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FTEHETUKA PACTEHUI BaBrnoBcKuUi xxypHan reHeTukn n cenekymm. 2020;24(2):115-122

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.606

Identification of genome compositions in allopolyploid species
of the genus Elymus (Poaceae: Triticeae)
in the Asian part of Russia by CAPS analysis

AV. Agafonov1 ®, E.V. Shabanova (Kobozeva)l, S.V. Asbaganovl, AV. Mglinetsz, V.S. Bogdanova2

T Central Siberian Botanical Garden of Siberian Branch of the Russian Academy of Sciences, Russia, Novosibirsk, Russia
2 Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® e-mail: agalex@mail.ru

Abstract. The genus Elymus L., together with wheat, rye, and barley, belongs to the tribe Triticeae. Apart from its
economic value, this tribe is characterized by abundance of polyploid taxa formed in the course of remote hybridi-
zation. Single-copy nuclear genes are convenient markers for identification of source genomes incorporated into
polyploids. In the present work, a CAPS-marker is developed to distinguish basic St, H, and Y genomes comprising
polyploid genomes of Asiatic species of the genus Elymus. The test is based on electrophoretic analysis of restric-
tion patterns of a PCR-amplified fragment of the gene coding for beta-amylase. There are about 50 Elymus species
in Russia, and most of them are supposed to possess one of three haplome combinations, StH, StY and StHY. Boreal
StH-genomic species endemic for Russia are the least studied. On the basis of nucleotide sequences from public
databases, Tagl restrictase was selected, as it produced patterns of restriction fragments specific for St, H, and Y
haplomes easily recognizable in agarose gel. A sample of 68 accessions belonging to 32 species was analyzed.
In 15 species, the earlier known genomic constitutions were confirmed, but in E. kamoji this assay failed to reveal
the presence of H genome. This unusual H genome was suggested to originate from a different Hordeum spe-
cies. In 16 species, genomic constitutions were identified for the first time. Fifteen accessions from Asian Russia
possessed the genomic constitution StStHH, and E. amurensis, phylogenetically close to the StY-genomic species
E. ciliaris, had the genomic constitution StStYY. It is inferred that the center of species diversity of the StH-genomic
group is shifted to the north as compared to the center of origin of StY-genomic species, confined to China.

Key words: Elymus; taxonomy; allopolyploids; genome constitution; CAPS markers.

For citation: Agafonov A.V,, Shabanova (Kobozeva) E.V., Asbaganov S.V., Mglinets A.V., Bogdanova V.S. Identifica-
tion of genome compositions in allopolyploid species of the genus Elymus (Poaceae: Triticeae) in the Asian part of
Russia by CAPS analysis. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2020;
24(2):115-122. DOI 10.18699/VJ20.606

BbIsIB/IeHIIe TEHOMHOI'O COCTaBa a/UIOMOJINUIIONAHbBIX BUIOB
poaa Elymus (Poaceae: Triticeae) A3maTckoii Poccun
c nomMmoIbo CAPS-aHanmsa

A.B. Ara(iom-wB1 ®), E.B. lllabanoBa (Ko6osepa)l, C.B. Ac6aranosl, A.B. Mranten?, B.C. BoraaHosa?
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AHHoTauus. Pog Elymus L. Hapsaay ¢ NWeHULEN, POXKbIo 1 sUMEHeM NpUHagnexuT K Tpube Triticeae. NMomumo cBo-
€ro xXo3ANCTBEHHOro 3HayeHus, 3Ta Tprnba xapakTepm3yeTca LWMPOKMM PacnpoCTpaHeHNEM afonoANMIONLHbIX
TaKCOHOB, KOTOpble GOPMUPYIOTCA B XOAE MEXBULOBOW 11 MEXPOLOBOW FMOPUAN3aLMK U NocieayoLmx npeobpa-
30BaHWI BOBJIEYEHHbIX B rtMOpuamM3aLmnio ANNIouLHbIX FeHOMOB. 1na naeHTnduKauym NCXo4HbIX FEeHOMOB B COCTa-
B€ NONUMAOVAOB YAO6HbI ManoKOMNUIHbIE AAEPHbBIE FeHbl, MEHEEe MOLABEPKEHHbIE MPOoLeccam peopraHu3aunm, Yem
NMOBTOPEHHbIE HEKOAVPYIOLLME 3NIEMEHTBI. B HacTosWwen paboTe paspaboTaH ynobHbin CAPS-mapkep ansa pasnuue-
HMA 6a3nCcHbIX reHoMOB St, H, Y, BxoaAwmx B cOCTaB a3naTckux BUAOB poAa Elymus, ¢ nomoLbio anekTpodpopeTy-
Yyeckoro aHanmsa ¢parmeHToB pectpukumun MLP-amnandumumpoBaHHOro yyactka reHa, kogupytoliero [3-amunasy.
B Poccum pacnpocTtpaHeHo okono 50 BraoB Elymus npennonoxmTenbHO Tpex ranaoMHbIX KoMOuHaumia: StH, StY
n StHY. HavmeHee n3yuyeHHbIMU ocTatoTca 6opeanbHble StH-reHoMHble BUAbI — SHAEeMUKN Poccuiickon Oepepa-
uun. Mo pesynbTaTaM aHanu3a paHee U3yyeHHbIX Pa3HbIMU aBTOPaMU HYKNeoTUAHbIX NOC/iefoBaTeNlbHOCTEN reHa
3-amunasbl 6bina oTob6paHa 3HAOHYKNeasa pecTpuKkuun Taqgl, KoTopas UMena pasnnMyaloWmecs Nno MosIOKeHHo
CalTbl Y3HaBaHUA B COCTaBe Bbllleyka3aHHOro ¢pparmeHTa 13 reHomoB St, H n Y. B pe3ynbrate pacwenneHus MLP-
NPoAyKTa 3HAOHYKeas3on Tagl y Kax[oro 13 UCXofAHbIX raniomoB GopmMmpoBanca cneunduyHblii nattepH ¢par-
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Identification of genome compositions in allopolyploid species
of the genus Elymus in the Asian part of Russia by CAPS analysis

MEHTOB PeCTPUKLMN, NNErKO BM3yaNnn3npyemMblii B arapo3HoMm rene. lNpoaHanmsnpoBaHa Bblibopka 13 68 06pasLios,
npvHagnexawmx 32 suaam. Y 15 Buaos 6bina nogTBepkaeHa paHee N3BeCTHasA reHOMHasA KOHCTUTYLuA, y E. kamoji
3TOT MeTOZ, He NMO3BONUA BbIABUTb MPUCYTCTBUE reHoMa H. Mpepanonaraetca BO3MOXHOE MPONCXOXKAEHUE aHHOro
BapuvaHTa reHoma H ot gpyroro Buga Hordeum. Y 16 BUAOB reHOMHas KOHCTUTYLUWA onpefeneHa Bnepsble. MNoka-
3aHO, UTO GOMbBLUMHCTBO M3YyUYeHHbIX BUAOB 6opeanbHOM rpynnbl BUAoB U3 Cnbupu n Poccuinckoro [anbHero Boc-
TOKa MMEIT reHOMHYI KoHcTutyuumio StStHH. VickntoueHune coctaBun E. amurensis, GunoreHeTnYeckn 6M3KNMIN K
StY-reHomHomy Bugy E. ciliaris v Takxke nmetownin reHoMHbIn coctaB StStYY. CaenaH BbIBOg, YTO OCHOBHOE BULOBOE
pasHoobpasme StH-reHOMHO rpynnbl HAXOAWTCA CeBEPHeE LieHTPa NPONCXOXKAEHNA 60NbLUNMHCTBA StY-reHOMHbIX

BMAOB poja.

KnioueBble cnosa: ElmeS} TaKCOHOMMUA; annononunnonabl; reHOMHaA KOHCTUTYLNA; CAPS-MapKepr.

Introduction

The genus Elymus L. is the largest in the tribe Triticeae Dum.
and, according to different estimates, counts from 150 to 200
species (Dewey, 1984; Barkworth, 2000). It is represented
only by alloploid taxa with genome compositions including
several basic genomes (haplomes) in different combinations.
The genetic basis of the genus Elymus is formed by five hap-
lomes descending from different genera of the tribe Triticeae:
(St) Pseudoroegneria, (H) Hordeum, (P) Agropyron, (W)
Astralopyrum, (Y) donor unknown. Genome constitution was
proposed as a stable genetic criterion for taxonomic classifica-
tion of Elymus species (Love, 1984). Within a relatively short
span of time, substantial changes occurred in the taxonomy
of the tribe Triticeae on the basis of the genomic system of
classification suggested by D.R. Dewey (1984). During the
next 20 years, six genera were identified according to variants
of genome constitution: Douglasdeweya C. Yen, J.L. Yang &
B.R. Baum (PPStSt), Roegneria C. Koch (StStYY), Antho-
sachne Steudel (StStWWYY), Kengylia C. Yen & J.L. Yang
(PPStStYY), Campeiostachys Drobow (HHStStYY), and
Elymus L. (StStHH, StStStHH, StStHHHH).

However, departing from A. Love’s principles, many bota-
nists still attribute several genome combinations to the single
genus Elymus s. 1. With all this, genome constitutions are not
yet determined in about 40 % of species (Okito et al., 2009).
According to current evidence, 53 species of the genus Ely-
mus subdivided into four sections occur in Russia (Tsvelyov,
2008; Tsvelyov, Probatova, 2010). Two of the sections, Elymus
and Goulardia (Husn.) Tzvelev, contain species with diffe-
rent genomic constitutions, which obviously contradicts the
phylogenetic principle of their formulation. We suppose that
Russia is home to species with only three haplome combina-
tions: StH, StY, and StHY (Agafonov et al., 2015). Boreal
StH-genomic endemics of Russia are less studied. According
to the taxonomic system based on the genome constitution, the
Elymus species should be attributed to three genera: Elymus,
Roegneria, and Campeiostachys. However, in our view, the
division of the species inhabiting Russia into three genera is
impractical due to the difficulties of morphologic identification
of these genera. With all this, taxonomic classification within
the genus based on genome constitutions is indispensable for
the construction of a phylogenetically oriented taxonomy of
the genus.

Earlier, Cleaved Amplified Polymorphic Sequences (CAPS)
markers were used to distinguish individual genomes in repre-
sentatives of the tribe Triticeae (Gostimsky et al., 2005; Li et
al., 2007; Hu et al., 2014; Shavrukov, 2016). Some advantages
of CAPS markers are their codominance, moderate sensiti-
vity to the amount of genomic DNA, and relatively low cost.

116

We were first to use CAPS-markers to identify the genomic
constitutions of species of the genus Elymus (Kobozeva et al.,
2017). For this purpose, primers were designed based on the
known sequences of the gene coding for § amylase (Mason-
Gamer, 2013), which included 38 sequences of haplome St, 23
of haplome H, and 15 of haplome Y, belonging to 24 Elymus
species. Of them, 14 species had the genomic composition
StStHH; 9, StStY'Y; and 1, StStHHUkUKk (Elytrigia repens).
Variable positions were sought that would discriminate repre-
sentatives of an individual genome from the other two. Special
attention was paid to those genome-specific sequence variants
that resulted in appearance/disappearance of recognition sites
for restriction endonucleases. It was found that digestion of
the PCR products with 7agl endonuclease resulted in the for-
mation of genome-specific restriction patterns. In the present
work, we apply CAPS analysis to a large sample of Elymus
species from Asian Russia to reveal their genome constitutions
unknown hitherto.

Materials and methods

Plant material included 68 accessions of the species with
known (Table 1) and unknown (Table 2) genome constitutions
found in Russia. The species nomenclature is given according
to N.N. Tsvelyov and N.S. Probatova (2010). The accessions
analyzed were received from the scientific collection of bio-
logical resources of the Central Siberian Botanic Garden SB
RAS “Collections of living plants indoors and outdoors”; their
identification numbers are given in Tables 1 and 2. Prefixes
correspond to the geographic origin of the accessions.

Total DNA was extracted from 20 mg of dried green matter
with the use of NucleoSpin Plant IT Kit (Macherey-Nagel, Ger-
many) according to manufacturer’s recommendations. Ampli-
fication of the B amylase gene fragment was made in a C-1000
thermocycler (Bio-Rad, USA) with the following primers:
El balg F4 (5'-GGTACCATCGTGGACATTGAA-3") and
El balg R4 (5-CTGTACCACCAGTGAATGCC-3") (Ko-
bozeva et al., 2017). The PCR reaction mixture of 15 pL in
volume contained 1x buffer for Taq polymerase, 0.2 mM
each dNTP, 1.5 mM MgCl,, 1 pM each of primers, 20 ng of
genomic DNA, and 1 U of HS Taq DNA polymerase (Euro-
gene, RF). The following settings were used: predenaturation
at 94 °C for 4 min; 40 cycles: denaturation at 94 °C for 20 s,
primer annealing at 60 °C for 25 s, elongation at 72 °C for
90 s; postextension at 72 °C for 5 minutes. CAPS-analysis
(Konieczny, Ausubel, 1993) was made as follows: 8 pL of
the PCR reaction mixture was mixed with MQ-H,O and Tagl
buffer up to 1x concentration in a volume of 15 pL, and 1 unit
of Tagql restrictase (Thermo Scientific, USA) was added. The
mixture was incubated at 65 °C for 1 hour and resolved in
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Table 1. Accessions of Elymus species with known genomic constitutions determined by the classical cytogenetic method

No  Elymus species; Genomic Location and collectors
accession constitutions
1 E. kamoji; StHY People’s Republic of China (PRC), prov. Sichuan, Chengdu outskirts, a forest patch in Panda park,
............ CCH-1395 | (Zhouetal, 1999)  alt.527m, N 30°44.253'E 104°8453' (A Agafonov, E. Kobozeva) .
2 E. kamoji; » Russia, Primorskiy Krai, Khasan raion, Slavyanka Town, coastal meadow,
............ SLA1276 o 261 m N 42521017 131°22.987° (A, Agafonov)
3 E. dahuricus; StHY Russia, Republic of Buryatia, Dzhirga raion, Nizhniy Torey village outskirts, the Toreyka River
............ BUD-0781  (Dewey,1984) valley meadow slope,alt. 863 m, N 50°34.567'E 104°52.571'(N. Badmaeva)
4 E.dahuricus; » People’s Republic of China (PRC), Jilin Province, nearby Lake Tsagan-Nur, forest plantation,
............ CHIS16 o 216138 m NAST12106'E 124°25.074'(S. Asbaganoy)
5 E. schrenkianus; StHY Russia, Altai Republic, Kosh-Agach raion, stony meadow, Kalanegir River valley,
............ AKA0702 (Lu,Bothmer, 1992) alt. 2283 m, N 49°37.896'E 88°29.441'(5. Lukjanchikov) .
48  E.schrenkianus; » Russia, Altai Republic, Kosh-Agach raion, stony meadow in a brook valley,
............ AUK0652 o 2162445 m, N 49°30.418°E 8875.012'(A. Agafonov, B. Salomon)
6 E.pendulinus;  StY Russia, Vladivostok City outskirts, Okeanskaya Station, shrubbery;
............ VOK-0738 Uensen 1990) alt.7m N43°1410'E132°0.19'(A. Agafonov)
7 E.pendulinus; ~ » Russia, Altai Republic, Chemal raion, confluence of the Chemal and Katun Rivers,
............ CHE-1044 o .....2lt434m N51°23533'E86°00.197' (E. Kobozeva) .
8 E. gmelinii; StY (Jensen, Hatch, Russia, Altai Republic, Shebalino raion, Ust-Sema settlement outskirts, shingle bank in the Katun
............ AUS1013 1989) .. Riverleftfloodplain, alt. 341 m, N 51°37.620'E 85°45.923'(A. Agafonov, E. Kobozeva)
9 E. sibiricus; StH Russia, Altai Republic, Chike-Taman Pass, right side of the road, 500 m N of the viewpoint,
............ ACH-1601  (Dewey,1974) alt.1250m, N 50°38.911'E86°18.789'(E. Kobozeva) .
10  E caninus; StH Russia, North Osetia-Alania Republic, Alagir raion, ecological path in the Tseydon River valley,
............ OSE-1423  (Dewey, 1968) alt.1951m, N 42°47.139'E 43°53.605'(A. Agafonov, M. Agafonova) .
11 E caninus; » Russia, North Osetia-Alania Republic, Iraf raion, Stur-Digora village outskirts,
OSE-1427 Great Caucasus Mt. Range northern slope, the valley of a right Urukh River tributary,
............................................................................. alt. 1996 m, N 42°52.898'E 43°35.959'(S. Asbaganov)
12 E. caninus; » Russia, Republic of Bashkortostan, Beloretskiy district, Novoabzakovo village outskirts,
B UKU-1617 dry meadow in a mixed forest, alt. 618 m, N 53°48.718'E 5840.377' (A. Agafonov, S. Asbaganov) |
13 E.gmelinii; StY (Jensen, Hatch, Russia, Primorskiy Krai, Bolshoy Kamen Town outskirts,
BKA-0962 1989) alt. 41 m, N 43°7.513'E 132°25.133'(A. Agafonov)
14  E.fedtschenkoi; StY Kazakhstan, South Altai Mt. Range, the W principal slope,
............ KSA-0935 (Liu Dewey, 1983) alt. 1791 m, N 49°05.077'E86°04.483'(D. Gerus) .
49  E.fedtschenkoi; » Kazakhstan, Trans-Ili Alatau Mts., Medeu village outskirts, stony highland meadow,
............ KMET729 o 2163223 M, N 43°07.101°E 77°06. 8287 (S Asbaganov)
50 E.fedtschenkoi; » Russia, Altai Republic, Ulagan raion, the Yarly-Amry River, stony highland meadow,
AUR-1714 alt. 2180 m, N 50°19.044' E 087°43.049’ (E. Kobozeva)
51  E. nevskii; StY Kazakhstan, Trans-Ili Alatau Mts., Medeu village outskirts, stony highland meadow,
____________ KME1728  (Dewey,1980) alt 3223m,N43°07.101'E77°06828'(5. Asbaganoy) "
15  E.fibrosus; StH Russia, Republic of Bashkortostan, Beloretsk raion, Novoabzakovo village outskirts,
............ ABZ1602  (Dewey 1984) aground roadside, alt. 546 m, N 53°47.845'E 58°37.297'(A. Agafonov, S. Asbaganov)
16  E.mutabilis; » Russia, Krasnoyarskiy Krai, Shushenskoe raion, Shushenskiy Bor pine forest,
____________ KHACI210 .2t 495 m N 5249622 91°26609'(S Asbaganoy)
17 E.mutabilis; » Russia, Republic of Bashkortostan, Beloretsk raion, Novoabzakovo village outskirts,
____________ ABZI607 . ....2gioundroad side alt. 546 m, N 53°47.845'E 58°37.291 (A Agafonov,S. Asbaganoy)
26 E. abolinii; Sty Russia, Republic of Buryatia, Dzhida raion, Nizhniy Torey village outskirts, the Toreyka River
....BUD-0780 I Uensen, 1989) valley, meadowy slope, alt. 863 m, N 50°34.634'E 104°52.781'(N. Badmaeva)
27  E.ciliaris; Sty Russia, Vladivostok Sity env., between Sanatornaya and Okeanskaya Stations, shrubbery,
____________ VOKO711 (Dewey1984)  alt.4m N431394E131°5995 (D, Gerus, A Agafonov)
38 E panormitanus; StY USSR: Ukraine, Crimea
............ 182 s L SBIOMON, 1902) sS85 Bs0
39  E.caucasicus;  StY (Jensen,Wang, USSR: Armenia, Dilidjan city outskirts
B0 1000 e
66  E.confusus; StH Russia, Republic of Buryatia, Tunka raion, Mondy village outskirts, the Tunka Range southern
e BUMO505 | (uetal, 1995) .slope, a stony brook bank, alt. 1738 m, N 51°42610'E 100°59.967' (D. Gerus, A Agafonov)
67  E.confusus; » Russia, Republic of Tyva, Tes-Khem raion, Khorumnug-Taiga Mt. Range, Shuurmak-Samagaltay
TAR-0730 Pass, spruce-larch forest, alt. 1545 m, N 50°36.870"E 95°10.729’ (I. Artemov)

Note. The numbering of accessions corresponds to the lane numbering in Fig. 2.
* Accessions kindly provided by Dr. B. Salomon (Swedish University of Agricultural Sciences, Department of Plant Breeding, Alnarp, Sweden).
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Table 2. Accessions of Elymus species with unknown genomic constitutions collected in Russia

No.

Elymus species;
accession

E. uralensis;
UKU-1617

E. viridiglumis;
UKU-1618

E. transbaicalensis;
AKU-0422

E. transbaicalensis;
GAR-0530

E. margaritae;
GUK-1009

E. margaritae;
AUK-0650

E. komarovii;
AKU-0458

E. transbaicalensis;
TUV-9697

E. komarovii;
AKT-0417

E. komarovii;
GAR-0501

E. komarovii;
JPO-1505

E. subfibrosus;
ANA-1118

E. subfibrosus;
LEN-1524

E. macrourus;
12-0135

E. jacutensis;
13-0443

E. sajanensis;
ZUN-0502

E. sajanensis;
ART-0202

E. amurensis;
MES-1111

E. transbaicalensis;
AKT-0628

E. kronokensis;
BER-0804

E. kronokensis;
MMA-1103

E. kronokensis;
KES-9603

E.kamczadalorum;
KSO-9623

E. charkeviczii;
KES-9670

E. charkeviczii;
MSN-1202

E. lenensis;
LEN-1520

Location and collectors

Republic of Bashkortostan, Beloretsk raion, Novoabzakovo village outskirts, dry meadow in a mixed forest,
alt. 618 m, N 53°48.718'E 58°40.377' (A. Agafonov, S. Asbaganov)

Republic of Bashkortostan, Beloretsk raion, Novoabzakovo village outskirts, tall herbage meadow in a birch
open stand, alt. 619 m, N 53°48.718'E 58°40.377' (A. Agafonov, S. Asbaganov)

Altai Republic, Kosh-Agach raion, 10 km N of Chagan-Uzun village along the Chuya Highway, Kuyaktanar valley,
alt. 1815 m, N 50°9.783'E 88°19.054’ (A. Agafonov, D. Gerus)

Republic of Buryatia, Oka raion, the road to Orlik town, shingle bank of the Gargan River,
alt. 1610 m, N 52°05.947'E 100°23.005’ (A. Agafonov, D. Gerus)

Altai Republic, Ust-Koksa raion, Krasnaya Mt., a complex of screes and highland meadows,
alt. 2028 m, N 50°4.495'E 85°13.073' (D. Nikonova, E. Kobozeva)

Altai Republic, Kosh-Agach raion, Ukok Plateau, stony meadow in a brook valley,
alt. 2438 m, N 49°30.418'E 88°05.012' (A. Agafonov, B. Salomon)

Altai Republic, Kosh-Agach raion, 10 km N of Chagan-Uzun village along the Chuya Highway, Kuyaktanar valley,
alt. 1815 m, N 50°9.783'E 88°19.054’ (A. Agafonov, D. Gerus)

Altai Republic, Kosh-Agach raion, North-Chuya Range, Aktry Gorge, ground road edge at forest margin,
alt. 2061 m, N 50°6.518'E 87°48.193' (A. Agafonov, D. Gerus)

Republic of Buryatia, Oka raion, the Oka River valley, forest glade 50 m from the Gargan River mouth,
alt. 1607 m, N 52°05.947'E 100°23.005’ (A. Agafonov, D. Gerus)

Republic of Sakha-Yakutia, Khangalas raion, Pokrovsk Town outskirts, a meadow at the gas station,
alt. 131 m, N 61°29.367'E 129°08.225' (E. Kobozeva, S. Asbaganov)

Republic of Sakha-Yakutia, Khangalas raion, the nature reserve “Lenskie Stolby”,
alt. 156 m, N 61°6.370"E 127°21.593’ (E. Kobozeva, S. Asbaganov)

Taymyr Peninsula, the shingle floodplain of the Bolshaya Lesnaya Rassokha River at its mouth,
alt.2m, N 72°37.363'E 101°17.793' (E. Pospelova)

Taymyr Peninsula, the Anabar Plateau margin, Eriechka and Nyamakit-Daldyn Rivers, a small meadow below
rocks, alt. 218 m, N 71°15.250'E 105°37.452’ (I. Pospelov)

Republic of Buryatia, Oka raion, Zun-Kholbo village outskirts,
alt. 1682 m, N 52°10.092'E 100°57.581' (A. Agafonov, D. Gerus)

Altai Republic, Kosh-Agach raion, Chikhacheva Range, shingle bank of a Buguzun River left tributary,
alt. 2254 m, N 50°1.914'E 89°23.620’ (I. Artemov)

Primorskiy Krai, Khasan raion, Andreevka village outskirts, meadow patch at a ground road edge,
alt. 93 m, N 42°37.045'E 131°8.650' (E. Kobozeva, A. Agafonov)

Altai Republic, Kosh-Agach raion, North-Chuya Range, Aktry Gorge, willow thickets at the mountaineering camp,
alt.2118 m, N 50°5.038'E 87°46.820’ (A. Agafonov, D. Gerus)

Republic of Buryatia, Eravnoe raion, SE of the temporary settlement Ozernyy, larch forest,
alt. 1154 m, N 52°58.625'E 111°38.166' (O. Anenkhonov)

Magadan oblast, Madaun village outskirts, a burnt area in the Arman’ Rover floodplain,
alt. 627 m, N 60°35.861'E 150°40.862' (D. Lysenko)

Kamchatka Krai, Bystraya raion, southern slope of a mountain N of Esso village,
alt. 627 m, N 55°55.945'E 158°41.275' (A. Agafonov, B. Salomon)

Taymyr Peninsula, Bolshaya Rassokha and Novaya Rivers,
alt.39 m, N 72°39.613'E 101°17.079’ (I. Pospelov)

Kamchatka Krai, Elizovo raion, Sosnovka village outskirts,
alt. 247 m, N 53°5.046'E 158°17.918’ (A. Agafonov, B. Salomon)

Kamchatka Krai, Bystraya raion, Esso village outskirts, ground road margin,
alt. 484 m, N 55°55.014'E 158°42.116' (A. Agafonov, B. Salomon)

Magadan City, Snezhnyy settlement, path at a forest margin,
alt. 145 m, N 59°43.466'E 150°52.677' (N. Badmaeva)

Republic of Sakha (Yakutia), Khangalas raion, meadow slope at the Lena River right bank,
alt. 114 m, N 61°6.369'E 127°21.593' (E. Kobozeva, S. Asbaganov)
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Table 2 (end)

No.  Elymus species; Location and collectors
accession

53 E. lenensis; Republic of Sakha (Yakutia), Aldan raion, the Aldan River bank, shrubbery at a sandy bank,
ALD-1539-3 alt. 228 m, N 58°40.878'E 128°33.081 (E. Kobozeva, S. Asbaganov)

54 E. kronokensis; Krasnoyarsk Kray, Evenk raion, Tura village outskirts, the Nizhnyaya Tunguska River, path side in a larch forest,
KRT-1611 alt. 169 m, N 64°16.478'E 100°16.445’ (L. Krivobokov)

55 E. kronokensis; Taymyr Peninsula, the Bolshaya Rassokha River bank bluff, alt. 2 m, N 72°35.808"E 101°15.900’
12-0137 (E. Pospelova)

56 E. kronokensis; Altai Republic, Kosh-Agach raion, the Taldura River valley, larch forest on a mountain slope,
TAL-0602 alt. 2095 m, N 49°57.472'E 87°57.552' (D. Gerus, A. Agafonov)

57 E. subfibrosus; Krasnoyarsk Kray, Evenk raion, Tura village, a ground road edge,
KRT-1612 alt. 309 m, N 64°16.920'E 100°14.880’ (L. Krivobokov)

58 E. subfibrosus; Republic of Sakha (Yakutia), Tompo raion, the Kolyma Riad, Verkhoyanskiy Mt. Range southern spurs,
JRO-1733 the Rosomakha River valley, alt. 460 m, N 63°2.879'E 137°52.610" (N. Badmaeva)

59 E. jacutensis; Altai Republic, Ulagan raion, herbaceous meadow at the Chulyshman River left bank under Katu-Yaryk Pass,
ALU-1711 alt. 733 m, N 50°55.497'E 088°12.226' (E. Kobozeva)

60 E. jacutensis; Altai Republic, Chemal raion, Anos village outskirts, slope above the Anos River left bank at the bridge,
GAN-1516 alt. 380 m, N 51°30.014'E 85°57.160’ (E. Kobozeva)

61 E. jacutensis; Republic of Sakha (Yakutia), Aldan raion, the Aldan River bank, shrubbery at a sandy bank,
ALD-1541 alt. 228 m, N 58°40.878'E 128°33.081 (E. Kobozeva, S. Asbaganov)

62 E. macrourus; Magadan oblast, Tenka raion, roadside at a mixed forest margin,
MTE-1210 alt. 970 m, N 60°26.034'E 150°58.558' (N. Badmaeva)

63 E. macrourus; Republic of Sakha (Yakutia), Khangalas raion, meadow slope at the Lena River right bank,
LEN-1524_1 alt. 114 m, N 61°6.369'E 127°21.593’ (E. Kobozeva, S. Asbaganov)

64 E. turuchanensis;  Krasnoyarsk Kray, Turukhansk raion, Bor village, Yenisey River sandy bank,
KRE-1440 alt. 30 m, N 61°36.265' E 90°0.143' (M. Lomonosova)

65 E. peschkovae; Magadan oblast, Khasyn raion, Yablonovyy Pass, floodplain meadow at a road,
MJA-1106 alt. 755 m, N 60°19.467'E 151°10.540' (D. Lysenko)

68 E. peschkovae; Amur oblast, 50 km downstream the Gilyuy River from Tynda City, sandy bank,
AMU-8804 alt. 445 m, N 54°56.216'E 125°21.854' (O. Potemkin)

Note. The numbering of accessions corresponds to the lane numbering in Fig. 2.

1.7 % agarose gel in TAE buffer. Molecular weight marker: 1100 Length of fragments,

100+ bp DNA Ladder (Evrogen, RF). ' " afterTagl digestion
" Taq! Taq! +/_“T4 650+280+170

Results and discussion H : : (8204 280)

The comparative analysis of sequences of the f amylase gene ¢, > : 1 9304170

published in R. Mason-Gamer (2013) showed that the studied > <

fragment of Y genome of about 1100 bp in length did not Y 1100

contain recognition sites for 7agl endonuclease, while St ge- a0 50 o

nome contained one recognition site in the fragment of interest
at a distance of about 170 bp from the primer El balg R4.
The same site was present in some H genomes; besides, all
H genomes contained a recognition site at a distance of about
280 bp from the primer El balg F4. Visualized on gels, re-
striction patterns of the studied genomes were differentiated
according to the lengths of the longest fragments: H genome
was distinguished by the presence of a band at about 650 bp;
St genome, 930 bp; and Y genome, 1100 bp (Fig. 1).
Restriction patterns of the CAPS marker employed were
studied in 68 accessions (see Tables 1, 2). Electrophoretic pat-
terns formed after 7agl digestion are shown in Fig. 2. Based
on the results of CAPS analysis, genomic constitutions of the
accessions studied were determined. Previously known ge-
nomic constitutions were confirmed in 15 species of 16, E. ka-
moji being the only exception. In 16 species, genomic compo-
sitions were determined for the first time: 15 of them had the

Fig. 1. Map of recognition sites for Tagl endonuclease in the 3 amylase
gene fragment amplified from the basic haplomes constituting the
polyploid Elymus genome.

genomic constitution StStHH, and one species, E. amurensis,
had StStY'Y (Table 3). However, some limitations of the ap-
proach were met. For example, in two accessions of E. kamoyji
CAPS-analysis revealed only two haplomes, Stand Y (Fig. 2,
lanes / and 2), whereas it is known to be hexaploid according
to the number of chromosomes, thus, it should contain three
basic genomes (haplomes). It is improbable that the absence
of restriction fragments corresponding to haplome H was due
to incomplete digestion. Since all representatives of the genus
contain St haplome, possessing a recognition site for 7aql en-
donuclease, the presence of St-specific fragments serves as an
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Fig. 2. Polymorphism of restriction fragment lengths (CAPS) after Taqgl digestion of the PCR-amplified fragment of the 3 amylase

gene in species of the genus Elymus.

Lane numbers correspond to the accession numbering in Tables 1 and 2. M — molecular weight ladder: 100+bp DNA Ladder (Evrogen).

Table 3. The list of boreal Elymus species in Asian Russia in which genome constitutions (GC) were determined by the CAPS method

No. Elymus species Number GC
of accessions studied
1Eamu,en5,s ..................... 1 ....................................... 5 tY ..................
ZEcha,kev,cz,,z ....................................... S tH ..................
3Ejacuten5,5 ..................... 4 ....................................... 5 tH ..................
4Ekamczada/orum ........... 1 ....................................... 5 tH ..................
5Ekomarov,, .................... 4 ....................................... 5 tH ..................
GEk,onokens,s6 ....................................... 5 tH ..................
7E/enen5,53 ....................................... 5 tH ..................
8Emacmuru53 ....................................... 5 tH ..................

internal control for the completeness of hydrolysis. According
to the classification system based on genomic compositions,
E. kamoji belongs to the genus Campeiostachys (Baum et al.,
2011) which embraces species with the genomic composition
StHY. In fact, we performed a cytological analysis, which

120

No. Elymus species Number GC
of accessions studied
9Ema,ga,,tanStH ..................
10 E. sajanensis 2 StH
1 E. subfibrosus 4 StH
125tmn5ba,ca/en5,s45t|.| ..................
135um/en5,5 ........................ 1 StH ..................
14Ewr,d,g/um,s ................... 1 StH ..................
15 E. turuchanensis 1 StH
165peschkovae25t|.| ..................

showed that both accessions of E. kamoji possessed the chro-
mosome number 2n = 42, corresponding to hexaploid. The
presence of the H genome lacking two recognition sites for
Taql endonuclease in E. kamoji brings its origin into a ques-
tion. It is not inconceivable that different representatives of
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the genus received their H genomes from different ancestor
species, which agrees with the assumption of polyphyly of the
donors of basic haplomes (Mason-Gamer, 2013).

An interesting pattern of restriction fragments was observed
in two accessions of E. confusus (see Fig. 2, lanes 66 and
67), with the genome constitution formerly determined as
StStHH (Lu et al., 1995). In accession TAR-0730 (see Fig. 2,
lane 67), the longer fragment corresponding to the allele from
St genome is truncated, possibly, as the result of a deletion
or acquisition of an additional restriction site. The spectrum
of restriction fragments in accession BUM-0505 (see Fig. 2,
lane 66) lacks the fragment of about 930 bp characteristic
of St genome, while the smaller fragment of about 170 bp
corresponding to this haplome is clearly seen. This pheno-
menon might be attributed to a mutation in the St genome of
the accession, for example, appearance of a recognition site
for Taql. Another possibility is a recombination and/or intro-
gression between genomes St and H in the course of intense
microevolutionary processes indirectly confirmed by the high
morphologic variability within this species.

According to the CAPS analysis undertaken in the pre-
sent work, almost all newly studied accessions of the boreal
group of species from Siberia and Russian Far East have the
StH genomic composition. One exception was E. amurensis,
phylogenetically close to the StY-genomic species E. ciliaris
and possessing the genome composition StY. This implies
that the center of species diversity of the Asiatic StH-genome
group is shifted to the north as compared to that of the StY-
genome group, which is considered to be situated in China
(Lu, Salomon, 1992). In this context, it is worth noting that in
North America, the genus Elymus is also represented mainly
by StH-genome species (except for Elymus californicus with
unclear origin) (Mason-Gamer, 2001). Besides, in that terri-
tory a number of adventive Asiatic StHY- and StY-genome
species were found (Barkworth et al., 2007).

In general, the applied method showed a high accuracy: in
the present work earlier known genome constitutions were
confirmed by CAPS analysis in 15 Elymus species of 16. For
10 species, the genomic composition newly determined by
CAPS analysis as StH, was independently corroborated by
sequencing of a cloned fragment of the GBSS! (waxy) gene
(Kobozeva et al., 2018; Agafonov et al., 2019). It should be
noted that the sequencing of DNA from polyploid species has
a disadvantage, as it is rather laborious, requiring additional
gene cloning manipulations.

Conclusion

The main advantage of CAPS markers is the ease of their
methodic implementation, which permits one to analyze
many specimens with extensive morphologic and genetic
variability from broad ranges. The present work involves
CAPS analysis with the use of a fragment of the gene for 8
amylase and demonstrates rather good predictive power of the
method. However, it should be kept in mind that no molecular
marker taken by itself can unambiguously identify a genome
or species; it serves as a marker, not diagnostic. Therefore, the
development of additional simple and accessible approaches
for genome identification in new and poorly studied biotypes
from local habitats remains vital.
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Dynamics of the genetic diversity of oat varieties
in the Tyumen region at avenin-coding loci
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Abstract. Molecular and biochemical markers are used to analyze the intraspecific genetic diversity of crops.
Prolamin-coding loci are highly effective for assessing this indicator. On the basis of the Laboratory of Varietal
Seed Identification of the State Agrarian University of the Northern Trans-Urals, 18 varieties of common oat
included in the State Register of Selection Achievements in the Tyumen Region from the 1930s to 2019 were
studied by electrophoresis in 2018-2019. The aim of the work was to study the dynamics of the genetic diversity
of oat varieties at avenin-coding loci. For the analysis, 100 grains of each variety were used. Electrophoresis was
carried out in vertical plates of 13.2 % polyacrylamide gel at a constant voltage of 500V for 4.0-4.5 h. It was found
that 44.4 % of the varieties are heterogeneous, each consisting of two biotypes. For three loci, 20 alleles were
identified, 10 of which were detected for the first time. The allele frequency of avenin-coding loci varied with
time. In the process of variety exchange, alleles that are characteristic of varieties of non-Russian origin were re-
placed by alleles present in domestic varieties and then in the varieties developed by local breeding institutions.
The following alleles had the highest frequency in Tyumen varieties: Avn A4 (50.0 %), A2 (25.0 %), Avn B4 (50.0 %),
Bnew6 (37.5 %), Avn C1 (37.5 %), C2 and C5 (25.0 %). These alleles are of great value as markers of agronomically
and adaptively important characters for the region in question. The amount of genetic diversity of oats varied
with time from 0.33 in 1929-1950 to up to 0.75 in 2019. The high value of genetic diversity in modern breeding
varieties of the Scientific Research Institute of Agriculture of the Northern Trans-Urals and an increase in this
indicator over the past 20 years are associated with the use of genetically heterogeneous source material in the
breeding process. This allowed obtaining varieties with high adaptive potentials in the natural climatic condi-
tions of the region.

Key words: oat; variety; electrophoresis; storage proteins; avenin; avenin-coding loci; alleles; genetic diversity.
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IuHaMMKa reHeTU4eCcKOoro pasHoobpasusi COpTOB OBca
B TIOMeHCKOJiI 006/IaCT! 110 aBeHIMH-KOAUPVYIOIIVM JIOKYCaM

A.B. Ao6umosal’ 2@, I.B. To6oaoBaZ, AL EPEMI/IHZ, W.I. AOCKyTOB3

T HayuHo-nccnenoBaTenbCKiin UHCTUTYT CENbCKOro Xo3AalcTaa CeBepHOro 3aypanba — pununan GefepanbHOro NCCNefoBaTeNbckoro LeHTpa
TioMeHcKoro HayyHoro LeHTpa Cnbmpckoro otaeneHnsa Poccninckon akagemum Hayk, noc. MOCKoBCKMiA, TIOMEHCKIWI paiioH,
TiomeHcKas obnactb, Poccus

2 locynapcTBeHHbIN arpapHbii yHuBepcuteT CeBepHoro 3aypanbs, TiomeHb, Poccua
DepiepanbHblii NCCNEROBATENbCKUI LIEHTP BCepoCCUNCKI MHCTUTYT reHeTUYeCKX pecypcoB pacteHunin um. H.W. Basunosa (BUP),
CaHkT-TeTepbypr, Poccus
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AHHOTauuAa. [InA aHanvsa BHYTPVBMAOBOIO FeHETUYECKOro Pa3HOOOpasmnAa CeibCKOXO3ANCTBEHHbIX KynbTyp
NPVIMEHAIOTCA Pa3HOO6Pa3Hble MONEKYNAPHbIE Y BMOXMMUYECKNE MapKepbl. Bbicokoin 3dpdeKTUBHOCTbIO Npu
OLleHKe 3TOro nokasatens obnagatoT NponaMuH-KoAMpYoLLme Nokycbl. Ha 6a3e nabopatopun COPTOBON NAEH-
TMPMKaumn cemaH flocyaapcTBeHHOro arpapHoro yHmeepcuteta CeBepHoro 3aypanbsa B 2018-2019 rr. meTogom
anekTpodopesa nccnenoBaHbl 18 COPTOB OBCA MOCEBHOIO, BKIOUYEHHbIX B [OCYapCTBEHHDbIN peecTp cenekuym-
OHHbIX JOCTUMKeHWMI No TiomeHcKom o6nactn ¢ 1930-x rr. 4o 2019 1. Lienbto paboTbl 6b110 N3YyUnTb AUHAMUKY FeHe-
TUYeCKoro pa3Hoobpasna COPTOB MO aBEHNH-KOANPYOLMM fIoKycam. [Ana aHanm3a ucnonbsosanu no 100 3ep-
HOBOK Ka)K[oro copta. JnekTpodopes NpoBOAUIM B BePTUKaNbHbIX MiacTuHax 13.2 % nonnakpunammgHoro
rena npy NoCToAHHOM HanpskeHun 500 B B TeyeHune 4.0-4.5 u. YcTaHOBNEHO, UTO 44.4 % COPTOB reTeporeHHbl
N COCTOAT 13 ABYX 61OTVNOB. [1nA Tpex NoKycoB mnaeHTnouumpoBaHo 20 anneneid, 10 13 KOTOPbIX BbIABIEHbI
BrepBble. YacToTa BCTpeyaemMoCTu annenern aBeHH-KoANPYOLWNX TOKYCOB U3MeHANacb C TeYeHEM BPeMEHN.
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Annenw, xapakTepHble [19 COPTOB MHOCTPAHHOTO MPOVCXOXAEHNSA, B MPOLecce COPTOCMEHbI 3aMeCcTUNCh an-
nenamu, NPUCYTCTBYIOLMMN B OTEUECTBEHHbIX COpTaX, a 3aTeM B COpPTaX MECTHbIX CENeKLMOHHbIX yupexae-
HUIA. Hanbonbluylo 4acToTy BCTPEYaeMOCTU B COpTaxX TIOMEHCKOW cenekummn umenu annenu Avn A4 (50.0 %),
A2 (25.0 %), Avn B4 (50.0 %), Bnew6 (37.5 %), Avn C1 (37.5 %), C2 n C5 (25.0 %). 3Tn annenn nmetoT 60nbLuyio
LIeHHOCTb Kak MapKepbl XO3ANCTBEHHO LIEHHbIX 1 afAanTUBHO 3HaYMMbIX MPU3HAKOB. BennumHa reHetnyeckoro
pa3HoO0bpa3ssA B COPTax OBCa M3MEHSANACh C TeueHnem BpemeHn ot 0.33 B 1929-1950 rr. o 0.75 B 2019 r. Bbico-
Koe 3HayeHue reHeTMYeckoro pasHoobpasuna B COBPEMEHHbIX copTax cenekuum HayuyHo-nccnefoBaTtenbCckoro
MHCTUTYTa CenbcKoro xo3sancTea CeBepHoOro 3ayparnbs, a Takxe yBenmnyeHmne 3Toro rnokasatens Ha npoTaXeHUn
nocneaHux 20 neT cBA3aHbl C UCMOMIb30BaHNEM B CeNTeKLIVIOHHOM NpoLiecce reHeTUYeCKN Pa3HOPOAHOTO NCXOf-
HOro matepuarna. 3To No3BOJIMIIO MOJTYyYUTb COPTa, 0b6NafjaloLMe BbICOKMM afanTUBHLIM MOTEHLMANoM B Npu-

POAHO-KNNMATUYECKNX YCITOBUAX AAHHOIO permoHa.

KntoueBble cioBa: 0BEC; COPT; 3neKTpodopes; 3anacHble 6eNKun; aBEHNH; aBEHNH-KOAUPYIOLYME TOKYCbI; annesnb;

reHeTn4yeckoe pa3H006pa3V|e.

Introduction

Common oat (Avena sativa L.) is a valuable agricultural
crop used both for food and animal feed (Barsila, 2018).
An important factor in increasing the production of oat is
the creation of new intensive type varieties characterized
by high productivity and environmental sustainability
(Goncharenko, 2016). In the Tyumen region, breeding
work with this culture is very active. From the first half of
the twentieth century to the present, 18 varieties of spring
oat have been included in the State Register of Selection
Achievements in the region. In 1993, the first variety of
local breeding, Megion, was regionalized. The proportion
of varieties created by the Scientific Research Institute of
Agriculture of the Northern Trans-Urals in the region’s
crops has since been constantly increasing. Nowadays,
only varieties of local breeding are included in the State
Register of Selection Achievements in the region.

However, active breeding can lead to a decrease in the
genetic diversity of the species. This is due to the frequent
involvement of the same genotypes in the breeding pro-
cess to enhance specific agronomic characters. A decrease
in genetic diversity negatively affects the resistance of
populations to diseases and the populations’ ability to
adapt to changing environmental and climatic conditions
(Novoselskaya-Dragovich et al., 2007; Afanasenko, No-
vozhilov, 2009; Goncharenko, 2016).

A variety of molecular and biochemical markers are
used to analyze intraspecific genetic diversity (Konarev et
al., 2000; Montilla-Bascon et al., 2013; Shavrukov, 2016;
Scheben et al., 2017). Prolamin-coding loci are very effec-
tive for assessing this indicator (Che, Li, 2007; Melnikova
etal., 2010; Kudryavtsev et al., 2014; Lyalina et al., 2016;
Lyubimova, Eremin, 2018a; Zobova et al., 2018; Utebayev
et al., 2019). Prolamins of oat (avenins) are inherited as
blocks and are controlled by three independent loci: Avn 4,
Avn B and Avn C, located in three homeologous chromo-
somes of group A (Portyanko et al., 1987, 1998). Due
to the high level of avenin polymorphism, almost every
oat variety, biotype, or line is characterized by a unique
component composition of storage proteins (Loscutov,
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2007; Lyubimova, Eremin, 2018b). This allows analyzing
the individual allele frequency of avenin-coding loci, the
dynamics of changes in their occurrence in time and space,
and also assessing the genetic transformations that occur
under the influence of prolonged artificial selection.

The aim of the work is to study the dynamics of genetic
diversity at avenin-coding loci in common oat varieties
included in the State Register of Selection Achievements
in the Tyumen region from the 1930s to the present for
assessing the effectiveness of selection work carried out
in the region.

Materials and methods

The studies were carried out in the Laboratory of Varietal
Seed Identification of the Agrobiotechnological Center
of the Northern Trans-Urals State Agrarian University in
2018-2019. Eighteen varieties of common oat included in
the State Register of Selection Achievements in the Tyumen
Region since 1929 were studied (Table 1).

Plant material was provided from the collection of the
Federal Research Center N.I. Vavilov All-Russian Institute
of Plant Genetic Resources and the institution-originator
of varieties, the Scientific Research Institute of Agriculture
of the Northern Trans-Urals, a Branch of the Tyumen Sci-
entific Center of Siberian Branch of the Russian Academy
of Sciences.

For laboratory analysis, 100 grains of each variety selec-
ted by random sampling were used. For one-dimensional
electrophoresis of avenins, a published technique (Portyan-
ko et al., 1998) with modifications was used. Proteins were
extracted from individual crushed grains by adding 90 pl
of 70 % ethanol. The obtained extract was centrifuged, and
300 pl of methylene green dye was added to it. Protein ex-
tract (22 pl) was added to the polyacrylamide gel. Gel com-
position: 13.17 g of acrylamide, 0.66 g of N,N'-methylene-
bis-acrylamide, 7.17 g of urea, 2.0 mg of iron sulfate (II1),
80.0 mg of ascorbic acid, and 0.26 g of aluminum lactate.
All reagents were dissolved in 100 ml aluminum-lactate
buffer (pH 3.1). Acrylamide polymerization was initiated
by adding 25 pl of 15 % hydrogen peroxide to 75 ml of
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Table 1. Varieties of common oat included in the State Register of Selection Achievements in the Tyumen region (1929-2019)

VIR catalog Variety Origin Year Year of removal Total in regionalization
number of regionalization from regionalization  (years)
7 9 6 5 .................... S eger ....................................... S Weden ............................. 1929 ............................... 1 963 ................................. 3 4 ......................................

7947 .................... G O|denRam 1929 ............................... ]976 ................................. 4 7 ......................................

8494 ................... O mhafer 1939 ............................... 1982 ................................. 4 3 ......................................

8256 ................... U damlk883 ............................ K rasnoyarSkreglon .......... 1957 ............................... 1960 ................................. 3 .........................................

2874 ................... N Idar ....................................... N orway ............................. 1957 ............................... 1963 ................................. 6 ........................................

1 1 1 32 ................. S everya m n .............................. A rkhange |Sk re g Ion ......... 1966 ............................... 1 974 ................................. 8 ........................................

”717 ................. S korospem ............................. K Irovreglon ...................... 1974 ............................... 1981 .................................. 7 ........................................

”122 ................. N arymskU943Tomskreg|on ................... 1975 ............................... 1996 ................................. 2 1 .......................................
12245Tay02hmk 1977 ............................... 2 001 .................................. 2 4 ......................................
11379Ast0r ....................................... N etherlands ..................... 1978 ............................... 2 OOO ................................. 2 2 ......................................

1 1 5 84 ................. S e|ma ...................................... S Weden ............................. 1981 ................................ 1 993 ................................. 12 ......................................

13478 ................. P erona ..................................... N etherlands ..................... 1985 ............................... 2 018 ................................. 3 3 ......................................

14039 ................. M eglonTyumenreglon ................. 1993 ............................... _ ....................................... 2 6 ......................................

1 40 31 .................. N ov OS, bIrSkU . 88 ..................... N ovos|b"sk reg, 0 n .......... 1994 ............................... 2 004 ................................. 10 ......................................

14784TyumenskugobzyomyjTyumenreglon ................. 2 000 ............................... _ ....................................... 1 9 ......................................

14785Tahsman ................................. 2002 ............................... _ ....................................... 1 7 ......................................

15380 ................. o trada .................................... 2014 ............................... _ ....................................... 5 .........................................

15451 .................. F oma ...................................... 2015 ............................... _ ....................................... 4 ........................................

a gel solution. Electrophoresis was carried out in vertical
electrophoretic chambers with dimensions of the formed
plates of 17.8x17.8 x0.15 cm (VE-20, Helicon, Russia) for
4.0—4.5 h at a constant voltage of 500 V. To fix and stain
the gel, a 10 % solution of trichloroacetic acid with the ad-
dition 0f 0.05 % Coomassie brilliant blue R-250 in ethanol
was used. Identification of allelic variants of component
blocks controlled by avenin-coding loci was carried out on
the basis of a catalog developed by V.A. Portyanko et al.
(1987). Astor common oat (4vn A2 B4 C2) were used as a
standard. In case the detected block was not in the catalog,
it was marked with a “new” mark.

In order to assess the dynamics of the change in the
genetic diversity of oat varieties over time, all the studied
samples were grouped. One group included varieties cul-
tivated in the same ten-year period. The gene diversity at
the locus (H) was calculated for each group of varieties
separately according to the following formula:
H=-Tox(1-X7, p?),
where p; is the population frequency of the i-th allele; & is
the number of locus alleles;  is the sample size (Nei, 1987).
To calculate the average gene diversity (H), the number

of alleles per locus was averaged over all loci. The calcu-
lations were performed using the Arlequin Ver 3.5.2.2 pro-
gram (Copyright 2015 L. Excoffier. CMPG, University
of Berne).

Results

As aresult of the studies, it was found that 8 (44.4 %) of the
18 analyzed varieties were heterogeneous in the composi-
tion of avenin. Seger, Golden Rain, Omhafer, Severyanin,
Narymskij 943, Tayozhnik, Megion and Otrada varieties
consisted of two biotypes. These varieties are characterized
by the presence of several alleles at one or more avenin-
coding loci. In the genetic formula, such states of loci were
recorded with the “+”” sign (Table 2). In subsequent calcu-
lations, each biotype was considered by us as a separate
sample. A total of 26 samples were examined.

An analysis of the electrophoretic spectra of avenin al-
lowed us to describe the genetic formulas for each of the
studied varieties. Altogether, 8 alleles were detected for the
Avn A locus; 7, for the Avn B locus; and 5, for the Avn C
locus. It should be noted that some of the combinations
of avenin components that we found were absent in the
catalog of genetic nomenclature. To identify new blocks
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Table 2. Alleles of avenin-coding loci of common oat varieties
included in the State Register of Selection Achievements in the Tyumen region (1929-2019)

Variety Number of biotypes Alleles of the avenin-coding locus
AvnAAvnBAan .................................
Seger .................................................. 2 2+new9 .............................. 1neW3 ..................................
Go|denRa|n ....................................... 2 2 ........................................... 12+new8 ............................
Omhafer ............................................. 2 ............................................... n ew9 ................................... 12+neW8 ............................
Udam|k383 ....................................... 1 ............................................... n eW” .................................. n eW93 .........................................
N|dar ................................................... 12 ........................................... 12 .........................................
Severyanin > newll+newi2  new9+newlo 3
Skorospelyj ........................................ 1 ............................................... n eW;z ................................. n eW1o3 .........................................
NarymskU943 .................................... 2 5+2 ..................................... 7+4 ..................................... 1+2 ...................................
TaYOthk ........................................... 2 2+1new82 .........................................
Astor ................................................... 1242 .........................................
se|ma ................................................. 1 ............................................... n ew9 ................................... 73 .........................................
perona ................................................ 1442 .........................................
Meg|on ............................................... 2 2+neW” ............................ n eW65 .........................................
Novos|b|r5kU88 ................................. 1242 .........................................
Tyumenskij golozyornyj 2 hews 3
Ta||5man ............................................. 1442 .........................................
Otrada ................................................ 2 ............................................... n ew10+44 ........................................... 1 .........................................
Foma ................................................... 14 ........................................... n ew7 ................................... 1 .........................................

Table 3. The allele frequency of avenin-coding loci of common oat varieties, %

Locus Allele Years

AvnA 1 0 0 0 0 83 125 10.0 125 0
2 600 600 s00 444 417 75 500 500 250
S e — p— e p— i — S — g — g —
e e S — — S S — e e
‘news 400 400 375 33 167 125 100 o o o
s e — e S e i e p— p—— e
newil 0 o 25 o 83 o 00 125 125
T e p— e — — e e e

amB 1 1000 1000 85 778 47 50 200 o o
e i L R e oL et e o
e — — e p— p— p— — g —
e S — — — S — e e e
e S — — e e p— e
e — o e p— g— gr— s
e S o S S e e e

e S — e e e — — — —— o
2 33 33 375 33 500 625 600 625 50
s e S e e — ph— i — e S — i
S — e p— g— g— e p— S — e
e P e — gr— o
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Fig. 1. The dynamics of the regionalized assortment of common oat
in the Tyumen region (1929-2019).

Varieties: 7 - of foreign breeding; 2 - of domestic breeding; 3 - of local
breeding institutions.

of components, it is necessary to conduct a hybridological
analysis and assess the nature of the inheritance of avenin
components. However, we highlighted the alleged blocks
of components, each of which was assigned a number
following the blocks previously described in the catalog.
A “new” mark was added before the number of each of the
proposed blocks.

To assess genetic diversity at different time intervals,
we calculated the allele frequency of avenin-coding loci
(Table 3).

Different alleles predominate in different groups of va-
rieties. For the Avn A locus, only alleles 2 and new9 were
found before 1950. However, the frequency of their occur-
rence began to decrease with the appearance of domestic
varieties and then varieties of local breeding in the crops
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of the region (Fig. 1). Alleles /, 5 and new!2 were charac-
teristic of varieties cultivated from 1960 to 2010, and are
no longer found today. Allele 4 (50.0 %) is currently the
most widespread; allele 2 accounts for 25.0 %; newl! and
newl2, for 12.5 % each.

For the Avn B locus of modern oat varieties, alleles 4
(50.0 %) and new6 (37.5 %) predominate; new? is found
with a frequency of 12.5 %. Alleles I, news, new9 and
new!0, which are characteristic of varieties of foreign and
domestic breeding, but not found by us among the varieties
of local breeding, are completely eliminated.

A similar situation is observed for the Avn C locus: al-
lele new8, which occurred with a frequency of 66.7 % in
1929-1950, is currently replaced by alleles 7 (37.5 %),
5(25.0 %) and 3 (12.5 %). It is necessary to pay attention
to allele 2, the presence of which in varieties has been
noted at all periods of cultivation ever since 1929. This
allele frequency ranged from 25.0 to 62.5 %. Nowadays,
this allele is presented in 25.0 % of the varieties. The same
feature was noted for allele 2 of the Avn A4 locus.

The value of genetic diversity, calculated on the basis
of data on the allele frequency, also changed over time
(Fig. 2).

This indicator was minimal before 1950 (0.38), when
only three varieties of oat were cultivated in the region:
Seger, Golden Rain and Ombhafer. Subsequently, with the
advent of new varieties in the region’s crops, the value
of genetic diversity increased, reaching its maximum in
the period from 1970 to 1980 (0.78). During this period
of time, an active variety exchange was carried out in the
region — Seger, Udarnik 883 and Nidar were removed from
regionalization, and they were replaced by Skorospelyj,
Narymskij 943, Tayozhnik and Astor varieties bearing new
alleles of avenin-coding loci. The period 1970-1980 was

1.00 -
<
0 ~ —
N ~ N ~ =
S © IS o 0
0.80 F S S m ]
o
3 2
IS m 3
>
*é‘ § —o— 4
g 060 pt
2
o © ©
2 = "
& o040} e °
0.20 I
0
1929-1940 1940-1950 1950-1960 1960-1970 1970-1980 1980-1990 1990-2000 2000-2010 2010-2019
Years

Fig. 2. Genetic diversity of oat varieties by avenin-coding loci.

Locuses: T —Avn A; 2 - Avn B; 3 - Avn C; 4 - average gene diversity.
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characterized by the largest variety of allelic variants in
varieties — 15 alleles were found at three 4vn loci (Table 3).
Subsequently, in the process of replacing foreign varieties
with domestic ones, the indicator of genetic diversity de-
creased to 0.70 by 2010. A decrease in diversity was caused
by the exclusion from regionalization of a large number
of varieties bearing alleles not found in varieties of local
breeding. However, to date, there has been an increase in
average gene diversity to 0.75.

Discussion

As aresult of our analysis using multiple alleles of avenin-
coding loci, we described the genetic formulas for 18 va-
rieties of common oat included in the State Register of
Selection Achievements in the Tyumen region. It was
established that the heterogeneity of varieties is 44.4 %.
The presence of several biotypes increases the adaptive
potential of the variety (Metakovsky, 1990; Novoselskaya-
Dragovich et al., 2013), which is extremely important in the
natural climatic conditions of the Tyumen region, which is
a risky farming zone.

In some varieties, identical prolamin spectra were found.
Thus, the first and second biotypes of Golden Rain are
identical to Seger (I biotype) (2. /.new8) and Nidar (2.1.2),
respectively. The second biotype of Seger coincided with
the second biotype of Omhafer (new9.1.news). The first
and second biotypes of Severyanin coincide with Udarnik
(newll.new9.3) and Skorospelyj (newi2.newl(.3). The
same types of spectra are characteristic of the second bio-
type of Narymskij 943 as well as Astor and Novosibirskij
88 (2.4.2); the spectra of Perona and Talisman (4.4.2) co-
incide. As a result of the analysis, it was found that only 10
(38.5 %) of the 26 studied genotypes are variety-specific.
This is a fairly low rate.

The identity of alleles of prolamin-coding loci in varieties
is associated with the involvement of the same genotypes
in breeding programs (Portyanko et al., 1998; Melnikova
et al., 2010; Novoselskaya-Dragovich et al., 2013). For
example, Seger and Golden Rain were bred from the
same oat variety Milton (=Propsteier), and Ombhafer, too,
originated from it. The old oat variety Milton appeared
in northern Germany and was widespread in northern
Europe (Portyanko et al., 1998). Apparently, this variety
possessed outstanding economic characteristics, which led
to its frequent inclusion in the breeding process. This was
reflected in the matching set of alleles of avenin-coding
loci in its descendants. The presence of varieties with the
same genetic formulas of prolamins reduces the efficiency
of'using the method of electrophoresis for their differentia-
tion. A number of authors in their studies concluded that
the use of avenin-coding loci as the only marker system
for distinguishing a large number of oat varieties is insuf-
ficient, since the allelic diversity of oat prolamin loci is
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characterized as low compared to wheat, barley and rye
(Cliff, Cooke, 1984; Souza, Sorrels, 1990; Portyanko et
al., 1998). In such cases, there is a need for an additional
use of other marker systems (Wight et al., 2010). However,
it should be noted that the modern varieties of oat created
by the Scientific Research Institute of Agriculture of the
Northern Trans-Urals have an individual allelic composi-
tion of avenin-encoding loci, which makes it possible to
differentiate their genotypes with high accuracy.

An analysis of the frequencies of alleles of avenin-coding
loci for all three loci allowed us to note the relationship
between the frequency of alleles and a set of cultivated
varieties, especially their origin. In the process of variety
exchange, the alleles characteristic of varieties of foreign
breeding were gradually replaced by alleles present in
domestic varieties, and then in the varieties developed of
local breeding istitutions. A similar replacement of one
allele with another during breeding work was noted by
many researchers in the study of prolamin-coding loci of
wheat and barley (Novoselskaya-Dragovich et al., 2007;
Lyalina et al., 2016). On a large number of examples,
the adaptive nature of prolamin polymorphism has been
proved. Their connection with adaptive gene complexes
allows, based on the spectra of storage proteins, identifying
genotypes that are most adapted to specific climatic condi-
tions. A.Yu. Novoselskaya-Dragovich and the co-workers
(2013) noted that genetic differences between varieties of
different geographical origin are determined by natural
selection. In this case, the reason for the rather rapid re-
placement of the “old” alleles with “new” ones is directed
processes associated with new directions in breeding and
the involvement of genetically different source material
(Novoselskaya-Dragovich et al., 2007). Our data on the
allele frequency of avenin-coding loci are in good agree-
ment with this statement.

With the beginning of breeding work on oat in the
Tyumen region, varieties appeared that possess a set of
agronomically and adaptively significant characters for this
region. This led to an increase in the frequency of certain
alleles of avenin-coding loci, which can be considered
markers of such genotypes or characters. At the same time,
it caused a decrease in the frequency or even complete
disappearance of alleles characteristic of foreign varie-
ties. A2 and C2 alleles found in all groups of varieties, pro-
bably, mark highly competitive gene associations that give
their carriers important advantages in the natural climatic
conditions of the region.

