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Original Russian text www.bionet.nsc.ru/vogis/

Genetic polymorphism of local Abkhazian grape cultivars

ET. Ilnitskayal@, M.V. Makarkinal, LV. Stepanovl, LL Suprunl, S.V. Tokmakov!, V.Ch. Aiba2, M.A. Avidzba?, V.K. Kotlyar1

T North-Caucasian Federal Scientific Center of Horticulture, Viticulture, Winemaking, Krasnodar, Russia
2|nstitute of Agriculture of the Academy of Sciences of Abkhazia, Sukhum, Abkhazia
® linitskaya79@mail.ru

Abstract. Local grape cultivars from different countries of the world are an important part of the gene pool of this cul-
ture. Of particular interest are the genotypes of the most ancient regions of viticulture. The territories of the subtropical
zone of Georgia and the central part of Abkhazia belong to one of the centers of origin of the cultural grapevine. The
purpose of the work was to genotype native Abkhazian grape cultivars, to study their genetic diversity based on DNA
profiling data and to compare them with the genotypes of local varieties of other viticultural regions. Samples of plants
were taken on the territory of the Republic of Abkhazia in private farmsteads and in the collection of the agricultural
firm “Vina i Vody Abkhazii” (“Wines and Waters of Abkhazia”). The genotyping of the Abkhazian cultivars Avasirhva, Ag-
bizh, Azhapsh, Azhizhkvakva, Azhikvaca, Atvizh, Atyrkuazh, Achkykazh, Kachich was carried out using 14 DNA markers,
9 of which are standard microsatellite markers recommended for the identification of grape varieties. To improve our
knowledge about the sizes of the identified alleles, we used the DNA of grape cultivars with a known allelic composi-
tion at the analyzed loci. Statistical analysis of the data showed that the observed heterozygosity for the analyzed loci
exceeded expected values, which indicates a genetic polymorphism of the studied sample of varieties. Evaluation of
genetic similarity within the analyzed group based on the results of genotyping at 14 loci showed that the cultivars
Kachich and Azhapsh differed from the other Abkhazian varieties. The obtained DNA profiles of the Abkhazian cultivars
were checked for compliance with DNA-fingerprints of grape varieties in the Vitis International Variety Catalogue. The
Georgian varieties Azhizhkvakva and Tsitska turned out to be synonyms according to DNA profiles, two varieties from
the Database (Italian Albana bianca and Georgian Ojaleshi) have differences in DNA-fingerprints from the varieties
Atyrkuazh and Azhikvatsa only in one allele, respectively. When comparing the identified Abkhazian grape genotypes,
their difference from the sample of Dagestan, Don, Greek, Turkish, Italian, Spanish, and French varieties and genetic
similarity with the genotypes of Georgian grapes were shown.

Key words: Vitis vinifera L.; local grape varieties; genetic diversity; SSR-loci.

For citation: lInitskaya E.T., Makarkina M.V., Stepanov I.V., Suprun LI, Tokmakov S.V., Aiba V.Ch., Avidzba M.A., Kotlyar V.K.
Genetic polymorphism of local Abkhazian grape cultivars. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of
Genetics and Breeding. 2021;25(8):797-804. DOI 10.18699/VJ21.092

T'eHeTHYeCKU IMONMMopd13M
abopureHHbIX ab6xXa3CKX COPTOB BUMHOTpaia

E.T. I/IAbHML(Ka;Il@, M.B. MaKapKV(Hal, .B. Crenanos!, V.U Cynpyl—[l, C.B. Toxmaxosl, B.IIL. Ai16a2, M.A. ABuas6aZ, B.K. KOTAle

T CeBepo-KaBKasckuit peaepanbHbii HayuHbIil LEHTP CaA0BOACTBA, BUHOrPaaapCcTsa, BuHogenus, KpacHoaap, Poccus
2 WHCTUTYT cenbckoro xo3aincTea Akagemmm Hayk Abxasum, Cyxym, Abxasus
® lInitskaya79@mail.ru

AHHoOTaLuA. AGOpUreHHble COpTa BUHOMPaAa PasfnMyHbIX CTPaH MUpa — BaXKHasA YacTb reHopoHAa KynbTypbl. Ocobblin
VNHTEpPEeC Bbi3bIBAlOT FeHOTUMbI Hanbonee APEBHUX PErVOHOB BMHOMPagapcTaa. Tepputopun cy6Tponmnyeckomn 30Hbl
lpy3un 1 ueHTpanbHOM YacTn ABXa3num OTHOCAT K OLHOMY U3 LIeHTPOB BO3HUKHOBEHUS KyNbTYPHOW BUHOMPagHOM
no3sbl. Llenbto paboTbl 6b1710 reHOTUMNPOBaHNe abopUreHHbIX abXa3CKUX COPTOB BUHOTPaLa, N3yUYeHne X reHeTnye-
CKOro pa3Hoobpasna Ha ocHoBe fJaHHbIX JHK-npodunmposaHms 1 cpaBHEHUE C FEHOTUMAMU MECTHBIX COPTOB APYTrnX
pernoHoB BrHorpagapctaa. O6pasLbl pacTeHuin Ol oTobpaHbl Ha TeppuToprmn Pecny6nrkn A6xasus B YaCTHbIX MO-
LBOPbSAX U B KONNEKLMU arpodpripmbl «BrHa 1 Bogbl Abxasnm». [eHOTUNMPOBaHUe abXxa3cKnx copToB ABacUpxBa, Aromx,
Axanuwb, AXXKKBaKBa, AXKnKBaLa, ATBUXb, ATbIpKyaxb, AuKblKaXkb, Kauny BbinosiHeHo ¢ nomoubio 14 IHK-mapkepos,
LEBATb 13 KOTOPbIX ABMAITCA CTaHAAPTHBIMN MUKPOCATENUTHLIMU MapKepamMm, PEKOMEeHLOBaHHbIMI A5 NacnopTu-
3aUumn COpPTOB BMHOrpaaa. [Ans yTouHeHUA pasmepoB UAeHTUGMLNPOBAHHBIX annenein B pabote ucnonbsosanu JHK
COPTOB BMHOTPaga C U3BECTHbIM afieNlbHbIM COCTAaBOM MO aHaNM3NPyeMbIM oKycam. CTaTUCTUYECKINI aHann3 AaHHbIX
nokasaJ, 4to GaKTyeckas reTepo3nroTHOCTb MO aHaNM3VpPyeMbIM JIOKYCam MPeBbICUIA OXMAAEMYIO, YTO TOBOPUT O
reHeTUYecKoM nonrmopdusme nccnesyemon BbI6opKkin coptos. OLieHKa FeHETNYECKOTO CXOACTBA BHYTPY aHanmsmpye-
MOW Fpynmbl MO pe3ybTaTtaM reHOTUNMPOBaHUA Mo 14 NoKycam nokasana oTnvyre coptos Kaumu n Axaniub oT ocTasb-
HbIX abxa3ckux copToB. MonyueHHble [HK-npodurnm abxa3ckrx copToB ObINM NPOBEPEHDbI Ha NPEAMET COOTBETCTBMSA
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Genetic polymorphism
of local Abkhazian grape cultivars

[HK-nacnoptam copToB BUHOrpaja, NpefcTaB/eHHbIX B MeXAyHapoaHol 6a3e AaHHbIX. [Py3nHCKMe copTa AXKUKKBa-
KBa 1 Linyka okazanucb ciHoHMmamu no nacnoptam [HK; y AByx copToB 13 6a3bl AaHHbIX (MTanbaHcKMn Albana bianca
1 rpy3uHcknin Ogxxanewwmn) obHapyxeHbl otnnuma B IHK-nacnoptax oT copToB ATbIpKyaxb 1 A’KMKBaALL@ COOTBETCTBEH-
HO TONbKO MO ofHOMY annenio. MNpu cpaBHeHUN MAEHTUGULIMPOBAHHbBIX abXa3CKUX reHOTUMOB BUHOrPaZa NokasaHo nx
oT/IYme OT BbIGOPKM fareCTaHCKNX, BOHCKUX, TPeYecKux, TypeL KX, NTanbAHCKNX, MCMaHCKMX 1 GpaHLYy3CKUX COPTOB
1 reHeTUnYeCcKoe CXOACTBO C reHoT!namu BUHorpaga Mpysmn.

KnioueBble cnoBa: Vitis vinifera L.; MeCTHble copTa BUHOTPaa; reHeTnyeckoe pasHoobpasme; SSR-NoKycbl.

Introduction

The grapevines Vitis vinifera L. are cultivated by humans
for already about 5000 years and it is the most economically
important fruit crop in the world now. Local varieties from
different regions of the world are an important part of the
crop’s gene pool. Of particular interest are the genotypes of
the most ancient viticulture regions. Western Transcaucasia
and, especially, the subtropical zone of Georgia and the central
part of Abkhazia are recognized as one of the centers of the
origin of cultural grapevine. Many ancient local varieties as
well as wild grapevines are found in these regions.

Currently, molecular genetic methods are widely used to
assess the diversity of the gene pool of cultivated plants, in-
cluding grape. Microsatellite (SSR) markers are most often
used for these purposes. The standard set of 9 microsatellite
loci has been developed for DNA fingerprinting of grape ge-
notypes (Bowers et al., 1999; This et al., 2004; VIVC, 2021).
The use of DNA markers in order to identify grape varieties
and study their polymorphism made it possible to clarify
many questions regarding homonym and synonym varieties,
as well as to determine the most genetically similar and dis-
tant genotypes (Crespan, Milani, 2001; Fossati et al., 2001;
Vokurka et al., 2003; Santiago et al., 2005; Moreno-Sanz
et al., 2008; Cipriani et al., 2010; Goryslavets et al., 2015;
Raimondi et al., 2015; Mandi¢ et al., 2019; Papapetrou et
al., 2020; Pastore et al., 2020). For example, using a genetic
analysis of 35 autochthonous varieties of Bosnia and Herze-
govina at 9 standard microsatellite loci, several synonyms and
homonyms were identified. Comparison of genotypes from
Bosnia and Herzegovina with Croatian grape varieties also
revealed synonyms and homonyms among the two groups
(Mandic¢ et al., 2019).

PCR analysis of Crimean local varieties revealed that the
Shabash, Manzhil al and Shabash krupnoyagodnyi varieties
have identical DNA profiles. The variety Shabash krupno-
yagodnyi is a clone of Shabash, and variety Manzhil al is
a synonym of Shabash (Goryslavets et al., 2015).

178 grape varieties ranging from widely cultivated to nearly
extinct, harvested in Emilia-Romagna (Northern Italy), were
analyzed by 10 microsatellite markers (Pastore et al., 2020).
The data obtained showed that, in this region, there are varie-
ties cultivated in other regions of Italy and in other countries,
but under different local names; however, unique genotypes
were also identified. Of the 122 unique genotypes identified,
62 are not described in the literature, except for mentions in
historical documents. They probably belong to the local gene
pool and, possibly, are the autochthons of this region.

A collection of 1005 grape samples was genotyped at 34 mi-
crosatellite loci (SSR) in order to analyze genetic diversity
and origins study (Cipriani et al., 2010). The comparison of
molecular profiles revealed 200 groups of synonymies. The
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list was corrected taking into account full synonyms, which
reduced the database to 745 unique genotypes.

Viticulture and winemaking are of particular importance
for the people of Abkhazia. The antiquity of viticulture and
winemaking of this region is evidenced by many archaeologi-
cal and paleobotanical finds (Chamagua, 1968). The local type
of grape culture even exists here: maglari — the cultivation
of vines on trees. The autochthonous varieties of Abkhazia
are characterized by a late ripening period and the ability to
preserve the crop for a long time on the bushes. The fame
of Abkhazian wines is mainly associated with the varieties
Auasyrhua (Avasirhva), Kachich (Kachichi), Amlahu.

In the history of the viticulture of Abkhazia, there were
periods due to political and economic reasons, when this in-
dustry either developed intensively, or fell into decline. The
greatest damage was done when phylloxera appeared in the
region: the plantings of local varieties were actively destroyed;
significant areas were planted with a resistant American varie-
ty Isabella. Many varieties have been lost and are preserved
in private farmsteads as single bushes. However, interest to
local varieties is growing, and molecular genetic studies can
be used for DNA profiling (fingerprinting) of local varieties,
assessment of genotype polymorphism, and clarification of
the origin of unknown cultivars.

The purpose of the study was the genotyping of Abkhazian
grape varieties and assessment of genetic diversity of the
studied sample based on the polymorphism of microsatellite
loci.

Materials and methods

In this study, plants corresponding to the ampelographic de-
scriptions of Abkhazian varieties given in the “Ampelography
of'the USSR...” were taken (Frolov-Bagrev, 1953, 1954; Ne-
gruletal., 1963, 1970). Some samples of the varieties included
in the research were collected from several geographical points
of Abkhazia (Kachich, Avasirhva, Agbizh), others were taken
from the collection of the agricultural company “Vina i Vody
Abkhazii” (Atyrkuazh, Azhikvaca, Atvizh, Azhizhkvakva,
Achkykazh, Azhapsh) (Table 1).

DNA was isolated from the crown leaves from annual shoots
of three to five typical variety plants by the method using
the CTAB buffer (Rogers, Bendich, 1985). A standard set of
9 microsatellite (SSR) markers recommended for identifica-
tion of grapevine genotypes was used for DNA fingerprinting
(Bowers et al., 1999; This et al., 2004; VIVC, 2021). For a
more complete assessment of the studied sample’s polymor-
phism, 5 SSR markers were additionally included in the work
(UDV737, GF09-46, SCORGF15-02, GF15-42, CenGeno6)
(Di Gaspero et al., 2012; Schwander et al., 2012; van Heerden
et al., 2014; Zendler et al., 2017). DNA fingerprinting of the
Azhizhkvakva, Kachich and Avasirhva varieties for 9 standard
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Table 1. List of grape varieties used in the study
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No. Grape varieties Country of origin
1 .............. N armce Turkey .....................................
2Vas|||ko ......................................
3 .............. B OgaZkere .................................
4 .............. Y apmcak ...................................
s Papaskaasi
6 Hosandedebeyazi
7 .............. H orOZKaraSI ..............................
8 .............. A Ch|ad| ......................................... G reece .....................................
9 .............. K OtSIfa“ .....................................
10 ............ M and”ana .................................
” ............ A klk| ..........................................
12 ............ D aphma ....................................
13 ............ F .(.) klano .....................................
14 ............ K akOtrygls .................................
15 Misvanekakhui Georga |
16 ............ R kats'te“ ...................................
17-|-avkven .....................................
18TSO|Ikou” ..................................
19 Aendooul
20 ............ C hmu” ......................................
21 ............ o Jalesm .....................................
22 ............ 5 apera\,, ....................................
23 Meskhurimtsvane
24 AyiTesii Dagestan (Russia) |
25 ............ A Sy| Kara ...................................
26 ............ R ISh . baba ..................................
27 ............ 5 arakh .......................................
28 ............ 5 havra ny ...................................
29 Bty
30 ............ A gadal .......................................
31 ............ G oka|a ......................................
3 Tadinskipozdnii
33 Kukanowski Don(Russa) |

No. Grape varieties Country of origin

34 shikowi | Don(Russa)
35 Tomlyanskiichemyi

36 Vayushkin

37 Kmsnostopzolotovskii

38 Buskovatenki

39 shiokhwostyi

40 CabemetSavignon | Fance
41 ChardonnayBlanc

42 ........... M er|ot ........................................

3 SawignonBlanc

44 ........... A ||gote .......................................

45 Pinotnoir

46  Montepuldano | aly
47 Sangiovese

48 ........... N EbeOIO ....................................

49 ........... L acnma ......................................

50 Vementno

51 Garganega

52Tempram||o ................................. S pam ........................................
53 Parellada

54 Shavagrossa

55 Gamacha

56 AbiloReal

57za|ema .......................................

58 ........... K aChIChAbkhaZIa ..................................
59 Aykuazh

0 Aasiva

61Atv'zh .........................................

62 Ahizhkvakva

63 Achkykah

64 ........... A ZhapSh .....................................

65 ........... A gbIZh ........................................

66 Aikvaa

microsatellite loci was performed by us earlier (Ilnitskaya et
al., 2019-2021).

PCR was carried out in a 20 pL reaction mixture contain-
ing 50 ng of genomic DNA, 1.5 units of Taq polymerase,
Ixbuffer for Taq polymerase with ammonium sulfate and

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

magnesium, 2 mM MgCl,, 0.2 mM each dNTP (deoxynucleo-
tide triphosphates) (SibEnzyme-M, Moscow) and 200 pM
of each primer (Syntol, Moscow) using a BioRad device
(USA), following these protocols: initial denaturation — 10 s
at +95 °C; then 34 synthesis cycles: denaturation — 10 s
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at +95 °C, primer annealing — 30 s at +55 °C for markers
VVS2, VVMDS5, VVMD7, VVMD27, UDV737, CenGeno,
at +58 °C — VrIZAG62, ViZAG79, ScCORGF15-02, GF15-42,
and at +60 °C — VVMD?25, VVMD28, VVMD32, GF(09-46,
elongation — 30 s at +72 °C; the final cycle (final elongation) —
3 min at +72 °C.

Separation and analysis of the PCR products lengths
was carried out by capillary electrophoresis using ABI
Prism 3130 genetic analyzer. The amplified fragments were
aligned relative to the control (reference) genotypes that we
included in the work, with a known allelic composition for
the analyzed loci: Pinot noir (for markers VVS2, VVMDS5,
VVMD7, VVMD25, VVMD27, VVMD28, VVMD32,
VIZAG62, ViZAGT9), Saperavi severnyy (GF09-46), Seyve
Villard 12-375 (UDV737), Regent (ScCORGF15-02, GF15-42,
CenGeno).

Statistical processing of data on loci polymorphism in the
studied sample was carried out using the program GenAlEx 6.5
(Peakall, Smouse, 2012). Genetic relationships were assessed
with the PAST 2.17¢ program using the pairwise within-group
unweighted mean (UPGMA) and principal coordinate me-
thods (PCoA) (Hammer et al., 2001).

To study the genetic similarity of the autochthonous Abkha-
zian varieties with the grapevine’s local gene pool from other
viticulture zones, we included a sample of varieties that are
classified as aboriginal genotypes of Georgia, Greece, Dage-
stan, Don (Rostov region, Russian Federation), Spain, Italy,
France, Turkey (see Table 1). These regions of viticulture also

Table 2. DNA profiles of Abkhazian grape varieties

Variety Allele size, base pairs
N ~ o]
wn ~ o~ o~ (o]
~ a =) o =) ja)
n = = = = =
S S S
S S S S S S
Kachich 153 234 239 239 186 234
155 240 249 267 193 248
Atyrkuazh 133 228 247 241 180 234
143 234 249 255 190 236
Avasirhva 141 234 239 239 184 234
145 242 249 249 190 248
Atvizh 137 228 239 239 184 236
145 234 239 249 193 236
Azhizhkvakva 143 228 239 239 186 236
145 236 253 255 188 258
Achkykazh 143 228 239 239 186 236
145 228 249 255 193 251
Azhapsh 123 234 239 240 184 226
155 234 249 267 193 248
Agbizh 143 234 233 239 180 234
153 240 239 267 190 236
Azhikvaca 141 234 241 239 180 228
153 242 247 255 184 236
800

Genetic polymorphism
of local Abkhazian grape cultivars

have an ancient history of V. vinifera L. cultivation, geographi-
cal proximity or historical ties with Abkhazia. The DNA pro-
files of local varieties genotypes for nine SSR loci, standard for
genotyping V. vinifera, were taken by us from the international
database Vitis International Variety Catalog (VIVC). Bayesian
analysis was carried out in the Structure 2.3.4 program using
66 genotypes (see Table 1), the optimal number of clusters
was 3, established using the Evanno method, calculation was
carried out in the online program Structure Harvester (Evanno
et al., 2005; Earl, vonHoldt, 2012).

Results and discussion

The results of genotyping nine Abkhazian grape varieties
(Kachich, Atyrkuazh, Avasirhva, Atvizh, Azhizhkvakva, Ach-
kykazh, Azhapsh, Agbizh, Azhikvaca) by 14 microsatellite loci
are presented in Table 2. The identified profiles of each variety
for nine SSR loci (VVS2, VVMDS, VVMD7, VVMD25,
VVMD27, VVMD28, VVMD32, VrZAG62, VrZAG79)
were checked in the international database of grape varieties
DNA fingerprints of Vitis International Variety Catalogue
(VIVC, 2021). It was revealed that the allelic composition of
the DNA profile of the Azhizhkvakva grape variety by nine
microsatellite loci fully corresponds to the DNA profile of the
Georgian aboriginal Tsitska grape variety, presented in the
Database (Ilnitskaya et al., 2021). These varieties are similar
in phenotypic characteristics and may be synonymous varie-
ties or clone variations. The DNA profile of the Azhikvaca
grape variety also showed a close similarity with the DNA

o
o

(o)) UI\ O
N N ~ o) i N c
8§ ¢ ¢ g 3 g I 8
2 N N 2 2 o] = 5
> > > =) (V)] (%) (V] (]
262 194 237 291 395 240 179 271
272 196 255 291 425 240 185 285
250 194 237 295 425 195 177 263
272 200 251 295 425 240 177 277
248 200 251 285 395 240 193 273
262 204 257 285 413 240 199 299
258 188 251 285 413 240 193 263
262 188 255 295 425 240 199 301
262 194 251 285 423 240 193 273
272 196 251 289 425 240 197 277
262 200 251 285 395 240 179 277
262 204 255 295 413 240 185 303
262 196 247 285 395 240 179 275
272 204 255 291 423 240 179 289
248 188 237 285 395 195 193 263
262 204 239 285 425 240 193 301
262 194 237 285 395 240 177 277
262 208 251 289 395 240 179 283
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profile of the Georgian aboriginal Ojaleshi grape variety: the
difference was revealed only in one allele at ViZAG79 locus
(VIVC, 2021).

