl Ha MONOBO3pPeESIbIX CaMLiaX U CamMKax, MOTOMKax MaTeperi, He MOABEePraBLUNXCA SKCNePUMEHTaIbHbIM BO3AENCTBUAAM
B nepuog 6epeMeHHOCTU (rpyrnna KOHTPONA); ABYXKIETOUYHbIX SMOPMOHAX, BbIMBITbIX Y 6epeMEHHbIX CaMOK, MOC/IE WH-
KybrpoBaHua [0 CTaamuy 6nacTouncT 1 nepecakeHHbIX CypporaTHbIM Matepam (rpynna 2 Kn. — 611.); npy nepecafkax
[BYXKJIETOUHbIX SMOPMOHOB (rpynna 2 Kn. — 2 Ki.) n 6nactouymnct (rpynna bn. — 65.) cpa3y nocne BbiMbiBaHMA. Bo Bcex
3KCNeprMeEHTax SMOPUOHbBI Mepeca)knBasny BbiHALIMBAOLMM CaMKaM TOW »Ke IMHWUW. YCTaHOBJIEHO, YTO NOSTIOBO3pesible
NMOTOMKW, MOJTyYeHHble NPU BCEX BapUaHTax NePecajioK, XapaKTepr3yTca 60NMbLIMM MO CPaBHEHNIO C KOHTPOJIbHbIMU
0CO6AMY OTHOCUTENBbHBIM COAEPXKAHMEM XKIMpPa U1, COOTBETCTBEHHO, MEHbLLIEN TOLLEN MAacCoM Tena. ITOT 3 deKT 6bin Bbl-
pakeH cuSibHee y CaMoK, UeM y CamMLIOB. B oTnnume oT cocTaBa Tena nepecagkvi SMOPUOHOB B 60SIbLLEN CTENEHM BIVSNN
Ha 6a3asibHyl0 KOHLIEHTPaLMIO F0KO3bl M MOKa3aTenu rMioKO30TONePaHTHOro TecTa y CaMLOB, YeM y camok. [Mpu 3Tom
NMOTOMKM rpynn 2 KA. — 2 K. 1 2 KN. — 611. XxapaKTepr3oBanucb 6osiee BbICOKON TONEPAHTHOCTbIO K Harpy3Ke roKo30mM
MO CPaBHEHWIO C KOHTPOJNbHOW rpynnoi 1 rpynnoi bn. — 6n. YcToliumBble OTKNOHEHUA COCTaBa Tena 1 rokasartenemn
romMeocTasa rtoKOo3bl, BbIsIBNIEHHbIE Y MOTOMKOB MpY Pa3HbIX BapraHTax SMOPUOTPaHCIIaHTaLWIA, CBUAETENBCTBYIOT O
$EeHOTMNNYECKON 3HAYMMOCTI NPOoLeayp, NCMOJIb3yeMblX NPY BCOMOraTeNibHbIX PenpoayKTUBHbIX TEXHOOMNAX.
KnioueBble cnoBa: nepecagky SMOPUOHOB; NONIOBO3peible MOTOMKM; MeTabonnyeckunin GeHOTUM; COCTaB Tena; roKo-
30TONEPAHTHbIN TECT.

[Ana yntupoBauma: AHncumosa M.B., ToH A, l0anH H.C., MowkuH t0.M., TepnnHckas J1.A. MeTabonnueckuin ¢eHoTvn
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Metabolic phenotype of adult mice offspring
obtained from different variants of embryo transfer
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Abstract. Assisted reproductive technologies (ART) increasingly occupy the study of human reproduction. In addition,
in developed countries they contribute to breeding of more than 50 % of cattle. In the management of collections of
genetic lines of laboratory animals, these technologies are obligatory components of cryopreservation and rederiva-
tion. ART procedures include the development of early embryos outside the mother’s body and the high probability
of incomplete synchronization of the physiological state of the surrogate mother and transplanted embryos. Since all
this occurs at the stage of the highest susceptibility of embryos to epigenetic reprogramming, the full cycle of ART and
its individual components can lead to stable phenotypic changes in the offspring. Their reality is confirmed by studies
of the morphological and functional characteristics of sexually mature offspring of CD1 outbred mice, obtained using
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Metabolic phenotype of adult mice offspring
obtained from different variants of embryo transfer

different variants of early embryo transplantation. Comparative studies of body mass and body composition, basal
glucose level and response to glucose load (glucose-tolerance test — GTT) have been done on sexually mature males
and females. Animals were separated in 4 groups according to the variant of embryo transplantation: group (control) -
natural mating; group (2cl-bl) — incubation of 2-cell up to blastocysts; group (2cl-2cl) - removal and transplantation of
the 2-cell embryo without incubation; group (BI-bl) removal and transplantation of the blastocysts without incuba-
tion. All embryos were transplanted to recipient females of the same line. It was found that sexually mature offspring
obtained with all variants of transplantations had a higher relative fat content and, correspondingly, lower lean mass
compared to the control. This effect was more pronounced in females than in males. Unlike body compositions, embryo
transplantations had a greater effect on basal glucose concentration and GTT in males than in females. In this case, the
offspring of the 2cl-2cl and 2cl-bl groups were characterized by a higher tolerance to glucose load (GTT) compared with
the control and the BIl-bl group. Stable deviations of body compositions and glucose homeostasis indices detected in
experimental groups of progenies indicate the phenotypic significance of the embryo transplantations per se.

Key words: embryo transfer; mature offspring; metabolic phenotype; body composition; glucose tolerance test.
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BBepeHune
B mupe Gonee 45 MiH OpavHBIX Map CTANKHUBAIOTCS ¢ Oec-
woaueM. [IpeogoneTs 3Ty npodieMy NOMOTarT BCIOMOTa-
TEJIbHBIE PENPOAYKTHBHBIE TEXHOJIOTHH: 3KCTPAKOPIOPATb-
Hoe omutopoTrBopenne (OKO) 1 BHYTPHKIICTOUHAST HHBEKIIUS
cnepmaro3oua (intracytoplasmic sperm injection — MUKCH).
Co BpemeHH TiepBoro ycnemrHoro npumerenus BPT B kiu-
HU4YecKkor mpakrtuke (1978 1) umcio perei, poXKICHHBIX C
nomonrsio DKO, Bozpocio 10 7 MitH Bo BceM Mupe. Ceroans
B pa3BHTHIX cTpaHax ~1 % mereit poxxaarorcs merogom DKO
(International Committee..., 2012). BonpmmHcTBO THX JIE-
Teil oTHOCAT K Kareropuu 310poBbix (Davies et al., 2012),
XOTsl B HEKOTOPBIX HCCIIECAOBaHMUSAX OTMEUAIOTCS IMOTEHIIH-
aJbHBIE PUCKY NATOJIOTHI OEPEMEHHOCTH U HOBOPOJK/ICHHBIX
(Templeton, 2000; Hansen et al., 2013). IIpu npoBenenuu
OKO mnosrImaeTcs puck ociokHeHni 6epemenHoctu (Ro-
mundstad et al., 2008; Esh-Broder et al., 2011; Chen et al.,
2015), cpenu KOTOPHIX aHOMAJIBHBIN POCT IJIAIICHTHI, TIEpHU-
HaTaJbHasi CMEPTHOCTb, IIPEKAEBPEMEHHBIE POAIBI M HU3KUI
Bec mipu poxxaenun (Helmerhorst et al., 2004; Ceelen et al.,
2008; Rinaudo, Lamb, 2008; Haavaldsen et al., 2012). [leTw,
3agatble ¢ momMomipo DKO, B TOIPOCTKOBOM BO3pACTE IEMOH-
CTPUPYIOT CTaTUCTUYECKU 3HAUUMBIC PA3JIMYMs B JUHAMUKE
pocra (Ceelen et al., 2009), ortnoxenuu xupa (Ceelen et al.,
2007), ypOBHSIX apTEepHATBHOTO NABICHUS U KOHIICHTPAIIUN
rroko3bl B kpoBH (Ceelen et al., 2008).

IIpu ucnons3oBanun IKO y 1abopaTopHBIX )KMBOTHBIX
1 KPYITHOTO pOTaToro CKOoTa HaOIromaeTcs BHYTPUYTPOOHOE
OTpaHMYCHHE POCTa Ha PAaHHUX CpPOKax OEpPEeMEHHOCTH, 3a
KOTOPBIM CJIICAYIOT YCKOPECHHBIC TEMIIBI pa3sBUTUA I1J1I04a OT
cpenHed Mo To3IHEeH OSpeMEHHOCTH, YTO KOPPEIHPYET C
YBEJIMYEHUEM pOCTa IUTaneHThl. McenenoBanust Ha KopoBax U
OBLAX JOIOJHUTCIIbHO MOKAa3bIBAKOT, YTO ITIOTOMKH, ITOJTYYCH-
HbIe MeTooM DKO, TeMOHCTPUPYIOT YHUKAIBHBINA (DEHOTHIL,
TaK Ha3bIBAEMBIN CHHJIPOM KpyIHOTO 1otomcTBa (Young et
al., 1998; Sinclair et al., 2000; Farin et al., 2006).

YernenHocTh NPENMITIAHTALMOHHOTO Pa3BUTHS 00eCTIeUr-
BAETCS CTPOTO CKOOPMHUPOBAHHBIMHU (PM3NOJIOTUIECKUMHU U
AMUTEHETUYECKUMH TPAHCHOPMALIUSIMU B MIEPUOJL Pa3BUTHSI
OT 3UTOTHI 10 O6mactouucTsl. [Tomaepskka 3mopoBoii OepeMeH-
HOCTH 00€CIICUMBACTCSI MHOTOUYNCICHHBIMU MaTepUHCKHMH
(hakTOpamMu, KOHTPOJIUPYIOLIMMH ITPOLIECCH CO3PEBAHMUs T'a-
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MET, OIUIOJJOTBOPEHHUE, JOUMIUIAHTAI[HIOHHOE PA3BUTHE U UM-
ranTamio Omactorucet. CornmacHo runortese bakepa, Hebma-
TOTIPHUATHBIC YCIOBHS MaTEPHHCKOM CPEJIbI UTPAIOT BEYIITYIO
pOJIb B Pa3BUTHH OTKJIIOHEHHH B NIEPHOJ BHYTPHYTPOOHOTO
pa3BUTHA U, KaK CIEACTBHE, POPMHPOBAHUH (HPHU3HOIOTH-
YECKOTO0 M METabOoIMYecKoro ()eHOTHIIA HOBOPOXKICHHBIX,
ACCOIIMUPOBAHHOTO C YBEIMYEHUEM PUCKA XPOHUYECKUX 3a-
GomeBanmit Bo B3pocioM Bo3pacte (Barker, 2007). Metabo-
JMYECKUe MOTPEOHOCTH Pa3BUBAIOLIETOCS YMOPHOHA 3aBUCST
OT CTaINM KJIIETOYHOT'O JICTICHHS U YIIOBJIETBOPSIIOTCS 32 CUET
TYMOPAJIbHOTO COCTaBa BHYTPHMATOYHOM CPEIbl, BKIIFOUAs
MUTATEJIbHbIC BEIIECTBA U (PaKTOPBI POCTA, KOTOPAsi MEHSIETCS
10 Mepe TOro, Kak 3MOPHOH IepeMelaeTcsl U3 sileBosia B
Mmatky (Leese, 2012). Ba)xHO OTMETHTH, YTO AMHAMUYHOCTD
TYMOPAJIBHOTO OKPYXXEHUS IPAKTUYECKH OTCYTCTBYET IPH
KyJIbTUBUPOBAHUU SMOPHOHOB in Vitro.

Pucku 10ATOBpeMEHHBIX HEONATOMPUATHBIX TOCIEACTBUN
nponenyp KO 3aBHCAT OT MHOTHX HEPEMEHHBIX, TAKHX
KaK KayeCTBO M CIIOCOO MOJYYCHHS OOLMUTOB; MeTon dhep-
timmsanuu in vitro (OKO/HNKCH); coctaB KyasTypanbHON
cpenbl; usnyeckue pakTopel okpysxarouei cpeasl (CO,/0,,
TeMIIeparypa, BIaKHOCTh); TPOIOIKUTEILHOCT Pa3BUTHS B
YCIOBHSIX in vitro. Kpome Toro, Ha 6epeMeHHOCTh H OHTOTE-
He3 BIMAET CHHXPOHU3ALUS CTENICHH Pa3BUTHS SMOPHOHOB
1 MOpGhO(YHKIIMOHATILHOTO COCTOSHHSI OPraHM3Ma BhIHAIIIH-
Barolel Marepu. [onoBo-MaTepruHCKast CHHXpOHHU3ALUs BO
MHOTOM 3aBHCHUT OT CTa/INA SMOPHOTeHe3a U TPAHCIUIAHTAIINI
3apoblILEH B SHLEBOJ WK MATKy.

B nanHoi1 paboTe moKa3aHbI JOITOBPEMEHHBIE ITOCTEACTBHS
MHKYOUPOBAHWUS i1 Vitro NBYXKJICTOYHBIX SMOPHOHOB JI0 CTa-
JTUH OJIACTOIIUCT M MEPECaoK 00 NBYXKICTOYHBIX IMOPHO-
HOB B SIHI1EBOI, THOO OIACTOIMCT B MaTKy Ha METAOOTIMYEeCKHIN
(heHOTHIT B3POCIBIX TTOTOMKOB. DTH BapUaHTHI IEpecagok
MozenupyioT BPT npu: a) peaepuBanuu 1 KpuoapXuBUPO-
BaHMHU JIByXKJIETOYHBIX 3MOPHOHOB C IMOCIEyIomeil nepe-
CaJIKOH B SIM1IEBO/T; ) Pa3MHOMKEHNH CETbCKOX03HCTBEHHBIX
JKUBOTHBIX Ha OCHOBE KPHOAPXMBHPOBAHHBIX OJIACTOIHCT;
B) BemmoHeHUN DKO mmn MKCH B knmnHUYecKoi TIpakTHKE,
KOTOpBIE BKJIIOYAIOT OIIOJIOTBOPEHHE i1 Vitro, THKyOUpoBa-
HUE JIO CTa 1K ONAaCTOLMCTHI U MepecasiKy CypporarHoi mMa-
Tepu. Pe3ynbTarsl MoKa3aiy, YTO BCE BApPHAHTHI NEPECcaiok
BIIASIIOT Ha META0ONIMYECKUH (PEHOTHUII TTOJIOBO3PEIIBIX T10-
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TOMKOB, 4YTO IPOABIACTCA B CTaTUCTUYCCKU 3HAYUMBIX U3-
MEHEHHSX COCTaBa TeJla U TOJIePaHTHOCTH K ITtoko3e. Kpome
TOTO, 3TO UCCIIEIOBAHHE TTOJITBEP/IMIIO Ba)KHOCTh HCIIONIB30-
BaHUs 3a4aThIX in Vivo YMOPHOHOB C IOCIEAYyIOLIeH mepe-
CaJIKOH CypporaTHBIM PELMIIMEHTaM B KaueCTBE HaUIeKaIIIX
KOHTPOJIEH JUIsl MaJbHEHIIET0 M3yYeHHs JOJITOBPEMEHHBIX
(eHoTunryeckux 3h(HEeKTOB IKCTPAKOPIOPATBHOTO OILIOO-
TBOPEHHSI.

MaTepmanbl n Mmetoabl

YcnoBua cofgepKaHnaA 1 XKNBOTHbIE

Uccnenosanue BoinoaHeHo B LIKII «LleHTp reneTndeckux pe-
cypcos J1aboparopHbix kuBoTHEIX» UIul" CO PAH (RFME
FI161914X0005 u RFMEF162114X0010). Mpiwieii ayropen-
Hoit muaMK CD1 comepkany B KOHTPOIUPYEMBIX YCIOBHIX
cpensl: poronepuone 14C:10T, npu remneparype 22-24 °C
u BnaxHocTH 40-50 %. B xauecTBe MOACTHIIOUHOTO MaTe-
pHuasia NCIOIB30BATN 00SCIBUICHHBIE Oepe30BbIe TPAHYIBI
(OO0 «Anpbmon», HoBocubupcek). Kopm (SNIFF, I'epmanms)
1 BoAy JaBajiu 6e3 orpannueHuii. Kopm u moactunky npemo-
CTaBJIUTH KUBOTHBIM IOCie aBTokiaBupoBanus (121 °C).
[IpoToxon sKcrIeprMenTa 0100peH KOMHUCCHEH TI0 OMOITHKE
WIul" CO PAH.

Mpynnbl XXMBOTHbIX

I/ICCﬂe[[OBaHI/IH BBITIOJIHCHBI HA ITIOTOMKaX O6OCFO I10J1a TMHUH

CD1 B Bo3pacte 3—12 HeI., TOTyYEHHBIX C HCTIOIE30BAHIEM

MetonoB BPT. B cooTBeTcTBUM ¢ METOIOM MOITY4EHUS HC-

CJI€ZIOBAHHBIC )KUBOTHBIE Pa3I€IICHbI HA YETBIPE TPYIIIIbI:

1) moTomMku MaTepeil, He MOABEPTraBUINXCS HYKCIIEPUMEH-
TAJBHBIM BO3JICHCTBHSAM B MEpHOJ OEpEeMEHHOCTH (KOH-
Tpoib). JKUBOTHBIX UccleoBanu B Bo3pacte 3 (n = 113),
7m=113),10(m=111)n 12 (n = 16) Hen.;

2) OTOMKH, TIOJy9eHHBIE MOCIe KYJIbTUBUPOBAHHUS in Vitro
JIBYXKJIETOUHBIX SMOPHOHOB JI0 CTAMHU OJIACTOLMCT U TIe-
pecanku caMKaM-perunieHTaMm (2 Ki1. — 611.). JKuBoTHBIX
nccnenoBaiy B Bo3pacre 3 (n=23), 7 (n=23), 10 (n=19)
ul2 (n=16)nen;

3) MOTOMKH, TTOTy4YSHHBIE ITyTeM BHIMBIBAHHS YMOPHOHOB Ha
CTaJu1 OJIACTOLMCTHI M TIepecaiKi CaMKaM-pELUITIeHTaM
(Bit. — 611.). JKuBOTHBIX HccienoBau B Bo3pacte 3 (n=30),
T(m=19),10n=19)u 12 (n=16) men.;

4) MOTOMKH, ITOTyYEHHBIE ITyTEM BBIMBIBAHUS YMOPHOHOB Ha
CTaluM JIBYX KJICTOK MU MEPCCaIKN CaMKaM-pEIUIIUMECHTaAM
(2 . — 2 xi1.). JXMBOTHBIX MCCIIEZOBAIN B BO3pacte 3
(n=27),7(n=27),10(n=27)n 12 (n=16) nen.

DKcneprMeHTanbHble NpoLeaypbl

Baszskromus camuos. Camnam B Bo3pacte 8—10 Hen. mpous-
BOAWJIK Ba33KTOMUIO ITYTEM INEPEIKUTAHNUA CEMABBIHOCAIINX
KaHaJbIIeB. [ Iporiemypa mpoBoamiIack ox o01ei anecTe3nei
(momutop 15 mr/100 r Beca mprmu, 3ometin 3 mr/100 T Beca
MBIIIIH).

IlonroroBka caMoOK-10HOPOB YMOPUOHOB. [[111 cTUMYIIS-
LMY OBYJIALIMH TIPOBOJIMIIH IPOLIEAYPY CYTICPOBYJIAIIMN CAMOK,
KOTOPYIO BBITIOJTHSUTH B /1Ba 3Tana. Ha nepBom stare caMmkam
3a 2 1 1o BeIKtodueHus cBeTa (18:00 mo MecTHOMY BpeMeHH)
BBOIMJIM BHYTpuOpromuHHO 1o 5 [U roHagoTpomnuHa chIBo-
potk# xepedbix koobu1 (PMSG) (Intervet International B.V.,
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Hunepnanaer). Ha BTopom atarie, uepes 48 4 rociie BBeISHUS
PMSG, stum e camMKkaM BHYTPHOPIOIIMHHO BBOIUJIH TIO
5 IU wenoBedeckoro xopuonuueckoro ronagorponuaa (hCG)
(Intervet International B.V., Hunepnausr). Cpa3sy mocie BBe-
neans hCG caMok 1Mo OJHOM MOJCaKUBANN K (hepTHIIEHBIM
caMI1laM TOH K€ JINHUH 1 yTPOM CJICTYIOIIET0 JTHS CaMOK ITpO-
BEPsUTH Ha HAJIMYUE BAarHHAIBHBIX POOOK. Uepes 24 u nmociie
00Hapy>KeHNS BarMHAIILHOM MPOOKH M3BJICKAIIH SHIIEBOABI U
C TIOMOIIBIO IIPHIA BHIMBIBAIN JBYXKJICTOUHbBIC YMOPHOHBI.
UYepes 3 cyT BBLAGISIIM MaTKH, U3 KOTOPBIX BBIMBIBAIN OJa-
CTOLUCTHI. BBIMBITBIC SMOPHOHBI IOMEIIAIN B KaIlIiO Cpe-
ae1 HTF (human tubal fluid). DMOpuoHsl ¢ HOpMaNTbHOMH
Mopdosoruei mepeHoCHIM B 3apaHee NOAr0TOBJICHHYIO Karl-
o cpensl KSOM, MoKphITyI0 MUHEpaIbHBIM MacioM, U T10-
memanu B CO,-unky6arop (37 °C) 10 TpaHCIIaHTalMU 5M0-
PHOHOB I1CEBIOOEPEMEHHBIM CaAMKaM-PEIIMITUEHTaM.

HNuayxums ncepao0epeMeHHOCTH Yy CAMOK-pelUITHeH-
TOB 3MOpPHOHOB. [lepes BHIKIIIOUEHHEM CBETa B KOMHATE
cozep:kaHus >kuBOTHBIX (17:00) B KJIETKY ¢ M30JIMPOBAHHO
COZIepKAINMCS Ba33KTOMHPOBAHHBIM CAMIIOM MOICAKUBAIIH
TpeX caMOK. YTPOM CJIEAYIONIErO JHS CaMOK IPOBEPSUIN Ha
HaJIM4ue BarvmHaJIbHbIX Hp06OK. CaMOK ¢ BarmHaJbHBIMU
MpoOKaM1 OTCaXHUBAJIN B OTAEIBHBIE KIETKH.

KyabruBupoBanue 3MOpHOHOB. HacTb BYXKIETOYHBIX
3M6pl/IOHOB, TOJIYUYCHHBIX OMMMCAHHOM BbIIIIE METOI0M, B TC-
yeHne 3 THel HHKyOMpOBaIH B KyabsTypaibHO# cpene KSOM
AA nipu 5 % CO, n 37 °C. bracrouuctsl 6e3 Mopdosoruye-
CKHUX J1e()eKTOB NEePEeCaKMBaIN CAMKaM-PELUITUEHTaM.

Iepecaaku 3MOpuoHOB. CaMOK-PEIIUITHEHTOB JIBYXKJIE-
TOYHBIX SMOPHOHOB (12 ¥ TOCIE MMOACAaAKN CaMOK K Ba3dK-
TOMHPOBAHHOMY camily) u Onacrouuct (3—3.5 cyT mocie
MOZICA/IKA CaMOK K Ba3dKTOMHPOBAHHOMY CaMILy) YCBITLIS-
JM TIpH TIOMOIIM WHTAJISIIHOHHOTO HapKo3a — M30(IypaHa
(Baxter, CIIIA). HapkoTu3upoBaHHBIM CaMKaM MOJICAKUBAIH
JIBYXKJICTOYHBIE SMOPHOHEI Uepe3 BOPOHKY B Si1IeBO, a Omac-
TOLIMCTHI — B MAaTKy 4epe3 HaJIpe3 co CTOPOHBI CMHBI. [Tocie
nozcanku 8—10 SMOPHOHOB CaMOK OTCA)KHUBAJIU B MHIHBH-
JyaJIbHbIE KJIETKH M COZIEPXkAJIM OANHOYHO HA MPOTSHKEHUU
0GEepeMEHHOCTH 1 BHIKAPMITUBAHUSL.

WccnepoBaHme noToMKoB
B3BemmBanue noToMkoB. [I0TOMKOB B3BeIINBaIM B BO3pac-
Te 3 (mpu orpeme oT Marepeit), 7 u 10 Hen.

Omnpenenenne cocrapa Teqa. M3mMeperus oOmero xxupa u
TOIIEH Macchl IMTPOBOIMIIN MOJIOBO3PEIBIM ITOTOMKAM B BO3-
pacte 7 u 10 Hen. mpu MOMOIIM HU3KOMOJIBHOTO MarHUTHO-
pesonancHoro Tomorpada (EchoMRI, CIIA).

I'moko30ToiepanTHLIN TecT. ToNepaHTHOCTE K TIIIOKO3€E
HCCIIEZIOBAIM Y MOTOMKOB B Bo3pacte 11-12 nen. 3a 16 u
JI0 MHBEKIIUH TIIIOKO3bl U3 KIETOK COJCP)KaHMs MBIIIEH n3-
BJIeKaJIM KOpMyHIKy. [mroko3y («ITanOko», Poccust) BBoumm
BHYTpuOpromurHHO 13 pacuera 10 mki 20 % miroko3sl Ha 1 T
Beca MbIi. KpoBe Opanm n3 KOHIHKA XBOCTA B 5 BDEMEHHBIX
Toukax: (0 — 0a30BbIi yPOBEHH IIFOKO3BI /IO BBE/ICHHS U I10-
cie, 1 —uepe3 15 muH, 2 —uepes 30 MuH, 3 — yepe3 60 MUH U
4 —gepe3 120 mun. M3MepeHne ypoBHS TITFOKO3EI TIPOBOIMIA
¢ nomosio mrrokoMeTpa Contour TS (Bayer, IIselinapus).
B xauecTBe HHTErpaNbHOTO MOKA3aTesIs [NI0KO30TOICPAaHTHO-
ro tecta (I'TT) paccunThIBaIIN TUTOMA T TIO KPHBOM KOHIICH-
Tpaiyy ToKo3sl (average under curve — AUC).
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CraTnctmyecknin aHanus

[IpoBepka Ha HOPMATBHOCTH PACTIPEICIEHHUS SIMITUPUIECKIX
JAaHHBIX IOKa3aja, YTO JJISI BCEX M3Y4aeMBIX IapaMeTpoB
MO>KHO MCIOJIB30BaTh TApaMeTPHUYECKYIO CTaTHCTHKY. Mex-
IPYIIOBbIE CPABHEHUS CPEIHUX IPOBOAMIN C TOMOILIbIO
OIHO(AKTOPHOTO IUCIIEPCHOHHOTO aHAIIN3a, OTIPEAEIISS Han-
MEHBIIYIO JIOCTOBEpHYIO pazHocTh (least significant differen-
ce — LSD). CraTrcTuueckyro 3aBHCUMOCTD IOKa3atesei ¢e-
HOTHIIA OT YKCJIa HOBOPOXKAECHHBIX M MACCHI TeJIa IIPH OThEME
OT Marepeil OLICHHBAJIN HAa OCHOBE JIMHEHHBIX KOPPEISIINH.
BrnustHre BapHaHTOB MepecajKy | 1ojia IOTOMKOB Ha Maccy 1
COCTaB TeJa AHAJTM3UPOBAIIH ITyTEM IBYX()aKTOPHOTO KOBapH-
armonHoro aHanmza (ANCOVA) ¢ daxropaMn «1om» 1 «Ba-
pHaHT Hepecaiku» U KoBapUaTaMH «UUCI0 HOBOPOKACHHBIX)»
U «Macca Telaa» MpH oTbeMe. [l IIIOKO3Bl U MOKa3aTenen
TECTa TOJIEPAHTHOCTH K INTIOKO3€ MMPUMEHSUTH 1By X(DaKTOPHBII
nucnepcuoHHbl aHamm3 (ANOVA).

Pe3ynbratbl

MnopoBUTOCTb U Macca Tena Npu oTbeme OT MaTepeii

Ha pa3mep noMeToB npu 0TheMe OT MaTepeil 3HAYUMO BITHSLT
croco0 ux nonyuenus (taoun. 1). [Ipu nepecaakax sMOPHOHOB
OTMEYEHO CYNIECTBEHHOE CHIDKCHHE pa3Mepa MOMETOB IO

Metabolic phenotype of adult mice offspring
obtained from different variants of embryo transfer

CPaBHEHMIO C KOHTPOJIBHOH Ipymioi. Bmecte ¢ Tem pas3Hble
CTIIOCOOBI TIEpECaIOK HE BIMSUIN Ha CPETHEE YHCIO HOBOPOXK-
neHubix (p > 0.05, LSD-tecrt, cM. tabn. 1). CooTHomenne
TIOJIOB ITPU Pa3HBIX BApHAHTAX ME€PECaIOK U B IIEJIOM 10 BCEM
9KCTIEPUMEHTAILHBIM TPYIIIAM XOTS U OBIIO CABHHYTO B
MOJIb3y CaMIoB (45 camIioB, 35 caMOK), HO 3TOT CIIBUT HE ObLT
cTarucTHIecKn 3HaUUMBIM: > = 0.63, p = 0.43 npu cpaBHECHUH
¢ TeopeTHyecKu okumaeMbM 1:1. KoBapnamoHHbIH aHATN3
(ANCOVA) n3MEHYHBOCTH MacChI TeJa TPEXHEACThHBIX IT0-
TOMKOB € (DaKTOpaMH «IPYIIIay, «I10J» U pa3MepOM MOMEeTa B
KauecTBE KOBapHaThl MOKa3all 3HaYMMbIe 3 (EKTHI TPYIIIIBL:
F, = 11.42,p <0.001. ®akrop mosa NOTOMKa, a TAKKE B3a-
numoieiicTBie (PaKTOPOB IPYIIIbI U 110J1a HOBOPOXKACHHBIX HE
BIIMSJI HA MacCy MOTOMKOB B 3ToM Bospacte: F| ., = 0.671,
p=0414ul,  =0597, p=0.618 coorsercreenHo. [Ipu
CPaBHEHHH MACChl TPEXHEEIbHBIX TOTOMKOB, ITOJYyYEHHBIX
IIPU pa3HbIX BapUaHTaX IMepecagok, OTMEYECHO, YTO CaMIIbl U
CaMKH B Ipymmax 2 KiI. — 0. ObUIM CaMbIMHU TSDKEIBIMH, a B
2 KJI. — 2 KJI. — CaMbIMH JICTKUMHU (cM. Tab. 1).

Pa3mep momeTa u Macca Tena B BO3pacTe 3 Hell. KOppemn-
pOBaM C MacCoi Tesla, OTHOCUTENLHBIM COAEP KaHUEM KUPA
U TolIeH Maccoil MoTOMKOB B Bozpacte 7 u 10 Hex. (Tadm. 2),
HO HE KOPPEIMpOBali ¢ KOHLEHTPALNEH TIIIOKO3bI U MOKa-
sarensimu I'TT. Mcxons U3 9TUX pe3yabTaToB, BCE BAPUAHTHI

Table 1. The size of the litter and body mass when weaned in mice obtained at different variants of embryonic transfers

Group Litter size, _Bodymass (g), Average£SE (n) e
Average £ SE (n) Males Females
L e e g o
e S oo gl
o o
T ooy by a0 e

Note. Group designations here and beyond: Control — descendants derived from natural mating; 2 cl - 2 cl - descendants obtained by washing embryos at
the stage of two cells and transplantation to female recipients; 2 cl - bl - descendants obtained after in vitro cultivation of two-celled embryos to the stage of
blastocysts and transplantation to female recipients; Bl - bl - descendants obtained by washing embryos at the blastocyst stage and transplantation to female
recipients.