Monitoring changes in the genetic diversity of varieties
over time allows judging the presence or absence of ge-
netic erosion. In the works devoted to the assessment of
genetic diversity in varieties of other crops, its values were
0.62—0.76 for soft wheat varieties created in Serbia and
Italy (Novoselskaya-Dragovich et al., 2007), 0.5-0.6 in soft

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 2



A.B. llobumosa, I".B. Tobonosa
O.MWN. Epemnn, W.T. JTockyToB

wheat varieties of Ukrainian selection (Zayka et al., 2014),
and 0.42—0.64 in groups of durum wheat varieties origina-
ting from different countries of the world (Kudryavtsev et
al., 2014). At the same time, a decrease in the value of this
indicator in modern varieties is noted (Kudryavtsev et al.,
2014; Lyalina et al., 2016).

The high values of genetic diversity identified as a
result of our work and an increase in this indicator since
2000 indicate the absence of genetic erosion. It should be
noted that, at different periods of time, the contribution of
individual avenin-coding loci to the average gene diversity
in varieties of oat in the region was not the same. In the
period from 1970 to 2010, the Avn 4 and Avn B loci played
an important role in the formation of genetic diversity. But
currently, the maximum genetic diversity is observed at the
Avn C locus. In our opinion, this suggests that the alleles
of this locus may be important as markers of adaptively
significant characters.

Conclusion

The allele frequency of avenin-coding loci in varieties of
common oat included in the State Register of Selection
Achievements in the Tyumen region from 1929 to 2019
changed over time. The alleles characteristic of the varie-
ties of foreign selection were replaced by “new” ones,
specific to the varieties of local selection: Avn A4 (50.0 %),
A2 (25.0 %), Avn B4 (50.0 %), Bnew6 (37.5 %), Avn C1
(37.5 %), C2 and C5 (25.0 %). These alleles are of great
value as markers of agronomically and adaptively signifi-
cant characters for the region in question.

Modern regionalized varieties of oat are characterized
by high genetic diversity (0.75), which is associated with
the use of heterogeneous source material in the breeding
process. This allows obtaining varieties with high adaptive
potentials in the climatic conditions of Western Siberia.

The high importance of genetic diversity in modern
breeding varieties of the Scientific Research Institute of
Agriculture of the Northern Trans-Urals and an increase in
this indicator over the past 20 years indicate competently
organized and effective breeding work with this crop in
the Tyumen region.
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Abstract. Stem rust in recent years has acquired an epiphytotic character, causing significant economic damage
for wheat production in some parts of Western Siberia. On the basis of a race composition study of the stem rust
populations collected in 2016-2017 in Omsk region and Altai Krai, 13 pathotypes in Omsk population and 10 in
Altai population were identified. The race differentiation of stem rust using a tester set of 20 North American
Sr genes differentiator lines was carried out. The genes of stem rust pathotypes of the Omsk population are aviru-
lent only to the resistance gene Sr31, Altai isolates are avirulent not only to 5r37, but also to Sr24, and Sr30. A low
frequency of virulence (10-25 %) of the Omsk population pathotypes was found for Sr11, Sr24, Sr30, and for Altai
population - Sr7b, Sr9b, Sr11, SrTmp, which are ineffective in Omsk region. Field evaluations of resistance to stem
rust were made in 2016-2018 in Omsk region in the varieties and spring wheat lines from three different sources.
The first set included 58 lines and spring bread wheat varieties with identified Sr genes - the so-called trap nursery
(ISRTN - International Stem Rust Trap Nursery). The second set included spring wheat lines from the Arsenal collec-
tion, that were previously selected according to a complex of economically valuable traits, with genes for resistance
to stem rust, including genes introgressed into the common wheat genome from wild cereal species. The third
set included spring bread wheat varieties created in the Omsk State Agrarian University within the framework of
a shuttle breeding program, with a synthetic wheat with the Ae. tauschii genome in their pedigrees. It was estab-
lished that the resistance genes Sr371, Sr40, Sr2 complex are effective against stem rust in the conditions of Western
Siberia. The following sources with effective Sr genes were selected: (Benno)/6*LMPG-6 DK42, Seri 82, Cham 10,
Bacanora (S5r31), RL 6087 Dyck (5r40), Amigo (Sr24, 1RS-Am), Siouxland (Sr24, Sr31), Roughrider (Sr6, Sr36), Sisson
(Sr6, Sr31, 5r36), and Fleming (Sr6, Sr24, Sr36, 1RS-Am), Pavon 76 (Sr2 complex) from the ISRTN nursery; No. 1 BC,F,
(96x113)x 145 x 113 (5r2, 5r36, Sr44), No. 14a F5 (96X 113) X 145 (5r36, Sr44), No. 19 BC,F5 (96 x 113)x 113 (Sr2, 5r36,
Sr44), and No. 20 F5 (96 x 113) x 145 (Sr2, Sr36, Sr40, Sr44) from the Arsenal collection; and the Omsk State Agrarian
University varieties Element 22 (5r31, 5r35), Lutescens 27-12, Lutescens 87-12 (Sr23, Sr36), Lutescens 70-13, and
Lutescens 87-13 (Sr23, Sr31, Sr36). These sources are recommended for inclusion in the breeding process for de-
veloping stem rust resistant varieties in the region.
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Stem rust in Western Siberia —
race composition and effective resistance genes

V.P. Shamanin, L.V. Pototskaya, S.S. Shepelev ...
M. Hovmeller, M. Patpour, A.l. Morgounov

B OMcKol ob6nact n AnTaickom Kpae, BbiAiBNieHO 13 maToT!noB B OMcKow nonynaumm 1 10 — B antanckon. Judde-
peHunpoBaHme pac cTebneBol pKaBUMHbI MPOBOAMIIM C NMOMOLLbIO TeCTepPHOro Habopa 20 ceBepoaMmepUKaHCKNX
nuHN-guddepeHLMaTopoB Sr reHoB. [eHbl NaTOTUMNOB cTebneBoOW pPXKaBUMHbI OMCKOW NOMYAALUN aBUPYNEHTHbI
TONIbKO K reHy ycTomumBocTv Sr31, antaickue n3onATbl aBUPYNeHTHbl, MOMUMO Sr31, K reHam 5r24, Sr30. Hnskan
YyacToTa BUpyneHTHOCTU (10-25 %) NaToTMNOB OMCKOW NONynAuUM ycTaHoBneHa ana Srii, Sr24, Sr30, a natotunos
anTanckon — ana Sr7b, Srob, Sr11, Srimp, KoTopble HeaddeKkTMBHBI B OMcKoi obnacTu. MoneBas oLeHKa ycTonum-
BOCTU K CcTe6neBon pxkaBumHe nposogunacb B 2016-2018 rr. B OMcKol 06nact B AUHaMIKIKe B TeYeHue BereTa-
LIMOHHOIO Nepuofa y COPTOB W JIMHWUIA MATKOW MLWEHWULIbI M3 TPeX PasfiNyHbIX UCTOYHUKOB. [epBblii HAbop BKJIIO-
Yan 58 NIMHWI 1 COPTOB APOBOI MAFKON MLUEHNLbl C MAEHTUOULNPOBAHHBIMY FeHaMK Sr, YCIIOBHO Ha3blBaeMbiMM
«NMUTOMHUK-NoBYyLWwKa» (ISRTN - international stem rust trap nursery). Bropoi1 Habop BKntouan MHMM APOBOIA MLle-
HULbI 13 KOMIEKLUN «ApCeHa», OTOOPaHHbIE paHee MO KOMIMIEKCY XO3ANCTBEHHO LIEHHbIX MPU3HAKOB U HecyLme
nvpamuily reHoB YCTONUMBOCTU K CTe6NeBOl pXaBUMHe, B TOM UMC/Ie UHTPOrPeCCUPOBaHHbBIX B TeHOM MATKOW
MNLWeHNLbl OT AMKOPACTYLMX BUAOB 3/1aKOB. TpeTuin Habop BKtoYan copTa APOBOM MATKOW MLUEHULbl, CO3aHHbIe
B OMCKOM arpapHOM yHuUBepcuUTeTe No NporpammMe YeNHOYHOW Cenekuun, MMeloLne B POAOCSIOBHON CUHTETMYE-
CKY!0 NLIeHKnLYy ¢ reHoMOoM Ae. tauschii. YcTaHOBNEHO, UTo NMHWK ¢ reHamu Sr31, 5r40, Sr2 complex HeBOCNPUMMUYMBDI
K cTe6n1eBOI1 pXKaBUMHE B yCNoBUAX 3anagHo-CnbrpcKoro pernoHa. BoigeneHbl ICTOUHMKM € 3GdEKTVBHBIMY FeHa-
mu Sr: 3 nutomHuKa ISRTN - (Benno)/6*LMPG-6 DK42 (Sr31), Seri 82 (Sr31), Cham 10 (Sr31), Bacanora (5r37), RL 6087
Dyck (5r40), Amigo (5r24, 1RS-Am), Siouxland (5r24, Sr31), Roughrider (Sr6, Sr36), Sisson (Sr6, Sr31, Sr36), Fleming
(Sr6, Sr24, Sr36, 1RS-Am), Pavon 76 (Sr2 complex); n3 konnekuun «Apceran» — N2 1 BC,F, (96X 113)x 145x 113 (5r2,
5r36,5r44), N2 14a F5 (96X 113) X 145 (5r36, Sr44), N2 19 BC,F; (96 X 113) x 113 (Sr2, 5r36, 5r44), N2 20 F5 (96X 113) X 145
(Sr2, Sr36, 5r40, Sr44); copta OMCKOro arpapHoro yHmsepcuteta — dnemeHT 22 (S5r31, 5r35), MotecueHc 27-12, Jliotec-
ueHc 87-12 (Sr23, Sr36), NiotecueHc 70-13, JliotecueHc 87-13 (Sr23, Sr31, Sr36). BblgeneHHble MCTOYHMKN PEKOMEH-
LyI0TCS ANA BKIOYEHNA B CENEKLUMOHHbIN NPOLIECC MPU CO3AaHNN COPTOB, YCTONUMBBIX K CTEONEBOW pXKaBUVHe B
YCJIOBUAX PermoHa.

KnioueBble cioBa: MArkas niueHnLa; ctebnesasn pKaBUMHA; NaToTUM; 3GPEKTUBHbIE reHbl YCTONUNBOCTY; CeNeKLMA.

Introduction

Stem rust of wheat caused by Puccinia graminis f. sp. tritici
Erikss. for a long time had a weak manifestation in the terri-
tory of Western Siberia and only in the recent years acquired
an epiphytotic nature, causing significant economic damage
for wheat production in the region. First of all, this is due to
the deterioration of the phytosanitary situation in the region,
the general trend of climate warming and cultivation of sus-
ceptible wheat varieties on large area (Shamanin et al., 2015,
2016a). The threat of stem rust race Ug99 appearance and the
emergence of new pathotypes of this race, affecting varieties
with genes Sr24 and Sr36 present a serious threat for wheat
production in West Siberian region. Genetic diversity of cul-
tivated wheat varieties for resistance to Ug99 and stem rust
in general is very limited (Shamanin et al., 2016b).

Enhancement of genetic resistance to pathogens can be
solved germplasm exchange, and also cultivation of varieties
with different level of resistance to diseases and to different
races. Crop protection is necessary to restrain the evolu-
tion of pathogens and the emergence of new virulent races.
Such programs are widely used in Europe and America. The
duration of the variety cultivation in advanced countries is
3-4 years, while in Russia — 7-10 years (Sanin, 2016). In
this regard, the breeding of spring wheat varieties, which
have a diverse genetic basis of resistance to stem rust, is very
relevant.

Since the 1950s, many resistance genes introduced into
bread wheat have lost their effectiveness (Singh et al., 2008).
The most significant genes for breeding practice are Sr2,
Sr23,8r24,Sr25,8r31, Sr33, Sr36, Sr38, Sr45, Sr50, SrTmp,
Sr1RS"migo (Singh et al., 2015).

Introgression of resistance genes of wild and cultivated
wheat relatives allows to expand the genetic diversity of
varieties and contributes to their long-term protection (Leo-

132

nova et al., 2014). To date, about 86 Sr genes have been
identified, of which 26 stem rust resistance genes have
been transferred into bread wheat from other cereal species
(Mclntosh et al., 2013). For example, T turgidum was the
source of the stem rust resistance genes Sr2, Sr9d, Sr9e, Sr9g,
Sril, Sri12,Sr13,Srl4,and Sr17, of which the Sr2, Sri3, and
Sri4 genes are effective against Ug99 race; 7. monococcum
was the source of Sr21, S22, and Sr35 genes (Singh et al.,
2011).

Genes that caused the resistance to stem rust have been
introduced into wheat gene pool from the genome of vari-
ous Aegilops L. species: Ae. speltoides — Sr32, Sr39, Sr47;
Ae. comosa — Sr34; Ae. ventricosa — Sr38 (Schneider et al.,
2008). Ae. tauschii contributed genes Sr33, Sr45, Sr46 (Ker-
ber, Dyck, 1979). Direct hybridization of 7. aestivum with
Ae. tauschii and following backcrosses allowed introduction
of new resistance genes Sr741662, SrTA1017,and SrTA10187
effective against Ug99 race (Olson et al., 2013). The search
of new resistance genes in wild wheat relatives continues, for
example, G. Yu et al. (2017) identified two new Sr genes in
Ae. sharonesis.

One of the objectives of Kazakh-Siberian Spring Wheat
Improvement Network (KASIB) is expanding of the genetic
polymorphism of new varieties, including resistance to harm-
ful diseases (Gomez-Becerra et al., 2006). This is based on
shuttle breeding with CIMMYT (Mexico). Varieties and
breeding lines developed through shuttle breeding with par-
ticipation of Ae. tauschii and T. dicoccum, as well as lines
of the “Arsenal” collection, which have wild species in their
pedigree are of interest for breeding for resistance to stem
rust in the region.

The aim of the research was analysis of the racial composi-
tion of the Western-Siberian stem rust population, resistance
assessment of spring bread wheat lines and varieties with
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identified resistance genes and identification of the sources
with effective Sr genes for breeding under Western Siberian
conditions.

Material and methods

The racial composition of Puccinia graminis f. sp. tritici po-
pulations collected in 2016-2017 in Omsk region (15 entries
of the nursery KASIB-16, Omsk State Agrarian University
(SAU)) and Altai region (12 breeding samples, Altay Breeding
Center) were analyzed in the Global Rust Reference Center
(GRRC, Denmark; http://agro.au.dk/forskning/internationale-
platforme/wheatrust).

Selection of single pustule isolates according to require-
ments of GRRC protocols (www.wheatrust.org) was car-
ried out. Monopustule isolates were reproducted to identify
race Ug99 with usage of the test PCR-Stage 1. A total of
19 single pustule isolates were selected from Omsk population
and 20 — from Altai population (Table 1).

Differentiation of stem rust races was performed with use
of the set of 20 North American differentiator lines contain-
ing Sr genes: Sr5 (ISr5-Ra), Sr21 (CnS_Triticum monoc.
Deriv.), Sr9e (Vernstein), Sr7b (ISr7b-Ra), Sril (ISrll-
Ra), Sr6 (ISr6a-Ra), Sr8a (ISr8a-Ra), Sr9g (CnSr9g), Sr36
(W2691SrTt-1), Sr9b (W2691S19b), Sr30 (BtSr30Wst),
Sr17+13 (Combination VII), Sr9a (ISr9a-Ra), Sr9d (ISr9d-
Ra), Sr10 (W2691Sr10), SrTmp (CnsSrTmp), Sr24 (LcS-
124Ag), Sr31 (Benno Sr31/6*LMPG), Sr38 (VPM-1), SrMcN
(McNair 701). Infected plants were evaluated in 14—-16 days
after inoculation according to modified E.C. Stakman scale
(Roelfs, Martens, 1988). Virulence phenotypes were classified
according to North American system (Jin et al., 2008).

The varieties and lines of bread wheat from three germplasm
sets were evaluated in Omsk at least 4-5 times for reaction to
stem rust on scales recommended by Koyshibaev et al. (2014).
The type of reaction on E.B. Mains and H.S. Jackson scale
(1926) and severity — on modified Peterson scale (Peterson
et al.,1948) were considered: 0 — immunity, uredopustules
not formed; R (Resistance — high resistance), 1 score, sever-
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ity 5-10 %; MR (Moderately resistant — average resistance),
2 score, severity 10-25 %; M (heterogeneous type), pustules
of different sizes, surrounded by chlorotic and necrotic spots
or without them; MS (Moderately susceptible — average
susceptibility), 3 score, severity 40—50 %; S (Susceptible —
susceptibility), 4 score, severity more than 60 %.

In 20162018, International Stem Rust Trap Nursery with
58 genotypes with identified Sr genes was evaluated to Omsk
stem rust population (Table 2). Varieties and lines of nursery-
trap were sown manually in 100 cm-long rows with stem rust
resistant (Element 22) and susceptible checks (Chernyava 13)
alternating every entries.

In 2015, 9 spring wheat lines originating from wide crosses
“Arsenal” collection were kindly provided by LF. Lapoch-
kina for evaluation in Omsk. These lines carry a pyramid of
stem rust resistance genes (Lapochkina et al., 2017) — No. 1
[BC,F,(96x113)x145x113];No. 13, 14a[F,; (96 x 113) x 145];
No. 16, 17, 17a [BC,F, (96x113)x113]; No. 19 [BC,F,
(96> 113)x113]; No. 20, 22a [F, (96 % 113) x 145]. The lines
were studied in 2016-2018 in un-replicated trial with the plot
size of 2 m?.

Nine spring wheat varieties and breeding lines from ad-
vanced yield trial at Omsk SAU developed through utilization
of synthetic wheat with the Ae. tauschii genome (Lutes-
cens 24-12 (Kasibovskaya), Lutescens 27-12, Lutescens 87-
12, Lutescens 70-13, Lutescens 87-13, Lutescens 88-13
(Silantiy), Lutescens 124-13, Lutescens 53-15, Lutescens 128-
15) were evaluated for stem rust resistance and other traits in
2016-2018. The plot size was 25 m? with four replications.
The checks were Pamyati Azieva (early maturing), Duet (me-
dium maturing), and Element 22 (late maturing).

Sr genes of Omsk SAU varieties were identified using
molecular markers: Xsts638 — Sri5, Xcfa2123 — Sr22,
Xgwm?210 — S§r23, Xscs73 — Sr24, Xwmc221 — Sr25,
BE518379 — Sr26, Xsem09 — Sr31, SCS421 — Sr34,
Xcfa2170 — Sr35, Xstm773-2 — Sr36, Ventriup-LN2 — Sr38,
Lr34plus — Sr57, according to established protocol (http://
maswheat.ucdavis.edu/protocols/StemRust/index.htm). The

Table 1. Phenotypic composition and virulence of pathotypes of Puccinia graminis f. sp. tritici

in Omsk and Altai regions (2016-2017)

Parameter Experimental field
of Omsk SAU, 2016
NO of Samp |es ....................................................... 15 ..................................
Noofsmg|ep ustUIeISOIates ............................... 19 ..................................
NO of p athOtypes ................................................. 13 ..................................

RRGTF, TKRPF, RKRSP, RFRSF, THRTP, RHRTP, TKRTF,
QHHSF, RCRTF, SHHSF, RCRTP, QFRSF, RFRTF

Sr5,5r6, Sr7b, Sr8a, Sr9a, Sr9b, Sr9d, Sr9e, Sr9g, Sr10,
Sr17,5r21,5r36, Sr38, SrMcN, SrTmp

CENEKLUMA PACTEHUA HA UMMYHUTET / PLANT BREEDING FOR IMMUNITY

Experimental field
of Altai Breeding Center, 2017

SFRSF, NFMSF, QKCSF, MPMTC, LHCSF,
LFRSF, LKCSF, LKMSF, LTMSF, QHMSF

Sr5,Sr8a, Sr9a, Sr9d, Sr9, Sr9g, Sr10,
Sr17,5r21, 5r36, 5r38, SrMcN
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Table 2. Results of evaluation of lines and varieties with identified Sr genes on resistance/susceptibility to stem rust,
experimental field of Omsk SAU, 2016-2018

No. Variety, line Genes Infection response, %/type
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resistance genes of spring bread wheat lines and varieties
from nursery-trap and from collection “Arsenal” were identi-
fied earlier (Mclntosh et al., 2013, 2017; Lapochkina et al.,
2017).

In 2016, weather conditions in Omsk region were relatively
dry, which contributed to moderate development of stem rust.
In 2017, there was an intensive development of the disease,
the degree of severity of susceptible accessions varied within
20S—80S. In 2018 high severity of stem rust was observed as
the growing season was characterized by cool weather and
more precipitation. The degree of severity of susceptible ac-
cessions was 30S-80S.

Results
The race composition analysis of stem rust populations
identified a significant number of pathotypes: in the Omsk
population — 13 and in Altai population — 10 (see Table 1).
Unlike many regions of the world where stem rust is a harmful
disease for decades, for example in Krasnodar region of Russia
(Ablova et al., 2016), for Western Siberia this is surprising
result considering a short period of time since its appearance.
Most of the identified pathotypes of stem rust population in
Omsk and Altai regions were not identical in virulence to the
pathotypes, which were found in recent years in Asia and
Africa (http://wheatrust.org/fileadmin/www). In all studied
Western-Siberian populations of P. graminis Ug99 and Sicil-
ian races were not identified. Genes of stem rust pathotypes
of Omsk population were avirulent only to Sr3/ gene, while
Altai pathotypes were avirulent to Sr31, Sr24, and Sr30.
Low frequency of virulence (10-25 %) of Omsk population
pathotypes was established for Srii, Sr24, Sr30 genes, for
Altai population — for Sr7b, Sr9b, Sril, SrTmp genes, which
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were ineffective in Omsk region. The results of laboratory
evaluation of virulence of P. graminis pathotypes collected
in Omsk region were confirmed by field of trap nursery with
identified Sr genes (see Table 2).

Genotypes with Sr3/: Sr31(Benno)/6*LMPG-6 DK42,
Seri 82, PBW343=Attila with Sr31, Cham 10=Kauz//Kauz/
star, Bacanora=Kauz’s’ showed high level of resistance to
Omsk stem rust population in all years of study (2016-2018).
Line 28 LcSr24Ag + BTSr24Ag with Sr24 gene was charac-
terized by moderate resistance. For some Sr genes, resistant
type of reaction under epiphytotic conditions was observed
on the stage of adult plants, and susceptible type — on the
seedling stage in the laboratory conditions.

For example, variety Trident (entries 46 and 47) with
Sr38 gene had high resistance (R-5MR) in the field; variety
Einkorn (entry 25) with Sr2/ gene, and line W2691SrTt-1
CI 17385 (entry 44) with Sr36 gene had moderate resistance
(10M) in the field conditions. In the laboratory conditions
the seedlings plants with above mentioned genes were clas-
sified as susceptible. Genotypes of ISRTN nursery with a
gene pyramid had high resistance to stem rust in all years of
research: entry 50 Amigo (Sr24+ IRS-Am), entry 51 Sioux-
land (Sr24+Sr31), entry 52 Roughrider (Sr6+Sr36), entry 53
Sisson (Sr6+Sr31+S8r36), entry 55 Fleming (Sr6+Sr24+
Sr36+ IRS-Am). The results of stem rust resistance evalua-
tion of “Arsenal” collection and Omsk SAU germplasm are
presented in Table 3.

Lines from “Arsenal” collection are of great interest as
sources of resistance to pathogen since they possess the
gene pyramid: Sr2 (7. turgidum), Sr36, Sr40 (T. timophee-
vii), Sr44 (Th. intermediate). The pedigree of selected lines
contains spring wheat line 13/00/i-4 with 7 resistance genes:

Table 3. Results of the assessment for resistance to stem rust of lines and the best varieties of spring bread wheat
of Competitive Variety Trial, experimental field of Omsk SAU, 2016-2018

Variety, line %/type
2 016 ..............
Pamyati Azieva, susceptible standard gos
E | em ent 22 . res, Stant Standar d ............................................ R .....................

Lutescens 27-12
Lutescen58712 .................................................................... R .....................
LUtescen 57013 .................................................................... 5 MR ................
LUtescen 58713 .................................................................... 5 M ..................
LUtescen 58813 .................................................................... 5 MR ................
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Resistance genes

2017 2018
405 .......................... 7 OS ........................... _ ..............................................
......... 5 MRSMRS’3],Sr35
......... R 10MRsr2,Sr3615r44
......... R R5r365r44
......... R _Sr215r3615r44
......... R 5MR5’2’5’36’Sr405r44
......... R 25MR5r2315r36
......... R 40M5r23,5r36
......... R 5MRS’23,Sr3115r36
......... 5 MR10MR5r23’5r31Sr36
......... R 25MRsr23
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Sr2, Sr36, Sr39, Sr40, Srd44, Sr47, Sri5, and winter line
GT 96/90 with genes Sri5, Sr24, Sr3i, Sr36, Sr40, Sr47
(Lapochkina et al., 2017).

In Omsk SAU varieties 3 resistance genes were identified:
Sr23,8r31,Sr36. Variety Element 22, which has winter wheat
Aurora in its pedigree also possesses wheat-rye transloca-
tion 1BL.1RS with Sr3/ gene (Shamanin et al., 2016b). The
combination of effective resistance genes Sr3/ and Sr35 in
this variety results a high level of resistance to stem rust. Ele-
ment 22 is one of the few varieties with combined resistance
to stem and leaf rust. It was included into State register of
breeding achievements in Western Siberian region. This vari-
ety is the check of the late maturity group at the State Variety
Trials in Omsk region.

Stem rust resistant breeding lines Lutescens 27-12, Lutes-
cens 70-13, Lutescens 87-13, Lutescens 88-13 were selected
from a cross Lutescens 30-94*2/3/T. dicoccon P1 94625/
Ae. squarrosa (372)//3*Pastor involving Kazakhstan spring
wheat line Lutescens 30-94 and CIMMYT line developed
by hybridization of synthetic wheat with variety Pastor. The
line Lutescens 87-12 originated from a cross Kazakhstan-
skaya 25/2*Attila/3/T. dicoccon P194625/Ae. squarrosa also
involving synthetic wheat. Omsk SAU germplasm possessed
different combinations of genes Sr23, Sr31, and Sr36.

Discussion

In modern conditions, stem rust is the most dangerous disease
for grain production in Western Siberia. In the epiphytotic
years the grain losses of wheat in the region were about 2 mil-
lion tons. Unfortunately, stem rust resistant varieties included
into the State register occupy about 10-15 % of the total
wheat sowing area in the region. In 2015-2016, evaluation
of spring wheat varieties at Moskalenskiy State Variety Trial
of Omsk region (southern forest-steppe zone) demonstrated
that out of 57 varieties tested only Element 22 (Sr31+Sr35),
Omskaya 37, Sigma, Uralosibirskaya (Sr37), and Sigma 2
(Sr31+Sr25) were resistant to stem rust (5—15MR). The other
varieties were affected by pathogen in medium and high de-
gree requiring the use of chemical protection (Lapochkina et
al., 2017). Previously, Shamanin et al. (2016b) identified the
stem rust resistance genes in the germplasm developed by
breeding institutions of Western Siberia. High frequency of
genes Sr25, Sr31, and their combination was observed. High
variability of the race composition of the pathogen population,
as shown in our studies, and the uniformity of resistance genes
to stem rust in cultivated varieties, threaten grain production
stability in Western Siberia.

The breeding strategy should focus on limiting disease
development in the region. The study of the populations of
P. graminis, formed on wheat in the different regions, is very
essential to guide the breeding efforts. There were no clones
avirulent to Sr24 gene in Omsk population of P. graminis
while in Altai region there were no clones virulent to Sr24,
which remains its effectiveness in Novosibirsk region (Skolot-
neva et al., 2018). The results of the population composition
comparison suggest that Omsk and Altai subpopulations have
relatively independent sources of genetic diversity and the
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contact zone. Western Siberian population of P. graminis has
quite complex structure. Two subpopulations are assumed to
exist: Omsk and Altai — with independent sources of genetic
diversity, and zone of genotypic exchange on wheat crop in
Novosibirsk region (Skolotneva et al., 2020).

Omsk stem rust population analysis showed that the spec-
trum of effective resistance genes has narrowed due to losses
of some genes to the local population of P. graminis.

Highly resistant varieties and lines of ISRTN nursery
were identified: Sr31 (Benno)/6¥*LMPG-6 DK42, Seri 82,
Cham 10, Bacanora (Sr37), RL 6087 Dyck (Sr40), Amigo
(Sr24, 1RS-Am), Siouxland (Sr24, Sr31), Roughrider (Sr6,
Sr36), Sisson (Sr6, Sr3l, Sr36), Fleming (Sr6, Sr24, Sr36,
1RS-Am), Pavon 76 (Sr2 complex). Selected varieties and
lines are recommended for using as sources of resistance in
breeding programs to create resistant wheat varieties to stem
rust. Effective resistance genes Sr31, Sr40, Sr2 complex,
and their combinations with ineffective genes are recom-
mended for use in breeding, taking into account the constant
rotation, combination of genes of nonspecific resistance, as
well as the possibility of infection threat from neighboring
territory.

The resistance gene Sr2, widely used in breeding for resis-
tance to virulent stem rust races, is common in commercial va-
rieties in a number of countries around the world, particularly
in the United States, Australia, India, and Mexico. This gene
is practically absent in the commercial varieties of Russian
Federation, however, for effective protection against stem rust,
its pyramiding with other resistance genes is recommended
(Baranova et al., 2015).

For the development of varieties with long-term resistance,
the strategy of combining genes responsible for different
types of resistance in one genotype is used. Pyramiding of
specific resistance genes (Srl1, Sr24, Sr30, and Sr31) with
APR gene Sr2, which causes the slow development of the
disease (slow rusting), will provide longer protection of
wheat crops from stem rust in Western Siberia in the present
phytosanitary situation.

In this regard, the lines from “Arsenal” collection — No. 1
BC,F, (96x 113)x145x 113 (Sr2, Sr36, Sr44); No. 14a F,
(96 113)x 145 (Sr36, Sr44); No. 19 BC,F; (96 x 113)x 113
(Sr2, 8r36, Sr44); No. 20 F, (96 x 113) x 145 (Sr2, Sr36, Sr40,
Sr44) represent a promising starting material for breeding
and creation of varieties with long-term resistance.

It is justified to include resistance sources to stem rust with
minimum number of negative traits that reduce their breed-
ing value. In this regard, stem rust resistant germplasm from
Omsk SAU with identified effective genes Element 22 (Sr31,
Sr35), Lutescence 27-12, Lutescence 87-12 (Sr23, Sr36),
Lutescence 70-13, Lutescence 87-13 (Sr23, Sr31, Sr36),
Lutescence 88-13 (Sr23) are valuable starting material for
breeding in the region.

Conclusion

Thus, the genetic similarity of spring wheat varieties on stem
rust resistance genes cultivated over large areas in Western
Siberia, and the predominance of varieties with race specific
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resistance genes contribute to spreading and high variability
of the pathogen. The lines from collection “Arsenal” — No. 1
BC,F, (96x113)x145x113 (Sr2, Sr36, Sr44), No. 14a F,
(96 113)x 145 (Sr36, Sr44), No. 19 BC,F; (96 x113)x 113
(872, 8r36, Sr44),No. 20 F; (96 x 113) x 145 (Sr2, Sr36, Sr40,
Sr44), varieties of Omsk Agrarian University — Element 22
(Sr31,8r35), Lutescens 27-12, Lutescens 87-12 (Sr23, Sr36),
Lutescens 70-13, Lutescens 87-13 (Sr23, Sr31, Sr36) are
recommended for inclusion into breeding process of the
creation of resistant to stem rust varieties in the region. Fur-
ther monitoring of the virulence of stem rust pathogen and
coordination strategy of breeding programs in Western Sibe-
ria, and neighboring regions of the Kazakhstan Republic is
recommended. Incorporation of effective resistance genes, in
particular Sr2 and Sr40, will improve the phytosanitary situa-
tion and expand the segment of resistant varieties in the region.
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Septoria blotch epidemic process on spring wheat varieties
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Abstract. The Septoria blotch of spring wheat leaves and ears is one of the most economically significant infec-
tions in the Siberian region. In the control systems of Septoria blotch the main ecologically safe element is resistant
varieties, which are designed to slow down the pathogens reproduction rate and slow down or stop the develop-
ment of the epiphytotic process. The purpose of the work was to clarify the species composition of Septoria blotch
pathogens for West Siberian regions and spring wheat varieties, to study the epiphytotic process of Septoria dif-
ferentially on the leaves and ears of varieties, and to evaluate the activity of seed transmission of Parastagonospora
nodorum. Studies were carried out in 2016-2018 according to generally accepted methods. Septoria leaf and ear
blotch of spring wheat is widespread in West Siberia and the Trans-Urals, causing a decrease in yield by up to 50 %
or more with the deterioration in grain quality. The causative agents of the disease are P. nodorum, Septoria tritici,
and P. avenae f. sp. triticae, and the species ratio varied across the regions and varieties, and within plant organs.
In Novosibirsk Region, P. nodorum completely dominated; S. tritici was 13.8 times less common; and P. avenae
f. sp. triticae was a singleton. In Tyumen Region, the dominance of P. nodorum was disrupted in some geographic
locations by S. tritici and P. avenae f. sp. triticae. In Altai Krai, P. nodorum predominated at all points studied; S. tritici
and P. avenaef. sp. triticae were found everywhere, but 5.6 and 8.6 times less often, respectively. The study of spring
wheat varieties of different origins has not revealed any samples immune to Septoria blotch. A differentiated mani-
festation of resistance to Septoria leaf and ear disease has been established. Some varieties show complex resis-
tance, combining reduced susceptibility to Septoria leaf and ear disease. Seed infection with P. nodorum in the
regions of Siberia reached 7 thresholds and was largely (52.5 %) determined by the August weather conditions.
The study of the collection of spring wheat varieties from three Siberian regions has revealed the following trend.
Transmission of P. nodorum with the seeds of varieties was the most active (7.6 %) in Novosibirsk Region and some-
what weaker in Omsk Region (5.7 %). The most favorable phytosanitary situation was in Kurgan Region, where
varieties transmitted P. nodorum to a low degree (2.1 %), below the threshold.

Key words: Septoria leaf and ear blotch; spring wheat; monitoring; Parastagonospora nodorum; Septoria tritici;
P. avenae f. sp. triticae; variety; resistance; seed transmission.
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AHHoTayuma. CenTopno3 NUCTbEB M KOJIOCA APOBON MLIEHWLbl — OfHA M3 Hanbonee SKOHOMUYECKM 3HAUYMMbIX
nHbeKunin B CMOMPCKOM pernoHe. B crcTemax KOHTPONA CENTOPKO3a OCHOBHBIM 3KOMOrMUYecKn 6e3onacHbIM
SN1EeMEHTOM ABMAKTCA YCTOMUYMBBIE COPTA, KOTOPble TOPMO3AT UAN OCTAHABAUBAIOT Pa3BUTUE SNUPUTOTUYECKO-
ro npouecca nyTem 3aMeaneHns pasMHOXeHUs Bo3byauTenein centopuosa. Lienb paboTbl cOCTosANa B yTOUHEHNN
BMAOBOrO COCTaBa Bo3byauTeneit centoprosa no permoHam 3anagHon Cnbrpu n coptam sspoBoO MNWEHULbI, NC-
cnepoBaHUM ANNPUTOTUYECKOrO NpoLecca cenToprosa AndpdepeHUnpPOBaHHO Ha IMCTbAX Y KONOCbAX COPTOB, a
TaKXe B OLieHKe aKTMBHOCTU CeMeHHOoW nepepayuu Parastagonospora nodorum. iccnegoBaHuma nposoannm B 2016—
2018 rr. no obLwenpuHATEIM MeToanKaMm. B 3anagHoi Cnbrpu cenTopros MMCTHEB 1 KONOCa APOBOIA MIIEHNLbI WI-
poKo pacnpocTpaHeH: 35 % no nokasatenio pa3suTrua 6onesHn 1 90 % no pacnpocTpaHeHHOCTU. Bugosoii coctaB
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BO3bypuTeneli centopuosa npeactaeneH P. nodorum, Septoria tritici v P. avenae f. sp. triticae, npviyem COOTHOLLIEHNE
BWAOB M3MEHANOCb Mo pervioHam. B HoBocnbupckoin obnactn oTMeyeHO NonHoe fomuHupoBaHue P nodorum,
S. tritici BcTpeyvanca B 13.8 pa3a pexe, a P. avenae f. sp. triticae eguHnyHo. B TiomeHCKo 06nacT AOMUHMPOBaHVe
P.nodorum He 6bIn0 Tak/M 6€3yCNIOBHbBIM 11 HAPYLLIANIOCh B HEKOTOPbIX reorpaduueckmx nyHKTax S. tritici v P. avenae
f. sp. triticae. B AnTaiickom Kpae BO BCex TouKax yuyeTa npeobnagan P. nodorum; S. tritici v P. avenae f. sp. triticae
BCTPEYanucb NOBCEMECTHO, HO B 5.6 1 8.6 pa3a pexe COOTBETCTBEHHO. VI3yyeHne cOpTOB APOBOW MLIEHULIbI Pa3HO-
ro MPOWNCXOXAEHUA He MO3BOMIO BbIABUTb UMMYHHbIX K CENTOPKO3Y NINCTbEB 1 Kosloca popm. YcTaHOBNEHO And-
depeHUMpoBaHHOE MPOAB/IEHME MPU3HAKOB YCTOMYMBOCTUA K CEMTOPUO3Y JINCTbEB 1 KOJMIOCA, BblAeNeHbl COPTa,
coyeTatoLime MOHMMKEHHYIO BOCMPUUMYUMBOCTb K CENTOPMO3Y U JINCTbEB, N Konoca. MHPMLUMPOBAHHOCTb ceMsAH
¢duTonaToreHom B pernoHax Cubupm pgoctrrana 7 SKOHOMUYECKUX MOPOroB BPeLOHOCHOCTU U B 3HAUNTENIbHON
cteneHn (52.5 %) onpepenanacb NOroAHLIMU YCIIOBMAMM aBrycTa. VisyuyeHune Konnekuuin COpToB 13 Tpex peruo-
HoB CnbMPK NO3BONMO BbIABUTL CleAyIOLLYI0 TeHAEHLMIO: Hanbonee akTMBHO nepepaya P. nodorum c cemeHamu
copToB wWna B HoBocnbupckon obnactu (7.6 %), B MeHbluen cteneHn — B OMckoi (5.7 %); camas 6naronosiyyHas
duTOCaHUTapHas cutyaums 6bina B KypraHckon obnactu: copta nepepasanv P.nodorum B cnabow ctenenn (2.1 %),
HVe SKOMOormyeckoro nopora BpeAOHOCHOCTY.

KnioueBble cfioBa: CeNTOpMO3 JINCTbEB U KOMOCA; APOBasA MLUEHNLA; MOHUTOPWHT; Parastagonospora nodorum;

Septoria tritici; P. avenae f. sp. triticae; COpT; yCTONUNBOCTb; CEMEHHas nepepava.

Introduction

Septoria blotch of leaves and ears has long been one of the
most common and damaging diseases of spring wheat in all
areas of its cultivation (Eyal, 1999; Robert et al., 2004; Naza-
rova et al., 2010). When wheat is affected by Septoria blotch,
the leaves dry out prematurely, and grain is poured only at the
expense of the stem and spike green parts. Grain is formed
hollow with a low grain unit and 1000-grain mass. The grain
productivity of spring wheat falls by 25-60 %. The germina-
tion ability and germination energy of seeds are reduced by
7—12 % (Chulkina, 1991; Parker et al., 2004; Robert et al.,
2004; Sanin et al., 2015).

The main causative agents of the disease in spring wheat
are the fungi Parastagonospora nodorum (Berk.) Quaedvl.,
Verkley & Crous (syn. Depazea nodorum Berk.) and Septoria
tritici Roberge ex Desm. (syn. Zymoseptoria tritici (Roberge
ex Desm.) Quaedvl. & Crous.). Of the two species of fungi in
spring wheat in Siberia, P nodorum is predominant, charac-
terized by faster (8—10 times) germination of pycniospores
and colonization of the host plant tissue compared to S. tritici
(Chulkina, 1991). Also, Phaeosphaeria avenaria f. sp. triticae
Shoem. & C.E. Babc. (syn. S. avenae f. sp. triticea) is detected
in spring wheat in Siberia (Toropova et al., 2019). The same
species cause most damage to winter wheat crops (Kolo-
miets et al., 2018). Each of the plant pathogens has certain
epidemiological features and requirements for environmental
conditions, which ensures a greater ecological plasticity of
the disease and difficulty in its control. Both species can exist
together on the same plant. S. tritici mainly affects the leaves,
developing more intensively on young than on old tissues.
P. nodorum equally well affects both leaves and ears, and is
able to live and multiply on dead tissues (Kolomiets et al.,
2018). The highest susceptibility to P. nodorum was noted in
the phase of heading and flowering (Cooke, Jones, 1970). The
phase of the highest sensitivity of wheat to S. #ritici occurs
during the tillering—bumping period, which is mainly associ-
ated with increased air humidity in the crop folia (Adolf et
al., 1993). The representation of the main pathogens in the
pathogenic complex of winter wheat Sepforia blotch is de-
pendent on the weather. S. #ritici predominates in years with
low winter temperatures and warmer and rainy conditions in
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the first half of summer. S. nodorum prevails in years with
wetter autumn, warm winters, and high rainfall in the second
half of summer (Sanin et al., 2017).

Septoria leaf and ear blotch is recorded in more than
fifty countries, mainly at latitudes with a temperate climate
(Europe, North America, and Australia). In the territory of
the former Soviet Union, Septoria is especially prevalent
in the North Caucasus, the Urals, the Ukraine, and Belarus
(Nazarova et al., 2010).

The germ tubes of plant pathogens are introduced into the
leaf tissue of susceptible hosts after the germination of pyc-
niospores in most cases through the stomatal cleft, less often
through the epidermis. Several sprouts often penetrate one
stoma. After the penetration of pathogens, weak branching and
growth of fungi in the intercellular spaces of leaf mesophyll
cells is noted, with the majority of hyphae growing along the
leaf between the epidermal and mesophyll cells. This, appar-
ently, explains why Septoria blotch spots are often elongated
along the leaf veins. Branching of the hyphae gradually occurs,
as well as their growth in various directions; the leaf thick-
ness is penetrated several times; and the intercellular spaces
are filled with mycelium (Robert et al., 2004; Nazarova et al.,
2010). The toxin ochracin, which suppresses the growth of host
plants, and septorin, which inhibits oxidative phosphorylation
in plant cells, were detected in S. #ritici, the Septoria leaf blotch
pathogen (Eyal, 1999).

Plant infection with Septoria blotch is particularly success-
ful if the period of drip wetting at the optimum temperature
is at least 8 hours and the relative humidity is 98—100 %.
Therefore, Septoria blotch most often develops in areas with
sufficient moisture. However, there are cases when Septoria
blotch is dangerous in dry areas. This is because pathogens can
use an intermittent wet period, as a result of regular dewfall
(Toropova et al., 2002).

The incubation period of Septoria blotch, depending on
hydrothermal conditions, is from 6 to 49 days. The regres-
sion analysis showed that 45 % of the variability of the latent
period of the pathogen is due to the influence of temperature,
12 % due to its population density, and only 3 % to the dura-
tion of hydration (Chulkina, 1991). This indicates that, once
in the ecological niche, the pathogen is almost independent of
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moisture. However, in the external environment throughout
all the phases of the transmission mechanism (separation from
the causative agent source, transmission of propagules with
airborne droplets, and germination and incorporation into the
tissues of susceptible plants), its life cycle largely depends on
the presence of droplet-liquid moisture (Nolan et al., 1999;
Toropova et al., 2002; Nazarova et al., 2010; Pakholkova,
2015).

The reproductive potential of Septoria blotch pathogens
is quite high, amounting to 10—15 thousand spores in one
pycnium. A close correlation was established between the
numbers of pycnia and spores in them (» = 0.901) (Chulkina,
1991).

For the pycnia formation, high relative humidity (over
98 %) is required. The formation of mature P. nodorum pycnia
takes 8—14 days, and S. tritici 14-20 days after inoculation
(Pakholkova, 2015). At the end of the growing season of host
plants, the pycnia number reaches its maximum value. From
6 to 12 fungi generations develop during the season. At the
end of the growing season, pycnia and sacs (fruiting bodies)
of different species of Septoria blotch pathogens are formed
on the same leaves (Kolomiets et al., 2018).

The Septoria blotch pathogens winter on infected plant
debris as mycelium, fruiting bodies, and pycnia; P. nodorum
also on or inside seeds as mycelium and pycnia (Toropova
et al., 2016; Sanin et al., 2018). The pathogens can survive
for 6-18 months on infected plant debris in the surface soil
layer or on its surface and until the June—July end in the soil
at the depth of the arable layer. At the same time, 1 g of plant
residues contains 1.5-6 million pathogen spores in the soil
and 52—63 million on the soil surface. The viability of both
spores in pycnia and especially ascospores in sacs is high,
reaching 100 % in the spring wheat earing phase, when mass
plant infection occurs (Chulkina, 1991; Toropova et al., 2002;
Sanin et al., 2018).

The ability of pycniospores to spread after release from
pycnia is associated with rain. Wind without rain cannot take
away spores, as they are covered with an adhesive mass, which
in the absence of moisture sticks them to the substrate. As
you move away from the infection source, the spore popula-
tion decreases. Further than 500 m away, spores are usually
not detected. In the vertical direction, spores in the mass rise
to 75 cm and are absent at a height of 150 cm (Eyal, 1999;
Toropova et al., 2002; Robert et al., 2004; Sanin et al., 2018).

Ascospores can be released from perithecia only during
rain. This process is extended and can last several months.
Ascospores are carried over a few (2-3) kilometers.

The Septoria blotch development is largely dependent on
hydrothermal conditions. At low humidity, spores are not
released from the pycnia and do not spread. Therefore, the
disease outbreaks occur in years with significant rainfall, with
a maximum air temperature of no higher than 30 °C and an
average daily temperature between 14 and 21 °C. The dam-
age by root rot even in a slight degree (3—10 %) enhances the
Septoria blotch severity (Toropova et al., 2002; Toropova,
2005; Nazarova et al., 2010; Sanin et al., 2015).

A decrease in soil cultivation intensity and the accumula-
tion of infected plant residues on the soil surface have led
to a 2-2.5-fold increase in the frequency of Septoria blotch
epiphytotic in the forest-steppe of West Siberia over the past
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10 years. Since the seed transmission of the main causative
agent P. nodorum has intensified in spring and winter wheat
in the last decade, this annually created the prerequisites for
the formation of early foci of the disease (Toropova et al.,
2018). The epiphytotic development of Septoria blotch foci,
in which the infection on the upper leaves reaches the eco-
nomic threshold (15-20 %), occurs when 3 times more rain
falls over the ten-day period than the long-term average, at
a temperature of 14-22 °C; the disease develops at a rate of
up to 2-3 % per day, which necessitates the use of fungicides
(Toropova, 2005; Sanin et al., 2015).

The seed transmission of P. nodorum causes the early ap-
pearance of Septoria blotch on the coleoptile and basal leaves
in the seedling—tillering phase. There is no linear relationship
between the infection of seeds and seedlings. The seed infec-
tion by 5—10 % can already lead to an epiphytotic of Septoria
blotch in favorable weather conditions (Chulkina, 1991; Sanin
et al., 2015; Toropova et al., 2018).

The Septoria blotch pathogens have an r life cycle strategy.
The r-strategy characteristic features are: numerous (6—12)
generations of conidial sporulation (pycnia with spores)
under favorable conditions; high pathogen transmission rate;
and a polycyclic, variable type of the epiphytotic process
dynamics. The strategy of phytosanitary measures against
Septoria blotch is to reduce the rate of pathogen propagation
and the development of epiphytotic process to a level below
the economic threshold. This is achieved due to the genetic
and physiological plant resistance and to the prevention of
vertical transmission of P. nodorum with seeds.

The breeding of resistant varieties is the most promising and
environmentally friendly component of systems of integrated
protection from Septoria leaf and ear blotch of spring wheat.
In practice, selection of wheat for resistance to Sepforia blotch
is difficult, because this trait is unstable, varies in time and
space, and is controlled by many mechanisms (Kolomiets et
al., 2018). Genotypes with complex resistance are rare: varie-
ties can be resistant to one pathogen type and susceptible to
another (Jenkins, Jones, 1981). At one time, it was believed
that wheat was generally not resistant to P. nodorum (Scharen,
Krupinsky, 1970; Broennimann, 1975). However, further
studies showed that the situation is not so obvious (Mullaney
etal., 1981; Du et al., 1999).

Stable progress is observed in the selection of wheat varie-
ties resistant to S. tritici. Russian researchers have identified a
number of varieties that are recommended for inclusion into
the breeding programs as sources and donors of resistance to
the pathogen (Kolomiets et al., 2018).

Resistance to Sepforia blotch can be either quantitative
(horizontal) or isolate-specific (vertical) (Tyryshkin, Ershova,
2004; Kolomiets et al., 2017). Currently, 17 genes of resistance
to S. tritici (Stb1-Stb17) have been identified in wheat. Due to
genetic analysis in the “wheat—M. graminicola” pathosystem,
gene-for-gene interaction has been proven (Kolomiets et al.,
2017). Recent studies have established some biochemical
mechanisms of resistance of common wheat to Septoria
blotch (Veselova et al., 2018, 2019). Also, Septoria-resistant
common wheat forms have been isolated abroad (Van Ginkel,
Rajaram, 1999; Simédn et al., 2003; Robert et al., 2004). One of
the aspects that impede the search for plant forms resistant to
Septoria blotch is the underestimation of the multicomponent
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species composition of Septoria blotch causative agents and
the insufficient knowledge of the regional species represen-
tation in the disease pathogenic complex. In addition, when
assessing plant resistance, they often do not carry out a dif-
ferential account of leaf and spike lesions, though they might
be determined by different mechanisms.

The purpose of the work was to clarify the species composi-
tion of Septoria blotch pathogens for regions of West Siberia
and spring wheat varieties, to study the epiphytotic process
of Septoria blotch differentially on the leaves and ears of
varieties, and to evaluate the activity of seed transmission of
P. nodorum.

Materials and methods

The studies were carried out in 2016—2018 in the West Siberian
forest-steppe zone. Septoria leaf and ear blotch was recorded
using the international scale (Chulkina et al., 2017) in the
technological conditions of the region’s farms. To clarify the
species composition of Septoria blotch pathogens, we col-
lected samples of infected wheat plants and plant residues
in the fields at the end of the wheat growing season, taking
1020 infected leaves at each point. To determine the species
of fungi, fragments of the diseased tissue with fruiting bodies
(pycnia) were placed on glass slides in a water drop, and after
10—15 minutes they were viewed at low magnification. The
shape and size of spores emerging from the pycnia determined
the species and its percentage in the total number of the pyc-
nia studied (Pyzhikova et al., 1988). The study of Septoria
leaf and ear blotch on the spring wheat varieties and variety
specimens was carried out on the natural infection background
using a collection from the Institute of Cytology and Gene-
tics of SB RAS. The collection consisted of 10 varieties from
5 Russian regions and 13 foreign samples from 8§ countries.
The area under each variety (variety specimen) ranged from
3 to 10 m? in triplicate.

According to the degree of damage, the varieties were di-
vided into the following groups: 0-5, highly resistant; 6-20 %,
resistant; 21-40 %, poorly susceptible; 41-65 %, susceptible;
and 66—100 %, highly susceptible (Sanin et al., 2015).

The seed samples for the analysis were taken from the farms
of Novosibirsk, Tomsk, and Tyumen Regions as well as Altai
Krai and Krasnoyarsk Krai. Seed analysis for P. nodorum
infection was carried out by an original method (Chulkina
et al., 2017). Over the years, 258 seed samples of 53 spring
wheat varieties have been analyzed totally.

In the northern forest-steppe of the Novosibirsk Region,
2016 was dry (Hydrothermal coefficient = 0.81), whereas 2017
and 2018 were wet (Hydrothermal coefficient=1.26 and 1.33,
respectively), which significantly influenced the intensity of
the natural infection background.

Results and discussion

The Septoria blotch monitoring in agrocenoses of winter
and spring wheat in Novosibirsk, Tomsk, Kemerovo, Kurgan,
and Tyumen Regions and Altai Krai, conducted in 2016-2018,
established a widespread distribution of the disease in spring
wheat varieties. The disease incidence was from 5 to 35 %, and
its severity reached 90 %. By the start of the earing phase, a
critical situation aroused in most agrocenoses, which required
prompt measures to protect spring wheat from Sepforia blotch
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of leaves and ears, despite a significant diversity of weather
conditions, varieties, and technologies for spring wheat cul-
tivation (Toropova et al., 2019).

The first single foci of Septoria blotch on the lower leaves
of spring wheat during transmission of the pathogen from
infected plant residues were observed in 2016 and 2017 in
the last two ten-day periods of June; in 2018, due to late
sowing, in the first two ten-day periods of July. Moreover,
P. nodorum appeared earlier (June—early July) than S. tritici
(late July—August).

A comparison of weather conditions over the years contrast-
ing in the incidence and severity of Septoria blotch shows that
moderate and significant intensity epidemics began when 76.0
to 111.0 mm of precipitation fell at an average air tempera-
ture of 16.7 °C. The years favorable to Septoria blotch were
distinguished by an increase in precipitation during critical
periods for plant infection by an average of 6.7 times and a
decrease in air temperature by an average of 2.5 °C.

The climatic trend characterized by warming and increased
contrast in the weather conditions during the growing season
turned out to be favorable to plant pathogens, leading to an in-
crease in the frequency of Sepforia blotch epidemics in spring
wheat distribution regions, including West Siberia (Levitin,
2015; Toropova et al., 2016). The results of our studies are
consistent with published data on the increase in the spread
of Septoria blotch on the winter wheat in the European part
of Russia (Sanin et al., 2017; Gultyaeva et al., 2019).

Septoria leaf and ear blotch of spring wheat was encoun-
tered as P. nodorum, S. tritici, and P. avenae f. sp. triticae,
and the ratio of species varied across the regions (Table 1).
The table shows that P nodorum, S. tritici, and P. avenae
f. sp. triticae pycnia were present on the infected leaves of
spring wheat varieties cultivated in Siberia; however, their
ratio in the regions varied significantly. Thus, according to the
averaged data, at 6 sampling points in Novosibirsk Region,
an overwhelming dominance of P. nodorum was revealed.
S. tritici was 13.8 times less common; P. avenae f. sp. triticae
in the Sepforia blotch pathogenic complex in Novosibirsk
Region was a singleton.

A study of the species composition of Septoria blotch
pathogens in Tyumen Region showed a significant diversity
at the sampling points. Two sampling points in Tyumen Re-
gion were under the dominance of P. nodorum; the second
position belonged to P. avenae f. sp. triticae, not to S. tritici.
On the wheat leaves from the third point, only P. nodorum
was detected. The dominance of S. fritici was revealed on
wheat leaves from the fourth point in Tyumen Region, and at
3 points out of five P. avenae f. sp. triticae made a significant
contribution to the pathogenic complex of Sepforia blotch in
spring wheat, which was not observed in Novosibirsk Region.

P. nodorum dominated at all the sampling points in Altai
Krai. S. tritici and P. avenae f. sp. triticae were found every-
where, but 5.6 and 8.6 times less often than the main causative
agent of the disease, respectively. P. avenae f. sp. triticae was
found on spring wheat leaves in Altai agrocenoses 11.3 times
more often than in Novosibirsk Region; that is, its contribu-
tion to the Septoria blotch pathogenic complex was much
more significant.

Thus, significant differences were found in the species
composition of Septoria blotch of spring wheat in regions
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Table 1. The species composition of Septoria blotch pathogens on spring wheat leaves in the Siberian regions, 2016-2018, %

Region P.nodorum
A|ta|Kra|772J_,66 ..................................
NOVOSIb"SkRegIon .................................... 925i89 ..................................
TyumenReglon ........................................... 680171 ...................................

of West Siberia, and this should be taken into account when
creating pathogen populations for artificial infection of plants
during selection for resistant varieties. A comparison of the
data presented above with the results of similar studies in the
1980s (Chulkina, 1991) indicates that the species composi-
tion of Septoria blotch has undergone some changes and has
become more diverse in the regions. Note the appearance of
P avenae £. sp. triticae in the pathogenic complex of Septoria
blotch at all the sampling points, which was not mentioned
40 years ago. The change in the species composition is prob-

S. tritici P. avenaef. sp. triticae

13.8+19 9.0+1.1
6.7+0.9 0.8+0.1
24.0+3.2 8.0+1.2

ably associated with both climatic variations and a change in
the spring wheat cultivating technology.

Table 2 shows the differences in the species composition
of Septoria blotch on the spring wheat varieties from the In-
stitute of Cytology and Genetics collection in Novosibirsky
District of Novosibirsk Region. The table shows that three
Septoria blotch pathogens were present on the spring wheat
leaves: P. nodorum, S. tritici, and P. avenae f. sp. triticae.
The main causative agent of Septoria leaf and ear blotch was
P. nodorum, the occurrence of which averaged 85.4 % of the

Table 2. The species composition of causative agents of Septoria blotch

in the spring wheat varieties in the full ripeness phase, %

Variety

Russia, Novosibirsk Region

Obskaya 2
‘Russia, OrenburgRegion Orenburgskaya2s
Russ,a K,rovReg ,On ....................................... Vya tChanka ..........................
‘Russia,TyumenRegion Tyumenochka
Russ,a Kurga n Reglo n ................................... A”ya .....................................
Fora .......................................
Zaurlochka
CanadaNILThatCherm3 ................
NiLThatcherlie
ChmaLongChun7Hao ................
KEZhuang ............................
USAU|A|taB|anca .......................
- U| pett, t ................................
KazakhstanKa,yr .....................................
DostYk ..................................
SWltzeHand ..................................................... Quama .................................
Sy”aMayom ................................
GermanyKWSAkv”on ........................
TaJ|k|StanK65835 .................................
K65834 .................................
Average .........................................................................................................
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P.nodorum S. tritici P. avenaef. sp. triticae
85 .................................. 1 05 ........................................
90 .................................. 1 00 ........................................
9550 ........................................
85 .................................. 1 50 ........................................
90 .................................. 1 00 ........................................
9550 ........................................
80 .................................. 1 0 .................................. 1 0 ......................................
85 .................................. 1 05 ........................................
80 .................................. 1 0 .................................. 1 0 ......................................
90 .................................. 1 00 ........................................
90 .................................. 1 00 ........................................
85 .................................. 1 05 ........................................
85 .................................. 1 50 ........................................
90 .................................. 1 00 ........................................
805 .................................... 1 0 ......................................
75 .................................. 1 5 .................................. 1 0 ......................................
80200 ........................................
85 .................................. 1 50 ........................................
90 .................................. 1 00 ........................................
85 .................................. 1 50 ........................................
7020 .................................. 1 0 ......................................
90 .................................. 1 00 ........................................
85 .................................. 1 50 ........................................
854 ............................... 1 1828 .....................................
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Table 3. The Septoria blotch incidence in the spring wheat varieties at the beginning of ripening phase by year, %

Origin Variety Flag leaf Ear

2017 .............. 20 18 .............. Average ........ 20 1 7 .............. 20 18 .............. Average .......
RUSSIa ................................................................................................................
NOVOS|b"SkReg|onNovos|b|rskaya1510010 ................. 55 ................. 50 ................. 300 ................ : 75 ..............

Novo5|b|rskaya311oo10 ................. 55 ................. 0 .................... 200 ................ : 00 ..............

SIbIrSkayaW]O ................. 0 .................... 0510 ................. 200 ................ : 05 ..............

ObSkayaz10101o ................. 0 .................... 200 ................ : 00 ..............

OrenburgReglonorenburgSkayano ............... 50100 ............... 0 .................... 0 .................... 0 ...................

KIrOVReglon ................................ VyatChanka ............................... 5010 ................. 3010 ................. 0 .................... 05 ................

TyumenReglon .......................... TyumenOChka ........................... 50 ................. 50 ................. 50 ................. 0 .................... 0 .................... 0 ...................

KurganReglon ............................ Anya .......................................... 200 ............... 5012510 ................. 0 .................... 05 ................
Fora ............................................ 200 ............... 501251010055 ................
ZauraIOChka .............................. 50 ................. 50 ................. 50 ................. 0 .................... 0 .................... 0 ...................
......................................................................................................... Fore,gncounmes
CanadaN||_Thatcher|_r131o150 ............... 801010 .................. : 0 ................
N”_Thatche”_rzC ..................... 50 ................. 50 ................. 5010 ................. 0 .................... 05 ................

ChmaLongChun7Hao ..................... 50 ................. 50 ................. 501010 .................. 1 0 ................

KEZhuang ................................. 0 .................... 50 ................. 25 ................. 0 .................... 5025 ................

USAU|A|taB|anca ........................... 200 ............... 50]2510 ................. 5030 ................

U|Pemt150 ............... 50100 ............... 50 ................. 025 ................

KazakhstanKalyrmo ............... 50 ................. 7510 ................. 0 .................... 05 ................

DOStYk ....................................... 50 ................. 50 ................. 5010 ................. 0 .................... 05 ................

5W|tzer|andQuama ...................................... 010 ................. 051010 .................. 1 0 ................

Synamayon1 ..................................... 2001010510 ................. 0 .................... 05 ................

GermanyKWSAkV”on ............................. 0100 ............... 501010 .................. 1 0 ................
TajlklstanK65835 ...................................... 200 ............... 501251001055 ................

K65834 ...................................... 400100 ............... 250100 ............... 5075 ................
Average .......................................................................................... 99 ................. 46 ................. 7219 ................. 5236 ................

pathogenic complex in all the varieties. The second place in
distribution on the wheat leaves was taken by S. tritici pycnia,
11.8 %, which reached a maximum of 20 % in the varieties
‘Kaiyr’and ‘KWS Akvilon’. The pathogen of the most limited
occurrence was P. avenae f. sp. triticae: it was detected in only
8 varieties, and the average occurrence was 2.8 %. The data
obtained indicate a predominantly regional confinement of
the pathogen species composition. The varieties of different
origins were infected with plant pathogens according to the
regional type that is characteristic of Novosibirsk Region.

Assessment of the resistance of 23 spring wheat varieties
to Septoria leaf and ear blotch in the northern forest-steppe
of the Ob (Novosibirsk) region showed the absence of plant
forms immune to Septoria blotch (Table 3).

The formation of Septoria blotch foci each year began on
cereal grasses, such as common meadow-grass and cock’s-
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foot, in which the disease severity by the first detecting date
(July 5-7) had already reached 60 %. By that time, on winter
wheat, the Septoria blotch symptoms had been detected on
the second and third leaves from above and averaged 10 %.
On the spring wheat, the Sepforia blotch signs were noted
only on the lower leaves and reached 3 % in the first ten-day
period of July.