Since Georgia is the closest neighbor geographically and
also a country with an ancient viticulture culture, the genetic
similarity of native varieties of these regions is quite expected.
However, we also revealed the similarity of the Atyrkuazh va-
riety with a local Italian grape variety Albana bianca: the DNA
profiles are identical except for one allele at the ViIZAG79
locus (VIVC, 2021). Albana bianca is a relatively common
variety and is found under other names in different countries
(VIVC, 2021). The study of the ampelographic characteris-
tics of ancient Italian variety Albana bianca, presented in the
literature, shows a certain phenotypic similarity with variety
Atyrkuazh. Due to the lack of DNA samples of the Albana
bianca variety, it was not possible to compare genotypes for
a larger number of SSR loci and clarify their level of genetic
similarity.

In general, the genotypes of local Abkhazian varieties
showed a fairly high polymorphism. The average value of
observed heterozygosity (Ho =0.810) exceeded the expected
value (He = 0.712) in the studied sample of nine Abkhazian
grape varieties at 14 microsatellite loci (Table 3). The least
polymorphic locus was SCORGF15-02: only 2 alleles were
detected. 11 alleles were identified on the most polymorphic
locus CenGen6. It is worth noting that in the DNA profile
of the Azhapsh grape variety at VVMD?25 locus a very rare
allele of 240 base pairs (bp) was identified, which was pre-
viously described in only one of the varieties presented in
VIVC Database.

To assess the genetic similarity of the studied Abkhazian
varieties, a cluster analysis was carried out based on the data
of SSR-genotyping. The analyzed varieties were divided into
two clusters, one of which contains seven of the nine studied
varieties and within which Agbizh, Atyrkuazh, Azhikvaca
were grouped into a separate subcluster, and Avasirhva, At-
vizh, Achkykazh, Azhizhkvakva were grouped into another
subcluster (Fig. 1). It is important to note that the genotypes of
varieties Azhapsh and Kachich were allocated into one cluster.
Localization of nine Abkhazian varieties in the PCA showed
that the Azhapsh and Kachich varieties are grouped together
and are located farther from the other seven varieties (Fig. 2).

For a broader understanding of the genetic structure of the
population of grape varieties in Abkhazia and the relation-
ship with the world gene pool, they were compared with the
genotypes of aboriginal varieties of other regions of viticulture
(Georgia, Greece, Dagestan, Don (Rostov region of Russian
Federation), Spain, Italy, France, Turkey). The DNA profiles
of varieties on nine standard SSR loci were taken from the
international VIVC Database. Bayesian analysis showed the
greatest degree of similarity between Abkhazian varieties and
Georgian grape varieties (Fig. 3). Moreover, among the group
of Georgian varieties, three genotypes showed similarities
with other groups of varieties (Tavkveri, Saperavi, Meskhuri
mtsvane), while the group of Abkhazian varieties is more
homogeneous (see Fig. 3, a).

Also, the group of French varieties taken in the study stands
out for its uniformity and difference from others. In the group
of Italian varieties, the genotype of the Nebbiolo variety is
closest to the Abkhazian ones, it has many synonyms and is
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Table 3. Characteristics of microsatellite loci
in the studied sample of Abkhazian grape varieties

Locus Na Ne Ho He
VVSZ .......................... 8000 ........... 6231 ............ 1000 ........... 0840 ..........

VVMD5 ...................... 5000 ........... 3306 ........... 0778 ........... 0698 ..........

VVMD7 ...................... 6000 ........... 3375 ........... 0889 ........... 0704 ..........

VVMD25 .................... 6000 ........... 4050 ........... 1000 ........... 0753 ..........

VVMD27 .................... 6000 ........... 5400 ........... 1000 ........... 0815 ..........

VVMD28 ................... 7000 ........... 4154 ........... 0889 ........... 0759 ..........

VVMD32 .................... 5000 ........... 2656 ........... 0778 ........... 0623 ..........

VrZAGsz ................... 6000 ........... 5400 ........... 0889 ........... 0815 ..........

VrZAG79 ................... 6000 ........... 3857 ........... 0889 ........... 0741 ..........

UDV737 .................... 4000 ........... 2945 ........... 0556 ........... 0660 ..........

GF0946 .................... 4000 ........... 3306 ........... 0778 ........... 0698 ..........
SCORGFIS-02 2000 1246 0222 0198
GF1542 .................... 6000 ........... 4765 ........... 0667 ........... 0790 ..........
CenGen6 ................... 11 000 ......... 8100 ........... 1000 ........... 0877 ..........
Mean ......................... 5857 ........... 4199 ........... 0810 ........... 0712 ..........

Note. Na - total number of alleles per locus; Ne — number of effective alleles;
Ho - observed heterozygosity; He — expected heterozygosity.
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Fig. 1. Dendrogram of genetic similarity of Abkhazian local grape varie-
ties according to DNA profiling data.

Branching nodes show bootstrap percentage values calculated on the basis of
50,000 random samples.

characterized by a late maturation period. Among the Greek
varieties, we can note the Mandilaria variety genotype, which
differs from the others in this group and is similar in structure
to the varieties of Abkhazia. This may indicate the genetic
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Fig. 2. Distribution of Abkhazian grape varieties according to PCA analysis of DNA profiling data.
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Fig. 3. Bar plot of the results from Bayesian analysis on 66 grape varieties, genotyping with nine SSR markers: a, grouping of varieties by origin; b, clus-
tering by genetic similarity. The vertical axis denotes the probability of assigning each genotype to the putative clusters, indicated by different colors.

1 - Narince, 2 - Vasiliko, 3 - Bogazkere, 4 - Yapincak, 5 - Papaskarasi, 6 - Hasandede beyazi, 7 - Horoz Karasi, 8 — Achladi, 9 - Kotsifali, 10 - Mandilaria, 11 - Akiki,
12 - Daphnia, 13 - Fokiano, 14 - Kakotrygis, 15 — Mtsvane kakhuri, 16 — Rkatsiteli, 17 — Tavkveri, 18 - Tsolikouri, 19 — Alexandroouli, 20 — Chinuri, 21 - Ojaleshi,
22 - Saperavi, 23 - Meskhuri mtsvane, 24 - Alyi Terskii, 25 — Asyl Kara, 26 - Rish baba, 27 - Sarakh, 28 - Shavrany, 29 - Bayat Kapy, 30 - Agadai, 31 - Gok ala,
32 - Tavlinskii pozdnii, 33 — Kukanovskii, 34 — Sibirkovyi, 35 - Tsimlyanskii Chernyi, 36 — Varyushkin, 37 - Krasnostop zolotovskii, 38 — Bruskovatenkii, 39 — Shilo-
khvostyi, 40 — Cabernet Sauvignon, 41 - Chardonnay Blanc, 42 — Merlot, 43 - Sauvignon Blanc, 44 - Aligote, 45 - Pinot noir, 46 - Montepulciano, 47 - Sangiovese,
48 - Nebbiolo, 49 - Lacrima, 50 - Vermentino, 51 — Garganega, 52 - Tempranillo, 53 - Parellada, 54 - Shiava Grossa, 55 — Garnacha, 56 - Albillo Real, 57 - Zalema,
58 — Kachich, 59 - Atyrkuazh, 60 — Avasirhva, 61 — Atvizh, 62 - Azhizhkvakva, 63 - Achkykazh, 64 — Azhapsh, 65 - Agbizh, 66 - Azhikvaca.
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relationships of the grape’s gene pool in Greece and Abkhazia.
It is known that in the times of Ancient Greece, the territory
of Abkhazia was ruled by Greece for a period of time. During
this period, perhaps, the exchange of the gene pool of grapes
could also have taken place.

Figure 3, b shows that most varieties of Georgia and Ab-
khazia form a single group and differ from other genotypes.
Two varieties, Azhizhkvakva and Azhapsh, are outside this
group, but it is also noticeable that the hypothetical population
marked in red, which prevails in the group of Georgian and
Abkhazian varieties, makes a significant contribution to the
structures of these genotypes.

Conclusion

Genotyping of local Abkhazian grape varieties Avasirhva, Ag-
bizh, Azhapsh, Azhizhkvakva, Azhikvaca, Atvizh, Atyrkuazh,
Achkykazh, Kachich was carried out using 14 DNA markers,
including 9 generally accepted for DNA identification of grape
varieties. The comparison of the identified DNA profiles on
microsatellite loci VVS2, VVMDS5, VVMD7, VVMD25,
VVMD27, VVMD28, VVMD32, ViZAG62, ViZAG79 in
the International Database shows the coincidence of the
allelic compositions of the Azhizhkvakva cultivar with the
Georgian local variety Tsitska, the Azhikvaca cultivar differs
by one allele from the Georgian variety Ojaleshi. Also, the
Atyrkuazh variety differs in one allele out of nine analyzed
from the Italian grape variety Albana bianca.

The assessment of genetic structure of the population of
grape varieties of Abkhazia and its relationship with the local
gene pool of other regions of viticulture showed the similarity
of Abkhazian varieties with Georgian and a difference from
other groups of varieties of neighboring regions (Dagestan,
Don, Turkey) and more remote regions of ancient viticulture
(Greece, Italy, Spain and France). According to the results
of the study, it is possible to assume that local varieties from
the populations of the wild gene pool of grapevines are of
autochthonous origin.
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Abstract. One of the main ways to fine-tune the adaptive potential of wheat cultivars is to regulate the timing of flow-
ering using the genes of the Vrn-1 locus, which determines the type and rate of development. Recently, with the use of
introgression and isogenic lines of bread wheat, it was shown that this locus is involved in the genetic control of root
length and weight both under irrigation and drought conditions. It turned out that the VrnAT gene is associated with
a significant decrease in the size of the root system in a winter genotype. The Vrn-AT gene had the strongest effect on
the reduction of the root system in comparison with the homoeoallelic genes Vrn-B1 and Vrn-D1. The aim of this work
was to determine whether the allelic composition of the genes at the Vrn-1 locus affects the root size in seven spring
cultivars and in two lines of bread wheat differing in flowering time under conditions of normal watering and drought.
The research was carried out in a hydroponic greenhouse; drought was created at the tillering stage. In this work, we
have shown that early flowering wheat cultivars with the dominant Vrn-A7a allele have more lightweight and shorter
roots under normal watering conditions compared to the late flowering carriers of the dominant homoeoalleles Vrn-B1
and Vrn-D1. In drought conditions, the root length decreased insignificantly, but the weight of the roots significantly
decreased in all genotypes, with the exception of Diamant 2. It has been hypothesized that the level of the transcrip-
tion factor VRN-1 at the onset of drought may affect the size of the root system. The large variability in root weight may
indicate the participation, in addition to the Vrn-1 locus, of other gene networks in the formation of this trait. Breeders
working to develop early maturing varieties should consider the possibility of reducing the root size, especially in arid
conditions. A significant increase in the root size of line 821 with introgressions into chromosomes 2A, 2B, and 5A from
T. timopheevii indicates the possibility of using congeners as a source of increasing the trait in wheat.
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B3anMOCBS3b MeXOVy reHeTUUYeCKM CTaTyCcoM Jiokyca Vrn-1
I pasMepaMu KOPHEBOI CUCTEMbI V MSITKOJ IIIIeHUIIbI
(Triticum aestivum L.)
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AHHoTauua. OgHUM 13 rMaBHbIX CMOCOOOB TOHKOWM HACTPOWMKN aAanTaLMOHHOrO NOTeHLMana COPTOB MLWEeHWLbl AB-
NAETCA perynnpoBaHne CPOKOB LIBETEHNA C UCMOb30BaHeM reHoB Jlokyca Vrn-1, onpefenatowero Tmn n CKopocTb
pa3suTuA. ViccnepoBaHumsa, cBA3bIBalOLME CPOKYM LiBETEHMA C GOPMMPOBaHMEM KOPHEBOIN CUCTEMbl B HOPMalbHbIX 1
3aCyLUNMBbIX YCIOBUAX, €ANHNYHbI. HeJlaBHO C MCMOJIb30BaHMEM NHTPOrPeCcCUPOBaHHBIX M U30M€HHbIX JIMHWIA MLUeHN-
bl 6bINI0 MOKa3aHo, YTO NIOKYC Vrn-1 yyacTByeT B reHeTUYeCKOM KOHTPOJE AIMHbI U MacCbl KOPHEN 1 yrna HaknoHa
KOpPHeN B MOYBe KakK Ha Mos1Be, Tak 1 Ha 3acyxe. V3 Tpex romeoannenbHbIx reHoB — Vrn-A1, V-B1 n Vrn-D1 -ren Vin A1
Havbornee CUNbHO yMeHbLLaJ pa3mepbl KOPHEBOI CUCTEMBI Y 03UMOro reHoTuNa. Llenbto Halweld paboTbl 6bin10 onpepe-
NUTb, BAVAET JIN aNNeNbHblA COCTaB reHoB JIoKyca Vin-1 Ha pa3BuTME KOPHEBOW CUCTEMbI Y Pa3INYAIOLLMXCA MO CPOKaM
LiBETEHUA CEMUN APOBbIX COPTOB U ABYX IMHNI MATKOW MLUEHNLbl B YCIIOBMAX HOPManbHOro nonvea u 3acyxu. Miccne-
[0BaHNA NPoBeAeHbI B YCNOBUAX MNMAPONOHHON TEMMLbI, 3acyxa Co3AaBanacb Ha CTagum KyLieHusa. Mbl nokasanu, 4to
paHHeLBeTyL/e copTa MWeHNLbl C AOMUHAHTHbIM annenem Vrn-ATa B HOpMasbHbIX YCIIOBUAX NOMVBA MMEIOT KOPHU
MeHbLUe Maccbl U ANNHbI MO CPAaBHEHMIO C MO3AHOLBETYLYMMY HOCUTENAMU JOMUHAHTHbIX romeoannenei Vin-B1 n
Vrn-D1. Ha 3acyxe ANiMHa KOPHel yMeHbLUanacb He3HaumMTeNIbHO, @ BOT Macca KOpPHeN JOCTOBEPHO CHUXKanach y Bcex
reHOTVMNOB, 3a UCK/oYeHnem copTa [lnamaHT 2. Mbl npeAnonoxKmnn, YTo ypoBeHb TpaHCKpunuuoHHoro ¢paktopa VRN-1
Ha MOMEHT HaCTYMNNEHNA 3aCyXN MOXKET OKa3blBaTb BIMAHME Ha pa3Mep KOPHeBOW cucTeMbl. bonbliol pasmax n3meH-
YMBOCTU MO Macce KOPHe MOXeT CBUAETENbCTBOBaTb 06 yyacTuy, MOMMMO NoKyca Vrn-1, Apyrux reHHbIx ceTeit B Gpop-
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The size of the root system in wheat
is associated with the Vrn-AT locus

MUPOBaHMN 3TOro Npu3sHaka. CenekymoHepam, paboTaoWwmm Hafl Co3haHeM CKOPOCMENbIX COPTOB, CNieAyeT YUnTbl-
BaTb BO3MOXXHOCTb YMEHbLUEHNA pa3MepoB KOPHEBOW CUCTEMbl, OCOGEHHO B 3aCyLUMBbIX YCIIOBUAX. 3HaUYMTENIbHOE
yBENNYEHME MACCbl KOPHEN Y NIMHUN 821 C MHTpOrpeccuamm B xpomocombl 2A, 2B n 5A ot Bugaa T. timopheevii ykasbiBaeTt
Ha BO3MOXHOCTb MCMOJIb30BaHNA COPOANYEN B KaueCTBe CTOYHMKA YBENMYEHNA pa3mepa KOPHeN Y NMileHnLbl.
KnioueBble cioBa: MArkas niueHnLa; KopHeBasa cucTema; 3acyxa; Vrn-1; cpokm LBeTeHuA.

Introduction

Roots are an integral part of the plant organism. Their develop-
ment begins at the first stages of ontogenesis. The architecture
of the root system determines firm rooting of plants, efficient
absorption of nutrients and water from the soil, and interaction
with the soil biome. A well-developed shallow root system is
able to absorb moisture even from small rains, while a longer
root system gains access to moisture accumulated in the deeper
layers of the soil. These properties of the root system are es-
pecially important in condition of droughts, which currently
represent the most serious climate threat worldwide (Ahmad
etal.,2017; IPCC, 2018). It was shown that the morphological
and functional features of the root system are associated with
the preservation of the yield under drought conditions (Comas
et al., 2013). The accumulation and practical application of
genetic knowledge about the formation of the root system in
agricultural crops can lead to the second Green Revolution
(Den Herder et al., 2010).

In rice and maize, genes responsible for the formation of
the root system have been identified and cloned (Uga et al.,
2013; Kitomi et al., 2018). Studies on the genetic control of
the root system in bread wheat (7riticum aestivum L.) lag
significantly behind the studies carried out on rice and maize.
So far, in bread wheat, using bi-parental mapping populations
and varietal associative mapping panels, QTLs have been
localized on the chromosomes of almost all homoeological
groups, which indicates a complex genetic control of this trait
in wheat (Ehdaie et al., 2016; Lui et al., 2019). Researchers
are also looking for genetic diversity for root size in relatives
of bread wheat (Feng et al., 2018). It has been shown that the
presence of rye introgression in wheat genotypes leads to a
significant increase in root weight and an increase in plant
productivity under normal and drought conditions (Ehdaie
et al., 2003). A similar effect was found in the wheat line
Pavon 76 with introgression from Agropyron elongatum to
chromosome 7DL (Placido et al., 2013).

The dominant alleles of the Vin-A1, Vin-Bl1, and Vin-D1
genes located on chromosomes 5A, 5B, and 5D determine the
spring type of wheat development (Mclntosh et al., 2013).
It was recently found that the Vrn-1 locus is involved in the
genetic control of root length, root weight, and root angle in
wheat and barley (Voss-Fels et al., 2018). We were the first
to show the relationship between the flowering time and the
size of wheat root system under drought conditions (Pshenich-
nikova et al., 2020). Using monosomic lines of cv. Saratov-
skaya 29 for chromosomes 5A, 5B, and 5D, we discovered that
the Vrn-A1 gene most strongly affects the decrease in the size
of'the root system in comparison with other dominant genes of
the Vrn-1 locus. The main task of this work was to determine
whether the allelic composition of genes at the Vin-1 locus
affects the development of the root system in different cultivars
and lines of bread wheat, differing in terms of flowering time
under conditions of normal watering and drought.
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Materials and methods

The studies were carried out on bread wheat accessions that
are not related by origin and differ in the allelic composition of
the Vrn-1 genes. The set of genotypes included spring cultivars
Saratovskaya 29 (529), Novosibirskaya 67 (N67), Yanetskis
Probat (YP), Diamant 2 (Dm2), Milturum 553 (M553), Du-
vanka, Chinese cultivar Chinese Spring (CS), line 821 with
introgressions from 7. timopheevii Tausch. into chromoso-
mes 2A, 2B, and 5A of S29 (Leonova et al., 2001) and
winter synthetic hexaploid wheat line Synthetic 6x (Syn6x)
(AABBDD), obtained from the crossing of 7. dicoccoides and
Ae. tauschii and carrying introgression on chromosome 5D.

To equalize the vegetative period in the set of genotypes,
two of them were vernalized at a temperature of +2 °C and
a 12-hour light regime: winter Syn6x for 60 days, and the
late-ripening cultivar CS for 30 days. Plants were grown in
a hydroponic greenhouse of the Institute of Cytology and
Genetics of the Siberian Branch of the Russian Academy
of Sciences (Center for Shared Use “Laboratory of Arti-
ficial Plant Cultivation”) under 12—14-hour artificial light
45,000-50,000 Ix, night temperature 18-20 °C and day tem-
perature 24-26 °C. Expanded clay with a particle size of 5 to
15 mm was used as an artificial soil. Knop’s solution served
as a nutrient solution. The plants were grown in two identical
bathtubs 500 x 100 x 35 cm in size and about 2 m? in volume.
The distance between the plants was 12 cm.

Each genotype was grown under two irrigation regimes
during three growing seasons. Before tillering stage, all plants
were watered equally twice a day. After the beginning of tiller-
ing, two watering regimes were created. In the control variant,
the previous irrigation regime was maintained until the end of
the season. In the experimental variant, watering was stopped.
The moisture level was measured in both baths once a week
using a moisture meter. Humidity in the control experiment
was 28-30 % throughout the season. Under drought condi-
tions, the humidity gradually decreased and within a month
was established at the level of 10-12 %. These experimental
conditions simulate changes in soil moisture in the field during
spring sowing in the sharply continental climate of Siberia.
The flowering date was noted for each plant. The stage of grain
waxy ripeness was considered the end of the experiment, after
which watering in the control variant was stopped. After the
soil dried out, the plants were dug up with the roots, and the
aboveground part was cut off. After measuring the length of the
roots, they were left in air until completely dry and weighed.

A.B. Shcherban performed molecular analysis of the allelic
state of the genes at the Vrn-1 locus in the studied genotypes
according to the previously described method (Shcherban et
al., 2012).