A B, G D _ different letters indicate significantly different arithmetic means (p < 0.05, LSD-TecT); SE - standard error; n — number of animals in the group.

Table 2. Correlation of body composition and glucose tolerance test with litter size and body mass of mice
when weaned (combined sample data)

Indices Litter size, r; p Body mass, r; p

Ma|es ............................. F emales ......................... M a|e5 ............................. F emales ......................
............................................................................................................. A ged7weeks
B odyma SS ........................................................................ - 061 < 0001 ................ - 045 < 0001 ................ o 6 0 < 0001 .................. 0 39 < 0001 ................
Fat ( %) .............................................................................. - 026 0015 .................. - 054 < 0001 ................ o 25 01 9 ...................... 0 45 < 0001 ................
. |_ ea n : body m ass (%) ........................................................ 0 46 < 0001 .................. 0 70 < 0001 .................. - 049 < 0001 ................ - 064 < 0001 .............
............................................................................................................ A ged1oweeks
B odyma SS ........................................................................ - 060 < 0001 ................ - 048 < 0001 ................ o 53 < 0001 .................. 0 31 0003 ..................
Fat ( %) .............................................................................. - 043 < 0001 ................ - 061 < 0001 ................ o 35 oo 01 ..................... 0 45 < 0001 ................
. |_ ea n : body m ass (%) ........................................................ o 43 < 0001 .................. 0 60 < 0001 .................. - 031 0003 .................. - 041 < 0001 .............
GlucoseconcentranonandGTT ..............................................................................................
. G |ucose basal Ie V e .| ......................................................... o 03 08 80 .................... o 1 0 0599 .................... - 01 o 0565 .................. o 03 0860 ..................
 Area under the glucose concentration curve 0220218 0240195 0080664 - 031;0090

Note.r - correlation coefficient, p - significance level.
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M Males
r M Females
86t A
° AB
g’ a 82
ey ©
o X IS
g 3 2>
©
> L S 78
o c
= g
— 74
70
Control  2cl-2cl  2cl-bl Bl-bl Control  2cl-2cl  2cl-bl Bl-bl Control  2cl-2cl  2cl-bl Bl-bl
Factor Body weight, g Fat, % Lean body mass, %
Group F3177=160 p=0.192 F3171=755 p<0.001
Sex Fy171=1053 p<0.001 Fi171=106.0 p<0.001
Group X sex F3177=534  p<0.002 F3,71=438 p<0.005

Fig. 1. Body weight and relative values of fat and lean mass as % of body mass in the offspring of mice at the age of 7 weeks.

Hereinafter the table shows the effects of the experimental group and the sex. ANCOVA with covariates (effects not shown) by the litter size and body weight at

*%%

the age of 3 weeks. * p < 0.05; ** p < 0.01;

p <0.001 compared with control group. Different letters indicate significantly different arithmetic means (p < 0.05,

LSD test). ANCOVA calculated for males and females of each experimental group.

MEKIPYIIIOBBIX CPABHEHHH MacChl U COCTaBa TeJa BBITIOJI-
HSUTH C TIOMOIIBIO KoBaprarmonHoro aHanmmza (ANCOVA), B
KOTOPBIN HAPSIY C aHATTM3UPYEMBIMHU (PaKTOpaMH BKITFOYAITH
JIBE KOBApHaThl — «pa3Mep MOMETa» U «BeC IMOTOMKOBY» MPH
OThEME OT Marepeil.

Macca 1 cocTaB Tefia MOIOBO3PesibiX MOTOMKOB
Komapuarmonnsnii anann3 (ANCOVA) moxa3an 3Ha9uMoe
BIIMsTHUE (PaKTOPOB IPYIIIBI, 11012 U MX B3aUMOJCHCTBHS Ha
Maccy M COCTaB Teja MOTOMKOB B Bo3pacte 7 Hen. (puc. 1).
CTaTuCTUYECKYIO 3HAUMMOCTD OTIIMYMI CaMIIOB M CAMOK KasK-
JIOH SKCTICPUMEHTAIIBHON TPYIIIBI OT KOHTPOJIBHON TPYIITBI
Takke oreHnBaiu ¢ nomoipio ANCOVA. Y camiioB B Bo3pac-
Te 7 HEZI. yCTaHOBJICHO JI0OCTOBEPHOE ITPEBBIIIEHNE KOHTPOIIb-
HBIX 3HAUCHUH MACChI TeJla ¥ OTHOCUTEIBHOTO COZICPKAHUS
JKHpa B rpye 2 Ki1. — 6;1. Macca Tenia caMoK B 3TOM BO3pacTte
B KOHTPOJILHOM ¥ SKCIIEPUMEHTATIBHON IPyTIITax 3HAUNMO He
paznnyanack. BMmecre ¢ TeM coepykaHue )upa y caMok, MoJTy-
YEHHBIX IIPYU Pa3HbIX BAPUAHTAX MIEPECATOK, TOCTOBEPHO IIpe-
BOCXO/IMJIO 3Ha4YEHMsI, HAOIIOIaeMblIe Y KOHTPOJIBHBIX 0COOEH.
CoOTBETCTBEHHO, TOIIasi Macca CaMOK KCIEPHUMEHTAIBHBIX
rpymn Obljla HUKE TAaKOBOHM B IpyIiie KOHTpost. Paznuynas
(eHOTHIIUECKAST PEAKIUs HA MEPECATKN CAMIIOB U CAMOK
MIO/ITBEPK/ICHA CTATHCTUYECKH 3HAYNMBIMH 3(h(heKTaMu B3au-
MozieicTBUS (haKTOPOB «rpymma» u «moi» (cM. puc. 1). O0b-
€IMHEHME B OOIIYI0 TPYTITY JaHHBIX 110 BCEM MePeCaKeHHBIM
MOTOMKaM MOKa3aJI0, YTO COJICPKAHME JKUPa 1 TOILEH Macchl
CTaTUCTUYCCKU 3HAYUMO OTJIIMYAJIOCh OT I'PYIIIbI KOHTPOJIA
TOJBKO y camok: xup — 16.8+0.54 mporus 12.5+0.39 %
(p < 0.05, ANCOVA); Tomas macca — 75.4+0.60 nporus
81.9+£0.43 % (p < 0.05, ANCOVA).

ITockonbKy pa3Mep MOMETa JOCTOBEPHO HE Pa3IHUalCs
MEXIY AKCIIEPUMEHTAIBHBIMU TPYIIAMH, /ISl BBISBICHHS
3¢ dekToB, 00yCIIOBICHHBIX Pa3HbIMU BapHaHTaMH Iepe-
CaJI0K, CTaTUCTUYECKUE CPABHEHHSI MEXKy THMH I'PYIIIaMHU
MIPOBOIMIIN OTJIEITBHO VISl CAMIIOB M CAMOK C ITOMOIIIBIO OJTHO-

(haxTOpHOTO MCHIEPCHOHHOTO aHanu3a. Hanbosbne 3Haue-
HHSI MAaCCHI TeJIa yCTAaHOBIICHBI y 0c00eii 000ero 1mosa B rpyTie
2 KJ1. — OJ1., HAaUMEHBIIINE — B rpy1e 2 KiI. — 2 K. (cM. puc. 1).
OTHOCHTENILHOE COJIepIKaHKe JKUpa, KaK U Macca Tela, ObUIH
HAauOOJNBITUMHU y CaMIIOB M CaMOK TPYMIBI 2 KI. — O1., a
3HAYEHUS! TOMIEH MAcChl, COOTBETCTBEHHO, HANMECHBIINMH.

CrarucTuueckuil aHaIu3 MEXTPYIIOBBIX Pa3IHUUil B BO3-
pacte 10 Hex., BRIOTHEHHBIH 110 H3JI0KEHHOW BBIIIIE CXEME,
MOKa3aJl 3HAUUMOE BIIMSIHAE 3KCHEPHUMEHTAIBHOM I'PYIIIHI,
ToJIa ¥ B3aMMOZAEHCTBUS (hakTOPOB (TPyYIIIBI U 110J1a) Ha 00-
IIyI0 ¥ TOIIYIO Maccy moToMKoB (puc. 2). Ha conmepxanme
JKHupa (PaKToOp «TpyIIia» HE OKa3blBaJl 3HAYUMOT'O BIMSHHS,
HO JIOCTOBEPHO BJIMsJI (akTOp I0JIa, a TAaKXKe B3anMOJIeH-
cTBHE (HaKTOPOB — «II0J» U «rpymmay. IIpu cpaBHEHNH 3KC-
MEPUMEHTAIBHBIX TPYII ¢ KOHTPOJIBHOM YCTaHOBJIECHO, YTO
y CaMIOB JI0JIsl )KMPa MpPEBBIIIaia KOHTPOJIbHbIE 3HAYCHUS
TOJBKO B IpyTIIie 2 K. — 2 KII., a ToIas Macca ObLIa HIDKe, 9eM
B KOHTpOJIE, B Tpymmax 2 KiI. — 0. u bi. — 611. Y camok Bcex
OKCHECPUMCHTAJIBHBIX T'PYHII OTHOCUTCIBHOE COACPIKAHUEC
JKHPA MPEBBIIIAN0 KOHTPOIbHBIE 3HaueHNs1. COOTBETCTBEHHO,
TOIIasi Macca ObliIa HIPKE, YeM B KOHTPOJIE, HO CTATHCTHYECKH
3HAUUMBIM 3TO pa3jMyue ObUIO TOJIBKO B rpynrme bi. — O
Kak u B Bo3pacte 7 Hell., ©3MEHEHHE COCTaBa Tea, 00yCIoB-
JICHHOE TIepecaakoil SMOPHOHOB, OBUIO OoJiee BEIPaXKEHHBIM
y CaMoOK, 4eM y camIoB. [Ipi 00beJMHEHHN NaHHBIX TPy
MOTOMKOB Pa3HbIX BAPHAHTOB 3MOPHOHAIBHBIX MEPECaTOK
CTAaTHCTHYECKH 3HAYMMBbIE OTJIMYHSI OT KOHTPOIBHON IPYIIITBI
OBUIN BBISIBJICHBI TOJIBKO Y caMoK: xup — 19.54+0.65 nporus
13.4£0.46 % (p <0.05, ANCOVA); Tomtas macca— 71.8+0.65
npotus 77.5+0.46 % (p < 0.05, ANCOVA).

DKCrepUMeHTAIbHbIE TPYIITBI 000€ro T0J1a MEXIY Co00M
JIOCTOBEPHO HE Pa3NYaINCh. DTU PE3YIbTaThl TTOKa3bIBAIOT,
YTO €CJIM BIMSHHE CIOC00a MOTyUeHHs] OTOMKOB Ha Maccy
TeJa HUBEJIUpyeTcs B Bo3pacte 10 Hell., To pa3iuyus B KUpe
1 TOLLEH Macce M0 CPaBHEHHUIO C TPYIIION KOHTPOJIS COXpa-
HSIOTCSL U B 3TOM BO3pacTe.
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Fig. 2. Body weight and relative values of fat and lean mass as % of body mass in the offspring of mice at the age of 10 weeks.

*p < 0.05;** p<0.01 compared with control group. ANCOVA with covariates by the litter size and body weight at the age of 3 weeks.

[MoKo30TONEpPaHTHDbIN TecT

‘YpoBeHb IITIOKO3HI /10 ¥ BO BpeMs Harpy304uHo# ipoOst (['TT)
HE KOPPEJIUPOBAJ C YHCIOM ITOTOMKOB B TIOMETaxX M Maccoi
Tela py 0ThbeMe OT Marepeid. ITO 0OCTOSTENBCTBO TTO3BOJIHIIO
MIPOAHAN3HPOBATh BIMSIHUE ITEPECcaiOK 1 MOJIa, He Iproerast
K MCIIOJIb30BAaHUIO KoBapHart. J[ByxdakropHbIil aucnepcu-
OHHBII aHaJIU3 MOKa3aj, 4T0 0a3aJbHBIA YPOBCHD IITFOKO3BI
CYHIECTBEHHO 3aBHCEIN OT I0Ja MOTOMKOB (F| 5, = 19.74,
» <0.001) n B3auMoneHcTBHS (HAaKTOPOB KIIOTI» M «TPYTIIIa»
(F556=3.69,p=0.017) (tabmn. 3). CobcTBeHHBIH (D deKT dKC-
MEPUMEHTAIBHON IPYIITIBI OBIIT CTATUCTHIECKH HE3HAYNMBIM
(F5 5= 1.90, p = 0.14). Konnenrpanus III0KO3bl B Pa3sHbIE
cpoku Harpy3ounoi npoOsl (I'TT) OblTa TOCTOBEPHO HUKE
y caMOK Pa3HBIX TPYyMIL, 4eM y camioB (puc. 3). BapuaHTs

Males

Glucose, uM/I
=)

8 L

6}

4 " " " " "

0 15 30 60 120
Time, min

Factor df 0 min 15 min
Group 3.56 F=1.90 p=0.139 F=0.58 p=0.631
Sex 1.56 F=19.74 p<0.001 F=9.22 p=0.004
Group X sex 3.56 F=3.69 p=0.017 F=1.09 p=0.361

Fig. 3. Glucose concentration after carbohydrate load.

Table 3. Basal glucose levels
in mature male and female mice
obtained at different variants of embryonic transfer

Males, Females,
Average = SE (n) Average + SE (n)

Group

A B _ different letters indicate significantly different arithmetic means (p < 0.05,
LSD test); SE - standard error, n - number of animals in the group.

r  Females —e— Control
--@-- 2cl-2cl
—o— 2cl-bl
Bl-bl
6 1.5 3.0 6.0 12.0
Time, min
30 min 60 min 120 min
F420 ................................................................ F=122 .........................
F=256 ................................................................ F=1742 ..... p<0001
............................................................................... F—103

The table below shows the effect of the experimental group and sex on glucose concentration at different times after carbohydrate load. ** p < 0.01 compared

with control group (Student’s t-test).
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Fig. 4. Areas under the glucose increase curve in the descendants of
experimental groups.

The table below shows the effect of the experimental group and sex on AUC
values. Differing means (p < 0.05, LSD test) are marked by different letters.

repecagok CTaTUCTHUECKH 3HAYMMO BIIVSIIM Ha YPOBEHB TITIO-
k03bl, u3MepeHHbli Ha 30-i mun ['TT. [Ipu aToM HanbonkIme
3HAUEHHs] OTMEUEHBI y KOHTPOJIbHBIX 0CO0EH, a HAUMEHb-
M€ — y TOTOMKOB I'PYIIIBI 2 KII. — OJ1.

Ilnomanp nox KpUBOU MpUPOCTA KOHUEHTPALUHU TITFOKO3bI
(AUC) BapbupoBaa B 3aBHCHMOCTH OT IT0JIa )KMBOTHBIX U B3a-
nmosieicTBus pakTopoB rmosa u rpynisl (puc. 4). [locnennee
00CTOSITENIBCTBO BBIPAKAIOCH B TOM, YTO BAPHAHTHI I1EPECATOK
s Ha AUC Tombko y cammoB. [Tpu sTom HambombIme
3HayeHust AUC oTMedeHBl Y KOHTPOJIBHBIX )KUBOTHBIX M TIO-
TOMKOB, IOJIYUYEHHBIX IPH BBIMBIBAHUHU M Iepecajike Oiyac-
tonucT (rpymma bi. — 6m.). Y camros rpymm 2 KII. — 2 KI1. 1
2 ki1 — 611. 3HaueHUst AUC OBUIH JOCTOBEPHO HUXKE.

O6¢cyxpeHue

Pe3ynbTaThl HAIMX KCCIICA0BAHMIT TOKA3AITH, YTO TIepecaKa
9MOPHOHOB CyppOraTHOM MaTepH Jiaxke 6e3 npeBapuTeIbHON
MHKYOAaI[M1 OKa3bIBaeT JOJITOCPOYHOE BIMSHUE HAa METabo-
JIMYECKUHA (PEHOTHI B3POCIBIX TOTOMKOB. DTH JTAaHHBIEC MOJI-
TBEPIKJAIOT MOJIOKEHHUE O BEICOKOH BEPOSITHOCTH SITUTCHETH-
YeCKOTo IepenporpaMMUPOBaHUS Ha TOMMILIAHTALMOHHOM
cramun pa3Butus (Fleming et al., 2004; Rehfeldt, Kuhn, 2006;
Burdge et al., 2007; Nelson, Lawlor, 2011; Fleming et al.,
2012; Mulligan et al., 2012). CnegyeT OTMETUTH, YTO B IIO-
JABIISIOIIEM OOJIBLIIMHCTBE UCCIICIOBAHUI IOTOBPEMEHHBIX
nocunenctuiit KO B kauecTBe I1aBHOTO (hakTopa paccMarpu-
BAaIOT COCTaB KyNIbTypainbHO cpexasl (Fernandez-Gonzalez et
al.,2004; Dumoulin et al., 2010; Bouillon et al., 2016). Hamre
HCCJICAOBAHUEC TTOKA3bIBACT, YTO BJIMAHUC KYJIBTUBUPOBAHUA
9MOPHOHOB i7 Vitro OT ABYX KJIETOK /10 OJIaCTOLUCTBI IIPOSIBIIS-
eTCsl ITaBHBIM 00pa30M B OOJIbILCH Macce Tela U COACPKaHUH
JKHpa y CaMILIOB B BO3pacTe 7 HeJl. [0 CPABHEHHUIO C CaMIiaMH,
HOJIy4E€HHBIMH €CTECTBEHHBIM CII0co00M. B oTimame ot cam-
[JOB Macca Telia CaMOK, MOTyYCHHBIX TIPH Pa3HBIX BapHaHTaX
nepecajiok, He OTJMYaiach OT IPYIIIBI KOHTPOJISI B BO3pacTe
7 u 10 Hex. OHAKO CAMKH SKCTIEPUMEHTATBHBIX TPYIIT IMEITH
Oosbliee, 4eM B TpyTITe KOHTPOJISI, OTHOCHTEIIFHOE COIeprKa-

2020
24.7

MeTabonunueckunin peHoTHN B3POC/bIX MOTOMKOB MbiLLEN,
MOJYYEHHbIX NMPU Pa3HbIX BapriaHTax SMOPU1OHasbHbIX Nepecasiok

HHE ’KMpa ¥ MEeHbIIINe 3HauyeHUs Toueil macchl. [lockonbky
9TH K€ OTIMYIHUS OT KOHTPOIBHBIX 0CO0eH OBLTH CTaTUCTHYE-
CKH{ JJOCTOBEPHBIMH KaK B HKCIIEPHMEHTAaX C KyJbTHBHPOBA-
HHEM 5MOPHOHOB OT JIBYX KJIETOK JI0 OJIACTOLMCT, TaK U MPH
nepecagKax AByX KIETOYHBIX YMOPHOHOB 1 Oi1acTonucT 0e3
KyJIETHBUPOBAHHS, MOYKHO 3aKJIFOYHTh, 4TO caMa MpoLeaypa
9SMOPHOTPAHCIUIAHTALMK BHOCUT BKJIaJl B MeTa0OIMYEeCKHe
M3MEHEHHUS TIOTOMKOB JKEHCKOTO TIOJTA.

Kpowme Toro, ycioBus NpeMMILTaHTAIIMOHHOTO 3Tara 1 CTa-
TSI Pa3BUTHS B MOMEHT M1€PECaIK1 BIUSUTH HA TOJIEPAHTHOCTh
K TJIIOKO3€ TTOTOMKOB MY)KCKOTO TI0JIa, IOyYeHHBIX MOCIe
repecasioK JIByX KJICTOYHBIX SMOPHOHOB 1 OJIaCTOIMCT U TIO-
cJie KyJAbTUBUPOBAHUS in Vitro. IIpu 3TOM ciienyeT OTMETUTD,
YTO CaMIIbI, POXKICHHBIE TIOCTIe TIepeca oK HHTAKTHBIX OJa-
CTOLMCT, HE OTIMYAIIUCH [10 TOMY MPU3HAKY OT KOHTPOIBbHBIX
ocobeii. [Tony4eHHbIe B HallIeM UCCIIEIOBAHNH JaHHBIE MACChI
TeJa ¥ TOJIPAHTHOCTH K IIIFOKO3€ JEMOHCTPHUPYIOT HEKOTOPYIO
CXOJKECTb JOJITOBPEMEHHBIX ITOCIIEICTBUI KYJIBTHBHPOBAHUS
Ha MPEUMIUIAHTAIIMOHHON CTaJIMM Pa3BUTHS ¢ MeTadoInye-
CKUMH M3MEHEHHSIMH Yy B3pOcibIX motoMkoB (Donjacour et
al., 2014; Lopez-Cardona et al., 2015). AHanu3 naHHBIX JTH-
Teparypsl 0 BiussHuU BPT Ha nipe- 1 IOCTUMIUIAHTallMOHHOE
pa3BUTHE, a TaK)Ke MOCTHATAIBHBINA (DEHOTHI TOKa3hIBACT,
uro Bo3xelictBue BPT 3aBucuT OT BHaa MIICKOIIMTAOIINX,
110J1a, UCII0JIb3yEMOH KYJIBTYPAJIbHOM CPEJIbl, @ TAKIKE BO3PAC-
Ta MojeNbHBIX BUIoB (Duranthon, Chavatte-Palmer, 2018).
IIpu 5TOM aBTOPBI NOAYEPKUBAIOT, YTO OUEHB TPYAHO CAEIATh
00111e BBIBO/IbI, 32 HCKIIFOYEHHEM TOTO (haKTa, YTo IPOIIELyphI
BPT Baustror Ha TMIAAHEIN 0OMEH 1 META00IM3M TIIFOKO3EI.
[IpeanoxeHO HECKOJIBKO CBA3aHHBIX MEXly COOOI rHIoTes,
OOBSICHAIONINX, KAKUM 00pa3oM HeOIaronpusTHbIe PakTopbI
Ha paHHMX 3Tarax pa3BUTHI MOTYT OKa3bIBaTh JOITOCPOIHOE
BIIMSTHHE Ha 370poBbe ToToMKOB (Feuer, Rinaudo, 2012, 2017).

l'nnore3a HayaJIbLHOTO TPUITEPA MPEAIoNaraet, 4To B OC-
HOBE OTHOCHTEIHFHO CXOIHBIX META00INIeCKIX (DEHOTHIIOB
(MeTa00IM3M TITIOKO3BI, JIMIUAHBIH 0OMEH M U3MEHEHHUS ap-
TEpUASIbHOTO JABJICHUS) JIEXKAT SITUTEHETHYECKNE MEXaHU3MBI
MpOTpaMMHPOBaHUS TeHoMa. [lepron pa3BUTHS OT CTaaWuU
3UTOTHI JI0 OJIACTOIMCTHI SBIISCTCS] HAMOOJIEE SIINTCHETHIECKI
YSI3BUMBIM, TIO9TOMY CUMTAETCs, YTO peaklus IMOpHOHA Ha
HCKYCCTBEHHYIO CPey MTPUBOIUT K H3MEHEHHSM YKCIIPECCHU
TEHOB, KOTOPBIE BKIJIIOYEHBI B IporpamMmy (hOpMHpPOBAHUS
obmeHa BemecTB. COIIacHO CIIEYIOLIEeH IHITOTe3€e, BIUSHUE
MaHUNYJSIIAHA in Vitro Ha SKCIPECCHIO KIFOYEBBIX TCHOB,
BBITIOJTHAIOMINX (DYHKINH PETYISATOpa TPAHCKPHUIIIIUHK B TIpe-
JMIUIQHTAIIMOHHBIX SMOPHOHAX, MOXKET I10-Pa3HOMY BIIHSITh
Ha THIBI KJIETOK U OOBSICHUTH CHENH(DUIHOCTH MpoduIei
9KCIIPECCUU TCHOB B Pa3HBIX TKAHIX, HAOIOTACMBIX TPH
ucnonb3oBanuu BPT. Hakonen, npeanonaraercs BiIusHUE
YCIIOBHI MPEUMITIAHTAIIIOHHOTO Pa3BUTHSA Ha II00ATBHYIO
9KCITIPECCUIO TEHOB, 00YCIOBICHHOE TPAHCKPUIIIMOHHBIMHU
M3MEHEHUSMH, KOTOPBIE AMUICHETHUECKU MOAIePKUBAIOTCS
B HECKOJIPKHUX JIOKyCaxX, B TOM YHUCIIE TPH TU(PepeHITNPOBKE
kierok (Feuer et al., 2014).

Crnemyer OTMETUTh, YTO 3HAYUTENIHO MEHbIIIE BHUMAHUS
yaenseTcs JoATOBpeMeHHBIM nocnencTsusiM BPT, oGycmos-
JICHHBIM PEaKIiel CypporaTHON MaTepu Ha SMOPHOHATEHBIC
AHTUTEHBI, (POPMUPYIOIIEH I'YMOpPalIbHOE 00ecCHeYeHHe st
HOPMAaJILHOTO pa3BUTHS MJI010B. CeromgHs y>kKe HeT HUKAKIX
COMHEHUH, 4To MarepuHckue T- u B-kieTkn pacno3HaioT
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AQHTUTEeHBI IUI0/1a U PEarupyroT Ha ero NpUCyTCTBHE. DTO SB-
JICHUE TIOATBEPXkKICHO Ha HKCIIEPUMEHTAIBHBIX MOJEIIX, B
KOTOPBIX OTBETHI T- 1 B-KJIETOK Ha IPUPOTHBIC WK MOJICIIb-
HbI€ aHTUT'€HBI TIPOCIICKUBAIUCH in vivo U in vitro (Molden-
hauer et al., 2010; Taglauer et al., 2010). Kpome Toro, Hamm4me
AQHTUTCH-PEaKTUBHBIX T-TMM(pOIMTOB ¥ aHTUTEJI K TeHaM T'HC-
TOCOBMECTUMOCTH XOPOILIO U3BECTHO U 3310KyMEHTHPOBAHO
y 6epemenHbIX xeHIMH (James et al., 2003; Kahn, Balti-
more, 2010). Pe3ynbrarel HammMX paHee OMyOIMKOBAHHBIX
UCCJIEIOBaHNI TIOKa3bIBAIOT JIOJITOBPEMEHHBIE (P PEKThI M-
MYHOTEHETHUECKHX Pa3INIUi MEKTY CyppOraTHON MaTephio
1 SMOPHOHOM Ha CTAIMAX JABYX KJICTOK M OIAaCTOLMCTHI Ha
MeTa0OJIMUECKUIl U MOBEIEHYECKUH (EHOTUIT B3POCIBIX
moromkoB (Gerlinskaya, Evsikov, 2001; Gerlinskaya et al.,
2019). Bimsiane $pakTopoB NMMYHOTCHETHYECKOTO JHAIIOTa
Marepy U Iuioja Ha EHOTHII IIOTOMKOB MOKET OTJIMYaThCSI
IIPU TIepecasikax, BHIMOIHIEMBIX Ha ayTOPEIHbIX (B HAIIEM
ciryyae A CD1) 1 nHOpEeHBIX IMHUSAX MBIIICH.

3aknioyeHune

Takum 00pa3om, pa3BUTHE TOUMILIAHTAIIHOHHBIX SMOPHOHOB
in vitro 1 Aaxe UX nepecajky 0e3 MpeaBapuTeIbHOTO KYJIbTH-
BUPOBAHMS BIUSIOT HA META0OIMYECKUI ()EHOTHIT TOTOMKOB.
Ortu kmoueBble nponeaypsl BPT MoryT cymiecTBeHHO BIHSTH
Ha BOCIPOHU3BOJUMOCTb PE3yJIbTAaTOB MPHU HCIOIB30BAHUU
TEXHOJIOTHH KPHOAPXUBUPOBAHUS [Tl BOCIPONU3BOJICTBA I'e-
HETHYECKUX JIMHUH J1a00PaTOPHBIX )KUBOTHBIX, XO35IHCTBEH-
HO 3HA4YMMBbIE MPHU3HAKH U PENPOLYKLHUIO IIEHHBIX MOPOJ
CeJIbCKOXO3AHCTBEHHBIX JKUBOTHBIX, @ TAK)KE BEPOSTHOCTD
METabOJIMUECKUX OTKIOHCHUH Y HOBOPOXKJCHHBIX, 3a4aThIX
C TIOMOMIBIO IKCTPAKOPIOPATHHOTO OIJIOAOTBOPEHHUS.
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The composition of peripheral immunocompetent
cell subpopulations and cytokine content
in the brain structures of mutant Disc1-Q31L mice
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Abstract. The DISC1 (disrupted in schizophrenia 1) gene is associated with brain dysfunctions, which are involved
in a variety of mental disorders, such as schizophrenia, depression and bipolar disorder. This is the first study to
examine the immune parameters in Disc7-Q31L mice with a point mutation in the second exon of the DISCT gene
compared to mice of the C57BL/6NCrl strain (WT, wild type). A flow cytometry assay has shown that intact Disc1-
Q31L mice differ from the WT strain by an increase in the percentage of CD3* T cells, CD3*CD4* T helper cells
and CD3*CD4*CD25* T regulatory cells and a decrease in CD3*CD8* T cytotoxic/suppressor cells in the peripheral
blood. A multiplex analysis revealed differences in the content of cytokines in the brain structures of Disc7-Q31L
mice compared to WT mice. The content of pro-inflammatory cytokines was increased in the frontal cortex (IL-6,
IL-17 and IFNy) and striatum (IFNy), and decreased in the hippocampus and hypothalamus. At the same time, the
levels of IL-1P were decreased in all structures being examined. In addition, the content of anti-inflammatory cy-
tokines IL-4 was increased in the frontal cortex, while IL-10 amount was decreased in the hippocampus. Immune
response to sheep red blood cells analyzed by the number of antibody-forming cells in the spleen was higher in
Disc1-Q31L mice at the peak of the reaction than in WT mice. Thus, Disc7-Q31L mice are characterized by changes in
the pattern of cytokines in the brain structures, an amplification of the peripheral T-cell link with an increase in the
content of the subpopulations of CD3*CD4* T helpers and CD3*CD4*CD25* T regulatory cells, as well as elevated
immune reactivity to antigen in the spleen.