The years of research were wet, and the weather was
favorable to the disease development. At the beginning of
the loading phase, all the studied varieties showed signs of
Septoria blotch infection; however, the intensity of the epi-
phytotic process varied significantly, both by variety and by
plant organs in both years of research. For example, in 2017,
the disease incidence ranged from 0 to 40 % on the flag leaves
of spring wheat varieties and from 0 to 10 % on the spikes.
In 2018, flag leaves were affected in the same varieties more
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Table 4. The spring wheat seeds infection with P. nodorum across Siberia regions and by years of seed production, %

Region 2015 2016
TomSkReglon .................................. 1 50i26433i061 ..........
KemerOVOReglon6Oi092 ................... 46i069 .........
NOVOSIb"SkReglon ............................ 5 2108552i081 ..........
KrasnoyarSkKral ................................ 5 0i082351052 .........
TyumenReg|on42io71 .................... 1 81,023 .........
A|ta|Kra| ............................................. 2 9i04827i046 .........
AveraQE64in35i07o .........

2017 2018 Average
............ 40i053143i25692i165
............. 1 6i02253i08244i068
............. 1 7i020102i22156i”2
............. 1 81022__
............. 1 81,0241221,240501,095
06i013 ........................ 7 31121 ................... 34i062 ...................
............. 1 9i02199i189

Note: Influence of the factors: “region” - 15.1 % (level of significance 5 %); “year” - 52.5 % (level of significance 1 %).

evenly, from 0 to 15 %, and the wheat ears, in comparison,
showed stark contrast, from 0 to 30 %. The tendency of dif-
ferentiated manifestation of resistance to Septoria blotch on
the leaves and ears of varieties was revealed. The correlation
coefficient of Septoria blotch of leaves and spikes by variety
was 7 = 0.414+0.280.

‘Sibirskaya 17’ and ‘Obskaya 2’ (Novosibirsk) were the
most resistant to Septoria leaf blotch, with moderate spike
damage. In both years of research, the flag leaf was affected
at a sporadic level, providing grain loading. However, the
resulting grain could become infected with P. nodorum and
lead to the appearance of early Septoria blotch foci when
sowing seeds in the following year.

Resistance to Septoria spike blotch was shown by ‘Oren-
burgskaya 23’ (Orenburg Region) and ‘Ariya’ (Kurgan Re-
gion), as well as the foreign varieties ‘NIL Thatcher Lr13’
(Canada), ‘Kaiyr’ (Kazakhstan), ‘Mayon 1’ (Syria), and
‘KWS Akvilon’ (Germany), with either unaffected or spo-
radically affected ears during the loading phase in both years
of research. Flag leaves in these varieties were affected by
Septoria blotch at the level of 10-20 %.

The domestic varieties ‘Vyatchanka’ (Kirov Region), “Tyu-
menochka’ (Tyumen Region), and ‘Zauralochka’ (Kurgan
Region) and the foreign varieties ‘NIL Thatcher Lr2¢c’ (Ca-
nada), ‘Long Chun 7 Hao’ and ‘Ke Zhuang’ (China), ‘Dostyk’
(Kazakhstan), and ‘Quarna’ (Switzerland) showed complex
resistance to both Septoria diseases, leaf blotch and ear blotch.
This group of varieties was slightly affected by Septoria leaf
and ear blotch, and the domestic varieties ‘Tyumenochka’ and
‘Zauralochka’ had a completely healthy spike at the beginning
of the filling phase with a weak damage to the flag leaves.

The survey carried out in the phase of milk ripeness showed
that the Septoria blotch severity reached 100 % in all varieties.
The domestic varieties ‘Orenburgskaya 23’ and ‘Vyatchanka’
as well as ‘Long Chun 7 Hao’ from China showed a complex
decreased susceptibility in the phase of milk ripeness. They
had moderate, at the level of economic threshold (20 %), leaf
and spike damage at the end of the growing season.

The variance analysis showed that the influence of the
year conditions on the incidence of Septoria leaf blotch was
17.9-25.4 % (1 % significance level). The influence of the
variety factor was 3.5—10 times lower and not always statisti-
cally significant.

CENEKLUMA PACTEHUA HA UMMYHUTET / PLANT BREEDING FOR IMMUNITY

Considering the ability of P. nodorum to use seeds as a
transmission factor in time and to create early disease foci, we
evaluated the intensity of seed infection in spring wheat variet-
ies. The results of monitoring seed infection with P. nodorum
in the Siberian regions are presented in Table 4.

The maximum infection of seed samples with Septoria
blotch in the spring of 2016 (the year of seed production 2015)
was noted in Tomsk Region, where it reached 36 %, which is
more than 7 economic thresholds (Chulkina et al., 2017). In
Krasnoyarsk Krai, seed infection reached 2.5 thresholds; in
the remaining regions it was about 2 thresholds. The exception
was Altai Krai, where in 2015 there were favorable conditions
for obtaining high-quality seeds and the maximum infection
rate reached 7 %.

The analysis of spring wheat seeds in the spring of 2017
showed that the infection of individual samples with Septoria
blotch reached 4.4 thresholds, while the average seed infection
only in Novosibirsk Region reached the threshold level. The
remaining regions provided moderately infected seeds for
analysis, on average below the economic threshold.

According to spring studies in 2018, the infection of spring
wheat seeds with P. nodorum reached the economic threshold
only in individual samples, while the average in all regions
studied did not reach the economic threshold. The highest seed
infection was noted in the more humid Tomsk Region. The
most favorable situation for Sepforia blotch was revealed in
Altai Krai, where grain ripening in summer and September,
2017, in most areas took place under the dry weather. In
general, the infection of the spring wheat seeds for sowing in
2018 was insignificant, lower than that in the previous years.

P. nodorum was detected in significant quantities on the
spring wheat seeds produced in 2018 in all the regions. The
average seed infection exceeded the economic threshold. On
the seeds from Tomsk and Tyumen Regions the P. nodorum
infection reached 7 thresholds, which should be considered a
strong epidemic (Chulkina, 1991; Toropova et al., 2002). In
70 % of the seed samples the Septoria blotch threshold was
exceeded, and by 38.5 % it was exceeded more than 2 times.
In most West Siberian regions the 2018 growing season was
quite moist, characterized by the epidemic severity of Sep-
toria leaf and ear blotch, which provided P. nodorum with
favorable conditions for seeds infection. In general, the 2019
spring analysis revealed the highest seed infection in recent
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Table 5. The spring wheat seed infection with P. nodorum
in collections from State variety plots by production regions

Variety Septoria blotch incidence, %
Nov05|b|rSkReg|0n ..........................................
NOVOS'blrskaya4790 ..................................................
NOVOS'blrskaya1660 ..................................................
NOVOSlblrskaya416o ..................................................
Novos,b,,skayamso ..................................................
Novos|b|rskaya3170 ..................................................
Novos|b|rskaya18 ............................ 1 2 0 ..................................................
Novos|b|rskaya296o ..................................................
Novos|b|rskaya‘|5 ............................ 1 0 0 ..................................................
ObSkayaz .......................................... 1 00 ..................................................
Average79 ..................................................
.............................................. KurganReg,on
Zaura|ochka3o ..................................................
|Set20 ..................................................
Terts,yazo ..................................................
Desyatka .............................................. 10 ..................................................
Anya ..................................................... 10 ..................................................
Raduga3o ..................................................
Arka30 ..................................................
Average21 ..................................................
OmSkReg|on ...............................................
Ura|05,b,rskayago ..................................................
OmSkaya3680 ..................................................
Slgma240 ..................................................
E|ement2230 ..................................................
OmSkaya427o ..................................................
S,gma250 ..................................................
5to|ypm5kaya4o ..................................................
Average57 ..................................................

years, which created the prerequisites for the early occurrence
of a Septoria blotch epiphytotic process in all the regions of
Siberia. The variance analysis showed that the influence of
the factor “region” on the infection of spring wheat seeds
with P. nodorum, reflecting the climate and cultivation tech-
nologies, is 3.4 times weaker than the influence of the factor
“year weather conditions”. In the more humid Tomsk Region
the infection of spring wheat seeds with the water-depending
pathogen P. nodorum has been 2 times higher on average over
the years, compared to the least moistened Altai Krai, where
the spring wheat grain production is concentrated mainly in
arid warm zones. The correlation coefficients between P. no-
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Septoria blotch epidemic process
on spring wheat varieties

dorum seed infection and the total precipitation in August
were 7 = 0.746+0.135 to 0.872+0.126 by year and region
(5 % significance level). The data presented indicate that it has
relevance to the control of vertical transmission of P. nodorum
with seeds of spring wheat varieties.

The analysis of spring wheat seeds from the breeding
plots in Novosibirsk, Kurgan, and Omsk Regions (Table 5)
indicates some differences in the activity of seed transmission
of P. nodorum in years favorable for Septoria blotch. All the
varieties from the Institute of Cytology and Genetics collection
(Novosibirsk Region) ensured the transmission of pathogenic
fungus at the level of economic threshold or 2.4 times higher;
no varieties resistant to vertical transmission were detected.
The varietal difference in the activity of vertical transmis-
sion of P. nodorum reached 2.4 times. In Kurgan Region the
varieties transmitted P. nodorum 3.8 times more weakly; in
none of the varieties did the seed infection reach the threshold.
The varietal differences in seed infection reached 3 times. In
Omsk Region the situation was intermediate: the transmission
of the plant pathogen with seeds was on average 25 % less
active than that in Novosibirsk Region and 2.7 times more
active than that in Kurgan Region. In the collection of the
Omsk State Agrarian University 4 varieties were identified
in which the transmission of Sepforia blotch was at or up to
1.8 times above the threshold. The varietal differences in the
studied parameter reached 2.3 times.

Conclusion

Many years of studies have shown that Sepforia leaf and ear
blotch of spring wheat is widespread in the Siberian regions,
reaching 35 % in terms of the disease incidence and 90 % in
severity, which indicates the relevance of breeding resistant
varieties. When developing breeding programs the species
composition of Septoria blotch pathogens (P. nodorum,
S. tritici, and P. avenae f. sp. triticae) should be taken into
account —all the more so because it is characterized by signifi-
cant regional differences. In Novosibirsk Region, P. nodorum
completely dominated; S. tritici was 13.8 times less common;
and P. avenae f. sp. triticae was a singleton. In Tyumen Re-
gion, the dominance of P. nodorum was disrupted in some
geographic locations by S. tritici and P. avenae f. sp. triticae.
In Altai Krai, P. nodorum predominated at all points studied;
S. tritici and P. avenae f. sp. triticae were found everywhere,
but 5.6 and 8.6 times less often, respectively.

Modern spring wheat varieties of different origins do not
have complete immunity to Septoria blotch, but are charac-
terized only by resistance or poor susceptibility to the disease.
An independent manifestation of resistance to Septoria leaf
blotch and Sepforia ear blotch has been established. The cor-
relation coefficients for the incidence of Septoria leaf and ear
blotch have been » = 0.323+0.241 to 0.414+0.280 over the
years and varieties. Some varieties show relative resistance
to Septoria leaf blotch with severe damage to the ear; others,
in contrast, are resistant to Septoria ear blotch with severe
damage to the leaf apparatus. Based on these data a cau-
tious assumption can be made about the different genetics
of resistance to Septoria leaf and ear blotch. The varieties
‘Orenburgskaya 23’ (Orenburg Region) and ‘Ariya’ (Kurgan
Region), as well as the foreign varieties ‘“NIL Thatcher Lr13’
(Canada), ‘Kaiyr’ (Kazakhstan), ‘Mayon 1’ (Syria), and
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‘KWS Akvilon’ (Germany), show complex decreased suscep-
tibility to the disease. They are weakly affected by Sepforia
leaf and ear blotch. The domestic varieties ‘Tyumenochka’
(Tyumen Region) and ‘Zauralochka’ (Kurgan Region) have
a completely healthy ear at the beginning of the filling phase
with weak damage to the flag leaf and can be considered the
most promising sources of resistance.

The activity of vertical transmission of P. nodorum with
seeds should also be monitored in the selection process, since
seed transmission of Septoria blotch increases the infec-
tious load on the plants significantly. Seed infection with the
pathogen in the Siberian regions reached 7 thresholds and was
largely determined by the weather conditions in August. The
study of the collection of spring wheat varieties from three
Siberian regions has revealed the following trend: transmis-
sion of P. nodorum with the seeds of varieties was the most
active (7.6 %) in Novosibirsk Region and somewhat weaker
in Omsk Region (5.7 %). The most favorable phytosanitary
situation was in Kurgan Region, where varieties transmitted
P. nodorum in a weak degree (2.1 %), below the threshold.
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Diversity and occurrence of methylotrophic yeasts
used in genetic engineering
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Abstract. Methylotrophic yeasts have been used as the platform for expression of heterologous proteins since the
1980's. They are highly productive and allow producing eukaryotic proteins with an acceptable glycosylation level.
The first Pichia pastoris-based system for expression of recombinant protein was developed on the basis of the tree-
exudate-derived strain obtained in the US southwest. Being distributed free of charge for scientific purposes, this sys-
tem has become popular around the world. As methylotrophic yeasts were classified in accordance with biomolecular
markers, strains used for production of recombinant protein were reclassified as Komagataella phaffii. Although patent
legislation suggests free access to these yeasts, they have been distributed on a contract basis. Whereas their status
for commercial use is undetermined, the search for alternative stains for expression of recombinant protein continues.
Strains of other species of methylotrophic yeasts have been adapted, among which the genus Ogataea representa-
tives prevail. Despite the phylogenetic gap between the genus Ogataea and the genus Komagataella representatives,
it turned out possible to use classic vectors and promoters for expression of recombinant protein in all cases. There
exist expression systems based on other strains of the genus Komagataella as well as the genus Candida. The potential
of these microorganisms for genetic engineering is far from exhausted. Both improvement of existing expression sys-
tems and development of new ones on the basis of strains obtained from nature are advantageous. Historically, strains
obtained on the southwest of the USA were used as expression systems up to 2009. Currently, expression systems
based on strains obtained in Thailand are gaining popularity. Since this group of microorganisms is widely represented
around the world both in nature and in urban environments, it may reasonably be expected that new expression sys-
tems for recombinant proteins based on strains obtained in other regions of the globe will appear.

Key words: methylotrophic yeasts; Pichia pastoris; Ogataea; Komagataella; recombinant enzymes.
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PasHooOpasue 1 pacipocTpaHeHle METUIOTPOGHBIX IPOKIKe,
JICITI0/Ib3YEMBIX B TeHHOI MHKeHepun
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AHHoOTauua. MeTUNoTPOodHbIE APOXKM NCMOSb3YIOTCA B KauecTBe NnaTtGopmbl Af1A SKCNPECCUn reTeposiornyHbix 6en-
KOB € 1980-X rr. OHN MMEIOT BbICOKUIA YPOBEHb NPOAYKLUMMN 1 MO3BOAAT NONYUUTb BENKU 3YKaproT C Mpuemnembim
YPOBHEM MMMKO3UNupoBaHus. NepBaa cnuctema AnsA SKCNpeccun pekomOuHaHTHOro 6efika Ha ocHoBe Pichia pastoris
6blnla pa3paboTaHa Ha OCHOBE LUTaMMa, BbIAENIEHHOIO 13 COKOTEUYEHNA AepeBbeB Ha toro-3anage CLUA. Cuctema pac-
NPOCTPaHaNacb 6ecnnaTHO B HaYUHbIX LENAX U NPUMEHSETCA BO BCEM MUPe. B xofe kKnaccudurKkaumm metnnotpodHbIx
LAPOXIKel Mo MoNeKynApHO-6MONOrMYeckMM Mapkepam LWTaMMbl, UCMONb3yeMble A1 NOMyYeHNA PEKOMOUHAHTHOrO
6enka, 6binm peknaccuduumpoBaHbl kak Komagataella phaffii. OHn HaxopATcA B CBOOOAHOM AOCTYNe COrfiacHo na-
TEHTHOMY 3aKOHOZATENbCTBY, OAHAKO PACMPOCTPAHANNCL Ha AOrOBOPHOWN OCHOBE. 3TO fenaeT HeonpeaeneHHbIM 1X
CTaTyC ANnA KOMMePUYeCKoro 1Cnosb30BaHUA 1, COOTBETCTBEHHO, CTUMYAMPYET NOWCK afibTePHATVBHbIX WTAaMMOB AJ1A
3KCMPEeCcUn PeKOMOMHAHTHOTO 6efKa. bbinv aganTMpoBaHbl LUTaMMbl APYTUX BUAOB METUAOTPOPHbBIX 4POXMKEN, cpean
KOTOpbIX MpeobnagatoT npeactaButenn poga Ogataea. HecmoTpsa Ha GunoreHeTUYeCKyto yaaneHHOCTb NpeacTaBuTe-
nen poga Ogataea n Komagataella, Bo Bcex ciyyasax oka3anocb BO3MOXKHbIM MCMOMb30BaTh KflacCuyeckme BeKTOpbI 1
NPOMOTOPbI A1A SKCNPeCccUn peKoMbUHaHTHoro 6enka. CyLecTBYIOT CMCTEMbI SKCMPECCHM Ha OCHOBE APYTUX LUTaMMOB
poga Komagataella, a Takxxe popa Candida. lNoTeHUman 3Tx MUKPOOPraHNU3MOB AJ1A FEHHO UHXEHEPUN JaneKo He nC-
YepnaH. [NepcnekTNBHO Kak yCOBEPLLEHCTBOBAHME MMEIOLLUXCA CUCTEM SKCMPECCUM, TaK 1 CO3[aHME HOBbIX Ha OCHOBE
LITaMMOB, BblAeNEHHbIX 13 MPUPOAHbIX NCTOYHUKOB. VicTopnyeckn go 2009 r. B KauecTBe CUCTEM SKCMPeCcCcun UCMosb-
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Diversity and occurrence of methylotrophic
yeasts used in genetic engineering

30BaIMCh LWITaMMbl, BbleNeHHbIe Ha toro-3anafe CLUA. B HacTosLwee Bpems Hauanu pa3BUBaTbCA CUCTEMbI SKCMPeCCum
Ha OCHOBe LUTAaMMOB, Mofy4YeHHbIX B TannaHge. MocKkonbKy 3Ta rpynna MIUKPOOPraHU3MOB LWMPOKO NpeAcTaBieHa no
BCeMy MUPY KaK B MPUPOAHOI, TaK 1 B FOPOLCKON Cpefie, MOXHO OXMAATb MOABNEHNSA CUCTEM SKCMPECCUN peKoMbU-
HaHTHbIX GENKOB, CO3[JaHHbIX Ha OCHOBE LUITaMMOB, BbIAENIEHHbIX 11 B JPYrNX PErvoHax rniaHeTbl.

KnioueBble cnioBa: MeTUnoTpodHble Apoxxu; Pichia pastoris; Ogataea; Komagataella; pekombrHaHTHble GpepMEHTDI.

Introduction

Methylotrophs are a group of microorganisms that can use
single-carbon methane compounds, such as methanol, methyl-
amine, etc., as the sole source of carbon and energy. The
requirement that all C—C bonds are formed enzymatically
during cellular metabolism poses a challenge for the cell. Only
some microorganisms are capable of doing so, such as Gram-
negative proteobacteria and Gram-positive bacteria (Antony,
1986), as well as yeasts (Wegner, Harder, 1987), which em-
ploy metabolic pathways for methanol oxidation to produce
energy and form C—C bonds. Both in yeasts and bacteria,
C—C bonds are formed through the formation of formaldehyde
(Yurimoto et al., 2005), a toxic intermediate product that sub-
sequently is either dissimilated into CO, or assimilated into
biomass.

Methylotrophic yeasts were discovered in the late 1960s,
when methylotrophic bacteria had already been well known.
The difference in times of their discovery was mainly caused
by the challenges related to yeast isolation and significant
bacterial contamination of samples (Trotsenko, Torgonskaya,
2011). The habitats of methylotrophic yeasts are those where
the biomass is degraded to give rise to methoxy groups (soil,
fallen trees, rotten fruit, etc.). Methanol is produced naturally
during methane oxidation (e.g., by methane-oxidizing bac-
teria in the plant rhizosphere) and pectin or lignin degrada-
tion (MacDonald, Fall, 1993; Nakagawa et al., 2000). Most
natural isolates of methylotrophic yeasts were detected in tree
sap (exudates) or rotting wood (Kurtzman, Robnett, 1998;
Kurtzman, 2005).

The interest in methylotrophic organisms for bioengineer-
ing applications arose in the early 1970s, when methanol was
an inexpensive raw material and was considered a virtually
inexhaustible fossil feedstock. However, after the 1973 oil
crisis its price never dropped back to the pre-crisis level,
and Western countries chose to lower their dependence on
hydrocarbons. Plant-based proteins (and soybean protein in
particular) came to fore and replaces fodder protein derived
from unicellular methylotrophs.

In the 1980s, methylotrophic yeasts became widely used
again, although in new areas. Today, they are utilized as a plat-
form for genetic engineering and commercial-scale production
of recombinant proteins. Furthermore, methylotrophic yeasts
are a convenient object for studying the features of eukaryotic
cell organization. Methods for utilizing methylotrophic yeasts
in applied areas (as markers of coastal pollution, for treatment
of discharge water at sulfate-cellulose and alcohol-and-liquor
manufacturing enterprises, for treatment of formaldehyde-
contaminated air, etc.) are currently being elaborated (Kutty,
Philip, 2008; Trotsenko, Torgonskaya, 2012; dos Reis et al.,
2018).

Pichia pastoris (Komagataella phaffii) is a methylotrophic
yeast species that is most frequently used for scientific re-
search and commercial purposes. These yeasts can consume
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both sugars and methanol to produce proteins with a high
yield. Initially, back in the 1970s, Phillips Petroleum sug-
gested using P. pastoris as a single-cell protein producer
due to their ability to form high-density cultures both on
glucose and methanol substrates (Mishra, Baranwal, 2009).
The maximum cell density achieved during fermentation is
higher than 100 g/L (dry basis) (Wegner, 1981). In the 1980s,
the P. pastoris-based heterologous expression system was
developed with the use of a strong and strictly-regulated
alcohol oxidase 1 (A0XT) promoter (Cregg et al., 1985). In
combination with the existing fermentation technologies for
animal feed protein manufacturing, A OX1 promoter was en-
suring an exceptionally high recombinant proteins expression
level. An important benefit of using it in recombinant protein
manufacturing is the high expression level in the presence of
methanol and robust inhibition of the process in the absence
of methanol, which makes it possible to regulate the produc-
tion of target proteins, including the autotoxic ones (Kurtz-
man, 2009). Production of biomass-derived hydroxynitrile
lyase enzyme (the yield being 20 g of recombinant protein
per liter of the culture) was one of the first large-scale com-
mercial manufacturing processes established in the 1990s
(Hasslacher et al., 1997).

Another advantage of P. pastoris is that it ensures the low
glycosylation level. Thus, the S. cerevisae yeast species is
no longer used in production of recombinant proteins, since
it often hyperglycosylates proteins (up to their complete
inactivation) (Darby et al., 2012).

The P. pastoris-based expression system has become
widely used in basic research. Among methylotrophic
yeasts, the P. pastoris species was the first to be developed.
It turned out to be a convenient bioengineering system for
production of eukaryotic proteins that are not properly
expressed in bacteria. Phillips Petroleum made a forward-
looking decision to make this expression system available to
the scientific community for research purposes, which was
a major driver for common application of this yeast species
as a platform for recombinant protein expression. Histidine-
auxotrophic strain GS115, reconstituted prototrophic strain
X-33, aox1 knockout strains KM71 and KM71H, as well as
protease-deficient strains SMD1168 and SMD1168H, and
ade2 auxotrophic PichiaPink™ strain, are the most frequently
utilized commercially available strains. However, their use
for commercial purposes is restricted by material distribu-
tion policy. Therefore, searching for alternative options that
could be used instead of the licensed P. pastoris strains is
quite relevant today.

Phylogenic analysis

Progress in molecular biology methods as well as mounting
evidence on gene sequences for various species made it pos-
sible to investigate into phylogeny of methylotrophic yeasts,
which was accompanied by a number of surprises.
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First of all, gene sequence analysis revealed that yeasts
known as Pichia are not monophyletic despite the pheno-
typic similarity of the majority of species of this genus.
First research works discovered that methanol-assimilating
species P. pastoris, P. angusta and Hansenula polymorpha
are remotely related with one another as well as with Pichia
membranifaciens, the typical Pichia species. Yamada et al.
(1994, 1995) suggested assigning P. pastoris to a new genus
Komagataella and classifying P. angusta as Ogataea poly-
morpha into a freshly described genus Ogataea. New genera
were suggested on the basis of analysis of divergence in par-
tial large subunit (LSU) and small subunit (SSU) ribosomal
RNA (rRNA) sequences. Since each analysis was limited to a
relatively small number of species, it was unclear how close
P, pastoris and P. angusta (H. polymorpha) were related to
numerous unstudied species, and therefore suggestions were
not accepted (Kurtzman, 1998). However, further analysis of
D1/D2 regions in the LSU of the rRNA gene sequences for
all now-known ascomycetes confirmed that the Komagata-
ella, Ogataea and Pichia classification is correct (Kurtzman,
Robnett, 1998), while phylogenetic divergence demonstrated
as a result of single-gene sequence analysis was confirmed
during the analysis of multi-gene sequences (Kurtzman et
al., 2008). Therefore, Komagataella, Ogataea and Pichia are
three separate genera. Thus, Komagataella pastoris is the most
correct name from the viewpoint of taxonomy. However, due
to historical reasons, P. pastoris remains most wide-spread
today.

Secondly, it turned out that the name P. pastoris covers
at least two yeast species, i.e. Komagataella phaffii and
K. pastoris (Cregg et al., 1993; Kurtzman, 2009). The gene
sequence analysis also revealed that these are not the only
Komagataella representatives. K. pseudopastoris initially
described as P. pseudopastoris (Dlauchy et al., 2003) was
also classified as part of Komagataella on the basis of LSU
and SSU rRNA sequence analysis. Similarly, K. phaffii was
classified as Komagataella on the basis of the analysis of the
D1/D2 fragment in the LSU rRNA gene (Kurtzman et al.,
2008).

Evolution of parallel sequencing methods helped to build
up the database on genome sequences of a great number of
microorganisms (including methylotrophic yeasts), which
allows for a more detailed phylogenetic analysis. 18S rRNA
gene sequence is the most wide-spread and conservative
marker for analysis of phylogenetic relations among various
fungi representatives. Relevant genes were extracted from
genomes of methylotrophic yeasts part of the NCBI database
and used for the phylogenetic tree design (see the Figure).

Nucleotide sequences were evened with the help of MAFFT
algorithm in MAFFT v7.312 program (Katoh, Standley,
2013) with —localpair and —maxiterate 1,000 parameters.
Phylogenetic tree was designed on the basis of the maximum
likelihood method with the help of IQ-TREE program (Tri-
finopoulos et al., 2016). —Auto and +R (FreeRate heteroge-
neity) parameters were used to determine the best patterns
of nucleotide replacement models, minimum value of the
Akaike criterion (AICc) being the key parameter. Two ratios,
i.e. SH-like aLRT (1,000 replications) and ultrafast bootstrap
(UfBoot, 1,000 replications), were used for statistical support
of maximum likelihood in the IQ-TREE program.
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Phylogenetic tree built on the basis of sequences of ribosomal 18S gene
of Saccharomycetaceae species with the help of maximum likelihood
method.

SH-Like aLTR and UfBoot support ratios are expressed in percentage on tree
branch joints. Figures to the right of species names are identification numbers
for relevant sequences in the NCBI data base.

As one can see, methylotrophic yeast used for production of
recombinant proteins split into three groups: Pichia, Ogataea
and Komagataella (see the Figure). Also, one can derive at a
conclusion that Ogataea is phylogenetically more heteroge-
neous in comparison to Pichia and Komagataella.

Methylotrophic yeasts used for production
of recombinant proteins as alternative strains,
and their occurrence in nature
P. pastoris (K. phaffii and K. kurtzmanii). The P. pastoris
yeasts group, the majority of representatives of which have
been reclassified as Komagataella representatives, is most
well-studied among methylotrophic yeasts. Its typical habitat
is tree sap (exudate) in regions from moderate to tropical.
Initially, P. pastoris was isolated from chestnut exudates in
France. Later, it was discovered to occur widely in Hungary
and USA (Spencer et al., 1996; Negruta et al., 2010; Kurtz-
man, 2011a). Besides, P. pastoris yeasts were discovered
in exudates of oil palm in Nigeria (Faparusi, 1974), sap of
white algarrobo in Argentina (Spencer et al., 1995), and sap
of red oak in Canada (Bowles, Lachance, 2007). The zoning
of their occurrence is very curious: this is a predominant
species of methylotrophic yeasts in the woods of the Pacific
coast of the American Northwest; they are present (although
not predominant) in Europe, Africa and South America, and
are completely missing in Japan (Lachance et al., 1982).
Although the P. pastoris-based expression system patented
by Philips Petroleum is wide-spread, alternative strains of
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methylotrophic yeasts are being searched for. Those are re-
quired for invention of new unlicensed and thus applicable
for commercial use platforms for recombinant proteins pro-
duction.

P pastoris (K. phaffii) CBS7435 strain is the closest to
those previously suggested by Philips Petroleum. Strains
derived from it are unlicensed (Ahmad et al., 2014). At the
same time, this strain is a predecessor of patented strains most
widely used for production of recombinant proteins these
days. On the one hand, this paves the way for use of CBS7435
compounds thanks to the vast knowledge base built up with
their help, and on the other hand, not all genome modifica-
tions for this strain can be patented taking into consideration
their description in academic literature and in patents.

Strain K. kurtzmanii Y-727/KPB 2878/Starmer 75-208.2/
CBS 12817/NRRL Y-63667 was patented in the Russian
Federation. It was isolated by Prof. Starmer from fir sap
in Arizona mountains, USA (Naumov et al., 2013), and is
one of the closest relatives of the P. pastoris (K. phaffii)
CBS7435 strain.

P. guilliermondii (Meyerozyma guilliermondii). P. guil-
liermondii sporogenous species can be isolated from a va-
riety of sources, i.e. plants, lake water, cow rumen, or oil-
contaminated soil. Besides, these yeasts were discovered
in elm-dwelling insects, in uncontaminated oil and water
(Negruta et al., 2010a), in shrimp and other invertebrates,
and in low-salinity sea water (Kutty, Philip, 2008). Before,
this yeast species was used in gene engineering as a source of
genes that were among other things expressed in P. pastoris
(Handumrongkul et al., 1998; Zhang et al., 2009), rather than
as an expression system.

Since the majority of methylotrophic yeasts have similar
methanol-inducible promoter in methanol utilization paths
(Hartner, Glieder, 2006), the research group from Malaysia
tested the assumption that expression constructs developed
on the basis of K. phaffii could be used for expression of re-
combinant proteins in other methylotrophic yeasts (Oslan et
al.,2015). They isolated the strain called Pichia sp. strain SO
from a rotten orange; its SSU sequence demonstrated its
100 % similarity to P. guilliermondii. Then, authors disco-
vered that zeocin can be used as a marker for strain SO (Oslan
etal., 2012), and conducted work on cloning the recombinant
lipase expression construct. The work continued, and in 2017
an article on optimization of expression of T1 lipase isolated
earlier from Geobacillus zalihae with use of P. guilliermondii
was published. As the result of this work, T1 lipase yielded a
3-fold increase over medium (Abu et al., 2017).

P. (0.) methanolica was suggested by Invitrogen (USA)
as a platform for production of recombinant proteins a little
later than the same company suggested P. pastoris. Initially,
it was isolated from soil sample in Japan in 1974; strains of
this species were also isolated in the USA (Sibirny, 1996;
Kurtzman, 2011b). In 2008, yeasts of this group (heteroge-
neous as P. pastoris) were also isolated on the territory of
Russia from willow galls created by slug (Glushakova et
al., 2010). P. (O). methanolica didn’t become popular as a
platform for production of recombinant proteins although
there are single messages about its use, e. g., for expression of
human glutamic acid decarboxylase (Raymond et al., 1998).
Probably, the popularity of P. (O). methanolica as a platform
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for recombinant proteins is low because Invitrogen has a
different, P. pastoris-based platform (K. phaffii).

Hansenula (0.) polymorpha is a thermotolerant methy-
lotrophic yeast able to grow at temperatures below 50 °C
wide-spread in nature. Besides such media as rotting fruit and
other plants typical for methylotrophic yeasts, one of typical
habitats for H. polymorpha is organism of insects, including
Drosophila melanogaster typically used in research (Spen-
cerJ., Spencer D., 1997). Since H. polymorpha demonstrates
good growth at high temperatures, it could possibly be found
around hot springs and in tropical areas.

In science, these yeasts have been used as a model organ-
ism for studying peroxisome biogenesis and degradation
mechanisms, methanol metabolism control, assimilation
of nitrates and reaction to stress (van der Klei et al., 2006).
H. polymorpha turned out rather effective for production of
recombinant proteins as well (Gellissen, 2005). Recombinant
antigen of the hepatitis B virus (HBsAg), that was success-
fully commercialized under HepaVax-Gene and AgB trade-
marks (Seo et al., 2008), is the most significant therapeutic
protein produced with the help of H. polymorpha. Producers
of recombinant proteins with high potential for pharmaceuti-
cal purposes were developed on the basis of H. polymorpha:
hirudin from leech Hirudinaria manillensis (Weydemann et
al., 1995) and some human proteins including a1-antitrypsin
(Kangetal., 1998), IFNa-2a (Degelmann et al., 2002), serum
albumin (Kang et al., 2001), epidermal growth factor (Heo
et al., 2002) and parathyroid hormone (Sohn et al., 2012).
Besides medical proteins, there were developed producers
of food and commercial enzymes: hexose oxidases (Cook,
Thygesen, 2003), phytases (Mayer et al., 1999), levansucrase
from Zymomonas mobilis (Park et al., 2004), and glucose
oxydases from Aspergillus niger (Kim et al., 2004).

P. (0.) thermomethanolica. Besides strains utilized by
Invitrogen, there is O. thermomethanolica BCC16875 strain
that can be considered one of best-studied methylotrophic
yeasts alternatives for production of recombinant proteins.
Knowledge of occurrence of O. thermomethanolica is
very scarce as this yeast species was discovered only re-
cently, in 2005, in soil samples in Thailand (Limtong et al.,
2013).

For the first time, information about strain BCC16875
was published by a research group from Thailand in 2012.
The research focuses on testing the possibility of using bio-
molecular tools for accumulation of protein in this strain.
Classical methanol-inducible alcohol oxidase (40X1) pro-
moters and constitutive glyceraldehyde 3-phosphate de-
hydrogenase (GAP) promoters utilized for working with
P. pastoris were shown to drive efficient gene expression
in this new strain. Recombinant phytase and xylanase were
expressed from both promoters as secreted proteins, with the
former demonstrating different patterns of N-glycosylation
dependent on the promoter and culture medium used. The
major glycoprotein oligosaccharide species produced from
O. thermomethanolica BCC16875 is Man8-12GlcNAc2 that
is similar to that of other methylotrophs. Moreover, manno-
sylphosphate and a-1,6- and a-1,2-linked mannose modifica-
tions of heterologous secreted protein were also detected. The
level of expression of recombinant protein turned out to be
equal to the level of expression of commercial strains, which
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makes the suggested platform a good alternative to widely
used Invitrogen’s strains (Tanapongpipat et al., 2012).

Studies of the suggested strain O. thermomethanolica
BCC16875 continued during next following years. Promo-
ters typical for this train were studied (Harnpicharnchai et al.,
2014; Promdonkoy et al., 2014), as well as methods of high-
density cultivation for expression of recombinant proteins
(Charoenrat et al., 2016). Besides, work on optimization of
strain’s metabolism for increase of target products’ output
was started. Thus, the level of expression of auxiliary pro-
teins of endoplastic reticulum was increased for this purpose
(Roongsawang et al., 2016). Studies of the strain became
especially active after 2016, and today there is a significant
number of works on updating it to the present-day level as an
expression system. In 2018, the CRISPR-Cas9 system was
adapted for this strain (Phithakrotchanakoon et al., 2018b),
a new sucrose-induction-based expression system was de-
veloped (Puseenam et al., 2018; Boonchoo et al., 2019), and
studies of metabolism at proteomic and transcriptomic levels
continued (Phithakrotchanakoon et al., 2018a).

Candida boidinii is the first described species of methy-
lotrophic yeasts. It is also apparently most wide-spread in
natural habitat (Ogata et al., 1969). Mainly it’s various plant
substrates (tree sap, rotten fruit, some flowers). These yeasts
are also abundantly present in naturally fermented olives
(Coton et al., 2006). Methylotrophic yeasts are also found
in cacti. Their spoiled parts happen to host both C. boidinii,
and O. polymorpha, although these species do not prevail
among yeasts discovered in these yeast samples. In addition
to regular occurrences of methylotrophic yeasts, C. boidinii
is also an important marker of seashore contamination. Their
lines are predominant in many water and sand samples in
Brazil (Kutty, Philip, 2008).

According to the phylogenetic tree of 18S rRNA gene
sequences presented in this review, C. boidinii could be clas-
sified as Ogataea (see the Figure). Up to 2009, C. boidinii
was developed as a platform for production of recombinant
proteins alternative to P. pastoris by a group of Japanese
scientists (Yurimoto, Sakai, 2009). C. boidinii-based recom-
binant protein expression system has some characteristics
that can be useful in comparison to other methylotrophic
yeasts. Level of expression in C. boidinii varies depending
on the source of carbon: AOD1 promoter demonstrates high
level of expression in methanol-grown or methanol-glycerol-
grown cells, medium level of expression in glycerol-grown
cells and zero expression in case glucose- or ethanol-grown
cells are used as source of carbon (Sakai et al., 1995; Yuri-
moto et al., 2000). The level of expression is significantly
higher for C. boidinii than for O. polymorpha. Besides, high
level of expression can be ensured in C. boidinii in case of
methanol +glycerol medium, which allows shortening the
time for high-density cell cultivation. In case of P. pastoris,
glycerol suppresses expression of methanol-induced genes,
and therefore control over complete eating of glycerol in the
culture prior to methanol induction is required. A strain with
knocked-out vacuolar proteinase A (PEP4) and proteinase B
(PRBI) is available for both P. pastoris and C. boidinii
(Komeda et al., 2002). During studies with use of C. boidinii
genes expression system, there were developed strains for
production of toxic proteins, i.e. membrane-bound peroxi-
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some allowing to cumulate toxic proteins (Nishikawa et al.,
2000; Yurimoto et al., 2001), as well as effective secretion
system for production of active transglutaminase (Yurimoto
et al., 2004).

Obtainment of methylotrophic yeasts

from natural sources

Yeasts are isolated from water, seawater, atmosphere and
ground habitats. They dwell in rotting vegetables and fruit, in
moulds, exudates of trees and their barks, in xylophage insects,
pig’s intestine, milk of cows suffering from mastitis, in forest,
garden and swampy soils, especially drenched with sewage
waters, in sea weed and so on (Negruta et al., 2010; Trotsen-
ko, Torgonskaya, 2011). These environmental preferences
are most likely due to discharge of methoxyl groups during
degradation of lignin and pectin (Nakagawa et al., 2005). In
addition to fruit juices and soil samples, methylotrophic yeasts
are also found in food (Mu et al., 2012; Kozhakhmetov et al.,
2016; Syromyatnikov et al., 2018).

Many types of yeast are wide-spread while some are limited
only to a certain narrow habitat. They rarely occur in nature
in absence of micellar fungi and bacteria. Therefore, to obtain
them one must use selective methods allowing yeasts to have
advantages in growth speed. When media for selective isola-
tion of yeasts are developed, low pH is usually used as in the
majority of cases yeasts prevail over bacteria in such condi-
tions. Media could also include antibiotics for suppression
of bacteria and fungistatic agents for suppression of moulds
(Kurtzman et al., 2011).

When yeasts are present in great amounts, they can be
isolated by direct application of the material or its suspen-
sion on sour agarized medium that can also be enriched with
antibiotics or have other selecting properties. Agar hydrolyzes
in low-pH medium during autoclaving. Therefore agar and
medium are sterilized separately, cooled to around 45 °C,
mixed and distributed among Petrie dishes. The majority of
yeast species can be isolated at 3.7 pH, but some species such
as Schizosaccharomyces species require higher pH ranging
from 4.5 to 5.0. If yeasts are present in the sample in low
quantities, their population could be increased by preliminary
incubation of the sample in liquid medium at pH up to 3.8
(Kurtzman et al., 2011).

To isolate specific physiological groups of yeasts, it’s neces-
sary to find additional selecting parameters. Methylotrophic
yeasts can be selected with use of methanol as the sole source
of carbon and energy in the medium. Thus, when methylo-
trophic yeasts were isolated from grape leaves in Thailand,
YNB medium with extra 0.5 % of methanol was used to get
the enrichment culture. Cultivation continued for 4-5 days
at 27 °C, following which enrichment cultures were spread
on 0.5 % v/v methanol-YNB agar. As a result, 2 new spe-
cies were isolated that classified as Ogataea (Limtong et al.,
2013).

Conclusion

Methylotrophic yeasts are wide-spread as a platform for
production of recombinant protein. Initially, they became of
interest to biotech companies as single-cell protein producers.
However, due to the 1973 oil crisis, methanol grew in price
and isolation of feed protein from it became irrelevant. At
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the same time, due to discovery of proteins key to molecular
biology such as thermotolerant polymerases, lygases and
restrictases, various microorganisms modification methods
started being developed, including those for production of
recombinant proteins.

Production of proteins with use of microorganisms for vari-
ous purposes, in the first place, for food and animal feed as
well as technological purposes, has been actively developing
since 1940s. In the first place, this was connected with the use
of natural producers, upgraded in many cases with the help
of undirected mutagenesis methods. As molecular biology
methods developed, it became possible to develop protein
producers untypical for a specific organism (heterologous or
recombinant proteins), including with use of yeasts.

Following this trend, Phillips Petroleum developed their
own P pastoris-based expression system for production
of recombinant proteins (later renamed into Komagataella
phaffii). Thanks to its outstanding properties as well as Phillips
Petroleum’s decision to allow its wide-spread utilization for
scientific purposes around the world, it got widely popular as
a recombinant protein production platform.

Understanding of key properties that made P. pastoris-
based expression systems popular is important for further
development of protein-expressing platforms. Number one is
high protein production level. It’s lower than that of bacteria
and micellar fungi but higher than that of other systems, i.e.
cells of mammals, plants and insects. Number two: yeasts are
eukaryotes, and they have all cell compartments necessary
for synthesis and assembly of eukaryotic proteins, which al-
lows them to synthesize proteins that cannot be synthesized
with use of bacterial expression systems. Number three is
extracellular protein’s ability to synthesize, which brings the
costs of the production process down. Number four is the
low level of glycosylation of proteins in comparison to many
other types of yeast.

Other methylotrophic yeasts, except K. phaffii, have also
been tried out as a platform for expression of recombinant
protein. In the first place, it should be noted that P. pastoris
strain CBS7435 initial for the Invitrogen’s system was sug-
gested to be used as a patent-independent platform. In Rus-
sia, Komagataella kurtzmanii strain of American origin was
patented. Alternative Ogataea-based expression platforms
were developed in the USA: Hansenula (Ogataea) polymor-
pha and Pichia (Ogataea) methanolica, the latter belongs to
Invitrogen. In Japan, there was developed an alternative plat-
form on the basis of Candida boidinii. This system was being
developed until 2009, but since then this organism has not been
mentioned as a platform used for production of recombinant
protein. In Malaysia, strain P. guilliermondii (Meyerozyma
guilliermondii) was suggested for production of protein.

One can notice that all yeast strains used for production
of heterologous proteins up to 2009 have American origin.
This sets a question, whether or not American isolates have
unique properties allowing for production of protein in yeasts.
More recent works witness that it’s not accurate. First strains
were developed by American researchers working in one
state. Actually, rapid development of bioscience, including
discovery of new methods of molecular biology, took place
in the US Southwest. It seems that this fact was the key rea-
son for using strains of this region specifically. The Russian
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patent is actually the copy of known systems, which requires
utilization of the closest species that in the majority of cases
have geographically similar habitats.

Overall, alternative methylotrophic-yeasts-based systems
haven’t become popular. Reasons are multiple. Lack of interest
on part of recombinant proteins market players and disability
of new players to enter this market with a new system along
with lack of acute need for it is the main reason. For example,
Chinese manufacturers actively use strains obtained on the
basis of Invitrogen’s strains. It shall also be noted that modern
strains may be significantly genetically modified to ensure
higher yields of recombinant proteins.
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of arbuscular mycorrhizal fungi
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Abstract. Arbuscular mycorrhiza fungi (AMF) form one of the most common symbiosis with the majority of land
plants. AMF supply the plant with various mineral elements, primarily phosphorus, and improve the water supply.
The search for the most effective AMF strains for symbiosis and the creation of microbial preparations on that ba-
sis is an important task for modern biology. Owing to the difficulties of cultivation without a host plant and their
high genetic polymorphism, identifying AMF is very difficult. A high number of cryptic species often makes mor-
phological identification unreliable. Recent years have seen a growth in the number of AMF biodiversity studies
performed by modern NGS-based methods, Illumina MiSeq in particular. Currently, there are still many questions
that remain for the identification of AMF. The most important are whether conservative or variable sequences
should be used to select a marker for barcoding and whether universal primers or those specific to AMF should be
used. In our work, we have successfully used universal primers ITS3 and ITS4 for the sequencing in lllumina MiSeq
of the 5.85 rDNA - ITS2 region of the 35S rRNA genes, which contain both a conservative and variable regions. The
molecular genetic approach for AMF identification was quite effective and allowed us to reliably identify eight of
nine isolates to the species level: five isolates of Rhizophagus irregularis, and one isolate of R. invermaius, Paraglo-
mus laccatum, and Claroideoglomus etunicatum, respectively. For all five R. irregularis isolates, high variability in
the ITS region and the absence of ecotopic-related molecular characters in the ITS2 region were demonstrated.
The NCBI data is still insufficient for accurate AMF identification of Acaulospora sp. isolates from the genus to the
species level.

Key words: Glomeromycotina; arbuscular mycorrhiza; Illumina MiSeq; Rhizophagus irregularis; R. invermaius; Para-
glomus laccatum; Claroideoglomus etunicatum; Acaulospora.
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[TepcrieKTUBLI UCIIOAb30BaHMs [llumina MiSeq
11 ugeHTUu@uKanmuy rpuboB apOyCKYISIPHO MIUKOPU3bI
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AHHoTauua. [prnbbl apbyckynapHoi mukopusbl (AMI) ob6pa3syioT oguH 13 Hanbonee PacnpPOCTPAHEHHbIX CUM-
6110308 C 6OIbLUVHCTBOM Ha3eMHbIX pacTeHuini. AMI cHabXKatoT pacTeHne pasiMyHbIMY MUHEPASTbHBIMU S1IeMEH-
Tamu, B nepByto ouepeab, bocdopom, a Takxke ynyullaT BoAocHabkeHve. Mouck Hanbonee cumbroTmyeckn s¢-
deKkTrBHBIX WTammoB AMI 1 co3gaHmne Ha X OCHOBE MUKPOOHbBIX MPenapaToB — Ba)KHas 3aaya COBPEMEHHOM
6uonorun. NoeHtndrkauma AMI oueHb CloXHa. ITO CBA3AHO, MPEXAe BCEro, C BbICOKUM FeHETUYECKUM MOosu-
mopduramom AMTI, a TakxKe C TPYAHOCTAMY MX BblpallyiBaHMs 6e3 pacTeHus-xo3samnHa. Mopdonornyeckas ngeH-
Tdukaumna AMI yacto HeHageKHa 13-3a 6ONbLLIOrO YMCna KPUNTUYECKMX BMAOB. B nocneaHve roabl ysenmumsa-
eTcA uncno paboT Mo n3ydyeHunto BUoNorMyeckoro pasHoobpasus AMI, NPoOBOAVMBIX COBPEMEHHbBIMY MEeTOAAMMN
Ha ocHoBe NGS (Next Generation Sequencing), B yactHocT lllumina MiSeq. B HacTosLee BpeMaA 0CTaeTcss MHOMO
BOMPOCOB Mo naeHTnrKaumm AMT. K Harbonee Ba>KHbIM U3 HUX OTHOCATCA: BbIGOP MapKepa AnsA reHeTnyecko-
ro wrpux-koguposaHua AMIT — KOHCepPBaTMBHbIX WM BaprabenibHbIX MNOCNeAoBaTeNbHOCTEN, @ TakxKe Bblbop
npanmepos — crneundunyHbix ana AMI unm yHuBepcanbHbIX. B HacTosweln paboTe Mbl yCMewHo UCnonb3oBanm
yHUBepcanbHble nparimepsbl ITS3 1 ITS4 ana cekBeHmpoBaHua ¢ lllumina MiSeq pervona 5.8S pAHK - ITS2, co-
LepKallero Kak KOHCEpPBATMBHbIE, TaK 1 BapurabenbHble y4acTKU. ITOT Noaxoa Ans maeHtnoéunkaumm AMI oka-
3aJ1CA AOCTAaTOYHO 3OPEKTUBHBIM 1 MO3BOANA JOCTOBEPHO NAEHTUGMLMPOBATL 8 13 9 N30NATOB [0 YPOBHA BrAA:
5 — Rhizophagus irregularis, 1 - R. invermaius, 1 — Paraglomus laccatum, 1 - Claroideoglomus etunicatum. ina Bcex
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MepcnekTuebl ncnonb3osaHuA lllumina MiSeq
ana npeHtTndnKaumm rpnboB apbyCcKynapHON MUKOPU3bI

n30naToB R. irregularis nokasaHbl BbICOKas BaprabenbHOCTb B 061acTu ITS 1 OTCyTCTBYE CBA3M C SKOTOMOM Kraf,
o6pasyembix ITS Ha punoreHeTuyecknx gepesbax. Ana nsonarta Acaulospora sp., OnpeaeneHHoro o poaa, AaH-
Hble NCBI Bce elue HejoCcTaTOUHbI Ans TOUHOW naeHTuduKkauum AMI poga Acaulospora po Buga.

Kniouesble cnosa: Glomeromycotina; apbyckynapHaa mukopu3a; lllumina MiSeq; Rhizophagus irregularis;
R. invermaius; Paraglomus laccatum; Claroideoglomus etunicatum; Acaulospora.

Introduction

Arbuscular mycorrhizal fungi (AMF) belonging to the sub-
division Glomeromycotina are a relatively small yet diverse
group. Various estimations report from 240 (Stockinger et al.,
2014) to 348 species (Opik et al., 2014). At the same time,
AMF form mycorrhizal relationships with more than 200,000
species of land plants (Lee et al., 2013). Identification the AMF
strains with the highest symbiosis efficiency is of great value
for agricultural applications. To do it, we isolated, identified
(Kryukov et al., 2017; Kryukov, Yurkov, 2018; Yurkov et al.,
2018b), and evaluated the symbiotic efficiency (Yurkov et
al., 2017a, b; Yurkov et al., 2018a) for a number of strains
from the collection.

AMF are traditionally identified by more than 20 morpho-
logical characters (Schenk, Perez, 1990; Blaszkowski, 2019;
INVAM, 2019; SchiiBller, 2019). However, in some cases
morphological identification fails to discriminate closely re-
lated species. A number of AMF species are morphologically
indistinguishable. Furthermore, interspecific genetic polymor-
phism can sometimes be mistakenly treated as intraspecific
polymorphism (Savary et al., 2017). Everything mentioned
above may result in wrong estimations of AMF species. AMF
usually cannot be cultivated on artificial media, thus making
the identification very hard. As a result many AMF species
are not studied at all, and so have not received the proper
morphological description essential to their identification
(Bruns et al., 2017). The type genus Glomus is a striking
example of the taxonomic problems concerning species and
genera identification. In the last twenty years, Glomus taxon
has been revised a number of times, so that many Glomus
species put under 14 other genera instead: Ambispora, Cla-
roideoglomus, Corymbiglomus, Diversispora, Dominikia,
Entrophospora, Funneliformis, Kamienskia, Pacispora, Para-
glomus, Redeckera, Rhizophagus, Sclerocystis, Septoglomus
(SchiiBller, 2019). In this key, molecular-genetic identification
of Glomeromycotina is very significant as the exponential
increase in the number of AMF DNA sequences deposited in
databases over the last ten years attests (NCBI, 2018).

The forementioned problems make the choice of the best
method to identify Glomeromycotina genera and species very
topical (Kryukov et al., 2017; Kryukov, Yurkov, 2018; Yurkov
et al., 2018a).

The study of Glomeromycotina by molecular genetic me-
thods is associated with a number of difficulties. One of the
main problems is the high degree of genetic polymorphism,
including polymorphism at the intraspecific level in the
SSU-ITS1-5.8SrRNA-ITS2-LSU region commonly used
for molecular-genetic identification (Stockinger et al., 2010;
Yurkov et al., 2018a). The reasons for this variability may be:
1) the ability of AMF to form anastomoses and exchange
genetic material (Daubois et al., 2016); 2) the formation of
a very large number of nuclei — from 576 to 35,000 in one spore
(Hosny et al., 1998). Copies of DNA markers independently
evolve in different nuclei (Lin et al., 2014).

The ITS region is the main marker for AMF barcoding, it is
well represented in different databases, among which are the
UNITE (User-friendly Nordic ITS Ectomycorrhiza) (UNITE,
2017) and MaarjAM (Opik et al., 2010). It should be noted that
the ITS is also often used for the barcoding of vascular plants
and the construction of phylogeny (Rodionov et al., 2016).
But the main advantage of the ITS region is the possibility
of identifying AMF up to the species level. A majority of
papers where less variable markers have been used report on
identification up to the genus level or even to the order level
(Schoch et al., 2012; Tedersoo et al., 2015).

In the case of [llumina MiSeq it is recommended that ITS2
or the full ITS region be used as the fungal barcode (Tedersoo
etal.,2015). ITS2 provides a higher taxonomic resolution than
SSU or LSU genes, which are suitable for identifying genera
and higher-level taxa. ITS1 in fungi is usually shorter that
ITS2, also ITS1 is considered as a hypervariable region and
thus less suitable for barcoding fungi (Tedersoo et al., 2015).
To increase efficiency of molecular-genetic identification,
modifications of the universal primers ITS3 and ITS4 specific
for various fungal divisions were proposed. In comparison
with other primer combinations, the primer pair ITS3tagmix
and ITS4ngs gave a significantly larger number of sequen-
cing reads as well as OTUs (Operational Taxonomic Units)
(Tedersoo et al., 2015). At the same time, the contribution
of AMF in the total OTUs pool was less than 3 %, whereas
Agaricomycetes represented half of all OTUs. For AMF we
proposed using the slightly modified primer ITS3 — CATC
GATGAAGAACGTAG (the modification is in bold) as a
direct primer and the primer ITS4 without changes as reverse.

Various aspects of using specific primers for the AMF
identification were reviewed earlier (Kryukov et al., 2017;
Kryukov, Yurkov, 2018; Yurkov et al., 2018a). Identification
using universal primers allows us to investigate the maxi-
mal broad range of AMF species and genera. But this then
introduces the problem of foreign DNA admixture. Another
problem with molecular genetic identification of AMF is the
generation of chimeric sequences during the sequencing pro-
cess (Senés-Guerrero et al., 2014). Phusion DNA-polymerase,
which generates high accuracy PCR-products, serves to reduce
the chances of introducing chimera (Senés-Guerrero et al.,
2014). At the same time, special software has been developed
for detecting chimeric sequences and excluding them from
analysis, USEARCH for example (Edgar, 2010).

Before 2015, the main method of AMF molecular-genetic
identification was cloning followed by Sanger sequencing. This
method applied to AMF demands careful selection of efficient
and highly specific primers, as well as the use of nested PCR.
In addition, due to the high variability of marker sequences,
only multiple sequence cloning can be used (Kriiger et al.,
2009), which is very time-consuming and labor-intensive.

NGS has turned into a powerful and attractive method
of AM fungi identification since it can overcome the weak
points in the Sanger-based identification. One of the earli-
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est techniques of NGS was 454 pyrosequencing, which has
been employed for AMF identification since 2009. Using the
universal fungal primers NS31 and AM1 179,279 sequences
were obtained, of which 77.5 % belonged to 47 taxa of AMF
isolated from the roots of 10 plant species (Opik et al., 2009).
However, these primers (NS31 and AM1) are not suitable
for the analysis of the SSU region in Archaeosporaceae and
Paraglomeraceae families (Helgason et al., 1998). Nonethe-
less, 454 pyrosequencing revealed in the roots of the Hepatica
nobilis Mill. 1.5 times more fungal taxa than Sanger sequen-
cing (Opik et al., 2009). This clearly showed the advantage
of NGS methods over cloning-Sanger sequencing methods.
454 pyrosequencing following nested PCR was successfully
used for AMF identification with a barcode in the LSU region
(Senés-Guerrero, Schiiller, 2015). An interesting result of this
work is that about 60 % of the studied plants each formed a
symbiosis with at least 10 AMF taxa, and 2 % of plants had
more than 25 AMF species in their root system. The authors
used the LSU-D1fmodified primer (Senés-Guerrero, Schiifller,
2015) together with the LSUmBr primer (Kriiger et al., 2009)
in the second round of nested PCR. This modification allowed
us to obtain 698,297 sequences, of which 0.17 % were the
target AMF sequences, 41 taxa were detected, of which 15
are unknown, not registered in the databases (Senés-Guerrero,
SchiiBBler, 2015). 454 pyrosequencing has its advantages
over cloning-Sanger sequencing, but this technique is more
expensive than the Illumina MiSeq technology that replaced
pyrosequencing.

With the development of Illumina technology, Illumina
MiSeq has been becoming more and more widely used due to
its relative low cost. Illumina MiSeq compared to HiSeq 2000
allows for processing sequences of reads 2.5 times longer,
and each sequencing in this case is cheaper. The advantage
of HiSeq is more deep sequencing, which allows us to obtain
reads at a rate of three orders greater than MiSeq. But this is
less significant for fungi identification than sequence read
length (Razzauti et al., 2015).

A comparative study of the efficiency of 454 pyrosequen-
cing and [llumina MiSeq showed a difference of five times in
the diversity of sequences (in favor of the second method), but
both approaches revealed the same species composition (Vasar
etal., 2017). A comparative study of the [llumina MiSeq and
Ion Torrent Personal Genome Machine (PGM) showed that
the second method generated a 2—5 fold greater rate of error
than Illumina MiSeq (Salipante et al., 2014).

The objectives of this study included the identification of
nine strains of AM fungi from the collection of the All Russian
Research Institute for Agricultural Microbiology using the
[llumina MiSeq approach and universal primers for the ITS2
region, supplemented by the morphological characteristics of
the analyzed AMF spores.

Materials and methods

AMF isolation. AMF were isolated in 2015 from samples,
collected in various habitats in two different regions (author
of the analyzed AMF isolates: A.P. Yurkov). Only isolates
with spores with an unambiguously identifiable morphology
were used for molecular-genetic identification. Four strains
were isolated from samples taken in the Rostov region (1.4 km
NW from Zernograd): 46°52'2" N, 40°16'8"E, a tree belt
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area with oaks, maples and alders: 1) isolate (strain) 01-053
was isolated from Ambrosia artemisiifolia roots, 2) isolate
(strain) 01-056a and, 3) isolate 01-056b both were isolated
from one ordinary chernozem soil sample, but differentiated
via reinoculations of spores with a different morphology,
4)at46°52'7"N, 40°16'8" E, a maize field, the isolate (strain)
02-060 was isolated from a Zea mays 282MB Zelenogradckij
hybrid roots. Five isolates were obtained from samples taken
in the Moscow region (Lobnya town, academic village in
Lugovaya): 1) 56°02'33.80" N, 37°29'13.70" E, natural
meadow, the isolate (strain) 03-097 was isolated from Vicia
sepium roots, 2) 56°02'24.30"N, 37°2920.00"E, a Festuca
rubra field, isolate (strain) 04-067 was isolated from Festuca
rubra roots, 3) isolate (strain) 04-068 was isolated from
Agrostis vulgaris roots, 4) 56°02'31.40"N, 37°29'17.60"E,
Medicago * varia field, isolate (strain) 05-077 was isolated
from Trifolium pratense roots, 5) isolate 05-104 was isolated
from a sod-podsol gleyic soil sample.

AMF cultivation. AMF collection at the All-Russian Re-
search Institute for Agricultural Microbiology is cultivated
in the Plectranthus australis R. Br. (taxonomical synonyms
P, verticillatus (L.f.) Druce, P. nummularius Briq.) line of
Swedish ivy. For AMF-inoculated plants a soil-sand mix was
used, described earlier (Yurkov et al., 2015). The substrate had
alow level of plant-available phosphorus (3.0 mg P,0/100 g).
Plectranthus cuttings 12—15 cm length with two leaves were
sterilized in 0.1 % sodium hypochlorite, then germinated in
water. On the 7 day Plectranthus plants were inoculated by
root fragments, containing AMF vesicles and abruscules. Root
fragments of mycorrhizal Plectranthus were selected by visual
analysis in stereomicroscope MBS-10 (LZOS, Russia). For
further reinoculations (each 6—8 months) sporocarps, or an
arrangement of spores in an out-root area, or 5 mm length root
fragments with large quantities of observable vesicles were
used. Each inoculated plant was cultivated in an individual
container with 350 g of sterile substrate at +24-26 °C, 18 h
light day. Two luminescent lamp LB-40 (Russia) and OSRAM
L36/77 Fluora (Germany) on a 1:1 ratio with output lumen
~4000 were used. Plants were watered every other day by
60 % of soil full water capacity. For the culture purification
AMF spores were reinoculated at least three times.

Morphological identification of AMF. More that 20 fea-
tures were used for morphological identification (Schenck,
Pérez, 1990; Blaszkowski, 2003; INVAM, 2019): color, trans-
parency, size and shape of extraradical (out-root) spores;
shape of the place of attachment of spores to subtending
hypha; number, thickness, density, elasticity or fragility, color
in Melzer’s reagent of layers of spore walls and subtending
hypha; presence/absence/disappearance/appearance of spore
wall layers and subtending hypha during ontogenesis (from
juvenile to mature spore); presence/absence of a septum in
the place of attachment of the spores to subtending hypha;
structural characteristics of AMF and intraradical spores.

In order to assess mycorrhization parameters and the type
of mycorrhiza, the roots were macerated and stained by try-
pan blue according to the method developed by J.M. Phillips
and D.S. Hayman (1970). Mycorrhization parameters were
determined by light microscopy (Trouvelot et al., 1986) using
a special computer program, developed earlier in our research
group (Vorob’ev et al., 2016).
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DNA extraction, PCR and sequencing. DNA extractions
were carried out using the method of J.J. Doyle and J.L. Doyle
(1987), with modifications. Micorrhizated roots of P. australis
were washed twice in distilled water, placed in 2 ml tubes, dried
at +45 °C, and mechanically homogenized with glass beads
2—4 mm in the FastPrep24 (MP Biomedicals, USA), followed
by CTAB-protocol. The target region ITS2 was amplified
with universal primers ITS3 (5'-GCATCGATGAAGAACG
CAGC-3") and ITS4 (5'-TCCTCCGCTTATTGATATGC-3")
(White et al., 1990). Ready-mix ScreenMix (Evrogen, Russia)
was used for PCR. Amplicons were sliced from agarose gel
and purified by the silica approach. Illumina library prepara-
tion was made according to MiSeq Reagent Kit Preparation
Guide in the Core Center of “Genomic Technologies, Pro-
teomics and Cell Biology” at the All-Russia Research Insti-
tute for Agricultural Microbiology (St. Petersburg, Russia).
Libraries were sequenced on the Illumina MiSeq platform
with MiSeq® Reagent Kit v3 (600 cycle) according to the
manufacturer’s instruction (Illumina Inc., USA).