Phenotypic data obtained during three growing seasons
were combined and analyzed by one-way analysis of variance
separately for each trait and each irrigation regime. Com-
parative analysis between groups of genotypes and watering

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202125+ 8



O.l. CmnpHoBa
T.A. MweHnYHMKOBa

regimes was performed using Student’s #-test. The drought
tolerance index was measured as a percentage and was calcu-
lated as the ratio of the mean value of the trait under drought to
the mean value of the trait under irrigation, multiplied by 100.
To study the relationship between three traits (days before
flowering, root length and root weight), Pearson correlation
analysis was performed. Analyzes were performed using the
statistical package STATISTICA 6.

Results

Molecular analysis of the allelic composition of the Vin-1 lo-
cus in nine wheat genotypes showed the presence of the do-
minant allele a at the Vrn-A1 locus in cultivars S29, YP, N67,
Dm2 and line 821 with introgression from 7. timopheevii,
created on the basis of cultivar S29 (Table 1). The recessive
allele vin-A1 was found in cultivars M553, Duvanka, CS,
and Syn6x. The samples also differed in the allelic state of
the Vrn-B1 locus. The dominant allele Vrn-B1c was found in
cultivars S29, YP, and line 821, the dominant allele Vin-Bla
was found in cultivars N67, Dm2, M553, and Duvanka, and
the recessive allele vrn-B1 was found in CS and Syn6x. All
studied wheat samples, with the exception of CS, had the
vrn-D1 recessive allele. The CS had a dominant Vin-Dla
allele (see Table 1).

As a result of the analysis of the allelic state of the Vrn-1
genes, the studied samples were divided into two groups. The
first group included four cultivars (S29, N67, Dm2, YP) and
line 821 — carriers of the dominant allele of the Vin-41a gene.
The second group included four cultivars (M553, Duvanka, CS
and Syn6x) — carriers of the vrn-A41 recessive allele. Analysis
of the flowering time showed that plants in the first group

2021
25.8

Pa3zmep KOpHEeBOW CUCTEMbI Y MLIEHNLIbI
CBA3aH C Iokycom Vrn-AT

flowered 6 days earlier when irrigated and 7 days earlier in
drought than plants in the second group (= 3.50; p < 0.001).
Among the carriers of the Vrn-Ala allele, under both irriga-
tion conditions, cultivars S29 and N67 flowered ecarlier (see
Table 1). Among the carriers of the recessive allele vrn-41,
the earliest cultivars were CS under irrigation and vernalized
Syn6x under drought. The average number of days before
flowering significantly increased under drought conditions in
all studied genotypes (see Table 1). The tolerance index of this
trait did not show a large range in the studied genotypes, with
the exception of line 821 and cultivar CS, in which the delay
in tillering during drought was the most significant (Table 2).

The root system was studied in all accessions under condi-
tions of normal irrigation and drought. The range of variability
in root length was 15 % under irrigation and 50 % under
drought, and in root weight — 400 % under irrigation and
500 % under drought (see Table 1).

Line 821 (32 ¢cm), Syn6x (30.2 cm) and cultivar Duvanka
(29.7 cm) had the longest roots under irrigation. The roots of
the cultivars YP, N67 and CS were several centimeters shorter.
S29 and Dm2 formed the shortest roots (about 22 cm). A sig-
nificant decrease in root length under drought was noted for
N67 and Syn6x, and an increase was observed in Dm2. In the
rest of the accessions, drought did not have a significant effect
on this trait. It should be noted that the cultivars of the second
group (carriers of the recessive vrn-A41 allele) had significantly
longer roots both during irrigation and drought compared to
the cultivars carrying the Vrn-Ala allele. On average, root
length slightly decreased during drought in all genotypes.
The tolerance index of this trait did not show a large range
(see Table 2).

Table 1. Average values of the number of days before flowering, length and weight of roots in bread wheat genotypes
differing in the allelic composition of the Vrn-1 locus under watering and drought

Genotypes Vrn-1 alleles Days before flowering Length, cm Weight, g
Wateing  Drought  Watering  Drought  Watering  Drought
....................................................................................... Camersofthedommanta||e|e V,,,A,a
S 2 9 ......................... Vm Amvmmc VmD, ................... 397a# ............... 4 40a ................. 221a ................. Zoza ................. 0 32a ................. 0 173 ...............

YP .......................... Vm Amva,c V mm ................... 4 37b ................. 4 55a ................. 258b ................. 247b ................. 0 40a ................. 0 26a ...............

N67 ........................ Vm Amvamvm D1 .................. 4 13a ................. 4 36a ................. 258b ................. 232a ................. 0 3oa ................. O 24a ...............

sz ....................... vamvamvm D, .................. 4 26b ................. 4 66b ................. 218a ................. 243b ................. 0 23a ................. 0 3 1b ..............

L, n e . 8 21 ................. Vm AmvaIC va’ ................... 4 25b ................. 517c ................. 320c ................. 306c ................. 0 76b ................. 0 24a ...............

Average ............................................................................ 4 19 .................. 4 63*** ............. 255 .................. 246 .................. 0 40 .................. O 27*** ...........
......................................................................................... Camersoftherecesswea”elevmA]
M 553 ..................... V mA 1 VmBm va, ..................... 4 70c ................. 506c ................. 286c ................. 308c ................. 118c ................. 0 23a ...............

Duva n ka ................ V mA 1 VmBm vmm ..................... 508d ................. 514c ................. 297c ................. 295c ................. 0 8Ob ................. 0 30b ..............

CS .......................... V mA 1 V mm . V mD 1 a .................... 4 55b ................. 558d ................. 272b ................. 249b ................. 109c ................. 0 68c ...............

S yn 6X .................... V mA ’ v mB] . vm D7 ....................... 4 74C ................. 4 89b ................. 302c ................. 244b ................. 0 83b ................. 0 72C ...............

Average ............................................................................ 4 77*** ............. 517*** ............. 289** ............... 274** ............... 100*** ............. 0 48*** ...........

#The mean values followed by different letters in the column are significantly different according to the LSD at p = 0.05 within the entire set of genotypes.
Differences between the mean values of traits in the groups of carriers of different alleles of the Vrn-AT gene are significant at ** p <0.01, *** p < 0.001.
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Table 2. Drought tolerance indices of wheat genotypes
with a different allelic state of the genes at the Vrn-T1 locus

Genotypes Tolerance indices, %

Daysbefore  Rootlength  Rootweight

flowering
.................................................... VmAm
529”1 ......................... 91 ......................... 53 ......................
YP104 ......................... 95 ......................... 63 ......................
N67106 ......................... 90 ......................... 79 ......................
szmg ....................... 1”135 ......................
|_m6821122 ......................... 96 ......................... 32 ......................
..................................................... vaI
M553108 ....................... 10819 ......................
Duvanka1o1 ......................... 99 ......................... 37 ......................
C5123 ......................... 92 ......................... 62 ......................
Syn6x103 ......................... 81 ......................... 87 ......................

Much greater variability was shown by root weight, both in
absolute values and in the tolerance index to drought. Under
normal irrigation, average root weight in the genotypes car-
rying the dominant Vrn-41a allele was 0.6 g less than in the
carriers of the recessive allele. Under these conditions, four
wheat cultivars (S29, YP, N67, and Dm2) from the first group
did not differ significantly from each other. The values ranged
from 0.23 to 0.40 g (see Table 1). At the same time, the root
weight in line 821 belonging to the same group turned out to
be almost twice as high as in the cultivars mentioned above. In
the group of genotypes — carriers of the recessive allele vrn-A41,
cultivars M553 (Vrn-Bla) and CS (Vrn-D1a) had the largest

The size of the root system in wheat
is associated with the Vrn-AT locus

root weight under irrigation, more than 1 g. The weight of roots
in cultivars Duvanka and Syn6x was lower, about 0.8 g, and
approximately the same as in line 821 from the first group.

Cultivar Dm2 differed from the other genotypes by the
increase in root weight during drought. Dm2 showed the high-
est tolerance index of the trait, 135 % (see Table 2). In other
genotypes, the weight of the roots decreased during drought.
Cultivar M553 had the most significant 5-fold decrease in
root weight with tolerance index 19 %. Cultivar Duvanka,
which has the same allelic composition of the Vrn-1 locus as
MS553, also showed a significant decrease in this trait during
drought, tolerance index was 37 %. The same significant
decrease in root weight was noted for line 821 from the first
group of genotypes. Comparison of tolerance indices among
the three studied traits showed that the root weight was the
most sensitive to drought in comparison with the root length
and the timing of flowering.

Correlation analysis was carried out for three traits for the
entire set of genotypes and separately for each of the groups
differing in the dominant composition of the Vrn-41 gene
(Table 3). For the entire population, a correlation was found
between the number of days before flowering and the root
weight, both during irrigation and during drought. The root
length correlated with the number of days before flowering
only under drought conditions in the entire studied popula-
tion and among the carriers of the dominant Vrn-41a allele.
The analysis showed that under irrigation conditions there is
a correlation between the weight and length of roots for the
entire population and for separate groups of genotypes. In
drought conditions, this correlation was retained only for the
genotypes of the second group with the recessive allele vin-A1.

Discussion

Previously, the involvement of the Vrn-1 locus in the forma-
tion of the size of the root system was established, but the
study did not use genetic material with the dominant Vrn-41
allele (Voss-Fels et al., 2018). We have shown that the Vin-A1

Table 3. Correlation coefficients between the number of days before flowering, root length and root weight
under normal watering and drought among nine wheat genotypes differing in the allelic state of the genes at the Vrn-T1 locus

Traits Watering

Drought

Root length 0.12 - 0.31%* -
R ootwe, ght ................ 0 36*** ................................................ 0 43** e 0 24* ..................................................... - 0 02 ................................
.............................................................................. AmongthecamersOfthedommanta”deVmAm
R ooﬂen gth ............... - 012 ..................................................... S 0 49*** ................................................... S
R OOtwel ght ................ 0 23 ..................................................... 0 42** ................................ 0 O 6 ........................................................ 0 23 ...............................

Note. Differences are significant at * p < 0.05, ** p < 0.01, and *** p < 0.001.
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gene, located on chromosome 5A, has the strongest effect on
root development compared to the Vrn-BI and Vrn-D1 genes
(Pshenichnikova et al., 2020). This effect was discovered due
to the use of a set of S29 monosomic lines. It should be noted
that both of these studies were carried out on experimental
genetic material using substitution, isogenic or recombinant
wheat lines.

In this work, using seven spring bread wheat cultivars dif-
fering in the time of transition to flowering, and the lines with
the introgressions from the tetraploid species 7. timopheevii
and Ae. tauschii, we estimated the dependence of the develop-
ment of the root system on the allelic state of the Vrn-1 locus.
We also tried to establish how the length and weight of roots
in different cultivars are related to the number of days before
flowering under normal and drought conditions. The cultivars
were divided into two groups. The first group included carriers
of the dominant allele Vrn-Ala, the second — carriers of the
recessive allele vrn-A1. At the same time, eight out of nine
studied genotypes carried dominant alleles of other genes of
the Vrn-1 locus.

In this work, we have shown that early flowering cultivars
with the dominant Vin-Ala allele had, on average, signifi-
cantly shorter roots compared to late flowering carriers of the
recessive allele. Under irrigation, the difference was 3.4 cm,
under drought — 2.8 cm. Cultivars with the recessive allele
vrn-A1 also significantly exceeded cultivars of the first group
by root weight (see Table 1). Under irrigation, the difference
was 0.6 g, and under drought — 0.24 g. Allelism for the Vin-B1
gene did not affect the size of the root system in carriers of
the dominant Virn-41a allele.

Great variability in root weight between groups and within
groups was found both under irrigation and under drought.
The weight increased due to the intensive formation of secon-
dary roots. Most likely, gene networks not associated with the
Vrn-1 locus control this process. This assumption was made
earlier when the size of the root system was studied in lines
with introgression from Ae. tauschii (Pshenichnikova et al.,
2020). It was confirmed in the present study when line 821 —
the carrier of the dominant Vrn-417a allele and introgression
into chromosomes 2A and 2B — was studied. The length of
roots in the line 821 was comparable to the length of roots of
the cultivars of the first group (carriers of Vin-41a). However,
in terms of the weight of roots, line 821 was comparable to
the accessions from the second group. Earlier, loci associ-
ated with root morphology and size were already identified
in chromosomes 2A and 2B in bread wheat (Ehdaie et al.,
2016; Liu et al., 2019).

In our experiment, drought, which occurred at an early stage
of plant development, led to an increase in the number of days
before flowering in all genotypes (see Table 1). This effect can
be considered as the time spent by the plant on the adaptive
restructuring of metabolism. Under drought conditions, among
all studied genotypes, a correlation was observed between the
number of days before flowering and the length and weight
of roots. This may indirectly indicate the participation of the
Vrn-1 locus in the formation of the root system in response
to drought. Under drought conditions, no correlation was
observed between the weight and length of roots. Since under
irrigation conditions the relationship between these characters
was significant (p < 0.001, see Table 3), the lack of correla-
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tion under drought conditions may indicate a mismatch in
the genetic pathways for the formation of the root system in
unfavorable conditions. The correlation analysis carried out
for individual groups showed that only among the carriers
of the dominant Vrn-41la allele the number of days before
flowering correlated with the length of roots. No correlations
were found among the carriers of the vin-A41 recessive allele.
Perhaps this is due to the fact that by the time of the onset
and development of drought (the beginning of tillering), the
carriers of the dominant Vrn-41 allele accumulate the tran-
scription factor VRN in the leaves in a larger amount than
in the carriers of the recessive allele vrn-41 and the dominant
genes Vrn-B1 and Vrn-D1 (Lukoianov et al., 2005). This leads
to the interaction of VRN1 with the networks of hormonal
and signaling responses at earlier stages and the arrest of root
growth. In cultivars that carry only the dominant genes Vin-B1
and Vrn-D1, this response is delayed, and the roots continue
to grow in length.

As has already been noted, the effect of drought on two
traits, root length and weight, was different. For each genotype,
variability in root length under two irrigation regimes was not
significant (see Table 1). This is also evidenced by the drought
tolerance indices, which, in general, were close to 100 % (see
Table 2). The greatest decrease in root length during drought
was observed in vernalized Syn6x. Earlier, we showed that
the combined effect of vernalization and drought significantly
inhibits the growth of the root system and revealed a weak
dependence of the root length under the irrigation conditions
(Pshenichnikova et al., 2020). In this work, we have shown
that in the studied genotypes the length of the roots depends
on the allelic state of the Vrn-1 locus to a greater extent than
on the irrigation regime.

The weight of roots, in contrast, showed great diversity of
variability under drought. This is reflected in the indicators
of the tolerance indices (see Table 2). The greatest decrease
in the root weight and low tolerance index (53 %) among the
cultivars carrying the dominant allele of the Vin-A1 gene was
found in the drought-tolerant cultivar S29. Line 821, which has
a genetic basis of cultivar S29, showed the greatest decrease
(by 3.2 times) in the weight of roots during drought and the
lowest tolerance index in the first group — 32 %. These va-
lues are comparable to the decrease in weight in the cultivars
from the second group, which form a large root system under
favorable irrigation conditions. In Duvanka, the weight of
roots decreased 2.7 times with a tolerance index of 37 %, and
in M553 — 5 times with the lowest tolerance index — 19 %.
Cultivar Dm2 turned out to be the only one of the entire
population in which weight of roots and their length were
increased. Dm2 was characterized by high tolerance index of
the root weight. In general, cultivars, carriers of the dominant
Vrn-A1 allele, and vernalized cultivar CS (Vrn-D1 gene) and
winter Syn6x had similar dynamics of root weight reduction
under drought. Vernalization induces intensive production of
the transcription factor VRN-1 (Trevaskis et al., 2007) and
thus equalizes the vegetation status of vernalized accessions
and cultivars carrying the dominant allele of the V7n-41 gene.
The level of the transcription factor VRN-1 at the onset of
drought may be insufficient for the effective functioning of
the gene networks for drought resistance in the non-vernalized
cultivars M553 and Duvanka, carriers of the recessive allele
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of the Vrn-A1l gene and the dominant allele of the Vin-Bl
gene. Thus, the dynamics of the decrease in root weight under
drought may indirectly indicate the relationship of the Vin-1
locus with the gene networks of the response to drought.

The lack of correlation between weight and length of the
roots in the entire population under drought indicates the
disconnection of the processes of root growth and the accu-
mulation of its biomass through the formation of secondary
roots. Each cultivar can use different individual adaptive
mechanisms under drought conditions. In particular, cultivar
Tincurrin, which has a small root system, has been shown to
use soil water more efficiently under drought (Figueroa-Bustos
et al., 2020). This was achieved by reducing photosynthetic
processes and accelerating grain filling before the onset of
serious consequences of water stress. In our experiment, we
used cultivar S29, which also has a small root system, but is
considered drought-tolerant (Ilyina, 1989). Previously, it was
shown that drought resistance of S29 is provided by diverse
physiological mechanisms (Osipova et al., 2020).

The mechanisms of the formation of the root system have
been studied most fully in the model diploid plant Arabidop-
sis thaliana. 1t was found that in Arabidopsis, abscisic acid
negatively affected the number and elongation of lateral roots
during irrigation (De Smet et al., 2006). Cytokinin has an
inhibitory effect on branching of lateral roots, while cytokinin
biosynthesis mutants exhibit an increased number of lateral
roots (Smith, de Smet, 2012). These and other studies have
identified individual components of the development of the
root system. At the same time, root development was found
to be integrated into systemic signaling that, through sugar
metabolism, coordinates whole plant growth during flowering
induction (Bouché et al., 2016). Experiments on transgenic
barley have shown that the transcription factor VRNI has,
in addition to the main binding sites in the promoters of the
flowering initiation genes, secondary binding sites. These
sites have been found in genes that play a central role in
both hormonal responses and hormone metabolism, which
include abscisic acid and cytokinins (Deng et al., 2015).
Thus, taking part in the regulation of hormonal pathways,
VRNI can influence the formation of the root system under
drought conditions.

Conclusion

The allelic composition of the Vin-1 locus determines the
time required for wheat plants to enter the generative phase
of development. Studies linking the timing of flowering
with the formation of the root system under normal and arid
conditions are sporadic. In this work, we have shown that
cultivars with a dominant allele of the Vrn-4A1 gene under
normal watering conditions have roots of smaller mass and
length compared to carriers of the dominant homoeoalleles
Vin-B1 and Vin-D1. Drought, which occurs at the tillering
stage, led to later flowering of the studied genotypes. At the
same time, the length of roots decreased insignificantly, but
the weight of roots significantly decreased during drought in
all genotypes with the exception of Dm2. The large range of
variability in root weight may indicate the participation of
additional gene networks in the formation of this trait under
drought. Introgressions from 7. timopheevii and Ae. tauschii
led to an increase in the size of the root system. This indicates
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the possibility of using congeners as a source of increasing
root size in wheat.