Key words: Disc7-Q31L mice; cytokines; T cells; B cells; antibody-forming cells; brain; peripheral blood; spleen.
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VMMVHOKOMIIETEHTHBIX KJIETOK U coaepskaHue IIMTOKMHOB
B CTPVKTYpax MO3ra y MyTaHTHbIX MbIieli TuHum Disk1-Q31L

M.M. I'eBoprsH, C.f. )KanaeBa, E.A. Aabnepuna, T.B. Aununa, I'B. VpoBa ®

HayuHo-nccneoBatenbCknin MHCTUTYT duanonoruv n dyHgameHTanbHoM meguumHel, HoBocnbupck, Poccus
® e-mail: galina-idova@mail.ru

AnHoTauuma. HapyweHus B reHe DISCT (disrupted in schizophrenia 1) accoummpoBaHbl ¢ AUCOYHKLUAMN MO3ra, Xa-
PaKTePHbIMU ANA paga NCUXMYECKUX 3abonesaHnii (WnsodbpeHus, genpeccus, bUNonspHoe PaccTPoONCTBO U Ap.).
B naHHoI paboTe BrepBble N3yyYeHbl IMMYHOIOTMYECK/E NapamMeTpbl Y Mbiwwen nuHum Disc1-Q31L ¢ ToueyHon my-
Tauuen Bo BTOPOM 3K30He reHa DISCT (3ameHa rnyTamyHa Ha NeiurH B 31-M NOIOXKeHNM) MO CPaBHEHMIO C MblLUa-
My nuHmum C57BL/6NCrl (amkui Tun). MeTofgom NpoToyHON LTodIyoprMEeTPUM NMOKasaHo, YTo Mo CPaBHEHNIO C
MbILIAMM AVKOTO TWNa y MHTaKTHbIX Disc1-Q3 1L Mblweit B nepudepryeckon KpoBy yBENMYeHO NPOoLeHTHOe cofep-
*aHve CD3* T-numdouuTtos, CD3YCD4AT T-xennepos n CD3TCD4TCD25 T-perynatopHbiX KNeTOK NP CHUKEHUN
CD3*CD8* T-LNTOTOKCUYECKNX/CYNPECCOPHbIX KNeTOK. C MOMOLLbIO MYSIBTUMIEKCHOTO aHann3a BbisiBNEeHbl pasni-
ynA B copepKaHnm LMTOKUHOB B CTPYKTypax mo3ra Disc7-Q31L mblwell no cpaBHEHMUIO C Mbllamy AUKOTO TUMa.
CopfepaHune NpoBOChanmTeNbHbIX LIUTOKMHOB NOBbILWANoch Bo GpoHTanbHol Kope (IL-6, IL-17 n IFNy) n ctpratyme
(IFNy), a B runnokamne v runotanamyce, HanpPoTUB, ymeHbLanocb. Mpu atom IL-1( cHnxKanca Bo Bcex NccnefoBaH-
HbIX CTPYKTYpax. Hapagy ¢ 3Tum obHapyeHo yBennyeHne Konmnyectsa NpoTUBOBOCNANUTENIbHOTO LNTOKMHA IL-4
BO pPOHTaNIbHOW Kope 1 CHkeHMe IL-10 B runnokamne. IMMyHHaa peakTMBHOCTb Ha BBE[JEHNE aHTUreHa SpUTPO-
uuToB 6apaHa, aHanv3Mpyemas fno YNCsy aHTUTENO06PA3YIOLLNX KNETOK B CENE3EHKE, Ha MUKE MMYHHOIO OTBETa
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Cy6nonynauun nepudepnyecknx UMMyHHbIX KIeTOK
N UMTOKMHbBI MO3ra y MyTaHTHbIX Mbiwelt Disk1-Q31L

y Disc1-Q31L mbiwwer 6bina Bblle, YeM y MbllLel AUKOro Tina. Takum o6pa3om, Mbiwun nuHum Disc1-Q31L xapakTe-
pUV3YyOTCA M3MEHEHMEM MATTEPHA LUTOKMHOB B CTPYKTYypax MO3ra, ycuneHmem nepudepmnyeckoro T-KNeToyHoro
3BeHa C noeblleHnem cybnonynaumin CD3*CD4* T-xennepos 1 CD3TCD4TCD25* T-perynatopHbixX KNeToK, a TakKe
yBeSIMYEHNEM UMMYHHOW PeaKTUBHOCTM Ha aHTUMEH B Cene3eHKe.

KnioueBble cnosa: Disc1-Q3 1L MblIwm; ULUTOKUHDI; T-KNeTKy; B-kneTku; aHTUTenoobpasytoLne KneTku; Mo3sr; neprde-

punyecKkasa KpoBb; cefie3eHKa.

Introduction

It is now well established that a variety of social, environmen-
tal and genetic factors may cause inflammatory responses that,
over time, may result in development of multiple diseases,
including neuropsychiatric disorders (Haroon et al., 2012;
Felger, Lotrich, 2013; Dantzer, 2018). The inflammatory pro-
cesses are closely associated with alterations in the production
of cytokines (IL-6, IL-2, IL-1f3, TNFa, etc.), the composition
of T-cell subsets with different functional activities (CD4+
T-helper cells, CD8* cytotoxic/suppressor T-cells, T-regula-
tory cells), both in the peripheral immune system and in the
central nervous system (Haroon et al., 2012; Felger, Lotrich,
2013; Dantzer, 2018). Animal models have provided valuable
opportunities to study the impact of immune dysfunctions and
related alterations in neurotransmitter and hormonal systems
in the pathogenesis of neuropsychiatric disorders caused by
multiple risk factors, including genetic background. As shown
previously, animals with genetic predisposition to depressive
or aggressive behavior are characterized by changes in the
distribution and ratio of the main subpopulations of T-cells in
the blood and spleen, immune responsiveness to T-dependent
antigen, as well as cytokine variations in the periphery and
brain structures (Alperina et al., 2007, 2019; Idova et al., 2013,
2015, 2019; Takahashi et al., 2018).

Disrupted-in-Schizophrenia-1 (DISC1) gene has been
functionally linked to brain dysfunctions associated with im-
paired neurodevelopment processes and intracellular signaling
pathways that predispose to schizophrenia, major depression,
and bipolar disorder (Lipina et al., 2010; Hikida et al., 2012;
Mathieson et al., 2012; Lipina, Roder, 2014; Serykh et al.,
2020). Several mouse models based on DISC/ dysfunc-
tion have been generated to date, including a homozygous
DiscI-Q31L~ mouse line with a point mutation in exon 2 of
chromosome 8§, leading to glutamine to leucine substitution at
amino acid 31 in the DISC1 protein (Q31L). Analysis of emo-
tional, social and cognitive behaviors of this mice line showed
arange of behavioral abnormalities that may be considered as
a depression-like endophenotype (Lipina et al., 2013; Lipina,
Roder, 2014; Dubrovina et al., 2018; Serykh et al., 2020). The
Q3 1L mutation in DISC1 gene is also known to be associated
with changes in the dopaminergic (DA) activity (Lipina et al.,
2013) and other neuromediator systems, which are involved
in the neurobiological mechanisms of psychiatric disorders
and in the control of immune function (Saurer et al., 2006;
Devoino et al., 2009; Al’perina, 2014).

However, peculiar changes in immunological variables in
the peripheral immune system and in the brain characteristic
of Disc1-Q31L~" mice remain to be elucidated. Given a role
of the immune system both in the development of different
psychoemotional states and in neuroimmunomodulation (De-
voino et al., 2009; Idova et al., 2018, 2019; Alperina et al.,

2019), the aim of this study was to analyze the basal content
of T- and B-cells in the peripheral blood and spleen, as well
as the level of pro- and anti-inflammatory cytokines in the
brain structures of Disc/-Q3 1L~ mice. Immune reactivity to
the antigen by the number of antibody-forming cells (AFC)
was also determined.

Materials and methods

Animals. The experiments were performed in adult (3.0—
3.5 months old) homozygous male mice of the Disc/-Q31L~"~
strain (n = 23) and there wild type (WT) littermates of the
C57BL/6NCrl strain (n = 23) weighing 27-30 g. Mice were
bred in the animals facility of the Scientific Research Institute
of Physiology and Basic Medicine (“Biological collection —
genetic biomodels of neuropsychic diseases”, No. 493387).
Mice were kept in standard cages (OptiMice Biotech A.S.;
40x25x% 15 cm ) in groups for 5 animals per cage under stan-
dard vivarium conditions and free access to food and water.
All experimental procedures were performed in accordance
with the requirements of the European Community Direc-
tive (86/609/EC) and approved by Local Ethical Committee
of the Scientific Research Institute of Physiology and Basic
Medicine, protocol No. 10 (17.12.2015).

Design of experiments. The levels of T- and B-lympho-
cytes and their subpopulations in the peripheral blood and
spleen, as well as the content of proinflammatory (IL-18,
IL-2, IL-6, IL-17, TNFa, IFNy) and anti-inflammatory (IL-4
and IL-10) cytokines in the brain structures (prefrontal cortex,
striatum, hippocampus, hypothalamus) were assessed in intact
mice of the Disc/-Q31L and WT strains (10 animals of each
strain). The immune reactivity to sheep red blood cells (SRBC)
was analyzed by measuring the number of antibody-forming
cells (AFC) in the spleen of mice of both strains (n = 13 of
each strain). SRBC were suspended in saline and injected
once, intravenously into the tail vein at a dose of 5 - 108.

Blood was immediately collected after the animals were
decapitated into tubes containing K3EDTA (Becton Dickin-
son, USA). Spleens were removed on ice on day 4 after
SRBC injection and placed in tubes with cooled RPMI-1640
medium (Sigma-Aldrich, USA). Brain structures were dis-
sected on ice; brain samples were frozen in liquid nitrogen
and stored at —70 °C until analysis.

Determination of cell subpopulation. To analyze cell
subsets, 25 ul of blood was incubated for 30 minutes in
adark place with 1.5 ul (0.2-0.5 pg/ul) labeled rat anti-mouse
monoclonal antibodies (MoAB) against surface markers:
CD3 (allophycocyanin, APC), CD4 (peridinin-chlorophyll
protein, perCP), CD8 (phycoerythrin, PE), CD25 (Brilliant
Violet 421), CD19 (fluorescein isothiocynate, FITC) (all
obtained from BD Pharmingen™, USA). Erythrocytes of the
blood were lysed with Lysing Solution BD FASC (Becton
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Dickinson, USA). After a 10-minute incubation, the cells were
washed once with phosphate buffered saline (PBS), the cell
pellet was resuspended in 100 pul of PBS.

The spleen was cut into several pieces, and then disaggre-
gated mechanically into single-cell suspension, which was
passed through a 50 pum cell strainer. The suspension was
washed twice with RPMI-1640 medium at 200 g for 5 min-
utes. The cell pellet was resuspended in RPMI-1640 medium,
adjusted to 1-109/100 ul of the suspension and placed into
plates in a volume of 100 pl in each well. The cell suspen-
sion was incubated with the same MoAB as the blood cells
for 20 minutes, and fixed by adding 1 % paraformaldehyde to
each tube. Isotypic antibodies were used as a control.

The study of cell populations was performed on a FACS
CANTO™ I flow cytometer (Becton Dickinson, USA) using
multi-stage gating. At least 50000 cells were analyzed in each
sample. Data analysis was performed using the FACSDiva
software. The contents of CD3+* T-lymphocytes, CD3+CD4+
T-helpers, CD3+CD8* cytotoxic/suppressor T-lymphocytes,
CD3*+CD4+CD25* T-regulatory cells, CD19+ B-lymphocytes
as a percentage of the total number of cells were determined.
Immunoregulatory index was measured as a ratio of the con-
tent of CD4+ to CD8* T-cells.

Determination of cytokines in the brain structures.
For the analysis of cytokines, detergent-soluble fractions of
brain tissues were prepared. The samples were thawed on ice,
homogenized in lysis buffer cooled to +4 °C containing PBS
(pH 7.4), 0.1 % Triton X-100, I mM EDTA, and 1 mM PMSF
using plastic pestles. The homogenates were incubated on ice
for 30—40 minutes. The tissue extracts were centrifuged (Cen-
trifuge 5415 R) at 4500 rpm for 20 minutes at +4 °C. Cytokine
concentrations were determined in the supernatants. The
concentration was normalized to tissue weight (pg/g tissue).

The content of cytokines in brain homogenates was deter-
mined according to the manufacturer’s protocol by multiplex
immunoassay on a multiplex protein and nucleic acid analyzer
(Milliplex Luminex 200, Merk Millipore) using a kit (Mil-
liplex MAP Mouse Cytokine/Chemokine, Millipore). The re-
sults were analyzed using the xPONENT and Analist software.

Determination of antibody-forming cells. The immune
response was assessed by the relative (per 10° spleen cells)
and absolute (per total number of cells in the spleen) number
of IgM-AFC using the standard method (Ladics, 2007).

Statistical analysis. The data were analyzed using Sta-
tistica 10.0 software. To verify whether data were normally
distributed, the Kolmogorov—Smirnov and Shapiro—Wilk
tests were used. Normally distributed data (the content of
T-cells and their subpopulations, and B-cells) were assessed
by one-way ANOVA. The Mann—Whitney test was used for
abnormally distributed data (cytokine content and AFC num-
ber). Data are presented as mean and mean error (M +m) with
significance set at a level of p <0.05.

Results

Content of T-cells, their subpopulations, and B-cells in the
peripheral blood and spleen of Disc/-Q31L mice. There
were differences in the content of all analyzed immunocom-
petent blood cells between nonimmunized Disc/-Q31L and
WT mice. The percentage of CD3+ T-lymphocytes in mice
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of the DiscI-Q31L strain was significantly higher than in
WT mice (F(1.18) = 45.2, p < 0.001). Analysis of T-lym-
phocyte subpopulations showed an increase in the content of
CD3+CD4+ T-helpers (F(1.17)=15.5,p<0.01) in Disc1-Q31L
mice compared to WT strain, while the number of CD3+CD8&*
T-cytotoxic/suppressor cells was decreased (F(1.17) = 12.6,
p<0.01). As aresult, the immunoregulatory index, determined
as the ratio of the content of CD4+ to CD8* T-lymphocytes, in
mutant mice was 1.3 times higher (F(1.18) =27.5, p <0.01)
than in WT mice. The content of T-regulatory cells with the
CD3+CD4+CD25* phenotype in Disc/-Q31L mice was also
higher than in WT mice (F(1.17)=5.3, p <0.05). The number
of CD19* B-lymphocytes was decreased in the peripheral
blood of mutant mice compared to WT mice (F(1.17)=5.7,
p <0.05) (see the Table).

In contrast to the observed increase in the number of
CD3* T-lymphocytes in the blood, their percentage in the
spleen decreased (F(1.18) = 10.58, p < 0.01). The levels of
the subpopulations of CD3+CD4+ T-helpers (F(1.18) = 0.68,
p > 0.05), CD3tCD4+CD25* T-regulatory cells (F(1.18) =
= 0.23, p > 0.05), CD3*CD8* T-cytotoxic/suppressor cells
(F(1.18) = 1.66, p > 0.05), the ratio of CD4+/CD8* T-cells
(F(1.18)=1.36, p>0.05), and CD19* B-cells (F(1.18)=0.23,
p > 0.05) in the spleen of Disc/-Q31L mice were similar to
those of WT mice (see the Table).

Cytokines in the brain structures in mice of the Discl-
Q31L strain. Analysis of the cytokine profile in brain struc-
tures of intact Disc/-Q3 1L mice revealed regional differences
in the content of cytokines between mutant and WT mice
(Fig. 1).

In the frontal cortex, levels of the three pro-inflamma-
tory cytokines IL-6 (p < 0.01), IL-17 (p < 0.01) and IFNy
(p<0.01) were higher in Disc/-Q3 1L mice than in WT mice,
while the level of IL-1f (p < 0.05) decreased. IL-2 and TNFa
levels were similar between the mutant and WT strains
(p <0.05). As to the content of anti-inflammatory cytokines,
the level of IL-4 in Disc/-Q31L mice was higher than in
WT mice (p <0.01), while the level of IL-10 did not change
(p>0.05) (see Fig. 1, a).

In the striatum, the content of IFNy (p < 0.01) was found
to be increased in Disc/-Q31L mice compared to WT ani-
mals. The levels of other pro-inflammatory cytokines — IL-1
(p<0.01), IL-2 (p < 0.001) in the mutant mice were lower
than in WT mice, while the levels of IL-6, IL-17 and TNFa
remained unchanged (p > 0.05). Similarly, there were no
significant strain differences in the levels of anti-inflammatory
cytokines IL-4 and IL-10 (p > 0.05) (see Fig. 1, b).

When compared to WT mice, Disc/-Q31L mice showed
lower levels of IL-1B (p < 0.01), IL-2 (p < 0.01) and IL-17
(p < 0.05) in the hypothalamus, while the levels of the rest
cytokines were unchanged (IL-4, IL-6, IL-10, IFNy, TNFa)
(p>0.05) (see Fig. 1, ¢).

The levels of proinflammatory cytokines IL-10, IL-2,
IL-17, TNFa (p < 0.05) were significantly lower in the hip-
pocampus of Disc/-Q31L mice than in WT mice, with more
pronounced decrease in IFNy content (p <0.001). The levels
of IL-6 were equivalent between Disc/-Q31 and WT mice
(p > 0.05). The content of anti-inflammatory cytokine I1L-10
in the hippocampus of Disc/-Q31 mice was also decreased
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Content of the subpopulations of T- and B-lymphocytes (%) in the peripheral blood and spleen of Disc7-Q31L mice (M+m)
CD cell markers Blood Spleen
WT Disc1-Q31L WT Disc1-Q31L
CD3+ 30.8+0.8 37.8+0.7%%% 36.8+1.1 264+1.0%
CD3+CD4+ 62.6+0.8 68.3+1.4™ 59.9+0.6 59.0+9.7
CD3+CD4+CD25* 6.3+0.5 8.3+0.7% 10.7+0.4 10.5+£0.3
CD3+CD8+ 355+0.6 30.1+1.5%% 359+0.7 36.9+05
CD4+/CD8+* 1.8+0.05 2.3+0.09"* 1.67£0.05 1.61+0.04
CD19+ 644+t1.4 60.6+1.1% 509+1.8 59.0+0.7
*p <0.05,* p<0.01,**p < 0.001 compared with WT mice (ANOVA test). Number of animals in each group = 9-10.
a
40 W a b
_ * Disc1-Q31L % [ %
29 2120 = 240001
s S i c - I
53 g g
o e < 8of - 16000+
>3 @ 2
“ = g I
S 40t 5 8000
< | = i .
b 0 0
v WT Disc1-Q31L WT Disc1-Q31L
g Fig. 2. Relative (a) and absolute (b) numbers of AFC in the spleen of
% WT and Disc1-Q31L mice on the 4th day following immunization with
2 SRBC (5-108).
S * p <0.001 compared to WT mice (Mann-Whitney U-test). Number of animals
g in the groups = 13.
o
c
© (p <0.05), while the level of IL-4 did not differ from that of
2 WT mice (p > 0.05) (see Fig. 1, d).
g Immune reaction of Disc1-Q31L mice to the antigen.
= Immunization of Disc/-Q31L mice with SRBC produced an
£ increase of the immune response at the peak of its develop-
B ment in the spleen of WT mice. The relative (p <0.001) and
“g absolute (p < 0.001) numbers of AFC in Disc/-Q31L mice
> were significantly higher than in WT mice (Fig. 2).
d Discussion

pg/g of hippocampus tissue

IL-1B

IL-2 IL-4 IL-6  IL-10  IL-17 INFy  TNFa

Fig. 1. Content of cytokines in the brain structures: frontal cortex (a),
striatum (b), hypothalamus (c), hippocampus (d) in WT mice and Disc1-
Q31L mice.

*p <0.05 * p <0.01, ¥ p <0.001 compared to WT mice (Mann-Whitney
U-test). Number of animals in the groups = 9-10.

Changes in DISCI1 protein activities caused by mutations in
the DISC! gene are known to be involved in multiple mental
disorders, such as schizophrenia, depression, bipolar disorder
(Lipinaetal.,2010,2013,2014; Hikida et al., 2012; Mathieson
etal.,2012). Alterations in immune variables associated with
these disorders may differentially contribute to disease deve-
lopment. Schizophrenia has been found to be accompanied by
elevated serum numbers of B-cells, along with a decrease in
the content of T-cells, CD4* T-helpers, and the ratio of CD4*
to CD8* T-cells (Steiner et al., 2010). Aggressive behavior, as
observed in a variety of animal models, is also associated with
an increase in T-helpers and the CD4+/CD8* ratio, as well as
a higher immune response generated by an antigen (Devoino
et al., 2009; Idova et al., 2015; Takahashi et al., 2018).
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On the other hand, depression is characterized by increas-
ing numbers of CD3+CD8* T-suppressor/cytotoxic cells, a
decrease in the immunoregulatory index and the immune
response suppression (Alperina et al., 2007; Devoino et al.,
2009; Haroon et al., 2012; Felger, Lotrich, 2013; Idova et
al., 2013).

The present study demonstrates that, compared to WT mice,
intact mice of the Disc/-Q31L strain have raised blood levels
of CD3* T-lymphocytes, and their subpopulations, such as
CD3+CD4* T-helpers and CD3*CD4+tCD25* T-regulatory
cells, with a consequent increase of the immunoregulatory
index. At the same time, the mutant mice showed lower per-
centage of CD3* T-lymphocytes in the spleen, that might lead
to a predominance of CD19+ B-cells, thereby suggesting a
redistribution of these cell subsets within the immune system.

Redistribution of T- and B-lymphocytes, which are known
to produce specific sets of cytokines, and the ratio of these
cells in the immunocompetent organs may significantly affect
inflammatory and immune processes characteristic of geneti-
cally determined behaviors and psychopathology (Ottaway,
Husband, 1994; Devoino et al., 2009). It seems, thus, possible
that higher ability of Disc/-Q31L mice to respond to antigen
challenge, as measured by the numbers of AFC in the spleen,
may be related to changes in immune cell distribution among
different compartments of the immune system.

Our results have also shown that the pattern of cytokine
variations over brain structures differ in Disc/-Q31L and
WT mice and depends on the brain area, in which these
cytokines are localized. The levels of IL-6, IL-17 and IFNy
were found to be simultaneously increased only in the frontal
cortex of DiscI-Q31L mice compared to WT animals. These
pro-inflammatory cytokines has long been known as very
potent signaling molecules of neuroinflammation implicated
in the pathophysiology of depression, bipolar disorder, and
schizophrenia (Grigor’ian et al., 2014; Lesh et al., 2018).
Moreover, the frontal cortex has also been associated with
the development of various psychiatric diseases (Clapcote
et al., 2007).

Only the IFNy level was increased in the striatum of Disc!-
Q31L mice compared to WT mice, whereas the concentrations
of other cytokines decreased. Levels of pro-inflammatory cy-
tokines were also lower in the hippocampus and hypothalamus
of mutant mice than in WT mice. Changes in the distribution
of brain cytokines found in Disc/-Q31L mice suggest that
this mutation may contribute to neuroinflammation, which
is an important etiological factor for affective disorders. The
observed increase in the level of anti-inflammatory cytokine
IL-4 in the frontal cortex of Disc/-Q31L mice could reflect
a compensatory response to the elevations of pro-inflammatory
cytokines that occurred in this brain area. These findings are
consistent with previous reports, showing that various forms
of depression-like behavior or aggression are associated
with impaired balance between pro- and anti-inflammatory
cytokines in a number of brain regions including the frontal
cortex and hippocampus (Takahashi et al., 2018; Alperina et
al., 2019; Idova et al., 2019).

DISC1 has been found to form a complex with other intra-
nuclear transcription factors, which mediate the expression of
several genes implicated in behavioral changes resembling hu-

774

Subpopulations of peripheral immune cells
and brain cytokines in mutant Disc7-Q31L mice

man psychiatric disorders (Lipina, Roder, 2014). A wide range
of studies on behavioral phenotype of Disc/-Q31L produced
conflicting results. Some data indicate that mice with Q31L
mutation in Disc/ have a depressive-like enodophenotype
(Lipina et al., 2013; Dubrovina et al., 2018; Serykh et al.,
2020), while others did not show significant behavioral diffe-
rences in this strain compared with the WT control in any of the
tests (Shoji et al., 2012). Recent evidence suggests that Disc!-
Q31L mice may also display aggressive behavior (Serykh et
al., 2020). In contrast to the data obtained in other models, in
which animals developing depression-like responses showed
immunosuppression (Alperina et al., 2007; Devoino et al.,
2009; Idova et al., 2013), our results revealed higher immune
reactivity in Disc/-Q31L mice compared to WT control. At
the same time, immune parameters characteristic of Discl-
Q31L mice are more relevant to those observed in aggressive
animals. It may be due to the diverse behavioral phenotype of
these mice displaying not only depression, but also aggressive
behavior (Serykh et al., 2020) that is associated with increased
immune function and specific pattern of cytokines.

However, the mechanisms underlying alterations in periphe-
ral immune parameters and the profile of brain cytokines are
unknown. There is growing evidence that immune mediators
such as cytokines are involved in the interactions between
the immune and neuroendocrine systems and can change the
activity of central neuromediator systems that contribute to
cognitive, behavioral, and brain structure abnormalities seen
in affective disorders (Grigor’ian et al., 2014; Lesh et al.,
2018). It is possible that the immune status of Disc/-Q31L
mice could be related to the neurochemical pattern of the
brain characteristic of this strain. Disc/-Q31L mice have been
shown to have decreased levels of DA combined with DOPAC
increase in the nucleus accumbens (Lipina et al., 2013), known
to implicate in neuroimmunomodulation (Saurer et al., 2006;
Devoino et al., 2009; Al’perina, 2014). There is also data that
the DOPAC/DA ratio, which may reflect the metabolic rate of
DA and synaptic activity, increases under immunostimulation
observed in animals experienced excessive aggression associ-
ated with elevated activity of the DA system (Devoino et al.,
2009; Al’perina, 2014). Taking into account changing DAergic
activity in the brain structures of Disc/-Q31 mice (Lipina et
al., 2013) and the critical role of this system in the control of
aggression and neuroimmunomodulation (Saurer et al., 2006;
Devoino etal., 2009; Al’perina, 2014), it is likely that DA may
contribute to the enhancement of immune function found in
the Discl-Q31 strain.

However, it remains unclear whether variations of central
cytokines are related to brain alterations of monoamines spe-
cific for Disc1-Q31L mice or the Q3 1L mutation determines
their profile. Moreover, it has been found that not only neu-
rotransmitters can affect the production of cytokines (Kawano
et al., 2018), but also cytokines can modulate mediator neu-
rotransmission and promote changes in the neurochemical
pattern of the brain (Dunn, 2006; Felger, Lotrich, 2013).

Conclusions

Our data indicate that the Q3 1L point mutation in the DISCI
gene leading to the substitution of glutamine to leucine
at amino acid 31 has a significant influence on immunity
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and may result in an amplification of peripheral T-cell link
with an increase in the content of CD3+CD4+ T-helpers and
CD3*+CD4+CD25* T-regulatory cell subpopulations, as well
as elevated immune reactivity in the spleen induced by the
antigen. Alterations in the peripheral immune variables are
accompanied with changes in the distribution of pro- and
anti-inflammatory cytokines within brain structures, which
are involved both in the control of different forms of behavior
and in immune function. The Disc/-Q31L mouse strain is a
promising model for further study of the relationships be-
tween genetic factors and neuroimmunological mechanisms
and their implication in the development of psychoemotional
disorders.
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The cell cycle regulatory gene polymorphisms TP53 (rs1042522)
and MDM2 (rs2279744) in lung cancer: a meta-analysis
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Abstract. Lung cancer is one of the most common types of cancer in the world. Although the mechanism of lung
cancer is still unknown, a large number of studies have found a link between gene polymorphisms and the risk of lung
cancer. The tumor suppressor p53 plays a crucial role in maintaining genomic stability and tumor prevention. MDM2
is a critical regulator of the p53 protein. Despite the importance of p53 pathway in cancer, data on the contribution
of SNPs of TP53 (rs1042522) and MDM2 (rs2279744) to the development of lung cancer are very contradictory. A meta-
analysis that collects quantitative data from individual studies and combines their results has the advantage of im-
proving accuracy, providing reliable estimates, and resolving those issues in which studies on individual associations
are not effective enough. The aim of this study was to determine whether the TP53 (rs1042522) and MDM_2 (rs2279744)
polymorphisms confer susceptibility to lung cancer. A meta-analysis was conducted on the associations between the
TP53 (rs1042522) and MDM2 (rs2279744) polymorphisms and lung cancer. A total of 51 comparison studies including
25,366 patients and 25,239 controls were considered in this meta-analysis. The meta-analysis showed no association
between lung cancer and MDM?2 (rs2279744) under any model. A noteworthy association of TP53 (rs1042522) with
susceptibility to lung cancer in overall pooled subjects was observed under three different models (allele contrast,
homozygote contrast (additive) and dominant). Stratification by ethnicity indicated an association between the TP53
(rs7042522) and lung cancer in Asians and Caucasians. This meta-analysis demonstrates that the TP53 (rs71042522), but
not MDM2 (rs2279744) polymorphism may confer susceptibility to lung cancer.

Key words: TP53 (rs1042522) and MDM2 (rs2279744) gene polymorphism; lung cancer; meta-analysis.
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[Tonumopdu3smMbl reHOB TP53 (rs1042522)
n MDM?2 (rs2279744) B pake JIerKOro: MeTaaHaIn3

O. Byarakosa®, A. Kycaunosa, P. Bepcumbaen
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AHHoOTauumA. Pak nerkoro — oviH 13 Hanbosnee pacnpoCTPaHeHHbIX BUAOB paKka B Mupe. XOTa MexaHU3M BO3HUKHOBe-
HMA 3a601eBaHNA NO-NPEXXHEMY OCTAETCA B 3HAUUTENbHOW CTEMEHUN HEM3BECTHbIM, 6riarofapsa MHOFOUMCIEHHbBIM UC-
cnefoBaHNAM Gblna BblsiBlIeHa CBA3b MeXAY NONMMOPGM3MaMM FeHOB 1 PUCKOM Pa3BUTUA paka Jierkoro. PelwatoLlyto
ponb B NoAAepKaHMU CTabUNbHOCTU reHoMa 1 MPOQUNAKTUKE OMYXOneln UrpaeT oHKocynpeccop p53. Kntovesbim
perynatopom 6eska p53 anaetca MDM2. HecMoTps Ha BaXKHOCTb p53 CUrHanbHOrO MyTH B KaHLeporeHese, AaHHble
o Bknage SNP TP53 (rs1042522) n MDM?2 (rs2279744) B pa3BuT/e paka JIerkoro oyeHb npoTmeopeynBbl. MeTaaHanus,
cobupatoLnii KONMYECTBEHHbIE AaHHbIE N3 OTAENbHbIX NCCEA0BAHMNN 1 06beAVHAIOLWMNIA X Pe3ynbTaTbl, UMeeT npe-
MNMYLLECTBO, KOTOPOE 3aKJIIOYAETCA B MOBbILWEHUY TOYHOCTUN, MPEAOCTaBAEHNM HAAEeXHbIX OLEHOK U peLleHnn Tex
BOMPOCOB, KOrga UcciiefoBaHne OTAeNbHbIX accoumaunii HegocTaTouHo 3ddeKkTrBHO. Llenbio Hawen paboTbl 6bin0
n3yyeHue ponu nonumopdusamos TP53 (rs1042522) n MDM2 (rs2279744) B GopM1pOBaHY NPespacnonoKeHHOCTH
K paky nerkoro. lNpoBeaeH meTaaHanu3 accoumaumm nonumopoduamos TP53 (rs1042522) n MDM?2 (rs2279744) n paka
nerkoro. B o6Lel CIOXKHOCTM PAacCMOTPEHO 51 nccnegoBaHne TMMa «CNy4an—KOHTPOSby, BKoyatowee 25 366 nayu-
EHTOB C pakom nerkoro n 25239 300poBbIX MHAMBUAYYMOB. Pe3ynbTaThl MeTaaHanM3a nokasanu oTCyTCcTB/Ee CBA3M
mexay pakom nerkoro u MDM?2 (rs2279744) Bo Bcex mogensx. [pumeyatenbHo, uto accoumnauma TP53 (rs1042522) ¢
NpenpacroNoXeHHOCTbIO K paKy Nerkoro Habnoganach B TPeX pasHbIX Mogensax (MynbTUNIMKaTMBHas, adauTnBHas
1 AOMUHaHTHasA). CTpatndrKauma no STHUYECKOMY MPU3HAKY TakXe yKa3blBaeT Ha CBA3b Mexay TP53 (rs1042522) n
PVCKOM Pa3BUTKA paKa JIerkoro Kak B a3uaTcKom, Tak 1 B eBponenckon nonynayun. MpoBedeHHbI MeTaaHanms rno-
3BONIAET CAeNaThb BbIBOA, YTO nonnmopdusm TP53 (rs1042522), Ho He MDM2 (rs2279744), moxeT obycnoBnmBaTtb npea-
PacnonoXeHHOCTb K PaKy JIerkoro.