Bioinformatics and fungal OTUs analysis. Two pipelines
were used for sequencing data analysis. 1. Illumina reads
processing were done by USEARCH software (Edgar, 2010).
The key steps for USEARCH data treatment are described on
https://www.drive5.com/usearch/. In further paragraphs we
are briefly describing these steps. In the case of paired-end
sequencing, [llumina sequencer makes sequences from both
ends of a fragment and generates two files with forward and
reverse reads. This data is written in FASTQ format, where
each nucleotide corresponds with its quality score. For fur-
ther treatment forward and reverse reads are merging using
fastq_mergepairs command to give consensus sequences. This
step includes resolving any mismatches found in the overlap
alignments and calculation the posterior quality scores for
the consensus sequences (Edgar, Flyvbjerg, 2014). To discard
low-quality reads expected error filtering with fastq filter
command is used.

The next step is a dereplication, which means sorting unique
sequences in order of decreasing abundance in the dataset.
After this, singletons (sequences that are present exactly once)
are discarded, since they are likely to have errors. However
the remaining reads can still have errors. So the goal of the
final step (denoising) is to identify a set of correct biological
sequences. The denoising can be made by UPARSE algorithm
which clusters sequences with 97 % or more (Edgar, 2018)
similarity and then chooses the most abundance sequence in
each cluster. Also chimeric sequences, which occurs by com-
bining parts of two or more biological sequences are detected
and deleted at this step.

Raw forward and reverse reads were merged with minimal
length parameter (“-fastq minmergelen’’) 130 bp and maximal
difference parameter (“-fastq maxdiffs”’) 30 bp. Then low-
quality read ends including primer sequences were trimmed,
reads were filtered based on expected error value (E_max=1).
Singletons were removed from the dataset. Then data were
divided on operational taxonomic units (OTUs) with a 97 %
similarity cut-off by UPARSE algorithm (Edgar, 2013). Chi-
meric sequences were removed. For further analysis the most
represented sequence from each OTU was chosen. Data were
checked for cross-talk errors. Sequences of AMF species were
selected by BLAST+ (Altschul et al., 1990).
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2. The primers we used are universal for a broad range of
species; and after amplification in the ITS2 region the ex-
tracted plant DNA prevail over fungi DNA. A second pipeline
was made for the selection of rare and unique reads with a high
homology of AMF sequences. After quality control (FastQC)
forward and reverse reads were trimmed and merged with
minimal length parameter 230 bp by trimmomatic (Bolger
et al., 2014) and fastq-join software (Aronesty, 2013). Then
sequences were demultiplicated and sorted in the descen-
ding order of their frequency. AMF sequences were selected
via character for AMF motifs, then aligned and checked via
BLAST.

Obtained sequences were submitted to the GenBank data-
base (https://www.ncbi.nlm.nih.gov/). Evolutionary analyses
were conducted by using the Maximum Likelihood method
in MEGA7 software (Kumar et al., 2016) with implementa-
tion of the Tamura-Nei model (Tamura, Nei, 1993) and 1,000
bootstrap analyses.

Results

Sequencing of 9 isolates yielded approximately 381,249 pair
ofreads, from 19,236 to 81,054 joined sequences for each iso-
late. The following OTUs of AMF isolates were identified via
BLAST at the genera or species level and submitted to NCBI:
MK948362-MK948371 (isolate number 01-053), MK948403-
MK948404 (01-056a), MK968150 (01-056b), MK948427-
MK948429 (02-060), MK948492-MK 948496 (03-097),
MK948434-MK948436 (04-067), MK948447 (04-068),
MK948486-MK948491 (05-077), MK948503-MK 948504
(05-104). The length of obtained sequences varied from 340
to 366 bp. Variability in GC content was distinct in different
genera: a narrow range was shown in genera Claroideoglo-
mus (38-39 %), Rhizophagus (36-39 %) and Paraglomus
(42-46 %), whereas GC content in Acaulospora varied from
31 to 46 %. Owing to the significant variability of the ITS
region in AM, alignment of sequences belonging to different
genera and orders is ineffective, and in some cases impossible.
As aresult, four separate phylogenetic trees were constructed
for the four genera mentioned above (Fig. 1-4).

Unusual deletion was determined by ITS2 sequence align-
ment. This deletion of 5-6 bp in alignment positions 97-102
was identified in various species of genus Rhizophagus, and in
all OTUs of genus Paraglomus, and in Racocetra weresubiae
(FR750135) (NCBI, 2019). This fact can serve to indicate
the presence of a deletion-specific site related to secondary
RNA structure. However, it can also indicate a relationship
of sequences in this region, which is of greater interest be-
cause it is well known that AM mycelia contain a significant
number of nuclei (Hosny et al., 1998), some of which carry
this deletion in ITS.

Some samples (01-053, 01-056a, 02-060, 04-068, 05-077,
and 03-097) demonstrated a high similarity with Rhizophagus
(see Fig. 1). OTU isolates 01-053, 01-056a, 02-060, 04-068,
05-077 fell with high accuracy into the clade formed by
Rhizophagus irregularis, while OTUs of 03-097 were placed
in one clade with R. invermaius (bootstrap index = 97). This
genus includes a small number of species, about 20 accor-
ding to A. Schiiler (2019), but in the NCBI only 8 species
are represented by ITS sequences. Thus one may consider
that Rhizophagus is a genus that requires further sequencing
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053-6 MK948367 Rhizophagus irregularis

62 - 053-8 MK948369 Rhizophagus irregularis

- 060-3 MK948429 Rhizophagus irregularis
L—053-5 MK948366 Rhizophagus irregularis
5~ 077-3 MK948488 Rhizophagus irregularis

-|—077—6 MK948491 Rhizophagus irregularis
611077-5 MK948490 Rhizophagus irregularis
4011 FM865610 R org Rhizophagus irregularis DAOM197198 W3182/Att1192-52
053-3 MK948364 Rhizophagus irregularis
H 077-2 MK948487 Rhizophagus irregularis

~|7056a—1 MK948403 Rhizophagus irregularis

FM865608 R org Rhizophagus irregularis DAOM197198 W3182/Att1192-52
‘I_ 053-7 MK948368 Rhizophagus irregularis
11060-2 MK948428 Rhizophagus irregularis
— r—053-1 MK948362 Rhizophagus irregularis
—077-1 MK948486 Rhizophagus irregularis
053-9 MK948370 Rhizophagus irregularis
053-4 MK948365 Rhizophagus irregularis
771 ] 3JE 056a-2 MK948404 Rhizophagus irregularis
FM865591 org Rhizophagus irregularis BEG195 W5272/Att1485-12

053-10 MK948371 Rhizophagus irregularis

60| 060-1 MK948427 Rhizophagus irregularis

76

42 43

—— HG964399 Rhizophagus melanus

Fig. 1. Phylogenetic tree of ITS-sequences from the genus Rhizophagus.

research. At the same time, it is beyond doubt that this study
provides a molecular genetic identification at the species level
of isolates 01-053, 01-056a, 02-060, 04-068, 05-077, 03-097.

Due to the ambiguous position of OTUs of isolate 05-104
on a pre-built phylogenetic tree of the Acaulospora genus, as
well as due to the possibility that OTUs of this isolate could
incorporate other close genera from the Acaulosporaceae
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068-1 MK948447 Rhizophagus irregularis
98 — FR750191 org Rhizophagus irregularis from Blaskowski
FR750187 org Rhizophagus irregularis W4682/Att857-12
T'_E)77—4 MK948489 Rhizophagus irregularis
871FR750078 R org Rhizophagus irregularis MUCL43195
2 GQ205076 Rhizophagus custos
JN847437 Rhizophagus custos
1o i|—_FM992402 R org Rhizophagus proliferus MUCL41827
FN547500 R org Rhizophagus proliferus MUCL41827 W4728/Att1296-0
29 _|_— FM865545 org Rhizophagus intraradices MUCL49410 W5070/Att1102-9
94— FM865606 R org Rhizophagus intraradices FL208 W5166/Att4-38
FM865602 R org Rhizophagus intraradices FL208 W5166/Att4-38
8 FR750073 org Rhizophagus fasciculatus MUCL46100
99! FR750071 org Rhizophagus fasciculatus MUCL46100
FM865546 org Rhizophagus intraradices MUCL49410 W5070/Att1102-9
097-3 MK948494 Rhizophagus invermaius
097-5 MK948496 Rhizophagus invermaius
097-1 MK948492 Rhizophagus invermaius
097-4 MK948495 Rhizophagus invermaius
HG969390 Rhizophagus invermaius
LN624112 Rhizophagus invermaius
097-2 MK948493 Rhizophagus invermaius

|— GQ205083 Rhizophagus clarus
99 'FM865541 org Rhizophagus clarus W3776/Att894-7

AF413089 Funneliformis mosseae

family, species from the Archaeospora, Ambispora, Diversi-
spora, Gigaspora, Racocetra, Redeckera and Scutellospora
genera were added to the tree. We found that both OTUs of
05-104 isolates were included in the Acaulospora clade with
high bootstrap support (see Fig. 2).

However, owing to the significant differences from other
species of Acaulospora, we define the MK948503 sequence
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50

67 AM076375 org Acaulospora sneverdingii ZS2005
FM876792 R org Acaulospora sneverdingii WUM18 W2941/Att869-3
104-2 MK948504 Acaulospora sp.
AJ891114 org Acaulospora paulinae voucher CW4
AJ239115 org Acaulospora denticulata CL139-3
FM876790 R org Acaulospora cavernata BEG33 W3293/Att209-37
FR692348 org Acaulospora cavernata BEG33
FR846383 Acaulospora punctata
HE60364 Acaulospora nivalis
KP191472 Acaulospora ignota
LN810996 Acaulospora baetica
99| FM876821 org Acaulospora kentinensis TW111A W5346/Att1499-9
FN547523 org Acaulospora kentinensis TW111A W5346/Att1499-9

42 HG422732 Acaulospora spinosissima

67 KMO057070 Acaulospora excavata
> JF439203 org Acaulospora delicata isolate G11 2
JF439090 org Acaulospora mellea isolate G34-6
54 —JF439093 org Acaulospora delicata isolate G67-5

LN881564 Acaulospora rugosa
61 AM905249 Acaulospora morrowiae
FR750151 R org Acaulospora spinosa EX-Type W3574/Attnone
il FR692349 org Acaulospora scrobiculata FO316
FR869691 org Acaulospora minuta
_L_ AJ891104 org Acaulospora alpina environmental ST2700
92'-FN825903 R org Acaulospora brasiliensis W4699/Att1211-0
99 ~AJ239117 org Acaulospora colombiana CIAT C18-3

21 |_— FR750063 org Acaulospora colombiana W5795/Att1476-8
45| AJ891110 R org Acaulospora lacunosa BEG78

?r— LN736025 Acaulospora foveata

FR750168 org Acaulospora entreriana W5469/Att1541-1

FN547502 R org Acaulospora laevis W3247/Att423-4
5 FN547513 org Acaulospora laevis BEG26

FR750173 Acaulospora entreriana

37

[

N

46

65

AF133768 Acaulospora colossica
LS398085 Acaulospora koskei
104-1 MK948503 Acaulospora sp.

91 I:JF4391 40 org Scutellospora calospora isolate B25-5
FR750150 R org Scutellospora spinosissima W3009/Att664-1 pMK024-03+08+06

86 — FN547598 R org Scutellospora gilmorei W5342/Att590-16

90 HM625899 org Scutellospora pellucida isolate scut1
Filcons*17 org Racocetra castanea BEG1 ex-type
FR750136 R org Racocetra fulgida W2993/Att-none
FR750134 R org Racocetra weresubiae W2988/Att-none
FN547547 R org Gigaspora margarita BEG34
FR750184 R org Gigaspora rosea DAOM194757 W2856/Att1509-20
AB048683 R org Scutellospora cerradensis MAFF520056
FM876837 R org Scutellospora heterogama BEG35 W3214/Att334-16 clone MK029-3
98 | FR750013 org Scutellospora dipapillosa W5611/Att1577-4
86— AM268197 R org Ambispora fennica glomoid W3569/Att200-11 multi spore culture

AL—[ JF439210 org Ambispora gerdemanniiisolate n8 9

AB048663 R org Ambispora callosa OK1 MAFF520057 W4769/Att1323-7 single spore isolate
L AB048654 R org Ambispora leptoticha F3b MAFF520055 W4770/Att315-11 single spore isolate

64

96

70

20

FN820282 org Ambispora granatensis JEP-2010
FR750022 org Archaeospora schenckii W5673/Att212-4

98 ,—— AM418545 org Redeckera fulva environmental
AM418551 org Redeckera megalocarpa environmental

—_—
0.050

Fig. 2. Common phy!

AM713403 R org Diversispora celata BEG231 FACE234 W4718-19/Att1278-2

AY842567 R org Diversispora epigaea BEG47

AJ849468 org Diversispora aurantia Holotype. Blaszkowski J. 2444 (DPP)
FN547637 R org Diversispora spurca ex-type W4119/Att246-18

97

71

AY035648 org Claroideoglomus claroideum JJ42 isolate Mr133

logenetic tree of ITS-sequences from Acaulospora, Archaeospora, Ambispora, Diversispora, Gigaspora, Racocetra, Redeckera

and Scutellospora genera.
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AF165919 org Paraglomus brasilianum ITH43

77
39| L FR750046 org Paraglomus brasilianum W5793/Att260-8
94| = AF165922 org Paraglomus brasilianum WV224

AF165920 org Paraglomus brasilianum WV224
911 AF165921 org Paraglomus brasilianum WV224
giLAF005062 org Paraglomus occultum FL703
AF005065 org Paraglomus occultum CL383

58 AF005480 org Paraglomus occultum CL383

95[ AF005481 org Paraglomus occultum CL383

FJ769330 org Paraglomus laccatum environmental
499[[ 056b MK968150 Paraglomus laccatum
871 AM295494 org Paraglomus laccatum
FR750196 org Rhizophagus irregularis from Blaszkowski

—_—
0.050

Fig. 3. Phylogenetic tree of ITS-sequences from Paraglomus genus.

067-2 MK948435 Claroideoglomus etunicatum

067-3 MK948436 Claroideoglomus etunicatum

AY236328.1 Claroideoglomus etunicatum
067-1 MK948434 Claroideoglomus etunicatum

FN547634 org Claroideoglomus etunicatum W5347/Att1505-8 CA-OT-126-3-2
|| FN547630 org Claroideoglomus etunicatum W5347/Att1505-8 CA-OT-126-3-2
AY330597 org Claroideoglomus etunicatum isolate 3-5-4

AY035648 org Claroideoglomus claroideum JJ42 isolate Nr133

FM876812 R org Claroideoglomus luteum SA101-3 W3184/Att676-0
AY035653 org Claroideoglomus luteum JJ47 isolate Nr132

FR750055 org Claroideoglomus claroideum W5794/Att1063-4
LT963496 Claroideoglomus lamellosum

AJ972464 org Claroideoglomus drummondii check paper
AJ972467 org Claroideoglomus walkeri Holotype. Blaszkowski J. 2609 (DPP)

Fig. 4. Phylogenetic tree of ITS-sequences from Claroideoglomus genus.

(05-104 isolate) as a virtual taxon. The MK948504 sequence
(05-104 isolate), though it has a high similarity with the
A. sieverdingii and A. paulinae species, did not show simi-
larities with the indicated species according to morphological
data, therefore it was also identified as a virtual taxon. At the
same time, it can be reliably stated that these two OTUs belong
to different taxa, since they have significant differences in GC
content (31 and 46 %). But differences did not appear in the
case of morphological analysis, highlighting the obstacles of
distinguishing among Acaulospora species.

The OTUs of 01-056b isolate formed a well-supported
subclade in the Paraglomus genus (bootstrap index = 99) (see
Fig. 3). Furthermore, the Paraglomerales order hosts two more
genera (Innospora and Pervetustus) in addition to the Para-
glomus genus, but the ITS sequences for them are unknown.
Thus the outgroup for the phylogenetic tree was taken from
another order. The 01-056b isolate was identified as Para-
glomus laccatum. The sequences of the P. laccatum 01-056b
isolate turned out to be the shortest in comparison with isolates
of other genera and ITS. Only three of eight species of this
genera have ITS sequences in NCBI (Schii8ler, 2019).

The Claroideoglomus genus is the most studied of the above
mentioned genera. The ITS data were reported for six out of
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FR750191 org Rhizophagus irregularis from Blaszkowski

eight species (Schiifler, 2019). The OTU of isolate 04-067
with high support belongs to the clade formed by the species
Claroideoglomus etunicatum (see Fig. 4).

To verify whether the molecular genetic identification of
AMF was effective, we conducted a morphological identifi-
cation of nine isolates (Supplementary)'. The principal mor-
phological characteristics for comparison were: size, shape,
and color of the spores in air by the CMYK standard; shape,
thickness and color of spore layers in Melzer’s reagent by the
CMYK standard; the shape and thickness of subtending hypha;
the wall thickness of subtending hypha; the presence of a sep-
tum in subtending hypha, type of mycorrhiza in P. australis;
mycorrhization parameter (F — frequency of mycorrhizal
infection in P. australis roots).

On the basis of morphological analysis of spores, it was
concluded that the AM isolates under examination — supported
on P, australis culture in the ARRIAM collection — are of the
following taxa: 1) 01-053 isolate — Rhizophagus irregularis;
2) 01-056a — R. irregularis; 3) 01-056b — Paraglomus lac-
catum; 4) 02-060 — R. irregularis; 5) 03-097 — R. invermaius;
6) 04-067 — Claroideoglomus etunicatum; 7) 04-068 — R. irre-

T Supplementary are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx0.pdf
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gularis; 8) 05-077 — R. irregularis; 9) 05-104 — Acaulospo-
ra sp. defined only at the genus level, since it was not possible
to clearly determine distinguishing morphological features.

Among the morphological features of the spores formed by
various isolates of AMF the following should be highlighted.
The spores of all AMF isolates classified as R. irregularis (iso-
lates 01-053, 01-056a, 02-060, 04-068 and 05-077) have the
cylindrical subtending hypha in oblong spores or slightly flared
(expanded) in spherical spore at a distance of more than 10 pm
from the spores. The size, shape and color of the spores in air
in these isolates were similar. Only spores of isolates 01-053
and 01-056a with a greenish tint, had insignificant differ-
ences: color varied from 19-5-54-0 (pistachio) and 23-4-43-0
(very light yellow-green) to 26-17-66-0 (yellow-green) and
29-25-58-0 (dark khaki). It should be noted that the color of
the L3 layer in spores of R. irregularis isolates had significant
polymorphism: from 10-37-99-10 (corn-yellow), 1-45-91-25
(deep yellow), 10-53-98- 0 (yellow-orange), 13-54-99-1 (deep
orange-yellow) and 26-52-97-2 (deep yellow) to 17-48-99-2
(almost pure orange), 15-62-98-0 (deep orange-yellow),
2-67-82-58 (brown-red), 30-80-99-30, 32-78-99-25 (saturated
red-brown). The spore color of the 01-056b isolate, referred to
the Paraglomus laccatum species, on the contrary varied in a
narrow range: from colorless to 4-4-0-0 (ghostly white). The
second difference in the P. laccatum 01-056b isolate was the
absence of a septum in the subtending hypha in the presence of
narrowing at the site of attachment of the spore as determined
by the greater thickness of the L2 layer. The spores of isolate
04-067, referred to Claroideoglomus etunicatum, were more
yellow: from 5-5-0-0 (ghostly white) to 2-10-62-5 (orange-
yellow Craiol) in air and in Melzer’s reagent L2 had a yellow
color from 2-15-60-2 (orange-yellow Craiol) to 3-35-92-5
(saturated yellow). The darkest spores were observed in the
isolate 03-097, referred to the Rhizophagus invermaius spe-
cies: from 30-52-88-51 (deep yellow-brown) to 59-67-63-72
(brown-olive) in air. The spore morphology of isolate 05-104
was significantly different from the other AMF. The spore
color of isolate 05-104 attributed to the Acaulospora genus,
ranged from colorless (transparent) to 3-15-70-4 (yellow
ivory), spores cycatrix (the scarring is a remnant of the con-
nection between the spore wall and the wall of the spore of the
saccule during spore synthesis is 5.5—7.1 um. Since this isolate
is poorly maintained in P. australis culture, the morphology
of the spores could not be studied in detail. According to mo-
lecular genetic analysis data, it may be approximately the same
probability as 4. paulinae, A. denticulata or A. sieverdingii.

All isolates of the Rhizophagus genus (01-053, 01-056a,
02-060, 03-097, 04-068 and 05-077), collected both in the
forest belt and arable land, had a higher activity in P. austra-
lis roots (F' > 80 %) than isolates of other AMF genera (see
Supplementary). All the AMF isolates under examination
formed mycorrhiza of the Arum-type, but only seven of nine
isolates were able to be isolated into culture: 01-053, 01-056a,
02-060, 03-097, 04-067, 04-068, 05-077 isolates should be
considered as AMF strains.

Because their mycorrhization activity in P. australis is low
(see Supplementary), sustained maintenance of the P. laccatum
01-056b isolate and the Acaulospora sp. 05-104 isolate will
depend on the selection of optimal conditions for their growth
(substrate composition and type of host plant).
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Discussion

The Illumina MiSeq approach allowed us to determine eight
out of nine AMF isolates from the All Russian Research
Institute for Agricultural Microbiology collection. It is very
powerful method, which enables the identification of a large
number of AMF taxa in fungal communities, especially if
the proportion of targeted marker sequences in a sample is
small. There are other effective methods of NGS, but several
comparative studies indicate that MiSeq in some cases is more
efficient as it can provide longer reads and fewer errors in
comparison to HiSeq and IonTorrent techniques, respectively
(Salipante et al., 2014; Razzauti et al., 2015).

These comparisons show the clear advantage of the sequen-
ce-targeted NGS approach as contrasted with the alternative
cloning-sequencing method for AMF species identification.
However, the main disadvantage of the Illumina MiSeq are
relatively short reads (250 bp x2), which do not allow the use
of long markers, such as the entire cloned SSU-ITS1-5.8S-
ITS2-LSU region that was most often used for AMF barcod-
ing from 2009 to 2012 (Kriiger et al., 2009; De Castro et al.,
2018). A prerequisite for the correct AMF identification by the
MiSeq method is the employment of a short marker region for
sequencing (400-500 bp). The most commonly used length-
appropriate marker is ITS2. The advantage of this region is
that it provides sufficient variability for identification at the
species level. Other less variable regions such as D1-D2 of
the LSU allow identification only at the genus level (Kriiger
et al., 2009).

The use of universal primers for ITS2 region is the optimal
choice for the identification of poorly studied taxa, which
in recent years has helped to identify a significant number
of virtual taxa of AMF (Opik et al., 2014). These taxa can
subsequently receive species names in the presence of in-
dividual morphological features and stable maintenance of
isolates/strains in culture. For example, we studied the 05-104
sample in which there are two OTUs that belong to two dif-
ferent virtual Acaulospora sp. taxa. Another advantage of
using the ITS2 region for identification is that a substantially
representative sequence database has been stored in NCBI
in comparison to other marker regions, for example, for the
SSU region (NCBI, 2018).

It is important to note that OTUs related to one R. irregularis
species and collected in different ecotopes (isolates 01-053,
01-056a, 02-060, 04-068 and 05-077) did not cluster separately
on the phylogenetic tree (see Fig. 1). This suggests that all
studied R. irregularis isolates shared one ribotype. Thus, it
was not possible to identify the ecotype-related features of
R. irregularis isolates, perhaps they are objectively missing.

Also, it should be noted that NGS methods produce huge
data arrays. We paid special attention to choose the correct
tools for data treatment. Several pipelines have been developed
to process rDNA sequences that are generated using [llumina’s
MiSeq platform. Among them mothur (Schloss et al., 2016),
QIIME (Caporaso et al., 2010), USEARCH and VSEARCH
(Rognes et al., 2016) are the most popular. Generally, all of
them have similar steps in sequences treatment. We used
USEARCH since it has a large set of tools and detailed docu-
mentation. However, two approaches were used to search for
AMF OTUs among a great pool of sequences. Both approaches
were equally effective since they allowed us to identify the
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same set of taxa. At the same time the use of the USEARCH
software has significantly reduced the time spent on data
processing, which makes it possible to recommend it as the
main tool to identify AMF from NGS data.

Combining the results of molecular genetics and morpho-
logical identification, we assert that the effectiveness of the
[llumina MiSeq method as applied to AMF identification is
not inferior to morphological methods that are significantly
more labor intensive. However, the NCBI database is still in-
sufficient for identification of some AMF species. The reason
for this is that more than half of the known AMF taxa are still
absent in the database. For example, according to A. Schiifller
(2019), there are up to 56 species in the genus Acaulospora.
The NCBI contains 37 species just for Acaulospora sp., and
ITS sequences are presented for only 28 species. Thus, the
obtained OTUs of the 05-104 isolate may belong to one of
Acaulospora species that has yet to be studied.

Conclusion

We have determined that the most effective method for AMF
identification is Illumina MiSeq supplemented by applica-
tion of universal primers for the ITS2 region. Considerable
efforts of morphologists in collaboration with molecular ge-
neticists are required to establish a reliable taxonomy of the
Glomeromycotina subdivision and to improve the efficiency
of the molecular genetic AMF identification as a key method
in the future.
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AHHOTayuua. MMKpoOMOTa KULWEYHMKa YeIoBEKA — 3TO AVHaMMYecKaa CUCTeMa, HaXOAALWAnACA Mo BO3LENCTBMEM
opraHn3ma xo3avHa 1 BHewwHMX $pakTopoB. Bo3HMKalowye HapyLeHNa KALeYHOW MUKPOBUOTbI MOTyT NPUBECTU K
NaToNOrMYeCcKUM COCTOAHMAM, BK/IOUYas BOCMANMTENbHbIE U OHKONOTMYeCcKne 3ab0neBaHna XenygoUHO-KMLLEeYHO-
ro Tpakta. OAHMM 13 BO3MOXHbIX CMOCOOOB BO3AENCTBUA HA MUKPOOUOTY KULIEYHMKa ABNAETCA GeKoTpaHCmnnaH-
Tauus (OT) — BBeAeHMNE KMLWEYHON MUKPOOUOTbI OT 340POBOro JOHOPA B KMLLEUHbIV TPaKT NauueHTa. B HacToswee
BpemMA B pafe CTpaH 3TOT MeTOA MCMOoJb3yeTcA ANA HOpManu3auuy MMKPOOGUOTbI KMLLEYHUKA, B OCHOBHOM Mpu
XPOHMYECKMX BOCMANUTENbHbIX 3a60neBaHNAX KuweyHrKa. B Poccun (HoBocnbupCK) yxKe HECKONbKO NET BeayTCA
nunoTHble nccnepoBaHuna spdekTnsHocT OT Npm A3BeHHOM KonuTe. Llenb faHHON paboTbl — OLEHUTb U3MEHeHNe
MUKpO6MOMa KuleyHuKa 20 nauyeHToB C A3BEHHbIM KOIMTOM Mocsie ofHOKpaTHOro nposefeHns OT. OCHOBHOM
MeTOA — CPaBHUTENbHbIN aHanu3 6ubnnoTek nocnenosatenbHocTen 16S pubocomanbHon PHK, co3gaHHbIX Ha OCHO-
Be 06pa3LioB, NOMYUYEHHbIX OT MNALMEHTOB C A3BEHHBIM KONUTOM A0 1 nocne OT 1 ceKBeHMPOBaHHbIX Ha nnatdopme
[llumina MiSeq. Pe3ynbtaTbl nccnenoBaHma nokasanu, yto OT npueena K yBennyeHuio cpefHero 6nopasHoobpasma
nocrnefoBaTenibHOCTEN B 06pasLax, nonyyeHHbIx nocne OT, no cpaBHeHMO ¢ obpasuamu, cobpaHHbiMU fo OT, xoTA
pasHuMua He 6bl1a CTaTUCTUYECKM JOCTOBEPHO. [lona nocnepoBaTenbHocTel Firmicutes, ABNAIOWNXCA LOMUHUPYI0-
e KOMMOHEHTON KMLIEeYHOW MUKPOBMOTbI 3[0POBbIX Ntofel, ymeHbLumnach (~32 % vs. >70 %), a fons nocneaosa-
TenbHoCTel Proteobacteria yBenuunnach (>9 % vs. <5 %). B HekoTopbix o6pasuax, cobpaHHbix o ®T, 6binm obHapy-
»KeHbl MocniefoBaTelbHOCTU NaTOreHHbIX NpefacTaButenein Firmicutes n Proteobacteria, Bkniouas Acinetobacter spp.,
Enterococcus spp., Klebsiella pneumoniae, Proteus mirabilis, Staphylococcus aureus, Stenotrophomonas maltophylia,
Streptococcus spp. B 6onblumHcTBe cnyyaes nocne OT fonsa Takux NOCnefoBaTeNbHOCTEN pe3ko cokpaTunach. Mc-
KNtoueHune coctaBunm nocnepoBatenbHoctu Clostridium difficile, conep»aHne KOTopbix B 06pa3Liax noyTu rnosioBuHbI
nauneHToB cocTaBnano meHee 0.5 %; nocne OT gons nocnegosatenbHocTen C. difficile 3HaunMTeNnbHO ymeHbLUMNACH
nuwb y Tpex nauveHToB. Cnepyet oTMeTUTb, YTo nocsie OT NOBLICUNOCH Ha NOPAJOK coaeprkaHue Lactobacillus spp.
1 CyLeCTBEHHO pacLLUMpuca X BUAOBOM cocTaB. [1o pe3ynbratam nccnefoBaHUA MOXKHO cenaTb npefBaputenbHoe
3aKJIloYeHre 0 TOM, UTO Aaxke OfHOKpaTHaA npoueaypa T NpUBOAUT K MOBbILLEHMIO 61Iopa3HO06pasna MUKPOOKOTDI
naumneHToB 1 ONTMMU3aLMM €€ TaKCOHOMUYECKOro COCTaBa.
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Fecal microbiome change in patients with ulcerative colitis
after fecal microbiota transplantation
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Abstract. Intestinal human microbiota is a dynamic system that is under the pressures of its host organism and ex-
ternal factors. Microbiota disruption caused by these factors can lead to severe diseases including inflammatory and
oncological diseases of the gastrointestinal tract. One of the possible approaches in managing the intestinal micro-
biota is fecal microbiota transplantation (FT) - transfer of the microbiota from the stool of a healthy donor to the
intestinal tract of a recipient patient. Currently, this procedure is recognized as an efficacious method to normalize the
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intestinal microbiota mainly in inflammatory diseases of the gastrointestinal tract. In Russia, pilot studies of the effec-
tiveness of FT in patients with ulcerative colitis have been conducted for several years, and these studies were started
in Novosibirsk. The aim of this study was to assess the change of intestinal microbiome in 20 patients with ulcerative
colitis after a single FT procedure. The main method is a comparative analysis of 16S ribosomal RNA sequence libraries
constructed using fecal samples obtained from patients with ulcerative colitis before and after FT and sequenced
on the lllumina MiSeq platform. The obtained results showed that FT led to an increase in average biodiversity in
samples after FT compared to samples before FT; however, the difference was not significant. In the samples stud-
ied, the proportion of Firmicutes sequences, the major gastrointestinal microbiota of healthy people, was decreased
(~32 % vs. >70 %), while the proportion of Proteobacteria sequences was increased (>9 % vs. <5 %). In some samples
collected before FT, sequences of pathogenic Firmicutes and Proteobacteria were detected, including Acinetobacter
spp., Enterococcus spp., Klebsiella pneumoniae, Proteus mirabilis, Staphylococcus aureus, Stenotrophomonas maltophy-
lia, Streptococcus spp. In most cases, the proportion of such sequences after FT substantially decreased in appropri-
ate samples. The exception was the Clostridium difficile sequences, which accounted for <0.5 % of the sequences in
samples from almost half of the patients and after FT, the share of such C. difficile sequences was significantly reduced
only in samples from three patients. It should be noted that the proportion of Lactobacillus spp. increased ten-fold
and their species composition significantly expanded. According to the obtained results, a preliminary conclusion can
be made that even a single FT procedure can lead to an increase in the biodiversity of the gastrointestinal microbiota
in patients and to the optimization of the taxonomic composition of the microbiota.

Key words: microbiome; ulcerative colitis; 16S rRNA profiling; fecal microbiota transplantation.
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BBepeHune

[Mupoxoe npumenenne Texaomoruii NGS (next generation
sequencing) 006ecrevnIo AeTaIbHYIO XapaKTepH3alnuio MUK-
POOHBIX COOOIIECTB, MPEUMYIIECTBEHHO OaKTEpHAIbHBIX,
ACCONIMUPOBAHHBIX C OPraHMU3MOM dYeJoBeKa. B Hacrosimee
BpeMsI MUKpOOMOTa KUIIICUHHUKA YEJIOBEKA PAaCCMaTpUBAETCS
KakK JIMHAMUYECKasi CUCTeMa, HaXOJISIIIAsICs 1101 BO3ACHCTBHEM
opraHusMa Xo3siHa 1 BHemHHX (akropos (Fujimura et al.,
2010; Qin et al., 2010). M3BecTHO, 9TO OCHOBHBIMH KOMITO-
HEHTaMHU HOPMaJIbHOW KUIIIEYHOH MUKPOOHOTHI UeIOBeKa SIB-
nsroTest mpenctasutenn Firmicutes n Bacteroidetes, xoTs ko-
pOBast rpynIia KOHKPETHBIX BUJIOB OAKTEpHid HE COBIIAACT y
pa3HbIX 310poBbIX HHAMBUIYYMOB (Donaldson et al., 2016),
Y pa3IMYHBbIE TI0 COCTABY BAPHAHTBl HOPMAJILHOH MUKPOOHO-
ThI CIOCOOHBI 00ECTICYNTh CTA0MIEHOE ()YHKIIMOHUPOBAHHE
3TOTO CIIOKHOTO MUKpPOOHOTO coobiecta (Lozupone et al.,
2012).

JucOananc KAMIEYHOH MUKPOOHOTHI, BO3HUKAIOIIUH TT0]T
JIeiCTBHEM BHEIIHMX WJIA BHYTPEHHHUX (AKTOPOB, MOKET
MPUBECTH K NTATOJIOTMYECKUM COCTOSTHHSM, BKITFOYAsl HE TOJIb-
KO BOCHAJIUTEJILHBIC U OHKOJIOTMYECKUE 3a00JICBaHUS JKETy-
JIOYHO-KHUIIIEYHOTO TPaKTa, HO M HApYIICHUS UMMYHHOU CH-
CTEeMBI, 1nabeT BTOPOTO THIIA, COCYAUCTHIE 3a00JICBAHUS U
Jlake HapylieHus (yHKIui ronoBHoro Mo3ra (O’Hara, Sha-
nahan, 2006). OxHUM 13 BO3MOXKHBIX CITOCOOOB BO3ICHCTBHUS
Ha MUKPOOHOTY KHIIIEYHHKA, HAapsAy C UCHOJIB30BAHMEM aH-
THOMOTHKOB, IPOOMOTUKOB M IPEONOTHKOB, SIBIISIETCST (PEKO-
TpanciutanTaiys (OT) — BBeeHHE KUIIEYHONH MUKPOOHOTHI
OT 3/I0POBOTO JOHOPA B KUIIEYHBIH TPaKT nanueHTa. Cunra-
eTcs, 4To 10 Hamiel spsl npumenenne OT mpakThkoBain B
KuTae, a B Halie Bpemsi 3Ty NpoLeaypy BIIEpBbIC IIPOBEIH B
1958 1. mipu neyeHnyn marmeHTa ¢ 3HTepokonuToM (Eiseman
et al., 1958). OnHako NUIIB HEABHO METOJ CTAJ YCIELIHO
UCIIONIb30BaThCs ISl HOPMAJIM3AIMA MUKPOOUOTHI KHUIIIEY-
HUKA [TPU PA3ITMYHBIX 3a00JI€BaHIX, BKIIIOUast XPOHUUECKHUE
BOCIIAJTUTEIbHBIC 3a00icBaHus kumieyHuKa (Aas et al., 2003;
Khoruts et al., 2010; Angelberger et al., 2013; Pigneur, Sokol,

2016; Vaughn et al., 2016; Kang et al., 2017; Paramsothy et
al., 2017; Staley et al., 2017).

Haubonpmras pesynsratuBHOCTS TpuMeneHnst OT mokasa-
Ha IPH [ICEBIOMEMOPaHO3HOM KOJIUTE, aCCOLMUPOBAHHOM C
Clostridium (Clostridioides) difficile (Drekonja et al., 2015;
Khoruts, Sadowsky, 2016; Cheng, Fisher, 2017; Staley et al.,
2017; Goldenberg et al., 2018). BeicTpoe ymyumienune co-
CTOSIHMSI TTALIMCHTOB U BbicoKasi 3ddexkruBHocts DT (Gonee
80 %) npu 3TuX MHQEKIUIX OblIa ITOATBEPKIEHA B MHOTO-
LEHTPOBBIX PaHIOMH3UPOBAHHBIX KIIMHUYECKUX HCITBITAHHSX
(van Nood et al., 2013; Cammarota et al., 2015), u celiuac B
CIIIA n B eBpOIEHCKUX CTpaHAX PEKOMEHIYETCS IPUMEHSTh
T yxe mocine Broporo wiu Tpetsero srmm3ona C. difficile-ac-
conuupoBannoro konuta (Debast et al., 2014).

Hmerorces cBuaerensbcTBa Toro, uto T MokeT OBITEH 110-
Je3HO0M 1 rpu sa3BeHHOM Konute (SIK). DddexruBHOCTS MTpH-
meHeHus OT g nedenus narueHtos ¢ K B pasnnyHbIx
WCCIIEIOBAHUAX CYIIECTBEHHO BaphHpoBaia — oT 20 1o 92 %
(Angelberger et al., 2013; Kellermayer et al., 2015). B pan-
JAOMU3UPOBAHHBIX KIMHHUYCCKUX HCHBITAHUAX PEMHCCUA
3aperucTpupoBaHa Ha ypoBHe 25-27 %, 4To, BIPOUIEM, CTaTH-
CTHYECKH 3HAYMMO NpeBbImano sddekt mranedo (Moayyedi
et al., 2015; Rossen et al., 2015; Paramosthy et al., 2017).
ITarorene3 SIK He BIIOJIHE SICEH; MOJIATAIOT, YTO OH MMECT
CIIOKHYIO MPUPOAY U OMOCPEAOBaH HAPYILCHUSIMH KHIICY-
HOW MHUKPOOHOTHI, TCHETUYCCKOHN MPEIPacOI0KEHHOCThIO
u sKkonornyeckumu (axropamu (Shen et al., 2018). Kak u
npu C. difficile-acconnrpoBaHHOM KOIUTE, OMOpa3HOOOpasue
MHUKpPOOHOTHI KulleuHHKa 1pu K CyIiecTBEHHO CHMKEHO,
YMEHBIIIEHO KOJMMYECTBO MpeacTaBuTeneii Bacteroidetes n
Firmicutes. IIpu 3Tom B Mukpobnore namuenTtoB ¢ SIK yse-
JIMYMBACTCS KOJUYECTBO MpencTaBuresneil Proteobacteria u
Actinomycetes, BoisiBisiorcs C. difficile, Helicobacter pylori,
Salmonella spp., Yersinia spp. n sHTeponHBa3uBHbIC Esche-
richia coli (Okhusa et al., 2003; Saebo et al., 2005; Gradel et
al., 2009; Sonnenberg, Genta, 2012; Deshpande et al., 2013;
Reddy, Brandt, 2013; Shen et al., 2018). Jlo cux mop He sicHO,
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sBisercst i SIK pe3ynbraroM HapyHIEHHOTO UMMYHHOTO
OTBETa Ha HOPMAJIbHYI0 MUKPOOHOTY, MJIM 3TO HOPMAJIbHbIH
WMMYHHBIH OTBET Ha qucOanranc B MEKpO(Iope KUIIIEYHNKA
(Cheng, Fisher, 2017).

HecMmotpst Ha kaxyly0cs OUEBUAHOCTh, MEXaHU3MBI 110-
noxutenbHoro aerictust OT npu K He Bnonne sicusl. [1o-
nararot, 9to dQdexTuBHOCT, OT CBs3aHa ¢ YBEIMYCHHEM
pa3HooOpa3usi MUKPOOUOTHI KHIIEYHUKA, YTO MPUBOAMT K
TIOBBIIIICHHUIO OOMITHS CITOJIC3HBIX)» OaKTEPHil U MIPETIATCTBYET
KOJIOHU3AIMH KUIIICYHUKA TTaTOTCHHBIMU OakTepusimu (Bro-
ecker et al., 2016; Chehoud et al., 2016; Khoruts, Sadowsky,
2016). OqHaKo HEM3BECTHO, BOBJICUCHBI JIH B ATOT IPOIIecC
JIPyTUE MEXaHU3MBI, BKIFOYasi BO3MO)KHOE BIIHSIHUE BUPOOHO-
ThI, I[efICTBPIe HMMyHHOﬁ CHUCTCMBI IMTallUCHTA, l'[pI/IBHeCCHI/IC
PETYISTOPHBIX BBICOKO- M HI3KOMOJICKYIISPHBIX COCINHEHIH
npu OT; Takke J0 CUX MOp HE OMPEACICH CIMCOK BUIOB
OakTepuii, 00yCIOBIMBAIOIINX HOPMATIH3ALHIO MUKPOOHUOTHI.
Lenb maHHOTO UCCIIETOBAHUS — OICHUTH H3MEHEHHE MUKPO-
Oomoma kumeynnka naipeHToB ¢ JIK mocne nposenenns OT
Ha ocHOBe mpoduiupoBanus 16S pubdocomansroit PHK B
00pasmax, MOTyYCHHBIX 10 U TIOCTE JICUCHNS.

Matepwuanbi u metogbl
B pabote ucmonszoBanu 06pasis! pekamwii, MoTydeHHbIe OT
20 manmenToB (27-57 ner) ¢ quarnosom K. /luarnos non-
TBEPIK/IaJIM Ha OCHOBAHWHU PE3yJbTAaTOB M3Y4EHHs YPOBHS
(hexamTbHOTO KaJBIIPOTEKTHHA, MTAaHHBIX (HOPOKOIOHOCKO-
UM ¥ TUCTOJIOTMYECKOT0 UCCIIE0BAHMUS OMOITATOB, B3SITHIX
13 Pa3HBIX OT/EJIOB TOJICTOU U TOJB3I0MIHOI KuiIoK. OOpas-
1Bl TAIIUEHTOB, B KOTOPBIX PYTHHHBIMU METOJaMH OBLTH 00-
napyxens! C. difficile, B uccnenoBanue He BOBJICKaIich. Bee
MAIMEHThI MPEeIOCTaBUIN HHPOPMUPOBAHHOE COTIIACHE C
MIPOBOIMMEIM HCCIIEIOBAHNEM M aHOHWMHOI 00paboTKoM
JaHHbIX. OOpasip! codupanu 3a onuH-aBa aHs 10 OT 1 yepes
7—12 nueit nociie OT. JloHopamut ObLIM MOJIOBIC 30POBBIC
nmo0poBobIE (20-39 er) 6e3 XpOHHYEeCKUX 3a00IeBaHMH,
He repeHecnne NHQEKIMK 1 He TO/IBEPraBIINeCs TOCIHUTa-
JIM3alliy 10 KpaliHel Mepe nociegHue 1Ba Mecsua. Bee no-
HOPBI TIPOIITH 00CIIe0OBaHNE, BKITFOUAtomiee B ceOs o0muit
1 OMOXUMHYECKNH aHaJN3bl KPOBH, a Takoke VDA kpoBH Ha
HaJIMuue JIIMONUi, TOKCOKap, OIMCTOPXOB, aCKapH I, TPUXHU-
Hemn. KpoMe Toro, ¢ MCIoNb30BaHUEM CTaHIAPTHBIX TECT-
CHCTEM MOATBEP)KJAN OTCYTCTBHE Y JIOHOPOB BO3OYANTEIS
cudunuca, BUU-1 u BUY-2, Bupycos renarura B u C. Taxoke
PYTHHHBIMH METOJAMHU TIPOBOJIMIIN aHAIH3 (heKaNnii Ha JTUC-
0m03 1 Ha oTCyTCcTBUE atoreHHor mukpoduopsl (C. difficile,
Campilobacter jejuni, Salmonella spp., Shigella spp., sure-
pounBasuBHas Escherichia coli, Cryptosporidium spp., Cy-
clospora spp., Giardia spp., Isospora spp.), pOTaBUPYCOB A,
Hoposupycos [ u Il u anenoBupycos F, a Takxe reabMUHTOB
n ux auil. [IunotHoe uccnenoBanue 66110 0mo0peHo Jlokas-
HBIM 3THYECKHM KOMHUTETOM ABTOHOMHON HEKOMMEPYECKOH
opranuzaiu «l{eHTp HOBBIX MEIUIIMHCKHX TEXHOJIOTHIl B
AKazeMropoake».

ITo 50 mMr kaxxoro oOpasiia OT MAUEHTOB CYCIICHANPOBAIIH
B 300 Mkt 0.9 % NaCl u nienrpudyruposanu npu 2 Thic. 00.
B Teuerne 10 mun. Cymmapnyto JJTHK ounmmamm n3 100 M
OCBETJICHHOM KJIETOYHOI CYCIEH3MH C IOMOIIbI0 Habopa
nts Beienenus JIHK u3 knerok Tkanewt u kposu («buoJlab-
Muxcey, Poccnst) ¢ nobaBneHreM TU30nnuMa IS TIOBBIIICHUS
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s¢pdpexruBHOCTH U3BIeYeHUs JJHK u3 rpammonoxurebHbIX
Gaxrepwmii. C ncronp3oBanueM nomydernoit JJTHK B kagectse
marpuisl, GeiokH-ipaiivepoB (NEB-FF 5-ACACTCTTTC
CCTACACGACGCTCTTCCGATCTCTACGGGAGGCA
GCAG-3', NEB-FR 5-GTGACTGGAGTTCAGACGTGT
GCTCTTCCGATCTGGACTACCGGGGTATCT-3") u BHI-
cokotouHoit nonmmepassl Q5 (New England Biolabs, CILIA)
npoBoawan aMmIuuukanun ¢pparmenta resa 16S pPHK,
cozeprkaiero BapuadenbHbele ydyacTku V3—V4. TIpomyKTer
aMIUTM(UKAIUE OYHIIATN DIIEKTPOGOPSTHUSCKU B Telie U3
nerkorutaBkoit SeaKem GTG-arapossr (Lonza, CIHA). O60o-
ralnieHue MOJTyYCHHBIX aMIUTMKOHOB, BBEJICHHE OapKoI0B U
CITy’)K€OHBIX IMOCIICIOBATEIILHOCTEH ISl MalIbHEHIIEr0 CeK-
BEHUPOBaHNUS Ha TuiaTGopme MiSeq BBITTOIHSIIN, HCIIOIB3YS
nonmmepasy Q5 n Habop onuronykieotnoB Dual index set
(New England Biolabs), coracHo HHCTPYKLUH POU3BO-
quress. [lomydeHnbie OMONMMOTEKH OUYMIAIN HA MATHUTHBIX
yactuax AMPure XP (Beckman Coulter, CILIA); xonnienTpa-
muto JIHK usmepsimu ¢ momorneio Habopa Qubit dSDNA HS
(Life Technologies, CIIIA). ITo pe3symbraTam m3MepeHUi
OMOMMOTEKN OOBETMHSIN B ITyJI TAKUM 00pa3oM, 4ToOBI CO-
orHourenne JIHK Oubnuorex B myne ObLIO MPHOIU3UTEINb-
HO paBHBIM. CEKBEHHPOBAJIN HA BBICOKOIIPOU3BOIUTEIEHOM
cekBeHarope MiSeq ¢ Habopom pearentoB MiSeq reagent
kit v2 2x250-cycles (Illumina, CIIIA).

Pe3ynbraTel CEKBEHUPOBAHNS aHATU3UPOBAIIHN C HCIIOJIB30-
BaHMeM nakeTa rnporpammuoro obecrieuennss UGENE v.1.32
(Unipro UGENE, Poccust). [Tonyuennsie puisl KapTupoBa-
i Ha Oa3y maHHbIX 16S pPHK, pasmernennyro na Harmonasms-
HoM cepepe NSBI (CIIA), ¢ ucnions3zoBannem nakera Clark.
[TpenBapuTeIbHO U3 IOCIIEIOBATENBHOCTEH PUIOB YAAISITH
MOCIIEA0BATENLHOCTH a/1alITEPOB M MIPOBOAMIIN (DHIIBTPALIHIO
PHJIOB IO KauecTBY. PU/IbI aHAIM3UPOBAIN JBYMSI METOJa-
MHU: C IIOMOIIbIO T'€HEepaluy ONEPAMOHHBIX TAKCOHOMHUYeE-
ckux eauaun (OTU) ¢ mocienyonmmM KapTHPOBAHNUEM I10-
cnenoBarensHocTel Ha nonydeHHsle OTU B makete nmporpaMm
Usearch-9.2 u nmytem kiaccuduKanuu pu0B alIrOPUTMOM
Kraken mo 0a3e maHHBIX M3BECTHBIX IMMOCIEN0BATEILHOCTEH
16S pPHK Silva v.132 (full). B nepsom ciryuae OTU rene-
PHPOBAIN AJITOPUTMOM UNOise2 ¢ OTOPAKOBKOH XMMEPHBIX
MOCIIEA0BATENLHOCTEH U yIeTOM OINOOK uTeHus. TaOmuibt
Noy4eHHbIX 9acToT BeTpedaemoct OTU 6butn 06paboTanbl
B cpene R3.3.3. Bo BropoMm cityuae puabl KapTHpOBajiIHu Ha
6a3y manubx 16S pPHK Silva ¢ momompio anroputma seed-
kraken ¢ vcronbp30BaHHEM Pa3peKEHHOTO k-Mepa CO CIIeIH-
QJIBHOW PEIEeTKOMN, MO3BOJISIOLICH YBEINUUTh CHIEU(DHYHOCTD
knaccudukanmu. Manexc llleHHOHa pacCUUTHIBAIN B TAKETE
nporpamm R; 10cTOBEpHOCTD pasmuumii MEXIy WHIICKCAMHU
[llenHoHa omnpexensuiy ¢ nomolbko t-tecra Xaryecona. Bu-
3yalM3annio pe3ynbTaToB aHaln3a OMOIMOTEK TMOCeIoBa-
TEIbHOCTENW METOIOM IMNaBHBIX koopauHat PCoA npoBoauiiu
Ha OCHOBE MaTpHIl AMCTAHLMUI C MCHOJIb30BAaHUEM ITaKeTa
IporpamMM vegan.

PesynbraTbl n 06CyxaeHne

Ha ocnose JIHK, BbImeneHHON u3 00pasnoB Qexanuii oT
20 nanuenToB ¢ SK 1o u nocie T, ObII0 CKOHCTPYHPOBAHO
40 6ubnmotek ¢pparmentos rexa 16S pPHK. dparmenTsl rena
BKJTIOUAJIH BaprabenbHbIe yuacTku V3 u V4, Hcoabs3yemMbie
OOBIYHO JUIS TAKCOHOMHUYECKON Kiaccudukanun OakTepuid
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(Chakravorty et al., 2007; Wang, Qian, 2009). B pe3ysnbrare ceKBEHHPOBAHHUS
6mOmoTeK, KOTOpBIE OBITH CO3JJaHBI HAa OCHOBE 00pa3moB, codpanHsx 10 DT, mo-
my4dero ot 106411 mo 1751663 puno (B cpenrem 141010). bubnuorexu u3 06-
pasuoB, coopannbix nocie AT, copepxanu ot 107042 o 173855 punos (B cpeanem
142060). ITo pe3ynmpraTtam KiaccupuKauy B OMOIHOTEKaX U3 MEPBOH W BTOPOH
TPYI K ONPEACICHHOMY THUIY HMPOKAapHOT OBUTM TAKCOHOMHYECKH OTHECEHBI B
cpenneM 99.7 u 99.6 % puaoB COOTBETCTBEHHO. JIMIIb HE3HAYUTENbHAS YaCTh
MOCIIEIOBATENIFHOCTEH OocTaIachk HeKJIaccu(UIMpoBaHHONW. Beero BRIABICHBI TO-
cJie1oBaTeNbHOCTH 13 THIIOB GaKkTepHid, 0CHOBHBIMH 13 KOTOPBIX ObUTH Firmicutes,
Bacteroidetes u Proteobacteria. B Tpex 00pasiiax BbIsSBICHBI IOCIEA0BATCIIBHOCTH
apxei, npuHaaIeKamux K poxy Methanobrevibacter (Tun Euryarchaeota), oqaaxo
JIOJISL TAKMX ITOCIIEIOBATEIFHOCTEH B COOTBETCTBYIOMINX OMOIMOTEKaX HE TIPEBbI-
mrana 0.1 %.

AHanu3 NOTy49eHHBIX JaHHBIX MTOKa3all, 4TO OMOpa3HOoOpaszne OaKTepHaTbHBIX
coo01ecTB B oOpasiax ot nanueHToB 110 1 nocie AT paznuuaercs. Tak, HHIEKC
[lenHoHa /1715t BHIOOPKH 00pa31ioB OT MareHToB nocue edeHus (3.43+0.71) 6bu1
BBIIIIE, 9YeM JJIs1 00pa3IoB, B3ATHIX 110 JedeHus (3.05+0.67), XxoTs pa3HUIla CTaTH-
cTHYecKH HepocToBepHa (puc. 1). OqHako MpH MOMAPHOM CPaBHEHWH WHJIEKCOB
[IlenHoHa [u1s1 00pa31oOB, MOJIYYEHHBIX OT OJJHOTO TanuenTa 1o u rnocie OT, pas-
s OBITH BO BCEX CITydasX CTaTUCTHUYECKH noctoBepHBIME (SD, 0.011-0.019);
npu 3ToM y 15 manueHToB OMOpazHOOOpa3ne MUKPOOHBIX COOOIIECTB 3HAYMMO
YBEJINYUIIOCH U JIUIIDB Y 5 NMauEeHTOB — YMCHBIIIUJIOCH.

Bonpmiee 6mopasnoobpasne coodmiecTs B 00pasnax, moaydeHHbx mocie OT, mox-
TBEPAMIOCH IPU aHAJIM3€ JaHHBIX METOJIOM IVIaBHBIX KoopauHar (puc. 2). Buano,
410 60 % 00pa3oB, COOPAHHBIX JO JICUCHUS, HAXOIATCS B 00JIACTH OTPHUIIATEIIb-
HBIX 3HAYCHHUH MEPBOI TIaBHON KOOPAMHATHI, TOTna Kak 65 % 00pa3sioB, B3STHIX
MOCIIe JICUCHNUS], HAXOIATCS B OOJIACTH TOJIOKUTEIBHBIX 3HAYCHUH. AHAIOTHYHO
B 00JIACTH TOJIOKUTEIBHBIX 3HAUEHUI BTOPOH IIABHOW KOOPJMHATHI HAXOIUTCS

M3meHeHne KnweyHoro MI/IKpOGI/IOMa nayneHToB C A3BEHHbIM
KONNTOM nocne TpaHcnnaHTaunm KULIeYyHOon MVIKpO6VIOTbI

2020
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Y
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Fig. 1. Shannon index, reflecting the biodiver-
sity of sequences in samples obtained from
patients before and after FT.

yuib 45 % o0pa3IoB, MOTYYCHHBIX 10
neuenust, u 70 % ob6pasios nocie OT.
OtmeTnM, 9TO B 00pa3max ot 15 mamnu-
enroB (75 %) nocne nposenenus OT
3HAYEeHHE YBEJINYHIOCH B 00JacTh U
[IEpPBOM, U BTOPOH ITIaBHBIX KOOPAUHAT;
eIle y YeThIpeX IMAIMEeHTOB 3HAUCHHE
YBEJIMYMIIOCH B 00JIACTH XOTSI ObI OJJHOM
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Fig. 2. Visualization of sequence library analysis by the method of principal coordinates PCoA made on matrices of distances:

1, data for libraries from samples obtained before FT; 2, from samples obtained after FT. 3, 4, lines connecting two samples from one patient
for which biodiversity (3) increases or (4) decreases after FT. Designations S1-520 correspond to sample numbers before FT. The values of
the first and second principal coordinates are presented on the OX and OY axes, respectively.
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Fecal microbiome change in patients with ulcerative colitis
after fecal microbiota transplantation
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Fig. 3. Taxonomic classification of OTUs at the phylum level based on the Silva v.132 (full) database.

Here and in Fig. 4 samples 1-20 were obtained from patients before FT (enumeration follows Fig. 2); samples 21-40 were collected after FT. Samples 1 and 21,
2 and 22, etc. were obtained from the first, second, etc. patients, respectively. Phyla with representation exceeding 0.1 % are shown.

13 IVIABHBIX KOOP/IMHAT; TOJIBKO VIS IIAPhI 00Pa3I[OB OT OJJHOTO
narmenTa (Ne 18) 6buopasnoobpaszue ymeHbIImIoch nocie T
B 00J1aCTH 3HAUCHHI 00CHX IIaBHBIX KOOPIUHAT (CM. pHC. 2).
TeMm He MeHee NPH YMEHbIIEHUH 3HAYEHUI B 00JIaCTH XOTS
051 omHOM TaBHOW KoopauHatel nocie OT muaexc Ilen-
HOHA JUTs 3TOM ke mapbl 00pa3IOB CTATUCTHYSCKH 3HAYMMO
YMEHBIIAJICS.

[Mosy4eHHbIe JaHHbIE MOATBEPIKAAIOT BO3MOXKHOCTD I10-
BBIIIICHUST OnOpa3HooOpa3usi OaKTepHaIbHOTO cOO0IIeCTBa
kuiieyHuka mnocie nposeneHus OT. Crnenyer moAYEpKHYTh,
YTO B HACTOSIIIEM MCCIICIOBAHNH MbI CPAaBHHBAJIA HCXOIHBIN
MHUKPOOHOM TAIUCHTOB ¥ MHKPOOMOM TIOCJIE MEPBOH TpO-
uenypbl OT. CornacHo ormyOIMKOBaHHBIM CBEACHHSIM 3apy-
OC)KHBIX aBTOPOB, JaXKe TOCIEe HECKONbKHUX mporenyp OT
CTAaTUCTUYECKH 3HAYMMOE IMOBBIIICHHE OHOPa3HOOOpa3usi
MHUKPOOHOTHI PETHCTPUPYETCS HE y BCeX manuenToB (Angel-
berger et al., 2013).

AHanu3 TAKCOHOMHUUYECKOTO COCTABA IMOKAa3all, 4ToO B 00pas3-
max 1o u nocie AT B cpennem 55.7 % (ot 12.7 no 72.8 %)
n 48.3 % (ot 15.9 10 92.3 %) BBIABIEHHBIX TIOCIIEIOBATEIb-
HOCTEH COOTBETCTBEHHO MpUHAUIeKANN K THIy Firmicutes
(puc. 3), 32.3 % (ot 4.4 mo 64.4 %) u 33.7 % (ot 1.7 no
60.7 %) — x Tamry Bacteroidetes, a 9.2 % (ot 0.4 mo 81.3 %) u
6.2 % (01 0.7 10 31.5 %) — x Tuy Proteobacteria. YerBepTbiMu
10 BCTPEeYaeMOCTH ObUTH MocieoBaresbHocTh Fusobacteria,
B cpeaHeM 3.4 % mo BceM OMOIMOTEKaM, OJHAKO WX JOJIS
3HaUUTENbHO yBenmmumiack nocie OT: or <0.1 (0-0.3 %)
10 6.7 % (0.1-9.4 %). ITocne ®T yBenuuuiach Takxe A0JIs
MOCJIeIOBATENLHOCTEN Actinobacteria, XOTsS ¥ HE TaK 3HAYM-
tenpHO — oT 1.9 (0.1-10.7 %) 1o 3.1 % (0.2-19.4 %). [Tocne-
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JIOBaTeJIbHOCTH Verrucomicrobia MpUCYTCTBOBAIM B KaXKJOM
oOpasie B HEOONBITNX KOJTHYECTBAX, & X BCTPEUAEMOCTH
nocne @T ymenpmmmnach B cpenaem ¢ 0.4 10 0.2 %. Ocraib-
HBIE TTOCJIE/IOBATEIEHOCTH BCTPEUAINCH JIUIIb B OTACIBHBIX
o0Opasrax, e pesbimasi 0.1 % oT Bcex mociaenoBaTensHOCTEH
B 9TOM 00pa3Iie.

W3BecTHO, 4TO MUKPOOHOTA 3710POBBIX JIFOICH COCTOUT U3
MOCTOSIHHBIX U TPAH3UTOPHBIX BUIOB, OTHOCSIIUXCS Ooiee
4yeM k 17 tunam, Brumodast Firmicutes (>70 %), Bacteroidetes
(>30 %), mporeodakrepuu (<5 %), akruHobakTepuu (<2 %),
Fusobacteria u Verrucomicrobia (<1 %) (Belizario et al.,
2018). IoyueHHbIe HAMU PE3yBTaThl KOPPEIUPYIOT C AaH-
HBIMHU JIPyTUX MCCIIEOBaTelNei, CBUIETEILCTBYIOUIMMU O
MTOHIKEHHOM OHMOpa3HO00pa3ny MUKPOOMOTHI KUIIEYHUKA
npu SIK (Manichanh et al., 2012; Machiels et al., 2014; Bajer
et al., 2017). Tak, B uccienyeMbix oopasiax OT MalMEHTOB
B Cpe/IHeM MPUCYTCTBOBAJIO CYIIECTBEHHO MEHBIIIE MOCIe-
JoBaresibHOCTEH Firmicutes, 9To XOpOIIO corlacyercst ¢ Ha-
OnrogenusiMu ipyrux asropos (Machiels et al., 2014). B oc-
HoBHOM Firmicutes OBIITH ITPECTAaBICHBI ITOCIEI0BATEIBHO-
ctamu kiaccoB Clostridia (puc. 4), B cpennem 47.4 n 40.6 %
B Onbnuorexkax n3 o0OpasuoB, MONYyYeHHBIX /10 U nocie OT
COOTBETCTBeHHO. VI3 HUX joMuHupoBanu Faecalibacterium
prausnitzii (15.7 u 11.3 % cooTBeTcTBeHHO) U Roseburia
hominis (2.3 1 0.5 %), OTBETCTBEHHBIC 3a PACHICIICHUE ITH-
POKOTO CIIEKTpa YIJIEBOAOB, BKIIIOUAsl KpaxMalsl U WHYIHH, C
obpazoBanuem Oyruparos (Duncan et al., 2007; Machiels et
al., 2014). Takxxe ObUTH ITPEJCTABICHBI TOCIICAOBATEIIBHOCTH
kiaccoB Negativicutes (6.8 u 4.0 %) u Bacilli (1.3 u 2.8 %).
CrietyeT OTMETHTb, YTO, HECMOTPSI HA OTHOCHUTEIEHO HEBbI-
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Fig. 4. Taxonomic classification of OTUs at the class level based on the Silva v.132 (full) database.