Regulation of the flowering time of cultivars in different
growing conditions using the Vrn-1 locus is considered one
of the main ways to fine-tune the adaptive potential. As our
work has shown, one should also take into account the pos-
sible relationship of this locus with the size of the root system.
Breeders working to develop early maturing cultivars may
experience a reduction in the size of the root system, especially
in arid conditions. One of the ways to maintain the size of the
root system in wheat can be the use of introgressions from
species-congeners.
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Abstract. Since the discovery of the phenomenon of haploidy, biotechnology has become an integral part in
the successful creation of new varieties and hybrids of various plant species. In particular, these technologies
are actively used in agriculture, which is concerned with increasing the volume and improving the quality of
products. The integration of haploid production techniques together with other available biotechnological tools
such as marker selection (MAS), induced mutagenesis and genetic engineering technologies can significantly ac-
celerate crop breeding. This article shows the main stages in the development of biotechnology since 1921. Now
they are successfully used to create doubled haploids to accelerate the selection process of various plants and,
in particular, sugar beet, which is the most important sugar crop in regions with a temperate climate. There are
several methods for obtaining forms with a single set of chromosomes. For sugar beets, the use of gynogenesis
turned out to be expedient, since in this case the other methods turned out to be ineffective in the mass produc-
tion of haploids. The article considers the stages of obtaining the H and DH lines of Beta vulgaris L., as well as
the main stages of biotechnological production of homozygous breeding material of this culture. These stages
include selecting parental forms — donor explants, sterilizing buds and introducing non-pollinated ovules in vitro,
obtaining haploids, doubling their chromosome set, creating doubled haploids, determining ploidy at different
stages, relocating the obtained plants to greenhouses and growing stecklings. A number of advantages that
the technology of creating doubled haploids in vitro has in comparison with traditional methods of selection are
described. It has been shown that the use of these approaches is relevant when obtaining new highly productive
hybrids and varieties of agricultural plants; however, the methods for the production of homozygous forms in
sugar beet still require additional research aimed at increasing the efficiency and reproducibility of each stage
of the process.
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broTexHO/IOrMM raryionaoB KakK MHCTPYMEHT
CO34aHV CeJIEKIIMMOHHOI'O MaTepruajia caxapHof/’I CBEKJIbI
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AHHOTaums. C MomeHTa OTKPbITUA ABJIEHNA rannonanmn 6NOTEXHONOMMM CTaSI HEOTbEMIEMON HacTblo B npo-
Lecce ycnewHoro co3jaHnAa HoBbIX COPTOB U FI/I6pI/IL|OB Pa3InyHbIX BMOAOB paCTean7|. Oco6EeHHO aKTUBHO nOaH-
Hbleé TEXHOJZIOTMN NPUMEHAIOTCA B CeJIbCKOM XO3ANCTBE, KOTOpPOE 3anmHTepeCcOoBaHO B yBenn4yeHnm 06bEMOB U
NnoBblIWEHNN KaYyeCTBa I'IpOI/ISBO,EWIMOI7I npoaykuyun. MHTeraLlI/Iﬂ npremMoB nosyyeHua raniongos BMecTe ¢ gpy-
rmMmMmn nMmerwunmnca 6NOTEXHONOTUYECKMN WHCTPYMEHTaMU, TaKUMU KaK MapKepHaa cenekyna (MAS), nHayumn-
pOBaHHbII7I MyTareHes 1 reHHO-UHXeHepPHbIe TEXHONIOTNIN, MOXET 3HaUYNTENbHO YCKOPUTb CeNeEKLNIO CENIbCKOXO-
3ANCTBEHHbIX KynbTyp. B cTaTbe noka3saHbl OCHOBHbIE 3Tanbl Pa3BnTnA 6MOTEXHONOMNIA HauMHan ¢ 1921 T. Tenepb
OHW yCNeLwHO NCNob3yloTCA NPU CO30aHNN YABOEHHbIX ranionaos AnA yCKopeHuAa cenekumoHHOro npouecca
pPa3nnyHbIX paCTean7|, 1 B YaCTHOCTU caxapH0|7| CBEKJIbl — BaXkHewnLwen CaXapOHOCHOI7I KynbTypbl B permoHax c
YMEPEHHbIM KITMMaTOM. CyIJ.l,eCTByeT HECKOJIbKO METOAO0B MnojstyyeHna d)OpM C OANHapPHbIM Ha60p0M XPOMOCOM.
Ona caxapH0|7| CBeKIJbl LleJ'IECOO6pa3HbIM OKa3anocb rnpuMeHeHune rmHoreHesa, NOCKOJ1bKy OCTaJlbHbl€ MpUeMbl
6binu Maﬂoad)d)eKTI/lBHbI npy MaccoBoOM nony4vyeHnn rannongos. B I'Iy6J'II/IKaLlI/II/I paccMaTpurBatoTCA 3Tanbl Nony-
yeHua H- n DH-nuHwni Beta VUIgGI’iS L., a TakXKe OCHOBHbIe 3Tarnbl GUOTEXHONOTNYECKOTO nponssoacTBa roMmosun-
FOTHOro cenekumoHHOro matepuana 3TOM KynbTypbl. K HUM oTHocATCA: OT60p pPoanTeNbCKNX d)OpM — OOHOpOB
SKCMMaHTOB; CTepunniayna 6yTOHOB 1 BBe[EHMNe HeomMblIeHHbIX CeEMAMNOYEK in Vitro; nosyyeHue ranjionaos;
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YABOEHNE X XPOMOCOMHOTIO Ha6opa; co3faHne yaBO€eHHbIX rarnyionaos; onpefesieHne niongHOCTU Ha PasHbIX
3Tanax; nepesod NonyvYeHHbIX paCTeHVIVI B 3aKprTbIVI FPYHT 1 BblpaliBaHme WTEKJTNHIOB. OnwncaH pAa npenmy-
LecTB, KOTOpPble MMEET TEXHOJIOMNA CO34aHNA YOBOEHHbIX rarjionaos in vitro no CpaBHEHUIO C TPAaANLMNOHHbIMIU
meToAamu cenekuumu. lNokasaHo, uTo NMPUMEHEHNE AaHHbIX NOAX00B ABJIAETCA aKTyaJIbHbIM NPU NONYYEHUN HO-
BbIX BbICOKONMPOAYKTUBHbIX I'VI6pVI,E|OB n copToB CEeNbCKOX03ANCTBEHHbIX paCTeHI/IVI, O[HaKO npunemMbl Npon3Boa-
CTBa rOMO3UTOTHbIX q)OpM y caxapH0|7| CBeK/bl BCe ele TpeGleT npoeefeHnAa AONONTHUTENbHbIX nccnenoBaHunim,
HanpasNeHHbIX Ha yBennyeHmne 3¢¢eKTVIBHOCTVI N BOCNPOU3BOAMMOCTU KaXaoro 3Tana npouecca.

KnioueBble cnosa: CaXapHaA CBeKJa; rannoug; y,U,BOEHHbIVI ransioug; rmMHOreHes; 6uoTtexHonoruy; in vitro;

DH-nnHuw.

Introduction

Due to the increase in the consumption of agricultural
products, an urgent need arose for the development of tech-
nologies that accelerate the selection processes of cultivated
crops. Sugar beet, which is one of the main industrial crops,
is not an exception since sugar consumption is growing
every year. Beta vulgaris L. accounts for a significant part
of the world’s total sugar production and about 80 % of the
obtained beet sugar comes from European countries. At the
same time, Russia is the leader in terms of volume in sugar
beet cultivation.

The main task of breeding this crop under conditions of
intensification of agricultural production is the creation of
highly productive domestic hybrids on a linear basis. The
process of obtaining promising hybrids is carried out more
efficiently when the biotechnological production of new
breeding material is introduced. The great economic im-
portance of Beta vulgaris determines considerable interest
in optimizing the processes of micropropagation in vitro,
creating haploid forms and obtaining homozygous forms on
their basis for breeding work. Modern agro-industry should
have specialists who are skilled at using biotechnological
methods in order to intensify agricultural production and
improve its quality.

Homozygous lines are a unique genetic material for ac-
celerating the process of creating new hybrids and reducing
its labor intensity, for mapping the populations, for use in
functional genomics and molecular selection. All genes of
haploid plants are represented by a single allele; due to this
fact, all unfavorable recessive signs can be detected at early
stages of the selection process. Homozygous lines based on
haploids can be obtained within two years whereas classi-
cal methods for breeding for heterosis in cross-pollinated
crops make it possible to achieve homozygosity only after
6-7 years of inbreeding. Since Befa vulgaris has a 2-year
development cycle, in this case the whole process takes on
average 12 years. Besides, this culture is characterized by
self-compatibility and by the occurrence of inbred depres-
sion (Urazaliyev et al., 2013). Nowadays, the production
of doubled haploids has become a tool in the selection
programs of world research laboratories as an alternative to
the classical method of obtaining homozygous lines. Due to
the growing understanding of the importance of using such
an approach in selection, interest in research in this field is
constantly increasing (Datta, 2005). A significant number of
new haploid-derived plant varieties are recorded worldwide

every year. The EU, Canada, Australia, the USA and China
have been leaders in the field of haploid technologies so far
(Dunwell, 2010).

Haploidy
The phenomenon of haploidy has been the object of scien-
tific attention since the beginning of the 20th century and
is currently widely known in many angiosperms. The de-
velopment of experimental haploidy methods began a little
later, when the potential of using plants with a single set of
chromosomes in creating pure lines for breeding needs was
discovered. There are several ways to form haploids:

1. Plants are pollinated by pollen of plants of the same spe-
cies (inducers of haploids), which are classified as pa-
ternal or maternal inducers based on the genetic consti-
tution of the obtained haploids. Respectively, paternal
and maternal haploids carry the genome from male and
female parents. At the same time, chromosomes-inducers
are eliminated in haploid embryonic cells within the first
week after pollination (Chaikam et al., 2019).

2. Plants are pollinated by pollen of an unallied species, for
example, crossing of wheat with corn. This method is
very effective for the production of haploids in most 7riti-
cum spp. genotypes, including difficult-to-respond forms
in in vitro anther culture. The data obtained by scientists
showed that the yield of haploid embryos in individual
crosses reached up to 53 % (Djatchouk et al., 2019).

3. Plants are pollinated by pollen of a wild allied species.
This method is used in barley selection to obtain haploids
when crossing Hordeum vulgare x H. bulbosum (the so-
called “bulbosum” method). Elimination of H. bulbosum
chromosomes occurs during mitosis and during interphase
and is accompanied by the formation of micronuclei and
heterochromatinization. Complete elimination of bulb
barley chromatin occurs within 5-9 days after pollination.
The use of embryo rescue technology (embryo rescue)
provides an increase in the efficiency of the method at
the next stage and the possibility of its use in selection
(Sahijram, Rao, 2015).

4. Pollination by irradiated pollen is a well-documented
method of induction of cucumber haploids, which can
be obtained from various material such as selection lines,
hybrids and varieties. Haploid plants are genetically
stable, but it is necessary to double the number of chro-
mosomes in them before further use in selection as it is a
very important step. The technology for obtaining doubled
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haploids of cucumber using pollination with irradiated

pollen is considered to be the most developed, convenient,

providing a stable yield of DH lines, compared with tech-
nologies for obtaining in anthers culture or microspores

and non-pollinated ovules in vitro (Gatazka et al., 2015).
5. Several protocols for CENH3-mediated induction of hap-

loids are currently known. However, an effective haploid

technology based on CENH3 is not available for crops
yet, with the exception of maize, where the haploid level
reached 3.6 % (Kelliher et al., 2016). This goal is actively
studied now. The expectations for the application of this
approach to crops are high, while the creation of viable
methods of haploidization based on CENH3 is a difficult
task and there is no mass introduction into practice yet

(Watts et al., 2016).

6. Obtaining haploids by androgenesis (that means obtain-
ing haploid plants on an artificial nutrient medium from
isolated anthers and microspores) and gynogenesis (that
means obtaining haploid plants on a nutrient medium
from isolated ovules).

During androgenesis, the male gametophyte, under the
influence of in vitro inducing factors, switches from the ga-
metophytic path of development to the sporophytic pathway
with the formation of an embryoid or androgenic callus, from
which regeneration of haploids or doubled haploids is pos-
sible. Almost all biotechnological laboratories of breeding
and genetic companies in Europe and the USA use anther
culture (Touraev et al., 2009; Basu et al., 2010).

When cultivating anthers, callus formation is more com-
mon. As a result of further morphogenesis, plants are rege-
nerated from callus cells. The cases of direct embryogenesis,
when pro-embryonic structures are formed from immature
pollen grains, developing into embryoids that give a rise to
haploid plants, are quite rare.

A more promising method for obtaining doubled haploids
is the culture of isolated microspores, which can be isolated
in large quantities, providing potentially embryogenic single
haploid cells. This technology is quite simple to imple-
ment, cost-effective and provides a high yield of DH plants
while optimizing the technology for a specific species and
genotype. The absence of somatic tissues in the culture of
microspores in vitro makes it possible not to question the
origin of the obtained plants (Domblides et al., 2019).

Despite the success achieved in the development of an-
drogenetic methods and the creation of a number of varieties
of the most important types of grain crops on their basis,
their effective use is hindered by a number of reasons, the
main of which is the reproducibility of the results obtained
in different seasons for different genotypes in combination
with a decrease in the cost of obtaining. A rather high yield
of chlorophyll-free seedlings, which affects breeding pro-
grams by reducing the frequency of regeneration of green
seedlings, is also a problem (Kasha et al., 2001).

In vitro induction of maternal haploids — gynogenesis
is used mainly in plants for which androgenesis and pol-
lination induction are ineffective. In contrast to induced
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parthenogenesis, in gynogenesis prior to in vitro pollination,
ovaries or isolated ovules, rather than defective embryos
from seeds, are introduced. When cultured on nutrient media,
the haploid cells of the embryo sac form embryoids (direct
embryogenesis) or morphogenic callus, from which a plant
is formed (indirect embryogenesis). The process of induction
of gynogenesis is also influenced by a large number of fac-
tors: genotype, growing conditions of the donor plant, stage
of gametophyte development, composition of the nutrient
medium, and stress. In male-sterile plants, the cultivation
of non-pollinated ovules is the only way to obtain haploids.
In some plants, such as barley and rice, the induction of
green plants is much higher during gynogenesis than in
androgenesis. The frequency of the accidental appearance of
plants with a single set of chromosomes is insignificant, up
to 0.01 %, that is, it is a rare event and has limited practical
value (Bohanec, 2009; Kietkowska et al., 2014).

History of the development

of haploid plant technologies

The first plant identified as a haploid, according to one ver-
sion, was discovered by A.D. Bergner in 1921. The use of
such plants in breeding was suggested by A.F. Blakeslee and
J. Belling. The scientists obtained the plants with a single
set of chromosomes while trying to mutate Datura stramo-
nium L. by applying cold as a stimulus. The obtained haploid
immediately became an innovation among such flowering
plants as a sporophyte having a set of chromosomes charac-
teristic of the gametophyte (Blakeslee et al., 1922). Later, the
haploid form was identified in the F| progeny when cross-
ing the species Nicotiana tabacum and N. sylvestris. The
obtained plant had some morphological differences from the
parental forms, such as long narrow leaves, smaller flowers,
sterile pollen, and inability to form mature seeds, which
was confirmed by cytological examination (Clausen, Mann,
1924). According to E.F. Gains, a haploid wheat plant that
had 21 chromosomes instead of 42 chromosomes as in the
parental individuals was discovered in 1925. The haploid
form was practically indistinguishable from the diploid
form, but it had greater tillering. Distinct differences became
noticeable at the time of flowering and during the formation
of immature seeds (Gains, Aase, 1926). Later, in the course
of research, the induction of haploids in wheat was achieved
by pollination of plants with pollen that underwent X-ray ir-
radiation. As a result, male gametes were inactivated and lost
the ability to merge with the egg, but stimulated its division
and development of the embryo (Katayama, 1934). Studies
using X-ray irradiation did not give significant quantitative
results and posed a danger to humans.

At the initial stages, haploid forms of plants were obtained
by traditional selection methods using distant hybridiza-
tion. Thus, when Triticum aestivum L. and Secale cereale L.
were crossed, two haploids were obtained (Sears, 1988).
Later, other methods using various chemicals appeared. With
the development of biotechnological techniques, the creation
of haploids has become possible for many plant crops.
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The haploid form Beta vulgaris L. was first identified
by a Swedish scientist A. Levan in the greenhouses of the
Swedish Sugar Co Hilleshog breeding station, where in 1942
the scientist treated sugar beet plants with colchicine (Levan,
1945). The collected seeds were germinated and in 1943 the
number of chromosomes in the obtained plants was exami-
ned. In addition to diploid, triploid and tetraploid plants, one
haploid plant was obtained with the number of chromosomes
equal to 9, in contrast to the parental forms with 18 chromo-
somes. A. Levan suggested that colchicine treatment caused
damage to gametes: one pollen grain could stimulate the
development of the embryo, but was not capable of fertili-
zation. In his study, the author paid special attention to the
morphology and cytology of the haploid plant. According
to his description, the haploid possessed a large number
of narrow leaves, which were smaller in size compared to
diploid, triploid and tetraploid plants. According to external
signs, the haploid was clearly weaker and lower than diploid
plants, but it could form well-developed inflorescences and
fertile pollen, which eventually underwent degradation. On
the basis of cytogenetic studies, A. Levan concluded that in
haploids meiosis was as close as possible to that in diploids,
but due to the absence of homologous chromosome pairs
the whole mechanism ended in failure. Further research in
this field made it possible to obtain experimentally haploid
forms of plants with a frequency exceeding the natural level.

In 1964, employees of the Department of Botany of the
University of Delhi (India) S. Guha and S.C. Maheswari
published data on the results of biochemical studies of
meiosis of Datura anthers in culture in vitro (Guha, Ma-
heswari, 1964, 1966). When cultivating mature anthers on
nutrient media, scientists discovered embryoids develop-
ing from immature microspores. Some of the embryoids
that regenerated during the experiment turned into normal
seedlings. In further studies, it was found that some of them
had a haploid number of chromosomes. Later, the method
by which hundreds of haploid plants of various types of
tobacco were obtained from pollen grains in vitro was pre-
sented. When grown on a nutrient medium, some pollen
grains grew into embryonic structures, which, gradually
developing, were capable of abundant flowering, but did
not form seeds (Nitsch J., Nitsch C., 1969). It also became
known that rice haploids (Oryza sativa L.) (Niizeki, Oono,
1968), wheat haploids (7riticum aestivum L.) obtained in
anther culture (Ouyang et al., 1973) had been successfully
produced in vitro.

In 1982, the culture of isolated microspores became
known, which was more effective in the production of
haploids (Lichter, 1982). Later, haploids of Triticum aesti-
vum L. were produced in the culture of isolated microspores
(Datta, Wenzel, 1987; Tuvesson, Ohlund, 1993), by distant
hybridization with wild barley (Hordeum bulbosum L.) and
corn (Zea mays L.) (Barclay, 1975; Laurie, Bennett, 1986;
Inagaki, Tahir, 1990).

The extraction of anthers from buds and their subsequent
opening to release microspores was a rather laborious pro-
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cedure that was improved by M. Zheng in the course of
obtaining haploids and doubled haploids from wheat mi-
crospores. The developed technology included the stages of
homogenization, filtration, and centrifugation of the obtained
sample in a density gradient. As a result, M. Zheng was able
to collect a fraction of viable embryogenic microspores
for culturing on nutrient media under in vitro conditions,
which allowed to optimize the method of wheat microspore
extraction (Zheng, 2003). Further, the work of L. Cistué
and Z. Labbani with co-authors on the DH protocol for
durum wheat was published (Cistué et al., 2006; Labbani
et al., 2007). The main improvements that they applied in
their work were pretreatment with mannitol and the use of
colchicine in vitro.

So, with the acquisition of more and more data on the
possibility of creating haploid forms of higher plants in vitro,
the value of their use in breeding and the importance of the
development of biotechnological methods were revealed. By
now, for many plant crops, such as wheat, triticale, barley,
rice, corn, cabbage, carrots, etc., effective techniques have
been developed that make it possible to obtain haploid plants
to create clean lines.

Development of sugar beet haploid
biotechnologies
In 1971, N. Bosemark reported the production of five ha-
ploids by pollinating plants with wild beet pollen and ir-
radiated sugar beet pollen. In addition to the emergence of
haploid forms, it was possible to create homozygous diploid
and tetraploid lines after treating previously germinated
seeds with colchicine (Bosemark, 1971). In 1983, it became
known that haploids could be obtained by the method of dis-
tant hybridization. When sterile sugar beet plants were pol-
linated with red table beet pollen, the incidence of haploids
was 0.013 % (Seman, 1983). These methods were aimed at
stimulating an unfertilized egg to develop, however, they
showed insignificant results in the number of haploids ob-
tained, which was insufficient for large-scale breeding work.
The androgenesis pathway for producing sugar beet
haploids has generally been found to be ineffective. Anthers
most often induced callus, proembryogenic structures, and
roots on the mineral media used; however, their percentage
depended on the combination of growth substances used.
According to the results of the study by J. Rogozinska and
M. Goska, the Linsmeier and Skoog medium with the addi-
tion of zeatin 6-(4-hydroxy-3-methyl-trans-2-butenylamino)
purine) or zeatin and NAA (1-naphthaleneacetic acid) was
recognized as the best medium for differentiation acid, and
the addition of PFP (p-fluorophenylalanine) increased the
percentage of anther differentiation (Rogozinska, Goska,
1982). In addition to callus and roots, vegetative buds were
formed on one anther out of approximately 140,000 tested,
from which numerous diploid plants were obtained. Cy-
tological analyzes showed the formation of multicellular
structures, which subsequently degenerated. In other similar
experiments, whole plants developed, but their tissue was
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more often diploid, and the gametophytic origin of the
regenerants was not confirmed (Giirel E. et al., 2008). In
recent studies, conditions have been developed for the direct
induced androgenesis of sugar beet in in vitro culture. The
process of obtaining haploids included cold pretreatment
of explants, which was a necessary factor in initiating the
transition of microspores from the gametophytic to the
sporophytic pathway. For the cultivation of anthers and
developed embryoids, the composition of the medium was
modified, which included 2,4-D and 6-BAP. As a result of
the experiment, from 0.15 to 1.32 % of microclones of an-
drogenic origin were obtained (Hontarenko, Herasymenko,
2018). However, it was not effective enough for mass
production of haploid forms. A lot of studies in this field
gave unsatisfactory results. The morphogenetic response
of in vitro cultivation of elements of the male generative
system of B. vulgaris, according to data available today, is
considered very low.

D. Hosemans and D. Bossoutrot were the first to suc-
ceed in obtaining sugar beet haploids by cultivating non-
pollinated ovules. In their experiment, they identified
0.17 % of haploids formed (Hosemans, Bossoutrot, 1983;
Bossoutrot, Hosemans, 1985). Their further histological
study showed that the regenerated embryoids could have
originated from an unfertilized egg or antipode. However,
the resulting gynogenetic plants showed the phenomenon of
endopolyploidy at the level of the root meristem, while the
shoot meristem remained haploid. From the moment when
it became clear that this approach may be the only effective
method for producing haploid sugar beet plants, numerous
in vitro studies have begun to optimize this process.

Interest in sugar beet gynogenesis increased every year,
and in 1987 J. Van Geyt and his co-authors reported the
production of haploids from ovules with a frequency of up
to 6.1 % (Van Geyt et al., 1987). The results of histological
studies in the experiment confirmed that the obtained plants
originated from haploid cells of the embryo sac, but sponta-
neous polyploidization was observed at the root tips, as in
the study of D. Hosemans and D. Bossoutrot (Hosemans,
Bossoutrot, 1983; Bossoutrot, Hosemans, 1985). According
to J. Van Geyt, the shape of the extracted ovules was of great
importance when introduced into tissue culture. It was found
that the loss of the shape of the comma by the explant was
accompanied by the death of the egg. It was also reported
that plant regeneration was inhibited by the formation of
callus from the mother’s tissue, but after removing it and
transferring the ovule to a new nutrient medium containing
charcoal, its reappearance could be suppressed. Further stu-
dies of gynogenesis revealed the dependence of this process
on various conditions.