Kntouesble cnoBa: nonvmopdusm reHoB TP53 (rs1042522) n MDM?2 (rs2279744); pak nerkoro; MeTaaHanms.
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Introduction

Lung cancer remains one of the most common forms of cancer
in the world. Every year World Health Organization (WHO)
includes lung cancer in the lists of the leading cause of death
worldwide. Thus, there were 2.1 million cases of lung cancer
and 1.8 million deaths in 2018 (https://www.who.int/ru/news-
room/fact-sheets/detail/the-top-10-causes-of-death). Cancer
incidence rate varies in different regions of our planet, so the
highest incidence of lung cancer is observed in Eastern Europe
and Central and East Asia (Bray et al., 2018).

A large number of researches have been conducted to
study the molecular base of lung cancer. One of the risk
factors for the development of pulmonary neoplasms is
genes polymorphisms. The main cause of carcinogenesis is
disorders in the regulation of cell cycle control. The tumor
suppressor gene 7P53 plays an important role in regulating
the cell cycle. p53 protein is known as the “guardian of the
genome”. p53 regulates many genes expression in response
to cellular stress induced by various adverse environmental
factors (Haronikova et al., 2019). This protein plays a key role
in processes such as DNA repair, cell cycle arrest, apoptosis
and senescence (Nicolai et al., 2015). MDM? is a key regu-
lator of p53 protein activity and degradation. Polymorphic
variants of the 7P53 and MDM?2 genes have been found in
various types of cancer, including lung cancer. Analysis of
the literature data showed that polymorphisms of the 7P53
Arg72Pro (rs1042522) and MDM2 SNP309 (rs2279744) genes
cause an increased predisposition to tumor development.
The TP53 (rs1042522) gene polymorphism is localized on
chromosome 17 position 7676154 Genotype frequency in the
Caucasian population GG: 0.074, CC: 0.503, CG: 0.423. In
the East Asian population, GG: 0.173, CC: 0.345, CG: 0.482
(http://www.ensembl.org/).

Meta-analyses have shown that the 7P53 Arg72Pro poly-
morphic allele is associated with the development of stomach
cancer (Xiang et al., 2012), bladder (Xu et al., 2012), colorectal
cancer (Tian et al., 2017) and acute lymphocytic leukemia
(Tian et al., 2016). However, no association was found be-
tween TP53 Arg72Pro and the risk of acute myeloid leukemia
(Tian et al., 2016), oral squamous cell carcinoma (Sun et al.,
2018), and esophagus cancer (Jiang et al., 2011).

The polymorphic allele of the MDM?2 gene rs2279744 is
located at 68808800 position on chromosome 12 Genotype
frequency in the Caucasian population TT: 0.404, GG: 0.113,
GT: 0.483. In the East Asian population TT: 0.200, GG: 0.276,
GT: 0.524 (http://www.ensembl.org/).The MDM2 SNP309
polymorphism was also found to increase the risk of colorectal
cancer (Qin etal., 2013), breast cancer (Cheng et al., 2012) and
liver cancer (Tang et al., 2014). But there was no association
with prostate, urinary tract (Ding et al., 2016) and stomach
(Ma et al., 2013).

Many population studies have been conducted on the in-
fluence of the mutant alleles 7P53 Arg72Pro (rs1042522)
and MDM?2 SNP309 (rs2279744) on the predisposition to
the development of pulmonary neoplasia. It was shown that
the polymorphism of the 7P53 Arg72Pro gene is associated
with a high risk of small cell lung cancer among Spaniards
(Fernandez-Rubio et al., 2008). Similar data were found for
non-small cell lung cancer in Norwegians (Lind et al., 2007)
and Poles (Szymanowska et al., 2006), squamous cell lung
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cancer in German residents (Popanda et al., 2007), and lung
adenocarcinoma in the Chinese population (Zhang X. et al.,
2006; Ren et al., 2013).

Data on the contribution of MDM?2 SNP309 to the develop-
ment of lung cancer are very contradictory. Most studies have
shown an association of the MDM?2 (rs2279744) mutant allele
with a high risk of lung tissue carcinogenesis (Enokida et al.,
2014; Wang X. et al., 2015; Li, 2017). However, Pine et al.
(2006) did not find that MDM?2 SNP309 is associated with
lung neoplasia in the European population.

The data on the association of polymorphisms of the 7P53
genes Arg72Pro (rs1042522) and MDM?2 SNP309 (rs2279744)
with the development of tumors as a whole are very contra-
dictory. Therefore, it would be interesting to perform a meta-
analysis on the association of TP53 Arg72Pro (rs1042522)
and MDM?2 SNP309 (rs2279744) with a risk of developing
lung cancer in Asian and European populations.

Materials and methods

Search strategy. Search for relevant studies was conducted
using online databases, such as Scopus, PubMed and Web of
Science. The search strategy was performed using a combina-
tion of the following keywords: “TP53”, “Murine double mi-
nute 2” or “MDM?2”, “polymorphism”, “SNP”, “rs1042522”,
“rs2279744, “Arg72Pro”, “codon 72 Arg”, “c.215C > G”,
“SNP309”, “c.291 T> G” “lung cancer”, “non-small cell lung
cancer”, “association”.

Inclusion and exclusion criteria. The eligible inclusion
criteria for the meta-analysis were (i) case-control study,
(i1) identification of different histological types of lung
cancer which was confirmed histologically or pathologi-
cally, (iii) having an available genotype for estimating an
odds ratio (OR) with 95 % confidence interval (95 % CI),
(iv) genotype frequencies in controls were consistent with
those expected from Hardy—Weinberg equilibrium (p > 0.05).

The studies were excluded when (i) they were not case-
control studies, (ii) with duplicated data from previous articles,
(iii) they were not original articles, e. g. review, (iv) inadequate
genotype data were available.

Data extraction and quality assessment. Two researchers
(O.B. and A K.) evaluated the eligibility of all retrieved studies
and extracted the pertinent data from the specified publica-
tions in standardized tables. The extracted data included:
(i) the first author name, (ii) publication year, (iii) ethnicity,
(iv) lung cancer patients and healthy controls sample size for
each studied polymorphism. Disagreement was resolved by
consulting with a third investigator (R.B.). The study quali-
ty was assessed in accordance with the Newcastle-Ottawa
Scale (NOS) (Wells et al., 2009).

Statistical analysis. Hardy—Weinberg equilibrium (HWE)
in control population was assessed utilizing the “Calculation
of Chi-square test for deviation from Hardy—Weinberg equi-
librium” online software (http://www.husdyr.kvl.dk/htm/kc/
popgen/genetik/applets/kitest.htm). The statistical analysis
was performed using Comprehensive Meta Analysis ver-
sion 2.2.064 (Biosta, Englewood, NJ, USA). Estimates were
summarized as ORs with 95 % ClIs for each study. The he-
terogeneity was evaluated by using the /2 index. An /% value
of >50 % was considered to indicate high heterogeneity (Lee,
2015). The random effects model for analysis was used in case
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Table 1. Characteristics of the studies of TP53 (rs1042522) polymorphism included in the meta-analysis

First author, year

Lung cancer

Monumopdusmbl reHoB TP53 (rs1042522) 2020
n MDM2 (rs2279744) B pake nerkoro: meTaaHanms 24.7
Control Ethnicity p (HWE)
GG GC cC Control

high heterogeneity (Lee, 2015). Otherwise, the fixed-effects
model was used. Publication bias was measured via “Begg’s
funnel plot” and “Egger’s linear regression” method (Egger et
al., 1997). A two-tailed p-value < 0.05 implied a statistically
significant publication bias.

Results

Studies included in the meta-analysis

A total of 531 potential articles were identified from the da-
tabases search. After 236 duplicate records were removed, a
total of 295 potential articles were reviewed. Amongst these
articles, 216 were excluded after titles and abstracts review.
Afterwards, we excluded 28 studies for no case-control de-
sign. Finally, 51 studies with a total of 25,239 controls and

25,366 cases that met the inclusion criteria were included in
this meta-analysis (Suppl. Fig. 1)'.

Characteristics of studies included in this meta-analysis

A total of 37 articles that examined 7P53 (rs1042522) asso-
ciation with lung cancer risk were determined. Two of these
articles included data of two different sets (7P53 (rs1042522)
and MDM?2 (rs2279744)) (Zhang X. et al., 2006; Chua et al.,
2010) and these sets were examined autonomously. Thus,
the identified 37 articles encompassed case-controls studies
involving 16,229 lung cancer patients and 14,897 controls
(Table 1). Among 37 articles, 20 studies were established
in Asian populations and 17 in Caucasian populations. The

1 Supplementary Figures 1- 5 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx13.pdf
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Table 2. Characteristics of the studies of MDM2 (rs2279744) polymorphism included in the meta-analysis

First author, year Lung cancer

genotype frequencies in controls of all studies were consistent
with those expected from HWE (p > 0.05).

Another 14 articles identified MDM?2 (rs2279744) associa-
tion with increased lung cancer risk were retrieved (Table 2).
These 14 articles encompassed case-controls studies involv-
ing 9,137 lung cancer patients and 10,342 controls. Among
14 articles, 7 studies were established in Asian populations
and 7 in Caucasian populations. The genotype frequencies
in controls of all studies were consistent with those expected
from HWE (p > 0.05).

All estimated published articles were executed under ac-
credited genotyping methods.

Meta-analysis of the relationship between

the TP53 (rs1042522) polymorphism and lung cancer risk
Meta-analysis of TP53 (rs1042522) polymorphism was as-
sociated with lung cancer (G versus C: OR = 0.82, 95 % CI
0.71-0.94, p = 0.005; GG versus CC: OR = 0.86, 95 % CI
0.74-0.99, p =0.039; GG+GC versus CC: OR =0.86, 95 % CI
0.76-0.98, p = 0.02; GG versus GC+CC: OR =1.12,95 % CI
0.89-1.42, p = 0.336). And the association was statistically
significant under allele model (G versus C), homozygote
model (GG versus CC) (Suppl. Fig. 2) and dominant model
(GG+GC vs. CC) (Suppl. Fig. 3) (p < 0.05). A summary of
meta-analysis findings concerning associations between the
TP53 (rs1042522) polymorphism and lung cancer risk is
shown in Table 3.

Further subgroup analysis was conducted on the association
between TP53 (rs1042522) polymorphism and the risk of lung
cancer (see Table 3). After stratifying by ethnicity, this meta-
analysis indicated an obvious association of 7P53 (rs1042522)
and lung cancer risk among Caucasians (G versus C: OR =
=0.83,95 % C10.73-0.95, p=0.005; GG versus CC: OR =0.83,
95 % C10.73-0.95, p =0.005; GG+GC versus CC: OR=0.88,
95 % C10.77-1.00, p = 0.045) and among Asians (G versus C:
OR =0.76, 95 % CI 0.63-0.92, p = 0.005; GG versus CC:
OR =0.84,95 % CI0.67-1.06, p=0.136; GG+GC versus CC:
OR =0.81, 95 % CI 0.69-0.96, p = 0.012).
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Meta-analysis of the relationship between

the MDM2 (rs2279744) polymorphism and lung cancer risk

In this meta-analysis was shown no association MDM?2
(rs2279744) polymorphism with lung cancer (G versus T:
OR = 0.86, 95 % CI 0.71-1.03, p = 0.1; GG versus TT:
OR =0.86, 95 % CI 0.71-1.03, p = 0.1; GG+GT versus TT:
OR =0.90, 95 % CI 0.79-1.02, p = 0.5; GG versus GT+TT:
OR = 1.10, 95 % CI 0.94-1.22, p = 0.276). A summary of
meta-analysis findings concerning associations between the
MDM?2 (rs2279744) polymorphism and lung cancer risk is
shown in Table 4. Subgroup analysis detected no association
MDM?2 (rs2279744) polymorphism with lung cancer.

Heterogeneity and publication bias

Between-study heterogeneities were found in all subjects
for both polymorphisms TP53 (rs1042522) and MDM?2
(rs2279744) (see Table 3, 4). Because of this the meta-analysis
was designed using “a random effect model” to establish
pooled OR and corresponding 95 % CI for all models. We
performed the meta-regression to explore the potential source
of between-study. A big problem for meta-analysis is the dis-
proportionate number of positive studies that leads to a bias
in the publication. The funnel plot indicated some evidence of
publication bias for Caucasians, but not for Asians in analysis
of TP53 (rs1042522) and MDM?2 (rs2279744) gene polymor-
phisms (Suppl. Fig. 4, 5). The publication bias was observed
from Egger’s test (p < 0.05) also for Caucasian population
(see Table 3, 4).

Discussion

The tumor suppressor gene 7P53 (previously named p53),
is key regulator of a cell cycle network, apoptosis and DNA
repair pathway. 7P53 is one of the most carcinogenesis-asso-
ciated genes. There were several studies assessing the effects
of TP53 polymorphisms on the risk of lung cancer, but the
results are very contradictory. For example, no associations
of the TP53 (rs1042522) polymorphism with lung cancer
were found in Jung et al.’s (2008) article. But, increased risk
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Table 3. Meta-analysis of the association between TP53 (rs1042522) polymorphism and lung cancer risk

Polymorphism Test of association

Test of heterogeneity

Table 4. Meta-analysis of the association between MDM2 (rs2279744) polymorphism and lung cancer risk

Test of association
959

Polymorphism

to develop lung cancer was observed in association with the
Pro/Pro genotype variant in Chowdhury et al.’s (2015) re-
search. Mostaid et al. (2014) found that 7P53 Arg72Pro and
Pro72Pro genotype significantly associated with increased
relative risk of lung cancer. Our previous study also demon-
strated the association of genotype Arg72Pro of TP53 gene
with lung cancer risk (Bulgakova et al., 2019). Papadakis et
al. (2002) demonstrated that subjects with Arg72A4rg genotype
of rs1042522 had significantly increased lung cancer risk. We
comprehensively searched the up-to-date electronic databases
to reveal the associations between 7P53 genetic polymor-

Test of heterogeneity

phisms (rs1042522) and risk of lung cancer. The genome-wide
association study (GWAS) is very popular method to detect a
variation in SNPs with variation in common diseases. In 2017,
data from a study of new loci of susceptibility to lung cancer
were published. The study identified RNASET2, SECISBP2L,
NRG1, CHRNA2, OFBCI and RTEL] as candidate genes as-
sociated with lung cancer (McKay et al., 2017). The polymor-
phisms of T7P53 (rs1042522) and MDM?2 (rs2279744) weren’t
detected in this GWAS (McKay et al., 2017).

Atotal of 37 case-control comparisons for 7P53 (rs1042522)
(16,229 lung cancer patients and 14,897 healthy controls) were
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investigated in this meta-analysis. A noteworthy association
of TP53 (rs1042522) with susceptibility to lung cancer in
overall pooled subjects was observed under three different
models: the allele contrast, homozygote contrast (additive)
and dominant model. Also, stratification analysis explained a
strong evidence of this variant with risk of lung cancer among
Asians and Caucasian under allelic, homozygote (only for
Caucasian) and dominant models. Moreover, the Arg72A4rg
genotype was associated with the obvious protective effect
(OR =10.82,95 % CI1 0.71-0.94, p = 0.005).

Compared to 7P53, whose role has been widely discussed in
lung cancer developing, its main negative modifier —- MDM?2,
has not been sufficiently studied. The data on the association
of polymorphism of MDM?2 (rs2279744 or 309T > G) with
the risk of developing lung cancer as well as in the case of
TP53 (rs1042522) are contradictory. Thus, Enokida et al.
(2014) did not found any association between polymorphism
of MDM?2 (rs2279744) and lung cancer risk. Chua et al. (2010)
demonstrated that the MDM?2 (rs2279744) TT rather than the
GG genotype is associated with increased risk of lung cancer
in Asian. But, the MDM?2 TT genotype was associated with
a decreased risk of developing NSCLC compared with that
of the MDM?2 GG genotypes in Li G. et al.’s (2006) research.
A total of 14 case-control comparisons for MDM?2 (rs2279744)
(9,137 lung cancer patients and 10,342 healthy controls) were
investigated in this meta-analysis. There were no significant
associations between MDM?2 (rs2279744) polymorphisms and
lung cancer with regard to G allele vs. T allele: OR = 0.86,
95 % CI1 0.71-1.03, p = 0.1; homozygote model: OR = 0.86,
95 % CI10.71-1.03, p=0.1; dominant model: OR =0.90, 95 %
CI10.79-1.02, p = 0.5 and recessive model: OR = 1.10, 95 %
CI0.94-1.22, p = 0.276. The stratification analysis also did
not demonstrate the association of this polymorphism with
risk of lung cancer among Asians and Caucasian under all
models. Thus, MDM?2 (rs2279744) polymorphism does not
affect the risk of developing lung cancer.

This meta-analysis has some limitations. First, heterogene-
ity level was high. But we tried to eliminate this effect using
a random effects model rather than a fixed effects model.
Publication bias could also have biased the results, as studies
that produced negative results may not have been published.
Despite our use of Egger’s regression test, we cannot eliminate
the possibility of bias. Second, the relative importance of the
MDM?2 (rs2279744) polymorphism during the development
of lung cancer may vary between ethnic groups, but we were
only able to perform ethnic-specific meta-analysis in Asians
and Europeans. Thus, our results are applicable to only these
ethnic groups. Therefore, additional studies with other ethnic
populations are warranted to assess the association between
MDM? (rs2279744) polymorphism and the risk of lung cancer.

But, the present meta-analysis has also several strengths.
We used a strong comprehensive search strategy, and had a
well-defined inclusion and exclusion criteria. Reviewers per-
formed the study selection and extracted data independently.
Moreover, we assessed the quality of the included studies by
predefined criteria and the score of included studies was high.
Finally, all genotype data extracted from the studies were
reported in the study. The advantage of this study over other
meta-analyzes is a more complete review of literature and the
inclusion of recent data.
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Conclusion

In summary, this meta-analysis study indicated evidence of
association for 7P53 (rs1042522), but not MDM?2 (rs2279744)
variants with lung cancer based on 51 case-control published
studies. Additionally, stratified analysis based on ethnicity
observed an obvious association of TP53 (rs1042522) both
among Asian and European subjects under allelic, homozy-
gote and dominant models. However, polymorphism MDM?2
(rs2279744) may not impart susceptibility to lung cancer in
either Asians or Europeans.
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AHHOTauuA. PenpoayKTUBHBINA NOTeHUMan — ypoBeHb GU3NYECKOrO M NCUXMYECKOro COCTOAHNA OpraHn3ma, no3Bonaio-
WA NPY BOCTVXKEHUN COLMANbHOW 3peniocT BOCNPOV3BOAUTL 3A0P0BOE NMOTOMCTBO. B y3KOM 6UOMEANLIMHCKOM CMbIC-
ne onpefeneHne BKIOYAET KOMMIEKC GyHKLMOHaNbHbIX MOKasaTenen penpoayKTUBHON CMCTEMBI, HO B 6oee WpoKom
CMbIC/1e ero MOXHO paccMaTprBaTb Kak COBOKYMHOCTb GU3MONOrMYeCKmX, NOBeAeHUYECKMX, afanTUBHbIX, MEHTaNbHbIX, aH-
TPOMOMETPUYECKMX 1 FEHETUYECKMX XapaKTEPUCTUK 0COOU, CMOCOOCTBYIOLMX PasMHOXeHNI0. Lienblo HacTosALel paboTbl
6bI10 pacWMpPUTb 061aCTb MPUMEHUMOCTY Co3faHHOro paHee Web-cepsuca SNP_TATA_Z-tester ons noncka KaHANLAATHbIX
MapKepoB OJHOHYKIeoTnaHOro nonumopdurama (SNP) Ha xpomocome Y yesnoBeka, CBA3AHHbIX C MYXKCKMM pPenpoayKT1B-
HbIM noTeHumanom (MPI). B noucke kaHgmpaaTHbix SNP-mapkepos ana MPIT Mmbl cocpegoTouymnmnch Ha reHax Xpomocombl Y
yenoseka. M3yueHbl 35 SNP B npomoTtopax reHos CDY2A, SHOX n ZFY, npeacTaBAAIOLWMX BCE TPU TUMa FreHOB XPOMOCOMbI Y
yenoekKa: YHWKabHbI/, NCEeBAOAYTOCOMHBIA U Mapanor reHa XPoOMOCOoMbl X YenioBeKa COOTBETCTBEHHO. MpeackasaHbl
11 kaHanpaTHbIX SNP-mapkepoB ocnabneHua MPI n3-3a nsameHeHna cpofcTea TATA-cBs3biBatoLero 6enka (TBP) K 3Tum
npomoTopam. BeibopouHo BepudrLmpoBaHbl in vitro BenuunHbl CpoacTea «TBP-npomMoTop», npefcka3aHHble B 3TON pabo-
Te. YcTaHOBNeHa foctoBepHasa Koppenaumsa (r = 0.94, p < 0.005) mexay HAMU 1 pe3ynbTaTaMin U3MepeHUs in vitro cpoacTBa
TBP uenoBeka K 0n1MroHykneotuaam, naeHTUYHbIM cavitam TBP-cBA3bIBaHUA nccnefyemMbix NPomMoTopoB. [IpoBeasA Nonck B
6a3e gaHHbIX PubMed Mo KtoueBbIM C/I0BaM, Mbl HaLWAW KIAMHUYECKOE OMNMCaHNe NaToNornMyYeckmx COCTOAHMIN Ye0BEKa,
COOTBETCTBYIOLNX U3MEHEHMIO SKCNPECCUN FeHOB, HecyLwmx NpeAckasaHHble Hamn KaHgmaaTtHble SNP-mapkepbl. Cpean
HUX OKa3anuncb Takue NnaTonioruu, Kak HapylleHue cnepmatoreHesa (ZFY: rs1388535808 v rs996955491), 3afep»Ka nono-
BOro co3peBaHua (CDY2A: rs200670724), HapylueHna smbpuroreHesa (SHOX: rs28378830) 1 HenponopLMoHanbHO HU3KNIA
poct ¢ pedopmaumamu MapenyHra (SHOX: rs1452787381). OHY CBUAETENbCTBYIOT, UTO B c/lydae SNP-NpomMoTopoB reHoB
Xpomocombl Y yenoseka cnefyeT OxXMAATb M3MEHEHUI WMPOKOro Kpyra nokasatenein MPI, BbIXOAALMX JaneKo 3a paMKu
reHeTNYeCKoro KOHTPOJIA COBCTBEHHO MYXXCKOW PenpOoAYKTUBHON GYHKLMN.

KnioueBble cioBa: YeNioBeK; penpofyKTMBHbIN NoTeHUMan; XxpoMmocoma Y; reH; npomoTop; TATA-cea3biBatowwnii 6enok (TBP);
TBP-cBsaizbIBatowmin cant (TATA-60KC); ogHOHYKNeoTUaHbIM nonumopdunsm (SNP); SNP-mapkep; Bepudurkauus in vitro.

Ana uyntuposaHusa: NoHomapeHko M.I., LLapbinosa E.B., ipaukosa N.A., CaBuHKkoBa J1.K., Yagaesa W.B., Pacckasos [].A.,
MNMoHomapeHko M.M., Ocapuyk J1.B., Ocapguyk A.B. KangnpaatHblie SNP-mapkepbl, n3meHstowme cpoactso TBP kK npomoTtopam
Y-cBA3aHHbIX reHoB CDY2A, SHOX, ZFY, cH/XKaloT pAf nokasaTenen pernpoayKTUBHOIO NnoTeHumana My>kumH. Basuiosckuti
XKYpHas 2eHemuku u cenekyuu. 2020;24(7):785-793. DOI 10.18699/VJ20.674

Candidate SNP-markers altering TBP binding affinity
for promoters of the Y-linked genes CDY2A, SHOX, and ZFY
are lowering many indexes of reproductive potential in men
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Abstract. Reproductive potential is the most important conditional indicator reflecting the ability of individuals in a popu-
lation to reproduce, survive and develop under optimal environmental conditions. As for humans, the concept of reproduc-
tive potential can include the level of the individual’s mental and physical state, which allows them to reproduce healthy
offspring when they reach social and physical maturity. Female reproductive potential has been investigated in great detail,
whereas the male reproductive potential (MRP) has not received the equal amount of attention as yet. Therefore, here
we focused on the human Y chromosome and found candidate single-nucleotide polymorphism (SNP) markers of MRP.
With our development named Web-service SNP_TATA_Z-tester, we examined in silico all 35 unannotated SNPs within 70-bp
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Candidate SNP markers of the CDY2A, SHOX and ZFY genes
on the Y chromosome reduce men's reproductive potential

proximal promoters of the three Y-linked genes, CDY2A, SHOX and ZFY, which represent all types of human Y-chromosome
genes, namely: unique, pseudo-autosomal, and human X-chromosome gene paralogs, respectively. As a result, we found
11 candidate SNP markers for MRP, which can significantly alter the TATA-binding protein (TBP) binding affinity for pro-
moters of these genes. First of all, we selectively verified in vitro the values of the TBP-promoter affinity under this study,
Pearson’s linear correlation between predicted and measured values of which were r = 0.94 (significance p < 0.005). Next,
as a discussion, using keyword search tools of the PubMed database, we found clinically proven physiological markers of
human pathologies, which correspond to a change in the expression of the genes carrying the candidate SNP markers pre-
dicted here. These were markers for spermatogenesis disorders (ZFY: rs1388535808 and rs996955491), for male maturation
arrest (CDY2A:rs200670724) as well as for disproportionate short stature at Madelung deformity (e.g., SHOX: rs1452787381)
and even for embryogenesis disorders (e.g., SHOX: rs28378830). This indicates a wide range of MRl indicators, alterations in
which should be expected in the case of SNPs in the promoters of the human Y-chromosome genes and which can go far
beyond changes in male fertility.

Key words: human; reproductive potential; chromosome Y; gene; promoter; TATA-binding protein (TBP); TBP-binding site
(TATA-box); single nucleotide polymorphism (SNP); candidate SNP marker; verification in vitro.
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BBepeHune
Crnenys ungesm R.N. Chapman (1931) u E.R. Pianka (1976),
MOMYJISIIIMOHHBIE 3KOJIOTH MCHOJIB3YIOT KOHLEMIUIO PETpo-
JIyKTHBHOTO TTOTEHIIMAJIAa B KAYECTBE CAMOT0O BaYKHOTO ITOKa-
3arelns MaHCOB BOCIIPOU3BECTH NMMOTOMKOB M JOBECTH HX IO
PENpOIyKTUBHOTO BO3pacTa IPH HAWITYUIINX YCIOBHAX Kak
Ha YpOBHE MHANMBHU/IA, TAK ¥ HAa ypOBHE Nonyssiinu (Axelsson
etal., 2010). Teopust 0xHIaEMOM TIPOIOTDKUTCIBHOCTH HKH3-
uu (Bowles, 1998) cBs3bIBaeT penpoayKTHBHBIN TOTSHIIAAI,
Ka4eCTBO M ITPOJOJDKUTEIBHOCT XXM3HH YeJIOBEeKa C Ipeapac-
MOJIOKEHHOCTHIO K OOJIE3HAM M CTpeccaMm, 3aKOJUPOBAHHON
B ero reHome. Hakonern, nporpecc MeJUIUHbI, JOCTHKCHUS
HayK¥, pa3BUTHE TEXHOJOTHH W YIydlIeHHUe 0O0pa3oBaHUs
MO3BOJISIIOT YBEIMYHUTh PEIPOYKTHBHBIN MMOTEHIHAT CyTIep-
MOMYJISILAN JIOAEH, XOTS pOCT HapoAOHAceNeH s, ypOaHn3a-
IHsI, 3arpsi3HEHNE OKPY)KAIOIIEH Cpesbl M SIUJICMHU MOTYT
€ro yMEHBIIUTb.

bazoBast koHUEenUUs NPEeAUKTUBHO-IIPEBEHTUBHOMN Iep-
coHanm3uposaHHoi Meantunsl (Trovato, 2014), npennona-
raromas JOCTOBEPHBIC Pa3InIHs MKy OOTBHBIMH H 310PO-
BBIMH JJOOPOBOJIBLIAMH TI0 BCTPEYAEMOCTH y HUX KIIMHUYE-
CKMX MapKepoB OJHOHYKJICOTHIHOTO nonmmopdusma (SNP)
(Varzari et al., 2016), yka3piBaeT Ha BO3MOXXHOCTH 10 pac-
mu(POBAHHBIM MHIUBHYyaJIbHBIM T€HOMaM JIIOJCH yimyd-
IIATh KaUeCTBO U TPOIOJDKUTEIBHOCTD JKU3HH KaK HMX, TaKk
n notoMKoB. [To SNP-mapkepam reHOB, KOHTPOJIHPYIOLIHX
MIOKAa3aTeNIn PENPOAYKTHBHOTO MTOTEHINAIA B TEHOME Malu-
€HTa, Bpau MOXKET MPOTHO3MPOBATH CIIOCOOHOCTH K 3a4aTHIo,
MPEAPACIIONOKEHHOCTh K PENPOAYKTHBHBIM HapyLICHHUSIM,
CTPECCOPHYIO PEAKTHBHOCTh M XPOHUUECKHE OOJIE3HH, CIO-
COOHBIE YXY/IUIHUTB €ro PENpOYKTHBHOE 3/I0POBbE, KAUECTBO
KHU3HH U JIOJTOJIETHE, a TAK)Ke PEKOMEH0BATh aeKBaTHBIN
00pa3 Xu3HH, MPOYUIAKTHICCKIE MEPOTPUATHS, TUETY U
(hopMy B3aMMOAEHCTBHUS TALMEHTA C BPa4OM BO M30eKaHUE
Pa3BUTHS HEXKEIATEIFHOTO JKU3HEHHOTO CIICHAPHSL.