Classes with representation exceeding 0.1 % are shown.

COKYI0 BcTpedaeMocThb Bacillus spp. u Lactobacillus spp., ux
nomst nocae T nmossicunach B 3.5 1 11 pa3 cOOTBETCTBEHHO.
IIpu 5TOM CyLIECTBEHHO pacIIMPUIICS BUIOBOM COCTaB JIaK-
TOOAIMILT, KOTOpPBIE, KaK M3BECTHO, HE TOJBKO YUacTBYIOT B
pacIIeIUICHUH JaKTO3bI ¥ IPYTUX YIIIEBOJIOB, HO M SIBJISIFOTCS
AQHTarOHUCTAMH 10 OTHOILIEHHIO K IIATOTeHHBIM MUKPOOpTa-
HHU3MaM, BBITECHSISI UX U3 MUKPOOHOTO cOOOIIecTBa KUIley-
HHKa YeJIOBeKa.

Hoiist mocnenoBaresbHOCTEN, NPUHAMIEKAIUX K TUITY
Bacteroidetes, B nccieayeMsx oopasuax ot namueHTos ¢ 1K
He Obl1a cHIKeHa (cM. puc. 3 u 4) U cocTaBuiia OKOJIO TPETH
OT BCEX II0CIIEI0BATEIFHOCTEH, YTO OTIIMYaeTCs OT HalIIko-
JeHuit npyrux uccienosarenei (Machiels et al., 2014). B oc-
HOBHOM 3TOT THIT OBUI IIPE/ICTABIICH MOCIIEA0BATEILHOCTIMH
Bacteroides spp. n Prevotella spp., nmpmaem nocine OT momnst
TOCJIe/IOBATEILHOCTEN OAKTEPOH/I0B YMEHBIIMIIACH B CPEJTHEM
¢ 19.7 10 9.6 %, a mocnen0BaTeNbHOCTEH, IPUHAIIEKAIINX K
pony Prevotella, cymecTBEHHO yBEITHMUIMIACH, € 3.7 110 14.6 %.
W3BecTHO, 4TO OGONBIIMHCTBO OAKTEPOUIOB, OOUTAIOIINX B
KHUIIICYHHKE YEJIOBEeKa, CIOCOOHBI pa3iaraTh pa3HooOpa3HbIe
pacturtensHble monucaxapuasl (Flint et al., 2012), mpugaem B
KHIICYHOH MUKPOOHOTE )KUTEIIeH 3amaiHbIX CTpaH npeodia-
Jarot Bacteroides spp., a B MUKPOOHOTE HACEIICHHS U3 CTPaH
C IPENMYIIIECTBEHHO PaCTUTENBHOI TneToi — Prevotella spp.
(Ley, 2016).

OTMeTHM, YTO IO TMOcaeaoBarenbHoCcTel Proteobacte-
ria (cM. puc. 3) B obpasnax, coopanusix 10 @T (B cpeqaem
9.2 %), npeBbIIIalia TAKOBYIO, OOBIYHO PETUCTPHPYEMYIO Y
3mopoBbIx Jtoneit (<5 %) (Belizario et al., 2018). 910 005b-
SICHAETCA TIOBBIIIEHHBIM cozepkanueM Salmonella spp. B
MHUKpPOOHBIX coobmiecTBax nanueHToB ¢ SIK n Hamuunem B
OTJIETIBHBIX 00pa3lax B OOJIBIIOM KOJINYECTBE MOCIIEI0BATEb-
HOCTel MaToreHHBIX 0aKTepHid, CIIOCOOHBIX BBI3BATH JKEITYII0Y-
HO-KHUIIeYHEIC 3a0oneBanus (0onee 9 % Acinetobacter spp.,

0.5-1 % Klebsiella pneumoniae), 9T0 YCTAaHOBJICHO U B JIPy-
rux uccnenoBanusx (Gradel et al., 2009; Shen et al., 2018).
B enunmuHBIX 00pasnax ObUIH 00HAPYKEHBI Takxke Proteus
mirabilis u Stenotrophomonas maltophilia, 1o KOTOPBIX HE
npesbimana 0.1 %. Hano ckazats, uro nocne nposenenus OT
colepKaHue IIePEUNCIICHHbIX IOCIIEI0BATEIbHOCTEH ITaTOreH-
HBIX Proteobacteria B 00pa3uax cyIiecTBeHHO YMEHBIIHIIOCH,
nopoif 10 0.02 % u meHee.

Kpome mocrenoBarensHOCTEH TaToreHHBIX Proteobacteria,
B HEKOTOPBIX 00pa3Iax, MoJy4eHHBIX OT narueHToB 10 DT,
ObLTH 0OHAPYIKEHBI TTOCIIEIOBATEIbHOCTH MATOTeHHBIX MpeI-
crasureneir Firmicutes. Tak, B neBsitu oOpa3max HaIeHBI
nocienoBarensHocTu C. difficile, nonst KOTOPBIX TPEBbINIAIa
0.5 %. IToBeiniennas Bcrpeyaemocts C. difficile B xuieuHoit
MuKkpobmnore nanueHToB ¢ K ormeuanacs u panee (Desh-
pande et al., 2013; Reddy, Brandt, 2013). [Tomumo mocnenoa-
tenvHoctel C. difficile, B HeKOTOPBIX 00pa3ax 0OHapyKEHbBI
nocnenosarenbHocTu Staphylococcus aureus (0.1-0.9 %),
Streptococcus spp. u Enterococcus spp. (~0.1 %). Kak u B
cilydae ¢ naroreHHbIMH Proteobacteria, ot 9TUX mocieno-
BarenpHOCTEH mociie OT B COOTBETCTBYIOMHMX 00pa3Iax pe3ko
yMeHbIImiIack. Mckimrouenne cocrasuian obpasisl ¢ C. dif-
ficile: monst MX MOCIEOBATEILHOCTEN YMEHBIIUIIACH TTIOCIIE
OT TonpKo B Tpex o0Opasmuax u3 AeBsTH, cocTaBuB <0.2 %.

3aknioyeHune

Taxum 00pa3om, HccIeqoBaHB OMOPa3HOOOpa3ne M TaKCo-
HOMHMYECKHI COCTaB ITOCIIe/IoBaTebHOCTeH (hparMeHTa rena
16S pPHK, acconunpoBaHHbIX ¢ KUIIEYHOH MUKPOOHOTOH y
20 marmmenToB ¢ K mo u mocne OT. Pesynsrarsl mokazamm,
YTO OHOKpaTHoe TposeaeHue mpouenypsl ®T mpuseno k
YBEJIMUCHHUIO CPEHEro OMopasHooOpasusi MOCIea0BaTeb-
HOCTeH B 00pasmax, momydeHHbsIx nocie OT, mo cpaBHEHUIO
¢ obpaszuamu, codpanubMu 10 DT, XoTs pa3HuIa He OblIa
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CTaTUCTUYECKU JIOCTOBEPHOU. [loJs mociien0BaTesIbHOCTEN
Firmicutes, sBIAIOMHUXCS JOMHHHUPYIOMIEH KOMITOHEHTON
KHIICYHOH MHKpPOOHOTHI 37IOPOBBIX JItOfICH, Obllla CHMKEHA
(~32 % vs.>70 %), a nosst moceaoBarenbHOCTEN Proteobac-
teria yBenmuena (>9 % vs. <5 %). B HexoropsIx oOpasuax,
cobpannbix 10 DT, oOHapyKEHBI 3HAYUMEBIC COJCPIKAHUS
M0CJIe0BATENILHOCTEH MaTOreHHBIX MpeacTaBurTeneit Firmi-
cutes u Proteobacteria, Bkimouas Acinetobacter spp., Entero-
coccus spp., K. pneumoniae, P. mirabilis, S. aureus, St. mal-
tophilia, Streptococcus spp. B OOJBIINHCTBE CITydacB MOCIe
onHokpaTHoH npouenypbl @T 101 TakUX NOCIE10BATENBHO-
CTEH pe3Ko COKpaTmiIachk. VICKIFOUCHHE COCTABIUTH MOCIIEIO-
BaresnbHOCTH C. difficile, KOTOpbIE ObLTM OOHAPYKEHBI (OKOJIO
0.5 % wu BBIIIE) B 00pa3max MOYTH ITOJOBUHBI MAIMEHTOB
¢ JK; mocie @T monst mocnenosarenpHocTei C. difficile 3Ha-
YUTEIbHO YMEHBIIMIACH JIUIIb Y TpeX nanueHToB. Cienyer
OTMETHTB, uTo rocsie OT comepsxanue Lactobacillus spp. mo-
BBICHJIOCH Ha MIOPSIOK M CYIIIECTBEHHO PACIIUPHUIICS BUIOBOM
COCTaB JIAKTOOAI[HILI.

PesynbraThl UCCICAOBAHMS TIO3BOJISIIOT C/ENATh Mpe/Ba-
PUTENBHBII BBIBOJI, YTO JlasKe OJHOKparHas mpouenypa OT
MOYKET MPHUBECTH K MOBBIIICHUIO OHOPa3HOOOPa3Hsi MUKPO-
OMOTHI ¥ ONITUMH3AIIAN €€ TAKCOHOMHYECKOTO cocTasa. OqHa-
KO JIJIs TOTO YTOOBI ClIeNaTh 3aKiroucHre 00 3pdekruBHOCTH
TaKOIo JICYCHUs, JJIUTCIIbHOCTU PEMHUCCUN U CTa6l/IJ'l])HOCTl/I
M3MEHEHU MHUKPOOMOTH KHIIEUHUKA y manueHToB ¢ SK,
TpeOyIOTCs MaNbHEHIne HAOMIOICHUS 32 STUMH HallHeHTa-
MU U aHAJIU3 KUIICYHOTO MUKPOOHOMA MOCIC TI0CIIC Y FOLIIX
npouenyp OT.
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Abstract. This review presents the current progress in and approaches to in vitro conservation of reproductive
cells of animals, including birds, such as cryopreservation and freeze-drying, as well as epigenetic conditions for
restoring viable spermatozoa and female gametes after conservation. Cryopreservation is an effective way to pre-
serve reproductive cells of various species of animals and birds. In vitro gene pool conservation is aimed primarily
to the restoration of extinct breeds and populations and to the support of genetic diversity in populations prone
to genetic drift. It is the combination of ex situ in vivo and ex situ in vitro methods that can form the basic principles
of the strategy of animal genetic diversity preservation. Also, use of cryopreserved semen allows faster breeding
in industrial poultry farming. Despite numerous advances in semen cryobiology, new methods that can more ef-
ficiently restore semen fertility after cryopreservation are being sought. The mechanisms underlying the effect of
cryopreservation on the semen parameters of cocks are insufficiently understood. The review reflects the results
of recent research in the field of cryopreservation of female and male germ cells, embryonic cells, the search for
new ways in the field of genetic diversity in vitro (the development of new cryoprotective media and new conser-
vation technologies: freeze-drying). Molecular aspects of cryopreservation and the mechanisms of cryopreserva-
tion influence on the epigenetic state of cells are highlighted. Data on the results of studies in the field of male
reproductive cell lyophilization are presented. The freeze-drying of reproductive cells, as a technology for cheaper
access to the genetic material of wild and domestic animals, compared to cryopreservation, attracts the attention
of scientists in Japan, Israel, Egypt, Spain, and France. There is growing interest in the use of lyophilized semen
in genetic engineering technologies. Methods of freeze-drying are developed taking into account the species of
birds. Organizational and legal ways of solving the problems of in vitro conservation of genetic resources of farm
animals, including birds, are proposed.

Key words: semen; spermatozoa; marker proteins; cryopreservation; freeze-drying; poultry; gene pool preserva-
tion; cryobank; cryoresistance.
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CoBpeMeHHOe COCTOsIHIIEe ITPO06IeMbl COXpaHEHUS
reHeTUYEeCKIX PeCcypCcoB CeJIbCKOX03SIICTBEHHBIX IITILL in Vitro

FO.A. Cuaroxosa, O./. Cranumesckas &, H.B. AemeHTbeBa

Bcepoccnincknii HayyHo-uccnefoBaTeNbCKU MHCTUTYT FEHETUKN U Pa3BeAeHNA CeNTbCKOXO3ANCTBEHHbIX XKUBOTHbIX —
dunman GepepanbHOro HayUYHOro LIEHTPA XMBOTHOBOACTBA — BUMXK nm. akapemuka J1.K. dpHcTa, MywkuH, CaHkT-MeTepbypr, Poccua
& e-mail: olgastana@list.ru

AHHoTayua. HactoAawmii 063op npeacTaBnAeT COBPEMeHHble JOCTUKEHNA 1 MOAXOAbI MO COXPaHEHNIO penpo-
LYKTVBHbIX KIIETOK XVBOTHBIX in Vitro, Takne Kak KproKoHcepBaLuma 1 nmodpunmsaums, a Takxke snureHeTnyeckme
npeanocbIfIKA ANA MOSyYEHUA XKU3HECMOCOOHbIX CNepMaTo30MA0B 1 XKEHCKMX FraMeT Mocie peKkoHcepBaLun.
KprokoHcepBauna — 3GpEKTUBHBIN NYyTb COXPaHEHNA PENPOAYKTUBHBIX KNETOK PasfvyHbIX BUAOB CEMbCKOXO-
3ANCTBEHHDBIX XXMBOTHbIX, BKJIIOYas NTuL. MeTog coxpaHeHnsA reHopoHAa in vitro Yepes nofaepkaHne B KpUoreH-
HbIX YCIOBUAX KJIETOK UV TKaHel B OCHOBHOM HamnpasJ/ieH Ha BOCCTAHOBJIEHVE MCYE3HYBLUUX MOPOA/NOMyNALMNiA,
Ha nogaepaHvie reHeTYecKoro pasHoobpasma B MONyNALMAX, MOABEPKEHHbIX reHeTuyeckomy apendy. Mimex-
HO CcoYeTaHVe MeTOLOB ex Situ in vivo n ex situ in vitro MoxeT chopMnpoBaTb OCHOBY 3HEKTUBHOWM CTpaTernn co-
XpaHeHnA reHeTNYeCKoro pasHoobpasma XKMBOTHbIX. Kpome TOoro, ncrnonb3oBaHe KPUKOHCEPBMPOBAHHOTO Ce-
MEHU NTyYLUINX NPeAcTaBUTeNell IMHUMA AN NOPOAbI NO3BONIAET YCKOPUTL NMPOrpecc cenekuym B MPOMbILLIIEHHOM
NTUUeBOACTBE. HECMOTPA Ha MHOIOUMC/IEHHbIE AOCTVXKEHUA B 061AaCTU KPUOBUONOTrMIN NOMOBbIX KNETOK, NPo-
JomKaeTcs MOVCK MeTofloB, obecneurBaioLmx 6onee 3¢ppeKTMBHOE BOCCTAHOBIEHNE K3HECTOCOOHOCTU Criep-
MMEB Noc/e KPUOKOHCepBaLmmn. MexaHN3Mbl, iexalyme B OCHOBE BIMAHUA NpoLeaypbl KPMOKOHCePBaLMUN Ha
napameTpbl CEMEHU CeNbCKOXO3ANCTBEHHbIX MTMWL, MOIHOCTbIO He U3yyeHbl. B 0630pe oTpaskeHbl pe3ynbTaTbl CO-
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CoBpeMeHHOe COCTOsIHVE NPOBIEMbI COXPaHEHUSA
reHeTUYEeCKUX PECYPCOB CENbCKOXO3ANCTBEHHBIX MTUL in Vitro

BPEMEHHbIX NCC/IeAoBaHWI B 06n1acTy NpobnemaTrki KpYOKOHCEPBaLMM KEHCKUX N MY>KCKMX MOJSTOBbIX KNETOK,
3MOPUOHANbHbIX KNETOK, MOMCKa HOBbIX MyTel pelleHna B 061acTy COXpaHeHVA reHeTMyeckoro pasHoobpasus
in vitro (pa3paboTKa HOBbIX KPMOMPOTEKTOPHbIX CPef M HOBbIX TEXHONOT I coxpaHeHus). OcBeLLeHbl MOsIeKynAap-
HO-TeHeTMYeCKNe acneKTbl KPMOKOHCEPBALMN N MEXaHU3Mbl BIVAHUA KPMOKOHCEPBALIMM Ha SNMUreHeTuyeckoe
COCTOsIHUME KNeToK. [peacTaBneHbl AaHHble MO pesynbTaTtam UCCiefoBaHUi B 0651acT TMOGUIIBHON CYLLKN pe-
NPOAYKTUBHbIX KNETOK CaMLOB. IHTepec K TexHonoruy nmodunmsaumnm ceMeHmn Kak BO3MOXHOCTU 6onee Aelue-
BOro cnocoba coxpaHeHUA 1 TPaHCMOPTUPOBKY FeHETUYECKOro mMaTepurana AMKUX U AOMALIHUX KUBOTHbIX, MO
CpaBHEHNIO C KPMOKOHCepBaLnen, B Mnpe CTPeMUTENIbHO pacTeT; nccnefoBaHna Bedytca B AnoHun, Vspanne,
Erunte, cnannm, ®paHuun. PacTeT 1 UHTepecC K UCMOoMb30BaHMI0 NMOGUNN3NPOBAHHOTO CEMEHN B TEXHOSOM-
AX FEHHON MHXeHepun. MeToabl MMOPUIbHON CYLWKK pa3pabaTbiBalOTCA C yUETOM BMAOBON NPUHAANEXHOCTY.
B 0630pe npeanoxeHbl TakKe OpraHM3aLMOHHO-MPaBOBbIE NYTU PELIEHUA MPOBIEMbl COXPaHEHNSA FrEHETUYECKUX
pecypCcoB CeNlbCKOXO3ANCTBEHHbIX XNBOTHbIX, BK/toYasA NTuL, in vitro.

KnioueBble cnoBa: cems; CNepmMaTo30Uf; MapKepHble 6enku; KproKoHcepBaLunsa; nnodunmusaums; NTuLeBoACTBo;
COXpaHeHue reHeTUYeCKNX PeCYpPCoB; KProbaHK; KPMOPE3NCTEHTHOCTb.

Introduction

The conservation of genetic resources of farm animals is a
global challenge, and it attracts efforts of the world com-
munity. The Food and Agriculture Organization (FAO) of
the United Nations and its specialized units coordinate these
efforts (FAO, 2015).

Conservation programs for genetic resources include the
following tasks: economyc (livestock husbandry support,
response to changes in the environment, market needs, regula-
tory requirements, and the availability of imports and exports);
social and cultural issues; conservation of biodiversity; and
the maintenance of resources for academic or educational
purposes, genetics, genomics, and adaptation to climate and
other environmental changes.

The method of ex situ in vitro gene pool preservation
through cryogenic maintenance (cryobank) of cells or tissues
that can be used for breed/population restoration is recognized
anecessary supplement to the in vivo method (FAO, 2015). It is
the combination of ex situ in vivo and ex situ in vitro methods
that can form grounds for an effective strategy for preserving
animal genetic diversity.

Methods developed to freeze reproductive cells of male
farm birds can be successfully applied to wild species to pre-
serve their genetic diversity: red jungle chicken (Rakhaa et
al., 2016), capercaillie (Kowalczyk et al., 2012), and pheasant
(Saint Jaime et al., 2003). Due to the significant decrease in
genetic diversity in pure lines of industrial crosses (Muir et
al., 2008), the use of cryopreserved semen of the best repre-
sentatives of a line or breed in artificial insemination under
conditions of poultry industry expands the range of variation
and accelerates breeding.

Semen preservation

At present, cryopreservation of reproductive cells of males is
the most important, practically the only method of preserving
the gene pool of farm birds in vitro. Various protocols have
been developed for the conservation of poultry semen, and the
effectiveness of their use depends on many factors (Tselyutin,
Tour, 2013; Thélie et al., 2019). The problem of reduced func-
tional ability of the semen after a freeze-thaw cycle has not
yet been resolved; the level of the fertilizing ability of thawed
semen is not satisfactory. According to different authors,
depending on the freezing methods, individual and breed
characteristics of chickens, egg fertilization varies from 2 to

85 % (Blesbois et al., 2007; Long et al., 2010; Seigneurin,
Blesbois, 2010; Ciftci, Aygiin, 2018). The average level of
fertilization with cryopreserved semen is low, usually less
than 30 % (Fulton, 2006); however, some recent publications
show 65 % average fertility of frozen-thawed semen (Silyu-
kova et al., 2019). The reduced viability of embryos derived
from cryopreserved semen caused by DNA fragmentation
(Watson, 2000; Liptéi, Hidas, 2006; Morris et al., 2012) also
compromises the economic feasibility of its use for practical
breeding purposes. Therefore, works aimed at the improve-
ment of the composition of diluents for cryopreservation, the
selection of cryoprotectant and freezing methods (in straws or
pellets), the freezing protocols (low/fast), and so on are still
under way (Thieu Ngoc Lan Phuong et al., 2014; Svoradova
etal., 2017).

Most studies on cryopreservation of avian semen are con-
ducted with mixed ejaculates from several males, although it
is known that the genetic contributions of males differ due to
the effect of selective fertilization (Sakharova, Popov, 2001),
and males have different quality indicators of sperm after
cryopreservation (Pleshanov et al., 2018, 2019). Therefore,
there are concerns that the use of cryopreserved sperm may
lead to an increase in inbreeding when using mixed sperm.
In order to avoid this problem, when preserving rare and en-
dangered breeds of chickens, it is necessary that the cryobank
store individual ejaculates.

In Russia, studies in this direction are being conducted at
the L.K. Ernst Federal Science Center for Animal Husbandry
and its branch, the Russian Research Institute of Farm Animal
Genetics and Breeding (Iolchiev et al., 2018; Mavrodina et al.,
2018a, b; Pleshanov, Stanishevskaya, 2018; Stanishevskaya,
Pleshanov, 2018a—c).

Technologies. Many scientific publications describe differ-
ent protocols for cryopreservation of semen of domesticated
and wild bird species. Technologies differ in the type of
cryoprotectant, the method of packaging (straw, pellets, etc.),
the speed of freezing and thawing (fast/slow) and temperature
regimes. The effectiveness of the protocols can be assessed
by analyzing the semen functional state in the laboratory
(determination of sperm concentration, motility, morphology,
and live/dead ratio) and assessing the fertilizing capacity of
sperm in artificial insemination in vivo (Varadi et al., 2013;
Thieu Ngoc Lan Phuong et al., 2014). It was found that high
rates of avian semen freezing—thawing were preferable in
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terms of improving its survival in contrast to the protocol for
mammalian semen (Shahverdi et al., 2015; Madeddu et al.,
2016). There is significant individual, intrabreed, and intra-
specific variation in bird semen cryostability, which demands
that different cryopreservation strategies for different species
and breeds be developed (Blesbois et al., 2007).

Methods of semen quality assessment. Semen cryo-
preservation is very important for ex sifu management of
avian genetic diversity, but the use of this method is limited
due to the high variability of success rates. To calculate the
number of sperm doses in the formation of the cryobank, it is
necessary to predict the fertilizing capacity of cryopreserved
semen. Unfortunately, in determining the effectiveness of their
development, many researchers are limited only to the assess-
ment of sperm motility. This test is not informative enough in
terms of predicting the fertilizing capacity of semen.

A more effective prognosis for the fertilizing capacity of
the semen is provided by assessment of morphological dis-
orders including fluorescent staining of living and dead cells,
flow cytometry, and evaluation of spermatozoon motility
parameters using computer-assisted sperm analysis (CASA).
The CASA system permits one to estimate the percentage of
viable and morphologically normal cells (PVN), mass mobi-
lity (MMOT) and various parameters of movement, including
the percentage of motile sperm (PMOT) and biophysical tests
(resistance to osmotic stress (OSM), membrane permeability
(FLUID)) (Blesbois et al., 2008; Svoradova et al., 2018).
However, the set of these tests does not fully reflect the func-
tionality of semen.

The functional capacity of thawed semen can be reliably
determined in vitro by analyzing the interaction of the sperm
with the inner layer of the perivitelline layer of the egg yolk
(Robertson et al., 1997; Long et al., 2010). In evaluation of
the functional state of spermatozoa in vitro in the laboratory,
it is advisable to use the perivitelline membrane of egg yolk.
The assessment is based on the number of hydrolysis points
(spermatozoon penetrations) per unit area of the inner perivi-
telline layer (Robertson et al., 1997). This method, compared
to traditional quality assessment, is more informative for
predicting the fertilizing capacity of semen.

Preservation of female gametes. By now, no method has
been developed to preserve germ cells of female birds. The
presence of large amounts of yolk in the eggs of birds hampers
the use of existing cryopreservation methods (Fulton, 2006).
This is a serious issue in the preservation of a breed/population,
as it cannot be fully preserved without the genetic contribu-
tion of individuals of both sexes: there is a loss of maternal
hereditary material, including the mitochondrial genome.
Currently existing methods of preservation of reproductive
cells of birds (semen) allow restoration of endangered breeds/
populations only by grading.

A relatively new technology is the transplantation of
cryopreserved gonad cells from neonatal chickens to adult
recipients for reproduction of donor offspring. This method
of transplantation can contribute to the conservation of en-
dangered bird species and maintain their genetic variability
(Benesova, Trefil, 2016). Cryopreservation of ovarian tissue is
actually the only effective way to preserve in vitro female germ
plasma in birds. A method of vitrification of donor ovarian
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tissues in straw is proposed. Ovarian tissue fragments from
1-week old females are transferred to a metal rod, then vitrified
in liquid nitrogen using special media. By this method, the
ovarian tissue of birds can be stored and transported. Success-
ful transplant survival was demonstrated by Liu et al. (2012).
In addition, ovarian transplantation can be used for research in
genetics and developmental biology (Song, Silversides, 2007;
Liptoi et al., 2013). Since this technique involves significant
surgery and requires the use of immunosuppressants, today it
appears to be costly and technologically challenging in routine
implementation.

Preservation of embryonic cells. Chicken primary germ
cells (PGCs) can be isolated and cultured in vitro. PGCs act
as a valuable source material for cellular genetic engineering,
germ plasm production, and genetic conservation of species
and populations (Kino et al., 1997). Indeed, bird PGCs can
be reproduced in culture and conserved without irreversible
alteration of their biological properties (van der Lavoir et
al., 2006; Nandi et al., 2016; Tonus et al., 2016). Two main
methods are commonly used for cryopreservation of PGCs
in birds: slow freezing (SLF) and ultrafast freezing (Vitrif)
(Tonus et al., 2017). These cells can be used to repair gonadal
tissues with germ cells of the donor line. This method is not
currently applicable for the preservation of entire embryos
(Fulton, 2006). Both methods require further research, but
we can now definitely state that in the future this approach
to in vitro preservation of cells will provide grounds for the
development of a practical gene bank and systematic genomic
bank for birds.

Genetics of cryostability of reproductive cells

It has been established that semen cryostability is a genetically
determined trait (Pleshanov et al., 2019), but the mechanisms
of'the effect of cryopreservation on the epigenetic state of cells
have not yet been fully investigated. Semen freezing—thawing
can injure genes, including SNORD116/PWSAS and UBE3A,
associated with fertility (Valcarce et al., 2013).

The study of changes in boar semen after cryopreservation
revealed differences in 41 proteins (Chen et al., 2014). Pro-
teins SOD1, TPI1, ODF2, and AKAP3 have been proposed
as markers affecting semen resistance to freezing. In Gallus
gallus domesticus, ontology genes were found for SODI,
TPI1, and ODF2. Consider these genes in more detail. The
protein encoded by the SOD1 gene (Superoxide dismutase 1)
binds copper and zinc ions and promotes the breakdown of
superoxide radicals into molecular oxygen and hydrogen
peroxide (Bogle et al., 2017; Wu, 2019). Another isozyme of
this protein is found in mitochondria, and its functions have
not yet been studied. The enzyme TPI1 (Triosephosphate
isomerase 1), which consists of two identical proteins, cata-
lyzes the isomerization of glyceraldehyde 3-phosphate (G3P)
and dihydroxyacetone phosphate (DHAP) in glycolysis and
gluconeogenesis (Chen et al., 2014).

It has been found that HSP90 (Heat shock protein 90)
proteins are associated with sperm motility, and their pool
decreases significantly after freezing—thawing (Huang et al.,
2009).

Significant protein changes in human sperm before and after
cryopreservation were detected by Wang et al. (2014): mito-
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chondrial matrix proteins ACO2 (Aconitase 2) and OXCT1
(3-oxoacid CoA-transferase 1); filamentous protein TEKT1
(Tektin 1), which is necessary for the formation of ciliary and
flagellar microtubules; glycolytic enzyme ENO1 (Enolase 1),
the intermediate filament protein vimentin; and the amino acid
tyrosine. These molecules are associated with sperm motility,
viability, and acrosome integrity (Wang et al., 2014).

As a result of semen freeze—thawing, the amounts of anti-
oxidant proteins such as SOD1, PRDX6 (Peroxiredoxin 6),
TXNDC?2 (Thioredoxin containing domain 2), GSTM3 (Glu-
tathione-S-transferase mu 3), membrane proteins CYB5R2
(Cytochrome b5 reductase 2), pellucid zone proteins ZPBP1
and ZPBP2 (Zona pellucida binding protein), acrosomal pro-
teins ACRBP (Acrosin binding protein), and SPACA3 (Sperm
acrosome associated 3) were found to decrease. Simultane-
ously, the amounts of other proteins whose accumulation is
observed in cells under stress —ANX1, ANX3, and ANX4 (An-
nexin A); clusterin (CLU Clusterin); importin-1b (KPNB1);
Karyopherin subunit beta 1, HISTIH4A (Histone cluster 1 H4
family member a); TUBA1A (Tubulin alpha 1a); and SPAG17
(Sperm associated antigen 17) increased (Bogle et al., 2017).

A study of the effect of cryopreservation on Gallus gallus
domesticus spermatozoa has shown an increase in the amounts
of 36 proteins and a decrease in 19 proteins after thawing.
These proteins are linked to spermatozoa metabolism (Cheng
et al., 2015). Proteins such as ACRBP, FN1 (Fibronectin 1),
HSP90AAT1 (Heat shock protein 90), and VDAC2 (Volt-
age dependent anion channel 2) are biomarkers that predict
tolerance of cryopreservation in boar semen (Vilagran et al.,
2015, 2016).

During fertilization, spermatozoa deliver the paternal
mRNA to the egg and thus play an important role in the early
development of the embryo. During freezing, transcripts and
mRNA—protein interactions in spermatozoa may be lost, which
may affect embryo development (Valcarce etal., 2013). Corre-
lations between sperm mRNA and early embryo development
in humans and some animals were identified in (Hezavehei et
al., 2018). Studies by Valcarce et al. (2013) showed a decrease
in the expression of the PRM1, PRM2, PEG1/MEST, and
ADDI1 genes associated with human sperm fertility after cryo-
preservation. Some studies confirmed changes in transcripts
of some proteins and micro-RNA. Attempts are being made
to explain some epigenetic modifications that may occur in
spermatozoa during freezing (Hezavehei et al., 2018).

Cryopreservation of semen is a very important method of
assisted reproduction, but the freezing—thawing procedure
is harmful, because it leads to a decrease in the motility and
viability of spermatozoa, premature capacitation, and, as a
consequence, poorer effectiveness of artificial fertilization.
Therefore, the addition of some proteins normalizes the pro-
cess of condensation and accelerates fertilization in vitro. For
example, use of TrxA-FNIIx4-His6 is a promising biotech-
nological approach for cryopreservation of ram semen and
maintenance of spermatozoon viability (Ledesma et al., 2019).

In addition to preserving genetic material by creating a
sperm bank, it is possible to create a cryobank of embryos. In
cattle, the effect of resveratrol on embryos after cryopreser-
vation was evaluated. Its effects on mitochondrial function
preservation, DNA integrity, SIRT1 (Sirtuin 1) expression
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and embryo development ability have been studied. Embryo
survival was significantly improved when embryos were in-
cubated in a medium containing 0.5 uM of resveratrol after
thawing. Besides, SIRT1 expression and cell-free mtDNA
content in the medium were higher in the case of embryos
treated with resveratrol. It should be noted that slow freezing
affects mitochondrial integrity and function in blastocysts
(Hayashi et al., 2019). It is important to improve in vitro
maturation (IVM) conditions for immature oocytes after
cryopreservation, especially if a limited number of oocytes
are collected from specific donors. Culture systems with fresh
oocytes significantly accelerate the meiotic development of
vitrified oocytes and significantly increase the rate of blasto-
cyst formation after parthenogenetic activation and transfer
of somatic cell nuclei (Jia et al., 2019).

The understanding of the molecular mechanisms that de-
termine epigenetic processes occurring in reproductive cells
during freezing—thawing will improve the effectiveness of the
technologies used to preserve species, breeds, and populations
of rare and endangered animals and birds.

Lyophilization

The preservation of semen by freeze-drying is an innovative
method. The advantages of Iyophilized semen are that it can
be (1) stored at 4 °C for a long time and (2) stored and trans-
ported at room temperature without the use of liquid nitrogen
or dry ice as cooling agents.

It is expected that sperm lyophilization, rather than cryo-
preservation, can become a new simple method of preserving
genetic resources and be used, among other things, to produce
transgenic animals (Kaneko, 2012). The state of research in
the field of freeze-drying of wild and domestic animal semen
indicates an increasing interest in this method of preserving
genetic resources. Methods of lyophilization in relation to
microorganisms and plant cells have been developed and
successfully applied. Interest in the lyophilization of repro-
ductive cells, as a possibility of a cheaper way to preserve
and transport (including space) genetic material of wild and
domestic animals, compared with cryopreservation, is growing
rapidly in the world; research is underway in Japan, Israel,
Egypt, Spain, and France. Methods of lyophilic drying are
developed with regard to species features. Promising results
have been achieved in mice, rats, hamsters, cattle, sheep,
rabbits, chimpanzees, giraffes, jaguars, etc., but it is too
early to talk about the problem as solved, since the functional
characteristics of sperm are not fully preserved (Hopshi et al.,
1994; Foote, 2002; Liu et al., 2004; Kawase et al., 2005; Li et
al., 2009; Gil et al., 2014; Kaneko et al., 2014; Shahba et al.,
2016; Wakayama et al., 2017; Arav et al., 2018). The main
issues are associated with damage of the motility apparatus of
spermatozoa, membranes, and DNA. As for birds, including
poultry, research on the freeze-drying of their semen has not
been carried out, at least not published.

Problems of cryopreservation

Cryopreservation triggers damage processes not only at the
mechanical level of membrane damage, but also chemical and
physical processes of denaturation of proteins and lipids of
membrane bilayers. These processes result in sublethal freez-
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ing and the launch of cryocapacitation, generation of reactive
oxygen species, and aberrations in sperm proteins, lipids, and
sugars (Pini et al., 2018).

It is well known that the tolerance of cold shock and cryo-
stability in spermatozoa of different livestock species, includ-
ing farm birds, varies greatly. Cryopreserved semen of any
animal species has reduced fertility compared to fresh sperm.
The causes of fertility loss include the susceptibility to cold
shock, cooling rate, diluent composition, and osmotic stress.
There are also factors that affect the functional state of frozen/
thawed spermatozoa: membrane stability, oxidative damage,
membrane receptor integrity, and nucleus structure (Watson,
2000; Iolchiev et al., 2018). In the course of cryopreservation
and thawing, sperm can experience both irreversible damage,
expressed as the absence of motility and various morpho-
logical disorders, and reversible, associated mainly with a
temporary injury of the structure and membrane permeability
disturbance.

It is believed that the high content of intracellular protein
together with osmotic “shrinkage” of the sperm membrane
associated with the formation of extracellular ice leads to
intracellular vitrification of sperm during cooling. At high
cooling rates, sperm damage is the result of osmotic imba-
lance occurring during thawing, rather than intracellular ice
formation during freezing. Osmotic imbalance occurs at high
cooling rates due to limited diffusion of ice crystallization in
the extracellular fluid; that is, the amount of ice formed during
cooling is less than expected from the phase equilibrium dia-
gram (Morris et al., 2012).

A significant interbreeding variability in the cryostability
of cock semen, estimated by the activity of thawed semen, is
known: the coefficient of variation (C,) can be up to 23-25 %
(Pleshanov et al., 2018; Stanishevskaya, Pleshanov, 2018a).
A greater individual variability in cock spermatozoon activ-
ity in the freeze/thaw cycle has been shown in (Pleshanov et
al., 2017; Pleshanov, Stanishevskaya, 2018; Stanishevskaya,
Pleshanov, 2018a, b). The coefficient of variation (C,) of
spermatozoon activity was 6.1 % in native sperm and 19.5 %
in frozen/thawed, which points to a broad norm of sperm
response to low temperatures.

The generally accepted parameters of ejaculate selection
for cryopreservation are volume, concentration, and spermato-
zoon motility. These criteria do not provide a complete predic-
tion of the degree of reproductive cell: cryotolerance, which is
largely due to the state of the membranes, as the membranes
are first to be damaged in the freezing—thawing process.

One of the ways to assess the degree of cryopreservation of
spermatozoon membranes is staining with Sperm VitalStain
dye (Nidacon International AB, Sweden), which allows assess-
ment of the degree of cryopreservation by changing the color
of damaged cells (Pleshnov, Stanishevskaya, 2018). Lipid
fractions of membranes, such as glycolipids, phospholipids,
sterols, cholesterol, the cholesterol/phospholipids ratio, etc.,
affect the state of cell membranes; their permeability, mi-
croviscosity, and fluidity; molecular mobility of lipids in the
membrane; the process of capacitation, the interaction of egg
and spermatozoon membranes; and the result of fertilization
(Blesbois et al., 2005; Ahmed et al., 2014; Eubaid et al., 2015;
Partyka et al., 2016; Pleshanov et al., 2017).
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Recent studies of sperm cryostability have established the
effect of the amino acid profiles of seminal plasma in different
breeds of chickens on DNA fragmentation (Santiago-Moreno
et al., 2019). The composition of intracellular spermatozoon
protein has been found to be associated with indicators of
osmotic imbalance after thawing (Morris et al., 2012). The
results of these studies open up new aspects of sperm cryo-
biology, which is a prerequisite for the development of new
technologies for semen preservation, including vitrification
and lyophilization.

Problems of early embryonic mortality. It is well known
that the use of frozen/thawed semen reduces not only the
percentage of their fertility but also the viability of embryos.
The mortality rate of embryos in the early stages of develop-
ment can reach 8-17 % (Stanishevskaya, Pleshanov, 2018c).
This research area is insufficiently studied, as it is technically
difficult to investigate the causes of arrested development,
since signs of early embryonic death are not determined.
DNA damage is probably a major cause of early embryonic
mortality caused by functional damage to sperm nuclear
structures (Watson, 2000; Liptéi, Hidas, 2006). In addition,
the influence of toxic endo/exocellular cryoprotectants used
in sperm freezing and their concentrations, which may also
cause embryo death at an early stage of development, should
not be ruled out (Mosca et al., 2019).

Thus, the genetic diversity of the preserved material is re-
duced at different stages of postsingamy due to the elimination
of individuals with reduced cryoresistance of reproductive
cells.

Cryoprotectants. A necessary condition for successful
cryopreservation of reproductive cells is the use of cryopro-
tectants. Cryoprotectants acting inside cells penetrate into
cells and prevent the formation of intracellular ice, but at
high concentrations they exert a damaging effect. Exocellular
cryoprotectants act outside the sperm in the extracellular space
and protect cells by dehydrating the intracellular space and
limiting the action of osmotic shock during thawing.

Glycerol, one of the best known cryoprotectants, is the most
effective and less toxic to cock sperm, but unfortunately has a
contraceptive effect after insemination of hens and requires re-
moval before insemination. The most widely used penetrating
cryoprotectants are dimethylsulfoxide, dimethylacetamide,
dimethylformamide and ethyleneglycol. Semen samples can
be thawed without further processing, and high fertility levels
are obtained with these substances depending on the cooling
rate and the type of semen packaging (Santiago-Moreno et al.,
2011). Nonpenetrating cryoprotectants, also known as osmo-
protectants, are low-molecular-weight hydrophilic nontoxic
molecules that stabilize internal solutes under osmotic stress
in cells. These cryoprotectants are often used in combination
with penetrators (Benesona, Trefil, 2016; Mosca et al., 2016;
Svoradova et al., 2017).

Recent approaches to the development of cryoprotectants
of fundamentally different actions are based on antifreeze
glycoproteins (AFGP) and antifreeze proteins (AFP), found
in the blood and tissues of poikilothermic organisms living in
freezing environments (insects and marine fish). The obtained
substances inhibit the growth of ice crystals in a noncolliga-
tive manner. The use of AFP opens up a promising direction

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 2



K0.J1. CuniokoBa, O.U. CtaHuwieBcKas
H.B. lemeHTbeBa

for cryopreservation of living tissues and cells. The efficacy
of some fish AFP or fish AFGP against hypothermic damage
has been reported while preserving swine and cattle oocytes,
whole rat liver, and model membranes. To preserve sperm,
attempts have been made to develop cryopreservation methods
with the addition of fish AFP in different species with differ-
ent efficiencies. AFP and AFGP of marine fish have recently
been found to improve buffalo sperm cryopreservation results
(Qadeer et al., 2016).

There are studies on the use of recombinant AFP-based
Dendroides canadensis (DAFP) larvae for cryopreservation.
Addition of DAFP to the diluent protects buffalo (Bubalus
bubalis) semen during freezing—thawing and increases the
fertility of cryopreserved semen (Qadeer et al., 2016).

Cryobanks and their contribution

to the conservation of genetic resources

Collections of genetic banks are of paramount importance in
preventing the extinction of breeds due to extreme genetic
conditions, such as small breed/population size and high
incidence of genetic defects as a result of intensive breeding
and genetic drift. Stored material from animals that do not
carry undesired or lethal mutations can be used to reduce the
frequency of defects to an acceptable level.

Biobanks are a ready-to-use source of genetically diverse
and specialized DNA. Conserved materials are used in study-
ing genetic diversity, genomic associations, gene functions,
and other issues. Importantly, over time, genetic banks can
provide samples from different generations, which contributes
to the accuracy of genomic selection. These advantages will be
easier to implement if the information is catalogued taking into
account the phenotype and genotype and the stored samples
have genomic certificates (Wildt, 2000; Comizzoli, 2015).

The problem of in vitro preservation of genetic diversity,
including farm birds, is being solved in many countries of the
world. One of the advantages of preserving genetic diversity
in vitro in cryobanks is the economic component (Woelders,
2006; Santiago-Moreno et al., 2011; Silversides et al., 2013;
FAO, 2015).

Recently, a new approach to interaction between organiza-
tions preserving the gene pool ex situ in vivo and ex situ in vitro
has been developed. The goal of the genetic bank is not only
to obtain and preserve reserve biological material but also to
closely cooperate with collections in live breeding to expand
genetic diversity while preserving ex situ in vivo.

Genetic banks for the conservation of farm birds can take
into account the experience of the European Union, the
European Federation of Animal Science (EAAP), and FAO,
which have established European and international consulta-
tive forums to discuss and take practical measures for the
conservation of genetic resources worldwide. However, the
implementation of this idea is a complex process, which
requires interdisciplinary cooperation and clear definition of
goals (Mara et al., 2013).

The legislation of the Russian Federation provides for a
regulatory framework (Strategy) for the conservation of rare
and endangered species of animals, plants and fungi (Order
No. 212-r of the Government of the Russian Federation of
17.02.2014), including preservation in vitro. As for the prob-
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lem of preserving the genetic diversity of farm animals and
birds, the Federal law No. 123-FZ “On livestock breeding” of
03.08.1995 does not provide for such regulation. It is necessary
to develop and adopt a law and by-laws that would determine
the legal status of genetic cryobanks in the overall system of
genetic resource conservation.
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[ToTHOTeHOMHBIE acCOIIaTUBHbBIE VICCIIeTOBaHMSI
pacrpoCTpaHEeHN ITIOPOKOB Pa3BUTUSA U APYTUX CEJIEKIIMIOHHO
3HAUYMMbIX KaUeCTBEHHBIX ITPM3HAKOB V IIOTOMCTBA XPSIKOB
KPVIIHOII 6€eJ101i ITOPOabl POCCUIICKON CeleKII
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AHHOTauuA. BbiaBneHre obnacTteil reHoMa, NPAMO UM OMOCPEeAOBaHHO CBA3aHHbIX C MPU3HaKaMy NOPOKOB pas-
BUTUS Y JOMALLUHUX CBUHEN, MOXET Croco6CTBOBaTb MAEHTUOUKALMMN FTeHETUYECKMX MULLEHEN, NCMOMb3YEMbIX B Ka-
YyecTBe 6MOMapKepPOB NHAMBUAYaNbHbIX 0COBeHHOCTEN GOPMMPOBaHMA SKCTEPbepa, NX MeTabonnyeckoro cratyca,
a TaKXKe NofiBEP>KEeHHOCTN reHeTMYeCKMM 3aboneBaHuAM. Takme UCCNefoBaHMA HaNpPAMYIO CBA3aHbl C MOBbILLEHVEM
SKOHOMMYECKON 3PEKTUBHOCTI, MOCKONbKY NO3BOJIAIOT BbIABMAATL U UCKMOYaTb U3 CENEKLMOHHOro npoLecca »u-
BOTHbIX-HOCUTESIEN HeXeNaTeNbHbIX reHOB, GeHOTUN KOTOPbIX MOXET He NPOoABNATLCA. B faHHOI paboTe npoBeaeH
NOWCK NOJOOHbIX LieNneBbiX FeHOB U FeHOMHbIX PErMOHOB C MOMOLLbIO MOIHOrEHOMHbIX aCCOLMATUBHbBIX UCCIe[0BaHNA
(GWAS) ¢ ncnonb3osaHunem [JHK-uunos PorcineSNP60K BeadChips (Illumina, San Diego, USA). MpoaHanu3npoBaHo
48 XpAKOB CBUHEN KPymnHOM 6enoii Nopoabl cenekuMoHHO-TMOpUAHOro LeHTpa «3HameHCKnn» OproBckol obnactu
no 21 HegoCTaTKy IKCTepbepa 1 aedekTam pa3suThA y 39 153 nx NOTOMKOB. PacueTbl Npon3BoAMIN NO INHENHOW MO-
[lenn CMeLlaHHOoro Tuna B nporpamMmMHom nakete GEMMA. M3 nsHavanbHoro ceta B 61000 SNP 6binn otobpaHbl 36 704
nonumopdHbix SNP, B KoTopbix HaraeHbl 24 nonumopdusma, Bxogawmx B 11 reHos (P < 0.1), cTaTUCTMYECKN 3HAYNMO
KOppenupyoLwmrx C Npu3Hakamy aHoManuin pa3BUTUA B reHOME CBUHEW, TaKMU Kak aTpe3uns aHajlbHOro oTBepcTuA
(ARMC7, FANCC, RND3, ENSSSCG00000017216), npobnembl ¢ kKoHeyHocTamu (PAWR, NTM, OPCML, ENSSSCG00000040250,
ENSSSCG00000017018) n Tpemop nopocAt (RIC3, ENSSSCG00000032665). Takxe Gbina BbiABNIEHA KOIKCMPECCHA FreHOB
NTM, OPCML n RND3, yyacTBYIOLLMX B PEFyNALMM KNeTOUHOW agre3un. NMpoBeaeHHasa paboTa NoATBEPAMIA aKTyalb-
HOCTb MPUMeHeHMA NoJoOHOro NoaxoAa B MOSIHOFEHOMHO-aCCOLMATUBHbBIX UCCNefoBaHMAX ANA LeTeKTUPOBaHUA
eanHNYHbIX SNP, CBA3aHHBIX C OTAEbHBIMM NMPU3HaKaMu, faxke A He6ONbLUNX BbIGOPOK.

KnioueBble cnoBa: MapKep-3aBUCMMan cenekuns; KonmyecTBeHHble nprsHaky; SNP-unnbl; nonHoreHoMHble accouma-
TUBHbIE NCC/IEA0BaHWA; MOPOKM PasBUTUA CBUHEN.

Ana yntnposaHua: Tpacnos A.A., KoctioHnHa O.B., benoyc A.A., KapnywkuHa T.B., CBexeHueBa H.A., 3uHoBbeBa H.A.
MonHoreHoMHble accoumaTBHbIE NCCIEAOBAHMA PACNPOCTPAHEHUA MOPOKOB Pa3BUTUA 1 APYTNX CENEKLMOHHO 3Ha-
YMMbIX KaueCTBEHHbIX NMPU3HAKOB Y MOTOMCTBA XPAKOB KPYMHOI 6e51oii MopoAbl POCCUIACKOI ceneKkummn. BaBunoscKkuii
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Whole-genome association studies of distribution
of developmental abnormalities and other breeding-valuable
qualitative traits in offspring of the Russian large-white boars

A.A. Traspov®, O.V. Kostyunina, A.A. Belous, T.V. Karpushkina, N.A. Svejenceva, N.A. Zinovieva

L.K. Ernst Federal Science Center for Animal Husbandry, Dubrovitzy, Podolsk municipal district, Moscow region, Russia
® e-mail: traspovalex@gmail.com

Abstract. Identifying genome regions that are directly or indirectly associated with developmental defects and mal-
formations in domesticated pigs can help identify genomic traits used as biomarkers of the structural and functional
composition of the body, their metabolic status and genetic diseases as well. Such studies are directly related to the
improvement of the economic efficiency, as they allow identification and exclusion of defect animals, who may carry
target genes not appearing phenotypically, from the breeding process. In the current work, we have searched for these
kind of target genes and genome regions with conducting the genome-wide association studies using PorcineSNP60K
BeadChips (lllumina, San Diego, USA). A total of 48 boars of a large white breed of the nucleus farm“Znamenskoe” were
analyzed for 21 traits of indicated shortcomings of the exterior and defects of development in 39,153 their offspring.
Calculations were made using a mixed type linear model in package GEMMA. In this study, we selected only 36,704
polymorphic SNPs from an initial 61,000-strong SNP set. After GWAS, we obtained 24 alleles in 11 corresponding genes
(P < 0.1) in the genome of pigs, which are significantly correlated with traits of developmental abnormalities such as
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GWAS-analysis of malformations
in large-white boars of Russian selection

anal atresia (ARMC7, FANCC, RND3, ENSSSCG00000017216), limb problems (PAWR, NTM, OPCML, ENSSSCG00000040250,
ENSSSCG00000017018) and tremor of piglets (RIC3, ENSSSCG00000032665). Also, co-expression of the NTM, OPCML and
RND3 genes was revealed. This study confirms the relevance of using the single SNP detection according to the single
trait approach in associative studies, even for small sample numbers.

Key words: marker assign selection; quantitative trait loci; SNP-chips; genome-wide association studies; malfor-

mations.
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BBepeHune
B cBuHOBOICTBE 00JI€3HN TPUBOIAT K OOJBIIUM SKOHOMH-
YECKUM IOTEPSIM HE TOJIBKO U3-3a 3aTpar Ha MEANKAMEHTO3-
HOE JICUeHHUE, HO M BCIICACTBHE CHIDKEHUS IPOTYKTUBHBIX
rokasareiieii OOMBHBIX KUBOTHBIX. Ha JaHHBI MOMEHT y
IOMAIlHUX CBHHEW HacuuThiBaeTca Oosiee 130 GomesHe
KaK HaCJICJCTBEHHOW, TaK M WH(PEKIHOHHOW STUMOIOTUU
(https:// thepigsite.com/disease-guide). Pacmipenue 3Hanui
O IpuYrHax 00J1e3HEH MO3BOIUT HUBCJIUPOBATH UX BIUAHUC
Ha opraHu3M Onaronmaps 0ojiee COBEpIIEHHBIM ITPOTpaMMaM
passenenus (Boddicker et al., 2012). OTknoHeHust or HOp-
MAJIBHOI'O Pa3BUTHUA MOT'YT 3aTparuBarb pa3JIMYHbIC OpTraHbI
1 CHCTEMBI, YXY/IIas PI3HYECKOE COCTOSHUE )KUBOTHOTO HITH
Jlake TPUBO/IS K CMEPTH. AHATOMHYECKHE aHOMAJINU HITU
)Ie(beKTBI, BBI3BAHHBIC TCHCTHYCCKNMHU UJIH YKOJIOTUYCCKUMHU
(hakTOpamu, BCTpedaroTCs 1o Kpaitneit mepe y 1 % HOBOpOX-
JICHHBIX TTOPOCST. B OT/IENIBHBIX CcTa/laX TaKie aHOMaJIMH MO-
I'YT BCTpEYarbcs ¢ JOCTATOYHO BBICOKOW 4aCTOTOM, IPUBOLS
K 3HAYUTEIFHBIM SKOHOMIYeCcKIM rotepsM (See et al., 2006).
OnHa U3 cTpaTeruii CHIKEHUS! DKOHOMUYECKUX IOTEpb,
00YCIIOBJICHHBIX HACIICCTBEHHBIMHU OOJIC3HIMHU, — 3TO BbISIB-
JICHUE W UCKITIOUCHHUE U3 Pa3BEACHHS )KHBOTHBIX, TCHETHUYCCKH
qyBCTBUTEIBHBIX K TaKUM 3a0oseBanusimM. Harpumep, yxe ¢
Hayasia 1990-x IT. celeKIMOHEePHI HCIIOIB3YIOT TEXHOIOTHIO
MapKepHOI CeJEeKINH I BBISABIICHUS HEKEIaTeIbHBIX ajl-
nenelt reHa [{AL, BBI3BIBAIOIIETO CUHJPOM CTpEcca CBUHEH,
u reHa RN, o0yCIOBIMBAIOIMIETO Ee()EKT KHCIOTO Mscay
(Salas, Mingala, 2017). [lonoTHeHHEe HHACKCOB IIIEMEHHON
nennoctn (EBV) undopmanueii, momryuyeHHoil Ha ocHOBa-
HUHM aHaJIM3a HeTIOCPEICTBEHHO TeHOTHUIIA )KUBOTHOTO, JIeJia-
€T BO3MOYKHBIM CO3[aHHe HOBOTO THIa nHaekca — GEBV (ge-
netic evaluation breeding value), xapakrepusyromierocs dosee
BBICOKOH TOYHOCTBIO. Takum 00pa3zom, JOMOTHEHUE TPaIn-
IIUOHHBIX METOJOB OIIEHKH MOJEKYISIPHO-TCHETHICCKUMHU
JTAHHBIMH CTAJIO NIIATOM BIICPE/] B HAIPABICHUU TIOBBIIICHHUS
MHTEHCUBHOCTH UCKycCTBeHHOTO oTOOpa (I[Tnemsimos, 2014).
BrIsiBIeHHE MOJIEKYISPHBIX MapKepOB, OTBETCTBEHHBIX 3a
JKenarenbHbIe peHoTunmaeckue 3G deKTol, o0sieryaet cenek-
IIUOHHBIN MPOIIECC U YCKOPSET MOIydYeHHE MPHOBIIN B TIPO-
n3BojicTBe (Ernst, Steibel, 2013). MccnenoBanus acconuanyi
JIHK-mapkepoB B CBHHOBOJICTBE IIPUBJICKAIOT BHUMAHHE yde-
HBIX Kak B Hamiel crpane ([Jommarosa, CxoBopoaus, 2010),
Tak 1 3a pyoexom (Bruun et al., 2006; Ciobanu et al., 2011).
[ToHnMaHue TeHETHYECKMX MEXaHU3MOB, OTBETCTBEHHBIX 3a
KOHKPETHBIC TCHETUYCCKHNE aHOMAJINU, IIOMOXKET IIPOU3BOAN-
TEJISIM TIEMEHHOH IMPOIYKIINH B pa3pabdoTKe METOA0B 0TOOpA,
MOCKOJIBKY Pa3HbIE THUIBI MapKEPOB B T€HOME OTBEYAIOT 3a
pasHblie heHoTunMueckne npu3Haku. Tax, ¢ momombsio MAS
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(Mapkep-3aBHCUMAasi CEJIEKIINS) MOYKHO IIPOBOJIUTH HE TOJIBKO
BBIOPAKOBKY, HO M I1€JIEBON OTOOP KUBOTHBIX, YCTOWIHUBBIX
K 3a0oneBanusM. K mpumepy, oTO0p MHIMBHIYYMOB C OT-
CYTCTBUEM PELENTOpOB ajare3uu E. coli Ha MOBEPXHOCTH
knmedarka (K88) mo3BoNSeT MOTYIUTh OT HUX TIOTOMCTBO,
ycroiunBoe Kk konmubakrepnosy (Nyachoti et al., 2012). Pac-
KPBITHE MEXaHW3MOB IOSIBJICHUS! TEHETUYECKUX aHOMAJINI
TTOMOYKET TIPOU3BOAUTENSM B pa3paboTke METOAWK OTOOpa
JKMBOTHBIX C (OKEJIaTeJIbHBIMIY TE€HOTHITAMH.

CoBpeMeHHbIE METOJIbI [TOJTHOI€HOMHBIX HCCIIEI0BaHUI
(merexrwst SNP, mOTHOT€HOMHOE CEKBEHHPOBAHHUE ) HAXOMSAT
MIPUMCHEHNE B BBISBICHUN TeHETHYCCKHUX (DAKTOPOB M, KaK
CJIE/ICTBHE, B IOHUMaHHH OMOJIOTHYECKHX IPOLECCOB, Jie-
KaIUX B OCHOBE Pa3BUTHUS IKCTepbepa y cBUHEH. C ydeTom
BO3MOYKHOTO CIETIIICHHOTO HACJIC[OBAHUSI M KOIKCIIPECCUH
COCEIHMX T'€HOB, JETEKIUU OTAEALHBEIX SNP MOXKET OBbITh
HEJO0CTATOYHO JJISl JETAIbHOTO M3YUEHHS] KOMIITIEKCHBIX
MIPU3HAKOB 3a00JICBAHUH MM PE3UCTEHTHOCTH K HUM. Bxutio-
4yeHue B cenekiuoHHble nporpammsl JJHK-mapkepos QTL B
KaueCTBE JJOMOIHUTEIBHOTO KPUTEPHSI O3BOJISIET TOBBICUTD
TOYHOCTB OI[CHKH IUIEMEHHO! [IEHHOCTH XXMBOTHBIX B 4CTICKTE
UX MPOJYKTHBHOCTH, C yYETOM HOTEHIMAJIbHOIO HOCHTEIb-
CTBa FEHETHYECKUX A€(DEKTOB MM HATMYUS PE3UCTEHTHOCTH
K pany 3a0oneBannii (Sermyagin et al., 2016, 2018).

MaTepmanbl n metogbl
HccnenoBannst IpoBOJWIIM HA XpsIKax KpPYIMHOI Oenoi mo-
poABI M UX MOTOMKax, pa3BoAUMBIX B OO0 «3HaMeHCKUH
CENIeKITMOHHO-THOPUIHEIH IeHTP» OpioBckoii oomactu. beio
MIPOM3BEJICHO TOJIHOTEHOMHOE T€HOTHITNPOBAHUE XPSKOB
(n =48) c ucnonbzopanueM JIHK-unmna cpenseit mioTHOCTH
Porcine SNP60BeadChip (Illumina Inc., CIIIA). KorTpons
KauecTBa F€HOMHBIX JTAHHBIX BBINOIHSUIA B ITPOTPAMMHOM
nakere Plink 1.9. Mcnonp3oBanuck mapaMeTphbl KauecTsa re-
Hoturuposanust 90 % mst omroro SNP (geno 0.1), w1 oqHOTO
o0pasma (mind 0.1), a Taxke 1 9aCTOT MUHOPHBIX aJuTeNei
He 6osee 0.5 % (maf 0.05) (Purcell et al., 2007). Beero duiib-
Tpanuto npouua 36704 nomumoppHBIX SNP.

baza eHOTHIIOB TOTOMKOB XpSIKOB Obla TOJIydeHa H3
000 «3HamMeHCKHI celeKIMOHHO-THOPUIHBIN IIeHTp». ba3a
JIAHHBIX cozieprkana 3 | HeskenmaTeIbHBIN MTOKa3aTeNb ISl Kax-
JIOT0 )KMBOTHOTO. Y ITOTOMKOB XpsiKoB (7 =39 153) paccuutsi-
BaJIM YACTOTY BCTPEUAEMOCTH M3y4aeMbIX IIPHU3HAKOB ITyTEM
JIETICHUSI YiciIa HocuTeIel (PeHOTUINIECKOTO ITOKa3aTes Ha
o0111ee YMCII0 ITOTOMKOB. JIJIs TPOBEPKH THUITOTE3BI O HOPMAITb-
HOM paclpe/ieJIeHHH UCIOIb30BAIM KPUTEPUH COTIacHs
[Mupcona (2 m1s yposus 3Haaumoctr 0.05) ¢ mocnexyromiei
HOpMaJIM3annel JaHHbIX B makere bestNormalize s si3pika R
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(Peterson, 2017). B urore mpl nonyunnu 21 HOpMaIU3UpO-
BaHHBIN 10KA3aTeNb, XapaKTePU3YIOIINN TIOPOKU IKCTEPbEpa
U IpyTue HeXemnaTeIbHbIe KaueCTBEHHBIE ITOKA3aTeNN: KPHII-
topxusM (CR), HenonomenHnocts (AF), arpesus anyca (AA),
yepHbIe U cepble TTHA Ha mKype (BD, GD), nenosec mpu
poxnennn (LW), HecootBeTcTBHE Topoae (WB), o6miuii Bec
npu poxacaun (CW), npobsemsr ¢ nuiieBapenuem (DP),
repmadppoautism (HM), Hannaure mymogHO# 1 TaXoBOH TPBIK
(CH, UH), nuskwuii Mmarepunckuii nanexc (LSI), monmxennoe
mubuo y xpsikoB (LL), HecoBepiieHHbIi snuTenuorenes (SL),
HHU3Kas MHTEHCUBHOCTH pocTa (SG), HEeKaueCTBEHHOE CeMs
y xpsikoB-tipousBoanTeneit (LSQ), cuaapom cractuyeckoro
Ttpemopa nopocst (TP), yponcrsa (UP), nuckpunenue koHed-
Hoctert (CL) m anomanuu xomeiT (HA).

[NonroreHOMHEI aHamH3 acconmanuii (GWAS) BBITOTHSITH
B nporpammuoM nakere GEMMA, ucnonb3ys JHUHEHHYIO
MOZIENb CMEIIAHHOTO THIIA ISl YaCTOT BCTPEUaEMOCTH:

y=Woa+xB+u+te;
u~MVN, (0, At 1K), e~MVN, (0, 7' 1),

IJie y — KOBapHaHTHBIN NPU3HAK (HAJTMYUE/OTCYTCTBUE 3200~
JIEBaHWS WJIH IPyTOTo M3y9aeMOro KaueCTBEHHOTO MTPH3HAKA
B BujJe OMHapHEIX 3HadeHud 0 wmm 1); W = (w,...,w ) —
marpuia koBapuasc (pukcupoBanHbie 3GdeKThI), 0 — nepe-
XBaTBIBAIOMINH KO3()(DUIIHEHT, X — MapKEpPHBIC TEHOTHIIHI;
B —addexr mapkepa, u — cinydaitabie 3G HEKThI; € — OMIMOKY;
77! — nUCTIEpCHs OCTATOUHBIX OMIMOOK; A — OTHOIIEHHE MEMKITY
JIBYMsI KOMIOHEHTaMu fucriepcun; K — mMarpuma poscTsa,
COOTHECEHHAs ¢ uAeHTHpUKannonHoi Marpuneii [ ; MVN, —
MHOTOMEpPHOE HOPMaJIbHOE pacIpe/esicHHe.