In the course of M. Doctrinal’s studies, it was found that
factors such as the nature and concentration of hormones
used, cultivation temperature, seasonal effects, and geno-
type had a great influence on the development of haploid
plants (Doctrinal et al., 1989). According to the results of
observations, for the initiation of embryoidogenesis in non-
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pollinated ovules of sugar beet, the most preferable tempera-
ture was 27 °C, while the seasonal effect had a significant
impact. The most active regeneration was observed in July.
It was also found that the hormonal composition of nutri-
ent media influenced the pathways of female gametophyte
morphogenesis and the formation of morphological struc-
tures. The best qualitative and quantitative indicators of the
gynogenic response in the studied genotypes were observed
on nutrient media containing 2.85 uM 3-indoleacetic acid
and 0.88 uM 6-benzylaminopurine, as well as on a medium
containing 2.3 pM kinetin. Depending on the genotype,
when using these media, from 6 to 10 % of viable plants
were obtained, 81 % of which turned out to be haploids.
Research by M. Doctrinal confirmed the promise of obtain-
ing sugar beet haploids by gynogenesis. The development
of biotechnological methods continued, taking into account
many factors affecting the gynogenesis of Beta vulgaris L.
in vitro, aimed at optimizing the cultivation conditions and
increasing the efficiency of the corresponding methods.

In the works of H. Lux and co-authors, it was noted that
the yield of regenerants from the ovules decreased from the
most active regeneration in September to the lowest in Janu-
ary (Lux etal., 1990). These data suggested that the effective-
ness of gynogenesis was seasonal. According to the authors,
despite the laboriousness of the process, gynogenesis turned
out to be a more suitable method for obtaining sugar beet
haploids in vitro, as the species was not amenable to andro-
genesis. Depending on the genotype, from 0 to 13 % of ha-
ploid plants were obtained, while in 10 % of plants during
cultivation and reproduction, spontaneous doubling of chro-
mosomes was observed while 90 % remained haploids.

For the successful application of gynogenesis in practical
problems, the number of formed haploid plants is of great
importance. S. Giirel and co-authors confirmed that cold pre-
treatment and the action of activated charcoal can increase
the incidence of embryo formation (Giirel S. et al., 2000). In
the experiments of scientists, embryos that developed from
an egg formed shoots with a haploid number of chromo-
somes. However, when developing optimal conditions for
obtaining haploids, the problem of genotypic dependence
of the response to cultivation conditions arose. The yield
of the obtained embryoids differed in sugar beet lines, as
well as the response of developed microclones to different
growth conditions. Genotypic differences in the response
to cultivation conditions are a serious problem not only in
the culture of ovules (Hansen et al., 1995), but also in the
work with other tissues of sugar beet (Mikami et al., 1989;
Giirel E., 1997); therefore, it is recommended to select the
composition of the nutrient medium, as well as the cultiva-
tion conditions, for each genotype individually.

Studies conducted by many scientists have indicated the
importance of pre-cold treatment of the material for increas-
ing the rate of gynogenesis of Beta vulgaris (Lux et al.,
1990; Giirel S. etal., 2000; Svirshchevskaya, Dolezel, 2000;
Pazuki et al., 2018a). H. Lux and co-authors showed that
cold treatment (4 °C) for 4-5 days was able to significantly
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increase the rate of sugar beet gynogenesis. An increase in
the period of cold exposure to inflorescences over one week
reduced the gynogenic response of ovules, while preliminary
cold treatment for 7 days and the use of BAP at a concen-
tration of 1 mg/L had a stimulating effect when switching
the development of explants from the gametophytic to the
sporophytic pathway. It was emphasized that the influence
of the season and genotype on the rate of regeneration was
significant. In addition to cold pretreatment, the percentage
of regeneration also increased when the spectrum of light
irradiation, used in the cultivation of ovules in a thermal
room, was shifted towards the red region of the spectrum
(D’Halluin, Keimer, 1986).

Researchers E. Weich and M. Levall (2003) proposed
a protocol for obtaining doubled sugar beet haploids, in
which all stages of creating breeding material were con-
sidered: growing donor plants, collecting inflorescences,
surface sterilization of the material, isolating ovules, culti-
vating haploid embryoids, reproduction of haploids, obtain-
ing doubled haploids, their rooting, transfer to greenhouse
conditions, and acclimatization. The conditions for each
stage were described, recommendations were given for
manipulating plant material, the compositions of the optimal
nutrient media were described. This protocol was of a re-
commendatory nature; due to the diversity of the genotypic
response to cultivation conditions, it should be modified for
different genotypes of sugar beet.

To obtain haploids efficiently, M. Tomaszewska-Sowa
described a two-stage cultivation process, in which the
explants were non-pollinated ovules isolated after steriliza-
tion from the buds of the generative shoots of sugar beet
plants. The reproductive structures were kept in a liquid
nutrient medium for 12 weeks (Tomaszewska-Sowa et al.,
2017). The regenerated explants were transferred to a solid
nutrient medium with a modified composition, after which
the formation of shoots was observed. It was found that the
organogenesis of the ovules in the two-phase method was not
direct, but proceeded through the formation of callus tissue.
The efficiency of regeneration depended on the type and
origin of the explant. Differentiation processes in somatic
embryoids were enhanced by the presence of 6-BAP and
2,4-D in the medium, which, in turn, increased the number
of formed specialized tissue structures.

The ratio of hormones in the substrate has a major influ-
ence on the pathways of development of the embryonic
structure. At present, the protocols for obtaining sugar beet
haploids require further development and improvement,
therefore, studies on the selection of the optimal composi-
tion of media and the search for other factors stimulating
gynogenesis are still ongoing.

Stages of creating homozygous material in vitro

Selection of parental forms
So, the selection of donor plants can be considered the first
stage with which the work on the introduction of plant ma-
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terial in vitro begins. To reduce the level of infection of
explants, the collection of inflorescences should be carried
out in dry weather, with a prolonged absence of precipita-
tion. This procedure is best done at the beginning of the
flowering period. Depending on the region of growth, it can
be May—July. The collected inflorescences of each genotype
are placed in plastic bags, labeled and stored in the cold until
the stage of sterilization of plant material under laboratory
conditions.

Sterilization of material

with the introduction of ovules in vitro

Plants are easily affected by various epiphytic and endo-
phytic microorganisms and viruses. That is why the stage
that determines the success of the in vitro material introduc-
tion process is the high-quality sterilization of the starting
material. Previously developed techniques for sterilizing
explants using a number of mercury-containing preparations
(mercury chloride, diocide, merthiolate) were found to be
effective (Granda, 2009), but very toxic to both humans and
plants. Over time, they were supplanted by techniques using
other substances. For surface sterilization, plant tissues can
be treated with chlorine-containing substances (calcium or
sodium hypochlorite, bleach, chloramine), hydrogen per-
oxide, ethanol. O. Jones suggested using solutions contain-
ing sodium hypochlorite (Domestos) as a disinfectant for
sterilization (Jones et al., 1979). E. Weich and M. Levall
used the commercial product Klorin or 3 % sodium hypo-
chlorite for sterilization. After sterilization, the material
was thoroughly washed with distilled water and stored
in a refrigerator at 8+2 °C (Weich, Levall, 2003). When
choosing a sterilization method, it is necessary to take into
account both its effectiveness against bacterial and fungal
infections, and the prevention of damage to plant tissues.
The use of new sterilizing agents increases the likelihood
of an effective explant sterilization process.

Introduction of ovules into culture in vitro

By now, despite the emergence of high-tech devices and
devices that facilitate some manipulations in laboratories, the
creation of haploid material depends on the delicate manual
work of the operator. The process of extraction of sugar
beet ovules when introduced into in vitro culture has been
described in detail by A. Pazuki et al. (Pazuki et al., 2018b).
The scientists performed this process under sterile conditions
under a stereomicroscope using tweezers and a scalpel. The
first closed and subsequent buds were opened towards the
top of the inflorescence, introduced into Petri dishes con-
taining the nutrient medium. The cultivation was carried out
at a temperature of 27+2 °C with an 18-hour photoperiod.
Regenerated ovules were transferred to MS proliferation and
propagation medium containing 0.2 mg/L of kinetin, 10 g/L
of sucrose. Due to the different reaction of genotypes, the
composition of the nutrient media used and the cultivation
conditions may be different for each genotype at all stages
of creating the breeding material. The regeneration of the
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ovules can begin as early as 2-3 weeks after injection. The
developed full-fledged microclones are further maintained
in in vitro culture.

Determination of ploidy of the obtained regenerant
Phenotypically, haploid plants differ from diploid plants in
height, size and number of organs and have narrower leaf
plates; however, visual determination of ploidy does not give
accurate results. After the formation of normally developed
regenerants from non-pollinated ovules, their ploidy is
checked, since there is a possibility of obtaining seedlings
from their somatic cells that have a diploid or mixoploid
chromosome set.

One of the reliable methods for determining ploidy is the
counting of chromosomes which are at the stage of mitosis
of actively growing tissues (growth zones of the root or
young leaves). The method is laborious and requires lengthy
preparation. The process of counting chromosomes in sugar
beet cells is described in detail by A. Pazuki and coauthors
(Pazuki et al., 2018a). Young leaves of seedlings were treated
in vitro for 3 hours with a solution of 8-hydroxyquinoline
(0.002 M), followed by their fixation in a freshly prepared
solution of 96 % ethanol and hydrochloric acid (2:1). Then
they were washed and stored in distilled water. Then a small
piece of leaf tissue was transferred into a drop of 3 % orsein
in 45 % acetic acid onto a glass slide and crushed under
a cover glass. Then the chromosomes were counted under
a light microscope.

An alternative to the laborious method of counting chro-
mosomes under a microscope has become flow cytometry
of cell nuclei, which is a more convenient and a faster way
to determine ploidy. This hardware method is based on
measuring the amount of DNA in the nuclei of cells in the
mode of one-by-one analysis in a liquid flow using signals of
light scattering and fluorescence, and has high accuracy and
productivity (Galbraith, 2010). The flow cytometry method
allows to determine the ploidy of microclones in a short time
without causing significant damage to the studied plants,
which is important when working with a limited volume of
regenerated material.

Doubling the number of chromosomes

The main goal of induction of gynogenesis is to obtain
haploids to create clean lines. For this, at the next stage, the
number of chromosomes in normally developed haploids
should be doubled in vitro or in vivo by methods. A. Hansen
and co-authors studied the effectiveness of antimitotic agents
directly in the culture of sugar beet ovules (Hansen et al.,
1998). According to the results of the experiment, amipro-
fosmethyl showed relatively low toxicity to the embryo and
contributed to obtaining an average of 4.7 diploid plants
per 100 injected explants. According to S. Giirel, the most
effective method for creating doubled haploids is the treat-
ment of plants with antimitotic agents such as colchicine,
oryzalin, trifluralin or short-term cultivation of shoots on
nutrient media containing these substances. Colchicine is the
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most commonly used alkaloid, which is able to inhibit the
formation of the fission spindle at the prophase stage and to
stop the separation of chromosomes to the poles of daughter
cells. Violation of this process leads to a doubling of the
number of chromosomes in the mother’s cell. S. Giirel and
co-authors (2000) showed in their studies that treatment of
haploids with colchicine and trifluralin gave similar results,
and both agents were more effective when used in the form
of liquid solutions than when added to an agar medium. For
successful diploidization, scientists immersed the grown
haploids in a liquid MS medium containing 150 mg/L of
an antimitotic agent (colchicine), 1 mg/L of BAP, and 3 %
sucrose for a period of 48 hours at a temperature of 27 °C.
After treatment, the shoots were washed with sterile distilled
water and transferred onto solid MS medium supplemented
with 1 mg/L BAP. The number of plants with a doubled
chromosome set reached 29.1 %.

To obtain DH plants, E. Weich and M. Levall first removed
the tips from the roots of haploid plants, and then incubated
them for 5 hours in a solution of 0.2 % colchicine and
0.25 % DMSO (Weich, Levall, 2003). A similar technique
was also used with a 0.3 % colchicine solution, in which the
regenerants were immersed in the root system for 24 hours,
and then they were planted in the soil mixture. At the same
time, 19 % of the treated haploid plants doubled the set
of chromosomes (Svirshchevskaya, Dolezel, 2000). It has
also been reported that applying a 0.1 % colchicine solution
with 2 % DMSO to the meristem of a sugar beet haploid
once a day for 3 days would result in the doubling of the
chromosome set (D’Halluin, Keimer, 1986). M. Ragot and
P. Steen (1992) placed a cotton swab moistened with 0.2 %
colchicine solution on the apical buds of potted haploid
plants for three days and got up to 50 % doubled haploids.

It should be noted that after the treatment of haploids with
antimitotic agents, some time later, repeated analysis of the
ploidy of microclones and careful selection of the obtained
doubled haploids from the entire volume of experimental
material will be necessary.

In modern breeding programs, molecular genetic methods
are additionally used to determine the valuable agricultural
properties of the obtained forms. These methods are usual-
ly aimed at identifying stress resistance genes and target
alleles responsible for encoding a certain trait. This makes
it possible to significantly reduce the breeding process and
accumulate the desired alleles in one genotype. Marker
assisted selection (MAS) has become the main molecular
selection method, which is widely used in the breeding of
many crops (Muranty et al., 2014). Genetic markers can be
used at various stages of the biotechnological process and
breeding programs in order to select promising genotypes.

Rooting of doubled haploids and obtaining stecklings

The next stage is the rooting of the obtained plants of
doubled haploids in vitro in order to increase their survival
when adapting to outdoor conditions. During the period of
preparation of doubled haploids for planting in greenhouse
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conditions, one may also encounter a low frequency of root
formation. This process under in vitro conditions can be
delayed by bright lighting, required by the green part of the
microclones, by a high concentration of salts and carbohy-
drates or by the presence of hormones and a low concentra-
tion of oxygen in the nutrient medium. Due to the different
genotypic response, the search for optimal nutrient substrate
composition and microclone culture conditions continues.

Normally developed DH microclones with a developed
root system are planted in the greenhouses. Due to the trans-
plantation from in vitro conditions, the stage of adaptation of
the planted plants lasts up to 4 weeks; meanwhile, a gradual
decrease in air humidity is carried out in the greenhouse.
Subsequently, after 2-3 months of growing, the stecklings
are formed and the plants will be ready for harvesting. The
biotechnological cycle of creating a new homozygous ma-
terial ends with the stage of artificial vernalization of the
stecklings at low temperatures. After that, the homozygous
material is sent to further stages of the breeding process, it
is planted in experimental field conditions in order to grow
flowering plants and carry out crosses.

Conclusion
Thanks to the introduction of biotechnology, the process
of creating new sugar beet hybrids can be significantly
accelerated. Obtaining doubled haploids can significantly
reduce the time and resources spent on creating clean lines.
The most successful method for obtaining Beta vulgaris L.
haploids is the method of induced gynogenesis that implies
the cultivation of non-pollinated ovules in vitro with the
subsequent formation of plants with a haploid set of chro-
mosomes. To create DH lines, doubling of the number of
haploid chromosomes using antimitotic agents, ploidy con-
trol of the created material, and growing of microclones in
greenhouse conditions are used. The biotechnological stage
ends with the production of doubled haploid plant plugs.
Processes in tissue culture of sugar beet, in particular
the induction of H and DH forms, still require additional
research. Analysis of the scientific literature shows that in
order to maximize efficiency and reproducibility, the produc-
tion of doubled haploids Beta vulgaris L. needs to be studied
more thoroughly and be improved using new approaches.
Biotechnology laboratories need to be able to obtain haploids
in a sufficiently large amount. Therefore, the methods of
cultivating explants, diploidization, rooting, and adaptation
of regenerants when transplanted from sterile in vitro con-
ditions into soil, require an increase in efficiency. Whereas
improving each stage of the process is still an urgent task,
the ultimate goal will be to increase the quality and volume
of the output of the finished homozygous material.
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Genetic diversity of the Central European
wild boar (Sus scrofa scrofa) population and domestic pig
(Sus scrofa domesticus) breeds based on a microsatellite DNA locus
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Abstract. The results of studies of the genetic structure of the Central European wild boar (Sus scrofa scrofa) popu-
lation and four breeds of domestic pigs (Duroc, Yorkshire, Large White and Landrace) bred in the Central Black Earth
region of Russia are presented in this work. Based on 12 microsatellite loci, a significant (p <0.05) decrease in the
level of genetic variability in bred breeds was shown. The expected heterozygosity and Shannon index were as fol-
lows: in the wild boar, Ho = 0.763 +0.026, / = 1.717 £0.091; in the Duroc breed, Ho = 0.569+0.068, /= 1.191+0.157;
in the Landrace, Ho = 0.618£0.062, /= 1.201+0.147; in the Large White, Ho = 0.680+0.029, / = 1.362 £ 0.074; and in
the Yorkshire, Ho = 0.642 +0.065, | = 1.287 £ 0.156. The results of checking genotypic Hardy-Weinberg equilibrium
based on the G-test of maximum likelihood demonstrated that the overwhelming majority of loci in the wild boar
population were in the state of said equilibrium. By contrast, in pig breed populations, some loci demonstrated a
significant deviation from the indicated equilibrium. In addition, the Yorkshire, Large White, and Landrace popula-
tions had loci, for which the hypothesis of neutrality was reliably rejected based on the results of the Ewens-Wat-
terson test. The revealed private alleles, characteristic of the wild boar and breeds, can later be used to identify
them.The ordination of the centroids of different herds in the space of the first two principal coordinates based on
the matrix of pairwise estimates of Nei's genetic distances showed that the most distant populations are the Duroc
and Boar breeds, and the most genetically close are the Yorkshire and Landrace breeds. The closest to the wild boar
population was the Large White breed. The assessment of the effective size, carried out using the method based
on the linkage disequilibrium and the molecular coancestry method, showed that in all studied groups, including
the wild boar population, the effective size was less than 100 individuals. The low effective size of the wild boar
population (Ne = 21.8, Neb = 4.0) is probably caused by the death and shooting of animals due to Pestis africana
suum.

Key words: wild boar; pig breeds; microsatellite loci; genetic structure; effective population size.
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FeHeTHUYeCcKOe pa3HOOOpasue IIOny/Isumn
IIeHTpaJIbHOEeBPOIIelicKoro KabaHa (Sus scrofa scrofa)
U TIOPOJ, JOMAaIITHUX CBUHeI (Sus scrofa domesticus)
Ha OCHOBE MMKpOCATe/IMTHbBIX JIOKYyCOB [ITHK
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AHHoTauusa. B paboTe npuseseHbl pe3ynbTaThl UCCIeL0BaHUA FrEHETUYECKOW CTPYKTYPbl NONYNALUM LeHTpanb-
HoeBponeinckoro kabaHa (Sus scrofa scrofa) n ueTbipex MOPOA AOMALUHMX CBUHEN (LIOPOK, MOPKLIMP, KpynHasa 6e-
nas u naHppac), pasBoaumbix B LieHTpanbHo-YepHo3emHoM pernoHe Poccun. Ha ocHoBe 12 MUKpOCaTeNINTHbIX
NOKYCOB YCTaHOBNEHO AOCTOBEPHOE (p < 0.05) CHMKEHMNE reHeTNYeCKOoW N3MEHUYNBOCTM B Pa3BOAMMbBIX MOPOAAX.
OXrpaemas reTepo3nroTHOCTb U MHAEKC LLieHHOHa 6binn paBHbIMU: Y KabaHa — Ho =0.763+£0.026,/=1.717 £0.091;
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y nopop alopok — Ho =0.569+0.068, /= 1.191+£0.157; naHapac — Ho = 0.618+£0.062, / = 1.201 +£0.147; KpynHas 6e-
naa - Ho = 0.680+0.029, / = 1.362 +0.074; nopkwup — Ho = 0.642+0.065, | = 1.287 £0.156. Pe3ynbTatbl NpoBepKn
reHOTUNUYecKoro paBHoBecus Xapan-BaliHbepra Ha ocHoBe G-TeCTa MaKCMManbHOro NpaBaonofobus nokasanu,
YTO B NONyNAUMMN KabaHa 6OMbLIMHCTBO STOKYCOB HaxO4MIOCh B COCTOAHMM FeHOTUMNNYECKOro paBHoBecus Xap-
An-BaiHb6epra. HanpoTug, B NonynaumuaAx pasfnyHbIX NOpog CBUHEN YacTb JIOKYCOB AEMOHCTPUPYET JOCTOBEP-
HOe OTKJ/IOHEeHVe OT OTMeUYeHHOro paBHoOBecuA. Kpome Toro, B nonynaumax NOpKLLMp, KpynHasa 6enas n naHapac
NPVCYTCTBOBAN JIOKYCbI, ANA KOTOPbIX AOCTOBEPHO OTBepranachb rmnotesa 0 HelTpPanbHOCTM Ha OCHOBaHMM pe-
3ynbTaToOB TecTa JBeHca—BaTTepcoHa (Ewens-Watterson test). O6Hapy»KeHHble MPUBATHbIE aneNv, XapakTepHble
InA KabaHa 1 pa3nnyHbIX Nopos, B fasibHeLLEM MOTYT ObiTb NCMOMb30BaHbl AN UX uaeHTndukaummn. OpgrHauma
LIeHTPOWAOB pa3HbIX CTaf B NPOCTPAHCTBE MePBbIX fABYX FMaBHbIX KOOPAMHAT HAa OCHOBaHWM MaTPULbl MOMAPHbIX
OLIeHOK reHeTnyeckmx amctaHumii M. Nei nokasana, uto Hamboree yganeHHble NONyAALMM — NOPOAbl AIOPOK 1
KabaH, a camble reHeTUYeCKy 6nM3KMe — MOPKLWMP 1 naHApac. bnvxe Bcex K nonynAumMmn KabaHa Obina nopoga
KpynHasa 6enasn. OueHka 3¢pPeKTUBHON YNCIEHHOCTY, MPOBEAEHHAA C NCMOb30BaHNeM MeTOAa, OCHOBAHHOTO Ha
HepaBHoBecuy no cuennenuio (linkage disequilibrium) n MC-metoga (the molecular coancestry method), npoge-
MOHCTPUMPOBANa, YTO BO BCEX M3YUEHHDBIX MPynnax, BKYan 1 NONynsaumio KabaHa, 3pdeKTMBHbIN pa3mep oKasasncs
MeHbLue 100 ocobeir. Hu3koe 3HaueHne 3¢pdeKTnBHOrO pasmepa nonynauum kabaHa (Ne = 21.8, Neb = 4.0), BeposT-
HO, ABNAETCA CNeACTBMEM Majexka U OTCTPena XXUBOTHbIX 13-3a adbpuKaHCKo YyMbl cBUHe (Pestis africana suum).
KnioueBble crioBa: kabaH; MOPOAbI CBMHEN; MUKPOCATENIMTHbIE JIOKYCbI; reHeTuYeckasa CTpyKTypa; dbpeKTmBHan
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YNCNIEHHOCTb nonynaunv.