Kpynneiiuii Hayunsiii npoekt XXI B., «1000 reHoMOB»
(Telenti et al., 2016), kak 0cHOBa PETUKTUBHO-TIPEBEHTHB-
HOM TIepCOHAIN3UPOBAHHOIN MEIUIIMHBI, YK€ BBISIBHI COTHH
MuunoHOB SNP, cobpannbix B 6a3e manabx dbSNP (Sherry et
al., 2001), Mexxmy iecITKaM¥ THICSIY paciIn(ppOBaHHBIX HHIN-
BHyaJIbHBIX TCHOMOB JIFOJICH U 9TAIOHHBIM (pedepeHCHBIM)

TEHOMOM 4YeJioBeka B 06a3ze manHbIX Ensembl (Cunningham et
al.,2019). Hakonern, 6a3a nanaeix dbWGFP (Wu et al., 2016)
coOHpaeTt, CUCTEeMaTH3UPYET U IPUOPUTH3UPYET CBEACHUS O
KaxaoM u3 Bcex 10 Mupa MOTeHIHAIEHO BO3MOXKHBIX SNP
YeJIoBeKa B Ka4eCTBE IEPBOOCHOBBI aHAIM3a MHANBU/yalb-
HOT'O FeHOMa IalMeHTa B MPEJUKTUBHO-ITPEBEHTUBHOM Tep-
coHammupoBanHoi mMenunmHe (Trovato, 2014).

[TockonbKy BpaueOHOE pelIeHre Ha OCHOBE HAJIMYUS WIIN
OTCYTCTBHS TeX MM UHBIX SNP-MapkepoB B TeHOME IalueHTa
HAIIEJIEHO Ha €T 3/10POBbE, TPOIOIKUTEILHOCTD U KAUECTBO
JKM3HH, TO IPUEMIIEMBI TOJIbKO Onomeauunuackne SNP-map-
Kepbl, KJIMHUYECKH JJOKa3aHHbIE CpPAaBHEHHEM OOJBHBIX U
YCIIOBHO JOpOBHIX Tioneit (Varzari et al., 2016). Yder HeoO-
XOJMMBIX 3aTpaT BPEMEHH, PyYHOTO TpyJa U (PUHAHCOB IS
Ka)KJIOr'0 TAaKOT'0 TECTa UCKIII0YAEeT BO3MOXKHOCTD OLICHUTh Ha
MpaKTHKe mposiBieHne kaxaoro n3 10 mapa SNP genoseka
(Wu et al., 2016) B maroreHese kaxmoit u3 55 ThIC. O0e3HEH
YesIoBeKa, cortacHo MexayHapoHo# Kiaccudukanuu 00-
JIe3HEH W COMYTCTBYIOMKX MPOOIEM CO 3IOPOBBEM JIFOMCH,
MKB-11 (Pocai, 2019). Ognako ocraercsi HESICHBIM, HE0O0-
XOIUMO JIM KJIMHUYECKH MpoBepsTh Bce SNP denoBeka mpu
ycnosun, uto auiemma J.B.S. Haldane (1957) u Teopust Heit-
TpanbpHOW 3Bomonnu (Kimura, 1968) npenckaspiBaioT Hei-
TPaIbHOCTB a0COFOTHOTO OosbiHCTBAa SNP uenoreka. Ceii-
yac A71st Oy/yIero KIMHUYECKOTO TECTa Jallle BCEro BPyUHYIO
9BPUCTHUYECKH BHIOMpAIOT KaH1uiaTHbI SNP-Mapkep 3a1an-
Hol matonoruu cpenu Bcex SNP reHoB, yxe CBSI3aHHBIX C ATOH
6omnesnpio (Varzari et al., 2016). Ber6op Takux KaHIUIATHBIX
SNP-MapkepoB MOXKHO cienarb 0ObEKTHBHEE, ObIcTpee U
NPUILIENIBHEE 32 CYET MaJI03aTPaTHOr0 OMOMH(OPMATHYECKOTO
BBISIBIICHHSI a0COTIOTHOTO OONBITHHCTBA HEUTPaTbHBIX SNP
BO BceM pedepercHoM renome yenoBeka (Ponomarenko M. et
al., 2017). Xo1s TouHOCTH OMOMH(POPMATHIECKUX ITPOTHO30B
s SNP Bce erie ocTaercst HuKe mopora uX IpUMEHHIMOCTH
B KiImHI4eckoi mpaktuke (Yoo etal., 2015), oHa HenpepbIBHO
YBEJIMYHMBACTCSI ¢ KakpiM TozioM (Putlyaeva et al., 2018).

Ceifyac HAWTYUIIYI0O TOYHOCTH OMOMH(POPMATHUECKUX
MPOTHO30B JOoCTHIIH 11t SNP OemoK-KOqUpYONIX yacTei
reHoB (Amberger et al., 2015), ube HEraTUBHOE BIIUSHUC
HEYCTpaHNMO HH CMEHOW 00pa3a ku3HH, HU Tepanueii (Mit-
suyasu et al., 1998). B To ke Bpemsi 3HAYNTEILHO MEHBIIIE
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uccienoanbl SNP peryisiTopHbIx paifoHOB reHoB (Zerbino et
al., 2015), nuims MOTYMHPYIOMINX YPOBEHD AKCIIPECCHHU, YTO
KOPPEKTHPYEMO Kak CMEHOM 00pa3a ,H3HH, TaK 1 JIeKapCcTBa-
mu (Ponomarenko M. et al., 2013)). [Toatomy perysasiTopHbie
SNP caiita cBs3siBanus TATA-cBszpiBaromniero 6emnka (TBP,
kaHoHn4eckas popma caiita— TATA-6oke, =15 % TATA-co-
JIep KallluX TeHOB y YeJIOBEKa), KOTOPbhI HeoOXOIUM Teper
cTapToMm Jiroboro TpanckpunTa (Martianov et al., 2002; Rhee,
Pugh, 2012) 1 koTOpBIit MOTYAMPYET TPAHCKPHITLIHIO POTIOP-
uoHanbHO cpoactBy TBP-npomotop (Mogno et al., 2010),
BBINVISIIT MHOTOOOETIAIOIIMMHI B CHITY UX TIPEACKa3yeMOCTHU U
ToJIB36I 11 MenuiHE (Ponomarenko M. et al., 2013, 2017).

Panee mbl co3namu Web-cepeucet SNP_ TATA Compara-
tor (Ponomarenko M. et al., 2015) u SNP_TATA Z-tester
(Sharypova et al., 2018) st OLIeHKH cTaTUCTUYECKOH 3HAYN-
moctu BiaustHuA SNP Ha cponctBo TBP x npomoTtopaM reHoB
YeI0BeKa U JPYTUX SYKapHOT C UCTIOIb30BAHNEM OMOIHOTEKH
BioPerl (Stajich et al., 2002), noctyma k 6a3e nannbsix Ensembl
(Cunningham et al., 2019) 1 ¢ TOMOIIBIO IPYTUX HCTOYHUKOB
JAHHBIX COOTBETCTBEHHO. Ha 3Tol MeTOIMUeCKON OCHOBE MBI
npezackaszany kauauaataeie SNP-mMapkepsl oxupenus (Ar-
kova et al., 2015), arpeccuBnoctu (Chadaeva et al., 2016),
HapyIIeHu rupkagHoro putMa (Ponomarenko P. etal., 2016),
arepockiieposa (Ponomarenko M. et al., 2019), ayronumMmyH-
HbIX 3a0oneBanuii (Ponomarenko M. et al., 2016), 6oe3nu
Anpureiimepa (Ponomarenko P. et al., 2017), pe3uctenTHOCTH
K IpoTHBOOMyXoseBoi xumuorepanuu (Turnaev et al., 2016),
MPE/IPACIIONIOKEHHOCTH K COL[MaIbHOMY JOMUHHPOBAHUIO U
nogunHenuto y jrofei (Chadaeva et al., 2019).

Lenbro HacTosIIEH pabOTHI OBUTO PACIIHPUTH 00IACTH IPH-
mMeHumocTH Hammx Web-cepsucos (Ponomarenko M. et al.,
2015; Sharypova et al., 2018) mnst onenkn SNP catitoB TBP-
CBSI3BIBAHUS [TOCPEACTBOM MOMCKA KaHAUAATHBIX SNP-Map-
KepOB Ha XpoMocoMme Y 4ellOBEeKa, CBS3aHHBIX C [T0Ka3aTe MU
MYKCKOTO perpoaykTuBHOTO roreHnmaia (MPII). Ota merto-
JI0JTOTHsI OBbUIA MCIONB30BaHa MPH M3YYEHHH JKCHCKOTO pe-
npoaykruBHoro noreniuana (Chadaeva et al., 2018), Torna
kak MPII ewe He OIy4nsI 10JIKHOTO BHUMAHUSL.

MaTtepwuanbl n metogbl
Bbuoundopmarnueckuii aHaJau3 AaHHbIX. MBI nccineno-
Baymu nocnenosarenpHoctu JJIHK S = {5770...si...sfl} JUTU-
Holi 70 . 0. nepex crapramu Tpanckpunuuu (TSS=s; rne
s;€1a, ¢, g, t}) MPOMOTOPOB OEJIOK-KOAMPYIOIIMX TEHOB XPO-
MOCOMBI Y 4eloBeKa, Kak IT0Ka3aHo Ha puc. | W ommcaHo
paHee, HanpuMmep B HelaBHell padore (Ponomarenko M. et
al., 2019). Crpenkamu Ha puc. | yka3aHo, Kak C TOMOIIIO
(a) Web-cepsuca UCSC Genome Browser (Haeussler et al.,
2015) u (6) 6a3b1 nanubix dbSNP (Sherry et al., 2001) Ml
BBOJIMJIM WCXOIHBIE JaHHBIC B Haml (8) Web-cepsuc SNP
TATA Z-tester (Sharypova et al., 2018), rie okno “Result”
COJICPIKUT Pe3yJIbTaT 00PAOOTKH ITHX MCXOIHBIX JaHHBIX B
paMKax Harei OnonH(OpMaTHIECKON MOJIENHN TPEXIIIarOBOTO
ces3biBanust TBP/mpomorop (Ponomarenko P. et al., 2008).
Kaxxpiii SNP ananu3upoBaiu He3aBUCUMO OT OCTaIbHBIX
TaKUM 00pa3oM, 9To ecIi OBIJIO TpeICKa3aHo HeJJOCTOBEPHOE
n3MeHeHne cpoacrtsa TBP k MuHOpHOMY BapHaHTy IpOMO-
Topa ¢ 3tuM SNP B cpaBHEHHM ¢ HOPMOH, TO OH HCKIIIOYa-
cs M3 JaJbHEWIero aHanwu3a (JaHHbIE HE MOKaszaHbl). J{ms
ocrasmmmxcst SNP ¢ moMompio cTaHIapTHOTO TTOHCKa B Oase
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nanHeix PubMed (Lu, 2011) no kJIr04eBBIM CJIOBaM HaxXo-
JWIIN COOOMICHNS O KIMHWYECKH 3HAYMMBIX TOKA3aTeNsAX
MPII, koTOpBIE COOTBETCTBOBAIN 3HAYUMBIM M3MEHEHUSIM
IKCIIPECCHH T€HOB, HECYIIMX MPEACKA3aHHbIC KaH 1/IaTHbIE
SNP, BciencTBre 10CTOBepHOTO H3MEeHEHHs cponcTBa TBP x
MIPOMOTOPAM 3THX I'€HOB.

JkcnepuMeHT in vitro. PexomOunanTHeiii TBP uenose-
ka (hTBP) skcmpeccupoBanu B knetrkax Escherichia coli
BL21(DE3) ¢ mnasmuast pAR3038-hTBP (;r06e3H0 npero-
craiena npo¢. B. Puhg, The Pennsylvania State University,
Pennsilvania, CIITIA) cormacuo (Peterson et al., 1990; Pugh,
1995), 3a uckirouerneM korneHTparmy UITTI (1 MM BMecTo
0.1 MM) u Bpemenu nnaykuuu (3 4 BMecto 1.5 ).

B pabore ncmonp30Bany OJIUTOAC30KCHPHOOHYKICOTH IBI
(ODN) muHOM 26 11. 0., CHHTE3UPOBAHHBIC U IOTIOTHUTEIIEHO
ounieHHsle anexrpodopesom B [TAAI («buoccer», HoBocu-
6mpck). s nmomydenus MedeHbIX Aynenodedasix ODN obe
uenu metuin 32P-ATP («Buocany, HoBOCHOMPCK) € TOMOILBIO
T4-nonunyxneoruakunasel («CnoOH3um», HoBocnbupek),
omxkuranu npu 95 °C (B PKBUMOJISIPHOM COOTHOIICHHUH) U
MEJUICHHO (He MeHee 3 1) OXJIayK/1aJIx 10 KOMHATHOH TeMIIe-
parypbl. OTO}XCKEHHBIE AYIIEKCHI OUHIIAIN ¥ aHAIM3UPOBAIIN
anekrpodopesoM B 15 % ITAAT B HeneHATYpPUPYIOIIUX YCIIO-
BUSIX C TTOCIeyIomIel paaroasTorpaduei Ha Gpochopumu-
xepe Molecular Imager PharosFX Plus (Bio-Rad) (Drachko-
va et al., 2005). HemeueHbIe TyTIeKChl TOMyYaIl TaK e U
HCIOJIB30BaIA 0€3 JONMOJIHUTENLHON 04ucTKY B [TAAT.

Jst onperiesieHnst paBHOBECHOW KOHCTaHTBI AUCCOIMAIINT
(Kp), a Taxxe BpeMeHu nomypacnaia (t;,) KOHCTaHT CKO-
poctu obpasosanus (k,) u pacnaza (k,) xommnekcos TBP-
ODN npoBoguin He MEeHee TpeX IKCIIEPUMEHTOB IO CBA3bI-
Baumio TB-ODN mpu 25 °C B Oydepe, conepxkamem 20 MM
HEPES-KOH (pH 7.6), 5 MM MgCl,, 70 MM KCI, 1 MM
DTT, 100 mxr/mi BSA, 0.01 % NP-40, u 5 % munepuna
¢ ¢ukcupoBaHHON KoHIeHTparme 2 HM axtuBHOTO TBP.
Kaxnplil sxcriepuMeHT BKiItoyan 32 peakUuuu CBSI3bIBAaHUS
(8 BpeMEeHHBIX TOYEK, KaXKJlasi ¢ YEThIPbMSI KOHIICHTpaIUsi-
mu ODN). YeTBepka peakunii cBs3piBaHus (1 BpeMeHHas
TOYKa) 3aIlycKajach OJHOBpeMeHHO nobaBienuem TBP k
peakuuoHHoOU cmecH, coaepxkameit ODN, u HeMenIeHHbIM
nepeHocoM B TepmocTar Ha 25 °C. [lo OkOHYaHNHU peaknnun
CBSI3BbIBAHUSI BCE pEaKLMOHHbIE cMecH HaHocwid Ha [TAAT
OJIHOBPEMEHHO MpH HanpsbkeHHOCTH 1ot 10 B/ecm. Komriek-
csl TBP-ODN otaemnsinu ot HecszaHHOTo ODN ¢ moMonipro
KOJIMYECTBEHHOTO METO/IA AIIEKTPOPOPETHUECKON 3a/ICPKKH
(EMSA). Daekrpodopes npooauiiu B HaTUBHOM 5 % [TAAT
Ha Tris-rmumrHOBOM Oydepe (pH 8.3) B Tedenue 40 MuH npu
temnieparype 10 °C n HanpspkeHHOCTH 110311 25 B/em.

3areM rejid BBICYUIMBAIM U HKCIIOHMPOBAIN C DKPAHOM
Imaging Screen-K (Kodak) mms dpochoummmxepa Molecu-
lar Imager PharosFX Plus (Bio-Rad). Oxpan ckanupoBamu
Ha (ochormMuIKepe U ¢ TOMOIIBIO ITporpaMMbl Quantity
One — 4.5.0 (Bio-Rad) mpoBoamiy KoIMYeCTBEHHBIH aHATN3
paanoastorpados. [lomydeHHbIe 3aBUCMMOCTH KOHIIEHTPALIN
komriekcoB TBP-ODN ot koHnenTpanmit ODN BBOIMIN Kak
MCXOIHBIE TaHHBIe B 00mmenocTynHbIif Web-cepsuc GraphPad
Prism 5 (http://graphpad-prism.software.informer.com/5.01),
pe3ynbTaToM KoTtoporo Obuau BeamuuHel Kp, t, ., k u k|
aHaM3UpyeMbIX KomriekcoB TBP-ODN, a Takke OleHKH
CTaHAAPTHBIX OMHUOO0K cpenHuX (+ SEM) 1t 3THX BEINYHH.
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Candidate SNP markers of the CDY2A, SHOX and ZFY genes
on the Y chromosome reduce men’s reproductive potential

a
UCSC Genome Browser on Human Dec. 2013 (GRCh38/hg38) Assembly
chrY:18,025,707-18,025,796 90 bp. l chrY:18,025,707-18,025,796 l go
[chrv ca11.222) [ 9piiz 1 ECISWESNY | IEIWEES
e 'rnnc"r 'r*rn‘:’fﬁsri:l"agl'rrn#%'n.%sé?ra'%e né?’ﬁ’?d?ﬂ:nrn‘%’ﬁﬁ?ﬂnc nff'er'#znsﬁwgln ﬂno‘g'noﬁsé.f'\aglnnnn‘%':?’?:lcn GGCA
rs1275062232| ] -
%’33333315‘\ @ n
rs11816590S7 % | |
N < 5
\ c
S SRl 5 1171 -ester - Hoxila Fnetox B
Qain  [paexa Baa  Xypran 3acnankn UncTpywenT  Crpaska
S e \  dbSNP o2 / SNP TATA Z-tester x \ +
- NCBI Short Genetic Variations

@) @ | beehive bonet nsc.ujcgrbinfngsfatascan_foxfstartal | C |[ Qoo [N DS A =

dbVar ClinVar
Search Entrez [dbSNP V| for

T
PubMed Protein

Nucleotide

(r ) Report:
Organism: human (Homo sapiens)
Molecule Type: Genomic

Created/Updated in build: 137/151

Variation Class: single nucleotide variation

RefSNP Alleles: C/T (FWD)

Ancestral Allele: T

SNP TATA Z-tester

Enter two proximal promoter sequences for comparison (in FASTA-format)
ter, (FASTA):

GCTAGTGTAACTTTAAAAATGTTATAACATTAGAATGTTCC
TCGTCATAGCAACCACAATTAAACAAAGAAACACAAAAGA

2nd promoter, (FASTA):

, rs200670724:T (wt)

‘9 £ Nc_000011.10~ | Find: |
18,025,720

Méedace——pameszz
JEXET rs200670724 & LEEE]

8,025,730

18,025,720 18,625,738

IFash sequence (Legend)
>dbSNP|rs2006707

ePos=51|totallen=101|lalleles=C/T
'GTAACTTT AAAAATGTTA TAACATTAGA ATGTTCCATA

p(
AATCGTCATA GCAACCACAA TTAAACAAAG AAACACAAAA GAGTAACAGG

Cale
Result:
CDY2A,rs200670724:(wt):max (+/-)s.d. :19.26 0.09
CDY2A,rs200670724:c(m) :max (+/-)s.d. :18.76 0.07

> CDY2A, rs200670724:c(m)
ALGCTAGTGTAACTTTAAAAATGTTATAACATTAGAATGTTCC
TCGTCATAGCAACCACAATTAAACAAAGAAACACAAAAGA

-In(Kp) £6

TBP-promoter

Z-score= 7.98 :p > 0.999999 ' ——-——.—._._.
d e

) SNP TATA Z-tester - Mozilla Firefox ) SNP TATA Z-tester - Mozilla Firefox [ [5]X]
J SNP TATA Z-tester x \ + / SNP TATA Z-tester x \ +

€ ) © | bechive.bionet.nsc.rujcgi-binjmgs/tatascan_foxfstart.al | & [[ Q novoc | €9 0 & #r = @) ® | beehive bionet.nsc.rujcgi-binjmgs/tatascan_foxstartpl | €& |[Qronex [ DS A | =

SNP TATA Z-tester SNP TATA Z-tester

Enter two P for (in FASTA-format) Enter two p! P for (in FASTA-format)

1st promoter, (FASTA): 1st promoter, (FASTA):

>ZFY,rs1388535808:C (wt) v
CCGGGGCGCCGAGAGGCCCACCGGGCGGAGGGGGCCCAACTACCAT
CCCGCATTTTCCTGGGTCTCTCTCCCGGGCGGTGACGTGACGTGCT
2nd promoter, (FASTA):

>ZFY,rs1388535808:t (m) v
CCGGGGCGCCGAGAGGCCCACCGGGCGGAGGGGGCCLAACTACCAT
CCCGCATTTTCCTGGGTCTCTCTCCCGGGCGGTGACGTGACGTGCT
Calculate

Result:

ZFY,rs1388535808:C(wt):max (+/-)s.d. :17.66 0.09
ZFY,rs1388535808:t(m) :max (+/-)s.d. :18.72 0.11
DECISION :excess: significant

>SHOX,rs1452787381:A (wt)

TTGCACCAGACAGGCAGCGCATGGGGGGCTGGGCGAGGTCGCCGCG!

TATAAATAGTGAGATTTCCAATGGAAAGGCGTAAATAACAGCGCTG!
promoter, (FASTA):

>SHOX, rs1452787381:g (m)

TTGCACCAGACAGGCAGCGCATGGGGGGCTGGGCGAGGTCGCCGCG!

TgTAAATAGTGAGATTTCCAATGGAAAGGCGTAAATAACAGCGCTG

s

Result:

ISHOX,rs1452787381:Awt):max (+/-)s.d. : 20.30 0.09

SHOX,rs1452787381:gm) :max (+/-)s.d. :19.20 0.08

DECISION

Z-score=14.54 :p > 0.999999

Z-score=17.47

:deficiency : significant
tp > 0.999999

Fig. 1. Analysis of the 70 base long proximal promoter (<) upstream of the transcription start of the human CDY2A gene with
four unannotated SNPs (®). One of them (rs200670724; dashed arrow) has been proposed as a candidate marker for human male
maturation delay and poorer reproduction potential caused by poorer expression of the gene (Stahl et al., 2012) associated with

the presence of the SNP in the TBP binding site (boxed).

(a) Presentation of the human CDY2A promoter with the UCSC Genome Browser (Haeussler et al., 2015). (b) Annotation of rs200670724
SNP in dbSNP (Sherry et al., 2001). (c) The SNP_TATA_Z-tester application formerly developed by us. Line "DECISION” in its “"Result” window

present the prediction of CDY2A deficiency with the minor allele of the promoter as compared to the ancestral SNP variant,

means the

R software (Waardenberg et al.,, 2015). (d, e) Corresponding predictions of lower male reproductive potentials done by SNP_TATA_Z-tester
for candidate SNP markers rs1388535808 and rs1452787381 in the ZFY and SHO genes, respectively.

Crarncruyeckuii ananau3. buonndopmarmyeckue oneHkn
cpoxnctBa TBP k Bapmantam SNP-mpoMoTOpOB reHOB Xpo-
MOCOMBI Y YeJIOBEKa CPaBHHMBAIHM C HKCIIEPUMEHTAIBHBIMU
BenuunHaMu cpoactBa TBP k ODN, ueHTUYHBIM 3TUM IIPO-
Mortopam, ¢ nmomoinbsio STATISTICA (Statsoft™).

Pesynbratbl 1 06cyKaeHue

[Ipoananu3upoBansl Bce 35 HeaHHOTHPOBaHHBIX SNP, mo-
ctynHbIX B BhITycke Ne 151 6a3pr manubsix dbSNP (Sherry
et al., 2001), ama TPOKCHMAIBHBIX MTPOMOTOPOB JUTHHOU
70 . 0. renoB CDY24, SHOX n ZFY, npeAcTaBIsIONUX BCe
TPpU TUIA TEHOB Ha XpOMOCOME Y 4€JIOBEKa: YHHUKAJBHBIM,
TICEB/I0ay TOCOMHBIH 1 IIApaJIoT reHa XpOMOCOMBI X UesloBeKa

788

COOTBETCTBCHHO (Tabm. 1). B pe3ymbrare ObLIO BBISIBICHO
11 xangunataeix SNP-mapkepoB cHmkenuss MPIT uz-3a go-
CTOBEPHBIX U3MEHEHUH cpojcTBa TBP k aTuM npomoropam
(cm. Tabn. 1). PaccMorpum cHavana Hanbosee mogpoOHO
€AMHCTBeHHbIN kaHauaaTHbl SNP-mapkep 1s200670724 B
rene CDY2A, ces3annblii ¢ ociabnenneM MPII, yToObI 3aTeMm,
Onarosapst aHaJIOTMSIM C HTUM HJLUTIOCTPATUBHBIM PHMEPOM,
Kpartko onucath 10 ocTanbHbIX KaHAUIATHBIX SNP-MapkepoB
B reHax ZFY n SHOX.

VYuukanenslii red CDY2A na xpomocomMe Y 4eaoBeKa Ko-
JIIPYET XPOMOZIOMEH 2A M HECET YEThIpe HEAaHHOTUPOBAHHBIX
SNP B cBOEM TPOKCHMAIBHOM IpOMOTOpe THHOH 70 1. 0.
(cMm. puc. 1, @), TUIIB OTMH CPEAn KOTOPBIX, 152276109 (cm.
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Table 1. Candidate SNP markers of male reproductive potential (MRP) capable of altering the affinity of TBP
for the promoters of the humanY chromosome genes (according to our predictions made in this work)

Gene dbSNP 5'-flank wt  3'flank Kp, nM Candidate & References
(Sherry et al., mut “wt A 7 o SNPmarker
2001)
CDY2A rs200670724  atgttccata t 4 7 106 Increasedrisks | Stahletal, 2012
(unique male-specific C 7 of male matura-
protein-coding gene) tion arrest
ZFY rs1388535808 ggagggggcc € aactaccatc 21 > 15 1076 Increasedrisks | Janetal,2018
(paralogous to X-linked t 7 of azoospermia
genes) rs996955491  gggggcccaa ¢ taccatcccg 21 > 8 10-6 andinfertility |
a 13
SHOX rs1452787381 gtcgccgegt a taaatagtga 2 < 17 10 Increasedrisks | Ramachandrappa
(pseudo-autosomal el 5 of dispropor- etal., 2018
gene) rs1405831103 gtcgccgcgt  ataa atagtgagat 2 < 22 10-6 tionate short !
t 8 stature and
rs1273755135 tcgccgegta t aaatagtgag 2 < 17 10 Madelu.ng
c 4 deformity
rs375938368  aggtcgccgc g tataaatagt 1.5 < 3 103 l
t 1.9
rs771395540  caggagccaa t aggggtcttc 62 < 2 0.05 l
S LA
rs28378830 aggggtcttc g agtcaccctg 62 > 13 107 Increasedrisks | Brosensetal,
a* 30 of pathoem- 2014
rs894540003  caataggggt ¢ ttcgagtcac 62 > 15 10 bryogenesis l
a 23
rs970127768  cgaggtcgcc g cgtataaata 1.5 > 2 0.05 l
a* 13

Note. wt - norm (reference human genome); mut - minor allele; Ky, - equilibrium dissociation constant of TBP-promoter complex; A - alteration in the affinity of
TBP for promoter, namely: increase (<) and decrease (>); Z — Z-value of Fisher’s Z-test; a - statistical significance estimate (a = 1 - p, where: p, probability estimate
for random reasons shown in Fig. 1, d); & - alteration in MRP, namely: increase (1) and decrease (|). Genes: CDY2A - chromodomain Y-linked 2A; ZFY - zinc finger

protein Y-linked; SHOX - short stature homeobox.

*In addition to the indicated minor allele, other alleles are present, which insignificantly alter the affinity of TBP to the corresponding human promoter.

puc. 1, 6), 10CTOBEPHO CHIKAET HKCIIPECCHIO 3TOTO TeHa, CO-
IIacHO HameMy poruo3y (cM. puc. 1, ). Kak npencrasneno
B MEPBOH cTpoke Tabnm. 1, 3TOT JeQHUIUT IKCIPECCUH T'eHa
CDY24 Bo13BaH cHmkeHHEM cpoactsa « TBP-mpomoTop» ¢
4 uM B HOpMe A0 7 HM asist MuHOpHOTO amiens rs2276109.

[Ipexie Bcero Mbl AKCIIEPUMEHTAIBHO MTPOBEPUIIA ATOT
MPOTHO3 METOAOM 3a/I€P>KKHU EKTPOPOPETHIECKOH MOBHK-
Hoct (EMSA). Dnexrpodoperpammam Ji1si HOPMJIEHOTO U
MUHOPHOTO ayenei 152276109 cooTBETCTBYIOT puc. 2, a U
puc. 2, 6, Toraa KaK 3aBHCUMOCTH KOHIICHTPAIIMHA KOMILICK-
coB TBP-ODN or konnentpanuit ODN, kotopslie Obu1H TIO-
CTPOEHBI Ha OCHOBE ATHX AIEKTpOodoperpamMmm, IeMOHCTPHUPY-
10T puC. 2,8 1 2, 2.

Ha »Tux pucyHKax MOXXHO BHJETH CHIDKEHHE CPOJCTBA
“TBP-ODN” ¢ 160 #HM B HOpM™ME 110 500 HM 111 MHHOPHOTO
amens rs2276109. 3To cBUAETENbCTBYET 00 aJeKBaTHOCTH
oneHok Web-cepsuca SNP_ TATA Z-tester (Sharypovaetal.,
2018) s ouenku cpoactsa TBP k mpomoropam reHos Ha
XpoMocoMe Y YesIoBeKa.

Haxkownern, ¢ moMomnpio MOMCKa IO KIIIOUEBBIM CIIOBaM B
6a3ze nannbix PubMed (Lu, 2011) Mbl HalILIA KIMHAYECKUE
nmanseie (Stahl et al., 2012) o gedunmuTe ’KcTpeccun reHa
CDY2A npu 3aJiepKKe NOI0BOI0 CO3peBaHusl. DTO MO3BOIMIO
HaM MpeIokuTh Kanauaataeii SNP-mapkep 15200670724
KaK TeHeTHYeCKylo npuuuHy cHuxeHuss MPII BciencTsue
3aIep>KKH MTOJIOBOTO CO3PEBAHMSI MY)KCKOTO OpraHH3Ma.

I'en ZFY (Y-cBsi3aHHBIN OCITOK «IIUHKOBBIN TAJICI)) SIB-
JisieTcs napaioroMm resa ZFX nHa xpomocoMe X 4ejlOBEKa.
B ero mpomoTope MBI HaIIUTK J1Ba HEAHHOTHPOBAHHBIX SNP,
rs1388535808 1 15996955491, criocOOHBIX BBI3BATh H30BITOK
ZF'Y, xak npeJCTaBlIeHO Ha puc. 1, e.