Marpuiia poAcTBa paccuuTHIBajIach Mo hopMysie (B TaHHOM
ciryyae X — Marpuua n X P reHOTHITOB)

12 - =
G .= ﬁigl(xi_ 1,%) (=1, %)7,

P

G = [ly El % (= 1,%) (= 1,%)",

e X; — KaxAas i-g1 KOJOHKA C F€HOTHIIAMH KaXJIOro i-ro
SNP; X,— cpennee s 00pasia; v,, — BApHaHca I KaxKI0ro
obpasna i-ro SNP; 17 — BexTop 11t Kaxkaoro (7 % 1) mepBoro
oOpa3ma.

B uwactHocTr, SNP ¢ MeHbIel Masiol yacToTon ayienci
MMEIOT TeHJICHITUIO OKa3bIBaTh OONBIIHHA dP(PEKT (KOTOPHIi
00paTHO TPOIOPIIMOHAICH €T0 BapUAIlH B TCHOTHIIC), H B
MOJOOHOM CiTy4ac BBIOMPACTCs MEpBas MOJACIb MaTPHIIBI
(Zhou, Stephens, 2012). IIpoBepka aqbTepHATUBHOM THUITOTE3bI
H;: B#0muHj B =0 o1 kaxgoro SNP, B cBoro oueperns,
MPOBOJMIIACH TI0 TPEM HauOoJIee PAacIpOCTPAHCHHBIM CTa-
tuctuaeckuM tectam (Wald, likelihood ratio test umu score).
B nanHoit padore maketom GEMMA 0blta aBTOMaTHIECKA
MOJIyueHa OIICHKAa MaKCUMAJIbHOTO IMPaBIOMOI00Ms mapa-
MeTpoB A u f (Maximum Likelihood Estimate) mist nanbnen-
IIETO BEIYMCIIEHUS COOTBETCTBYIOIIETO 3HaueHus P (Zhou,
Stephens, 2012). ®unprpaius TUCIIEPCHOHHBIX KOMITOHEHT A
OblIa TIpoBeZieHa ¢ MOPOTOBBIM 3HaueHueM P<le—10. Jlis
MOATBEPIKICHUS JocToBepHOTO BiusiHUS SNP 1 ompenere-
HUS 3HAYUMBIX PETHOHOB B TCHOME KUBOTHBIX OBLITH TIPUME-
HeHbl TecThl boHdepponu (BFR) ¢ moporoBbiM 3HaueHuEM
P<0.1 (P<2.86x 107°) u oxxuaaeMoii nonei JI0XKHBIX OTKIIO-
Henuit B. Efron o xonmuuectBy SNP oTaensHO ai1s Kax 1010
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npusHaka (Benjamini, Hochberg, 1995). Ilpu Bbiuucienuu
CKOPPEKTHPOBAHHBIX MHAEKCOB (Q MCIOJIB30BAJICS CIMCOK
P-3HaueHMi, MOJTYYEHHBIX B PE3yJbTaTe OJHOBPEMEHHOTO
tectupoBanusi MHorux rumnore3 (Wald, likelihood ratio mim
Score) (Benjamini, Hochberg, 1995). Q-3nauenns n3mepsiiu
JIOJIEH JIOKHO-TTO3UTUBHBIX NHJICKCOB P B ciryuae mpoxoxe-
HUs TIoporoBoro uHTepBaia (Storey et al., 2017). B nannom
HCCJICIOBAaHUH OCHOBHBIM KPUTEpHEM ObLI YCTAHOBJIEH I10-
porossiii uHTepBan P <0.1.

Jlyisl moucka TeHOB, acCOIMMPOBAHHBIX C W3y4aeMbIMU
TIpHU3HAaKaMu, HcIoabk3oBain nanasie VEP (variant effect pre-
dictor) (McLaren et al., 2016). [{nst Bu3yanu3annuu 3HaYCHUH
P u renomHoro xoHtposisi A ObUTH nocTpoeHsl Manhatten u
QQ rpaduku B makeTe qqman C TTOMOIIBIO SI3bIKA ITPOTPaM-
muposanus R (Storey et al., 2017; Turner, 2017). Unentudn-
KalMI0 TeHOB U MX ()YHKIIMOHAJIbHYIO aHHOTAIMIO OCYIIECT-
Bisa o 6ase B3amMmocBszet STRING (https://string-db.
org/cgi/input.pl). Marpuusl ramjioTHNIOB OBUIM MOCTPOCHBEI
nocpeAcTBOM nporpammHoro nakera Haploview (Barrett et
al., 2005).

Pesynbtatbl

ITo pe3ynpraram mccrnenoBaHus ObLTH yCTaHOBIEHBI 3HA-
ynMeble (cortacHo kputepusiM BFR, ¢ moporoBsim 3HaueHH-
eM P < 0.1) accornmaruBHble CBs3M i TpexX u3 21 mpoaHa-
JM3UPOBAHHOTO Ka4eCTBEHHOTO IMOKA3aTeNsl XPSIKOB-IIPOU3-
BOJMTENEH: arpe3ust aHyca, AA; CHHAPOM CIIACTHYECKOTO
Tpemopa nopocst, TP; anomanuu xonbsit, HA. [Tats SNP
C BBICOKMMH 3HAUYEHHUSIMH JOCTOBEPHOCTH OOHAPYKEHBI
st mpusHaka AA (P = 1.16e—06...3.68¢—09), natp — s
TP (P = 1.721e-06...1.24e—08) u uetsipHaauars — ans HA
(P=1.766e—06...1.737e-09) (cm. Tabnmiy).

Jnst AAu TP (A~ 1) ypoBeHb HHQIISIIMN CTAaTUCTUKH OBLIT
Ha HOMHHAJIBHOM YPOBHE, a JUIsl BCeX MPHU3HAKOB Kod(du-
IIUEHT T€HOMHOTO KOHTpPOJIs ObUT OJIM30K K E€IMHUIE, KaK
MOKa3aHo Ha Tpadukax KBaHTHIb—KBaHTHIb (QQ-rpaduxk,
puc. 1). Ognako y HA BbIsiBIIEHO HaJIMuue OJIN3KOPACIIONO-
skeHHBIX SNP, BXOJSIINX B OAMHAKOBBIE I'PYIIIBI TEHOB CO
3HAYUTENFHBIMHU IIpeBbItIeHusIMH P mopora (ASGA0104521,
P = 1.737¢—09). 3HaunMbic HYKJICOTHUIHBIC MOTUMOPHU3-
MBI OBLTH JIOKAJIN30BaHbl BHYTPH OTJEIBHBIX TEHOB. B xome
pacuera LD mexay SNP ¢ camMbIMu BBICOKUMH 3HAUCHHS-
mu P Gbutn 0TOGpaHbl MOAUMOPGU3MBL CO 3HAYECHUSIMH T2,
Hanbosee Omm3kuMu K 1 mo orHomenunio k ALGA0053356
(P = 3.115e-07, Pos 9:64845247). B pesynbrare B OJUH
ook ¢ HuM Boumin ALGA0053410, MARC0024097,
MARCO0051180, DRGA0009397, uTo moaTBep>KAaeT OXKH-
JaeMoe (yHKIHOHAJIBHOE poscTBO 0ToOpaHHBIX SNP u re-
HOB, UX BKJIIOYAIOIIUX (pHC. 2).

Amnanu3 SNP, cTarncTHYeCcKH 3HAYMMO CBSI3aHHBIX C I10-
POKaMH Pa3BUTHSI TIOPOCAT KPYITHOH OeI10i ITOpOIbI, BEISIBHI
HECKOJIBKO T€HOB, HMEIOIINX OTHOIIEHHE K Pa3IMYHBIM
O6monormdeckum mporeccaM. Tak, reasl ARMC7, FANCC
yuacTByoT B penapauuu JJHK u knerounom nukne. FANCC
MIPUHUMAET ydacTue B nepejgade anemMuu Pankonu, RND3
BBICTYTIAET KaK PETyIATOP IUTOCKEIETHBIX CTPYKTYP KIIETKH,
MPENSITCTBYONMX aare3ud. UBAP2 ¢pyHKINOHUPYET B IPO-
recce yOMKBUTUHHPOBAHUS U MOXKET ITPOSIBIISITH MOBBILICH-
HYI0 3KCTIPECCHIO B HAATIOUECIHNKAX 1 TNM(DATHUECKUX y3I1ax.
T'en PAWR sBnsieTcss OIMyXOJEBBIM CYIIPECCOPOM, KOTOPBIN
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Significant associations of single nucleotide polymorphisms (SNP) associated with the assessed traits

in piglets and their positions in the Sus scrofa genome

Character SNP RS Ch  Pos P A a B AF Gene
...................... ALGA0051997r5814078189276031772666e_06AC2001394e_030056_
(ASGAO106167 1581306460 10 31302650 1.158e-06 A G  2081251e-03 0056 FANCC
AA MARCO082230 rs81265837 12 6136945  1419e-07 G A  2193750e-03 0056 ARMC7
ASGA00S2617 1581435284 12 6229056  1419e-07 G A  2193750e-03 0056 ENSSSCG00000017216
ASGA006S580 1580936660 15 1015164  3681e-09 G A  2383802¢-03 0056 RNDI
© H3GA025901 rs81415828 9 1626616 12408 A G  6081343e-03 0056 ENSSSCGOOO00032665
ASGA0099429_9 .......... 4656663 ......... 1 246_08CA60813436_030056_ .......................................
- ASGA0040658r5814130279 ........... 1 41789031079_07GA ........ 46905716_030083_ .......................................
'MARC013008 581275805 O 1438136  1721e-06 G A  382808%e-03 0097 RIC3
ASGA054790 1s81435622 12 45034446 9638e-07 G A  3975254e-03 0083 -
. ASGAOT04521 1581304512 2 141925578 1737e-09 C A  2346000e-03 0056 ENSSSCGO0000040250
ALGAO0T4069 r1s81360100 2 85105474 1755e-06 G A  1872074e-03 0083 PAWR
ASGA0027165 581386880 5 106682107 1266e-07 A G  2036564e-03 0069 -
ASGA0090791r581309195 ..... 634358134 ....... 1 953e_06AG ......... 1 7641546_0301_ .......................................
'ALGA053356 1581412069 O 64845247 3.115e-07 A C  2010894e-03 0083 NTM
'ALGA053410 1581412202 9 65286501 3.115e-07 A C  2010894e-03 0083 NTM
|MARC0024007 1581292427 9 65379314 3.115e-07 A G  2010894e-03 0083 OPCML
B MARCODS1T80 1s81242341 9 65591835 3115607 A C 201089403 o083 OPCML
DRGA0009397r5812942959 .......... 6565029331]5e_07A62010894e_030083_ .......................................
M1GA0012732r5814157549 ........... 1 2012638 ....... 1 766e_O6AC ......... 1 307143e_030083_ .......................................
ALGAO0S3344 1581412038 O 64410416 2514e-06 G A  1799440e-03 01  ENSSSCG00000017018
'MARC041414 1581235185 16 60218765 1766e-06 G A  1807143e-03 0083 ENSSSCG00000017018
MARC()112574,-581283873 ...... 1 6 ........ 60220801 ....... 1 766e_OGGA ......... 1 8071439_030033_ .......................................
H3GA0055670_ ........................ 1 752247420 ....... 1 766e_06GA ......... 1 8071436_030083_ .......................................

Designations: SNP, single nucleotide polymorphism; RS, SNP identifier in the NIH dbSNP database; Ch, chromosome; Pos, position; P, validity; A, effector allele;
a, reference allele; B, allele effect; AF, effector allele frequency; Gene, name of the gene housing the studied SNP.

CEJIEKTHBHO MHAYIMPYET alloNTo3 B PAKOBBIX KJIETKAX Yepes3
BHYTPUKJIETOUHBIC U BHEKJIETOUHBIC MeXaHU3Mbl. R/C3 Bin-
SI€T Ha CBEPThIBAHHE M COOPKY PELENTOPHBIX CyObeNHHI] B
9HJIOIUIA3MATHYECKOM PETHKYJIYME M are3uio Ha MOBepX-
HOCTH KJIETKH.

I'enst NTM u OPCML »>kcnpecCHpyIOTCsl COBMECTHO
U HaXOJSTCS Ha COCEJHUX ydyacTKax 9-H XpOMOCOMBI:
58700168-58967505 1 59037716-59271936 1n.H. cooTBeT-
ctBeHHO (Www.ncbi.nlm.nih.gov/gene/100519556, www.ncbi.
nlm.nih.gov/gene/100738337) (puc. 3). NTM cniocoOcTByeT
POCTY U aAre3uH Ha TOBEPXHOCTH HEIPOHOB M TECHO CBS3aH
C POZCTBEHHBIM WICHOM CEMEHCTBA, ONMOWIHBIM CBSI3bIBa-
FOLIMM OEJTKOM-aKTHBATOPOM KiieTouHOM aare3un OPCML.

3aKnloueHne

HonyquHme HaMU JAHHBIC MOFyT 6I>ITI) HUCITIOJIB30BAHBI HpI/I
pa3paboTKe CEeNeKINOHHBIX MPOTPaMM, HAIPaBICHHBIX Ha
DJIMMHUHAIUIO TOPOKOB Pa3dBUTHUA U APYTUX HEKCIATCIbHBIX

188

KOJIMYECTBEHHBIX U KAYECTBEHHBIX IPU3HAKOB CBUHEH, B TOM
YHCIe SBJISIONIMXCS CIIOKHBIMU IPU3HAKAMHU. YBEIHUCHNE
cTeneHy paspemenus ckanuposanus oT 100000 SNP u Beine,
a TaK)Ke yBeJIWYEeHHE pa3mMepa BHIOOPKH OT HECKOJIBKHX CO-
TEH >KMBOTHBIX M 0OJIEe CIeIaeT BO3MOXHBIM BBISBICHUE
3HAYUTENbHO Oombirero xonmuuectsa SNP-kaHanmaToB c
BBICOKMM ypoBHeM goctoBepHocTH (P < 0.01), a Takxke
YMEHBIIICHNE «TeHeTHIecKoro nrymay (false positive compo-
nents). B utore Takoif MeTON IETEKIMH MO3BOJIUT HE TOJIBKO
BBISIBIISITH )KMBOTHBIX-HOCHUTEJIEH FeHOB-KaH/IM/1aTOB HeXeJla-
TEJILHBIX MPU3HAKOB, HO U CO3/IaTh JICIIEBBIC TECT-CUCTEMbI
JUIS UX WJICHTU(QUKAIMH. XPSIKOB-TIPOU3BOUTEINCH, NMEIO-
[[UX [TOA00HEIE F€eHETHYECKUE OCOOEHHOCTH, HEOOXOIUMO
OIICHMBATh C MOMOIIBIO KOMIUIEKCHBIX MOAENEH pacdera
IUIEMEHHOM IIEHHOCTH C YYETOM BBISIBICHHBIX MapKepoOB
(GEBV) u BbIOpakoBbIBaTh B Cily4ac KpallHe HH3KUX IIO-
Kazareseil MpoayKTHBHOCTH, a UX IIOTOMCTBO UCKJIIOUATh W3
BOCITPOHM3BOJICTBA.
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Fig. 1. Manhattan plot illustrating GWAS (genome-wide association study, top-left) and corresponding probability distributions of confidence P
(Q-Q graph) in piglets of the studied populations of large white pigs (Znamenskiy Breeding Center):

a,anal atresia (AA); b, hoof problems (HA); and ¢, spastic tremor (TP). The solid line indicates the Bonferroni level (0.05). Reliable values satisfying the null Bonferroni
hypothesis (BFR) are marked with diamonds.
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Fig. 2. Haploview LD chart illustrating 17 SNPs with the highest r2 values of coupling between ALGA0053356 and four poly-
morphic variants - ALGA0053410, MARC0024097, MARC0051180, and DRGA0009397 to form a 363-kb haploblock in group HA.
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Fig. 3. String diagram (https://string-db.org) illustrating the strong pro-
tein-mediated interaction of the coexpressed OPMCL and NTM genes, as
well as their indirect effect on RND3.

[Iponenannas paboTa WILTFOCTPUPYET HEOOXOAUMOCTh IPO-
BEJICHUSI JIOTIOJTHUTEIIBHBIX NCCIIEI0BAHNH C NCTIOIb30BaHUEM
MeTo0B GWAS B acnekTe XapaKTepUCTUKU TOMYJISALNHN Cellb-
CKOXO3AHCTBEHHBIX KUBOTHBIX 10 JIHK-Mapkepam u uaeHTu-
(hmKanuy KOMIUIEKCHBIX TEHOTHIIOB, ACCOLIMUPOBAHHBIX C Ce-
JICKIIMOHHO 3HAYNMBIMU IPU3HAKAMH KaK TIOPOKOB PA3BUTHS,
TaK 1 MPOAYyKTUBHBIX KauecTB. J[aHHOE HarpaBieHue KpaiiHe
HEOOXOIMMO B COBPEMEHHBIX YCIIOBHSIX BBICOKOI(PPEKTHB-
HOTO BOCIIPOM3BOJICTBA CEIbCKOXO3IHCTBEHHBIX KHBOTHBIX.
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Koskcnpeccus riryraMaTepruyeckyx reHoB
I T€HOB ayTHUCTMNYECKOTO CIIeKTPa B TUIIIIOKAMIIE
Yy CaMIIOB MbIIIeli ¢ HapylIeHeM COI/aJIbHOTrO IIOBEeIeHIS

VL.A. Kosaaenko @, A.T. Taasmuna, A.A. Cmarun, H.H. Kyapsisiea

DefiepanbHblii NCCeROBATENbCKUI LeHTP VIHCTUTYT uutonornm n reHeTnkn Cnbrpckoro otaeneHna Poccuinckor akageMmnm Hayk,
HoBocrbunpck, Poccus
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AHHOTOLMA. B HacToALWee BpemA CylecTBYeT NpeAcTaBNeHne O BOBEYEHHOCTY riyTamaTepruyeckon cuctembl (IT)
B MeXaHU3Mbl Pa3BMTUA ayTM3ma. B npeaplaywmx nccnefoBaHmaX Hamm ObIo MOKa3aHo, YTO HeraTVMBHBIN coLuanb-
HbII1 OMbIT, NPMOBPETEHHDBINV B €XKeAHEBHbIX MEXXCAaMLIOBbIX KOHOPOHTALMAX, MPUBOAUT K HapYLLEHVAM B COLMaIbHOM
NoBeJIEHUN: CHUXEHMIO KOMMYHVKaTMBHOCTY, HapyLWeHWo coLManm3anmnm, NoABEHNIO CTepeoTUNHbIX ¢opm nose-
[eHunA, KoTopble MOTyT pacCMaTpUBaTbCA Kak CMMMTOMbI ayTUCTUYECKOTO CreKTpa. B cBA3M € 3TUM Lenblo Haleln pa-
60Tbl 6bIIO 3yYeHMe C MOMOLLbIO TPAHCKPUMTOMHOIO aHasn3a U3MEHEHWI SKCMPeCccur reHoB, KOANPYoLWMX 6enku,
BOBJIeYeHHble B GYHKLIMOHNPOBaHME ryTamaTeprniyeckon CMCTeMbI, U FreHOB, CBA3aHHbIX C natosoruen aytnsma (MA),
B rynnokamne. B skcnepumeHTe 1MCNonb3oBany XMBOTHbIX C HAPYLUEHUAMMN COLMANIbHOTO MOBeAEHNSA, Bbl3BaHHbIMM
MOBTOPHbIM OMbITOM COLiMaNbHbIX MOGEA WNIN MOPAKEHNIN B eXe[HEBHbIX arOHUCTNYECKMX B3aumogencTemax. Ana
$OpPMMPOBaHMA rPYMM XUBOTHbIX C KOHTPACTHBIMW TUNAMU NOBEAEHWA UCMONb30BaN MOAESb CEHCOPHOrO KOHTaKTa
(xpoHunueckoro coumanbHoro ctpecca). MonyyeHHble 06pasLibl Mo3ra 6bUIn cekBeHpoBaHbl B 3A0 «[eHoaHanMTuKa»
(http://genoanalytica.ru/, Poccusa, MockBa). TpaHCKPUNTOMHbIN aHaM3 NOKa3arsl, YTo Y arpecCMBHbIX XKUBOTHbIX CHUKa-
eTcA aKcnpeccus reHoB Shank3, Auts2, Ctnnd2, Nrxn2, Lns KOTOPbIX NMOKa3aHOo yyacTue B Pa3BUTUM ayTWU3Ma, a TakXKe ry-
TamaTeprunyeckoro reHa Grm4. B To e Bpems Y XMBOTHbIX C HEraTUBHbIM COL{MalibHbIM OMNbITOM 3Kcnpeccus A Shank2,
Nlgn2, Ptcdh10, Reln, Arx Bo3pacTaeT. Mpu 31om [T (Grik3, Grm2, Grm4, Slc17a7, Slc1a4, SIc25a22), 3a uckntoyeHnem reHa
Grin2a, NOBbILWAOT CBOIO 3KCNpeccnio. KoppenAaunoHHbIA aHan3 BbIABW CTaTUCTUYECKM 3HAUNMYIO B3aIMOCBA3b 13-
MeHeHHon sKkcnpeccum [T n TA. TlonyyeHHble pe3ynbTaThbl, C OAHOW CTOPOHbI, MOTYT CIYXXWUTb NOATBEPXKAEHNEM yYacTuhA
[T B natodunsmonornm pasenTa CMMMNTOMOB ayTUCTUYECKOrO CMEKTPa, C APYron — CBUAETENbCTBOBATb O KOIKCMPeccum
T n TA B runnokamne, pa3BuBaloLLENCA NOA BAVSHUEM COUManbHON cpepbl. Tak Kak 60MblUMHCTBO A, N3MEHUBLUNX
JKCMPECCUIO B HACTOALLEM NCCIEA0BAHNY, ABAAIOTCA reHaMu, CBA3aHHbIMU C KJIETOYHbIM CKeNIeTOM U BHEKJIETOYHbIM
MaTPUKCOM, B YaCTHOCTW y4acTBYOLUMM B GOPMMPOBaHMMN CHAMNCOB, a [T, U3MeHMBLLME CBOIO IKCMPECCUIO, — FEHaMK,
KOAMPYOLWMMY Cy6beANHNLbI PELIENTOPOB, TO MOXXHO MPefNooXnTb, 4To BoBneyeHue T B natodusnonoruio aytms-
Ma NPOVCXOANT Ha YPOBHe PeLenTopos.

Kntouesble cnosa: RNA-seq; ayTn3am; runnokamn; reHbl ayTu3ma; ryTaMmaTtepruyeckime reHbl; CoLmanbHbI OnbIT.

Ana untnposaHua: KosaneHko WJ1., fanamuna AT, CmaruH [.A., Kyapasuesa H.H. Koakcnpeccua rnytamatepriuyeckmx
reHOB 1 reHOB ayTUCTNYECKOro CneKTpa B rMmnnoKamMmne y caMLoB MblLLel C HapyLUeHMeM COLMaNibHOro NOBeAeHMA.
BaBrnoBcKuMii KypHan reHeTkm u cenekuymn. 2020;24(2):191-199. DOI 10.18699/VJ20.42-0

Co-expression of glutamatergic and autism-related genes
in the hippocampus of male mice with disturbances
of social behavior

LL. Kovalenko®, A.G. Galyamina, D.A. Smagin, N.N. Kudryavtseva

Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
&) e-mail: koir@bionet.nsc.ru

Abstract. There is a hypothesis of the involvement of the glutamatergic system in the development of autism. It has
been shown that the chronic experience in daily intermale confrontations leads to disturbances in social behavior:
a decrease in communicativeness, disturbances of socialization, emergence of stereotypical behaviors that can be con-
sidered as symptoms of the autistic spectrum disorders. So, the aim of this study was to investigate changes in the
expression of glutamatergic (GG) and autism-related (GA) genes in the hippocampus of animals with impaired social
behavior caused by repeated experience of social defeat or aggression in daily agonistic confrontations. To form groups
of animals with contrasting behaviors, a model of sensory contact (chronic social stress) was used. The collected brain
samples were sequenced at JSC Genoanalytica (http://genoanalytica.ru/, Moscow, Russia). Transcriptomic analysis re-

© KoBaneHko WJ1, Tanamuna AT, Cmarun [I.A., Kyapasuesa H.H., 2020
This work is licensed under a Creative Commons Attribution 4.0 License



I.L. Kovalenko, A.G. Galyamina
D.A. Smagin, N.N. Kudryavtseva

Co-expression of glutamatergic and autism-related genes
in the hippocampus of male mice

vealed a down-regulation of autism-related (Shank3, Auts2, Ctnnd2, Nrxn2) and glutamatergic (Grm4) genes in aggres-
sive mice. At the same time, the expression of GA-related genes (Shank2, Nign2, Ptcdh10, Reln, Arx) and GG genes (Grik3,
Grm2, Grm4, Slc17a7, Slc1a4, Slc25a22) excluding Grin2a was increased in defeated mice. Correlative analysis revealed
a statistically significant association between GG and GA expression. These results can serve as a confirmation of the
participation of the glutamatergic system in the pathophysiology of the autistic spectrum disorder.

Key words: RNA-seq; autism; hippocampus; glutamatergic genes; autism-related genes; social experience.
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BBepeHmne

[Tonaratot, 9TO BBIpaXKEHHBIE HAPYLICHUS B COLUAIBHOM
TIOBE/ICHUN MOTYT CBHUJICTEIbCTBOBATH 00 ayTH3Me, KOTOPBII
MPOSIBIISIETCST B JIGTCKOM BO3PAcTe M IMPEJCTABISIET cO0Oi
HapyIICHUs Pa3BUTHS HEPBHOI cucteMsl (Bauman, Kemper,
2005; Zablotsky et al., 2015). Cormacao DSM-1V (American
Psychiatric Association..., 1993), nuarHocruueckue Kpu-
TEPUN ayTH3Ma BKIIOYAIOT TPHATy OCHOBHBIX IPHU3HAKOB:
YXYIIICHAE COIMAIN3aIIH, O/l KOTOPOH MOXXHO TIOHMMAaTh
CIIOCOOHOCThH WHAWBHJA aICKBATHO BCTPAUBATLCA B COLIUYM
B HOBOW 0OCTaHOBKE, HU3KHH YPOBEHb OOUIUTEIHHOCTH U
MIOBTOPSIIOIIEECSI/CTEPEOTUITHOE TTOBEACHUE. XOTSI H3yUCHHUE
ONM3HEI0B CBUJICTEIBCTBYET O BBICOKOW HACIEIyeMOCTH
aytm3ma (Hallmayer et al., 2011), a1 onuH TeH He ompeneneH
KaK CIMHCTBEHHAs MPUYHMHA PA3BUTHUS 3TOTO 3a00JICBaHUSI.
He}IaBHI/Ie TCHOMHBIC U I'CHCTHUYCCKHEC UCCIICAOBAHUA I10-
Ka3aJIn, YTO COTHHU T'€HETHUECKUX BAPHAHTOB, BKIIIOYAIOIINE
o011Ie U pe/IKue B3aUMOJICHCTBHIS TeHOB, CIIOCOOCTBYIOT BO3-
HUKHOBeHHto ayth3ma (Miles, 2011). CortacHO pa3iuuHbIM
6a3am mansbx (http://omim.org/, http://www.genecards.org/,
http://autism.mindspec.org/autdb/Welcome.dohttp://www.
malacards.org), B 6a3e reHOB ayTH3Ma HaCYMTBIBACTCS OKOJIO
1500 reHoB, KOTOpPBIC B TOW WJIM HMHOH Mepe BOBJICYCHHI B
MEXaHU3MBI ayTH3Ma. MHOTHE TeHbI, CBSI3aHHBIC C Pa3BUTH-
€M T'OJIOBHOI'O MO3Tra, — INOTCHIHAJIbHBIC I'CHbI-KaHAW1AaThl
ayTH3Ma, K HIM OTHOCSITCS TeHBI H CeMeHCTBa TeHOB Shank
(1-3), Nign, Reln, Arx, Pcdh, Mecp2, Auts2 (Kleijer et al.,
2014; Liu et al., 2015).

JluteparypHble JaHHBIE CBHETEIBCTBYIOT 00 y4acTuu
Pa3IMUHBIX HEHPOMEAMATOPHBIX CHCTEM (Hampumep, cepo-
TOHEPIUYECKOH, 10(aMUHEPTUUECKO) B pa3BUTUH ayTH3Ma
(Paval, 2017). B mocenaee BpeMs 00IbIIOe BHUMAaHUE Y/e-
JsleTcs TITyTaMareprudeckoi rumorese ayrusma (Rojas, 2014).
B nosne3y 3T0# TEOpUU TOBOPUT TO, UTO [NIyTamar sIBJISIETCS O11-
HHUM 13 HanOoJiee pacipoCTpaHEeHHBIX HEHPOTPAHCMUTTEPOB
B MO3Te MJICKOITUTAIOINX, €r0 PEIENITOPBI COCPEIOTOUCHBI B
obnactsix Mosra (MO3KEUOK, TUIIOKaMII, MpedpoHTaIbHas
KOpa), B KOTOPBIX 00HAPYKEHBI HEHPOIIaTOIOTHIECKIE H3Me-
HEHUs P ayTu3Me. Bo B3pociiom Mo3re riryramarHble perer-
TOpBI yuacTBYIOT B 00yueHun u namsatu (Riedel et al., 2003;
Simonyi, 2010). ['myTamar-omocpenoBaHHbIE MEKHEHPOHHBIE
B3aUMOJICHCTBHS TAKXKE UTPAIOT POJIb B (HOPMHUPOBAHUH IMO-
1uoHanbpHOTO ToBeaeHus (Morgane et al., 2005; Faure et al.,
2010). ITokazaHo, 4To A7 OOJTBHBIX ayTH3MOM XapaKTepeH
TIOBBILIICHHBII YPOBEHb IITyTamMaTa B IIa3Me KPOBH, KOTOPBIH
MOXKET JIAKe CITY)KUTh OJIHUM U3 OMOMapKepOoB 3TOro 3abose-
BaHUA (Zheng et al., 2016). Y marmeHTOB ¢ ayTH3MOM O00OHa-
PYKHBAIOTCSI M MOJICKYJISIPHO-TEHETHUECKUE TTOBPEKICHUS
mrytamareprudeckoit cucremsl (I'T). Tax, Hampumep, ecTh
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coO0O0IIEeHNsT 0 MyTalMsIX B FeHaX IIyTaMaTHOTO perenTopa
GIuR6 (Jamain et al., 2002), a Tak)ke MUTOXOHIPHATHHOTO
neperocunka mrytamara (AGCI1, ren Slc25a12) (Ramoz et al.,
2004). U3menenns nadmonarorcs Ha yposae M-PHK, 6emnkoB-
TpaHCropTepoB U penenTopos [T B mocMepTHBIX 00pa3iax
Mo3ra 6oipHBIX ayT3MmoM (Purcell et al., 2001). B menom
HEKOTOPbIE HCCIIEIOBATEIIN CBS3BIBAIOT ayTH3M C Ae(DUIIUTOM
nIyTamarepruueckoit cucremsl B mosre (Carlsson, 2015).

Panee HaMu OBIIO MOKAa3aHO, YTO B YCIOBHUSIX XPOHHUE-
CKOTO COLMAIIBHOTO KOH(IMKTA, BHI3BAHHOTO MOBTOPHBIM
OIIBITOM T00€] WIIM NOPAKEHUH B €KEIHEBHBIX MEKCAMIIO-
BbIX KoH(poHTamusax (Kudryavtseva, 1991), y camiioB MbI-
mei GopMHUPYIOTCSl HE TOJIBKO TOBBIIICHHAS TPEBOXKHOCTB,
arpecCHUBHOCTB WJIH JICTIPECCHUBHOI0I00HOE TTIOBEICHUE, HO 1
HapyIIeHNs KOMMYHHUKAaTUBHOTO MTOBE/ICHHS U COIIMAIEHOTO
B3auMosieiicTBys. Takue >KHBOTHBIE JIEMOHCTPHUPOBAIIN CHHU-
JKEHHYIO0 KOMMYHHKaTHBHOCTb, & TAKXKE CTEPEOTHITHBIE (Op-
MBI TIOBEJCHNUS (QyTOTPYMHHI, BCTAaBaHWE HA 3a/IHUE JIAIlbI,
KpY’KeHHE, pa3pblBaHNE U pa30pachIBaHNE MTOJICTUIIKH, TIOBO-
POTBI B TIPBIKKE U JIP. ), YTO TI03BOJISIET PACCMATPUBATh JIAHHYIO
MOZIENb KaK MOJIENb, BOCIIPOM3BO/IAILYI0O HEKOTOPBIE YEPThI
ayructudeckoro nosezeHus (Kosanenxo, Kynpsisiesa, 2010),
(hopMHUpYIOIIUECs O] BIUSHUEM COIUAIbHOU cpeabl. [Ipu
3TOM HAIIH NIPEABIIYIIIE UCCIIEI0BAHNS TI0OKA3aJIH, UTO B 3TOT
nporecc ObUIM BOBJIEUEHBI T€HBI ayTHCTHYECKOTO CIIEKTA,
IKCIIPECCHsI KOTOPBIX U3MEHSUIACH 01 BIUSTHUEM arOHUCTHU-
yeckux B3anmozeiicteuii (Kudryavtseva et al., 2017).

B cBs131 ¢ 3TUM 11eTbI0 HACTOSIIEH paOOThI OBIIIO H3YyYHUTh
Y )KUBOTHBIX C QJIFTEPHATHBHBIM OITBITOM COLIMAJILHOTO ITI0BE-
JICHUSI, TO3UTUBHBIM M HETATHBHBIM, B3aHMOCBSI3b H3MEHEHUS
9KCIPECCHUU TeHOB, KOAMPYIOMINX OEIKH, BOBJICUCHHbBIC B
(ynkuponnpoBanue I'T, v reHOB, CBSI3aHHBIX C MATOJIOTHEH
aytm3ma (I'A) B runmokamme. Be16op 3Toit CTpyKTypHI TOTOB-
HOTO MO3Ta OCHOBaH Ha MHOTOYHCIICHHBIX JTHTEPATYypPHBIX
JIAaHHBIX O TOM, YTO TMITIIOKaMIT HEIIOCPEICTBEHHO Y4acTBYET
B MMaTOTE€HeTHYeCcKuX mporeccax ayrm3ma (DeLong, 1992),
B pa3BUTHHU TpeBOXHBIX pacctpoiicTs (Irle et al., 2010) u
nenpeccu (Savitz, Drevets, 2009). 'unimokami oTBeyaer 3a
SMOIMOHAIBHYIO CaMOPEryJIsINi0, 00y4aeMOCTh U MaMATh.
A, KaK N3BECTHO, HAPYIICHHE UMEHHO 3THX (PYyHKIUH 4acTo
HaOJIIoaeTCsl y JIIONIeH, IEMOHCTPUPYIOILUX CUMIITOMBI ay TH-
CTHYECKOTO CHEKTPA.

MaTtepwuanbl n metogbl

7KuBoTHBIE. DKCTIEPIMEHTHI TPOBOIFIIN Ha CaMITaX MBIIIEH
muaun C57BL/6J B Bo3pacte 2.5 Mec. 1 Maccoii Tenma 2628 1.
JKuBOTHBIE OBLIM IPUBE3EHBI U3 MUTOMHHKA JIAOOPATOPHBIX
XKHUBOTHBIX THCTHTYTa OMOoOpraHudecKoi xuMun Poccuniickoit
akagemun Hayk (ITymmno, MockoBckas obmacts). DKcrie-
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PHMEHT ITPOBOJIMIIN B BUBAPUU KOHBEHIIMOHAIBHBIX JKHBOT-
HbIX MHCTHTYTa nuTONory M reHeTukn Cubupckoro ote-
nerns PAH. Bony u kopm (TpaHyIbl) )KHBOTHEIC TIOTYYaJIH B
JlocTaroyHoM KonrmuectBe. CBetoBoi pexnm Obi1 12C: 12T.
Bce npornerypbl OCyIIECTBISITH B COOTBETCTBUH € MEXKILY-
HapOAHBIMH NIPABMIIAMH ITPOBECHUS SKCIIEPUMEHTOB C K-
BotHbIMH (Directive 2010/63/EU of the European Parliament
and of the Council on the Protection of Animals Used for
Scientific Purposes). [IpuMensieMble METOANKN JUTS N3y IEHHS
MOBE/ICHHs Y Mbleit Obun oo0pens! HayuHol komuccneit
(Ne 9) MnacturyTa muronormn 1 reaetikr CO PAH (ITpotokon
Ne 613 ot 24.03.2010).

IMoBenenyeckue ucciaenoBanus. /s GopmupoBaHus
aJIBTEPHATUBHOTO OMBITA COLIMAIBHOTO MOBEICHNS Y CaMIIOB
MBIIIEH HCIIOJIB30BAINM MOJIENIb CEHCOpHOTO KoHTakTa (Kud-
ryavtseva et al., 2014). )KUBOTHBIX MOMAapPHO MOMEIIATH B
9KCIIEPUMEHTANIBHBIC KJIETKH, Pa3JeJICHHbIE TON0JIaM IIpo-
3payHOM TIEPEropoiKON ¢ OTBEPCTHSIMH, MTO3BOJISIBILCH MbI-
I1aM BHJIETh, CJIBIIIATH, BOCIPUHUMATH 3araxu JIpyT JIpyra
(CeHCOpHBIN KOHTAaKT), HO MpeAO0TBpaIaBmiel husnueckoe
B3anMoJeiicTBue. ExxelHEBHO BO BTOPOH ITOJIOBHUHE JHS
(15:00-17:00) yOupanu meperopojKy, 4To MPUBOIUIO K
AarOHUCTHYECKHUM B3aUMOJCHCTBUSIM. B TedeHne mepBbIx
JIBYX-TpeX JHEH TeCTOB BBISBIISUIN IToOequTeNeH (arpeccopos/
arpecCHBHBIX J)KUBOTHBIX) M 0COOEH, TEPISIINX MOPaKEHUs
(>KepTB) P B3aUMOICHCTBUU C OJTHUM M TEM )K€ TTAPTHEPOM.
B nanpHeiiniem exeHEBHO 1OCIIE TECTA TTOOEKICHHOTO camIia
MepeCcaKUBAIIM B HOBYIO KJIIETKY K HE3HAKOMOMY arpeccuBHO-
My IapTHEPY, CUAALIEMY 3a [Ieperopoakoil. Bsaumoaerictue
CaMIIOB MPEKpaIaliy, €CJIM HHTEHCHBHBIE aTaK! CO CTOPOHBI
Hara aromieil 0coor BO BpeMsl arpeCCHBHBIX CTOJIKHOBEHUH
JUINIHACH 00JIee TPeX MHUHYT, YCTaHABIMBAs MEXKJy HUMHU
neperopoaky. B mccnenoBanue ObUIM B3ATHI arpecCUBHBIC
JKMBOTHBIE C 20-THEBHBIM ONBITOM MOOE] (arpeccopsl) U ¢
20-THEeBHBIM OTIBITOM TMOpa)keHUH (GKepTBHI). B kauecTBe
KOHTPOJISI NCTIONIB30BAJIN CaMIIOB, HE MMEBIINX IT10CIIE/I0Ba-
TEJIFHOTO OIBITA aTOHUCTHYECKUX B3aMMOJICHCTBHN. B Kax-
JIo Tpytme 0110 10 14—16 )KUBOTHBIX.

KonniecTBeHHYIO OLIEHKY PEaKIMH IKCIIEPUMEHTAIBHBIX
JKMBOTHBIX Ha HE3HAKOMOT'O MAapTHEpa Ha HEUTPAIBLHOHN Tep-
PHUTOPHUH IPOBOIIITH TP TIOMOIIIN TECTA «COIHATIHHEIC B3aH-
mopeiictBus» (Kudryavtseva et al., 2017). Kak mapamerpst
COIIMAJILHOTO TIOBEJCHUSI MBI pacCMaTpUBAIN uzbezanue
HE3HAKOMOTO TIApTHEPA HIIH )K€ 3aMHPaHUE TIPH €TO MOAXO0/E
U npubnaudicenue K TapTHEpY: MOAX0/Ibl, OOHIOXUBAHUS, CIIe-
JIOBaHME 32 MapTHEPOM; KaK MapaMeTpbl HHANBUIYaIbHOTO
MIOBE/ICHHNSI BBIJICIISUIN CHIOLKY — BCTABAHHS HA 33 JHUE JIAIIbI,
SBIISIIOIINECS TTOKA3aTelIeM HCCIIE0BaTeIbCKON aKTHBHO-
CTH, aymoepyMuHe, CIly’)Kallui Mmoka3arejaeM CMENIeHHON
AKTHBHOCTH U HEa/IeKBaTHOTO CTEPEOTUITHOTO MOBEACHUS, 1
08UAMENbHYIO AKMUBHOCTb, OLICHUBAIOIITYIO HHTEHCUBHOCTD
MIepeIBIKEHHUH 110 KIIETKE.

CratucTrdeckyo o0pabOTKy MOTYYCHHBIX JAaHHBIX BBI-
MOJHAIM ¢ “cnonb3oBaHueM nakera nporpamm STATISTICA
(ver. 8.0; StatSoft, Inc., 2001). [IpoBepka HOPMAITLHOCTH pac-
IpeieNIeHNs KONMYECTBEHHBIX TPU3HAKOB ObIIa TPOBEICHA C
ucroab3oBanueM kpurepust Lllanmupo-Yuka (Shapiro-Wilk’s
W-test). [TockosibKy BEIOOPKH HCCIICIOBAHHBIX TAPaMETPOB
MOBEACHUS YIOBIETBOPSUIN TUIIOTE3€ O HOPMAJIBLHOM pac-
MIPe/IeICHNH, OBUIM MCIIOJIB30BaHbl METO/BI IapaMeTpuye-
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KoaKcnpeccvm rnytTamateprunyeCcKnx reHoB U reHoB
aAyTUCTNYECKOro CrneKTpa B rmnnokamne y camuoBs Mblwen

CKO CTaTUCTHKHU: OJJHO(PAKTOPHBIN JJUCIIEPCHOHHBIN aHAJIH3
(ANOVA) ¢ dakropom «rpymmay (KOHTPOJIb, arpecCHBHBIC
CaMIIbl, JKepPTBHI); TTOCIIEyIONIee MOMapHOe CPaBHEHHE TO-
KazaTeneil ocymecTBisud ¢ nomoibio LSD-tecta @uiepa.

IIpu noMo1u KOppeNALUOHHOTO aHaiau3a no merony Ilup-
COHa MBI HCClieIoBail B3auMocBs3b skcnpeccun [T u TA.
B sKcrepuMeHTalIbHBIX MOBEIEHUSCKUX TPyIMNax ObUIO IO
10—12 *XMBOTHBIX.

RNA-Seq-ananu3 nposogwiu ¢ nomoubio 3A0 «I'eHo-
ananutuka» (http://genoanalytica.ru, Mocksa). Meroauka
aHaym3a nopobHo onucana panee (lamsvuna u ap., 2017).

MBI IpOBENH MPOBEPKY PE3YIIBTATOB, CPABHUB UX C JIaH-
ueiMu B.M. Kadakkuzha (Kadakkuzha et al., 2015), npex-
CTAaBUBIIUMHU ITOJHBIM TPAHCKPUIITOMHBIN aHAJIH3 TCHOB
B THIIIOKAMIIE MHTAKTHBIX MbIield. OOHapyX eH BBICOKHH
ypoBeHnb koppeisinuu (0.74 mo CriupMeny) Mexay dKCIpec-
cuei reHoB ayTn3Ma U [Ty KOHTPOJBHBIX 0COOEH B HAIIEM
9KCTIEPUMEHTE U Y MHTaKTHBIX )KUBOTHBIX B padote (Kadda-
kuzha et al., 2015), 4T0 MOXET OBITH JOIIOJHUTEIBHBIM J10-
Ka3aTeJIbCTBOM aI€KBaTHOCTH NpUMEHseMoro Metona. Kpo-
M€ TOT0, OCYIIECTBIISUIN KPOCC-BEPH(UKAINIO PE3yIIbTAaTOB
(Babenko et al., 2017) ¢ nanHbiMH, TOTyueHHBIME B CTIH/I-
thopackom yauBepcurete (Zhang et al., 2014), u o6Hapy) MMM
3HAYUTENIFHYIO KOPPEISIHIO MEX/Ty HOIMH. DTO JI0Ka3bIBACT,
YTO METOJ TPAHCKPUIITOMHOTO aHAJIN3a ITO3BOJISIET BBISBUTD
MPOUCXOISIINE B MO3T€ MOJIEKYIISIPHBIE ITPOIIECCHI.

B kauecTBe Bepu(pHKAIMN JaHHBIX HACTOSIIETO SKCIEPH-
MEHTA HCII0JIb30BAJIN PE3YJIbTAThI, TOJY4YEHHbIC HAMU paHee
npu momormu RT-PCR (Smagin et al., 2013), sxcripeccust xo-
TOpBIX, 110 MeToty RNA-Seq, Obuta n3meHeHa. bputo nokazaHo
COBIIJICHHUE HAPaBJICHHOCTH U BBIPAKEHHOCTH U3MEHEHUI
9KCTIPECCUH JJISl TEHOB, KOAUPYIOIIUX OCIKN CEpOTOHEPTH-
YeCKOW CHCTEMBI B SIIpax IIBa CPETHETO MO3Ta, MOITYYCHHBIX
[PY IPUMEHEHUH 3TUX METOJIOB, YTO IT03BOJISIET FOBOPUTH O
BBICOKOH HaJICKHOCTH PE3YJIBTaTOB ITOTO HCCICAOBAHUS U
0 CTaOMIILHOCTH MPUMEHEHHOTO METO/A.

JlexanuTanuio Bcex TpeX IpyHI IKCHEPUMEHTAIbHBIX
JKMBOTHBIX IPOBO/MIIN OJHOBPEMEHHO HA CIEAYIOIHUH IeHb
rocJie mocyeHe KOoHPpOHTanuK. [ UImoKamI U3BIICKaCs
OJIHUM HCCJIEZIOBATENIEeM B COOTBETCTBUH C aHATOMHUYECKUM
atmacom Mmosra (Allen Mouse Brain Atlas; http://mouse.
brainmap.org/static/atlas). Bce oOpasipl momernanu B pac-
tBop RNAlater (LifeTechnologies, CILIA) n xpanunu npu
temneparype —70 °C no cekBeHupoBanud. [IpoBonmnm nBa
THIIA CPABHEHNUS: KOHTPOJIb—ArPecCOPhl U KOHTPOIb—KEPTBBI.

Jist n3ydeHuss U3MEHEHUH NIy TaMaTepruyeCcKOl CUCTEMBbI
B TUIIIOKAMIIE€ JKUBOTHBIX C HAPYIIEHHBIM COI[AIBHBIM TO-
BEJICHNEM OBIJIM NCCIIEI0BAHbI: TEHBI IIEPEHOCYMKOB NIy Tama-
ta: Slcl17a6, Slcl17a7 wu Slcl7a8; rensl, kogupytoiiue 1—4-10
cyOpenmHUIBI HOHOTpomHOTO AMPA-penienitopa: Grial,
Gria2, Gria3, Gria4; TeHsl, Komupyroomue 1-5-r0 cyobean-
HUIIBI HOHOTPOITHOTO KAMHATHOTO IIIyTaMaTHOTO peLenTopa:
Grikl, Grik2, Grik3, Grik4, Grik5; rensl, xogupyromme 1,
2a, 2b, 2¢, 2d, 3a, 3b cyopenuaUIBI HOHOTpOITHOTO NMDA -
peuenropa: Grinl, Grin2a, Grin2b, Grin2c, Grin2d, Grin3a,
Grin3b; reHsl, KOTUPYIOIIHE METaOOTPOITHBIE PEIETTOPHI
1-8-ro mogtumnos: Grml, Grm2, Grm3, Grm4, Grm5, Grm6,
Grm7, Grm8; renbl, koqupytomue 1 u 2-10 CyObeAUHUIIBI [Ty~
TaMaTHOTO HOHOTPOITHOTO penenTopa aensra Gridl u Grid2;
GRID2IP — 6enok, B3aumopeicTBytomuiit ¢ Grid2; TeHBI
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(depMeHTa mIyTaMaTaeKapOOKCHIIa3bl, METAOOIU3UPYIOIICH
rytamat B TAMK: Gadl n Gad2.

ITo renernuecknm 6azam manabelx OMIM (http://omim.
org/), GeneCards (http://www.genecards.org/), MalaCards
(http://www.malacards.org/) u3 1.5 TeIC. aHHOTHPOBaHHBIX
T'€HOB OBLIO BEIOPaHO 0KOJIO 80 OCHOBHBIX T'€HOB-KaHJHIaTOB
ayTn3Ma, KOTOPbIE B JaJIbHEHIIIeM ObLIH IPOCMOTPEHBI B THII-
MIOKaMIIe y KOHTPOJIBHBIX 0COOEH 1 JKMBOTHBIX C HAPYILLIEHHBIM
COLIMANIBHBIM TTOBeieHHEeM. [IpH aHaIM3e CpaBHUBAIIH MO TPH
poOBI OT KaX/JI0M IPYIIIbI )KUBOTHBIX.

Pe3ynbraTbl

Hcecaenopanue HapyumeHHl cONMAJBHOIO NMOBeACHUS
Y CaMIIOB MbIlIIel 10/ BJAUSTHHEM XPOHUYECKOT0 COLHATb-
HOro crpecca. ANOVA BBISIBIIT JOCTOBEPHOE BIUSIHAE (hak-
TOpa «rpymnma» (KOHTPOJIb, arPecCopbl, JKEPTBhI) Ha H30era-
uue maptaepa (F(2.29) = 52.30, p < 0.001), npubmmkenne
(F(2.28)=1097.4, p <0.001), Bpems croek (F(2.29) =661.7,
p<0.001), Bpems nBurarensHoi akTuBHOCTH (F(2.29) =2549,
p<0.001). CpaBrenne rpynn LSD-tecrom @urmrepa (puc. 1)
BBISIBUJIO YBEIIMUCHNE BPEMEHH U30ETaHusl Y )KEpPTB, 110 CPaB-
HEHHUIO C KOHTPOJIEM U arpecCUBHBIMU KUBOTHBIMH (p < 0.001
1t o0enx rpym). [To cpaBHEHHIO ¢ KOHTPOJIEM Y arpeccopoB
1 JKepTB TaKKe OBIJIO MOKa3aHO CHIDKCHUE BPEMEHH CTOEK
(p < 0.001 mst obeux TPyIMI) U BPEMEHH HPUOIMIKCHUS
k maptHepy (p < 0.001 mis obenx rpymm). Kpome Toro, y
JKEPTB BpeMs NPHOIKEHNST K TTApTHEPY ObIIO CHMKEHO U
[0 CPAaBHEHHUIO C arpecCUBHBIMU KUBOTHBIMU (p < 0.006).
BbIsABIEHBI yBETMUEHNE BPEMEHH JIBUTATEIILHOM aKTHBHOCTH
y arpeccopoB (p < 0.001) u cHmKeHHE BPEeMEHH Y JKEPTB
(p <0.042), mo cpaBHEHUIO C KOHTPOJIBHBIMU JKUBOTHBIMHU.
Bpewmst 1BuraresnbHON aKTHBHOCTH OBUIO 3HAYUTEIIBHO HIKE
Y JKepTB, 10 cpaBHeHHIo ¢ arpeccopami (p < 0.001). Kpome
TOTO, Yy YKEPTB OBbUIM YBEJIMUEHBI YUCIIO U BPEMs ayTorpy-
MHHTA, 110 CpaBHEHUIO ¢ KoHTposeM (p < 0.041, p < 0.034
COOTBETCTBCHHO).

Takum 00pa3om, Mbl BUJHMM, YTO B TECTE «COLMAIbHBIE
B3aUMOJICHCTBHS» JKEPTBBI aKTUBHO U30€rain HE3HAKOMOTO
napTHepa (Tectepa) Ha HeWTpaJibHOM TeppuTopru. OHU pesiKo
MEPBBIMU MOAXOUIN U MIPOSIBIISIIM HHTEPEC K HE3HAKOMOMY
MapTHEPY, B OTINYUE OT KOHTPOJIsl. KOHTpOIbHBIE KUBOTHBIE
LIEJICHANPABICHHO CJIEJOBAJIM 32 MAPTHEPOM, OOHIOXUBAIIH
ero. Y KepTB Takke ObIJIO CHUKEHO BPEMsI CTOEK, paccMar-

Co-expression of glutamatergic and autism-related genes
in the hippocampus of male mice

pHBaeMoOe HaMH Kak I10Ka3aTellb UCCIIeI0BATEIbCKOM aKTHB-
HocTH. Kpome Toro, y HUX OBUIO YBEJIMYEHO BPEMS JEMOH-
CTpalliy ayTOrPYMHHTA, KOTOPBIH MOXKET OLIEHMBATHCS Kak
IMMPU3HAK CTCPCOTUIIHOI'O IMOBEACHUS. le/l 3TOM OTMCYCHO,
YTO Y arpeCcCUBHBIX )KUBOTHBIX OBUIM CHIKEHBI TapaMeTPhl
KOMMYHHUKAaTHBHOCTH, YTO MOXXET CBHJICTEIbCTBOBAThH O Ha-
PYIIEHHUSX COLUAIBHOTO MoBeeHus. bonblryio yacts 10-mu-
HYTHOTO TecTa (OKOJI0 5—6 MHH) arpeccopsl XaOTHYHO TIepe-
MeIIaaich Mo KIeTKe, He oOpalias BHUMaHHs Ha TapTHepa:
06ulee BpeMs JlBI/IF&TCJ'l])HOﬁ AKTHBHOCTHU 6])[]'10 3HA4YUTCIIbHO
GonbIiIe, YeM Yy KEPTB, YTO MOXKET OTpaKaTh pa3BUTHE THIIEP-
AKTHUBHOCTH M, TO-BHIUMOMY, Je(UINT BHUMaHUs. PaHee
HaMH 6])1.]'[0 IMOKa3aHO, YTO B arOHUCTHYCCKUX BSaMMOﬂeﬁ-
CTBHSIX arpeccopbl 4acTO JEMOHCTPUPYIOT OBICTpBIE TTOBO-
POTHI B IPBDKKE WITH YK€ IOBTOPSIIOIINECS TOBOPOTHI BOKPYT
ocu Tela B Tecte «reperopoaka» (Kudryavtseva, 2006), T.e.
CTEPEOTUIINH y arpeCCUBHBIX MBIMIEH 3TOH JIMHUM MOTYT
MIPOSIBIIATBCS B IPYTOM TecTe U Apyroi gopme. Takum 00-
paszoMm, 'y arpeccopoB, U Yy KepTB B pe3yibTare 20-1HEeBHbIX
ArOHUCTHUYECKUX B3aMMOJICHCTBUI Pa3BUBAIOTCS CHMIITOMBI
AyTHCTUYECKOTO CIEKTPA.

Hccaenopanne s3xcnpeccnn I'T u I'A y camuoB Mbleii
¢ KOHTPACTHBIMHU THIIAMH COLHAJILHOTO NOBeAeHus. B pe-
3ynbrare aHanu3a naHHbIX RNA-Seq B runmokamiie oOHa-
PYKCHO U3MCHCHHUE OKCIIPECCUU JCBATU I'CHOB-KAHAMNIAaTOB
aytusma (puc. 2, Tadm. 1). Tak, y )KepTB BBISIBICHO YBEINICHHE
akcnipeccun TeHoB Shank2 (p < 0.040), Nign2 (p < 0.047),
Pcdh10 (p < 0.011), Reln (p < 0.026) u Arx (p < 0.0002),
10 CPAaBHEHHUIO C YPOBHEM 3KCIIPECCUH Y KOHTPOJIBHBIX K-
BOTHBIX. Y arpeCcCHBHBIX MBIIICH B TUIIIIOKAMITE TIO]T BIIUSIHHU-
€M IMOBTOPHOI'O OIIbITa arp€CCrUur B MEKCaAMIIOBbIX KOH(prH-
Tarusax oOHApYKEHO CHIKEHHE KCIIPECCHHU TeHOB Shank3
(p <0.010), Auts2 (p < 0.023), Ctnnd2 (p < 0.020), Nrxn2
(p<0.010).

BbuH mpoaHan3upoBaHbl M3MEHEHHS yPOBHSI SKCTIPECCHU
TEHOB, KOJMPYIOUINX OCJKH, BOBJICUCHHBIC B (PyHKIIMOHHU-
posanue I'T B rummokamme mbimei (cm. tadm. 1, puc. 3).
[TokazaHo, 94TO y MBIIIEH B THIITIOKaMIIe IO/ BIMUSHUEM TO-
BTOPHOTO OIIBITA arPECCHH B MEKCAMIIOBBIX KOH()POHTAIMAX
cHmxkeHa skcnpeccus reHa Grm4 (p < 0.023), konupyromero
MeTabOTPOMHBIN perentop 4-ro moaThmna. Y XKepTB OBLIO
o0OHapy>keHO CHIKeHHe dKeripeccun rena Grinla (p <0.01),
Koziupyouiero cyobeannuily 2a nonorpornsoro NMDA -pe-
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Fig. 1. Behavior of the aggressors and losers in the social interactions test.

*p < 0.05;*** p < 0.001 vs control; ** p < 0.01; *** p < 0.001 - losers vs aggressors.
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Fig. 2. Change in GA expression in the hippocampus of aggressors and
losers.

*p <0.05;** p <0.01; *** p < 0.001 - vs control.

Fig. 3. Change in expression of GG in the hippocampus in mice with
a disturbances of social behavior.

*p <0.05, ** p <0.01 - vs control.

Table 1. Differential expression GG and GA in hippocampus of aggressors and losers

Genes Agressors Losers
................................. A 550c|atedw|thaut|st|c5pectrumd|sorders
Shank3 5|-|3 . a n d Mu |t|p|eAnkyr|nR e peat Dom am53 .................................................. vv .............................................................................................
Auts2, Activator of Transcription and Developmental Regulator v o
Cmndz Caten m De |ta 2 ................................................................................................... v .................................................................................................
er,,z Neu rexm 2 ............................................................................................................. v .................................................................................................
Shankz 5|_|3 a ndMu |t,p|eAnkyn n Repeat Domamsz .................................................................................................... A ...............................................
N/g,-,ZNeurohg,nz ............................................................................................................................................................. A ...............................................
Pth 7 0 Promcadherm]o .................................................................................................................................................. AA ...........................................
Re/n Reelm .......................................................................................................................................................................... A ...............................................
Arx Ar,sta|e55 Re|ate d Ho meObOX .................................................................................................................................... AAA .......................................
|m,o|vedmthefunct,on,ngofthegmtammerg,csystem ............................................................................................................................
Gm-,4G|utamateMetabotrop,cReceptor4 ................................................................... v ............................................... A ...............................................
Grin2a, Glutamate lonotropic Receptor NMDA Type Subunit2A woo
Grik3, Glutamate lonotropic Receptor Kainate Type Subunit3 VA
G,m2GmtamateMetabotrop,CReceptorzAA ..........................................
SLC17a7So|utecarr|er|:am||y]7Member7A ..............................................
S[C]a4So|utecarr|erFam||y’|Member4AA ..........................................
5152502250|utecarr,erpam,|y25Membe,—zzA ..............................................

Note: Decreased expression: V' —p < 0.05; V'V - p < 0.01. Increased expression: A — p < 0.05; A/ - p < 0.01; AA/ - p < 0.001 vs control.

LIENTOpa, TIPH STOM IOBBIIIANIACH KCTIpeccust TeHoB Grm?2
(p <0.004) u Grm4 (p < 0.02), KOAUPYIOIIHUX METAOOTPOTI-
HBIE perenTops! 2 U 4-ro moaTumos, rera Grik3 (p < 0.003),
KOZINPYIOIIETO CYyObEeANHUILY 3 MOHOTPOITHOTO KaWHATHOTO
TIyTaMaTHOTO PELENnTopa, TeHOB MEPEeHOCYUKOB IITyTaMara
Slcl7a7 (p<0.051), Slcla4 (p<0.01), Slc25a22 (p <0.028).

Pesynbrarsl KOPpENsIMOHHOTO aHaJIM3a MPOJIEMOHCTPH-
pOBalii BBICOKUM YpOBEHb KOPPEJSIIIUOHHON B3aUMOCBA3U
Mexay akcrpeccuedl I'T u T'A y )KMBOTHBIX HCCIENYEMBIX
rpymm (cM. Taoum. 1 n 2). Koppensius Mex1y ypOBHSIMH 9KC-

npeccun A u I'T moka3piBaeT BOBMOXKHOE y4yacTHE IVTyTa-
MaT3Pru4eCcKOi CUCTEMbI B MEXaHU3MaX 3TOT0 3a00JICBaHMS.
N3 T'A nambomplee 9UCI0 KOPPENIIHA 0OHAPYKEHO IS
reHoB Nign2, Pcdhl0, Arx, Ctnnd2, Nrxn2. B 10 %e BpeMs
YPOBCHB 3KCIIPECCUH T'eHa Reln KOPPEIUpPYeET TOJIBKO C yPOB-
HeM dKcnpeccun rena Slcla4.

3nauenus sxcnpeccun Hekotopelx I'T u A B egunmuax
FPKM, Mexxly KOTOPBIMU YCTAHOBJIEHA CTaTUCTUYECKH 3HA-
YuMasi KOppensTUBHAs B3aUMOCBS3b, TIOKA3aHBI HA pHC. 4.
Bonbias yacTb reHOB IEMOHCTPUPYET MOJOKHUTEIBHYIO KOP-
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Table 2. Co-expression of GG and GA (Pearson coefficient value)

Co-expression of glutamatergic and autism-related genes
in the hippocampus of male mice

Gene Nign2 Pcdh10 Reln Shank2 Shank3 Arx Auts2 Ctnnd2 Nrxn2
Grm2 0.761 0.581 0.138 0.644 0.657 0.538 0.547 0.692 0.668
Grm4 0.894 0.915 0.537 0.827 0.810 0.862 0.602 0.868 0.823
Grin2a -0.825 -0.870 -0.397 -0.643 -0.521 -0.823 -0.581 -0.733 -0.867
Grik3 0.847 0.946 0.597 0.851 0.708 0.956 0.693 0.854 0.862
Slc1a4 0.677 0.640 0.696 0.515 0.437 0.714 0.178 0.632 0.561
Slc17a7 0.878 0.696 0.231 0.738 0.691 0.727 0.679 0.864 0.875
Slc25a22 0.922 0.918 0.457 0.906 0.792 0.940 0.802 0.933 0.935
a b 9
10 4100 90 16 -
Nign2
st -80 Slc1a4
12+
60
s of 160 < s
N4 x x
& & g8
4+ -40
30f Reln
5L 12 Grin2a 4r ._./I\H/.\I—I/.
Arx
0 0 0
K1 K2 K3 A1 A2 A3 L1 L2 L3 K1 K2 K3 A1 A2 A3 L1 L2 L3 K1 K2 K3 A1 A2 A3 L1 L2 L3

Fig. 4. Correlating GG and GA.