Introduction

According to various estimates, the domestication of the wild
boar began 7-9 thousand years ago. During this time, more
than 730 breeds of these animals have been created by man.
It is obvious that for such a long “cultural” evolution, various
breeds, being so-called clean lines, have largely lost the natu-
ral genetic potential that provides homeostatic mechanisms.
As a result, maintaining the stability of existing breeds, like
any artificially created systems, requires significant financial
investments. In this regard, the study of the genetic potential
of natural populations of wild boars for a possible increase
in the resistance of pig breeds (for example, by methods of
genome editing, etc.) is highly relevant.

In this regard, the study of wild boar genetics is now receiv-
ing much attention, both in Russia and other countries (Gladyr
etal.,2009; Zinovieva et al., 2013; Rebata et al., 2016; Mihalik
et al., 2020). In addition, due to constant outbreaks of the Af-
rican swine fever (Pestis africana suum) in Russia, the wild
boars are regularly shot as potential carriers of this disease.
At the same time, the population structure of this animal is
not taken into account, which can cause depletion of the gene
pool and, against the background of increasing anthropogenic
pressure, lead to the extinction of some groups. Examples of
a significant reduction in the population of commercial species
occurring due to the data on the state of the gene pool being
neglected are well known (Altukhov, 2003).

Also, in the practice of molecular genetic laboratories, for
forensic purposes, it is often necessary to diagnose tissue
samples from illegally caught wild boars and prove their
belonging to a wild species, and not to domesticated forms
of pigs (Kipen et al., 2016; Lorenzini et al., 2020), or identify
wild boar tissue in food (Szemethy et al., 2021). In this regard,
the identification of private alleles for natural populations is
also an urgent problem.

Microsatellite DNA loci (STR markers), which are tandem
repeats of the noncoding part of nuclear DNA, are very con-
venient markers for studying genetic processes in populations.
There are many works on the assessment of population gene
pools of both domestic pigs and wild boars in different regions
(Vernesi et al., 2003; Ferreira et al., 2009; Nikolov et al., 2009;

da Silva et al., 2011; Choi et al., 2014; Sahoo et al., 2016;
Ryabtseva et al., 2018; Han et al., 2021; Snegin et al., 2021).

The purpose of this work is to assess the genetic diversity
of microsatellite loci in the population of the Central Euro-
pean wild boar (Sus scrofa scrofa) and the most common pig
breeds (Sus scrofa domesticus) bred in the Central Black Earth
region of Russia. It should be noted that such studies have not
previously been conducted in this region.

Materials and methods

A total of 320 animals were involved in the study. A sample
of 30 wild boars was taken from the populations of the Oryol
region (districts: Korsakovsky, Zalegoshchennsky, Novosil-
sky, Pokrovsky, Shablykinsky), Russia. The wild boars were
caught during the hunting season of 2018. For comparison,
samples from four populations of different breeds of domestic
pigs bred on the farms of the Central Black Earth Region of
Russia were used: Durok — 67 individuals (Belgorod region),
Yorkshire — 108 individuals (Kursk region), Landrace —
50 individuals (Belgorod region), large white — 65 indivi-
duals (Voronezh region). All analyzed animals are Canadian
breeds.

All 12 microsatellite loci recommended by ISAG-FAO
(International Society for Animal Genetics, Food and Agricul-
ture Organization) (FAO SoW-AnGR..., 2006) and arranged
in one multiplex panel (S0/01, S0155, S0228, S0355, S0386,
SW24,Sw240, SW72, SW857,SW911, SW936, SW951) were
used as DNA markers (Table 1). Primers for PCR were selected
taking into account the amplification of all 12 loci in one tube.
The size of all amplified PCR products, taking into account
all known alleles, was < 300 base pairs.

In the domestic pigs, DNA extraction was carried out from
ear pits, and in the wild boars — from muscle tissue samples.
For this purpose, we used kits with proteinase K DNA-Ex-
tran-2 (Syntol, Russia). The PCR reaction was carried out
on a Verity amplifier (Applied Biosystems, USA) in 20 puL
of a mixture containing 20 ng of genomic DNA, PCR buffer
(10 mmol Tris-HCI (pH 8.3), 50 mmol KCI, 2 mmol MgCl,),
0.25 mmol dNTP , 0.5 pmol primer, 1 unit 7ag DNA poly-
merase (inhibited for hot start).
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Table 1. The characteristics of the microsatellite loci recommended by ISAG

for determining the reliability of the origin pigs

Locus Allele length, bp Fluorescent Dye Primers

(5" 3)
so101 193-221 R6G F: GAATGCAAAGAGTTCAGTGTAGG

R: GTCTCCCTCACACTTACCGCAG
S0155 142-166 TAMRA F: TGTTCTCTGTTTCTCCTCTGTTTG

R: AAAGTGGAAAGAGTCAATGGCTAT
50228 218-270 TAMRA F: GGCATAGGCTGGCAGCAACA

R: AGCCCACCTCATCTTATCTACACT
50355 223-277 FAM F: TCTGGCTCCTACACTCCTTCTTGATG

R: TTGGGTGGGTGCTGAAAAATAGGA
50386 164-182 FAM F: GAACTCCTGGGTCTTATTTTCTA

R: GTCAAAAATCTTTTTATCTCCAACAGTAT
Sw24 95-124 ROX F: CTTTGGGTGGAGTGTGTGC

R: ATCCAAATGCTGCAAGCG
Sw240 92-124 R6G F: AGAAATTAGTGCCTCAAATTGG

R: AAACCATTAAGTCCCTAGCAAA
Swz2 97-125 TAMRA F: ATCAGAACAGTGCGCCGT

R: TTTGAAAATGGGGTGTTTCC
swa8s7 137-161 R6G F: TGAGAGGTCAGTTACAGAAGACC

R: GATCCTCCTCCAAATCCCAT
swoti1 149-177 ROX F: CTCAGTTCTTTGGGACTGAACC

R: CATCTGTGGAAAAAAAAAGCC
SW936 81-117 FAM F: TCTGGAGCTAGCATAAGTGCC

R: GTGCAAGTACACATGCAGGG
SwWos1 124-134 FAM F: TTTCACAACTCTGGCACCAG

R: GATCGTGCCCAAATGGAC

PCR parameters: 94 °C — 3 min; (98 °C — 30 sec, 59 °C —
120 sec, 72 °C —90 sec) — 4 cycles; (94 °C — 30 sec, 59 °C —
120 sec, 72 °C — 90 sec) — 6 cycles; (90 °C — 30 sec, 59 °C —
120 sec, 72 °C — 75 sec) — 20 cycles; 68 °C — 30 min. The
heating rate from 59 to 72 °C was no more than 0.3 °C/1 sec.

Fragment analysis of the PCR products was carried out on
an ABI PRISM 3500 automatic capillary DNA sequencer (Ap-
plied Biosystems, USA) using 50 cm capillaries and a POP-7™
polymer matrix. Fragment size analysis was performed using
GeneMapper R Software v. 4.1 (Applied Biosystems).

For statistical processing of the data obtained we used the
GenAIEx v. 6.5 (Peakall, Smouse, 2012) and PorGene 1.32
(Yeh et al., 1999).

Results

In Table 2, the allele frequencies of the microsatellite loci used
for analysis are presented. The data provide insight into the
distribution of various alleles among populations of domestic
pigs and wild boars.

The presence of private alleles in different populations is
shown in Table 3. The results show a high content of unique
alleles in the wild boar population (16 alleles). The highest
frequency of private alleles was found at the loci SW24 and
SW72 (0.25 in each). At the same time, the allele 97 at the
SW24 locus, and the allele 99 at the SW72 locus are found
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more often than others among private alleles. The pig of
the Duroc breed is slightly inferior to the wild boar in the
number of private alleles, while the 105 and 111 alleles at
the SW936 locus (0.246 and 0.276, respectively) had the
highest frequency of occurrence. The Large White breed is
almost three times inferior in the number of private alleles to
the population of wild boar and Duroc pigs. However, some
of the original alleles are found in this group of animals with
noticeable frequency. For example, the allele 141, unique for
this breed, at the SW857 locus was observed in half of the
animals analyzed (frequency 0.5). No private alleles were
found in the Landrace population, and only one private allele
was noted in the Yorkshire population.

The wild boar population has significantly high values of
the indicators of genetic variability in comparison with the
pig breeds. The comparison was carried out using the Pearson
¥ test (p < 0.05) (Table 4).

The level of inbreeding () in the studied groups turned
out to be low, and the populations of Yorkshire, Landrace and
wild boar received a negative value due to the prevalence
of observed heterozygosity over the theoretically expected
heterozygosity (see Table 4).

The results of checking the genotypic balance of Hardy—
Weinberg based on the G-test of maximum likelihood de-
monstrated that in the wild boar population the overwhelm-
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Table 2. Frequencies of the microsatellite loci alleles in the populations of various pig breeds and wild boars

Locus Population Locus Population Locus  Population

Note. Population: 1 - Duroc; 2 - Yorkshire; 3 - Large White; 4 - Landrace; 5 - Wild Boar.
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Table 3. Private alleles in the studied populations of various breeds of pigs and wild boars

Population Locus

sol01 sorss so3s5 Sw24  Swa0  SWr2  SWSs7  SWoTl  SWel6  SWosT
Duroc144152164125”1 ........... 1371471511771051””7134 ...........
yorksh,re ............................................................................................................ 93 ............................................................................................................
Largewh,te .............. 193 ..................................................................................................................... 141143 1 55 ............ 95 ......................................
WildBoar 203,217 150,154,166 255,261,269 95,97,99 9,103 97,99,101
Note.Noprivatealleles were found n the Landrace pig population.
Table 4. The indicators of the genetic diversity in the studied groups of pigs and wild boars (Mean + SE)
Population N P,% Aa Ae / Ho He F Npa
Duoc 67 917 6917+0802 2013+0396 1191+0.157 052540079 0569+0068 0076+0076 1083+0336
Yorkshire 108 917 566740847 345240384 128740156 0716+0086 06420065 -0.128+0.104 0.083+0083
LargeWhite 65 1000 616740534 335040241 136240074 0.660£0060 0.6800029 0022+0075 041740193
landrace 50 917 5250£0978 3124£0336 1201£0147 0713+0081 0618£0062 -0175£0.101 0000
WidBoar 30 1000 8583£0712 4702£0444 1717+0091 0844+0038 0763£0026 010640033 13330414

Note. N - the number of individuals; P - the percentage of polymorphic loci; Aa — the average number of alleles; Ae - the effective number of alleles; / - Shan-
non’s index; Ho — observed heterozygosity; He - expected heterozygosity; F - the coefficient of inbreeding; Ny, - the average number of private alleles per locus;
Mean + SE - mean + standatd error.

Table 5. The results of checking the genotypic balance of Hardy-Weinberg for 12 loci of MS-DNA in herds of pigs
of different breeds and wild boar based on the G-test of maximum likelihood (likelihood ratio G-test)

Locus Population
Duroc
so101 ns
50155 ns
50228 0.014
50355 mono
50386 < 0.001
Sw24 ns
SwW240 ns
Sw72 ns
Swa8s7 ns
sSwot1 ns
SW936 ns
Swos1 < 0.001

Large White Landrace Wild Boar
ns ns ns

ns 0.019 ns

ns ns ns

ns <0.001 ns

< 0.001 <0.001 ns
<0.001 0.004 ns

< 0.001 <0.001 ns

ns 0.001 ns

ns <0.001 ns

ns 0.032 ns
0.014 <0.001 0.002
0.017 mono <0.001

Note.ns - correspondence to Hardy-Weinberg equilibrium; p > 0.05; mono — monomorphic locus.

ing majority of the loci were in the state of the genotypic
equilibrium of Hardy—Weinberg (Table 5). On the contrary,
in the populations of the different breeds of pigs, some of the
loci demonstrated a significant deviation from the indicated
equilibrium. In addition, the monomorphic loci were noted
in three groups (Duroc, Yorkshire, and Landrace). Also, in
the populations of Yorkshire, Large White, and Landrace, the
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MC-loci were present, for which the hypothesis of neutrality
was reliably rejected based on the results of the Ewens—Wat-
terson test (Ewens, 1972; Watterson, 1978) (Table 6). Most of
these loci were found in the Yorkshire and Landrace breeds.
The degree of similarity of the genetic structure of the pigs
was assessed using the principal component analysis, which
resulted in the ordination of the centroids of different herds
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Table 6. The results of the Ewens-Watterson test for 12 MS-DNA loci for various breeds of pigs and boars
(only the loci for which the hypothesis of neutrality is reliably rejected are shown)

Population Locus
Yorksh",e .................................... 50 155 ........................
. 5W72 .........................
. 5W936 .......................
Large Whlte ............................... 50355 ........................
Landrace .................................... 50 155 ........................
. 50355 ........................
. 5W936 .......................

Obs. F L95-U95
................. 03210332_0906
................. 02540282_0893
................. 05000502_0991
................. 03440367_0970
................. 03480371_0961
................. 02270267_0831
................. 05000503_0980

Note. Obs. F - the actual sum of squares of allele frequencies; L95, U95 — lower and upper values of the 95 % confidence interval

of the Obs F estimate, calculated from 1000 simulations.

Table 7. The values of genetic distances (according to M. Nei) between the studied groups of pigs and wild boars

Population Duroc Yorkshire Large White Landrace Wild Boar

Duroc ............................... 0000 ...........................................................................................................................................................
YorkShlre1831 ......................... OOOO ..........................................................................................................................
LargeWhlte ..................... 0988 ........................ 1209 ........................ 0000 .........................................................................................
Landrace1976 ........................ 03181087 ........................ 0000 ........................................................
W||dBoar1803 ........................ 1091 ......................... 0707 ........................ 0968 ........................ 0000 .......................

Table 8. The estimates of the effective population size (Ne, Neb), calculated using the LD- and MC-method

between 12 loci of MS-DNA

Population

Linkage disequilibrium

Molecular coancestry

Note. 95 % Cl - limits of 95 % confidence interval.

in the space of the first two Main Coordinates based on the
matrix of pairwise estimates of genetic distances by M. Nei
(Table 7, see the Figure). According to the data obtained, the
most distant populations are the Duroc and Boar breeds, and
the most genetically close are the Yorkshire and Landrace
breeds. The closest to the wild boar population was the Large
White breed.

The effective population size was estimated using the lin-
kage disequilibrium (LD) method (Hill 1981; Waples, 2006;
Waples, Do, 2010), as well as the molecular coancestry method
(Nomura, 2008). The calculations were performed using the
NeEstimator V2 software (Do et al., 2014). The results are
shown in Table 8.

< Wild Boar

@ Large White

Coordinate 2

9 Landrace

@ Yorkshire ¢ Duroc

Coordinate 1

The ordination of centroids based on a matrix of pairwise estimates of
M. Nei’s genetic distances based on the distribution of allele frequencies
of 12 MS-DNA loci.
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Table 9. Level of actual heterozygosity for microsatellite markers in different wild boar populations

Country Ho References

Japan ............................................... 0473 ........ Cho|eta| 2014 ..................
|ndone5|a ........................................ 0658 .......

RUSSIa ............................................................................................................

Primorsky region 0.710 Choietal, 2014

... Klrovreglon ................................ 0463 ........ G|a dyrEt a| 2009 ...............
..... Yaros|av|reg|on 0535

Orenburgreglon ........................ 0722 .......

KrasnOdarreglon ........................ 0614 .......

KhabarOVSk reg Ion ..................... 0670 .......

Country Ho References

Portuga | ......................... 0627 ................ Ferr e,ra eta| 2009 ......................
SOUthKorea ................... 0682 ................ Han eta| 2021 .............................

0.422-0.673 Choietal, 2014

Bu| ga na .......................... 0620 ................ N|k0|0veta| 2009 ......................
Germany ........................ 0460 ...............

|ta|y ................................ 05200720 ..... Vemes, e t a| . 20 0 3 .......................
Hungary ........................ 0750 ...............

Chma .............................. 0845 ................ Cho|eta|2014 ...........................
Vletn am ......................... 0859 ...............

Discussion

The reliably high values of genetic variability (p <0.05), noted
in the wild boar population, are quite an expected phenome-
non. This is despite the fact that the sample from the analyzed
group was smaller than the samples from herds of domestic
pigs. This clearly demonstrates the consequences of panmixis
and genetic-automatic processes, which, in combination with
the natural selection, form the gene pools of natural popula-
tions. Moreover, in the wild boar population we analyzed, the
level of actual heterozygosity turned out to be significantly
higher than in the populations of this animal both in Europe
and Asia. At the same time, the Oryol group, in terms of the
level of genetic diversity, turned out to be similar to the Chi-
nese and Vietnamese wild boar populations (Table 9).

On the contrary, the transition of a number of loci to the
monomorphic state and the lack of equilibrium according
to Hardy—Weinberg, noted by us for most loci in domestic
pig breeds, is a consequence of long-term artificial selection
work, as a result of which many alleles of the “wild” type
were lost, which led to the loss of genetic variety. This is also
evidenced by the significant deviation from neutrality of some
microsatellite loci in the Landrace, Yorkshire, and Large White
breeds, which was revealed by us using the Evens—Watterson
test (see Table 6).

Allelic diversity results in a large number of private alleles
observed in the wild boar population. At the same time, the
Duroc population, despite the large number of private alleles,
turned out to be the most monomorphic among the studied
groups. This probably indicates a long-term selection of this
red color breed in the conditions of the North American con-
tinent, isolated from crossing with other pig breeds, including
white breeds of European origin (Large White, Yorkshire and
Landrace). This can explain the significant genetic distance of
the Duroc breed, both from the wild boar and the European pig
breeds. The presence of original alleles in the studied popula-
tions may be used in the future for identifying both the breed
of pigs and belonging to a wild boar population.

It should be noted that the results obtained are in part con-
sistent with the data obtained in the work of E.A. Glydyr et al.
(2009). In this study, the level of actual heterozygosity in three
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out of five wild boar populations was found to be higher than
in domestic pigs. However, the average number of the effec-
tive alleles was the same (4e = 2.6). In terms of the number
of private alleles, the wild boar population also surpassed the
domestic pigs (21 versus 10, respectively).

The calculation of the effective population size based on
the LD method showed that in almost all the studied groups,
including the wild boar population, the effective size was
less than 50 individuals. The only exception was the Duroc
breed (Ne = 86.1). The data indicate the observed linkage
disequilibrium, probably caused by closely related mating
in the analyzed groups of domestic pigs. This genetic drift
has generated a non-random association between alleles at
different loci.

Calculations carried out using the MC method showed
even lower values. This phenomenon is most likely associated
with a small number of parental individuals (primarily males)
who founded the studied populations. It is worth noting that
a similar picture was obtained in the work on assessing the
effective population size of the endangered Gochu Asturcelta
pig breed (Menendez et al., 2016).

If the results for breeds of domestic pigs were comparable
with data obtained in other studies, where Ne varied in general
from 20 to 92 individuals (gveistiené, Razmaite, 2013; Krupa
etal.,2015; Zanella et al., 2016; Lugovoy et al., 2018), then in
relation to the wild boar population, the result was somewhat
unexpected, since in previous studies Ne ranged from 180 to
1477 animals in natural populations (Cowled et al., 2008;
Herrero-Medrano et al., 2013).