S.Z. Jan ¢ xomeramu (2018) coobmmmm o cymepakcmpec-
cun ZF'Y B ciepMaTonnTax Kak KIMHAYECKOM MapKepe ocTa-
HOBKH UX Mel03a, a300CIEePMHUH U OCCIUIONUS Y MYKUHH.
B rpanumax npuMEHNMOCTH 3TUX KIMHUYECKUX HAOMIOACHNH
0€3 rMIoTe3 0 MPUINHHO-CIICICTBEHHBIX CBA3SX MBI IPEIICKa-
3anu 1s1388535808 u 1s996955491 kax xannunataeie SNP-
MapKepbl, MOBBIIIAIONINE PUCK OCTAHOBKU CIIEPMATOreHE3a
Ha CTaJIMU MeHo3a ¢ Tocieayoneld azoocnepMuei n dec-
TUIOZIMEM, YTO 0€3yCIIOBHO, 3HAUMTEIILHO CHU)KAET MYIKCKOM
PEePOAYKTUBHBIHN MOTEHITHAT (CM. Tabm. 1).

I'en SHOX (romeo00KCc HH3KOPOCIIOCTH) JIOKAJIM30BaH B
niceBo-ayrocoMHoM paiione 1 (PAR1) xpomocoms! Y uerno-
Beka. B mpokcumanpHBIX mpoMoTopax utnHoH 70 1. 0. mepen
€ro cTapTaMy TPAHCKPHUITIIUK MbI HALIUTH TSITh KAaHAUAATHBIX
SNP-mapkepoB [uisi qeduLuTa 3TOr0 TPAHCKPUIIIMOHHOTO
thakrtopa (cm. puc. 1, e: 1s1452787381) u Tpu KaHIUIATHBIX
SNP-mapkepa amst ero u30biTka (cM. Tabm. 1: rs28378830).
CornacHo Ta6m. 1, onu camxaror MPIT mocpenctBom Herpo-
MOPLHOHAIBLHO HU3KOTO pocTa ¢ AedopmarsiMu MazemyHra
(Ramachandrappa et al., 2018) 160 Hapymenuii sMmOpuore-
He3a (Brosens et al., 2014) cooTBeTCTBEHHO.
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Candidate SNP markers of the CDY2A, SHOX and ZFY genes
on the Y chromosome reduce men's reproductive potential
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Fig. 2. Measuring the kinetics of TBP binding to two TATA-containing ODNs identical to the human CDY2A gene promoter.

Legend: (a and b) Electropherograms of the wild-typed ancestral and minor alleles of the unannotated SNP rs200670724 under this study,
respectively; the concentration of TBP was 2 nM in all the experiments; the concentrations of an ODN containing a tested SNP allele that
we used are indicated; (c u d) dependences of reaction rates on ODN concentrations in the cases of the ancestral and minor alleles of the
SNP rs200670724, respectively; the Kp value of the equilibrium dissociation constant was inferred from the dependences of reaction rates
on ODN concentrations according to the Web-service GraphPad Prism 5 (http://graphpad-prism.software.informer.com/5.01).

DKCriepUMeHTalIbHBIE JaHHBIC in Vitro Iyl BEIOOPOYHOM
MpOBEPKU Tpex KaHAuAATHBIX SNP-mapkepoB cHUXKe-
Hust MPII, 1520067072 (CDY24), rs1452787381 (ZFY) n
rs1452787381 (SHOX), npencrasiensl B Tadi. 2. C UCIoib-
3oBaHneM Metona EMSA Oputn n3MepeHsl, Ipex/ie BCero,
paBHOBeCHas KoHcTaHTa aucconuanuu (Kpy), a Taxxe Bpems
nofypacnaza (t, ,), KOHCTaHThI ckopocTH coopku (k,) 1 pac-
naza (k;) komnnekcos TBP-ODN, kak 510 Ob1710 OKa3aHO Ha
wtoctpatnBHOM npumepe 15200670724 (cMm. puc. 2).

JlocToBepHble pobacTHbIE KOppesiuuy — JuHelHas [Tup-
cona (), obobmennas ['ynmana—Kpyckana (y), paHTOBBIE
Crimpmena (R) u Kennanna (t), — MeXay HalIMMU MpezcKa-
3aHHBIMH (CM. TabJ1. 1) ¥ 9KCIIEpUMEHTANIBHBIMH (CM. TalI. 2)
3HAYEHUAMH PABHOBECHOH KOHCTaHThI qucconuannu (K),
BBIP)KCHHBIMHU B HATYPAJIbHBIX JIOTApA(PMUUECKHX SIMHHUIAX,
noka3aHbl Ha puc. 3. OHM T0Ka3bIBAIOT a/IeKBaTHOCTH HAIIIMX
IIPOrHO30B ISl BEIIMYUH cpozicTBa TBP kK mpomMoTopam reHoB
Y-XpoMocoMBI 4enoBeka. B mopsiike 00CYKICHHUS MOXKHO
KOPOTKO OTMETHUTD, YTO HECOBIIAJICHNUEC MEKTY IIKaJIaMU BEP-
THUKAJIFHOM (3KCTIEPUMEHT) ¥ TOPH30HTAIBHOH (TIPOTHO3) OCei
Ha pHC. 3 COOTBETCTBYET Pa3IMUUIO B KOHIEHTpauusx TBP

790

(T. €. B HEKOHTpOIUpyeMoii nose tumepoB TBP, kotopsie nme-
101 Ky =4+1.5 oM (Colemanet al., 1995) u ne cpsasbiBaror
JIHK) B aoii pabote (2 HM) n panee (Ponomarenko P. et al.,
2008) mpu ONTHUMHU3AIUHE TPEXIIATOBON MOJICIH CBA3BIBAHUS
«TBP-nmpomotop» (0.3 HM), ncnions3oBanHoi Web-ceprcom
SNP_TATA Z-tester (Sharypova etal., 2018) s mporHo3os
B 3TO¥1 pabore.

Camas O6nm3Kas K KAaHOHHYECKOH MOCIe0BaTENbHOCTh
TATA-6okca HabmogaeTcss B mpomoTtope rena SHOX c
Kp=39+7 um (cM. Tabn. 2). MunopHslii Bapuant SNP
rs1452787381 (3ameHa «A» Ha «G» B TATA-60Kce) mpuBOIHUT
K CHIDKCHHIO CPOZICTBA ITOYTH B 7 pa3, 4To 00yCIOBICHO CHHU-
JKEHHEM CKOpocTH oOpasoBanus kommuekcos (k) B 22 pasa.
Cxopocts pacnaza xomriekcos (k) cHuxkaercs B 3 pasa, a
TAaK)KE yBEIMYMBACTCS BPEMs JKU3HH KOMILIEKCOB (t, ). Bee
9TU XapPaKTEPUCTUKHA MOTYT IIPUBECTH K IOBBIIIEHHOMY PH-
CKy (hOPMHPOBaHMS HETIPOIOPIHOHATBHO HU3KOTO POCTa C
nedopmanusiMu MazenyHra.

Haunxymmee cponcrso “TBP-OND”, Ky = 1000+400 nm,
65110 oTIpeenieHo it koMiuiekcoB TBP ¢ mpomoTopoMm rena
ZFY, nmeromiero mocienoBarensHocTh (CCCAACTAC),
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Table 2. EMSA-based in vitro analysis of a complex of TBP

and synthetic 26 bp ODNs identical to natural promoters near the SNPs being tested

Gene Allele  ODN, sequence, 26 bp

dbSNP ID

(Sherry et al., 2001)

CDY2A WT agaatgttccataTaatcgtcatagc

rs200670724 T-43C agaatgttccataCaatcgtcatage
27y Wr gacgoagogggcccaactaccatece

rs1388535808 C-56T ggcggagggggccTaactaccatcce

SHOX wTt gaggtcgccgcgtAtaaatagtgaga

rs1452787381 A-45G gaggtcgccgegtGtaaatagtgaga

KanampatHble SNP-mapkepbl reHos CDY2A, SHOX n ZFY 2020

XPOMOCOMbI Y CHUKAIOT PenpPOAyKTUBHbIV NOTEHLMaN MyX4MH 24.7
Prediction Experiment
-In(Kp) Kp, "M ty/5, MiN Ky M7Ts7T kg s'x107*
19.27 160+30 28.2+54 2500+300 4.1+0.7
18.76 500+200 64.2+18.2 350+50 1.8+0.6
17.67 1000+400 50.2+15.8 230+40 23+0.6
18.18 2000+1000 57.8+17.8 90+50 2.0+0.7
20.31 39+7 19.3£3.1 17000+£2000 6.0£1.0
19.21 260+70 57.8+14.5 770+80 20+05

Note: ty/,, half-life; Kp, dissociation constant; k, and kg, assembly and dissociation rate constants, respectively.

CDY2A, 15200670724 (WT) "

17 b
€
g r=0.94 (p <0.005)
= R =0.94 (p < 0.005)
2 16| T=087(p<0025)
= y=0.87 (p < 0.025)
£
E .
5 -
z g
Z 15}
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o .
=
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£ e
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-In[Kp], In-units, TBP/DNA-affinity, prediction

Fig. 3. The significant robust correlations between the predicted in silico
and experimentally measured in vitro values of the TBP-DNA affinity (in
natural logarithmic units).

Legend: solid and dashed lines denote the linear regression and boundaries of
its 95 % confidence interval, calculated by means of standard software pack-
age STATISTICA (Statsoft™, Tulsa, USA); arrows pinpoint the ancestral (WT) and
minor (min) alleles of the SNP being studied (rs200670724 of CDY2A), an anal-
ysis of which is depicted in Figures 1 and 2 as an example of the application of
our Web service SNP_TATA_Z-tester (Sharypova et al., 2018) in this work and its
in vitro selective verification here; r, y, R, T, and p are coefficients of linear cor-
relation, Goodman-Kruskal generalized correlation, Spearman’s and Kendall’s
rank correlations, and their p values, respectively.

JIMIIB BEChMa OTJaJIEHHO HAallOMHUHAIOIIy10 KoHCeHcyc TATA
o6okca (TATAAAAG). 3amena «Cy» Ha «T» He criacaet mojio-
’KEHHE — CKOPOCTh 00pa30BaHHMs KOMILUIEKCOB (k,) cCHIKaeTCs
B 2.5 pa3a, U HE3HAUUTEIbHO U3MEHIETCS CKOPOCTh UX pac-
nana (k) ¥ Bpemst KU3HH (t;,). MOXKHO IIPEMONOKNTH, YTO
Ipe/icKa3anHast HaMu in silico CynepaKCIpecchss MUHOPHOTO
amens SNP rs1388535808 B ciepmaronnTax, IpUBOASIIAs K
OCTaHOBKE CIIEPMATOreHe3a Ha CTaINH MeH03a, a300CIePMUHN
1 OecIIonio, B YCIOBHUSX in vivo 00ecTieunBaeTCs y9acTu-
em TBP-acconuupoBanubix dakropoB (TAFs) u apyrux
PETYIATOPHBIX OEKOB B 00pa30BaHUN TPAHCKPHIILIHOHHOTO
kommekca B cinydae TATA-Heconepxkalero npoMoTopa resa
ZFY yenosexa.

IlonyuyeHnHble nanHble 0 cHUXKeHUU cporcTBa TBP k mpo-
motopy rena CDY2A Goxnee uem B 3 pasa jurst amnenst C co-

OTBCTCTBYIOT KIIMHUYCCKUM JJaHHBIM O }leQ)I/IIJ,MTC IMpoaAyKTa
3TOr0 r'eHa Kak TeHEeTHIECKON TIPUYINHE 3aICPIKKHU TTOJIOBOTO
CO3peBaHus.

3aknioyeHune

B nactosmeit pabore uccnenosansl Bce 35 SNP B mpomoTo-
pax renoB CDY2A, SHOX u ZFY, npeACTaBIABIINX BCE TPU
THUITa TEHOB XPOMOCOMBI Y YE€JIOBEKa: YHUKAIBHBIN, ICEBJIO-
AyTOCOMHBI M T1apajior TeHa XpPOMOCOMBI X YeJIOBEKa COOT-
BeTcTBeHHO. M3 HuX oroOpansl 11 kanaunarHeix SNP-map-
KEpOB, CITOCOOHBIX U3MEHHUTH CpoacTBO TBP k 3TM mpomo-
TOpaM M TaKUM 00pa3oM crioco0cTBoBaTh ocnadiaeHno MPIL.
[Ipexae Bcero, Mbl BEIOOPOYHO BEPUDHUIIMPOBAIHU in VIitro
BeJIMUYMHBI cponctBa « TBP-nmpomoTopy, npeackasaHHble B
9TO# paboTe, ¥ yCTAaHOBHMIIM CTATUCTUYECKH JOCTOBEPHYIO
JUHEHHYIO KOPPENALHUIO MEKAY HUMHU U SKCIIEPUMEHTAIIBHO
n3MepeHHbpIME BenmanHamH (7= 0.94, p <0.005). Mcmons3ys
ITOMCK II0 KIIFOUEBBIM clioBaM B 0ase maHHbIx PubMed, MbI
HAIIIM KIIMHUYECKHE TaHHBIE O (PU3HOJIOrNUeCKHUX IPU3HAKAX
MaTOJIOTUH Yell0BEKa, KOTOPhIE COOTBETCTBOBAIN HU3MEHEHHIO
9KCIIPECCUH I'€HOB, HECYIIUX MPE/CKa3aHHbIC KaH/IUIATHBIC
SNP-mapkepsl. Cpe/ir HUX ObLIN TI0Ka3aTeNu Ipoliecca crep-
Mmarorenesa (ZFY: rs1388535808 1 1s996955491), 3anepxkn
nostoBoro co3peBanus (CDY2A4: rs200670724), nenpormop-
LUOHAJIBHO HHU3KOTO pocta ¢ Jedopmanusimu MajenyHra
(mampumep, SHOX: 1s1452787381) u HapymeHus mporecca
smbpuorenesa (Hanpumep, SHOX: rs28378830). B coBokym-
HOCTH MOJTyYEHHBIE Pe3YJIbTaThl CBUETEIBCTBYIOT, UTO B CITy-
yae SNP-ITpoMOTOPOB T€HOB XpPOMOCOMEI Y YelloBeKa CIECIyeT
0’KUJIaThb U3MEHEHUH MMPOKOro Kpyra mokasareneil MPII,
BBIXO/ISIIIMX JAaJIEKO 38 PAMKH I'€HETHYECKOT0 KOHTPOJIS cO0-
CTBEHHO MY>KCKOH PeTPOAYKTHBHOHN (PYyHKITHH.

OTO 3aKIIOYEHHE COMIACYETCSI C BEIBOAOM aBTOPOB PEKOH-
CTPYKLIMU KO3BOIHOLUU XpOoMOCOM X U Y y pa3HbIX BUJOB
(omoccyM, OBIK, KpbICa, MBIIIb, MAPMO3ETKa, MaKaKa-pesyc,
IIMMITaH3¢ ¥ YeJIOBEK) Ha OCHOBE JJAHHBIX BBICOKOIIPOHM3BO-
nqurenbHoro cexsenupoBanusi (Bellott et al., 2014), uro, kpome
MYKCKOM pelpOAYKTUBHON (YHKINH, XpoMocoMa Y OIpe-
JIeTsieT TakXKe TeHACPHBIN IUMOP(H3M B IPEIPACIIONOKEH-
HOCTH K 3200JI€BaHUSIM M )KM3HECTIOCOOHOCTH MyxkuuH. [Ipen-
CKa3aHHbIE M SKCHEPUMEHTAIBHO MOATBEP)KICHHBIE 3[€Ch
n3MeHeHus cpoactBa TBP k muHOpHBIM Bapuantam SNP
renoB CDY2A, SHOX n ZFY uenoeka MoryT cHu3uts MPII
JWIIb MIPY aHOMAJIBHBIX N3MEHEHMAX YPOBHEH OelKoB, KO-
JPYEMBIX 3THMHU T€HaMH, B COOTBETCTBYIOMINX TKaHAX Ha
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OIIPEJEIEHHBIX CTaJUAX OHTOTeHEe3a. DTO C HEOOXOAUMOCTHIO
TpebyeT KIMHIUUECKOM TPOBEPKH, HAa CHIKEHHUE 3aTPaT KOTO-
poii Grarozaps yIydIICHUIO €€ aJpeCHOCTH HAIleJICHO HaIle
HKCHEPUMEHTATbHO-OMOUH(POPMATHUECKOE UCCIECA0BAHHUE.
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DKOJIOTO-TeHeTnuecKas OlleHKa I10CIeICTBII
BJIVISIHMSI pagualiyii Ha 3arpsi3HEHHBIX TePPUTOPUSIX
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AHHoTayua. O6beKTamMy NCCNIEAOBaHMA ABNAITCA paiioHbl 3anagHo-KasaxctaHckol obnactn Pecnybnvku Kasax-
CTaH, npuneraowme K nonuroHy KanyctmH Ap: bokenopanHckuin, XMaHranuHckui, »KaHnbekcknii, Kastanosckui,
AkXankckumi n ColpbiMcKkuii. Llenb paboTbl — pagrosakonornyeckoe obcnefoBaHvie 3arpa3HeHHbIX TePPUTOPUIA U UC-
cnefloBaHNe CoAepKaHWA 3arpasHuTenei B o6bekTax cpefbl, 6uoTe (rpbidyHax, pbibax 1 6uocybcTpartax JOMaLIHUX
YKMBOTHbIX) GU3NKO-XMMUYECKMMI METOAAMM AJ1A OLLEHKIN BO3AENCTBUA NOJIMFOHA Ha 61OTY 1 yenoseka. [NpeacTas-
NeHbl pe3ynbTaTbl SKCMEAULIMOHHbBIX U TaGOPaTOPHbIX NCCNeoBaHNI 06 bEKTOB OKpYXKatoLLelr Cpeabl MpueratoLmx
K MonuroHy panoHos. MpusegeHbl NoKasaTeny raMma-CbeMKM YPOBHEN paanaLMoHHOro ¢oHa obcnefyembix Tep-
PUTOPWIA, JaHHbIe O 3arpA3HEHMN MOYBbI, MOBEPXHOCTHBIX 1 MOA3EMHbIX BOA, AOMUHAHTHbIX GOPM pacTeHuid, 6ro-
Cy6CTpaToB (LWepCTV JOMALLHMX XMBOTHbIX: BEPOMIOAa, Nolam, KopoBbl). Micnonb3oBaHbl CTaHAAPTHBIE CMOCO6bI
oTb6opa Npob, obLenprHATbIE METOAbI NCCIEA0BAHNA: PAANONOTMYECKUA U LUTOreHeTUYeCKnii (MMKpoaaepHbIii),
aTOMHO-abcopbumnoHHana cnekTpopoTomeTpus. MpoBeaeHO PeKOrHOCLMPOBOYHOE 1 PaanosKonornyeckoe obcse-
[loBaHVe 06bEKTOB OKpYy»KaloLLel Cpeabl C MCMOJIb30BaHMEM aHAITUYECKNX METOAVK, YTO NO3BONIMIIO ONpesenuTb
KONIMYeCcTBEHHOE coflepMaHne TOKCUYHbIX KOMMOHEHTOB, NMPUOPUTETHBIX 3arpPA3HUTENen 1 pPagnoakTUBHbIX N30-
TOMOB. YCTaHOBJIEHO, YTO 3HAYEHUA OOBEMHON aKTUBHOCTU MPUPOAHBIX U TEXHOTEHHbIX PaAUOHYKIMAOB B Npobax
NnoyBbl, MUTLEBOW BOAbI 1 61OCYBCTPaTax (LepcT JOMALLIHUX XKUBOTHbBIX, 06pa3uax neprdepryeckol KpoBm Yeno-
BeKa) 13 HaceSleHHbIX MYHKTOB COOTBETCTBYIOT BENIMUMHE KOHTPONIbHOTO YPOBHA ANA AAHHOMO pernoHa. Miameperua
ramma-v3nyyeHuii Nokasanu, 4to Mo NEPUMETPY TEPPUTOPMM MOSIMIOHA U B BGAM3NEXALLMX HAaCeNIEHHbIX MYHKTaxX
ypOBeHb pafnaunm Haxoautca B npegenax 0.06-0.14 Mk3B/4. HesHaunTenbHOe NpeBbllLeHNe YPOBHA PafNoaKTHB-
HOCTV cOXpaHsaeTca B6M3N nafieHns pakeT B BokelopanHckom paiioHe. ViccnefoBaHHbIe palioHbl XapaKTepUsyoTcs
He3HauuTeslbHbIM YPOBHEM paanaumoHHoro ¢oHa: cpefiHee 3HaueHne M3/ coctandeT 0.014 MK3B/4. AGCONIOTHBIN
Makcumym, 0.73 MK3B/Y, 3aperncTpupoBaH B MyHKTax NafeHna pakeT B Ka3TanoBcKoM paiioHe.

KnioueBble CfioBa: pagnaums; paguoHyKIvabl; PafnoakTUBHOCTb; 6MOCY6CTpaT; NONNIOH; MyTaLus; LIUTOreHeTNKa;
MyTareHbl; 3KONorus.
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Ecological and genetic assessment of the consequences
of radiation influence on contaminated areas

A.B. Bigaliev! @, K.Z. Shalabaeval, B.E. Shimshikovl, S.S. Kobegenoval, L.M. Adilova?, A.N. Kozhakhmetoval,
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Abstract. The objects of study are the territory of the districts of the West Kazakhstan region of the Republic of Ka-
zakhstan adjacent to the Kapustin Yar test site: Bokeyordinsky, Zhangalinsky, Zhanibeksky, Kaztalovsky, Akzhayiksky
and Syrymsky. The purpose of the work is to conduct a radioecological survey of contaminated areas and to study
the content of pollutants in environmental objects, biota (rodents, fish and biosubstrates of domestic animals) by
physicochemical methods to assess the risk of the landfill's impact on biota and humans. This paper presents the
results of expeditionary and laboratory research on the pollution of environmental objects in the areas adjacent to
the landfill. Indicators of the gamma-survey of the levels of radiation background of the surveyed territories as well
as data on pollution of soil, surface and ground waters, dominant forms of plants, biosubstrates (hair of domestic
animals: camel, horse, cow) are given. The generally accepted research methods were used: standard sampling me-
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JKonoro-reHeTMYecKas oLeHKa NocNeAcTBUl
BAVAHUA PafnaLnmn Ha 3arpA3HEHHbIX TEPPUTOPUAX

thods, radiological, atomic adsorption spectrophotometry, cytogenetic (micronucleus) method. A reconnaissance
and radioecological examination of environmental objects was carried out using analytical methods, which made it
possible to determine the quantitative content of toxic components, the content of priority pollutants and radioac-
tive isotopes. It has been established that the values of the volumetric activity of natural and man-made radionu-
clides in soil samples, drinking water and biosubstrates (pet hair, human peripheral blood samples) from settlements
correspond to the value of the control level for this region. The measurements of radiation activity by gamma radia-
tion showed that along the perimeter of the surveyed territory of the test site and in nearby settlements the radiation
level is in the range of 0.06-0.014 uSv/h. A slight excess of the level of radioactivity persists in the area near the fall of
missiles in the Bokeyordin region. The investigated regions are characterized by an insignificant level of background
radiation, the average DER value for the regions as a whole is 0.14 uSv/h. The absolute maximum, 0.73 uSv/h, was
recorded at the points of missile impact in the Kaztal region.

Key words: radiation; radionuclides; radioactivity; biosubstrate; polygon; mutation; cytogenetics; mutagens; ecology.
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BBepeHune

Bokpyr pakeTHO-s/I€pHBIX ITOJIMTOHOB B AThIpayckoi U 3a-
nagHo-Kazaxcranckoir obnactsax Pecmyonuku Kaszaxcran
CIIOKUIIACh CTIOKHAS DKOJIOTMYeCKast 00CTaHOBKA, BHI3BAHHAS
paIuaIOHHBIM 3aTrpsA3HEHHEM MPUPORHOH cpensl. B 2004—
2008 rr. Ha TeppUTOPHH BOCHHBIX noauroHos Kanycrun SAp
1 A3rup ¥ B IPWICTAIOUINX palfoHaX MPOBEACH P IKOJIO-
THYECKHUX padOT C IPUMEHEHHEM TIOJICBBIX U aHATTUTHYECKUX
METOJI0B HccaeqoBaHus. TeM He MeHee BOIPOC O CTENEHU
BIIMSHUSA 1ATEIFHOCTH MOJUTOHOB HA OKPYIKAIOLIYIO CPERy
U 3]0POBbE HACEIIEHHs OcTaeTcst HepeneHHbM! (MyxameTka-
HOBa, 2017). Ha mpoTshkeHNN HECKOIBKUX JIECATKOB JICT y4e-
Hble Ka3axckoro HaIMoHaIbHOTO YHUBEPCUTETA UMEHH aJlb-
Dapabu MPOBOAAT MCCIIEA0BAHMS, HAIPABICHHbBIE HA TIOUCK
YYBCTBUTEIILHBIX OMOJIOTHYECKUX MAPKEPOB, CIIEH(PUIHBIX
JUIS OIICHKH paJMaIliOHHOTO BO3JACHCTBUSA M MH(POPMATHB-
HBIX KaK B paHHEM, TaK U OTIAJIEHHOM IIepHoje o0IydeHusl.
B nacrosiee BpeMsi OAHUMH M3 HEMHOTUX OHOJIOTHYECKHX
nokasareneil (Hapsay ¢ DIIP-cniekrpockomuei smau 3y0oB),
B TIOJIHOH Mepe OTBEYAIOIINX 3THM TPEOOBAHUSM, SBISIOTCS
XPOMOCOMHBIE abeppanuy B InMQonuTax nepudepnaeckoi
KpoBHU. [IpUHIIUTIBI IUTOTEHETUYECKOTO METOa MHIUKAIIUN
PaJuaIiOHHOTO BO3/ICHCTBHS TOCTATOYHO yOSIUTEIHHO 000-
CHOBaHBI BO MHOTHX OTEYECTBEHHBIX U 3apyOeKHBIX HCCIIe-
JTIOBAHUSAX, PE3YJIBTaThl KOTOPBIX MOCTYKHUIM OCHOBOH ISt
pexomennanuit BO3, MATATD u HKJIAP OOH no ncnoms-
30BaHUIO aHAJIM3a XPOMOCOMHBIX abeppanuii B IMM(AOIUTax
KPOBH B KaUu€CTBE TECT-CHCTEMBI [Tl KOTMYECTBCHHOMN OIICHKU
JEUCTBHUSA MyTarcHHBIX ()aKTOPOB pajMalilMOHHON MPUPOIBI
(WHO..., 2010). larHbIC 0 «OHOIOTUYECKOI» 03€, MMOITY-
YeHHBIC C MOMOIMIbI0 UTOTEHETUYECKUX METOAOB IIHpE,
4yeM ee (PU3UIECKOe 3HAYCHHE, TaK KaK OTPAXKAIOT HE TOJIBKO
pe3yNbTaT paAUalliOHHOTO BO3JEHCTBUS Ha OPTaHU3M Uello-
BEKa, HO U €T0 WHAMBHUIYAIbHYIO PAIHOYyBCTBUTEIBHOCTb,
YTO MO3BOJISIET OOJIee KOPPEKTHO MMPOrHO3UPOBATh PaHHUE U
OT/IaJICHHBIC MOCIIeCTBUS 00MyueHus. B HacTosiiee Bpemst
B OOJIBIIMHCTBE CITy4YaeB, IPU KOTOPHIX JIFOU ITOJIBEPraroTCs
BO3JCHCTBHIO paIHaliiy KaK OT €CTECTBEHHBIX, TAK U TEXHO-
TEHHBIX HCTOYHUKOB, peUb HJIET 00 00Iy4eHHN B HEOOIBIITNX

T HawmoHanbHbI OKNaA O COCTOAHNM OKpysKalolieil Cpefabl 1 NCMONb30Ba-
HUK NpUPOAHbIX pecypcos Pecny6nvky KasaxctaH 3a 2011-2014 roppbl. Mog
pea. PITl Ha MXB «/HpopMaLoHHO-aHaNUTUYeCKNI LIeHTP OXpaHbl OKpY»a-
fowiert cpepbl». Anmatbl, 2015;214.

no3ax (Zhumadilov et al., 2013). ITosToMy ocHOBHY!O 1Tpo0ie-
MY COCTABIISIFOT MOCJIEJCTBUS PaJIMAllMOHHOIO BO3/ICHCTBUS
B MallbIX J103aX, 0COOCHHOCTH Omonormuecknx 3¢dexTon
KOTOPOTO JI0 CUX TOP SIBJISIOTCS MPEAMETOM aKTHBHBIX JHC-
kyccuii (Hoshi, Saimova, 2017).

AKTyaJbHOCTB TIpeIaraeMoil paboThl onpeaesieHa Heoo-
XOJMMOCTBIO M3YyUCHHSI COBPEMEHHOTO COCTOSTHHSI TIPHPOJ-
HBIX HOHyJ'IHL[l/Iﬁ paCTeHHﬁ, JKUBOTHBIX 1 YEJIOBEKA B YCJIOBUAX
pa3nuuHOro (hOHA HOHM3UPYIOLIEH Paauaui IIPH JUTUTEb-
HOM XpOHHYECKOM OOTyYCHUH B MECTaX SIICPHBIX UCTIBITAHNH
Ha Tepputopuu nonurona Kamyctun Sp. B cBoro ouepens,
OLICHKA BIIMSIHUS IESITENBHOCTH MOIMTOHA TPedyeT pa3pador-
KU TIPAPO0OXPAHHBIX MEPOIIPUSITHH MO YMEHBIIEHHIO TEXHO-
FEHHOI'0 BO3CUCTBUS, pAHHEH JUAarHOCTUKU yCTOMYUBOCTH
TEHOMA ITPUPOIHBIX MOIMYJIALINH, TOABEPTAIOIUXCSI JABICHNIO
aHTponoreHHoro npecca. [Ipu 3tom TpedyroTcs y4eT u mnpo-
THO3UPOBAHUC TCKYIIUX U OTAAJICHHBIX HOCJ'le[lCTBI/Iﬁ BIIHA-
HUS (PAKTOPOB CpeNbl OOUTAHHS HAa OMOTY M 30POBHE Hace-
JICHUSI, YTO TPEJICTABIISCT YPE3BBIYAHYIO aKTyaIbHOCTD JIIS
JaHHOI'0 peruoHa U MMEET HAYYHO-IIPAKTUYCCKYIO 3HA4YU-
Mmoctb (Bigaliev, 2016; Markabayeva et al., 2018).