K1-3 - control animals; A1-3 - aggressors; L1-3 - losers. a, The right axis of ordinates is for the Shank3 gene, the left one is Arx and Grm4.

pernsituio apyr ¢ aApyrom. Hampumep, sxcripeccust Grm4, enun-
CTBEHHOT'O T'€Ha, KOTOPBIIT N3MEHMII SKCIIPECCHIO U Y KEPTB,
1y arpeccopoB, TOJIOKUTEIBHO KOPPEIUPYET C SKCIPECCH-
et [A: Shank3 (r=0.810,p<0.01) u Arx (r=0.862, p<0.01)
(cm. puc. 4, a). Oxcnpeccus rena Grin2a AEMOHCTPUPYET
OTPHIATENILHYIO KOPPEISIHNIO ¢ 3Kkcnpeccueil I'A, Hanpumep
reHoB Nign2 (r=-0.823,p<0.01) u Arx (r=-0.823,p<0.01)
(cMm. puc. 4, 6). EXTMHCTBEHHBIN T'eH, C KOTOPBIM KOPPETUPYeT
YpOBeHb 3Kcrpeccuu rera Reln, — ato Slclad4 (r = 0.696,
p <0.05) (cm. puc. 4, 6).

O6cyxpeHue

B Hammx npeapiaymumx padorax Obli0 0OHapyKeHO, YTO MoC-
ne 20 nHEl arOHUCTHYECKNX B3aNMOACHCTBHN U IPOKUBAHHS
B YCJIOBUSIX XPOHHYECKOTO COIIMAIBHOTO KOH(IMKTA y 3KC-
MEPUMECHTAJIbHBIX CaMIIOB HApYyIAaOTCA MHOTUEC TapaMETPhI
conmanpHoro moseneHus (Komamenko, Kynapssuesa, 2010),
CXOJKHE [0 CHMITOMATHKE C 3a00JICBAHUSIMHU ay THCTHYECKOTO
criekrpa. Mbl cuuTaeM, 4To B JAHHOM CJIy4ae KOMOPOHIHbIE
AyTHCTHYECKUE CHUMITOMBI Pa3BUBAIOTCA Ha (POHE APYTHX
3a001eBaHUi. DTO MOXKET OBITH TPEBOKHO-ACTIPECCHBHOE
COCTOSIHME, BO3HMKAIOLIEE BCJICICTBHE XPOHMYECKOIO CO-
IHAIBHOTO cTpecca y camioB Meimeir C57Bl/6 (Berton et
al., 2006; Kudryavtseva et al., 2006) wmn karanencuu, pas-
BuBaronieiics y xkuBotHbix CBA/Lac (Kudryavtseva et al.,
2006), wn xe maronorumdeckoit arpeccun (Kudryavtseva,
2006), popmupyromIeiics o/ BIMSHUEM TIOBTOPHOTO OITBITa
arpeccud. B imTeparype CyliecTByIOT JJaHHbIE, CBHJIETEIIb-
CTBYIOIIHE, YTO KOMOPOUIHOCTD ay THCTHYECKUX CHMIITOMOB
1 PacCTPONCTB HACTPOCHUSI MOXKET OBITH CIIEICTBUEM PaOOThI
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OJIHUX M TE€X YK€ TeHOB, IMPOJYKThl KOTOPHIX BOBJIEKAIOTCS B
MaTo(hU3N0IOTHUECKIE MEXaHU3Mbl Pa3BUTHSI 3TUX 3a0oie-
Banuit (Ragunath et al., 2011).

B cBsi3u ¢ 3TMM OMHUMO T€HOB, [UIsi KOTOPBIX MOKa3aHO
yd4acTHE B Pa3BUTHH CUMIITOMOB ayTH3Ma, MBI HCCIIEIIOBAIN
TaKxke n3MeHeHus skcnpeccun I'T (TpaHncnoprepos, perern-
TOPOB, EPMEHTOB KaTaboJM3Ma), TaK KaK U3BECTHO, YTO 3Ta
HelpoMennaTopHasi CHCTEMa BOBJICUEHA B pa3BUTHE JAHHON
naronoruu (Carlsson, 2015).

MpbI BBISIBUIM B THIIIOKAMIIE U3MEHEHHE IKCIPECCUU
cemu I'T": ren Grin2a xonupyer NR2 , -cyonennnuny NMDA-
peuenropa; Grm2 u Grm4 — MeTabOTPOIHbIC IITyTaMaTHbIC
peuenropsl, mGIluR2 1 mGIuR4 coorBercrBenno; Grik3 —
CyOBeMHUIy KauHaTHOTO perentopa, Slcla4 u Slcl7a7 —
TpaHcnopTepsl nrytamara Vglutl; Slc25a22 — 6enox muro-
XOHJIPHAJILHOTO TIEPEHOCYHKa Tiiyramara. M3amMeHuu cBoro
AKCTIPECCHIO 9 TEHOB, ACCONMMUPOBAHHBIX C 3a00JIEBAaHUAMHU
ayTHCTUYecKoro crekrpa: Shank2, Shank3, Nign2, Reln, Arx,
Nrxn2, Auts2, Ctnnd2, Pcdhl0.

Benxu cemeirictsa SHANK, nsBecTHbIe Takke Kak ProSAP,
SBIISIIOTCS CTPOUTEIBHBIMU OCNKaMH Ha BO30YKIAIOMINX
ryTamarepruyeckux cuHarcax. Tak, ren Shank2 xopupyer
0eToK, B3aUMOICHCTBYIOIMINI HA IMOCTCHHAITUIECKON MEM-
O6pane ¢ NMDA-penentopom, y4acTByst B CHHANTHUCCKOM
nryramareprudeckoit nepenade (Carlsson, 2015). Bosieuenue
B IIPOIECC Pa3BUTHS ayTU3Ma Te€HOB Shank ObLTO BIEpBBIE
ormcano it Shank3. Harpumep, OBLTO OTMEYEHO, YTO MBIIIIH,
rerepo3urotHeie o 6enky Shank3 (Shank3+/delta-C), nemon-
CTPHPOBAJIM HU3KUH yPOBEHB COIIMAIBHOTO PACTIO3HABAHNUS U
komMyHuKatneHocTH (Wang et al., 2011). B mureparype Obu1o
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MOKA3aHO, YTO AJISl ayTHCTUUECKUX CHMIITOMOB XapaKTEpPHO
cHkeHne pyHkmu Shank2 (Won et al., 2012). Hapymenus B
COLIMAJILHOM ITOBE/ICHUH XapaKTEPHbI KaK ISl HOHMYKEHHOTO
(Pegaetal., 2011), Tak u st noBeimeHHoro (Moessner et al.,
2007) yposus 6enka SHANK3. B mameit paboTe Takxke 00-
Hapy>KeHbI MOBBILICHHBII YPOBEHb 3KCIpeccuu rena Shank?2
Y CHIDKEHHBIH ypOBeHb reHa Shank3. BeposiTHO, HapyIIEHUS
B COLIMAJILHOM ITOBEAICHHH MOTYT OBITh CBSI3aHBI C JTIOOBIMH
W3MEHEHHSMH B ()YHKIIMOHHPOBAaHHUH 3THX OelkoB. M3BecTHO,
uyt0 ProSAP2/Shank3 Biusiet Ha pabOTy IITyTaMaTepruueCKux
CHHAIICOB, B3aWMOJICHCTBYSI ¢ BHEKJICTOYHBIM C-KOHIIOM
HeiiponuruHoB (Meyer et al., 2004). Myrtanuu B 3TOM reHe
yXyAIalT CHHANTHYECKYIO Tiepenady (Arons et al., 2012).
CrenoBarenbHO, MOKHO IPE/ITIONOKHUTE, YTO BIMSTHHE OSIIKOB
SHANK Ha pa3BuTHe ayTUCTUYECKUX CUMIITOMOB OCYIIIECTB-
JsieTcsl 4yepe3 nu3MeHeHHe (PyHKIMOHMPOBAHUS IIyTaMarep-
THYECKOH CHCTEMBI.

3HauuTeNbHYIO 4acTh I'A, N3MEHUBIIUX CBOM ypOBEHb
AKCIPECCHH B HaIlel paboTe, COCTABISIOT TeHbBI KIETOYHON
aaresun: Nlgn2 — ueiiponurud 2-ro tumna; Pcdhl( — npoto-
kagepus;, Ctnnd2 — d-xarenun; Nrxn3 — Hevipekcun 3. s
BCEX ITHUX OEJIKOB MHOTOKPATHBIMH HCCIIEOBAHUSIMU OBLIO
MOKa3aHO y4acThe B (POPMHUPOBAHIHN COIMAIBHOTO ITOBE/ICHUS
1 PacCTPOUCTB ayTUCTUYECKOTO crieKTpa. M3BecTHO, 4TO U3-
MeHeHue ypoBHs 6ermka NLGN2 MoKeT BIUATh Ha COMAITb-
HOE 1 SMoIMoHaIbHOoe IoBeaeHue (Mackowiak et al., 2014).
VY ayTHCTHUECKUX OOJIHBIX OOHApY)KEHBI MyTallul B T€HAX
Pcdhl10 (Anitha et al., 2013), Ctnnd?2 (Turner et al., 2015),
Nrxn3 (Vaags etal., 2012). Kpome Toro, MpoIyKTHI STUX TCHOB
B3aMMOJICHCTBYIOT C NiIyTaMmaTepruueckon cucremoit. Tak,
HaIrpuMep, HelpOIUTHHBI BBI3BIBAIOT KiIacTepu3anuio Vglut-
MOJIOKUTENBHBIX CHHANTHYeCKUX My3bIppkoB (Graf et al.,
2004), 6e3 yero HEBO3MOXKHO CO3PEBaHUE U (PYHKIIMOHUPOBA-
HHe cuHarca. [IpaBaa, TaM ’e OTMEUEHO, UTO ATO XapaKTEPHO
JUIsl HeHpolIMruHa 1, a HeMpOJUIUH 2 He pacroiaraeTcsl Ha
OJIHOM CHHAIICE C TPaHCIOpTepoM IiryTamara. OOHapykeHO,
YTO B OTCYTCTBHE HEHUPOIUTHHOB CHUXKaeTcs uucio Vglutl-
nmonoxuTenbHbIX TepmuHaner (Chih et al., 2005). MoxHo
MPEIONIOKHTH, YTO HA CAMOM JieJIe HeHPOJIMIHH B3aUMO/ICH-
CTByeT HenocpenacTBeHHo ¢ NMDA -petienitopamu, a mepeHoc-
yrk Vglutl BEICTYIaeT TONBKO B KAYECTBE MapKepa 3THX pe-
nentopoB. Uto kacaetcs mpoaykra rena Pedhi(), To ycTaHOB-
JIEHO, 4TO IPOTOKAAEPUHBI JIOKAIH3YIOTCS HA HeHpOoHax, (op-
MUpyIOIIKX IIyTamarepruyeckue AMPA u kauHaTHbIe perern-
topsl (Puller, Haverkamp, 2011). Kpome Toro, nokaszaso, 4to
y MBIIIEH, HOKAyTHBIX IO T€HaM NIPOTOKAJEPHHOB, CHI)KEHO
YHUCITIO TITyTaMaTHBIX TpaHcnopTepoB Vglut 1-2 (Chen et al.,
2012), 9T0 TaKXe CBUAETEILCTBYET O B3aUMOCBSI3H MEKILY
MPOTOKAJIEPUHAMU U IIyTaMaTepruieckoil CUCTEMOM.

[IpomyxTsl reHOB Arx U Reln (610K PUIMH) UTPAOT BaXK-
HYIO POJIb B MEXaHM3Max IIpe- ¥ MOCTHATAILHOTO HelporeHe-
3a. Y4acTue 9TUX I'eHOB B AaTO(HU3MUOIOTHH ayTH3Ma SBIIAETCS
CTIIOPHBIM: YacTh aBTOPOB ITPUBOAAT JIAHHBIE B ITOJIb3Y 3TOTO
(baxra (Wall et al., 2009), B To Bpemsi Kak JIpyTrye orpoBepraroT
ero (Persico et al., 2001). B To ke Bpemst 0OHapy»)eHa CBS3b
9THX TEHOB C ()YHKIIMOHHUPOBAHHEM IITyTaMaTepruyecKoit
cucreMbl. Tak, U3BECTHO, YTO MyTallUi B TeHE A7x CBSI3aHbI
C U3MEHEHHSMH B NNTyTaMaTepruieckoil cucremMe y OOIbHBIX
smunenicueit (Beguin et al., 2013), a 6emox puitnH criocoOeH
HOBBIIIATh MOOUILHOCTE PELENTOPOB, copepKaimx NR2 -
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KoaKcnpeccvm rnytTamateprunyeCcKnx reHoB U reHoB
aAyTUCTNYECKOro CrneKTpa B rmnnokamne y camuoBs Mblwen

CyObeqUHMILY, CHIDKas BpeMs ee MpeOBIBaHUs B CHHAIICE,
TakuM 00pa3oM, U3MEHSS COCTaB PEIENTOPOB B CTOPOHY
npeobnananus NR2 , -cyosenunumsl (Groc et al., 2007).

T'en Auts? xopupyeT DKCIPECCUPYIOMINICS B TOJIOBHOM
Mo3re OeJI0K ¢ HEU3BECTHOH (DYHKIIUCH, XOTS MPEII0NararoT,
YTO OH BOBJICYCH B MEXaHU3MBbI Pa3BUTHS HEPBHOI CHCTEMBI
(Oksenberg et al., 2013). MyTauuu B 5TOM I'eHe 00OHAPYKEHBI
y MAIMEHTOB ¢ ayTHCTHYeCKIUMH paccTpoiicTBamu (Liu et al.,
2015). [TokazaHo, 4To Auts2 SKCIPECCUPYETCs HA TITyTamMmaTep-
rUuecKux Heiiponax runmokamma (Hori et al., 2014).

Tak xak O60mpmHIHCTBO A, N3MEHHUBIINX JKCIPECCHIO B
HallleM HCCJIeIOBaHNHU, — I'CHbI, CBSI3aHHbBIC C KJIETOYHBIM
CKEJIETOM M BHEKJIETOYHBIM MaTPHUKCOM, B YaCTHOCTH yd4a-
CTBYyIOIIHE B (HOPMHUPOBAHUHU CHHATICOB, a [ T" — TeHbI, KOJIH-
pytomiue cyObeIMHUIBI PELENTOPOB, TO MOXKHO I10JIararb,
YTO W3MEHEHHE aKTUBHOCTH IITyTaMaTepruYecKoil CHCTEMBI
MIPOSIBIIACTCS B Ay THCTUIECKUX CHMIITOMAX.

KoppensiunoHHBIH aHaJIM3 HAIIMX SKCIEPUMEHTAIbHBIX
JAHHBIX B LI€JIOM BBIIBUJI BBICOKUN YPOBEHB KOPPENALUN
Mexay skcnpeccuet I'T u TA. Uckitouenne coctaBui reH
Reln, xoppenupyromuii Tobko ¢ reHoM Slcla4. XapakrepHo
TaK)Ke, 4TO Be3/ie 0OHAPYKUBAeTCA MOIOKUTEIbHAS Koppe-
TSIHS. MEXKAY TeHAMU, B TO BpeMs Kak re’ Grinl2a oTpuIa-
TenbHO KoppenupyeT ¢ ['A. OnHaKo CHMXKEHHE HKCIIPECCHU
Grin2a, MPOIYKT KOTOPOTO siBIIsieTCst cyobeauaniieit NMDA -
perenTopa, XOpOIIo COTNIACYETCS C TUTEPaTyPHBIMH JJaHHEI-
MH, CBSI3bIBAIOIIMMHU Pa3BUTHE ay TACTHUECKMX CHMIITOMOB C
nedunmtoM >TUX perentopos (Lee et al., 2015). Dxcnpeccust
rera Nlgn2 xoppenupyeT ¢ 3kcrpeccueit Beex [T, axempec-
cust reHoB Pcdhl0, Arx, Cttnd2, Nrxn2 — ¢ 3kcrupeccuei
MPAKTUYECKN BCEX T€HOB. DTO IMO3BOJISIET MPEINOIOKHUTD,
YTO UMEHHO TIPH TIOMOIIHY JaHHBIX TeHOB [T BoBIeKaeTcs B
MEXaHU3MbI Pa3BUTHsI ayTUCTUYECKOTO TOBEACHUS. MOXKHO
BUJIETH, YTO BCE HanOoJee KOPPENUpPYIOIie TeHbI, KpoMe
Arx, — TeHBI KJIETOYHON aAre3nu. MBI mperonaraeM, 9To
MPOIYKTHI 3TUX T€HOB YYaCTBYIOT B COE/JIMHEHUH CHHAIICOB,
B TOM YHCJIE ITyTaMaTepPTUIeCKUX, C KICTOUHONH MEMOPaHO.
Taxum 00pa3oM, OHU BOBICKAIOTCS B (DYHKIIMOHHPOBAHHE
nIyTaMmareprudeckoit cucremsl. ClieoBaTenbHO, U3MEHEHNE
HKCIIPECCHU ITHX T€HOB M3MEHSAET YpOoBeHb akTUBHOCTHU I T,
YTO, B CBOIO O4YePE/Th, TPUBOAUT K U3MECHEHHSIM B COITHATHHOM
MOBE/ICHHUH, XOTSI HEJb3s UCKIIIOUUTH U OOpaTHBIM BapHaHT
B3aMMOJIEHCTBHS.

3aknioyeHue

[IpoBeneHHOE UCCIEAOBAHNE MOATBEPAUIO TOTYyUESHHBIE
paHee pe3ynabTaThl, CBUIACTEIBCTBYIONINE O TOM, YTO ITOJ
BJIMSIHAEM XPOHUYECKOTO COIMAILHOTO KOH(IIMKTA y CaM-
I[OB MBIIIEH MOTYT Pa3BUBAThCs HAPYIIECHHUS COIHAIBHOTO
MOBEJICHUS, TIPHYEM B 3TOM TPOIIeCcCe yUacTBYIOT KaK T'€HBI,
KOJMPYFOIUE OCIIKU, BOBJICYCHHBIC B ()YHKIIMOHHPOBAHUC
TIyTaMaTepruuecKOi CHCTEMBI, TaK U TEHBI, CBSI3aHHBIC C
maToJoruel ayTm3ma. KodKCrpeccust 3THX TeHOB MO3BOJISCT
TOBOPUTH O BOBJICUCHUHU TIIYyTaMaTePTUUYECKON CHUCTEMBI
TOJIOBHOTO MO3Ta B Pa3BUTHE MATOJOTHH COIMATIBHOTO IIO-
BeacHUA. [lomydeHHBIE pe3yNbTaThl MOTYT CIYKHTH TOKa-
3aTeJILCTBOM TOTO, UTO ayTUCTUUYECKUE CUMIITOMBI MOTYT HE
TOJIBKO OBITH CIIEICTBHEM T'€HETHUYECKUX HApyIIeHWH, HO U
pa3BUBATHCS B TCUCHUE KI3HA HHIUBHUTyYMa IO/ BIUSHIEM
CTPECCOPHBIX BO3/IEHCTBUH.
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Abstract. Hypothalamic melanocortin 4 receptors (MC4R) regulate energy balance. Mutations in the MC4R gene are
the most common cause of monogenic obesity in humans. Fibroblast growth factor 21 (FGF21) is a promising anti-
obesity agent, but its effects on melanocortin obesity are unknown. Sex is an important biological variable that must
be considered when conducting preclinical studies; however, in laboratory animal models, the pharmacological effects
of FGF21 are well documented only for male mice. We aimed at investigating whether FGF21 affects metabolism in
male and female mice with the lethal yellow (AY) mutation, which results in MC4R blockage and obesity development.
Obese C57BI-A” male and female mice were administered subcutaneously for 10 days with vehicle or FGF21 (1 mg per
1 kg). Food intake (Fl), body weight (BW), blood parameters, and gene expression in the liver, muscles, brown adipose
tissue, subcutaneous and visceral white adipose tissues, and hypothalamus were measured. FGF21 action strongly
depended on the sex of the animals. In the males, FGF21 decreased BW and insulin blood levels without affecting Fl. In
the females, FGF21 increased Fl and liver weight, but did not affect BW. In control A”-mice, expression of genes involved
in lipid and glucose metabolism (Ppargc1a, Cpt1, Pck1, G6p, Slc2a2) in the liver and genes involved in lipogenesis (Pparg,
Lpl, Slc2a4) in visceral adipose tissue was higher in females than in males, and FGF21 administration inhibited the ex-
pression of these genes in females. FGF21 administration decreased hypothalamic POMC mRNA only in males. Thus,
the pharmacological effect of FGF21 were significantly different in male and female A”-mice; unlike males, females were
resistant to catabolic effects of FGF21.

Key words: FGF21; A*-mice; melanocortin obesity; sex differences; liver; hypothalamus.
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AHHoOTauumA. [unoTanammyeckre MenaHoKopTUHOBbIE peLienTopbl 4-ro Tuna (MK4P) npuHiMaltoT yyacTtue B nogaepxa-
HUW 6anaHca sHepruun. MyTauuu B reHe, kogupytowem MK4P, — Hanbonee pacnpocTpaHeHHas NprUYMHa MOHOJTIOKYCHOTO
oxupeHus y niopei. Daktop pocta prbpobnactos 21 (FGF21) paccmaTprBatoT B KaUeCTBE NepCreKTYBHOro KaHamaaTa
ONA MeMKaMeHTO3HOrO NIeYeHUA OXKMPEHUA, OJHAKO HEVN3BECTHO, BIUAET NI OH Ha MENaHOKOPTUHOBOE OXMpPEHHUe.
Mon ocobeit HEOOXOAUMO YUnTbIBaTb NPY NPOBEAEHUN AOKINHNYECKUX MCCNef0BaHNUIA, HO Y TabOPaTOPHbIX *KUBOTHbIX
dapmakonornueckne spdektbl FGF21 n3yyanu Tonbko Ha camuax. B HacTosAwen pabote nccnegosaHo BavaHne FGF21
Ha MeTab0n3M y CaMLOB U CaMOK Mbllueii ¢ myTaumeit lethal yellow B nokyce arytn (AY), koTopaa NnpruBoanT K 61okage
MK4P B runotanamyce 1 pa3sutuio oxrpeHus. Camuam 1 camkam mbiein AY niuHnm C57BIl ¢ pa3BrTbIM OXKMPEHEM BBO-
LWNN NMOAKOXKHO B TeueHune 10 gHel dpusmnonorudecknii pactsop unm FGF21 (1 mr/kr). Mamepanu notpebnexrie nuwm
(M), maccy Tena (MT), noka3aTenu KPoOBM 1 SKCMPECCUIO FEHOB B MeYeHu, MblLULax, 6ypor XXMPOBOW TKaHW, MOLKOXHOMN
1 BUCLepanbHON 6enoli X1poBo TKaHu 1 runotanamyce. dddektol FGF21 3aBucenu ot nona XMBOTHbIX. Y CamLOB
FGF21 cHuxan MT n ypoBeHb MHCynHa B KpoBu 1 He BnuAn Ha M. Y camok FGF21 ysennunsan M1 n maccy neyeHn, Ho
He BAnAN Ha MT. Y KOHTPONbHbIX caMoK AY SKCNpeccus reHoB YrneBOLHO-KNPoBOro obmeHa (Ppargcia, Cpt1, Pck1, G6p,
Slc2a2) B neyeHun 1 reHoB nunoreHesa (Pparg, Lpl, Slc2a4) B BucLepanbHO XKMPOBOI TKaHM Obina Bbllle, YeM Y CaMLIOB,
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Y mblwen ¢ myTtaumen lethal yellow (A)
dapmakonornueckme adpdekTol FGF21 3aBucaT ot nona

1 BBegeHue FGF21 cHM»Kano sKkcnpeccmio 3Tx reHoB TOMbKO y caMok. BeepgeHmne FGF21 ymeHbliano yposeHb MPHK
MNMOMK B runotanamyce TonbKo y camLoB. [TonyyeHHble pe3ynbTaTbl AeMOHCTPUPYIOT, UTo GpapmMakonornyeckuin 3bpexTt
FGF21 3HaunTenbHO pa3nuyaeTca y CaMLUOB 1 CaMOK Mbillel ¢ MyTaumen A': B 0TAMYMe OT CaMLIOB, CaMKM NPOABAAIOT

YCTONUMBOCTb K KaTabonnyeckomy geinctauio FGF21.

Kntouesble cnoBa: FGF21; mbiwn AY; MenaHOKOPTUHOBOE OXMPEHME; NOSTOBbIE Pa3finyKA; NeYeHb; rmnotanamyc.

Introduction

Obesity is a serious problem in modern society, this being the
reason why various methods of combating obesity (medicinal,
non-medicinal, preventive, etc.) are under intensive investi-
gation. Hypothalamus plays a critical role in coordination of
energy homeostasis, and mutations in various hypothalamic
genes responsible for controlling appetite and metabolism lead
to obesity (Singh et al., 2017). Melanocortin (MC) obesity,
caused by mutations in the melanocortin system of the brain, is
the most common genetic form of obesity in humans (Farooqi
et al., 2003; Girardet, Butler, 2014). Melanocortin system
regulates energy intake and expenditure. Activation of type 4
melanocortin receptors (MC4R) in the hypothalamic neurons
reduces food consumption and increases energy expenditure,
while their blockade or loss (knockout) is associated with
hyperphagia, gradual development of obesity, and insulin
resistance (Tao, 2010). In humans, the loss of MC4R func-
tions causes severe obesity (Farooqi et al., 2003), but intensive
search for therapeutic options of MC obesity correction has
yet not identified an efficient drug (Fani et al., 2014).

Fibroblast Growth Factor 21 (FGF21) is assumed to be
one of the most promising candidates for obesity treatment,
because administration of FGF21 or its analogs was shown
to reduce body weight in laboratory rodents, monkeys, and
humans (Jackson et al., 2015). In rodents, it is efficient against
both diet-induced and genetic forms of obesity (leptin 0b/ob
or its receptor db/db deficiency) (Kharitonenkov et al., 2005;
Coskun et al., 2008). FGF21 is an atypical member of the
fibroblast growth factor family; it possesses a hormone-like
activity and is involved in maintaining energy homeostasis,
regulation of carbohydrate and lipid metabolism, and adapta-
tion to various stresses, including metabolic, such as nutri-
tional deficiencies and calorie overload (Xie, Leung, 2017).
FGF21 induces weight loss through its effects on the central
nervous system (Lan et al., 2017). It is not known whether
melanocortin system is involved in signal transmission from
FGF21 to the CNS. If melanocortin signaling pathways are
involved in the central action of FGF21, loss of function of the
melanocortin system could reduce or eliminate the beneficial
effect of FGF21 on metabolism and body weight. However,
the pharmacological effects of FGF21 have not been studied
in melanocortin obesity models.

Most animal studies of physiological and pharmacological
effects of FGF21 have been made on males (Kharitonenkov et
al., 2005; Coskun et al., 2008; Xu et al., 2009; Camporez et al.,
2013; Markan et al., 2014). However, sex steroids have such
a significant effect on the regulation of metabolic processes
that National Institutes of Health (NIH) recognized sex as an
important biological variable that must be considered when
conducting preclinical studies (Mauvais-Jarvis et al., 2017;
Clayton, 2018). In a few studies performed on rats and mice of
both sexes, sex differences in the expression of FGF21 in liver
(Lee etal., 2016; Chukijrungroat et al., 2017) and other tissues
(Gasparin et al., 2018) were observed, exhibiting differential

manifestation in obesity and starvation (Bazhan et al., 2019).
These data suggest that the physiological and pharmacological
effects of FGF21 may vary in individuals of different sexes.

The objective of this study was to investigate the phar-
macological effects of FGF21 in male and female mice with
melanocortin obesity. As a model of melanocortin obesity, we
used mice with the lethal yellow mutation at the agouti locus
(4”). In mice, 4” mutation causes ectopic overexpression of the
agouti gene (Bultman et al., 1992). 4¥-mice have yellow coat
color and develop obesity and non-insulin-dependent diabetes
with age (Wolff et al., 1999), due to ectopic expression of
agouti gene in the hypothalamus, which evokes chronic block-
age of MC4Rs by the agouti protein (Michaud et al., 1997).

We found that therapeutic effects of FGF21 in 4”-mice
strongly depended on the sex. In male 4”-mice, the blockage
of MC4Rs did not prevent anti-obesity effect of FGF21, and
its administration resulted in weight loss and decreased blood
insulin levels. In females, FGF21 administration increased
food intake without reducing body weight and glucose and
insulin concentrations in blood, but inhibited the expression
of genes related to glucose and lipid turnover in liver and
increased liver weight. Thus, female 4¥-mice were resistant
to anti-obesity effects of FGF21.

Materials and methods

Ethical approval. All experiments were performed accord-
ing to the Guide for the Care and Use of Laboratory Animals
(1996) and the Russian National Instructions for the Care and
Use of Laboratory Animals. The protocols were approved by
the Independent Ethics Committee of the Institute of Cyto-
logy and Genetics (Siberian Branch of the Russian Academy
of Sciences).

Animals. C57BI and C57BI1-4” mice were bred in the vi-
varium of the Institute of Cytology and Genetics in reciprocal
crosses. The mice were separated from their mothers at the
age of 4 weeks and housed in groups of 56 per cage. At the
age of 30 weeks, each mouse was placed into a separate cage
and housed individually until the beginning of the experiment.
The mice were housed under a 12/12-h light-dark regime (light
from 07:30 to 19:30) at an ambient temperature of 22-24 °C.
The mice were provided ad libitum access to commercial
mouse chow (Assortiment Agro, Turakovo Village, Moscow
region, Russia) and water.

FGF21 (1 mg per 1 kg) or PBS were administered sub-
cutaneously at the end of the light period (17:00-17:30) for
10 days. We have chosen this dose based on literature data.
T. Coskun et al. (2008) showed that daily FGF21administra-
tion at this dose reduced body weight and blood glucose
concentrations in male mice. To reveal the effect of FGF21
on glycaemia, fasted blood glucose was measured before and
during the experiment. The mice were fasted overnight for
two days before the first injection and at the seventh day of
the experiment (after seven injections of FGF21 or PBS), and
blood glucose was measured at the end of fasting. Glucose
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concentrations were measured using a Lifescan One Touch
Basic Plus glucometer. Body weight and food intake were
measured daily for 6 days prior to fasting and within 24 h of
refeeding after fasting.

On the last day, the animals were sacrificed by decapitation
(an hour after the injection), and samples of trunk blood were
collected; liver, brown adipose tissue (BAT), and subcutaneous
and abdominal white adipose tissues (WAT) were weighed,
and the tissues were collected and snap-frozen in liquid nitro-
gen to evaluate gene expression. Seven male and six female
mice received PBS (control); six male and five female mice
received FGF21.

Plasma assays. Concentrations of insulin, leptin, and adi-
ponectin were measured, respectively, using Rat/Mouse In-
sulin ELISA Kit, Mouse Leptin ELISA Kit (EMD Millipore,
St. Charles, Missouri, USA), and Mouse Adiponectin ELISA
Kit (EMD Millipore, Billerica, MA, USA). Concentrations
of glucose, triglycerides and cholesterol were measured co-
lorimetrically using, respectively, Fluitest GLU, Fluitest TG,
and Fluitest CHOL (Analyticon® Biotechnologies AG Am
Miihlenberg 10, 35104 Lichtenfels, Germany). Concentrations
of free fatty acids were measured using NEFA FS DiaSys kits
(Diagnostic Systems GmbH, Holzheim, Germany).

Expression and purification of mouse FGF21. Mouse
FGF21 coding sequence (aa 29 to 210) was optimized for
Escherichia coli expression and synthesized by Genewiz
(South Plainfield, NJ, USA). This DNA sequence was sub-
cloned into the expression vector pE-SUMOpro (LifeSensors
Inc., USA). This construct was used for induction of fusion
6xHis-SUMO-fgf21 protein in E. coli BL21 (DE3) cells.
The purified 6xHis-SUMO-fgf21 was cleaved using SUMO
protease 1 and loaded onto a column with Ni-NTA resin.
The FGF21 protein (aa 29 to 210) was in the flow-through
fractions. Size exclusion chromatography on a Superdex 200
10/300 GL column was used as a final purification step. The
absence of bacterial endotoxins in FGF21 protein sample was
confirmed by LAL-test (< 0.2 U/ug protein).

Relative quantitation real-time PCR. Total RNA was
isolated from tissue samples using ExtractRNA kit (Evrogen,
Moscow, Russia) according to the manufacturer’s instructions.
First-strand cDNA was synthesized using Moloney murine
leukemia virus (MMLV) reverse transcriptase (Evrogen)
and oligo(dT) as a primer. TagMan gene expression assays
(Applied Biosystems) listed in Table 1 were used for relative
quantitation real-time PCR with B-actin as an endogenous
control according to manufacturer’s manual. Sequence am-
plification and fluorescence detection were performed on an
Applied Biosystems ViiA 7 Real-Time PCR System. Relative
quantification was performed by the comparative threshold
cycle (AACT) method.

Statistical analysis. Each result is presented as an arithme-
tic mean+ SE for a sample size (i.e., number of mice) indi-
cated. Three-way ANOVA with factors “sex” (male, female),
“experimental group” (PBS, FGF21 administration), and “day
of experiment” (1-6) was used to analyze FGF21 effects on
food intake and body weight; with factors “sex”, “experimen-
tal group”, and “eating” (daily FI before and after fasting), to
analyze FGF21 effect on FI after fasting. Two-way ANOVA
with factors “sex” and “experimental group” was used to ana-
lyze FGF21 effects on blood parameters and gene expression
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with multiple comparisons using the post hoc Duncan test.
Significance was determined as p < 0.05. The STATISTICA 6
software package (StatSoft) was used for analysis.

Results

Biochemical characteristics of blood and plasma. No dif-
ferences between male and female 4”-mice were observed in
concentrations of blood glucose, either before or during the
experiment. Only the plasma level of adiponectin was higher
in females than in males. FGF21 administration significantly
decreased plasma insulin specifically in male mice. Both
male and female mice tended to respond to FGF21 admini-
stration by decreased plasma levels of free fatty acids (FFA)
(Table 2).

Body weight (BW), weights of fat and liver, and food
intake (FI). FGF21 administration exerted differential effects
on BW in male and female mice (p < 0.001, F, ;,+12.2,
“sex” x “experimental group”, three-way ANOVA, Fig. 1).
In males, FGF21 contributed to weight loss, and significant
differences in BW between male mice treated with PBS and
FGF21 were observed from day 5 of the experiment (see
Fig. 1). In females, FGF21 administration did not affect BW.

The weights of both subcutaneous and abdominal WAT
were higher in female mice, whereas no such differences
could be detected in the case of BAT, FGF21 administration
did not affect fat weights in either males or females (Fig. 2).
Liver weight was lower in females, and FGF21 administra-
tion increased this parameter in females, without affecting it
in males (see Fig. 2).

The effect of FGF21 on Flwas also sex-dependent (p<0.0001,
F, 15£20.7, “sex” x “experimental group”, three-way
ANOVA, Fig. 3, a). FGF21 administration did not affect FI in
males, but significantly increased it in females from the first
day of the experiment (see Fig. 3, a).

We also assessed the effect of FGF21 on FI during the
24-h period of refeeding after overnight fasting. Fasting
taken alone stimulated FI, and FGF21 administration further
increased it during refeeding in both males and females
(p<0.001, F, ;y£14.3, “experimental group”, three-way
ANOVA, see Fig. 3, b).

Gene expression. In mice that received PBS, liver expres-
sion of most of the genes studied was sex-dependent (Fig. 4).

Higher levels of mRNA of genes involved in beta-oxidation
(Ppara, Pgcl, Cptl), glucose metabolism (Insr, Slc2a2), gly-
colysis (Gopc, Pklr), and gluconeogenesis (Gck, Pckl), as well
as lipolysis (Pnpla2) and lipogenesis (Lpl, Acaca, Acacb) were
observed in females, as compared to males. FGF21 administra-
tion inhibited liver expression of the genes, and this inhibition
was more pronounced in females than in males. Thus, FGF21
administration effectively eliminated sex differences in liver
expression of the genes, observed in the control (see Fig. 4).
Liver expression of Fgf21, exhibiting no differences between
males and females, was reduced in response to exogenous
FGF21. Sex differences in gene expression were also observed
in abdominal fat. In mice treated with PBS, mRNA levels of
genes encoding PPARg, LPL, and GLUT4 were higher in
females than in males (Fig. 5). FGF21 administration reduced
the expression of these genes in females to a greater extent than
in males, thereby eliminating the sex-dependent differences
observed in the control (see Fig. 5).
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Table 1. Gene expression assays used for relative quantitation real-time PCR
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Protein Gene Gene expression assay
AcetylcoenzymeAcarboxylasealphaAcaca ........................... M m01304285_m1 ................
Acety|coenzymeAcarboxylasebetaAcacb ........................... M m01204683_m1 ................
Agoutlrelatedneuropept|deAgrp ............................. M moo475829_g1 .................
Cammne pa|m|toy|tran5ferase 1a ..................................................................................................... C p”a ........................... M mo 1231 1 337m1 ................
Cammne pa|m|toy|transferase 1b .................................................................................................... c p”b ........................... M mo 04871 91_91 .................
De|od mase |od othyrom n e type” ................................................................................................... D Ioz ............................. M mo 0515664_m1 ................
Fatty ac. d > Synthase ............................................................................................................................ F asn ............................. M mo 066231 9_m1 ................
F |brob| ast growth factor . 2 1 ............................................................................................................... F gf2’ ............................ M mo 08401 65_91 .................
Glucose5 pho Sphatase c a talyt|c .................................................................................................... G 5pc ............................ M mo 0839363_m1 ................
Glumkmase ........................................................................................................................................ G Ck .............................. M m00439129_m1 ................
|nsu||nreceptor .................................................................................................................................. / nsr .............................. M m012”875_m1 ................
K|othobeta ......................................................................................................................................... K /b ............................... M moo4731227m1 ................
Leptmreceptor ................................................................................................................................... L epr ............................. M m00440181_m1 ................
Llpasehormonesensmve ................................................................................................................. L lpe .............................. M m00495359_m1 ................
Llpopmtemhpase .............................................................................................................................. L p/ ............................... M m00434764_m1 ................
Neuropept|deY .................................................................................................................................. N py .............................. M m01410146_m1 ................
*Patatin-like phospholipase domain containing 2 (adipocyte triglyceride lipase (ATGL) ~ Pnpla2 | Mm00503040 m1
Peroxisome proliferative activated receptor, gamma, coactivator 1alpha | Ppargcla | Mm01208835 m1
Peroxisome proliferator activated receptoralpha | Ppara | Mm0040939 m1
Peroxisome proliferator activated receptor gamma | Pparg | Mm00440940 m1
Phosphoenolpyruvate carboxykinase 1, cytosolic | Pkt MmO01247058 m1
P roop|om elanocomn ....................................................................................................................... P omc ........................... M mo 0435874_m1 ................
PwuvatemnasehverandredeOOdce” .......................................................................................... P k/r .............................. M m004430907m1 ................
Solute carrier family 2 (facilitated glucose transporter), member 1 (GLUT1) ~ Skzal | Mm00441480_m1
Solute carrier family 2 (facilitated glucose transporter), member 2 (GLUT2) ~ Slc2a2 | Mm00446220 m1
Solute carrier family 2 (facilitated glucose transporter), member 4 (GLUT4) ~ Sk2a4 | MmO00436615 m1
"Uncoupling protein 1 (mitochondrial, proton carrier) upt Mm01244861 m1
Uncou plmg p rOtem 3 ........................................................................................................................ U Cp3 ............................ M mo 1153394_m1 ................
AN e A MO0607030.51
Table 2. Effects of FGF21 administration on biochemical parameters of blood

Biochemical parameter Males Females p (ANOVA)

p Bs .............................. F G F21 ........................... p 35 .............................. FGF 21 ........................

n=7 n==6 n==6 n=5
Glucose fasted initial, MM~ 8174051  808+075 7904128 830£1.02 | NS
Glucosefasted day 7,mM 773151 668+070 5734101 830£093 | NS
G|ucosemM ........................................ 9 6410718641030 ................... 9 27i050 ................. 10481049 ................. N 5 ..............................
FFAmM ............................................... 0 19i0090051004 ................... 0 27i013 ................... 0 osioos ................. 0 07E ........................
Triglycerides,mM 104£010 099007 0994007 1 0794011 | NS
Cho|e5tero| mM .................................. 3 0 610 12 ................... 3 2 5 i041 ................... 2 7o¢022 ................... 2 g3io 17 ................. N s ..............................
Cnsulin,ng/ml 1206:089 756£120% 8604148 7424145 <005E
Adiponectin, ug/mi 3904037 412+046 5445054 5674067 - <o01,s
Leptin,ng/ml 2175313 2284686 21154585 23084472 | NS

Male and female AY-mice were administered with FGF21 (1 mg per 1 kg) or PBS for 10 days, and blood samples to measure plasma parameters were collected 1 h
after the last injection. Fasted glucose was measured in blood before (initial) and on day 7 of the experiment using a glucometer. *p < 0.05, males, FGF21 vs. PBS,

post hoc Duncan test. NS — non-significant; S - “sex”; E - “experimental group”.
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Fig. 1. Effect of FGF21 administration on BW in male and female A’-mice.

Weight loss was calculated as the difference between the weight on the day of
injection and the initial weight, related to the initial weight (%).
*p < 0.05, post hoc Duncan test.

WAT subcutaneous WAT abdominal

p<0.001,F; 5= 18.4

p<0.001, F; 59="50.7

Pharmacological effects of FGF21 are sex-specific
in mice with the lethal yellow (AY) mutation

For the majority of the genes studied, the inhibitory effects
of FGF21 administration on the expression were more pro-
nounced in females. This was confirmed for genes involved
in lipogenesis (Pparg, Lpl, Acacb), lipolysis (Pnpla?2), and
transcription coactivation (Ppargcla). In a single case of
Acaca gene, the pattern was reversed: FGF21 administration
decreased the level of mRNA in males while increasing it in
females. The expression of /nsr and Lipe was higher in fe-
males, and FGF21 administration did not affect their mRNA
levels (see Fig. 5).

In subcutaneous fat of the controls, there were no sex-
dependent expression differences for any of the genes studied.
FGF21 administration affected only Cptlb, decreasing its
expression both in males and females.

In brown fat of the controls, there were no sex-dependent
expression differences for any of the genes studied, and FGF21
administration did not affect the expression.

In muscle tissue of the controls, there were no sex-de-
pendent expression differences for any of the genes studied.

Liver

p<0.001, F; 5=26.9

1
141 121 6r
# # # # L
12
10 5r "
or L 8 4 :
z sl 1
R 6 3+
6 L
4t 2t
4 L
2+ 2+ 1+
Male Female Male Female Male Female

Fig. 2. FGF21 influence on weights of fat tissues and liver in male and female A’-mice. Organ weights were calculated
as percentages of BW. Sex dependence (two-way ANOVA) is indicated in the graph.

#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.

a Males

Females

—o— PBS -
—e— FGF21

0.07 L— | | | | | | | | | | |

b p<0.001,Fy39=27.1
Males, PBS

M Males, FGF21
B Females, PBS
Females, FGF21

I

Daily Fl (g)
IS

Before fasting  After fasting

Fig. 3. FGF21 influence on Fl ad libitum (a) and after fasting (b) in male and female A’-mice.

a - FI/BW ratio; b — mice were fasted overnight after seven injections of FGF21 or PBS. Fl “before fasting” was calculated as an arithmetic
mean of six daily FIs measured for 6 days prior to fasting. Fl“after fasting” represents the amount of food consumed during 24 h of refeeding.

The effect of fasting on FI (three-way ANOVA) is indicated in the graph.
*p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.
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Fig. 4. FGF21 influence on gene expression in the liver of male and female A’-mice.

Effects of factors“S” (sex) or“E” (experimental group), or interactions thereof (“S*E”) at the level of significance p < 0.05 (two-way ANOVA) are indicated in the graph;
#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females; post hoc Duncan test.
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Fig. 5. FGF21 influence on gene expression in the abdominal WAT of male and female A’-mice.

Effects of factors“S” (sex) or“E” (experimental group), or interactions thereof (“S*E”) at the level of significance p < 0.05 (two-way ANOVA) are indicated in the graph.
#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.

FGF21 did not affect the expression significantly, although
the level of Cpt/b mRNA tended to increase after FGF21
administration (p+0.06, two-way ANOVA).

Mice treated with PBS exhibited no differences between
males and females in the hypothalamic mRNA levels of the
genes studied. After FGF21 administration, the expression of
KIb was decreased in mice of both sexes (p <0.05,F, ,,+6.2),
whereas that of Pomc was decreased in males only (p <0.05,
Student’s ¢-test, 1.0+0.3, n+6, control males vs. 0.29+0.10,
n+6, FGF21 treated males).

Discussion

In the present study, we assessed the pharmacological effects
of FGF21 in male and female mice with 4” mutation, which
evokes MC4R blockage. We found that these effects were
strongly dependent on the sex of the animals.

FGF21 administered to animals with diabetes and obesity
decreases their BW and blood glucose/insulin levels, improves
blood lipid profile, and increases insulin sensitivity (Bon-
Durant, Potthoff, 2018). In our study, responses to FGF21
administration in male 4”-mice were largely consistent with
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its expected impact: their BWs and blood insulin decreased,
blood levels of FFA tended to decrease, and blood glucose
and adiponectin were not affected. Our observation that
FGF21 decreased blood insulin without affecting glucose,
which retained normal levels, suggests that insulin sensitiv-
ity in male 4”-mice was possibly improved. Metabolic effect
of FGF21 administration was not associated with changes in
blood adiponectin, since adiponectin is not required for the
chronic effects of FGF21 to reduce body weight or its effects
on glucose homeostasis (BonDurant et al., 2017).

Although we did not monitor energy expenditure, it was
most likely increased, since weight loss in male mice took
place in the absence of changes in FI. The ability of FGF21
to induce weight loss without affecting FI was reported pre-
viously for male mice with diet-induced and genetic obesity
(db/db, ob/ob) (Kharitonenkov et al., 2005; Xu et al., 2009;
Camporez et al., 2013). This effect was arguably due to
increased energy expenditure caused by intense locomotor
activity (Xu et al., 2009) and elevated metabolic rate (Coskun
et al., 2008; Xu et al., 2009). FGF21-induced growth of
metabolic rates is associated with augmentation of fatty acid
oxidation in liver and adipose tissue (BAT and WAT), caused
in turn by increased expression of genes encoding CPT-1 (in
liver only), PGC-1 (in liver and adipose tissue), and UCP-1
(in liver and adipose tissue) (Camporez et al., 2013). No such
changes in gene expression have been observed in this study;
on the contrary, FGF21 administration to males reduced the
expression of Ppargcla and Cptl in liver and Ppargcla in
abdominal WAT (p < 0.05, two-way ANOVA).

Our results are consistent with those reported by (Coskun
et al., 2008), demonstrating that weight loss and improved
glucose metabolism in FGF21-treated C57Bl males were
accompanied by a decrease in liver expression of Cpt/ (with
no changes of Ppargcla expression). However, T. Coskun et
al. (2008) found increased expression of genes related to (1)
thermogenesis (Ucp!) in WAT and BAT, (2) lipolysis (Lipe,
Pnpla2) in WAT, and (3) lipogenesis (Acaca, Acacb) in WAT,
suggesting that energy expenditure is achieved via thermo-
genesis and induction of a state of increased futile cycling.
We have not observed induction of Ucpl expression either
in BAT or WAT; likewise, there have been no increase in the
expression of lipolysis/lipogenesis genes in liver or adipose
tissue. Thus, our experimental data provide no indication of
futile cycling activation. FGF21-induced activation of energy
expenditure involves, in addition to central mechanisms, the
sympathetic nervous system (Owen et al., 2014; Lan et al.,
2017). Of note, the latter also mediates regulation of energy
expenditure by the melanocortin system (Rossi et al., 2011;
Berglund et al., 2014). Therefore, FGF21 may act, at least in
certain cases, via melanocortin signaling pathways. If so, the
blockade of MC4R in 4”-mice can interfere with the activating
effect of FGF21 on the expression of the genes we studied.
Weight loss in male 4”-mice is indicative of yet other mecha-
nisms whereby energy expenditure may be increased, which
remain to be explored.

In females with 4” mutation, the effect of FGF21 differed
dramatically from that observed in males. In females unlike
males, FGF21 administration did not induce weight loss, but
increased liver weight. 4”-mice are hyperphagic (Wolff et al.,
1999), and FGF21 exacerbated hyperphagia specifically in
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females. It is not known whether this difference is due to 4”
mutation or, rather, we are dealing with a general sex-linked
discrepancy in responses of female and male mice to FGF21
treatment (the pharmacological effects of FGF21 have thus
far not been studied in female mice).

Resistance of female 4”-mice to catabolic effects of FGF21
can be explained by increase of food intake. FGF21 influence
on FI in female rodent was not studied, but in males, FGF21
was shown previously to increase FI in rats (Recinella et al.,
2017), mice with diet-induced obesity (Coskun et al., 2008),
and to increase protein intake while reducing carbohydrate
intake in normal mice, and the later effect was mediated via
CNS (Larson et al., 2019). However, FGF21-dependent sig-
naling pathways that regulate eating behavior have not been
identified. The melanocortin system is involved in the regu-
lation of the response to protein deficiency, and FGF21 may
act as the sensor triggering that response. In our experiment,
male mice demonstrated no increase in FI, although FGF21
administration decreased hypothalamic expression of Pomc.
POMC is a precursor of the anorexigenic neuropeptide MSH,
and a decrease in Pomc expression (limiting MC4R activation
by MSH) is associated with increased FI. 4” mutation leads
to MC4R blockade, which disrupts MSH regulation of FI and
may be the reason why males did not respond to FGF21 by
increased FI.

In females, FGF21 administration caused a considerable
increase in FI without affecting the expression of the mela-
nocortin system genes. In 4’-females, FGF21 influence on
FI may be mediated via estradiol-sensitive mechanism that
is not altered by impaired melanocortin signaling (Morton et
al., 2004). It is possible that the orexigenic effects of FGF21
in males and females involve distinct neuronal signaling
pathways.

According to the data obtained in the control groups, a
different metabolic response to exogenous FGF21 in males
and females was induced at the background of significant
sex differences in the mass of the liver and adipose tissue
and in the expression of the liver and fat genes. Sex differen-
ces in gene expression in adipose tissue differed depending
on localization; in our experiment, we found them only in
abdominal adipose tissue. These data are consistent with the
results obtained when assessing gene expression in adipose
tissue in mice: the number of differentially expressed genes in
males and females was significantly higher in abdominal than
in subcutaneous fat (Grove et al., 2010). Increased weight of
abdominal fat in control 4”-females, compared to males, was
associated with increased expression of genes upregulating
lipogenesis in adipose tissue: Ppar, Lpl, Insr and Slc2a4.
FGF21 administration eliminated differences in the expression
of these genes, however, it did not lead to significant changes
in the mass of adipose tissue. It is possible that more prolonged
FGF21 administration is required to detect changes at the level
of adipose tissue weight.

The most striking sex differences in gene expression in the
control groups were observed in liver. In controls, the expres-
sion of most genes studied (except for Figf2/ and Fasn) was
higher in females than in males. These results are consistent
with transcriptome analysis data demonstrating differential
expression rates for 72 % active liver genes in male and female
mice (Yang et al., 2006). Sex differences in expression of genes
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related to lipid metabolism were found in the liver of mice
and rats on high-calorie diet: compared to males, females had
enhanced mRNA levels of Acc/, Pparg, Cptl and other genes
in mice (Gasparin et al., 2018), and enhanced protein levels
of ACC, PPARs and FAS in rats (Chukijrungroat et al., 2017).
As shown by S. Della Torre et al. (2017), liver is the major
target for estrogens, and estrogen receptor alpha (ERa) has
a direct effect on the regulation of the hepatic genes relevant
for energy metabolism.

Increased expression of genes involved in fatty acid
B-oxidation (Ppara, Ppargcla, Cptl), glycolysis (G6p, Pkir),
gluconeogenesis (Pckl, Gck), glucose transport (Slc2a2), li-
pogenesis and lipolysis (Acaca, Acach, Lpl, Pnpla2) possibly
indicates that the rate of glucose and fat metabolism is higher
in the liver of 4¥-females than 4”-males. FGF21 administra-
tion reduced liver expression of all the genes mentioned,
thereby eliminating entirely any sex-dependent differences,
and this effect was associated with the increase of female
liver weight. Enlarged liver under the action of FGF21 in
female 4”-mice may indicate the development of steatosis.
Simultaneous decrease in catabolic (lipolysis, glycolysis) and
anabolic (lipogenesis, gluconeogenesis) processes can suggest
decreased metabolism in the liver of 4”-females. Decreased
liver metabolism in females could reduce liver energy expen-
diture and contribute, together with increased food intake, to
liver weight gain. Additional morphological and biochemical
studies are needed to find out whether FGF21 initiates (or
promotes) steatosis in 4”-female mice.

Taken together, our findings indicate that therapeutic effects
of FGF21 in mice with disrupted melanocortin signaling are
strongly sex-dependent. In male 4”-mice, the blockage of
MC4Rs does not prevent the anti-obesity effect of FGF21:
its administration results in weight loss and blood insulin
decrease. However, obese A”-females exerted resistance to
catabolic and antidiabetic effects of FGF21. In females, exo-
genous FGF21 stimulates FI without reducing BW and blood
glucose/insulin, inhibits liver expression of genes related to
glucose and lipid turnover, and increases liver weight. The
contribution of estrogens and the melanocortin system to those
effects remains to be elucidated.

Conclusion

The pharmacological effect of FGF21 may depend on the
animal sex and etiology of obesity. Although an immediate
translation to humans of findings obtained in experiments
with mice is not possible, our results suggest that detailed
preclinical studies of the pharmacological effects of FGF21
are required, taking into account the sex of individuals under
study and the genesis of obesity.
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Abstract. The article is about the role of transposons in the regulation of functioning of neuronal stem cells
and mature neurons of the human brain. Starting from the first division of the zygote, embryonic development
is governed by regular activations of transposable elements, which are necessary for the sequential regulation
of the expression of genes specific for each cell type. These processes include differentiation of neuronal stem
cells, which requires the finest tuning of expression of neuron genes in various regions of the brain. Therefore, in
the hippocampus, the center of human neurogenesis, the highest transposon activity has been identified, which
causes somatic mosaicism of cells during the formation of specific brain structures. Similar data were obtained in
studies on experimental animals. Mobile genetic elements are the most important sources of long non-coding
RNAs that are coexpressed with important brain protein-coding genes. Significant activity of long non-coding
RNA was detected in the hippocampus, which confirms the role of transposons in the regulation of brain func-
tion. MicroRNAs, many of which arise from transposon transcripts, also play an important role in regulating the
differentiation of neuronal stem cells. Therefore, transposons, through their own processed transcripts, take an
active part in the epigenetic regulation of differentiation of neurons. The global regulatory role of transposons
in the human brain is due to the emergence of protein-coding genes in evolution by their exonization, duplica-
tion and domestication. These genes are involved in an epigenetic regulatory network with the participation
of transposons, since they contain nucleotide sequences complementary to miRNA and long non-coding RNA
formed from transposons. In the memory formation, the role of the exchange of virus-like mRNA with the help of
the Arc protein of endogenous retroviruses HERV between neurons has been revealed. A possible mechanism for
the implementation of this mechanism may be reverse transcription of mRNA and site-specific insertion into the
genome with a regulatory effect on the genes involved in the memory.
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AHHoTayusA. B 0630pe npefcTaBneHbl HAKOMIEHHbIE B HAYUHOW NMTepaType faHHble 06 yuyacTuy MOBUIbHBIX
reHeTNYEeCKrX 3IEMEHTOB B perynaumn anddepeHLMpoBKN HeipOHaIbHbIX CTBOJTOBbIX KNETOK U GYHKLMOHN-
pOBaHuA 3penbix HEMPOHOB FOIOBHOMO MO3ra. HaurHas ¢ nepBoro AeneHws 3UroTbl, SMOPHOHaNbHOE pPa3BUTHE
yNpaBnseTcA 3aKOHOMEPHbIMU aKTUBALMAMU TPAHCMO30HOB, HEOOXOAMMBIMI ANt MOC/IEA0BATENIbHOTO M3Me-
HeHMA 3KCnpeccun cneumnduUecknx Ana Kaxaoro TMna KNeTok reHoB. YacTHbIM OTpakeHrem 3TUX NPoLeccoB
MOXeET 6bITb AnddepeHLPOBKa HEMPOHaNbHBIX CTBOMOBLIX K/IETOK — MPOLIECC, B XOfe KOTOPOro Heobxoanma
Havbosee TOHKaA HaCTPOWKa SKCMPECCUM FeHOB B HeMPOHaX PasfiMyHbiX obnacTtell roNoBHOroO mosra. [lokasa-
TeNbCTBaMM 3TOrO MPefnooXKeHWs ABASIOTCA AaHHble O BbICOKOW aKTUBHOCTY TPAHCMO30HOB B LIEHTPE HeNpo-
reHesa, 3ybuaTton U3BUIMHE runnokamna. Kpome Toro, MO6MbHbIE 3N1EMEHTbI — NCTOYHUKM BO3HUKHOBEHUA U
3BONIOLMN JJINHHbIX Hekoanpytowmx PHK, KoTopble KO3KCNpeccupyoTca ¢ HeO6XOANMbIMU ANA PaboTbl rooB-
HOro mosra 6enoK-KoaMpyLWMMN reHaMu. Hanbornbluas akTVBHOCTb JJIMHHbIX Hekogupyolwmx PHK, Tak xe Kak
1 TPAHCMO30HOB, OGHAPYXeHa B LieHTpe HellporeHesa yesioBeka, YTo Mo3BOMAET NPEANoNoKNTb UX yyacTie B
ynpasneHuy paboTol ronoBHoOro mosra. B perynaumm anddepeHuUMpoBKoii HeMPOHaNbHbIX CTBOSIOBbIX KIIETOK
ncnonb3yoTcs Takke MUKPOPHK, MHOrMe 13 KOTOpPbIX BO3HMKAIOT M3 TPAHCKPUMTOB MOGUIbHBIX 3/1EMEHTOB.
TpaHCMo30HbI NOCPefCTBOM COOCTBEHHBIX NMPOLIECCHPOBAHHBIX TPAHCKPUMTOB UIrPatoT PoJib B SNUreHeTUYecKom
perynaumun gnpdepeHUnpoBKM HenpoHoB. O6bACHeHVEeM rnobanbHON perynaTopHON GyHKLMM MOOBUIbHBIX 3ne-
MEHTOB B FOJIOBHOM MO3re YeNlOBEKa MOXET CITYKUTb NX 3HaUEHVe B BO3HUKHOBEHWY 6eM0K-KOAVPYIOLWMX FreHOB
B 3BOJIIOLIMU MyTEM 3K30HM3aLUW, AYMINKALUM 1 JOMECTUKALUK. STV reHbl BOBNIEUEHDI B SMMreHeTNYeCKyo pery-
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Involvement of transposable elements
in neurogenesis

NATOPHY!IO CeTb C yyacTeM TPAHCMO30HOB, Tak Kak CoAepXaT HyK/1eoTUAHble MOCej0BaTeIbHOCTY, KOMIMIeMeH-
TapHble MUKPOPHK 1 anuHHbIM Hekogupytowmm PHK, o6pasyemMbim 13 TPaHCKPUNTOB MOOWIbHBIX 3/1EMEHTOB.
B dopmmpoBaHMmM NamATy BbiABNEHa posnb obMeHa B1pyconofgobHbiMm YacTiuamm MPHK npu nomowwm 6enka Arc
SHAOreHHbIX peTpoBrpycoB HERV mexay HepoHamu. BO3MOXHbIMU crnocobami peanrsaumm 3Toro MexaHmsma
MoryT 6bITb 06paTHasA TpaHckpunuma MPHK n canT-cneunduryeckas nHTerpaLma B reHOM C PerynsaTopHbIM BO3-
[eiCTBMEM Ha reHbl, y4acTByloLMe B KOHconmaaumm nHdopmaLnm.

KnioueBble cioBa: rofioBHOM MO3r; AnddepeHLnpoBKa; Hekoaupytowme PHK; peTposnemeHTbl; CTBOSIOBbIE HEPB-

Hbl€ KNeTKW; TPAaHCMO30HbI.

Introduction

Transposable elements (TE) make up 69 % of the human ge-
nome (de Koning et al., 2011). In the course of evolution, many
protein-coding genes (Joly-Lopez, Bureau, 2018), regulatory
nucleotide sequences (Ito et al., 2017; Schrader, Schmitz,
2018), and telomeres (Kopera etal., 2011), non-coding RNAs
(ncRNAs), including microRNAs (Piriyapongsa et al., 2007;
Yuan et al., 2010, 2011; Qin et al., 2015) and long human
ncRNAs (Johnson, Guigo, 2014) originating from TE. Over
millions of years of evolution, cells have developed various
defense systems against TE insertion into their genomes,
including DNA methylation, heterochromatin formation,
and RNA interference (RNAI1). These epigenetic mechanisms
have made a significant contribution to the regulation of spe-
cific gene expression and cell differentiation (Habibi et al.,
2015).

Transposable elements are divided into two main classes,
in accordance with the mechanisms of their transposition.
DNA-TEs are transposed by “cut and paste” or “rolling circle”.
Retroelements (REs) are integrated into new genome sites
using “copy and paste”. REs are classified into those contain-
ing long terminal repeats (LTR REs) (Fig. 1) and those not
containing them (non-LTR REs) (Fig. 2). The latter are divided
into autonomous (LINE, long interspersed nuclear elements)
and non-autonomous (SINE, short interspersed nuclear ele-
ments) and SVA (SINE-VNTR-Alu) (Fig. 3) (Klein, O’Neill,
2018).

The human genome contains more than 500,000 copies of
LINEI (L1), which make up 17 % of all nucleotide sequences.
Among them, only about 100 L1 are active, since they contain
the full length of 6000 bp. Among non-autonomous REs,
the human genome contains more than 2700 copies of SVA
(Hancks, Kazazian, 2012). One of the important factors for
the development of the human brain is considered the waves
of L1 retrotranspositions, as well as the birth of new TEs, such
as SINE, Alu and SVA in the evolution of primates (Linker
etal., 2017).