Such a low Ne value noted in the wild boar population of
the Oryol region can be partly explained by a small sample,
however, reasons behind it may be more serious. In particu-
lar, it is known that outbreaks of African swine fever (Pestis
africana suum) (https://www.kommersant.ru/doc/4236233),
resulting in the death of wild boars are often recorded on the
territory of the Central Black Earth Region, which includes
the specified area. In addition, in order to prevent the spread
of infection, hunting farms are forced to shoot a significant
part of the animals. It is likely that these phenomena affect
the effective size of the wild boar populations.
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Conclusion

Thus, on the basis of the studies carried out, a clear reduction in
the genetic diversity of the domestic pig breeds in comparison
with the natural wild boar population was demonstrated. The
presence of private alleles can further aid in the identification
of wild boar and different breeds of pigs. Low values of the
effective size of the studied groups require attention from
breeders in relation to the breeds of pigs. In particular, the
pig breeding companies in the region under study need to
use a larger number of producers (primarily males) to obtain
replacement livestock. With regard to wild boar populations,
prophylactic shooting and harvesting should be carried out
under the control of environmental authorities with mandatory
monitoring of the state of the population gene pools.
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in Black Pied cattle in the Novosibirsk Region
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Abstract. There are currently over a thousand indigenous cattle breeds well adapted to local habitat conditions thanks
to their long history of evolution and breeding. Identification of the genetic variations controlling the adaptation of
local cattle breeds for their further introduction into the genome of highly productive global breeds is a matter of great
relevance. Studying individual populations of the same breed with the use of microsatellite markers makes it possible
to assess their genetic diversity, relationships, and breed improvement potential. Although the Black Pied breed is the
most common dairy cattle breed in Russia, there are only a few studies on genetic diversity in local Black Pied popula-
tions in some Russian regions. The goal of the present study was to analyze the genetic diversity in Black Pied cattle
populations in the Novosibirsk Region and compare them with other Russian populations; to identify significantly di-
vergent populations with a view to preserving them under the programs aimed at maintaining the genetic diversity of
the domestic Black Pied breed. DNA samples from 4788 animals of the Black Pied breed from six breeding enterprises
in the Novosibirsk Region have been studied using 11 microsatellite markers. No significant differences in genetic
variability parameters were found between individual populations. Private alleles have been identified in five out of
six populations. Five populations have shown inbreeding coefficient values (Fs) below zero, which indicates hete-
rozygosity excess. The population distribution test, principal component analysis, Fs; and Dy values, cluster analysis,
and phylogenetic analysis have revealed two populations genetically distinct from the others. Essentially, the genetic
diversity parameters of the six studied Black Pied cattle populations from the Novosibirsk Region show no significant
differences from other Russian populations of the breed. Excess heterozygosity is observed in most breeding enter-
prises, which is a sign of a low inbreeding rate. To maintain the genetic diversity of the Russian Black Pied cattle, we
recommend focusing on the two populations with significant genetic distinctions from the others.

Key words: cattle; Black Pied breed; Novosibirsk Region; microsatellite; genetic diversity; diversity preservation.
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OlleHKa reHeTMYeCcKOTro pa3sHoobpasus 1 puaoreHeTu4IeCcKmx
OTHOIILIEHNII YepHO-IIeCcTPoro ckora HoBocnbumpckoii o61actm
C MCIIOJIb30BaHEeM MUKPOCATEe/UINTHBIX MapKepOB

P.B. AitrHasapos, T.M. Mumakosa, H.C. IOpAun @

DefepanbHblii NCCNEROBATENBCKUI LeHTP MHCTUTYT yutonorum un reHetnkn Cnbrpckoro otaeneHnsa Poccuitckol akagemmnmn Hayk, HoBocnbrpcek, Poccns
® yudin@bionet.nsc.ru

AHHOTauuA. B HacToAwee Bpemsa n3BecTHO 6onee 1000 abopurreHHbIX MOPOA KPYNMHOro poratoro CKoTa, KoTopble
XOPOLLO NPUCNOCOGEHbI K MECTHBIM YCIIOBMAM Cpefbl 6narogapa AnuTenbHON aganTauuy n cenekuyun. KpaiHe ak-
TyanbHO BbIABIEHNE reHeTUYeCKNX BapMaHTOB, KOHTPONMPYIOWMX afanTaLmio MeCTHOro CKOTa, ANA nepeHoca 3TuX
BapWaHTOB B reHOMbl BbICOKOMPOAYKTUBHbIX F106anbHbIx nopog. MiccnefoBaHnA oTAeNbHbIX NOMYAALNA BHYTPU OA-
HOW MOpPOfAbl C MOMOLLBI MUKPOCATENANTHBIX MapKeEPOB MO3BOMAIT OLEHUTb KX FeHeTNYeckoe pa3Hoobpasue, poa-
CTBEHHble B3aVIMOOTHOLLEHNWA N NMepCcrneKTMBbI MX MCMOSIb30BaHMA A1A YNyULeHNAa nopobl. YepHo-necTpan nopoaa —
Hanbonee mMaccoBasa nopofa KPYnHOro poratoro CKOTa MOJIOYHOFO HanpasnieHus Ha Tepputopun Poccun. OgHako
MNMEITCA NNLWb efNHNYHbIE PabOoTbl, MOCBALLEHHbIE M3YUYEHNIO FEHETUYECKOrO Pa3sHo0bpasna MeCTHbIX NonynALmi
3TOW nopofbl B OTAeNbHbIX 06nacTax Poccum. Llenbio paboTbl ABNATCA: aHaNU3 reHeTMYeckoro pasHoobpasua no-
nynAuMiA YepHo-necTporo ckota HoBocnbrpcKor 06acTv U NX CPaBHEHUE C APYTUMY POCCUACKUMMN NONYAALUAMY;
naeHTMoMKaLma NonynAuni, CyLLeCTBEHHO OTAMYAIOLWMNXCA OT BCEX OCTaslbHbIX, ANA UX AanbHeNWero Ncnonb3osa-
HMA B NpOrpaMmax Mo COXPaHEHMWI0 FEHETNYECKOro pa3sHoobpasnA OTeuecTBEHHOW YepHOo-necTpoi nopoppbl. O6-
pa3ubl AHK oT 4788 »MBOTHbIX YepHO-NeCTPoi NOPoabl U3 WeCTN MaemMeHHbIX X03AicTB HoBocnbrpckon obnactu
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Genetic diversity in Black Pied cattle in the Novosibirsk Region
according to microsatellite markers

6bINM MCCNeAoBaHbl Mo 11 MMKPOCATENNIUTHBIM MapKepaMm. 3HaueHrsA BCeX MoKasaTeseil reHeTUYeCcKol N3MeHUMBO-
CTN AOCTOBEPHO HE PasNnyanicb Mexzay oTaeNbHbIMU nonynAauuamu. lNpriBaTHble annenu 6oy 06HapyKeHbl B NATU
nonynAuuAx u3 wectu. B natn nonynaumax koadeprumeHT nH6prarHra Fig 6bin JOCTOBEPHO HUXKE HYIIS, UTO TOBOPUT
06 136bITKe reTepo3mroT. Pe3ynbTaThl TecTa pacrnpefeneHus no nonynsaumsam, aHanm3a METOLOM ITaBHbIX KOMIMOHEHT,
aHanusa nokasatenei Fg; U Dggr, @ TakKe KNacTepHOro 1 GUnoreHeTnYeckoro aHanv3oB CBUAETENIbCTBYIOT O reHe-
TYyeckol 060COBNEHHOCTY ABYX MOMYNAALMIA OT BCEX OCTalbHbIX. TaKUM 06pa3oMm, napameTpbl reHeTNYeCKoro pas-
HOO6pa3unA NCCIeAoBaHHbBIX HAMV LECTU NONYNALMIA YepHO-NecTporo ckota HoBocnbupckoin 06nactu cylecTBeHHO
He OT/INYAIOTCA OT APYTMX POCCUINCKMX NOMYNALMIA AAHHON NOPOAbI. B 60NbWIMHCTBE 3TUX X03ANCTB HabsloAaeTca 13-
ObITOK reTepo3nroT, YTO FOBOPUT O HM3KOW CTeneHn NH6puanHra. MNpu pa3paboTke MeponpuATUIA, HanpPaBieHHbIX Ha
COXpPaHEHNE reHeTNYeCKoro pasHoobpasms OTe4eCTBEHHOTO YePHO-MECTPOro CKOTa, Mbl PEKOMEHAYEM NCMONb30BaTh
XKNBOTHBIX 113 iBYX MOMYNALWIA, KOTOPbIE MO FEHETUYECKUM XapaKTePUCTKaM CYLLEeCTBEHHO OT/IMYAIOTCA OT APYTUX.

KnioueBble cnoBa: KpynHbIi poraTblii CKOT; YepHO-NecTpas nopoaa; HoBocnbrpckas o6nacTb; MUKPOCATENIUT; FreHe-

TYyecKkoe pa3Hoobpasye; coxpaHeHne b1opasHoobpasus.

Introduction

There are currently over a thousand indigenous cattle
breeds well adapted to local habitat conditions thanks to
their long history of evolution and breeding (Buchanan,
Lenstra, 2015). All these breeds are of high economic,
scientific, historical, and cultural value (Stolpovskiy, Za-
kharov-Gezekhus, 2017). Meanwhile, we can see a global
economically-driven replacement of local breeds by seve-
ral high-productivity global breeds (Stolpovskiy, 2013).
However, these breeds are typically poorly adapted to lo-
cal habitats and are thus unable to reveal their outstanding
qualities (Mokhov, Shabalina, 2011). As a result, identifi-
cation of the genetic variations controlling the adaptation
of local cattle breeds for their further introduction into the
genome of highly productive global breeds is a matter of
great relevance (Madan, 2005). Eventually, it will make the
development of new breeds combining great productivity
traits with adaptability to various geographical regions
possible. For example, the H100Q mutation in gene NRAP
discovered recently in Yakutian cattle seems to affect its
adaptation to extreme cold (Buggiotti et al., 2021). This
approach has become increasingly effective since the pro-
mising CRISPR/Cas genome editing technology was in-
troduced into animal husbandry (Bevacqua et al., 2016;
Ikeda et al., 2017).

The Black Pied breed is the most common dairy cattle
in Russia (Breeds and Types of Farm Animals..., 2013).
Intense breeding efforts involving the four approved Black
Pied cattle types (Irmen, Priobsky, Krasnoyarsk, and Pri-
baikalsky) well adapted to extreme climatic conditions and
local feeds are currently ongoing in Siberia (Klimenok et
al., 2014). Composite cross-breeding of Black Pied cows
with Holstein breeding bulls in 12 breeding enterprises
in Western and Eastern Siberia has recently produced
Sibiryachka, a brand new high-productivity dairy breed
(Yarantseva et al., 2019).

Highly polymorphic microsatellite loci have been widely
used as genetic markers in population and conservation
genetics for relationship identification and other purposes
(Guichoux et al., 2011; Stidele, Vigilant, 2016; Galinskaya
et al., 2019). In particular, microsatellites are used to ana-
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lyze the origin and phylogenetic relationships of local cattle
breeds (Olschewsky, Hinrichs, 2021). Studying individual
populations of the same breed makes it possible to assess
their genetic diversity, relationships, and breed improve-
ment potential (Zsolnai et al., 2014; Agung et al., 2016;
Szucs et al., 2019). However, studies on genetic diversity
in local Black Pied breed populations are very few (Sma-
ragdov, 2018; Modorov et al., 2021); this is especially true
for the Novosibirsk Region, which remains poorly studied
in this regard.

The goals of the present study were: to analyze the ge-
netic diversity of six Black Pied cattle populations from
the Novosibirsk Region and to compare them with other
Russian populations; to identify significantly divergent
populations to be preserved under the programs aimed
at maintaining the genetic diversity of the Russian Black
Pied breed.

Materials and methods

Blood samples were taken from 4788 Black Pied cows and
bulls from six breeding enterprises located in the Novosi-
birsk Region (referred to below as populations A—F). To
analyze the populations’ structure and phylogenetic rela-
tionships, the Holstein cattle breed was used as a control
group (referred to below as HOL) (van de Goor etal., 2011).

The total DNA was isolated using the COrDIS SPRINT
reagent (Gordiz, Moscow, Russia) as per the manufacturer’s
instructions. PCRs for 11 microsatellite markers (ETH3,
INRAO023, TGLA227, TGLA126, TGLA122, SPS115,
ETH225, BM2113, BM1824, ETH10, BM1818) were
performed using the COrDIS Cattle kit (Gordiz, Moscow,
Russia) as per the manufacturer’s protocol. Fragment ana-
lysis of amplified DNA was carried out using an automated
genetic analyzer NANOPHORE-05 (Syntol, Moscow, Rus-
sia). The sizes of microsatellite DNA markers were cal-
culated in GeneMapper Software 5 (Thermo Fisher Scienti-
fic, USA).

The genetic diversity parameters, F-statistics, population
distribution test, and the significance of genotype distribu-
tion deviation from expected Hardy—Weinberg equilibrium
(HWE) were calculated using the GenAlEx 6.5 software

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 202125+ 8



PB. AnTHa3zapos
T.M. Mnwakoga, H.C. lOgnH

2021
25.8

leHeTUYecKoe pa3HOOOpa3e YepHO-NEeCTPOro CKoTa
HoBocnbupckoi 06nacTi No MUKPOCaTENTUTHBIM MapKepam

Table 1. Genetic variability parameters of the microsatellite loci in the Black Pied cattle of the Novosibirsk Region (N = 4788)

Locus Ny N
BM1818 ....................... 7000i04472658i0040 ......................
BM1824 ....................... 5833i03073321i0259 ......................
BM2”3 ....................... 7500i05004212i0087 ......................
ETH3 ............................ 7333i03333047i0124 ......................
ETHw .......................... 8 000i02583905i0129 ......................
ETH225 ........................ 6 667103333031i0151 ......................
TGLAIZZ .................... 1283311195576010165 ......................
TGLA’26 ...................... 5333i02”234810045 ......................
TGLA227 ...................... 9 667i02”5324i0262 ......................
INRA023 ....................... 7167i04773876i0098 ......................
SPSHS ......................... 6 333i02”2160i0058 ......................
Mean ........................... 7606i02813604i0143 ......................

He Private alleles®
0.648+0.011 0.623+0.005 -
0726i00210690i0024 .................... 185 .................................
0808i0009076210005 .................... 153 .................................
0733i0023066910013_ .....................................
0777i0009074310009_ .....................................
0681i0017066610015_ .....................................
0879i00200826i0005 .................... 13911451179 .................
0569i00060573i0008 .................... 113,125 .........................
0864100100810i000995,101 ............................
0776100100741i0006 .................... 1981216 .........................
0554i00170535i0013_ .....................................
0729i0013069410011_ .....................................

Note. Here and elsewhere, the scores are given as M £ m, where M is the arithmetical mean; m is the standard error; N, is the average number of alleles per locus;
Ng is the number of effective alleles per locus; Hg is the observed heterozygosity; H is the expected heterozygosity; *is the unique alleles typical for a certain

population.

(Peakall, Smouse, 2012). The allelic richness (AR) was
assessed via the rarefaction algorithm in HP-Rare software
(Kalinowski, 2005). Calculation of the pairwise Fgr values
and significance check of the nonzero Fig values were
performed using the bootstrap method adjusted for mul-
tiple comparisons in the FSTAT software (Goudet, 2003).
Cluster analysis was carried out in the STRUCTURE soft-
ware (Hubisz et al., 2009). The significance of differences
between populations was analyzed using Student’s #-test
or one-way ANOVA with post hoc Bonferroni correction
in Statistica 8.0.

The phylogenetic tree was built using the UPGMA ap-
proach based on Nei’s genetic distances in the POPTREE2
software (Takezaki et al., 2010). The statistical reliability
of the phylogenetic tree was analyzed using bootstrap
values based on 1000 permutations (Szucs et al., 2019).
The confidence threshold was set at 70 (Lukashov, 2009).

Results
The results of genetic variability analysis for the Black Pied
cattle populations of the Novosibirsk Region can be seen in
Table 1. All the microsatellite loci turned out to be highly
polymorphic and contained 105 alleles in general. The ave-
rage number of alleles per locus was 7.606, and the effective
number — 3.604. The observed heterozygosity (0.729) was
statistically similar to the expected one (0.694).

The pairwise comparison of genetic differences for
breeding enterprises, performed using Fischer’s exact test
in the Genepop software, demonstrated that the cattle of

each enterprise could be considered as a separate popula-
tion statistically different from the others (Supplementary
Material 1)!. The genetic variability parameters for each
of the populations can be seen in Table 2. The maximum
number of alleles per locus (8.455) was observed in popu-
lation A, and the minimum one (6.273) — in population B.
The allele enrichment and the effective number of alleles
between populations varied between 6.087 (C) — 6.863
(F) and 3.437 (B) 3.873 (D), respectively. The observed
and expected heterozygosities varied from 0.701 (F) to
0.755 (B) and from 0.682 (C) to 0.714 (D), respectively.
The values of all the above indicators did not significantly
differ between individual populations.

The private alleles, 1. e. the unique alleles characteristic
for a particular animal population, were found in five of
the six populations. In populations A—E, the inbreeding
coefficient /g was statistically below zero. These were the
populations where in particular loci statistically significant
genotype deviations from HWE were observed (Suppl.
Material 2). The highest number of such loci (six) was
spotted in populations A and D. Meanwhile, the genotype
distribution of the ETH225 and TGLA126 loci matched
HWE in all the populations investigated.

Analysis of the results of a population distribution test
demonstrated that, on average, 45.7 % of the animals had
been properly assigned (Suppl. Material 3). However, for
population B this score reached 70.8 %, which evidences

1 Supplementary Materials 1-4 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Aitnazarov_Engl.pdf
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Table 2. Genetic variability parameters of microsatellite loci in some populations of Black Pied cattle of the Novosibirsk Region

Index Population
A B C D E F
Number of animals 2408 65 1065 630 459 161
Number of alleles (N,) 8.455+0.835 6.273+£0.524 8.000+1.000 7.818+0.536 7455+0.562  7.636+0.472
Allele enrichment (AR) 6.452+0.422 6.273+£0.524 6.087+0.474  6.650+0.409 6.450+£0.393  6.863+£0.438
Number of effective alleles (Ng) 3.611+0.368 3.437+0.340 3457+0.350 3.873+0.375 3.587+0325 3.658+0.408
Number of private alleles 4 0 3 1 2 1
Number of animals with one 6 0 7 1 5 1
or more private alleles
Observed heterozygosity (Hp) 0.724+0.035 0.755+0.035 0.706+0.035 0.749+0.034 0.737+0.032  0.701+0.030
Expected heterozygosity (Hg) 0.692+0.032 0.683+0.027 0.682+0.030 0.714+0.030 0.699+£0.026  0.696+0.029
Inbreeding coefficient (Fs) -0.046+0.011% -0.103+0.016* -0.032+0.010% -0.047+0.010% -0.052+0.016* -0.007+0.014
* Fixation index (p < 0.05) is statistically different from zero.
this population being significantly different from the others. oD
Principle component analysis (PCA) of the Fg values
showed that population B was significantly different from
the others in the first component reflecting 36.73 % of the B
genetic variability of the whole dataset (Fig. 1). As forthe = o oE
second-component distribution responsible for 27.61 % of ~ © v
. . g . . . o~
genetic variability, it was most prominent for population D.
The highest degree of genetic differentiation, both for oC
Jost’s differentiation and the Fgy fixation indices, was be- oF
tween populations B and D (Suppl. Material 4). The closest
36.73%

populations in this respect were A and C.

The results of genetic clustering in STRUCTURE de-
monstrated that at k£ = 2, the population of Black Pied and
HOL breeds was distributed between two different clusters
(Table 3), where HOL had the highest values of similarity
coefficient Q in one of the clusters. The Q values for all
the Black Pied populations (except for D) were statistically
lower than those for the HOL animals.

In the UPGMA phylogenetic tree built using the Nei dis-
tances, populations B and D belonged to different branches,
which was statistically confirmed (Fig. 2). All the other
populations including the control HOL population formed
a single cluster.

Discussion

Analysis of 11 microsatellite loci from the whole sample
of Black Pied cattle of the Novosibirsk Region revealed
105 alleles, which is lower than the number obtained after
investigating 13 224 Holsteinized Black Pied animals in
the Sverdlovsk Region (Modorov et al., 2021). The 15 loci
that included the microsatellites investigated in our study
contained 164 alleles, but the frequency of 38 of them did
not exceed 0.1 %. On the other hand, a study of 36 animals
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Fig. 1. Principle component analysis results of the fixation index Fsr
values.

The axes indicate the degree of explained dispersion.

Table 3. Genetic clustering results for the Black Pied (A-F)
and Holstein (HOL) populations

Population

Similarity coefficient Q N

Note. Similarity coefficient Q (Pritchard et al., 2000) was calculated for k = 2
(Q1 and Q2). Data for the HOL population were the courtesy of van de Goor
et al. (2011); * is p < 0.001 for Student’s pairwise comparison against the
HOL population.
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Fig. 2. UPGMA phylogenetic tree to reveal the genetic relations
between the Black Pied (A-F) (collected data) and the HOL populations
(van de Goor et al,, 2011).

The nodes indicate the bootstrap values.

from Poland produced just 76 alleles for a similar set of loci
(10 out of 11 markers matched) (Radko et al., 2005). Thus,
the observed differences may be related to the sample size
and/or the number of microsatellite loci used.

The TGLA122 locus was characterized by the highest
average number of alleles per locus (12.833). A similar
score for this locus (14 alleles) was obtained in a study
investigating the Black Pied breed from the Pskov Region
(Arzhankova et al., 2015). The lowest average number of
alleles per locus (5.333) was found in TGLA126, which
correlates with the analogous parameter in the Black Pied
breed from the Sverdlov Region (7 alleles, the frequency
of 2 of them does not exceed 0.1 %) (Modorov et al.,
2021). The highest (5.760) and lowest (2.160) numbers of
effective alleles were detected in the TGLA 122 and SPS115
loci, which also correlates with the results obtained by
M.V. Modorov et al. (2021). The values of observed and
expected heterozygosity (0.729 and 0.694) obtained for our
sample were similar to those for the Black Pied cattle from
the Sverdlovsk Region (0.73 and 0.72) (Modorov et al.,
2021) but lower than the numbers for the pedigree bulls of
the same breed (0.779 and 0.751) (Zinovieva et al., 2015).

It is known that the genetic data of 25-30 randomly se-
lected animals from a population are sufficient for reliable
estimation of the population’s allele frequency, expected
heterozygosity and genetic distances (Hale et al., 2012).
In our study, the sampling size significantly exceeded the
mentioned threshold. The results of Fischer’s exact test
demonstrated that all the six samples investigated could be
regarded as separate populations (see Suppl. Material 1),
which enabled us to shift to a more detailed analysis of
their genetic differences.