MaTtepwuanbl n metogbl

HMcnonb30BaHbI 00IIETTPUHATEIE METOIBI 0TOOPA MTPOO MOYBHI,
BOZIbI, 00Pa3IOB PACTEHUH, )KUBOTHBIX M 4enoBeka. OTOop
o0 MOYBBI TPOU3BOIMIIN COITIACHO CTAHAAPTHON METOAMKE
Ne 5.05.008-99 r. (Octposckast u ap., 2014). IIpoOsI MOYBHI
IUTOTHO 3alleyaThlBald B KIOBETaX W Tepel CHeKTPOMETpPH-
YECKUMU U3MCPCHHUAMU BBIACPIKUBAJIU B TCUCHUC 2-3 HCII.
JUIsl yCTAHOBIICHNUS TIOJIBIIKHOTO PABHOBECHUST MEXKJLy M30TO-
namu 226Ra, 224Ra n npoxykramu ux pacnaza (?*?Ra, 22'Ra n
ap.). UccnenoBanus NpoBOOUIM COIIACHO YTBEPXKICHHOMY
1 BHECEHHOMY B TOCYIapCTBEHHBIN peecTp PecmyOmuku
Kazaxcran nmokymenrty «Meroanka n3MepeHns: akTHBHOCTH
PaAOHYKIUAOB € UCIHOJB30BAHUCM CHUHTUILUIALIUOHHOTO
raMMma-CrieKTpoMeTpa ¢ mporpaMMHbIM oOecriedenneM «I1po-
rpece» (per. Ne KZ.07.00.00304-2014)%. 13 HacelneHHbIX
IIyHKTOB, PACIIOJIOKECHHBIX Ha [IPUJIETAIOLLEH K IIOJIUTOHY TEP-
pHUTOpUH, OTOOPaHBI OMOCYOCTPATHl JOMAITHUX JKUBOTHBIX,
00pasibl JOMHUHAHTHBIX BUJIOB PACTEHH, B3STHI 00pa3Ibl
nepudepruyeckoil KpoBu xuteneil. Bce oHu sBistoTCs 3Be-

2 VIHCTPYKLMA MO 0TGOPY NPO6 NOUBbI NPV PaaMaLIMOHHOM 06Ce0BaHMM 3a-
rpAsHeHHoW Tepputopun, 1987.
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HBSIMUA TPO(QHUUYECKON LENU MUTAHKUS U Y4acTBYIOT B MUIpa-
UM PAJHOHYKINI0B U TsDKENbIX MeTamuios (IToctanoBnenue
[TpaBurensctBa PK «O6 yrBepxaennu [IpaBun o0bsBiIeHUS
Ype3BbIYAHON dKosorndeckoi cutyarumu» Ne 431 ot 5 mas
2005 r.). OnpexneneHre aKTUBHOCTH PaIHMOHYKINOB TPO-
BOJMJIM CIIEKTPOMETPHUECKUM METOJOM C HCIIOJIb30BAHU-
eM ramma-criekrpometpoB «MKC-01A Mynbsrupasy (OO0
«HTL «Ammuntynay, Poccns), Canberra CR-4018 (CLIA).
J171s1 BEISIBIICHUS COZICPIKaHMS TSDKEIBIX METaJUIOB IPUMEHEHA
aTOMHO-a0CcOpOIHOHHAs crieKTpodoToMeTpHst. MccenoBanust
MIPOBENIEHBI B (PU3NKO-XUMHUUECKOH TabopaTopun (hakyibTe-
Ta OMoJIOTHK 1 OnoTexHomornn Kazaxckoro HaloOHaIbHOTO
YHHUBEPCUTETa UMEHH allb-Papabu B COOTBETCTBUH C 001Ie-
npuasTeiME cTangapTamu (TOCT 26929-86, TOCT 30178-96,
NCO 8288-1986) na crnekrpodoromerpe «MI'A-915M]1»
(I'K «JIromaxer, Pocenst) (TexHoreHHsle MOTOKH. .., 2001).
JI71s1 IUTOTEHETUIECKOTO UCCIIE0BAHNS MCTIONIB30BAIN MHUK-
posiiepHbIi TecT. L{uronornyeckne npenaparsl 11l MUKpPO-
SIEPHOTO aHAJIN3a TOTOBHJIM COIVIACHO OOIIECHPUHSATBHIM Me-
togukam (PyxoBoactso..., 2002), poTorpadupoBanm B cBe-
TOBBIX MuUKpockomax Axioskop 40 (Carl Zeiss, 'epmanust) u
Micro Optic (ABctpusi). 3a00p 00pa3iOB KPOBH ISl MHK-
POSIIEPHOTO aHalIN3a MPOBOIMIIN U3 (DATaHTH MAJIbLEB B yC-
JIOBUSIX CEIbCKUX TOJIMKINHUK, COOMIONAs TPUHIIAIIBI AaHTH-
centukd. OOBEKTOM HCCIIEJOBAHMS CITYKHJIA TTOMYJISIIUS KO-
PEHHBIX JKHUTeJeH, BKmogaromias 1 07 geoBek, MpoyKUBAIOMINX
Ha TeppUTOPUH, TIpHIIeraroniell Kk monurony Kamycrun fp.

Pesynbtathl 1 06CyKaeHne

[TnanHOMepHBIE pabOTHI MO OLEHKE BIMSHHS JESITEIbHOCTH
nonuroHoB Kanyctun Sp u A3rup Ha OKpy>KarolIylo cpeay
Hagaymch B 2001 1., cTaB IEpBBIM TAIIOM ITPOTPaMMBI HCCTIe-
JIOBaHUI B PETHOHE, OXBATHIBAIOIIEM [IECTh IXKHBIX PAHOHOB
3amanHo-KaszaxcraHckoit obiacTu u Ba paiioHa AThIpay-
ckoit oormactu. Paboter mepBoro stamna 3aBeprieHs! B 2002 T
(Loomiis et al., 1990) — npezacTaBiIeHbI pe3ysIbTaThl MOJIEBBIX
1 JIA0OPATOPHBIX HCCIICA0BAHII B BOKSHOPIMHCKOM 1 FOKHOU
yacTy JKaHrajanmHCKOro paiioHOB. BBINOIHEHBI HHCTPYMEH-
TaJIbHBIC HU3MEPEHHNS paJHAIMOHHBIX TAPAMETPOB TEPPUTOPUHI
JaHHBbIX paﬁOHOB, HCHOJ’IbSyeMOﬂ JUIA TaACHUA OTACIIAOIINX -
cst yacTel paxeT. OJJHAKO H3yUEHUE COCTOSIHUS 37I0POBbs Ha-
CEJICHUS ITPOBE/ICHO TOJIBKO C NCTIOIb30BaHUEM METUIIMHCKOM
U JeMorpapuuecKoil CTaTUCTHKHU. J[aHHBIC MEIUIIMHCKHUX
WCCIIeIOBAaHNH MTOJyYeHBI Pa3HBIMH COCTaBaMHU Bpauei, 0e3
CPaBHEHUS ¢ KOHTPOJIBHBIM PalfOHOM W IIPOBENICHUSI HEOO-
XOOUMBIX T€HETHYCCKHUX I/ICCJ'IeI[OBaHI/Iﬂ (HOHyﬂHLII/IOHH])IX n
IIUTOTEHETUYIECKHX ), TOJDKHON CTaTHCTUYECKOW 00pabOTKH
TIOJTyYCHHBIX PE3YJIbTaTOB.

B 2018-2019 rr. MBI BriepBbIe B3sUIM MPOObI, 00pa3ibl U
O6mocyOcTpaThl B 3THX XKe paiioHax 3amagHo-KazaxcTanckoi
obmacTy jutst 1TabopaTOpHBIX UccieIoBaHuM. /715 pekorHoCIu-
POBOYHOI'O U3YUCHUA 3arpA3HEHHBIX YYaCTKOB, BbISIBJICHHBIX
[0 pe3ynbTaTaM MPEeAbITYIINX HCCIEI0BaHNH, TIPOBEICHO
9KCTICIMIIMOHHOE 00CIIeJOBAaHNE SKOIOTHUECKOTO COCTOSIHUS
KOMIIOHEHTOB OKPYKAIOIICH CPe/Ibl: IPOU3BEICH OTOOP pod
MOYBBI, BOJBI (IIOA3EMHBIX M ITOBEPXHOCTHBIX), PACTEHNUH,
6rocyOcTparoB (IIEPCTH TOMAITHUX )KUBOTHBIX, OPraHOB U
TKaHel pbl0, TPBI3YHOB, SILIEPULL, 00pa31IOB epuepuIecKoit
kposu xwutenei). B 2018 1. B Kanranmuackom paiioHe B34TO
78 po6 u 06pa3noB, bokelopauHcKkoM paiione — 89, YKann-
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OekckoM paiione — 75, Kazranosckom paiione — 91. Beero o
geTbIpeM parioHaM — 333. B 2019 . B AxkxankckoMm paiioHe
orobpano 78 npod 1 00pa3ios, ObiBIIeM TaifmakckoM paiio-
He — 89, CrIpbIMcKOM paiioHe —46. Beero no Tpem paitonam —
213. TIpoBeneHbI I3MEPEHHS PAAHOMETPHYECKIX ITAPaMETPOB
Cpeibl B TOUKaX 0TOOpa MpoO B COOTBETCTBHU C METOANKOM
raMMa-ChbeMKH-.

MoneBble nccnegoBaHnA

Pesynbrarhl paguoorH4eckoro MCCIleIoOBaHHUsl aKTHBHOCTH
PalMOHYKINIOB TEXHOTCHHOTO MPOMCXOXKAEHHS B MPOOax
1 00pa3uax TecT-00bEKTOB, B3STHIX C TEPPUTOPHI 30HBI TIO-
JIMTOHA, MPEJCTaBIICHbI B Ta0M. 1.

ITpoBeneHHBIE PANOIKOIOT NUECKHE HCCIIEIOBAHMS O0BEK-
TOB OKPY>KaIOIIECH CPEeIbl C UCTIONH30BAHUEM AaHATUTHUECKUX
METOJIUK [TO3BOJIMIIN ONPEAETUTH KOJTMYECTBEHHOE COJepKa-
HHE TPHOPUTETHBIX 3arpsI3HUTENICH U paJinOAaKTUBHBIX H30-
TOIOB. YCTaHOBJICHO, YTO 3HAYECHUs] OOBEMHON aKTHBHOCTH
MPUPOJIHBIX U TEXHOTEHHBIX PaJMOHYKIINJIOB B IIPOOax MOYBHI,
MTUTHEBOH BOIBI M OMOCyOcTpaTax (IIepCTr JOMAIITHIX KUBOT-
HBIX) M3 HCCIIETyeMbIX HACCICHHBIX ITyHKTOB COOTBETCTBYIOT
MOKa3aTeNsiM KOHTPOJILHOTO YPOBHs. M3MepeHust paauanu-
OHHOW aKTMBHOCTH METOJOM raMMa-M3JIydeHUs TOKa3aJu,
YTO T10 MEPUMETPY 00CIETOBAHHON TEPPUTOPHUU TOJIUTOHA
U B OJIM3JIEeKAINX HACEIEHHBIX MyHKTAaX YPOBEHb paualuu
Haxonures B mpenenax 0.06—0.014 Mx3B/4, 4TO COOTBETCTBYET
YPOBHIO pajialiuy 1JIsl JAaHHOTO pernona. HesnaunrensHOE
IMMPEBLIIICHNUEC YPOBHSA paAUOAKTUBHOCTH COXPAHACTCA Ha TCP-
puTOpUH BOIHM3M IMaJieHNs pakeT B bokeftopanHCcKoM paiioHe.
Taknm 00pa3om, HcciieI0BaHHbIE PaOHbI XapaKTepPU3yIOTCs
HE3HAYMTEJIbHBIM YPOBHEM PaJHallIOHHOTO (oHA, CpeaHee
s3Hauenne MO]J] cocraBnsier 0.14 mMk3B/4 (I[TocTaHoBICHHE
[TpaBurensctBa PK «O6 yrBepxnennu [IpaBun oObsBiIeHUsS
Ype3BbIYAHON dKosorndeckoi cutyarumu» Ne 431 ot 5 mas
2005 ). AGcomroTHBINA MakcuMyM, 0.73 MK3B/4, 3apeTHCTPH-
POBaH B ITyHKTaX NajeHus pakeT B Ka3zramoBckoM paiioHe.

OmnpeneneHo conep’kaHue TKENbIX METaIOB B MOJTO-
TOBJICHHBIX NMpo0ax (TOYBHI, PACTCHUH W BOJBI) METOJOM
aToMHO-abcopOumonHoii cnekrpomerpun coracio 'OCT
CT PKUCO 11047-2008 na npudopax «MI'A-915» nu ASS-1
(Tabm. 2).

HanGonpbimast KOHIEHTpAIUS TSHKEITBIX METAIIIOB BEISIBIICHA
B IOJI3€MHBIX BOJax 0OCIIe/IOBaHHBIX paiioHOB. Tak, max-
CHUMaIbHBIC TTOKa3aTenn comepkanus Zn cocraBmwim 0.05—
0.71 mr/n, Mn — 0.838 (c. bazapmonan), Cr — 0.052, Fe —
0.06—0.88 mr/i (c. bazapro6e).

He3HaunTenpbHO yBEMTUUEHHOE COAEPKAHNE TSKENBIX Me-
TAJIJIOB OTIPEAEICHO HA TEPPUTOPHSIX C OTHOCUTEIILHO MOBBI-
IICHHBIM paJHalioHHBIM QoHOM (c. XapkeH, bazapionaH,
Bazaprobe) — kak B 00pa3max MOUBbI, TaK M pacTeHUi. 3Ha-
YUTEBPHOE HAKOTUICHUE TsDKENbIX MeTaiioB Ni, Zn, Co, Cr
YCTaHOBIICHO B II0YBaX 00CIIEI0BAHHBIX TEPPUTOPHH, IPHIIE-
TaloIINX K MOJIUTrOHY. [loy4eHHbIe pe3yabTaThl MO3BOMISIOT
KOHCTaTHpOBAaTh, YTO 3arpsi3HEHHE OKPYXKAIOIIECH Cpe/Ibl ITpei-
CTaBJISIET ONPEJIENICHHYIO ONACHOCTB JJIsl OMOTHI U YelioBe-
Ka. K cTOMKNM XMMHUYECKUM 3arpsA3HUTENSAM KyMYISITHBHOTO
JISUCTBHSA €O crenn(pUIECKIMU TOKCHIECKUMH CBOWCTBAMH

3 Konnektns asTopoB UPB3 HAL| PK - otueT no Teme: «OueHKa BINAHWA aen-
TeNIbHOCTN BOEHHbIX MOJIMTOHOB Ha OKPYXKaloLLyto cpefly 1 orpeaeneHve mep
no ee peabunutayun», 2002.
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Table 1. Activity of technogenic radionuclides in samples and samples of test objects

Location name Object type Mass (g) Cs-137 Ra-226 Th-232 K-40 r-90
Bokeyordinsky district
Bisen Plants 89 <3.0 385+183 16.7+9.0 220.0+32.0 <3.0
50||942 ..........
KhanOrdasySOII .................................... 1 08 .......... 30.6x£11.6 19.2+£6.0 251.0+37.0
(rocket crah i s e 075140 2002100 10002270
Saltfim o 409+160  270+130 1100240
on the surface
of groundwater

Mashteksay village Soil 494 <30  558+117 77450 9804270 <30
(point cemetery) Plants 55 57.9+13.2 9.4+40 105.0+23.0
Onege village Plants 90 593+154 7.6+5.0 109.0£25.0
o3 kmdo the north) A S s S
Soil 542 566+11.0  11.3+6.0 104.0+20.0

Zhana Kazan village Soil 95 <3.0 447+11.0 18.7+7.0 90.8+28.0 <3.0
(Bolshoy Ozen river bank)

Kaztalovka (Seksenbay-1)

point 3 km to the west Plants 54 <3.0 62.6+10.0 21.1+£10.0 2185+13.0 <3.0
"""" point3kmtothesouth  Soil 355 735890 226+120 2262140
. KaZta | ov ka ( Seksen bayz) ......................................................................................................................................................................
"""" point3kmtothenorth ~ Plants 50 505£100  244£100 19594180
"""" point3kmtothe south-west  Soil 207 549+120  179+130  97.7£200
Bozoywnage ...........................................................................................................................................................................................
"""" 3pointsalong the perimeter ~ Plants 240 497+150  254+90  2233+100
"""" point3kmtothenoth  Soil 1002 586+130  182+90  2282+110
Konys\,.uage ...........................................................................................................................................................................................
"""" 3pointsalong the perimeter  Plants 24 568+110  176+100  1936%190
....... po|nt3kmtothenorthso||257 558i1302591302194¢120
‘Novokazankavillage ~ Plants E/2N 5944100  218+90  1955+200

(litter along the road)

Bokeyordinsky district Wool (cow) 104 <3.0 13.8+8.05 <3.0 15.0+£10.0 <3.0
(village Saigyn point) Woo|(horse) .................... 1 02 116i603 132i30 ........
‘Wool (camel) 07 25£7.01 1343270
Zhangalinsky district Wool (cow) 100 <30 116615 <30 1224731 <30
(points Novokazanka, Zhangala) 11.2+6.30

Zhanibeksky district Wool (cow) 120 <3.0 124+7.51 <30 133+£6.52 <30
(point Bozoy, aul Konys) ‘Wool (horse) 125 1364814 1374682
‘Wool (camel) 135 1474766 152+933
Kaztalovsky district Wool (cow) 110 <30 1142642 <30 1074581 <30
(kem roplocalon Wooltorssl 15 iseasia Cis7een
‘Wool (camel) 105 1084554 C12:7.02
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Table 2. The content of heavy metals in soil, plant and water (surface and underground) samples
in the Kapustin Yar landfill area

Location name Cu Zn cd Pb Ni Co Mn Cr Fe

In soil samples in a layer of 0-10 cm, mg/kg

Lbischensky (at the akimat) 18.67 11871  0.77 15.00 9143 17.08 766.66 7143 52100.80
Aksuat(gatunno) ....................................... 23” ........... 12129 ...... 056 ............ 2750 37714 1750 ......... 88333 ........ 6571 .......... 4 705882

ShandarZhap(Harken) .............................. 1600 ............ 8387 ...... 0211750331431333 ......... 60833 ........ 4571 .......... 2689075

Tompak ....................................................... 1489 ............ 8774 ...... 028 ............ 2750 .......... 337142 1542 ......... 66666 ........ 4286 ......... 3193277

Tmah(atthewe”) ...................................... 2244 .......... 12774 ...... 070 ............ 2750 ............ 48000 1625 ......... 733 33 ........ 5428 ......... 3361344

Bazarsho|an ................................................ 1844 .......... 10530 ...... 049 ............ 3500 24571 1333 ......... 73333 ........ 4571 .......... 3529441

Karammbe .................................................. 21” ........... 11613 ...... 063 ............ 6250 ............ 4”43 1958 ......... 95000 ........ 6857 ......... 4 873949

Bazarmbe ................................................... 17” ........... 14968 ...... 035 ............ 3250 25143 ....... 453 ......... 63333 ........ 3714 ......... 1680672

To|epko| ...................................................... 2622 .......... 12129 ...... 055 ............ 4000 ............. 1 3714 1375 ......... 41665 ........ 3714 ......... 4 873950

SakadUk .................................................... 1322 .......... ”097 ...... 063 ............ 5750 29714 1417 ......... 72500 ........ 4357 ......... 1843739

JMo|daga||eV ............................................ 15” ........... 10322 ...... 070 ............ 3750 ............. 1 31431000 ......... 72500 ........ 3744 ......... 3361344

zhymp|ty .................................................... 2033 .......... ”742 ...... 077 ............ 4750 26286 1417 ......... 90000 ........ 5143 ......... 2184374

In plant samples, mg/kg

Lbischensky (near the akimat), 15.83 90.11  0.80 3.81 10.90 3.00 7.14 16.18 694.44
gray wormwood

Aksuat (Baturino), gray wormwood 1133 6703 076 571 800 233 2619 2543 94444
Chapae\,wh,tewormwood ..................... 1433 ............ 6044 ...... 053 762 ................. 3 73 ....... 233 381 ........ 3468 ............. 33333

Tmah(atthewe”)WormWOOd ................... 667 ............ 4945 ...... 049 .............. 952 ................. 5 09 ....... 200 ............ : 7 62 ........ 323777777

TompacgraywormWOOd ........................... 800 ............ 2747 ...... 053571 ................. 5 82167 ............ 1 238 ........ 393175000

Shandarzhap(Harken)|ts|gek ................... 683 ............ 4056 ...... 098 ”43 ................. 5 82 ....... 300 ............ 1 095 ........ 3468 ............. 69444

To|epko|greenwormwood ....................... 967 ............ 6593 ...... 049 762 ................. 7 27 ....... 400 333 ........ 1850 ............. 91666

Bazarshdankoch,a ................................... 1033 ............ 3956 ...... 071 ............... 952 ............... 1018 ....... 267 ........... 2000 ........ 3237191666

BazartObewormWOOd ................................ 950 ............ 5934 ...... 053 762 ................. 9 45 ........ 267 ............ 1 191 ........ 3468152777

Karau|tobewormwood .............................. 816 ............ 2637 ...... 058 ............ 9352 ................. 5 09 167 ............ 1 238 ........ 2312 ............. 69444

SakadUkwormWOOd ................................ 916 ............ 4286 ...... 0531333 ............... 1090 ....... 267 ............ 1 429 ........ 3237166666

JMo|daga|,evwormwood ....................... 1216 ............ 6044 ...... 071”43 ................. 8 73 ....... 267 ............ 1 333 ........ 3468147222

Zhymp,tywormwood ................................. 9]6 ............ 5275 ...... 089 1333 ................. 5 09 ....... 367 ............. 905 ........ 2312102777

In water samples, mg/I

Aksuat (Baturino), water tower 0.00322  0.05358 0.001145 0.02365 0.0095 0.0084 0.008571 0.02446 0.1277
‘Bazarsholan, drinking water 000458 004956 0001955 002514 00183 001503 08380 0034335 0024
Tinal,well 000967 002677 0000773 001546 001353 005993 0001933 0033526 00177
Lakenear Aksuat 00048 003428 0000773 0009143 00136 00050 02743 001387 00053
Lbischenski, underground water ~ 0.003513 0.05859 0000772 001771 0005787 0005373 001476 003583 00689
Karaultobe, drinking water 000447 002279 000057 000813 0006913 0.004473 0002614 0.02538 001525
). Moldagaliev,drinking water 0000353 000058 000024 000505 0003180 0.002297 000025 002696 00029
Ssaykuduk 000171 00089 000074 001131 000612 000540 00108 002122 00120
Zhympity, drinking water 000219 001704 000074 001131 0004387 0.004543 000201 002065 00235
Budarinsky Canal 000324 002314 000122 002057 000544 000918 0002571 0.0250 00195
‘Bazartobe, waterfromawell 000544 001266 000448 007863 003456 00528 0021486 005216 08800
Tolepkol, awellfor sheep 00050 005220 00009 001905 0007393 0.006667 01357 003237 00250
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JKonoro-reHeTMYecKas oLeHKa NocNeAcTBUl
BAVAHUA PafnaLnmn Ha 3arpA3HEHHbIX TEPPUTOPUAX
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Pathologies of erythrocytes of crucian carp: a - micronuclei, displacement of the nucleus to the periphery, anisacytosis; b — micronuclei, invagination

of the nucleus (x 1000, coloration with basic fuchsin according to Pfeffer).

OTHOCSITCS IIPEXK]IC BCETO TSHKENbIC MeTauIbl. Tpoiiky Hanbo-
JIe€ DKOJIOTHYECKH OMTACHBIX TSHKENBIX METAUIOB COCTABIISIIOT
CBUHEII, PTYTh U KaJAMUii. JlaHHBIC METAJLIBI SIBIISIOTCS TOTCH-
HUaJIbHO OITaCHBIMU TOKCHUKAaHTaMU, CHOCO6HbIMI/I BBI3bIBATh
HapyIICHHUS )KU3HEISSITEIbHOCTH BOIHOM M HA3EMHOM OHOTHI,
U, CIICIOBATEIIBHO, MOTYT OBITH JIECTA0MIM3HPYIOMHNM (pak-
TOPOM B SKOJIOTMYECKOM CHCTEME CIIOKHUBIICTOCS OUOIICHO32
(Pomun I.C., Domun A.T"., 2001). Taxke 00IIIEU3BECTHO, UTO
TSDKEJIBIC METaJUTbl, HAKAIUTMBAsCh B TKAHSAX OpraHU3Ma, H3-
MECHSIIOT TPAHCKPHITITHOHHYFO aKTHBHOCTH XpomocoM (Teruiast,
2013; Chaizhunusova et al., 2017; Serzhanova et al., 2018)
U TIPUBOIAT K HAPYHICHUSAM yCTOMYMBOCTH TeHoMa. OOHa-
PYXKEHHBIN OTHOCUTENIBHO BBICOKMH YPOBEHb aKTUBHOCTHU
PaIMOHYKIINAOB B JIOKAJIbHBIX TOYKAX CPEIH HUCCICAYEMbIX
TECT-00bEKTOB OTMEYACTCS B [TOYBAX, MOA3EMHBIX BOJIAX, Pac-
TEHUSIX ¥ OMoCcyOCcTpaTax B Ipejiesiax KOHTPOJIbHBIX BEITMYHH.

LinToreHeTnyeckmne nccnefosaHma

B nonysanuAaXx 4€JIOBEKa U ) KUBOTHBIX UMEIOTCA UHIAUBUAY-
YMBI I OCOOM € Pa3UuHON yCTOHYMBOCTBIO K MyTareHHBIM
(baxropam. Ocob0e BHUMaHHE B 3TOH CBSI3M CIIEyeT OOPaTHTD
Ha BH/IBI C BBIPAKCHHON HECTaOMIBHOCTHIO reHoMa (Bigalyev
etal., 2014).

MuxposinepHsIii anaiu3 06pa3uos pbid. V3 oOpasnos
OTJIOBJICHHBIX Ha HCCIIElyeMOW TEPPUTOPUH BUIOB PBIO ObLTH
MIPUTOTOBJICHBI TEMATONIOTHYECKHE MPEnaparsl sl MUKPO-
SNIEPHOTO TecTa. Y 00CIIeI0BaHHBIX PBIO SPUTPOLIUTHI OBLTH
MPEJICTaBICHBI MOJIOBIMU OJIaCTHBIMH (POPMaMU U 3pEIIbIMU
KJIETKaMH (CM. PUCYHOK). MoJ1o/ibIe KJIETKU B 3aBUCHMOCTH OT
CTETICHU Pa3BUTHS IIPECTABIISUIN COOON KPyTIbIE NN CIIeTKa
BBITAHYTbIC KJICTKH, Pa3MEPLI AACP KOTOPHIX BApbHUPOBAJIU OT
KPYITHBIX, 3aHUMaBIINX OOJIBIIYIO YaCTh KJIETKH, 10 MEJIKHX.
B GonbmmHCTBE CIydaes 3pesible 3PUTPOLUTH UMEIH HIUTHII-
COBHJIHYIO (OpPMY, BBITSIHYTOE IO KPacHO-(hHOJIETOBOTO
I[BETA, MPO3PAUHYI0 IIUTOILIA3MYy CEpO-po30BOTO IBeTa. Ha-
psizy €O 370POBBIMH KJIIETKAMH OBLIM 3apernCTPHPOBAHbI U
MaTOJIOTHYECKHE.

Bo6aa. Knetku kpoBu BOONBI B OOJBIIMHCTBE CIIyYaeB
XapaKTEePU30BAINCH HEMPABMILHON (OPMOI 3pUTPOIHUTOB.
ITaromoruu OPUTPOLUTOB BKIIOYAJIN MUKPOAApPA, CMEIICHUC
Anpa K nepudepun, aHu30IUTO3, HTHBArMHALMIO SIPA, 9TO He-
CKOJIBKO 3aTpPY/IHSIIO IPOBE/ICHHE MUKPOSIIEPHOTO aHAJIH3A.

Cynak. Y ocobeil cymaka yMEpEHHO 4acTO BCTPEYAJIKCh
MATOJIOTUH JBYX TPYHIL: CMEIIEHHUE sI/Ipa K MepuQepun, Bbl-
3bIBaeMOe HaOyXaHHEM KJIETKH, MUKPOS/IPA, BO3HUKAIOIINE

P HAPYIICHUAX KJIICTOYHOI'O ACJICHUA, U UHBaruHaus siapa,
SBJISIONIASACS MapKepOM JeTeHepannu SpuTporuros. OTme-
YEHBI e/INHIYHBIC OYary sJICPHBIX TCHEH, BOSHUKAIOIINX IIPH
paspyLIEeHUN SPUTPOLIUTOB.

Kepex. Y oco0eif sxepexa Ob1TH HanmOoJIee BRIPayKEHBI TTa-
TOJIOTUH NepBOH rpynmnbl. OTMEUEHO OOJNBIIOE KOJINYECTBO
SPUTPOLIUTOB HENPABUILHON (POPMBI — IPYLIEBUIHOM, cep-
TTOBHUTHOH, IIATHYTONbHON (MOWKMIOINTO3). HesHaunTempHO
MIPEACTABICHBI SePHbIC MATOJOTHH B BHJIC WHBAIMHAILIUH
s1pa U MUKPOsLIIEp.

Kapacs. B sputponnrax n3y4eHHBIX Kapacei IpUCyTCTBO-
BaJIM KaK OTHOCHUTEIILHO KPYITHBIE, TAK M MEJIKHE MUKPOSIIPA.
[Tpu 5TOM B 0IHOM KJIETKE B HEKOTOPBIX CIIy4asix HaOiroza-
JIOCh TI0 OIHOM-IBe U Oomee Mukposiaep. OqHako Hanboee
4acTO BCTPEYAINCH KIETKU C OJHUM MHKPOSJIPOM ITOMHUMO
ocHOBHoTO si1ipa. Kpome Toro, HaOmonanick cMelieHue siapa
K nepugeprun KIeTKe U MHBarHHALHUS SApa (CM. PUCYHOK).

Hapymienust 3puTponuTOB, BBISBICHHbBIC Y HCCIETYEMbIX
BUJIOB, CBUJICTEIHCTBOBAIIN O JecTabuIn3annu Gpu3nosoru-
YECKUX MPOIIECCOB B OpPTaHU3ME OOCIIEIOBAHHBIX PBIO, MPH-
BOZAIICH K Pa3BUTHIO MTATOJIOTHH MUTO3a. Tak, aHU30- 1 ITOH-
KHWJIOIIUTO3 IIOKAa3bIBAKOT q)yHKIII/IOHaJ'H)HyIO HCAOCTATOYHOCTh
KPOBETBOPHBIX OPTAHOB, a TAKKE HAOIIOAIOTCS PU AaHEMHUH.
Hapsiny ¢ BbIIeyKa3aHHBIMH ITATOIOTHSIMU OOHAPYKEHO CMe-
1ieHue siyiep K nepudepru (Bo3HUKaroee Npu HaO0yXaHuH).
K nerenepaTnBHBIM M3MEHEHUSM TaKKe MOXXHO OTHECTH
WHBarvHAIUIO SI/IPa, CBUICTEICTBYIOIIYIO O Ierpajalliy ca-
Moro sputporuta. [locneayromuil MUKpOSAEPHBIN aHATIN3
Ma3KOB I10Ka3ajl yBEJIMYEHUE CHOHTAHHOM YacTOTHI KIETOK
¢ MHKposapaMu B 1.5-2 pa3a B 3arps3HEHHBIX palOHaX.
BeposTHOCTB BCTPEYaeMOCTH 3PUTPOLIUTOB C MUKPOSIIPaMH
B TIepru(hepruIecKoil KpOBH IIPU CIIOHTAHHOM MyTareHese co-
crasister 0.5-1.0 % (Fenech, 2011).