Human endogenous retroviruses (HERV) belong to LTR-
RE. They occupy about 8 % of the entire genome and serve
as sources of a huge number (794,972) of binding sites with
specific transcription factors (TFs), the activation of which
plays arole in embryogenesis. For example, in the mesoderm,
LTRs interact with SOX17, FOXA1, GATA4; in pluripotent
cells, with SOX2, NANOG, POUS5F1; in hematopoietic cells,
with TAL1, GATA1, PU1 (Ito et al., 2017). Mammalian-wide
interspersed repeats (MIRs), which belong to the ancient SINE
family descended from tRNA, are also associated with tissue-
specific gene expression (Jjingo et al., 2014).

Transposable elements are characterized by nonrandom
activation, depending on the tissue and stage of develop-
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ment. High-throughput profiling of integration sites by next-
generation sequencing, combined with large-scale genomic
data mining and cellular or biochemical approaches, has
revealed that the insertions are usually non-random (Sultana
etal., 2017). Programmed activation of TE in individual cells
during neurogenesis leads to a change in the expression of
certain genes necessary for differentiation into specific types of
neurons for the formation and functioning of brain structures
(Coufal et al., 2009; Bailic et al., 2011; Thomas, Muotri, 2012;
Richardson etal., 2014; Evrony etal.,2015; Upton etal., 2015;
Muotri, 2016; Suarez et al., 2018). In accordance with this,
somatic mosaicism of neurons detected by insertions of TEs
(Richardson et al., 2014; Upton et al., 2015; Bachiller et al.,
2017; Paquola et al., 2017; Rohrback et al., 2018; Suarez et
al., 2018) can reflect the programmed regulatory pattern of the
genome necessary for the maturation of specific structures of
the central nervous system (Paquola et al., 2017; Rohrback et
al., 2018). Somatic mosaicism means the presence, in the same
organism, of cells with different genomes as a result of de novo
DNA changes. These structural variations may be due to CNV,
insertions of REs, deletions under the influence of TEs, and
SNV (Paquola et al., 2017). This means that in different cells
of one organism, not only the genotype, but also the whole
genome changes. This is due to the occurrence of mutations in
exons of protein-coding genes, intergenic regulatory regions
and introns, which is accompanied by a specific expression
of certain genes specific for each cell type.

The role of transposable elements

in neuronal differentiation

The human brain contains an average of 86.1 billion neurons.
Moreover, each of the neurons forms from 5,000 to 20,000
synaptic connections, creating a complex network with a
variety of cell types and subtypes. The number of subtypes
of neurons is so large that it does not lend itself to modern
methods for their description. There must be mechanisms to
ensure such a diversity of neurons with their specific temporal
and spatial features of functioning (Thomas, Muotri, 2012).
The sources of these mechanisms can be TEs, combinations of
movements of which can become sources of countless variety.
An example of this is the molecular mechanism for generat-
ing antibodies by the mammalian immune system (V(D)J
recombination), derived from TEs (Lapp, Hunter, 2016). TEs
played arole in the development of the central nervous system.
In evolution, they turned out to be sources of the formation
of regulatory structures and genes involved in the formation
of the brain. Non-autonomous TEs MER 130 were preserved
in the genomes during evolution due to their location near
the neocortex genes as a necessary link for their regulation.
The experiments showed the activation of MER 130 in mouse
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Fig. 2. Scheme of the structure of the gene of non-LTR retroelements (LINE-1).

UTR - untranslated region; ORF - open reading frame; CC - coiled-coiled; RRM - RNA recognition motif; CTD - C-terminal domain;
EN - endonuclease; Z - Z-domain; RT - reverse transcriptase; C - cysteine-rich domain.
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Fig. 3. Scheme of the structure of SVA elements.

embryos on the fourteenth day of development as gene en-
hancers for the development of the neocortex (Notwell et al.,
2015). Among 11 sushi-ichi-specific placental animal genes
derived from REs, the SIRHI11/ZCCHC16 gene encoding
zinc finger CCHC protein contributed to the evolution of the
brain. This domesticated gene is involved in the development
of cognitive functions of placental animals (Irie et al., 2016).

In 2009, in neuronal stem cells isolated from the brain of
a human embryo, L1s retrotranspositions were detected, as
well as an increase (in comparison with the liver and heart of
the same individual) in the number of copies of endogenous
L1s in the adult hippocampus (Coufal et al., 2009). In addition
to L1 (7743 insertions), a large number of somatic transposi-
tions Alu (13,692 insertions) and SVA (1350 insertions) were
found in the hippocampus of adults (Bailie etal., 2011). These
de novo integrations can affect the expression of certain genes,
creating unique transcriptomes of individual neurons (Muotri,
2016). This may be due to the genome-programmed TE ability
for their regular site-specific insertions (Sultana et al., 2017).

—>
TR , AATAAA
env LTR |AAA, 4’//
n I FLANK
Flankin
envelope (env) of target 3te
gene part duplication
Tandem Long terminal

repeat locus repeat

In 2009, of 19 retrotranspositions, 16 were found at a distance
of less than 100 kilobases from genes expressed in neurons
(Coufal etal., 2009). In 2015, in a study of the somatic mosai-
cism of the human hippocampus K.R. Upton et al. revealed,
out of 20 identified L1 transpositions, 2 functionally significant
insertions into the introns of the ZFAND3 and USP33 genes
functioning in the brain (Upton et al., 2015). A.A. Kurnosov
et al., when studying human brain samples, showed that out
of 3100 transpositions of L1 in neurons of the dentate gyrus
of the hippocampus, 50.26 % of insertions are located in the
genes, and out of 2984 Alu, 49.1 % (Kurnosov et al., 2015).
In 2016, J.A. Erwin et al. revealed that in the brain of healthy
people 44-63 % of neurons undergo somatic mosaicism at
the loci of genes that are important for the functioning of the
nervous system. For example, a high insertion frequency of
L1-RE is shown for the DLG2 gene, which affects cognitive
flexibility, attention, and learning. Mutations in DLG?2 are
associated with the development of schizophrenia (Erwin
etal., 2016).
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Somatic retrotranspositions, unlike germinal ones, cannot
be inherited by future generations. However, the programmed
ability for specific insertions, depending on the composition
and location of TEs in the genome, can be inherited. An ex-
planation of the ability of TEs to be inserted in a site-specific
manner in the region of genes expressed in the brain may be
the evolutionary relationship of protein-coding genes and their
regulatory sequences with TEs (Gianfrancesco et al., 2017;
Ito et al., 2017; Joly-Lopez, Bureau, 2018). The insertions
specific for humans and chimpanzees were revealed near
the promoters of the tachycin receptor genes 7ACR3, cation
channels TRPV1 and TRPV3, oxytocin OXT. These genes are
associated with the functioning of neuropeptides. Analysis
of the genomes of various mammals showed that the neural
enhancer nPE2, which regulates the expression of the POMC
gene in the hypothalamus, evolved from SINE in evolution
(Gianfrancesco et al., 2017).

Transpositions and expression of TEs can vary depending
on the area of the brain and change under environmental in-
fluences, as they can perform a number of adaptive functions
(Lapp, Hunter, 2016). More active are L1, which retained
the ability to transpose, causing somatic mosaicism (Suarez
et al., 2018). In 2005, A.R. Muotri et al. suggested that L1
using somatic transpositions can actively create mosaicism of
neuron genomes (Muotri et al., 2005). In the brain, somatic
mosaicism plays an important role in the regulation of cogni-
tion and behavior. The consequences of somatic mosaicism
encompass vast changes — from a variant at a single locus, to
genes in neuronal networks (Paquola et al., 2017; Rohrback
et al., 2018). Moreover, the features of somatic mosaicism
differ between neurons of various regions of the brain. For
example, in the cerebral cortex, only 0.6 insertions of L1-RE
are observed, while in the hippocampus, from 80 to 800 inserts
per neuron (Lapp, Hunter, 2016). Somatic mosaicism due to
retrotranspositions is a source of phenotypic diversity between
neurons during development. In the brain of an adult under
the influence of various environmental factors, L1 expression
can affect the functioning of neurons during the formation of
long-term memory (Bachiller et al., 2017).

The hippocampus is the center of human neurogenesis,
where many insertions affect transcriptional expression, creat-
ing unique transcriptomes in neurons. In addition, transcrip-
tional activation of L1 is similar to that for the NeuroD1 gene.
This may indicate the effect of L1 expression on neurogenesis,
since stimulation of Wnt3a in neuronal stem cells increases L1
expression 10-fold along the beta-catenin pathway, similarly
activating transcription of the NeuroDI gene. This gene en-
codes the transcription factor that activates the genes involved
in neurogenesis. The NeuroDI promoter region contains a
Sox/LEF site similar to the 5’UTR of the L1 element, and
the pattern of time expression of the NeuroD1I and L1 genes
during differentiation of neurons is similar (Thomas, Muotri,
2012).

Genetic variations between neurons due to L1 retrotranspo-
sitions may be associated with specific enrichment of neuronal
stem cell enhancers. It was shown that specific enhancers
for certain types of neurons (determined using FANTOMS)
correspond to the coordinates in the genome for insertions
L1, which are within 100 bp from the enhancer. These pat-
terns have not been identified for astrocytes and hepatocytes
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(Upton et al., 2015). When studying the features of L1 retro-
transpositions in more than 30 regions of the brain, a lot of
L1 insertion-specific cell lines were found (Evrony et al.,
2015). In experiments on mice, specific L1 expression was
also shown depending on the area of the brain and the age of
the animal (Cappucci et al., 2018).

In addition to L1 elements, LTR-REs are also involved in the
regulation of neurogenesis. For example, in mice, the region
where the full-length ERVmch8 on chromosome 8 was located
was comparatively less methylated in the cerebellum, due to
its specific expression depending on the stage of development
(Lee et al., 2011). In accordance with these data, it can be as-
sumed that the features of TEs activation observed in neuronal
stem cells can naturally alter the expression of specific genes
necessary for differentiation of neurons during the formation
of specific brain structures. The reason for the activation of
TEs in the neuronal stem cells of the hippocampus and the
reason for their importance in memory consolidation may be
the sensitivity of TEs to stressful environmental influences
(Mustafin, Khusnutdinova, 2019). These mechanisms are a
particular reflection of the general pattern of epigenetic control
of the development of the whole organism, starting from the
first division of the zygote, under the regulatory influence
of TEs (Mustafin, Khusnutdinova, 2018). To understand the
role of TEs in these processes, it is necessary to consider their
participation in embryogenesis.

The role of transposable elements

in embryogenesis

To initiate the development of the body after fertilization,
gametes are reprogrammed to totipotency. During this re-
programming, TEs activation is observed. Previously, this
phenomenon was believed to be a side effect of extensive
chromatin remodeling at the basis of epigenetic reprogram-
ming of gametes. However, a targeted epigenomic approach
has been performed to determine whether TEs directly affect
chromatin organization and body development. It was found
that silencing of L1 elements reduces the availability of chro-
matin, and prolonged activation of L1 prevents its gradual
compaction, which occurs naturally during development.
That is, L1 activation is an integral part of the development
program (Jachowicz et al., 2017). In experiments on mice,
the role of LTR-REs as a necessary control element for early
embryogenesis was proved (Wang et al., 2016).

For the cis-regulatory activity of the LTR retroelements
ERVK, MERVL and GLN, a complex of RNA and proteins
is required, formed using the long ncRNA LincGET. Artificial
silencing of LincGET expression in the embryo at the bi-
cellular stage leads to a complete halt to further development
due to disruption of cis-regulation of the genes necessary
for proliferation under the influence of LTR-REs driven by
LincGET (Wang et al., 2016). It has also been shown that
HERVs are activated in all types of human cells with charac-
teristic features for certain tissues and organs (Seifarth et al.,
2005). In the study of the association of 112 TE families in
24 human tissues, tissue-specific enrichment of active regions
of LTR-REs was noted, which indicates the involvement of
LTE-REs in the regulation of gene expression for differentia-
tion of cells depending on their functional purpose in onto-
genesis. This is due to the presence, in the TEs sequences,

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 2



P.H. MyctadpuH
3.K. XycHyTamHoBa

of transcription factors binding sites (TFBSs) that regulate
the development of the corresponding tissue. TE enrichment
characteristic of certain cells in intron enhancers correlates
with tissue-specific variations in the expression of nearby
genes (Trizzino et al., 2018).

The genetic program in the 2-cell stage of embryogenesis
in mice and humans is largely controlled by transcription fac-
tors of the DUX family, which are key inducers of zygote ge-
nome activation in placental mammals (De Laco et al., 2017).
L1 transcripts in embryos are necessary for Dux silencing,
rRNA synthesis and exit from the 2-cell stage. M. Percharde
et al. in their article showed that L1 expression is required
for preimplantation development (Percharde et al., 2018).
In embryonic cells, L1 transcripts act as a nuclear RNA scaf-
fold that recruits Nucleolin and Kap1/Trim28 factors for Dux
repression. In parallel, L1 products mediate the binding of
Nucleolin and Kap!l to rDNA, contributing to the synthesis
of IRNA and self-renewal of embryonic stem cells (Percharde
etal., 2018). The role of L1 in the repression of the transcrip-
tional program of a 2-cell embryo indicates their participation
in the development-specific regulation of gene expression
necessary for cell differentiation and body development
(Jachowicz et al., 2017). It can be assumed that the activity
of REs in neuronal stem cells indicates their use as switches
of transcription programs in the specific functionalization
of neurons. That is, TEs are involved in the management of
both the differentiation of embryonic cells and postnatal stem
cells. Regulation is carried out by implementing information
encoded in the features of the composition and distribution
of TEs in the genome, through the sequential activation of
strictly defined TEs in each new cell, specific for the tissue
and stage of development. The greatest role is played by this
species-specific “coding” in the brain, where neurons are
distinguished by higher activity of REs. This is reflected in
the structural and functional complexity of the brain compared
to other organs. The use of TEs as sources of ncRNAs plays
an important role in these processes.

The relationship of transposable elements

with non-coding RNAs in the brain

According to recent data, from 75 to 85 % of the human ge-
nome is transcribed into primary transcripts, while only 1.2 %
of the genome is translated into proteins. Most transcripts are
registered as ncRNAs that are involved in the regulation of
the genome (Djebali et al., 2012). In humans, 13,000 genes
of long ncRNAs have been identified, for the occurrence of
which HERVs are responsible by insertion of promoters.
HERV-stimulated long ncRNAs are characterized by specific
transcription in different types of pluripotent cells, which is
consistent with the over-expression of these HERVs in human
embryonic stem cells (Johnson, Guigo, 2014). Transcription
of most long ncRNAs is associated with the expression of
protein coding genes according to the type of neurons and a
specific region of the brain. For example, according to Allen
Brain Atlas in situ hybridization data, out of 1328 known
long mouse ncRNAs, 849 are expressed in their brain and
are associated with cell types and subcellular structures. The
biological significance of these ncRNAs in the functioning of
neurons and their relationship with protein-coding genes has
been shown (Mercer et al., 2008).
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Long ncRNAs expressed in the brain, such as Miat,
Rmst, Gm17566, Gm14207, Gm16758, 2610307P16Rik,
C230034021Rik, 99300144 18Rik, share a similar expression
model with neurogenesis genes and overlap these genes, which
proves the role of long ncRNAs in neurogenesis (Aprea et al.,
2013). These data are consistent with the role of TEs in neuro-
genesis (Coufal et al., 2009; Kurnosov et al., 2015; Erwin et
al., 2016; Muotri, 2016) and regulation of brain function (Tho-
mas, Muotri, 2012; Upton et al., 2015; Rohrback et al., 2018).
This is because TEs are the main sources of the emergence and
evolution of long ncRNAs, forming their functional domains
and making up more than 2/3 of their mature transcripts in
humans (Kapusta, Feschotte, 2014). REs can serve as genes
for long ncRNAs (Lu et al., 2014). L1s have a function similar
to IncRNA in regulating the expression of genes necessary for
self-renewal of stem cells and for preimplantation develop-
ment (Honson, Macfarlan, 2018).

In a number of studies, the role of miRNAs in controlling
the differentiation of neurons, switching expression profiles of
genes important for cell function in time and space has been
proved (Stappert et al., 2015). About 40 % of all known hu-
man miRNAs are expressed in the human brain. The specific
expression of many of them differs in different types of cells
and is important in the regulation of differentiation, which is
necessary for a huge variety of phenotypes of neurons in the
brain (Smirnova et al., 2005). The accumulation of certain
miRNAs in various structures of neurons (axons, dendrites,
synapses) was revealed. For example, in experiments in mice,
the role of miR-134 in the regulation of specific nRNAs of the
LIMK 1 gene for the growth of dendritic spins was shown, and
the accumulation of miR-99a, 124al-3, 125bl, 125b2, 134,
339 was noted in synaptosomes (Lugli et al., 2008). The for-
mation of neurites is promoted by miR-21 (the target is the
mRNA of the SPRY2 gene), miR-431 is involved in the rege-
neration of axons (the target is the Kremen-1 gene), differen-
tiation of neurons occurs under the influence of miR-34a
(the targets are Tap73, synaptotagmin-1, syntaxin-14) and
miR-137 (targets are the Mibl, Ezh2 genes). Enhanced ex-
pression of miR-9 promotes branching and reduced axon
growth by repressing microtubule-associated Map1b protein.
Axon growth depends on the effect of miR-431, as well as
miR-17-92, which interacts with PTEN (phosphate tensin
homolog) in neurons of the cerebral cortex of the embryo.
The regulatory role of differential expression of miR-221 and
miR-222 in neurogenesis has also been proven (Nampoothiri,
Rajanikant, 2017).

In 2007, J. Piriyapongsa et al. found that in humans TEs
can be sources of microRNAs (Piriyapongsa et al., 2007),
which was confirmed by other researchers (Yuan et al., 2010,
2011; Qin et al., 2015). The key role of TEs in the formation
of microRNAs and long ncRNAs (Johnson, Guigo, 2014; Ka-
pusta, Feschotte, 2014) indicates that the maximum activity
of TEs at the center of human neurogenesis (Kurnosov et al.,
2015) as a natural phenomenon is necessary for epigenetic
control of differentiation of neuronal stem cells. Another
mechanism of TE participation in the regulation of gene ex-
pression necessary for the specific work of neurons is the cis-
and trans-effects of TEs (Garcia-Perez et al., 2016). This con-
firms the nonrandom activations of TEs as sources of hetero-
geneous subpopulations of neurons (Fig. 4) (Faulkner, 2011).
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The role of retroelements

in interactions between neurons

For the development and functioning of the brain, intercel-
lular interactions are necessary, the study of the regulation
mechanisms of which is promising for therapeutic targeted
exposure to the work of the brain. For this, it is important to
identify drivers for gene expression and post-transcriptional
epigenetic regulation of the structural components of neurons.
Based on the analysis of the accumulated data on the role of
TEs in controlling the functioning of the genome in embryonic
development (Garcia-Perez et al., 2007; Van den Hurk et al.,
2007; Macia et al., 2011; Kurnosov et al., 2015; Percharde
et al., 2018) and the physiological functioning of the human
brain (Coufal et al., 2009; Bailie et al., 2011; Thomas, Muotri,
2012; Richardson etal., 2014; Evrony et al., 2015; Upton et al.,
2015; Muotri, 2016; Suarez et al., 2018), it was concluded that
TEs are regulators of epigenetic control for gene function in
ontogenesis (Mustafin, Khusnutdinova, 2017, 2018). Despite
the lack of mitotic activity of mature neurons, the specific
expression of TEs in them is important in controlling both
interneuronal interactions and the structural and functional
characteristics of neurons (Bailie et al., 2011; Richardson et
al., 2014; Erwin et al., 2016). These properties may be due
to processing from transcripts of transposons of specific long
ncRNAs (Lu et al., 2014; Honson, Macfarlan, 2018) and
microRNAs (Piriyapongsa et al., 2007; Yuan etal., 2010, 2011;
Qinetal., 2015). Indeed, in experiments on laboratory animals,
the enrichment of specific miRNAs in certain structures and
regions of neurons was revealed. For example, an abundance
of miR-15b, miR-16, miR-204, miR-221 was found in the
distal axons compared to neuron bodies (Natera-Naranjo et
al., 2010). Enrichment of specific miRNAs in synapses was
detected. This suggests a local post-transcriptional regulation
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ofthe expression of neuron-specific genes (Lugli et al., 2008).
The role of miRNAs in intercellular interactions in the brain
was shown, as well as the value of the electrical activity of
neurons for the secretion of miR-124 and miR-9, which can
penetrate microglia and change the phenotype of its cells
(Veremeyko et al., 2019).

Transposable elements regulate brain function through
expression into specific microRNAs that regulate gene expres-
sion in neurons and in intercellular interactions in the brain.
The role of ERV in transferring information between neurons
for memory consolidation has also been identified. In the
human genome, the full-length HERV-K (about 10,000 bp)
consists of the remains of ancient retroviruses and includes
LTR-flanked regions, including three retroviral ORFs: pol-pro
(encodes protease, RT and integrase enzymes), env (encodes
horizontal transfer proteins) and gag (encodes structural pro-
teins of the retroviral capsid) (Klein, O’Neill, 2018). In the
course of evolution, the specific ERV 733/gypsy has become
the source of Arc protein. This protein is similar in biologi-
cal properties to the gag retroviral gene expression product
(Pastuzyn et al., 2018).

Since domestication and use for the needs of the host, the
Arc gene has become highly conserved for vertebrates, playing
a role in the functioning of their brain. Expression of 4rc is
highly dynamic in the brain in accordance with the encoding
of information in neural networks. Arc gene transcript is trans-
ported to dendrites and accumulates in areas of local synaptic
activity, where translation into protein occurs (Shepherd,
2018). In neurons, the Arc protein forms spatial structures
resembling viral capsids that encapsulate cell nRNA. The re-
sulting virus-like elements in the composition of extracellular
vesicles are transmitted to neighboring neurons, where they
are able to translate. This phenomenon is used to consolidate
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long-term memory (Pastuzyn et al., 2018), in the formation
of which the hippocampus is involved, where the maximum
activity of TEs is detected (Coufal et al., 2009; Bailie et al.,
2011; Thomas, Muotri, 2012; Bachiller et al., 2017).

Based on the data listed above, it can be concluded that the
observed phenomenon of intercellular neuronal interconnec-
tion using Arc has developed in evolution as a reflection of
the adaptive value of the TE transcript transfer phenomenon
between postmitotic cells. It is possible that when neurons ex-
change virus-like mRNA particles between neurons, the ability
of TEs to be integrated in a site-specific manner (Sultana et
al., 2017) with a change in the expression of neuron-specific
genes is used to form long-term memory. As a result, the
functioning of neurons and the storage of information in the
brain change (Bachiller et al., 2017).

Other functions of transposable elements
Transposable elements transpositions affect gene expression
in various ways. Insertions within a gene can cause frameshift
mutations, premature stop codons, or exon skipping. In the
transcribed portion of the gene, TEs can reduce mRNA levels
by slowing transcription due to the high A/T content in ORF2
of TEs such as L1 RE (Thomas, Muotri, 2012). However,
despite the potentially mutagenic effect TEs play a role in the
evolution of the genomes of all eukaryotes through the use of
TE sequences to form host adaptive abilities (Mustafin, Khus-
nutdinova, 2019). TEs are involved in controlling the expres-
sion of protein-coding genes, many of which (Joly-Lopez,
Bureau, 2018), including transcription factors (Ito et al., 2017),
originated from TEs. In addition to the direct domestication
of TEs, new protein-coding genes were formed due to exoni-
zation and duplication of genes using TEs (Thomas, Muotri,
2012; Joly-Lopez, Bureau, 2018; Mustafin, Khusnutdinova,
2018).

Mechanisms derived from TEs are used by the mammalian
immune system to generate antibodies using the V(D)J recom-
bination system. TEs are the source of most steroid receptors,
participating in the global regulation of cell function by the
hormonal system (Lapp, Hunter, 2016). Regulatory sequences,
silencers, and insulators evolved from TEs (Jjingo et al., 2014;
Ito et al., 2017; Schrader, Schmitz, 2018). If TEs are inserted
into non-coding regions of genomes, they are used as alter-
native promoters, enhancers, and polyadenylation signals of
genes. For example, L1s are found in non-coding regions of
80 % of human genes, the expression pattern of which depends
on the density of these REs (Klein, O’Neill, 2018).

About 60 % of all SVAs in the human genome are located
in the genes or flank them within 10 kb. These SVAs are
characterized as mobile CpG islands capable of upstream
or downstream regulation of gene expression by recruiting
transcription factors. In addition, due to the high GC content,
SVAs can form alternative DNA structures, such as the G-qua-
druplex (characteristic of promoters of 40 % of human genes),
which affects transcription (Gianfrancesco et al., 2017). Many
transcription factors are immediately directed to the relation-
ship with TEs, forming and maintaining heterochromatin
(Lapp, Hunter, 2016). TEs serve as sources of cis- and trans-
regulatory elements that coordinate the expression of groups
of genes. In addition to acting as promoters that control the
expression of alternative host gene isoforms, TFBS within TEs
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can act as enhancers in certain tissues and at certain stages of
development (Garcia-Perez et al., 2016).

In evolution, TEs were the sources of a significant part of
the specific sequences of the genome, as well as transcripts and
proteins interacting with them. This indicates a global regula-
tory role of TEs, necessary for both mitosis and meiosis, and
for controlling the work of cells in interphase. For example,
not only spliceosomal introns (Kubiak, Makalowska, 2017),
but also the Prp8 spliceosome component originated from
TEs (Galej et al., 2013). Splicing enhancers and silencers are
10-nucleotide-long ncRNAs that interact with SR proteins
and snRNAs. They are formed by processing transcripts of
Alu retroelements (Pastor et al., 2009). TEs turned out to be
sources of satellites due to the capability of site-specific inser-
tions (McGurk, Barbash, 2018) and illegitimate recombina-
tion, followed by amplification by gene conversion (Han et al.,
2016). In evolution, TEs have become sources of telomerase
and telomeres (Kopera et al., 2011), as well as centromeres
(Cheng, Murata, 2003; Sharma et al., 2013; Han et al., 2016)
and the protein CENP/CENH3 interacting with them (Lo-
pez-Flores et al., 2004; Volff, 2006). Small ncRNAs formed
upon transcription of centromeric REs are involved in the
regulation of these interactions (Carone et al., 2013).

Conclusion

Less than 1.2 % of the human genome is responsible for the
coding of proteins. The remaining non-coding part of the
genome was largely formed due to TEs. The data on the par-
ticipation of TEs in the regulation of gene switching during cell
differentiation in embryogenesis, starting with the first zygote
division, suggest that somatic mosaicism observed in neurons
reflects the active role of TEs in neurogenesis. A number of
papers have been published proving the participation of TEs
in the control of differentiation of neurons. Transposable
elements are sources of ncRNA, which are also important
in gene switching in brain cells. The revealed role of LTR-
containing REs in the exchange of transcripts between neurons
may reflect the general principle of the participation of TEs
in the regulation of gene expression for the development and
maintenance of brain function. The use of Arc protein for the
formation of virus-like particles in the transfer of informa-
tion between cells indicates the evolutionary mechanisms
of TE conversion into viruses for the formation of adaptive
functions. This mechanism is associated with the use of TEs
to ensure the dynamism of the genomes of postmitotic cells
with the possibility of their adaptive changes in response to
environmental influences. The realization of this phenomenon
is possible due to reverse transcription of mRNA transported
between cells with site-specific insertions, the formation of
somatic mosaicism of mature neurons, and a change in gene
expression for memory consolidation.

Since somatic mosaicism cannot be inherited, the func-
tional role of TE insertions in neurogenesis is difficult to
prove. Moreover, these changes can be characterized as
random events that are more important for the development
of neurological disorders. However, the data presented in
the review prove the importance of TE transpositions into
functionally significant regions of the genome, which are
necessary for differentiation of neuronal stem cells and the
response to environmental influences. The explanation of this
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regular phenomenon is the capability of TEs to be inserted
in a site-specific manner programmed by their own posi-
tion in the genome. These nonrandom events are selected
during the evolution of multicellular organisms, promoting
regulatory regulation of gene expression during cell differen-
tiation.

The results obtained on the importance of TE transpositions
in neurogenesis reflect one of the stages of regulation of gene
expression in successive cell divisions during differentiation of
tissues and organs of the whole organism. Somatic mosaicism
in neurons and stem cells is in favor of this assumption, since
the brain is characterized by a pronounced variety of cell types,
for the specific tuning of gene expression of which universal
combinatorial units, such as TEs, are required.
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Abstract. Osteogenesis imperfecta (imperfect osteogenesis in the Russian literature) is the most common he-
reditary form of bone fragility, it is a genetically and clinically heterogeneous disease with a wide range of clinical
severity, often leading to disability from early childhood. It is based on genetic disorders leading to a violation of
the structure of bone tissue, which leads to frequent fractures, impaired growth and posture, with the develop-
ment of characteristic disabling bone deformities and associated problems, including respiratory, neurological,
cardiac, renal impairment, hearing loss. Osteogenesis imperfecta occurs in both men and women, the disease is
inherited in both autosomal dominant and autosomal recessive types, there are sporadic cases of the disease due
to de novo mutations, as well as X-linked forms. The term “osteogenesis imperfecta” was coined by W. Vrolick in
the 1840s. The first classification of the disease was made in 1979 and has been repeatedly reviewed due to the
identification of the molecular cause of the disease and the discovery of new mechanisms for the development
of osteogenesis imperfecta. In the early 1980s, mutations in two genes of collagen type | (COLTAT and COL1A2)
were first associated with an autosomal dominant inheritance type of osteogenesis imperfecta. Since then, 18
more genes have been identified whose products are involved in the formation and mineralization of bone tissue.
The degree of genetic heterogeneity of the disease has not yet been determined, researchers continue to identify
new genes involved in its pathogenesis, the number of which has reached 20. In the last decade, it has become
known that autosomal recessive, autosomal dominant and X-linked mutations in a wide range of genes, encoding
proteins that are involved in the synthesis of type | collagen, its processing, secretion and post-translational modi-
fication, as well as in proteins that regulate the differentiation and activity of bone-forming cells, cause imperfect
osteogenesis. A large number of causative genes complicated the classical classification of the disease and, due to
new advances in the molecular basis of the disease, the classification of the disease is constantly being improved.
In this review, we systematized and summarized information on the results of studies in the field of clinical and
genetic aspects of osteogenesis imperfecta and reflected the current state of the classification criteria for diag-
nosing the disease.

Key words: osteogenesis imperfecta; collagen; bone fragility; bisphosphonates; multiple fractures.
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CoBpeMeHHas Kinaccudukauys U MOJIEKVISIPHO-TeHeTUUecKue
acIeKThbl He3aBepIIeHHOTO OCTeoreHe3a
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AHHOTauumA. He3aBepLlueHHbIN ocTeoreHes (HeCoBepPLLEHHbIN OCTeOreHe3 B PYCCKOA3bIYHON NuTepaType) — Hau-
6onee pacnpocTpaHeHHan HacefCTBEeHHAnA GOpMa NTOMKOCTU KOCTEN, reHeTUUYECKN 1 KIMHUYECKM reTeporeHHoe
3aboneBaHVe C WMPOKNM CMEKTPOM KIVHUYECKOW TAXKECTU, OCHOBHOE KIIMHUYECKOe MPOSBNEHNE KOTOPOro —
MHOKeCTBEHHbIe MepesioMbl HauMHasA C HaTaIbHOTO NMepPUOAa KM3HK, 3a4acTylo NpUBOAALLNE K MHBANMAN3AL N
C AeTCKoro Bo3pacta. K 0CHOBHbIM KIIMHUYECKMM NPr3HaKaM He3aBePLUEHHOrO OCTEOreHe3a OTHOCATCA rony6bble
CK/iepbl, OTepA Clyxa, aHOMannA [EHTUHA, NOBbILWEHHAA TOMKOCTb KOCTEN, HapyLLUEHNe poCTa U OCaHKM C pas-
BUTMEM XapaKTepPHbIX MHBaNUAN3MpYoLWrxX gedbopmMaLnii KOCTeln 1 conyTCTBYOLWMX NPobem, BKOUYaKOLWMX Abl-
XaTeNibHble, HEBPOJIOTMYECKMe, CeEpAeYHbIe, MoYeyHble HapyLleHna. HesaBeplueHHbI ocTeoreHe3 BCTpeYaeTcs
Ny MYXUWH, 1 Y XXEHLWWH, 3aboneBaHne HacefyeTcs Kak no ayToCOMHO-AOMMHAHTHOMY, TaK 1 ayTOCOMHO-pe-
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Modern classification and molecular-genetic
aspects of osteogenesis imperfecta

LileCCMBHOMY TUMaM, CYLLECTBYIOT CNopaanyeckme cilyyan 3aboneBaHus, 06yCIoBIeHHble MyTaumsammn de novo,
a TakKe obHapy»eHbl X-cuenneHHble Gopmbl. TEPMUH «HE3aBEPLUEHHbIN ocTeoreHes» 6bin BBegeH W. Vrolick B
1840-x rr. MepBasa Knaccudukauma 3abonesaHnsa cgenaHa B 1979 r. n HeOQHOKpPATHO NepecMaTpriBanachb n3-3a
naeHTMOMKaLMN MONEKYNAPHOWN NPUUYMHBI 3a60NeBaHNA U OTKPbITVA HOBbIX MEXaHVW3MOB Pa3BUTUA He3aBep-
LWeHHOro ocTeoreHesa. B Hauane 1980-x rr. myTaumu B AByX reHax konnareHa Tuna | (COLTAT n COLTA2) BnepBble
ObIfIY ACCOLMMPOBAHBI C AQYTOCOMHO-AOMMHAHTHBIM TUMOM HacNeAoBaHUA He3aBepLUeHHOro ocTeoreHesa. C Tex
nop naeHTUPMLMpPOBaHbI ele 18 reHoB, MPOAYKTbI KOTOPbIX yY4acTBYIOT B MpoLeccax GopmMrpoBaHnA U MUHepa-
NN3aLUn KOCTHOW TKaHW. [1o cX Mop He onpeaesieHa CTeNeHb reHeTNYEeCKoN reTeporeHHOCT 3aboneBaHus, Uc-
cefoBatenn NnpoaosixKarT le,eHTVI(bVILlVIpOBaTb HOBbIl€ r'eHbl, BOBJIeHYeHHbIe B ero natoreHes, 4Yncao KOTopbixX A0~
cturno 20. B nocnepHee fecAtuneTne CTano N3BeCTHO, YTO ayTOCOMHO-PELIeCCUBHbBIE, 3y TOCOMHO-AOMUHAHTHbIE
1 X-CcBA3aHHble MyTaLn B LIMPOKOM CMEKTPe reHoB, KOAUPYIoLWMX 6enKku, yuacTByoLimMe B CMHTE3e KonnareHa
TMna |, ero npoueccuHre, cekpeumny n NOCTTPAHCAALMOHHON MogudrKaLum, a TakKe B 6enkax, perynmpyoLmx
anddepeHLMpPOBKY 1 aKTUBHOCTb KOCTEOOPa3yoLX KNeTOK, Bbi3bIBalOT HECOBEPLUEHHbI ocTeoreHes. bonbluoe
KOMMYECTBO MPUUYMHHBIX TEHOB YCIOXKHWIO Knaccuyeckyto Knaccudukaumio 3abonesanuis, 1 B CBA3M C HOBbIMY
LOCTUXKEHMAMU B 0651aCTU MONEKYNIAPHBIX OCHOB HE3aBEPLUEHHOMO OCTEOreHe3a NOCTOAHHO COBEPLUEHCTBYETCA
1 Knaccmoukaums. B sTom 0630pe mMbl cuctemMaT3npoBanv 1 0606wmnm nibopmaLmio o pesynbratax Uccneno-
BaHWU B 061aCTV N3yUYeHNA KIIMHUKO-TeHETUYECKMX acreKTOB He3aBepLUEHHOrO OCTeOreHesa U OTPa3usIn CoBpe-
MEHHOE COCTOAHME KNaccUPUKaLMOHHBIX KpUTEPUEB ANArHOCTMKIM 3aboneBaHus.

KntoueBble cnoBa: He3aBepLUEHHbIN (HeCOBEpPLUEHHbIN) OCTeOreHes; KomareH; Xpynkoctb Koctew; bucpocdo-

HaTbl; MHOXKECTBEHHbIE NePesIOMblI.

Introduction

Osteogenesis imperfecta (OI), also known as brittle bone
disease, is a clinically and genetically heterogeneous heredi-
tary disease of connective tissue, the main cause of which
is a genetically determined violation of the quality of bone
tissue, leading to frequent fractures with the development of
disabling bone deformities and a complex of concomitant
problems on the part of the respiratory, cardiovascular, neu-
romuscular systems.

Worldwide osteogenesis imperfecta occur with a frequency
approximately of 1 in every 30,000 births. The desease affects
both men and women. In Russia osteogenesis imperfecta is the
most common genetic bone disease — one case per 10—20 thou-
sand newborns. According to the ministry of health in 2014
in Russia there are 556 adults and children with osteogenesis
imperfecta (Kruchkova, Kruglov, 2014). In the past decade,
(mostly) recessive, dominant and X-linked defects in a wide
variety of genes encoding proteins involved in type I collagen
synthesis, processing, secretion and post-translational modi-
fication, as well as in proteins that regulate the differentiation
and activity of bone-forming cells have been shown to cause
osteogenesis imperfecta (Marini et al., 2017). Also sporadic
cases of osteogenesis imperfecta are affected by de novo muta-
tions, which frequency is necessary to find out.

Nowadays, 20 genes are responsible for the development
of different types of osteogenesis imperfecta and the search of
new genes that take part in pathogenesis of the disease is still
continuing. In past five years 6 new genes, which take part
in pathogenesis of osteogenesis imperfecta, were identified.
The last gene was identified in 2018 and it is not still known
if the disease clinically and genetically heterogenious. Genetic
defects, that lead to OI, are transformed into the defects of
collagen synthesis, structures of its chains, post-translational
modification of collagen, proper twisting into a triple helix and
stitching (Nadyrshina et al., 2012). Also there are defects of
bone tissue mineralization and osteoblasts differentiation. Due
to the identification of new molecular causes of the disease,
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continuous improvement of diagnostic criteria and revision
of classification of Ol is carried out.

The aim of this article is the review of current state of clini-
cal and genetic aspects of OI and the generalization of the
results of molecular pathogenesis of the disease.

Evolution of classification criteria

of osteogenesis imperfecta

The existance of clinical features, which are corresponded to
osteogenesis imperfecta, had been known from ancient times.
The earliest case of the disease was identified in 1000 BC in
the study of a partially mummified skeleton of an infant from
ancient Egypt (Lowenstein, 2009; Ramachandran, Jones,
2018). Also exist a story about Ivar The Boneless was a Viking
leader who invaded Anglo-Saxon England. According to the
Tale of Ragnar Lodbrok, Ivar’s bonelessnes was the result of a
curse. He was born with weak bones. While the sagas describe
Ivar’s physical disability, they also emphase his wisdom, cun-
ning, and mastery of strategy and tactics in battle (Mahoney,
2017). Different publications of brittle bones and hearing loss
studies have been appearing in medical literature since 1600.
J.F. Lobstein u W. Vrolik were one of the first people, who
could get the etiology of osteogenesis imperfecta. In 1825
J.F. Lobstein got some information about 3 sick children of
different age. They had fractures of tubular bones without any
reason. Author decided to name this disease as “ostepsathy-
rosys” and in his treatise on pathological anatomy devoted
an entire chapter of it.

In 1849 W. Vrolik described “Osteogenesis Imperfecta” as
syndrome of brittle bone with a lot of fractures which hap-
pened in prenatal period or immediately after birth. Search-
ing the literature, we can see how gradually congenital bone
fragility stood out from the concept of rickets. Since 1900 the
authors began to point out the genetic nature of osteogenesis
imperfecta.

J. Spurway in 1896 reported the first instance in which the
condition of fragile bones (fragilitas ossium) was associated
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Table 1. Expanded F.H. Glorieux classification of osteogenesis imperfecta

Type Clinical severity Typical features Inheritance  Associated mutations

| Midnondeforming  Normal height or mild short stature; blue sclera ~ AD couiancoliAz
W perinatallethal Multiple ib and long bone fractures atbirth A couancoliaz

Rarely AR
W Severelydeforming  Veryshort;triangular face; grayishsclera A couiancoiaz
W Moderatelydeforming  Moderately short; grayish or white sclera A couiancoiaz
V ........... Moderate|ydeformmgHyperp|ast|cca||usWhltesdera ....................................... AD .................... Unknown ............................................
. V| .......... MOdera te|y tosevere|y ........ WhltESdera ........................................................................ AR .................... Unkno W n ............................................
deforming

. V" ......... MO derate |y . de formmg ......... WhlteSdera ........................................................................ AR .................... CRTAP ..................................................
V"I ........ severe|y d efor mmg .’ ............. WhlteSdera ........................................................................ AR .................... LEPRE, .................................................

perinatal lethal

Note. AD - autosomal dominance; AR - autosomal recessivity; COLTAT and COLTA2 - genes encoding type | collagen; CRTAP - cartilage-associated protein;

LEPRET, also known as P3H1, prolyl-3-hydroxylase 1.

with blue scleras. E. Bronson in 1917 and J. Hoeve and
A. Kleyn in 1918 added to syndrome the third feature, deaf-
ness. J.A. Key in 1926 reffered to the syndrome as “hereditary
hypoplasia of the mesenchyme” and called attention to the
hypotonicity of the ligaments with hypermobile joints. The
first classification of osteogenesis imperfecta was made by
E. Looser, in 1906 who divided the condition on two forms,
osteogenesis imperfecta congenita (also known as Vrolik
disease) and osteogenesis imperfecta tarda (also known as
Ekman-Lobstein disease) to distinguish the early and late
forms of the disease.

In the 1970s, Dr. D. Sillence and his team of researchers
in Australia developed the system of categorization using
“Types” that is currently in use. His original four classifica-
tions (Type I, Type II, Type Il and Type IV) combine clinical
symptoms with genetic components. This listing is based on
the number of people in the study who had similar symptoms.
The types do not go from mildest to most severe. This clas-
sification system has been generally accepted world wide since
1979 OI continues to evolve as new information is discovered
(Yakhyayeva et al., 2015b). Later this classification was sup-
plemented by M. Ramachandran et al. (Pigarova etal., 2017),
which also took into account the violation of dentinogenesis,
OI the IV type of OI was subdivided into subtype B, which
is accompanied by defects of dentinogenesis, and subtype A,
which does not have these violations.

In 2000, F.H. Glorieux presented a classification of os-
teogenesis imperfecta, in which, in addition to the already
known types, four more types of OI (V, VI, VII, VIII) were
identified that are not associated with the pathology of type I
collagen. In this classification, modern advances in the field
of molecular genetic studies of the disease were taken into
account (Table 1).

In less than 5 % of patients diagnosed with OI, type V oc-
curs, which is inherited in an autosomal dominant type. The
clinical phenotype of OI type V differs from other types of

OI and is characterized by calcification of the interosseous
membrane of the forearm and the formation of hyperplastic
callus. OI-V has a wide spectrum of disease severity.

Type VI Ol is clinically similar to types II and IV but has
different characteristic histological picture — forming osteoid
due to a violation of mineralization (Glorieux et al., 2002).

Type VII is manifested by deformations of long bones,
shortening of the proximal limbs, coxa vara (varus deformi-
ties of the femoral neck), accompanied by normal dentino-
genesis and the usual color of the sclera. It is characterized
by an autosomal recessive type of inheritance. VII type OI
is caused by a gene mutation in the chromosome 3p22-24.1,
which encodes a protein associated with cartilage (CRTAP).
CRTAP is a co-factor for post-translational modification of
type I collagen. The severity of the disease depends on the
degree of CRTAP deficiency. In the complete absence of
CRTAP protein, prenatal death occurs, or the baby is born
with severe OI (Ward et al., 2002).

Type VIII- a severe type of the desease, clinically similar
to type Il of OI, characterized by an autosomal recessive type
of inheritance, associated with the mutation in LEPRE. Diag-
nosed at perinatal age. Severe bone deformities, white sclera,
are characteristic, accompanied by normal dentinogenesis
(Fratzl-Zelman et al., 2016).

Types I-V are predominantly autosomal dominant inheri-
tance, VI-XVIII are autosomal recessive. When new genes
were discovered, the classification expanded, and by 2015,
the number of forms of the disease reached 18.

Osteogenesis imperfecta type I is characterized by the
presence of a defect in the COLIAI gene, which leads to
a decrease in the amount of type I collagen produced; in
types 1I-1V, due to mutations in the COLIAI and COLIA2
genes, type V is due to mutations in the /FITMS5 gene and
dysregulation of bone mineralization, type VI occurs due to
a mutation in the SERPINFI gene, which leads to a defect in
bone mineralization; types VII (CRTAP gene), VIII (LEPRE1
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Table 2. Modern classification of osteogenesis imperfecta

Modern classification and molecular-genetic
aspects of osteogenesis imperfecta

Type Type name Gene Inheritance type

| Non-deforming type with blue sclera COL1A1,COL1A2,SP7,BMP1,P3H1,PLS3 AD, X-linked

1] Perinatally fatal, severe COL1A1,COL1A2, CRTAP, P3H1, CREB3L1, PPIB, BMP1 AD, AR

1l Progressively deforming, moderately severe COL1A1,COL1A2,BMP1, CRTAP, FKBP10, P3H1, PLOD2, PPIB, ~ AD, AR
SERPINF1, SERPINH1, TMEM38B, WNT1, CREB3L1, FAMA46A

Y Variable Ol with blue sclera, medium heavy COL1A1,COL1A2, WNTT1, CRTAP, PPIB, SP7, PLS3, TMEM38B, ~ AD, AR, X-linked
FKBP10, SPARC

Y Moderate Ol with ossification of the interosseous  IFITM5 AD

membrane of the forearm

Note. AD is an autosomal dominant type of inheritance; AR is an autosomal recessive type of inheritance.

gene, also known as P3H/) and IX (PPIB gene) are the re-
sult of a defect in the collagen 3-hydroxylation process. The
cause of osteogenesis imperfecta of the X and XI types is
a violation of the processing and cross-linking of collagen
due to mutations in the SERPINHI and FKBPI10 genes, re-
spectively. Mutations in the PLOD?2 and BMP1 genes lead to
incomplete type XII osteogenesis. These genes are involved in
post-translational modification, processing, folding, secretion,
and crosslinking of type I procollagen. Types XIII-XVIII of
osteogenesis imperfecta are characterized by a violation of
the differentiation of osteoblasts: mutations in the SP7 gene
lead to the manifestation of the XIII type, in the TMEM38B
gene — the XIV type, in WNT1 —the XV type, in CREB3LI —
the XVI type, in SPARC —the XVII type, in MBTPS2 — XVIII
type (Marini et al., 2017).

The classification of the disease, taking into account the
molecular pathogenesis of the disease, complicated the work
of clinical doctors and in 2016 the International committee
of nomenclature of constitutional disorders of the skeleton,
INCDS) reduced the classification to 5 forms, retaining
4 types, which were originally described by silence and add-
ing a 5th type. In total, 5 groups of the disease were identified
using the Arabic digital system, which indicates the unifying
phenotypic characteristics, and individual (characteristic for
a particular type) changes still retained their original Roman
designation (Table 2) (Ignatovich et al., 2018). This charac-
teristic leaves room for the inclusion of new genes found
as the cause of osteogenesis imperfecta until the degree of
heterogeneity of the disease is identified.

Thus, the classification of osteogenesis imperfecta has
undergone a number of fundamental changes associated with
advances in the study of the molecular pathogenesis of the
disease. The degree of heterogeneity of the disease has not
yet been determined, the incidence of de novo cases has not
been estimated, and therefore, it will probably continue to
improve the classification criteria for the diagnosis of osteo-
genesis imperfecta.

Modern views on the etiology

and pathogenesis of osteogenesis imperfecta
Osteogenesis imperfecta is characterized by wide clinical and
genetic heterogeneity; earlier, the disease was referred to as
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collagenopathies, because in most cases, the structure and
function of the main protein of bone tissue — type I collagen,
as well as its stability are disturbed. Later, in patients with
osteogenesis imperfecta, mutations were revealed in genes
that do not participate in the formation of collagen structure
and folding (Tournis, Dede, 2017).

To date, 20 genes responsible for the development of OI
have been identified. The autosomal dominant type of ND
inheritance in most cases is caused by defects in the COLIA I
or COLIA2 genes of type I collagen chains encoding al (I)
and o2 (I) peptide type I collagen chains, respectively (Ignato-
vich et al., 2018). Autosomal dominant disease inheritance
options have also been described in several patients with
mutations in the /FITM5 (MIM: 614757) and P4HB (MIM:
176790) genes.

P4HB encodes the beta subunit of prolyl 4-hydroxylase,
which is involved in prolyl hydroxylation and folding of pro-
collagen (Li et al., 2019), and IFITMS5 is a gene specific for
osteoblasts associated with matrix mineralization (Glorieux
et al., 2000). The IFITM5 gene is located on chromosome 11
(p15.5) in a cluster of related genes (IFITM1, 2, 3, and 10) and
belongs to the family of genes encoding proteins containing
two transmembrane domains that perform various significant
cellular functions (Yakhyayeva et al., 2014).

Osteogenesis imperfecta is also transmitted in an autosomal
recessive manner of inheritance, which is caused by mutations
in the following genes: BMP1 (MIM: 112264) (Asharani etal.,
2012), CRTAP (MIM: 605497) (Morello et al., 2006), FKBP10
(MIM: 607063) (Barnes et al., 2012), P3HI (MIM: 610339)
(Cabral et al., 2007), PLOD2 (MIM: 601865) (Puig-Hervas
et al., 2012), PPIB (MIM: 123841) (VanDijk et al., 2009),
SEC24D (MIM: 607186) (Zhang et al., 2017), SERPINH]
(MIM: 600943) (Christiansen et al., 2010) and TMEM38B
(MIM: 611236) (Rubinato et al., 2014), which are involved
in post-translational modifications, processing, coagulation,
secretion and cross-linking of procollagen (I). However, there
is another group of Ol loci with AR type of inheritance, which
are not recognized as directly involved in the biosynthesis of
type I collagen, but play a role in the mineralization or deve-
lopment of osteoblasts. This second group of genes includes
CREB3LI (MIM: 616215) (Symoens et al., 2013), SERPINF 1
(MIM: 172860) (Becker et al., 2011), SP7 (MIM: 606633)
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(Lapunzina et al., 2010), SPARC (MIM: 182120) (Mendoza-
Londono et al., 2015) and WNTI (MIM: 164820) (Laine et
al., 2013; Pyott et al., 2013). Finally, mutations in the PLS3
(MIM: 300131) genes (Costantini et al., 2018) and MBTPS?2
(MIM: 300294) were associated with two different forms of
X-linked forms of OI.

It is known that there are two genes that encode proteins that
are part of the metabolic chain that regulate intramembrane
proteolysis (RIP) in osteoblasts, leading to the formation of
the phenotype of osteogenesis imperfecta. During the intra-
membrane proteolysis, endopeptidases SIP (encoded by the
MBTPS1 gene) and S2P (encoded by the MBTPS2 gene) in
the Golgi membrane sequentially cleave regulatory proteins
transported from the endoplasmic reticulum during stress
endoplasmic reticulum or sterol metabolite deficiency. In
patients with mutations in the MBTPS?2 gene, lysine hydroxy-
lation of the a1 (I) chain and a2 (I) chain is reduced, collagen
crosslinking is altered, and bone tissue strength is impaired.
One of the transcription factors activated by RIP is a specific
astrocyte-induced substance (OASIS; encoded by CREB3L]I).
A deficiency of this substance has been reported in association
with a family with severe osteogenesis imperfecta. OASIS is
a stress transducer of the endoplasmic reticulum, which regu-
lates the transcription of genes involved in the development,
differentiation and maturation of osteoblasts. In mice with the
knocked out CREB3L1 gene, severe osteopenia was observed
with spontaneous fractures and a decrease in the production
of type I collagen in the bone (Lindert et al., 2016).

In 2018, another gene was discovered — FAM46, which also
leads to osteogenesis imperfecta with an autosomal recessive
type of inheritance. FAM46A is a member of the superfamily
of nucleotidyl transferase folded proteins, but its exact func-
tion is currently unknown. However, there is some evidence
pointing to the corresponding role of F4M46A4 in bone de-
velopment. Using RT-PCR analysis, specific FAM464 exp-
ression was detected in human osteoblasts and, interestingly,
a nonsense mutation in FAM46A was recently discovered in
a mouse model derived from ENU (N-ethyl-N-nitrosourea),
characterized by a decrease in body length, limbs, deformation
of the ribs, pelvis and skull and a decrease in the thickness
of the cortex in long bones (Doyard et al., 2018) (Table 3).

About 90 % of the 3,000 people from the incomplete os-
teogenesis database (http://www.le.ac.uk/ge/collagen/) have
changes in either the COL1A1 gene or COL1A42, and the re-
maining 10 % show homozygous or heterozygous mutations
in other genes involved in the pathogenesis of Ol. However,
major sequencing centers that offer a panel of causal muta-
tions associated with incomplete osteogenesis identify a lower
frequency of structural mutations in the COLIAI and COL1A2
genes in patients with a moderate to severe clinical presenta-
tion of the disease. For example, heterozygous mutations in
the COLIAI or COLIA2 genes were identified in 77 % of
598 patients with ND from the Shreiners Clinic (Montreal,
Canada), 9 % had one mutation in the /FITM5 gene, and the
rest had homozygous or heterozygous mutations in other genes
causing incomplete osteogenesis. Lethal mutations in the col-
lagen gene could be lost in this study. In populations with a
high level of blood relationship, the frequency of incomplete
osteogenesis is higher, for example, among African Ameri-
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cans in the United States of America, the frequency of the
mutant variant in the P3H gene (previously called LEPRE]
encoding shedding 3-hydroxylase 1) is about 1 in 240 people.
Homozygosity for this so-called West African allele accounts
for 25 % of all cases of incomplete lethal osteogenesis in this
population, which may be clinically erroneously classified
as type II OI. Among the West Africans of Ghana and Nige-
ria, the frequency of occurrence of this allele is 1.5 %, which
can lead to a frequency of lethal recessive incomplete osteo-
genesis equal to the frequency of de novo mutations in type |
collagen.

Despite the large number of mutations recorded in the da-
tabase on incomplete osteogenesis (https://oi.gene.le.ac.uk),
each population has its own spectrum consisting of a small
number of mutations, with each researcher finding previously
undescribed in mutation literature.

As in the case of other recessive diseases, in some popula-
tions there are isolated cases of mutations in rare genes that
are not found in other populations: an exon deletion in the
TMEM38B gene was found in a family from Saudi Arabia;
reading frame offset in the FKBP10 gene was found in pa-
tients from Turkey; missense mutations in the WNT! gene in
the Hmong ethnic group from Vietnam and China (Marini
et al.,, 2017). Among the population of northern Ontario
(Canada), the intron variant destabilizes the mRNA of the
CRTAP gene (which encodes a protein associated with carti-
lage) and develops the phenotype of incomplete osteogenesis
type VIL.

The clinical picture of OI and the severity of the disease
are diverse, they can be manifested by lethal variants, obvi-
ous abnormalities of the skeleton in children, or have an easy
manifestation in people of mature age. The severity of the
disease is determined by the frequency of fractures, progres-
sive deformity, chronic bone pain and loss of mobility. Due to
the clinical heterogeneity of the disease, there are difficulties
in diagnosing and verifying the diagnosis; in children with
Ol, a delay in physical development, scoliosis, progres-
sive deformations of long bones, hearing loss, pathology of
teething are revealed, therefore only the identification of the
molecular cause of the disease allows an accurate diagnosis
to be established.

Thus, significant progress has been made in the study of
the molecular pathogenesis of incomplete osteogenesis, but
the degree of heterogeneity of the disease remains to be deter-
mined. With the development of genotyping technologies and
the widespread adoption of deep sequencing and full-exomic
sequencing methods, it has become possible to identify not
only new mutations in known genes, but also to identify new
genes involved in the development of the disease.

Prospects for the treatment
of incomplete osteogenesis
Currently, active research is being conducted on the possibili-
ties of targeted therapy for patients with hereditary diseases,
taking into account the molecular defect. Encouraging results
were obtained with the pathogenetic treatment of cystic
fibrosis.

Bisphosphonates (BP) are the main drug for the treatment
of both children and adult patients with OI. It is believed that
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Table 3. Characterization of genes and their protein products responsible for the development of Ol

Genes and their protein products Localization Type Ol Inheritance Function Exons Mutations
type

COL1AT - collagen a(l) 17921.33 I 11,1V Autosomal Part of collagen type | 52 1035
dominant

COL1A2 - collagen a2(l) 27g21.3 LILHLIV » Part of collagen type | 52 604

CRTAP - cartilage-associated protein 3p22.3 1, v Autosomal Participates in post-translational 7 32
recessive modification of collagen |

FKBP10 - 65kDa FK506-binding protein 17q21.2 1, v » Serves as collagen chaperones 11 39

IFITM5 - bone-restricted interferon- 11p15.5 \Y Autosomal Expressed in skeletal tissue and is 2 2

induced transmembrane protein-like dominant  involved in bone formation

protein (BRIL; also known as IFM5)

P3H1 - prolyl-3-hydroxylase 1 1p34.2 11l Autosomal Participates in post-translational 16 69
recessive modification of collagen |

SP7 — transcription factor SP7 12913.13 11l » Involved in the regulation of bone cell 5 2

(also known as osterix) differentiation

TMEM38B — trimeric intracellular 9g31.2 I\ » Involved in the transfer of divalentCa 6 6

cation channel type B
(TRIC B; also known as TM38B)

WNTT - proto-oncogene Wnt-1 (WNTT) 12913.12 \% » Involved in the functioning 4 36
of osteoblasts and bone development

BMP1 - bone morphogenetic protein 1 8p21.3 1,0, IV » Participates in the C-terminal 20 11
processing of both procollagen
protein chains

PPIB - peptidyl-prolyl cis-trans isomerase  15¢22.31 1] » Participates in post-translational 5 17

B (PPlase B) modification of type | collagen

SERPINF1 - pigment epithelium-derived ~ 17p13.3 I, v » Involved in bone mineralization 9 38

factor (PEDF)

SERPINHT — serpin H1 11913.5 I, v » Is a collagen chaperone 7 9

(also known as HSP47)

PLS3 (plastin 3) - plastin 3 Xq23 X-linked The molecular function of plate-3is 21 11
type not fully understood, may play a role

in the differentiation of bone cells

CREB3L1 - old astrocyte specifically 11p11.2 Il Autosomal Regulates the formation of type | 13 4
induced substance recessive  collagen in the process of bone

(OASIS; also known as CR3L1) formation

P4HB - prolyl 4-hydroxylase, 17925.3 1] Autosomal Participates in the hydroxylation 1 2
subunit beta dominant  of lysine residues in collagen fibers;

catalyzes the hydroxylation of proline
residues in X-Pro-Gly repeats in the
spiral domain of procollagen

PLOD2 - lysyl hydroxylase 2 (LH2) 3q24 1, v Autosomal Participates in the hydroxylation 23 10
recessive  of lysine residues in collagen fibers

SEC24D - SEC24 homolog D, 4926 I, v » Function is not fully understood 25 7
COPII coat complex component

SPARC - osteonectin 5g33.1 \% » Regulates the proliferation 10 2
and interaction of cells and matrix
by binding calcium ions with
hydroxyapatite
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BP can be less effective or even lead to adverse consequences
in cases of insufficient calcium intake and/or vitamin D defi-
ciency (Weaver et al., 2016).

There are also preclinical and a small number of clinical
studies in adult patients with OI regarding denosumab, a
monoclonal antibody targeted at RANKL (receptor activator
of the nuclear factor kappa-B ligand). Regarding anabolic
therapy, teriparatide, currently the only available anabolic
agent, has shown promising results in adult patients with
type [ OI. Preclinical studies show that inhibition of TGF-beta
signaling, as well as inhibition of sclerostin, can also play a
role in treating bone fragility. In addition to pharmacological
interventions, the multidisciplinary approach provided by
experienced orthopedic surgeons, dental care specialists,
physiotherapists and kinesitherapy specialists is of paramount
importance for providing the best possible medical care.

Currently, bisphosphonates are widely used to treat chil-
dren with OI. It has been shown that both oral (alendronate,
risedronate) and intravenous administration of BP (pamidro-
nate, zoledronate, neridronate) improve the level of BMD,
especially in the spine. However, data from a randomized,
placebo-controlled trial regarding fracture response, pain re-
lief, and motor activity improvement are still missing. Recent
studies have not found a consistent decrease in the frequency
of fractures and an improvement in the clinical status of pa-
tients in the treatment of BP (Dwan et al., 2014).

Concerning the effect of BF in adults with OI, there is
limited evidence that tested the effect of various BFs on
BMD levels. Almost all studies reported a beneficial effect
on the level of BMD of the lower spine (an increase of up
to 13.9 %) with less pronounced effects on the total level of
BMD of the thigh (an increase of up to 4.3 %) (Lindahl et
al.,2014). Recently, a number of reports have been published
about atypical hip fractures in adult patients with Ol receiving
treatment with BF.

A number of studies have evaluated the effect of denosu-
mab in patients with OI caused by a mutation in SERPINF1,
characterized by a weak response to BP, as well as in patients
with OI I/TV (n = 8) and OI Il (n = 2) types (Hoyer-Kuhn et
al., 2016). The dose used was 1 mg/kg subcutaneously every
3 months. All studies reported a significant increase in BMD
and the absence of significant side effects of treatment over
a two-year period.

Sclerostin inhibition may be another treatment option for
bone fragility in OI. Recently published studies have shown
that administering romososumab (a sclerostin-binding mono-
clonal antibody) within one year reduces the incidence of
spinal fractures and osteoporosis in postmenopausal women
with osteoporosis (Sinder et al., 2015; Grafe et al., 2016).

In a mouse model with OI, it was shown that increased
TGF-f signaling is involved in the OI phenotype, while inhi-
bition of TGF-f improves bone mass and strength. Phase 1 of
the study verifies the safety of fresolumumab, a high-affinity
neutralizing antibody that targets all 3 TGF- isoforms, in
adults with a mild clinical presentation of OI. Combination
therapy with antiresorptive and anabolic agents is another po-
tential treatment option for bone fragility in patients with OI.
Other treatments, such as bone marrow transplantation and
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gene therapy, are in the process of evaluating the effectiveness
of treating severe forms of OI (Marini et al., 2017).

Thus, despite the progress made in understanding the
pathophysiology of OI, additional research is still needed to
determine the best therapeutic approach to this heterogeneous
disease.

Conclusion

Summarizing the foregoing, we can conclude that there has
been a breakthrough in the identification of the molecular
pathogenesis of incomplete osteogenesis, which is due to
the introduction of modern next-generation sequencing tech-
nologies (NGS). However, questions about the prevalence
of the disease as a whole and its individual clinical forms in
various world populations are still far from over. Also, a final
determination of the degree of molecular heterogeneity of OI
has not been achieved; the identification of new pathogenetic
mechanisms of the formation of the phenotype of the disease
continues on the basis of identifying new genes involved in
the pathogenesis of OI. Currently, attempts are being made to
develop targeted therapy for the disease, taking into account
new knowledge about the clinical and genetic aspects of Ol,
but there are still many conflicting results and the solution
to the problem of treating the disease is far from complete.
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