[TonmyueHHble pe3ysbTaThl B JalibHEHIIEM OyayT COIO-
CTaBJIEHBI C PE3yJAbTaTaMH THCTONATOJIOINYECKOTO aHAIHM3a
BHYTPEHHHX OpraHoB (3kalp, MeYeHH, KMIIEYHUKA, MBIIII] 1
TOHAJ) JUIsl OLIEHKH TOKCHKOJIOTHYECKOTO COCTOSTHUSI CPEJIb
oOuTanHus peIo.

MuxkposizepHbIii aHAJIN3 KJIeTOK YestoBexa. OObeKTOM
MCCJISZIOBAHUS CITY)KHJIa CBEKEIOyYeHHAst KPOBb M3 MaJbla
CMEIIaHHOW MOITYIIALINH, BKITFoUaroriei 107 genoBek, mpoxKu-
BAIOIMX B paifoHax ¢ HeOIaronoIryyHoi HKOJIOrnIecKoi 00-
CTaHOBKO n3-3a Onu3octu nonurona Kamycruu Sp. CBogHbie
TPYTIIBI TSI MUKPOSIICPHOTO aHAJI3a COCTABIIIH 23 YeToBeKa
C HaCJIE/ICTBEHHBIMH JIETCHEPATUBHBIMU 3a00JICBaHUSIMH
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Table 3. The number of erythrocytes with micronuclei in the blood of individuals from the study area

Experimental group Number of

patients, n
Contr0|group ........................................................................ 5 0 ...................
P atlents ........................................................................................................
Wlthpermata|patho|ogy ............................................... 2 5 ...................
""""" children with congenital malformation 24
. Wlth he patocerebra .I. dystrophy .................................... 2 7 ...................
~ withotherinherited degenerative diseases B
WlthDownSyndromeS ....................

HEpBHOM CHCTEMEI, 27 — ¢ TenaronepedpansHoi aucTpodueii,
24 — ¢ BpOXJIEHHBIMH TIOPOKaMH Pa3BUTHUS, 25 — ¢ NepUHa-
TaJgbHOU matosioruel, 8 — ¢ cunapomom [layna. Cpeguuit
BO3pacT 60IBHBIX — 33.9 roma. B KOHTpONBHYIO TPYMITY BOIILTH
50 mpakTH4ecKH 30pOBBIX Jtofell B Bo3zpacte 20-37 et
Pe3ynbrarbl MUKpOSIIEPHOTO TECTa MPEACTABICHBI B TA0II. 3.

KonnuecTBo BEISBIEHHBIX MUKDPOSAEP IOCTOBEPHO BBIIIE Y
MAIMEHTOB C HACIIE/ICTBEHHO-ETeHEPATHBHBIMH 3200JICBAaHH-
ssvu (1=21.68, p <0.01), renarouepedpanbHO AUCTpOdHECH
(¢t =33.93, p < 0.01), BpOKIEHHBIMH TTOPOKAMH Pa3BUTHUS
(t=25.63,p<0.01), cungpomom [layna (=38.73,p<0.01) u
nepuHaTaabHOM naronorueil (£ = 14.05, p <0.01) B cpaBHeHNH
C KOHTPOIBbHOMH rpymmoi — 0.427+0.01.

[To naHHBIM pa3IMYHBIX ABTOPOB, CIIOHTAHHBIH YPOBEHB
MUKPOSIZIEP Y 300pOBbIX Jrozei koneodiercs ot 0.24+0.01 1o
0.34+0.1 %. bonbHBIE C BEICOKMM TIOKa3aTeeM MUKPOSIED
o0cIeoBaHbl TOBTOPHO 4epe3 Mecsill, y HUX oOHapykeHa
TCHACHU WA IMOBBIIICHUS KOJINYCCTBA MUKPOSJACP B SPUTPO-
[IUTax mepuQepruaeckon KpoBH.

B 3aBuCcHMOCTH OT pa3Mepa MUKpPOS/Ipa pactpe/ieieHbl Ha
JIBE TPYIIIIbI: KPYIHBIE U MEIKUE. DPUTPOILUTHI C METKUMU
MHKPOsIApaMu cOCTaBIsUH 88 %, a ¢ KpyITHBIMH MUKPOSIIpa-
MU — 12 %. Tumnsl HapyHnIeHUH A1ep COMATHYECKUX KIETOK
pas3iInyaloTCs M0 KOJUYECTBY U (opMe B 3aBUCHMOCTH OT
BHJIOBOM, TKAHEBOM IPUHAIEKHOCTH. [10 TaHHBIM aBTOPOB,
BBICOKHI YPOBEHB 3PUTPOLMTOB C MHUKPOSJIPAMHU 3apeTH-
CTPUPOBaH y OOJIBHBIX C PA3IMYHBIMU (POPMAMU MHOIIATHH.
JlanpHeiue uccaea0BaHus NO3BOIWIA IPUMTH K BBIBOLY,
YTO HECTAOMIBHOCTh T€HOMA IOATBEPKAACTCS U APYTHMHU
tectamu (Mnbuuckux u ap., 1992). IIposenen xoppensiu-
OHHBII aHAJIN3, KOTOPBI CBUIETEIBCTBYET, UTO 00pa30BaHUE
KPYIHBIX MUKPOSIZIEP TECHO CBSI3aHO C TCHOMHBIMH Hapylile-
HUsIMU XpomMocoMHoro amnmnapara (= 0.70, p < 0.05), Torna
KaK ypOBEHb KJIETOK C METKUMH MUKPOSIIPAMH KOPPEIUPYeT
C YacTOTOM HapymIeHWi B cTpykType xpomocom (7 = 0.60,
p <0.05). YcraHOBNIEHO, YTO 4aCTOTa IPUTPOLUTOB C METIKHU-
MU MHUKPOSIIPAMH HE 3aBHCUT OT YPOBHSI MATOJIOTUH MHUTO3a,
MHOTOTPYIITIOBBIX MeTa- 1 aHada3 ¢ MocTamu (BO BCEX CIIy-
qasx p > 0.05). YpoBeHb KIETOK ¢ KPYIHBIMH MUKPOSIAPaAMHU
TECHO CBSI3aH C MATOJIOTHEH MUTO3a — OTCTaBaHUEM OTHEIb-
HBIX XPOMOCOM B MeTa- 1 aHa]aszax — U CBUAETEILCTBYET O
TOM, 4TO KpPYITHbIE MUKPOSIAPA, TI0-BUANMOMY, 00pa30BaHbI
OTCTaBIIMMHU XPOMOCOMAaMH, B TO BPEMs KaK MEIKHE — B
OCHOBHOM CTPYKTYpPHBIMH a0eppaiisiMi XpoMOCOM. ABTO-

800

The number of analyzed
eritrocytes in thousands

Erythrocytes with micronuclei

4824
2126 ............................................ 148 .................... 14”i007 ................
2 588 ............................................ 3 00 .................... 2 9 9 io 1 . 1 ..................
2 596 ............................................ 7 74 .................... 3 8 2 io 1 2 ..................
2451 ............................................. 9 91 ..................... 3 681013 ..................
981 ............................................. 9 024310” .....................

PBI YTBEPIKAAIOT, YTO TPHUBEACHHBIC TaHHbBIE MOKA3BIBAIOT
TECHYIO CBSI3b MEXK/IY [IUTOTCHETUYCCKUME HAPYIICHUAMH U
obpasoBanuem mukposizep (Djokovic-Davidovic et al., 2016).

3aknioyeHune

3HaueHus 00bEMHON aKTUBHOCTU TPUPOIHBIX U TEXHOTCH-
HBIX PaJIMOHYKIUIOB B MP0oOax MOUYBHI, MTUTHEBOW BOABI,
O6uocyOcTparax (IIepcTH TOMAIIHUX KUBOTHBIX U 00pa3Iax
neprdeprnueckoil KpoBH uesI0BEKa) U3 HACEIICHHBIX TyHKTOB,
pacnojokKeHHbIX psaoM ¢ nosmroHoM Kamyctun fp, coot-
BETCTBYIOT BEJIMYMHE KOHTPOIBHOrO i 3anaaHo-Kazax-
CTaHCKOM 00J1acT! ypoBH (paHallMOHHBINA (OH B Ipeaesax
0.06-0.014 Mx3B/4). HesHaunTenbHOE TIPEBBIIICHAE YPOBHS
PaIoaKTHBHOCTH COXPAHSETCS Ha TePPUTOPUH BOJIM3H Ta-
JieHus paket B bokeliopauHckoM paiioHe. Llutorenernueckue
HCCIIE/IOBAHUSI C HCTIOIb30BaHNEM MUKPOSIIEPHOTO TECTA B CO-
MaTHYECKUX KJICTKaX PbIO MOKa3aJIH yBEIIMUCHUE CIIOHTAHHOH
9acTOTHI KJIETOK ¢ MUKpOsiApaMu B 1.5-2 pasa B 3arpsi3HeH-
HBIX paiiloHaX. BeposTHOCTh BCTPEUaeMOCTH SPUTPOLIUTOB C
MUKPOSIIpaMU B NepupeprIecKOi KPOBH MPU CIIOHTAHHOM
mytarenese cocrasiser 0.5-1.0 %. Ananu3 mMa3koB KpoBU
YeJI0BeKa HA MUKPOSIEPHBIN TECT TAKKE ITOKA3aJl yBETUICHHE
CIHOHTaHHOM 4aCTOTHI KJIETOK C MUKposapaMu B 1.5-2 pa3za
B 3arps3HEHHBIX palloHax MO CPAaBHEHUIO CO CIIOHTaHHOM
gactoToi 0.5-1.0 %.
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MRNA technology as one of the promising platforms
for the SARS-CoV-2 vaccine development

AA. Ilyichev@, L.A. Orlova, S.V. Sharabrin, L.I. Karpenko
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Abstract. After the genome sequence of SARS-CoV-2 (Severe acute respiratory syndrome-related coronavirus 2)
was published and the number of infected people began to increase rapidly, many global companies began
to develop a vaccine. Almost all known approaches to vaccine design were applied for this purpose, including
inactivated viruses, mMRNA and DNA-vaccines, vaccines based on various viral vectors, synthetically generated
peptides and recombinant proteins produced in cells of insects and mammals. This review considers one of
the promising vaccine platforms based on messenger RNA. Until recent years, mRNA-vaccination was out of
practical implementation due to high sensitivity to nuclease degradation and consequent instability of drugs
based on mRNA. Latest technological advances significantly mitigated the problems of low immunogenicity,
instability, and difficulties in RNA-vaccine delivery. It is worth noting that mRNA-vaccines can efficiently activate
both components of the immune system, i.e. T-cell and humoral responses. The essential advantage of mRNA-
vaccines includes fast, inexpensive, scalable and uniform production providing a large output of desirable pro-
ducts in vitro. Synthesis and purification processes significantly simplify the process technology of mRNA drugs
with injectable purity. Thus, mRNA production via in vitro transcription is more advantageous as compared with
DNA-vaccines since it is a chemical process without the use of cells. mRNA techniques make it possible to pass
all the phases of vaccine development much faster in comparison with the production of vaccines based on in-
activated viruses or recombinant proteins. This property is critically important when designing vaccines against
viral pathogens as the main problem of disease control includes a time gap between an epidemic and vaccine
development. This paper discusses studies on the development of vaccines against coronaviruses including
SARS-CoV-2 with special attention to the mRNA technique.

Key words: coronavirus; SARS-CoV-2; COVID-19; mRNA-vaccines.
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TexHosoruss MPHK Kak ogHa 13 IIepCIlIeKTUBHBIX IJIaTMOpPM
IJISI pa3paboTKM BaKIHbI TPOTUB SARS-CoV-2

A.A. Viabnues ®, A.A. Opaosa, C.B. lllapabpun, A.J. Kapnenko

[ocynapCcTBEHHDBIN HAayYHbIl LeHTP BUpYyconoruy n brotexHonorun «<Bektop» PocnotpebHagsopa, p.n. KonbuoBo, HoBocnbupckas obnactb, Poccusa
® e-mail: ilyichev@vector.nsc.ru

AHHoTayusa. MNocne Toro Kak 6bina onybnnkKoBaHa nocnefaoBaTenbHOCTb reHoMma SARS-CoV-2 (Severe acute re-
spiratory syndrome-related coronavirus 2), a KonmuecTso 3a60neBLUVX CTano CTPEMUTENBHO BO3pacTaTb, MHOTNE
rnobanbHble KOMMNaHVW Hayany pa3paboTKy BaKUMHbI OT JaHHOTO BUpYca. [1nA co3naHuA BakLUMHbI 3a4eNCTBO-
BaHbl MPaKTNYECKM BCE N3BECTHbIE Ha AaHHbI MOMEHT CNOCO6bI — 3TO BaKLMHbI HA OCHOBE MHAKTUBUPOBAHHOIO
Bupyca, MPHK 1 JHK, BUpycHbIX BEKTOPOB, CUHTETUYECKUX NENTULOB U PEKOMOVHAHTHBIX 6€NKOB, MPOMN3BEAEH-
HbIX B KNeTKax HaceKOMbIX 1 MyieKonuTatoLwumx. B 0630ope paccmaTtpriBaeTcsa ofHa 13 NepcnekTUBHbIX BaKLMHHBIX
nnatdopm, co3faHHana Ha ocHoBe maTpuyHon PHK (MPHK). [lo HepaBHero BpemeHn MPHK-BaKuMHauus He pac-
cMaTpurBanachb C NPakTUYeCKOW TOUKN 3PeHMA B CUY BbICOKOW YyBCTBUTENIbHOCTY K HYKNea3How aerpagaumum
1, Kak CneacTaue, HeCTabunbHOCTY NpenapaToB Ha ocHoBe MPHK. MNMocnenHue TexHoNorMyeckmne JOCTUXKEHNSA
B 3HaUMTENbHOW CTENEHN Npeogoneny Nnpobnembl HU3KON MMMYHOTE@HHOCTH, HECTAaBUBbHOCTY 1 TPYAHOCTH 0-
ctaBky PHK-BakuWH. BaxkHO 0TMeTUTb, 4To MPHK-BaKLMHbI CNOCOBOHbI 3PGEKTUBHO aKT1BM3UPOBaTb 06a 3BeHa
VMMYHUWTETa — Kak T-KNeTouUHbIW, Tak 1 rymopanbHbin oTBeTbl. CylecTBeHHbIM npermyLecTBom MPHK-BakunH
ABNAeTCA ObICTPOE Hefoporoe maclTabmpyemoe U OQHOTUMHOE MPOM3BOLACTBO, ObecrneunBatoLLee BbICOKME
BbIXOAbI >K€NaeMoro nNpoayKTa B yCII0BUAX in vitro. Nocne cnHTe3a n npouenypbl O4NCTKN TEXHONOMMYECKN 3Ha-
ynTenbHO NpoLle JoOUTbCA NonyyeHna npenapata MPHK MHbEKLMOHHOM YNCTOTbI. Takm 06pa3om, Npon3Boa-
ctBo MPHK nyTem TpaHcKpunumm in vitro npegnoututenbHee B CpaBHeHUM ¢ npon3soacTtBom [HK-BaKkLuH, Tak

© llyichev A.A,, Orlova L.A., Sharabrin S.V., Karpenko L.I., 2020
This work is licensed under a Creative Commons Attribution 4.0 License



A.A. Vinbnyes, J1.A. Opnosa
C.B. WWapabpuH, J1.1. KapneHko

2020
24.7

TexHonoruna MPHK Kak ofjHa 13 nepcnekTBHbIX NiaTdopm
ns pa3paboTky BakumHbl NpoTns SARS-CoV-2

KaK B leNICTBUTENIBHOCTM ABNAETCA XMMUYECKUM NPOLIeCCOM 6e3 UCMob30BaHMA KNneToK. [1o cpaBHeHNIo ¢ npo-
M3BOACTBOM BaKLIVH Ha OCHOBE MHAKTUBUPOBAHHOIO BMPYCa MU peKoMOUHaHTHOro 6enka MPHK-TexHonormm
NMO3BOJNIAOT ropasfo GbICTpee NPOWTW BCe 3Tamnbl Pa3paboTKU. DTOT NapamMeTp UMEET NepBOCTENEHHOE 3Have-
HVie [NA CO3[aHMA NpenapaToB NPOTVB BUPYCHbIX MaTOreHOB, OCHOBHOW Npobsiemor 60pbbbl C KOTOPbIMYA AB-
NAETCA BPEMEHHOW pa3pbiB MexAy snuemuen n paspaboTkor BakuMHbL. B gaHHOM 0630pe mbl 06Cyxaaem
pPaboTbl, CBA3aHHbIe C Pa3pabOTKON BaKLMHbI MPOTUB KOPOHABMPYCOB, BKtoYas SARS-CoV-2, ¢ akLeHTOM Ha

TexHonorun mPHK.

KntoueBble crnoBa: KopoHasupyc; SARS-CoV-2; COVID-19; MPHK-BakuumHbI.

After the first sequence of the severe acute respiratory syn-
drome-related coronavirus 2 (SARS-CoV-2) genome was pub-
lished by Chinese researchers in January 2020, many scientific
organisations and pharmaceutical companies began develop-
ing a vaccine against SARS-CoV-2 (Zhou P. et al., 2020). For
this purpose, almost all known approaches for vaccine design
were applied, including inactivated viruses, nRNA and DNA
vaccines, vaccines based on various viral vectors, recombi-
nant proteins produced in cells of insects and mammals, and
synthetic peptide-based vaccines.

In this article we will consider the advantages of mRNA
vaccines.

SARS-CoV-2 belongs to the family of Coronaviridae,
which also includes dangerous viruses such as severe acute
respiratory syndrome-related coronavirus (SARS-CoV)
and Middle East respiratory syndrome-related coronavirus
(MERS-CoV)!. These viruses have a single-stranded RNA
genome about 30 kb in size, which is the largest known RNA
virus genome. The complete genomes of SARS-CoV-2 and
SARS-CoV have very high homology, suggesting that the
mechanisms of entry of these viruses into human cells are
similar (Zhou P. et al., 2020). The viral envelope consists of a
lipid bilayer in which the structural proteins of the membrane
(M), envelope (E), and spike (S) are fixed. The nucleocap-
sid (N) protein, together with the viral RNA genome, form a
helical core located within the viral envelope. The ratio of
S:E:M:N proteins corresponds to 20:1:300:100. The globu-
lar part of the S protein contains many dominant antigenic
epitopes involved in the mechanisms of the humoral and cel-
lular immune response (Zhou Y. et al., 2018). The S protein
plays a crucial role in the attachment of coronaviruses to a cell
surface receptor and, consequently, entry of the virus into the
cell. For SARS-CoV-2 and SARS-CoV, the S protein receptor
is angiotensin converting enzyme 2 (ACE2). Therefore, the
S protein is considered the most suitable target for vaccine
development (He et al., 2006).

Research on the development of vaccines against the SARS-
CoV (2002) and MERS-CoV (2012) viruses were carried out
but were never completed. This is partly due to the fact that
the SARS-CoV epidemic lasted for a relatively short time,
about 15 months, and the last case was recorded in June 2003.
In total, more than 8,000 people were infected (Kim et al.,
2019). Since 2004, no cases of SARS-CoV infection have been
reported. The MERS-CoV virus has caused sporadic outbreaks
in various countries, with the most recent case detected in
February 2020 in Qatar (de Wit et al., 2020). However, this
existing research on the development of a vaccine against
these viruses has provided an important understanding of
the mechanisms that mediate the induction of a protective

TWHO, https://www.who.int

TECT-CUCTEMbI U BAKLUIMHOMPOOUNAKTUKA / TEST KITS AND PREVENTIVE VACCINATION

immune responses against SARS-CoV and MERS-CoV, and
these findings are being taken into account by the designers
of SARS-CoV-2 vaccines.

A number of studies have demonstrated that antibodies
generated against the SARS-CoV S protein can protect labora-
tory animals from virus infection (Yang et al., 2004). However,
the humoral response was short-lived in people who had
SARS-CoV infection (Tang et al., 2011). At the same time, a
virus-specific T cell response was recorded up to 11 years after
infection (Ngetal., 2016). These data highlight the importance
of the T cell response, which should be taken into account
when developing effective immunogens that can stimulate
cytotoxic and helper responses against SARS-CoV-2.

Different approaches were used to develop vaccines against
SARS-CoV and MERS-CoV, including vaccines based on in-
activated virus, viral vectors, recombinant proteins, peptides,
and DNA and RNA vaccines. The same approaches are being
used to create a vaccine against SARS-CoV-2 now. According
to the website of the World Health Organization (WHO), on
August 13, 2020, more than 100 SARS-CoV-2 vaccine pro-
totypes were being developed (Draft landscape of COVID-19
candidate vaccines, 2020). Such a variety of prototypes in the
first stages is understandable as there is no universal solution
to the problem at the moment.

It should be noted that more than 10 vaccines from this
list have been developed on the basis of mRNA, a rapidly
developing technology in recent years (Table).

Among the developers of mRNA vaccines are such research
centres and companies as Moderna Inc. (USA), CureVac
and BioNTech (Germany), Oxford University (UK), Can-
Sino Biologics Inc. (China), VIDO-InterVac (Canada), and
BIOCAD (Russia).

Until recently, the development of preventive and thera-
peutic RNA-based vaccines has been fraught with problems
due to mRNA instability and inefficient delivery. Progress in
this area can be attributed to advances in mRNA synthesis
technology, optimisation of the secondary structure of mRNA
and the cap structure, increasing resistance to RNA degrada-
tion by nucleases by the inclusion of modified nucleosides
such as pseudouridine and 5-methylcytidine, and improve-
ments in methods for RNA purification and delivery (Pardi
et al., 2018). The necessary enzymes and ingredients are cur-
rently commercially available, which allows the production
of mRNA in the necessary quantities for mass vaccination of
the population. In recent years, a number of mRNA vaccines
have been developed and tested against a variety of infectious
diseases (influenza, rabies virus, Zika virus, HCV, HMV,
etc.) and several types of cancer. These vaccines have shown
promising results in both animal and human models (Pardi
et al., 2018). It is important to note that mRNA vaccines can
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List of mRNA-based vaccines under development against COVID-19 registered by WHO as of October 2, 2020

A candidate vaccines in clinical evaluation

Type of candidate vaccine

Developer, clinical stage, clinical trial registration number

Moderna / National Institute of Allergy and Infectious Diseases (NIAID):

phase 1 - NCT04283461,
phase 2 - NCT04405076,
phase 3 - NCT04470427

BioNTech / Fosun Pharma / Pfizer:

phase 2 - 2020-001038-36 ChiCTR2000034825,
phase 3 - NCT04368728

Arcturus / Duke-NUS:

phase ¥> - NCT04480957

Curevac:

phase 1 - NCT04449276,
phase 2 - NCT04515147

People’s Liberation Army Academy of Military Sciences / Walvax Biotech:
phase 1 - ChiCTR2000034112

LNP-nCoVsaRNA

Imperial College London:

phase 1 - ISRCTN17072692

A candidate vaccines in preclinical evaluation

Type of candidate vaccine Developer

effectively activate both parts of the immune response — both
T cells and humoral responses (Zhang et al., 2019).
RNA-based vaccines can be divided into two types: non-
replicating mRNAs and self-amplifying RNAs (Iavarone et
al., 2017). Non-replicating RNA vaccines are composed of
the mRNA that encodes the amino acid sequence of the target
protein (the immunogen) together with all necessary elements
for the translation process. Self-amplifying RNA vaccines
are replicons constructed from positive single-stranded RNA
viruses, such as alpha viruses and flaviviruses. Such repli-
cons usually consist of two parts: one of them encodes non-
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structural proteins that carry out viral RNA replication, while
the other encodes the target protein (immunogen) (Iavarone et
al., 2017). Self-amplifying RNA vaccines are characterised by
higher and longer expression of the target gene compared to
non-replicating analogues. However, these RNA replicons are
very sensitive to the size of the embedded target. In addition,
a large vector size (about 10 kb) may limit the efficiency of
cell internalisation (Schwendener, 2014).

A schematic diagram of the mRNA-based vaccine and the
mechanism of antigen presentation are presented in Figure.
After the mRNA enters the cell, it is translated through the
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a - muscle cells; b - specialised antigen-presenting cells.

cellular mechanism of protein synthesis. Translation can occur

both on ribosomes located in the cytoplasm in free form and on

ribosomes associated with the membranes of the endoplasmic
reticulum. There are some variants of antigen presentation
pathway (see Figure).

1. The protein enters the proteasome where it undergoes
processing and is cleaved into small peptides (epitopes).
These peptides are then transferred to the lumen of the
endoplasmic reticulum by transporter associated with an-
tigen processing proteins, where they bind to MHC class I
molecules. The resulting complex in the vesicle is directed
to the plasma membrane of the cell and exposed on the
cell surface, where it is recognised by the CD8" receptors
of cytotoxic lymphocytes, stimulating a specific cytotoxic
cellular response.

2. The protein is enclosed in vesicles called lysosomes, where
the antigen is cleaved into peptide fragments by lysosome-
associated enzymes (acid proteases). The lysosome merges
with the vesicle that carries the MHC class II molecule.
Within this structure, an epitope complex with MHC II is
formed. The complex is transported to the cell membra-
ne and brought to the surface, where it is recognised by
CD4" lymphocyte receptors. As a result, both the T-helper
response and humoral immunity (activation of B lympho-
cytes) are activated.

3. The protein can be secreted by the cell, activate B lympho-
cytes, and induce the humoral immune response.
mRNA-based vaccines have a range of useful features in

comparison to other types of vaccines, such as classic vac-

cines (based on a live attenuated or inactivated virus), and
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protein and DNA vaccines. Firstly, mRNA vaccines are known
for their safety. mRNAs are non-infectious, unlike classical
viral vaccines, and they have low reactogenicity. An impor-
tant point of difference from classical vaccines is the lack of
strict temperature control required for storage of drugs based
on mRNA. Currently, most vaccines need to be transported
and stored under cold chain conditions, which causes serious
challenges for their delivery to remote regions. The lyophilised
mRNA vaccine can be stable at 5-25 °C for 36 months, which
makes it possible to eliminate this disadvantage. Unlike a DNA
vaccine, mRNA cannot integrate into the cell genome and
cause mutations. Thus, there is no risk of insertion of foreign
genetic information into the patient’s genome. mRNA, being
a minimal genetic vector, does not lead to the antivector im-
mune response observed when using viral carriers. Thus, it
can be used for immunisation multiple times.

Messenger RNA is subject to physiological destruction as
a result of processes occurring in the cell. Its half-life can be
regulated by modifications of the RNA sequence and its deli-
very method (Kauffman et al., 2016; Guan, Rosenecker, 2017).

A significant advantage of mRNA vaccines is its fast,
inexpensive, scalable, and uniform production, which pro-
vides high yields of the desired product in vitro. It does not
require the cultivation of bacteria or the use of cell cultures
or chicken embryos, which are necessary for most types of
antiviral vaccines. All that is required for the production of an
mRNA vaccine is a DNA matrix that carries the target gene
under the control of the T7 phage promoter, in addition to a
set of enzymes for matrix synthesis. After the synthesis and
purification procedure, it is technologically much easier to
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obtain an injectable mRNA preparation than a DNA vaccine.
Thus, the production of mRNA by in vitro transcription is more
attractive than the production of DNA vaccines because it is
essentially a chemical process that does not require the use
of cells (Liu et al., 2019).

An important but non-optimised part of mRNA vaccine
technology is its delivery. To perform its task, the mRNA must
enter the cell’s cytoplasm where the protein encoded by it can
be translated. A range of mRNA delivery methods have been
described, including administration of the vaccine by elec-
troporation, injection into muscles, lymph nodes, or directly
into organs, or administration intranasally, rectally, or orally
(Gomez-Aguado et al., 2020; Wadhwa et al., 2020). Messenger
RNA vaccination is also hindered by its degradation by various
extracellular ribonucleases, which are abundant in tissues and
in the intercellular space (Houseley, Tollervey, 2009).

A variety of approaches have been used to deliver and
protect mRNA from degradation by nucleases. Lipid nanopar-
ticles are currently one of the most commonly used means
of delivering mRNA. Standard lipid nanoparticles consist
of four components: cationic lipid, cholesterol, auxiliary
phospholipids, and polyethylene glycol. Cationic polymer
materials such as dendrimers and polyethylenimine, among
others, are promising materials for facilitating the delivery of
nucleic acids. Gene gun and electroporation techniques can
also be used (Capasso et al., 2018; Kowalski et al., 2019). It
is possible to increase the stability of the mRNA molecule
by including nucleotide analogues such as pseudouridine,
methylpseudouridine, and methylcytodine. However, some-
times the use of such modifications leads to a decrease in the
efficiency of translation.

An important advantage of mRNA vaccine technology
compared to the production of vaccines based on inactivated
virus or recombinant protein is the ability to quickly pass
all stages of its development. This quality is very important
for the development of vaccines against viral pathogens, the
main problem of which is the time gap between the start of
the epidemic and the development of the vaccine. To prevent
outbreaks of newly emerging and rapidly evolving pathogens,
the speed of response to the pandemic with the creation of
a preventive vaccine is of paramount importance. It has re-
cently been shown that by using a synthetic biology approach
including bioinformatics, a prototype vaccine against a target
viral pathogen in mRNA format can be developed in a week
(Rauch et al., 2018).

The developers of the mRNA vaccine against SARS-CoV-2
in the United States (Moderna Inc. together with the National
Institute of Allergy and Infectious Diseases, NIAID) created a
prototype of the mRNA-1273 vaccine in an unprecedentedly
short time?2. It took just 63 days from the selection of the viral
sequence to the development of the vaccine for the first phase
of clinical testing, in which 45 volunteers were given three
different doses over 6 weeks to obtain initial safety data and
demonstrate the desired immune response.

The most interesting thing is that the mRNA-1273 vaccine
did not pass all of the preclinical tests before it was used in the
first phase of clinical trials after proving its specific activity.

2 Moderna press-release: https:/investors.modernatx.com/news-releases/
news-release-details/moderna-ships-mrna-vaccine-against-novel-coronavirus-
mrna-1273
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What prompted the researchers from the United States to
choose this approach? Firstly, the development of this vaccine
was based on previous projects by the developers to create
vaccines against other types of coronavirus, such as SARS
and MERS, which were unfortunately never completed. There
are also dozens of studies on the use of mRNAs as therapeu-
tic vaccines for the treatment of cancer, with no significant
adverse reactions to the vaccine observed (Sebastian et al.,
2014; Pardi et al., 2020).

In conclusion, we can say with some confidence that RNA-
based vaccines can be effective against pandemics caused
by viruses, including SARS-CoV-2, as this approach offers
a relatively simple and fast solution for newly emerging and
returning viral pathogens.
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