Such parameters as the number of effective alleles, allele
enrichment, observed/expected heterozygosity are widely
used to estimate genetic variations between populations
since they do not depend on a sampling size (Leberg et
al., 2002; Galinskaya et al., 2019). In our study, these pa-
rameters did not have statistically significant differences
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between any population pairs investigated (see Table 2),
which may be since all the considered breeding enterprises
rely upon semen production from the same sources.

In this respect, our results are in good correlation with
those of M.V. Modorov et al. (2021) who investigated
29 herds of Holsteinized Black Pied cattle from the Sverd-
lovsk Region and found no statistically significant genetic
differences for 27 of them. Unfortunately, using microsat-
ellite markers within a single breed for cattle population
monitoring, the authors, as a rule, ignore statistical methods
when comparing the genetic variability parameters (Glin-
skaya, 2013; Kuznetsov, 2014; Zsolnai et al., 2014; Agung
etal.,2016; Szucs et al., 2019). In our study, private alleles
were found in all populations, except population B, which is
probably due to the size of the population (N = 65). In this
respect, the Black Pied cattle from the Novosibirsk Region
significantly outmatched the Black Pied animals from the
Republic of Belarus, where private alleles were detected
only in three populations out of nine (Glinskaya, 2013).

Inbreeding coefficient /g is known to indicate heterozy-
gosity reduction due to nonrandom coupling (Kuznetsov,
2014). At Fig> 0, there is a deficiency of heterozygous
individuals (inbreeding); while at /14 <0, such individuals
are in excess (outbreeding). At Fjg= 0, mating becomes
HWE-random. In our study for most of the populations
(A-E), the inbreeding coefficient was significantly below
zero, meaning the heterozygotes were excessive. Con-
sequently, populations A—E demonstrated statistically
significant deviations from HWE in some of the locus
genotypes (see Suppl. Material 2), which is a good corre-
lation with the result presented above. The most probable
reason for this effect might be implementation of a mating
system (outbreeding; disassortative mating, etc.) aimed to
reduce inbreeding (Kuznetsov, 2014). At the same time,
such factors as population’s finite size, nonrandom mat-
ing, selection effect, etc. can not be completely excluded
(Galinskaya, 2019).

In the population distribution test performed in our
study, on average 45.7 % of animals were correctly dis-
tributed in their original groups (see Suppl. Material 3),
which matched well with the 48 % distribution in a study
of 16 herds of the Limousin breed in Hungary (Szucs et
al., 2019). However, for population B, the distribution
parameter was 70.8 %, which evidenced this population
being significantly different from the others.

The results of subpopulation fixation index (Fgt)
PCA analysis demonstrated that populations A, C, E and F
formed a compact group (see Fig. 1), for which the Fg;
values varied from 0.004 to 0.008 (see Suppl. Material 4).
Populations B and D are further from this group for the
first and second components, respectively. The longest
genetic distance, as per fixation index, was observed
between populations B and D and comprised 0.013. The
obtained genetic distances range was in good correlation
with the data for single nucleotide polymorphisms (SNPs)
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obtained with an Illumina BovineSNP50 chip assay for the
Holsteinized Black Pied cattle of six breeding enterprises
in the Leningrad Region (0.002—0.012) (Smaragdov, 2018)
and the populations of Jersey cattle in the USA, Canada
and the UK (0.006—0.016) (Cooper et al., 2016).

According to S. Write’s classification, genetic differen-
tiation is considered insignificant, if g does not exceed
0.05 (Wright, 1978). However, V.M. Kuznetsov states
that it is a differentiation of less than 0.01 that can be re-
garded as ‘insignificant and negligible’, so interpretation
of the above-mentioned results can be a complex issue
(Kuznetsov, 2020). Nevertheless, T.V. Galinskaya et al.
assume that interpretation of the Fgy value is more complex
than just referring to the mentioned authors (Galinskaya
et al., 2019). In their opinion ‘what is more important is
whether we could detect a statistically significant genetic
differentiation (Fgp> 0) or not’.

The permutation test in our study demonstrated that all
the obtained Fgr values were statistically valid (p <0.01)
(see Suppl. Material 4), which confirms the genetic isola-
tion of populations B and D.

Although Fgy is widely used to assess genetic population
differentiation, its application for multiallelic and multi-
locus markers such as microsatellites is often criticized
(Meirmans, Hedrick, 2011; Kuznetsov, 2021). For these
markers, several alternative statistical methods have been
suggested such as Jost’s differentiation index (Dggr), which
accounts for changes in effective number of alleles (Jost
et al., 2018). Fgrand Dggr are believed to complement
each other and be applied jointly (Meirmans, Hedrick,
2011; Kuznetsov, 2021). In our study, the Dgqr distances
statistically correlated with the Fgy estimations (r = 0.92,
p < 0.0001). For both parameters, populations B and D
were genetically the most distant.

Cluster analysis revealed that the Black Pied and Holstein
(HOL) populations were distributed between two different
clusters (see Table 3), which confirms their genetic affinity
(Yurchenko et al., 2018; Yudin, Larkin, 2019). The similar-
ity coefficient values for all the populations except D turned
out to be much lower than that of HOL, which evidences
different HOL pedigree levels in the investigated Black
Pied populations (Zinovieva et al., 2015).

Phylogenetic analysis distributed the Black Pied popu-
lations into three groups (see Fig. 2). One group included
populations A, C, E and F that were close to HOL. Popula-
tions B and D formed two independent statistically verified
branches. The result confirmed the genetic insulation of
populations B and D, which we also confirmed with the
results of population distribution test, PCA, Fg1/Dggr
index analysis and the results of cluster analysis presented
above.

It is generally believed that to preserve a breed as a selec-
tion material, one has to sustain all its genetic pool because
in most cases it is unknown which particular genes and
their combination determine the economic characteristics
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of the breed (Stolpovskiy, 2013; Stolpovskiy, Zakharov-
Gezekhus, 2017). According to the authors, the purpose
of a biodiversity preservation program is to ‘sustain the
diversity of the alleles a species (breed) has as well as to
support the process of accumulation and potential preser-
vation of newly appearing mutant alleles as an important
source of constant evolution and improvement in animals’.

The results of the tests performed in our study confirm
the genetic insulation of populations B and D from the
other populations investigated, so these two populations,
above all else, have to be used to preserve the genetic pool
of the Black Pied breed.

Conclusion

Thus, the genetic variability parameters of the six popula-
tions of Black Pied cattle from the Novosibirsk Region
have had no significant differences from other Russian
populations of this breed. Most of the breeding enterprises
involved in the study have heterozygote excess due to low-
level inbreeding. Our recommendation to those developing
the programs aimed at preserving the genetic diversity
of the Russian Black Pied cattle is to use animals of two
populations, the genetic characteristics of which differ
significantly from all others.
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Abstract. In the contemporary high-tech society, spatial abilities predict individual life and professional success, es-
pecially in the STEM (Science, Technology, Engineering, and Mathematics) disciplines. According to neurobiological
hypotheses, individual differences in cognitive abilities may be attributed to the functioning of genes involved in the
regulation of neurogenesis and synaptic plasticity. In addition, genome-wide association studies identified rs17070145
located in the KIBRA gene, which was associated with individual differences in episodic memory. Considering a sig-
nificant role of genetic and environmental components in cognitive functioning, the present study aimed to estimate
the main effect of NGF (rs6330), NRXNT (rs1045881, rs4971648), KIBRA (rs17070145), NRG1 (rs6994992), BDNF (rs6265),
GRIN2B (rs3764030), APOE (rs7412, rs429358), and SNAP25 (rs363050) gene polymorphisms and to assess the effect of
gene-environment interactions on individual differences in spatial ability in individuals without cognitive decline aged
18-25 years (N = 1011, 80 % women). Spatial abilities were measured using a battery of cognitive tests including the
assessment of “3D shape rotation” (mental rotation). Multiple regression analysis, which was carried out in the total
sample controlling for sex, ethnicity and the presence of the “risk” APOE €4 allele, demonstrated the association of the
rs17070145 T-allele in the KIBRA gene with enhanced spatial ability (3 = 1.32; pgpg = 0.037) compared to carriers of
the rs17070145 CC-genotype. The analysis of gene-environment interactions revealed that nicotine smoking (8 = 3.74;
p=0.010) and urban/rural residency in childhood (B = -6.94; p = 0.0002) modulated the association of KIBRA rs17070145
and APOE (rs7412, rs429358) gene variants with individual differences in mental rotation, respectively. The data obtained
confirm the effect of the KIBRA rs17070145 T-allele on improved cognitive functioning and for the first time evidence the
association of the mentioned genetic variant with spatial abilities in humans. A “protective” effect of the APOE €2 allele
on enhanced cognitive functioning is observed only under certain conditions related to childhood rearing.

Key words: KIBRA; APOE; cognitive abilities; mental rotation; linear regression; gene-environment interactions.
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AHHOTauuA. B COBpeMeHHOM BbICOKOTEXHONOTMYHOM O6LLECTBE MPOCTPAHCTBEHHbIE CMOCOBHOCTY ABAAIOTCA Mpe-
OUKTOPOM YCMELWHOCTN B XXU3HW 1 NPOpecCroHanbHOM AeATeNbHOCTH, 0cobeHHo B STEM ancumnnvHax (om awesn.
Science, Technology, Engineering, and Mathematics). CornacHo Helpo61ONOrMYecKUM rmnoTesam, CyLLecTBOBaHe
VHAVBUAYANbHbIX Pa3nnunii B KOTHATUBHBIX CMOCOOHOCTAX MOXET 6biTb 06YC/IOBIEHO 0CO6eHHOCTAMY GYyHKLMO-
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The role of the KIBRA and APOE genes
in developing spatial abilities in humans

HMPOBAHUA reHOB, YYaCTBYIOLMX B PErynaumny HelporeHesa n CMHanTMYeckon mnactuyHoct. C Apyron CTOPOHbI,
NOJSTHOreHOMHbIN aHanu3 accounaunii ngeHtnduumposan rs17070145 B reHe KIBRA, accounnpoBaHHbIN C MHANBUAY-
anbHbIMU PA3IMYNAMK B SMM30ANYECKON MAMATU. YUnTbIBAA BaXKHYIO POJIb FEHETUYECKOWN N CPefOBOM KOMMOHEHTDI
B MaHMdecTaLmmn KOrHUTUBHbIX GYHKLMIA, LIeNblo HAaCTOALLEro NCCefjoBaHNA ABNANNCH OLieHKa OCHOBHOIO 3gdeKTa
nonumopdHbix BapraHToB reHoB NGF (rs6330), NRXNT (rs1045881, rs4971648), KIBRA (rs17070145), NRGT (rs6994992),
BDNF (rs6265), GRIN2B (rs3764030), APOE (rs7412, rs429358), SNAP25 (rs363050) 1 oLieHKa reH-cpeloBbIX B3avMopein-
CTBUI B GOPMUPOBAHUN VHAVBUAYANbHBIX OCOGEHHOCTEN NPOCTPAHCTBEHHOTO MbILUNEHNS Y UHAMBUAOB 6e3 Kor-
HUTMBHbIX HapyLweHnin 18-25 net (N = 1011, 80 % »KeHWWH). Mi3mepeHmne ypoBHA NPOCTPAHCTBEHHbIX CNOCOOHOCTEN
OCYLLEeCTBMIANOCh C MOMOLLblo 6aTapen TeCToBbIX 3aAaHunI Ha BpalieHune 3D ¢uryp (shape rotation). MHOXeCTBEHHbIN
NNHEWHBIN PerpecCUOHHBIV aHaNn3, NPOBEAEHHbIN B 06LLel BbIGOPKE C BKIOUEHMEM MOJSTIOBOIA, STHUYECKOW NPUHAA-
NEXHOCTW 1 Hanuumna «puckoBoro» annensa APOE €4 B KauecTBe KOBapuaTt, NPOAEMOHCTPUPOBa accoLmalmio annens
rs17070145*T B reHe KIBRA c 60nee BbICOKMM YPOBHEM NMPOCTPAHCTBEHHOTO MbiwneHus (B = 1.32; pepg = 0.037) no
CpaBHeHWIo ¢ HocuTenamm reHotuna rs17070145*CC. AHanu3 reH-cpefoBbIX B3anMOAENCTBUI BbIABWI, YTO Tabako-
KypeHue (B = 3.74; p = 0.010) 1 mecTo BocnuTaHuA B getctee (f = -6.94; p = 0.0002) MmoZynMpytoT accoumanmio no-
nmmopdHbIx BapraHToB B reHe KIBRA (rs17070145) n reHe APOE (rs7412, rs429358) ¢ nHANBMAYaNnbHbIMU Pa3anymns-
MU B MPOCTPAHCTBEHHbIX CMOCOBHOCTAX COOTBETCTBEHHO. [MoNlyyeHHble pe3ysnbTaTbl MOATBEPXKAAIOT CBA3b annens
rs17070145*T B reHe KIBRA ¢ ynyulieHnem KOrHUTUBHBIX GYHKLIMIA 1 BiepBble CBUAETENbCTBYIOT 06 accoLmalmmn AaH-
HOrO reHeTMYeCKoro BapraHTa ¢ 0CO6eHHOCTAMM NPOCTPAHCTBEHHOTO MblLeHA. «[IpOTeKTUBHDBIN» 3dPeKT annena
APOE €2 Ha ynyulieHne KOrHUTMBHOIO GpYHKLMOHMPOBAHUA HAabMIOAAETCA TONIbKO MPU COYEeTaHUW OmnpefeNieHHbIX
0Cob6eHHOCTeN BOCMUTaHNA B A€TCTBE.

KntoueBble cnoBa: KIBRA; APOE; KOTHUTUBHblE CMNOCOOHOCTY; MbIC/IEHHOE BpaLleHvie NpeAMeTOB; IMHEHanA perpec-

nA; reH-cpenosblie B3aVIMOAENCTBMA.

Introduction

The study of the productivity of cognitive functions as an
integral part of individual potential is becoming increasingly
relevant today since the level of cognitive functioning is the
basis of individual life success and self-actualization. In par-
ticular, in a modern high-tech society, spatial abilities (i.e.,
ability for 3D mental rotation) predict success in life and pro-
fessional activity, especially in STEM (Science, Technology,
Engineering, and Mathematics) disciplines (Nagy-Kondor,
2017). The hypotheses of an individual trajectory of spatial
ability existing to date suggest a significant role of genetic,
epigenetic and environmental factors (Mustafin et al., 2020;
Takhirova etal., 2021). According to twin research, the impact
of the genetic component on individual variance in this trait
varies within 64-84 %, depending on the type of examined
spatial ability (Malanchini et al., 2020).

According to neurobiological hypotheses, individual dif-
ferences in cognitive abilities may be due to the specificity of
gene functioning involved in the regulation of neurogenesis
and synaptic plasticity in such brain regions as prefrontal
cortex and hippocampus (Mustafin et al., 2020). The latter
process represents the development of neuronal connections
as a response to novel experiences. An important role in the
regulation of this process belongs to neurotrophic factors
(BDNF, NGF), neurexins (NRXNI), neuregulin (NRG1),
synaptosomal-associated protein (SNAP25), glutamatergic
receptor (GRIN2B) (Enikeeva et al., 2017; Mustafin et al.,
2020). One of the most significant and replicating results
obtained in the studies of cognitive functioning is the associa-
tion of the APOE &4 allelic variant with an increased risk of
developing Alzheimer’s disease and higher rate of cognitive
decline (Porter et al., 2018; Li X. et al., 2019). Previous at-
tempts were made to evaluate the effect of different variants
of the genes involved in neurogenesis (4POE, TOMMA40,
BDNF, SORLI, and CLSTN?2) on cognitive changes in non-
demented individuals above 65-70 years (Laukka et al.,

2020). Considering that about 60 % of variance in age-related
cognitive changes correlates with different cognitive domains
(episodic and semantic memory, information processing speed,
nonverbal intelligence, spatial ability, etc.) (Tucker-Drob et al.,
2019), it can be assumed that allelic variants of genes, which
encode neurogenesis-involved proteins, can also attribute to
differences in spatial abilities.

Together with the candidate gene approach, a significant
contribution in the study of complex traits is related to
such methodological approach as genome-wide association
analysis (GWAS), which made it possible to identify genetic
variants involved in the regulation of cognitive functioning.
The rs17070145 located in intron 9 of the KIBRA (KlIdney and
BRAin expressed protein) gene, which was initially identified
in the GWAS of episodic memory in cohorts from Sweden
and America (Papassotiropoulos et al., 2006), represents one
of the loci associated with cognitive functioning. Subsequent
studies confirmed the association of the minor T-allele with
improved episodic memory (Porter et al., 2018) and spatial
learning (Schuck et al., 2013). A recent meta-analysis based
on 20 case-control studies confirmed the association of the
rs17070145 C-allele with an increased risk of developing
Alzheimer’s disease and cognitive decline among aged indivi-
duals (Ling et al., 2018). It is known that the KIBRA gene (also
known as WWC1, WW domain-containing protein 1) encodes
a signal transduction protein, which is widely expressed in the
kidney and brain regions related to memory regulation (hip-
pocampus, prefrontal cortex, cerebellum and hypothalamus).
It is involved in multiple cellular functions, including cell
migration, vesicular transport, transcription, synaptogenesis,
neuronal signaling, and has a neuroprotective effect, thus in-
hibiting AB-induced apoptosis (Heitz et al., 2016). Moreover,
from a functional point of view, reduced Kibra level was
shown to mediate memory and synaptic plasticity decrease
(Heitz etal., 2016). It should be noted that cognitive function-
ing can be mediated by an additive and epistatic interaction
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of proteins encoded by the APOE and KIBRA genes (Wang et
al., 2019), which indicates the requirement of simultaneous
analysis of both genes.

To date, it remains unknown whether rs17070145 in the
KIBRA gene is involved in the regulation of other cognitive
abilities (including spatial ability) in individuals of younger
age. Therefore, considering that the T-allele in the KIBRA
gene was associated with improved memory and executive
functions in the majority of studies in individuals without
cognitive deficit and was related to better functioning of
prefrontal cortex and hippocampus (Papassotiropoulos et al.,
2006; Zhang et al., 2009), we suggest that a similar relation-
ship may be observed with enhanced spatial ability in mentally
healthy individuals.

Together with a genetic component, individual variance
in spatial abilities may be attributed to a specific micro- and
macro-environment in ontogenetic development, including sex
(Lauer etal., 2019). In this regard, the present study aimed to:
(1) estimate the main effect of polymorphic variants of genes
involved in neurogenesis and synaptic plasticity; (2) estimate
the effect of gene-by-environment interactions on individual
differences in spatial ability in individuals without cognitive
impairments.

Materials and methods

The study sample included 1011 mentally healthy young
adults (80 % women) — students at Universities of the Re-
public of Bashkortostan and the Udmurt Republic (mean age
19.79+1.69 years), consisted of Russians — 535, Tatars — 231,
Udmurts — 160, and individuals of mixed ethnicity — 85. All
volunteers had no individual and familial history of psyho-
pathologies.

The assessment of spatial abilities was conducted in 2017—
2019 via the battery of cognitive tests, which estimated the
number of correct answers on the items related to “shape rota-
tion” and were implemented online in the psychodiagnostic
platform designed by the Russian Academy of Education. All
enrolled individuals filled the inventory consisting of questions
on ethnicity by three generations together with several social
parameters such as the specificity of child-parent relationship
(a style of parental rearing, maltreatment in childhood, rearing
in a full/incomplete family), family income level, maternal
and paternal age at individual’s birth, place of residence in
childhood, sibship size and birth order, bilingual rearing, the
presence of chronic disorders and smoking. Place of residence
in childhood (urban/rural residency) was determined on the
basis of its population size according to (Kazantseva et al.,
2020a): demographic locations with population size under
50,000 individuals were determined as a rural residency. All
the volunteers filled informed consents for the participation
in the study. The study was approved by the Bioethical Com-
mittee at the Institute of Biochemistry and Genetics UFRC
RAS (Ufa, Russia).

Collection of biological material was performed within
2017-2019 followed by DNA isolation from the peripheral tis-
sue leukocytes. Genotyping of 10 SNPs in the NGF (1rs6330),
NRXNI (rs1045881,1s4971648), KIBRA (rs17070145), NRG1
(rs6994992), BDNF (1s6265), GRIN2B (rs3764030), APOE
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(rs7412,1s429358), and SNAP25 (rs363050) genes was carried
out via real-time PCR using KASP kits (LGC Genomics, UK)
with CFX96 DNA Analyzer (BioRad, USA) and end-point
fluorescence analysis. The APOE genotypes were grouped
based on the presence of €2, €3, &4 allelic variants.
Quantitative data were tested for the correspondence to the
Gaussian distribution via Shapiro—Wilk W-test (p >0.05). The
main effect assessment was performed via multiple linear re-
gression analysis. Various statistically significant models (ad-
ditive, dominant, recessive) were analyzed with PLINK v.1.09,
while sex, ethnicity, presence/absence of APOE €4 allele were
included as independent variables (covariates) together with
the genotypes (formula (1)). In addition, to analyze gene-by-
environment interactions examined socio-demographic pa-
rameters and genotypes were included in linear regression
models as independent variables according to formula (2):

Y(G) =k+B,COV,+B,COV, + B;,COV;+Byx,, (1)

Y(ch) =k+B,COV, + B,COV, + B,COV, +B,x,+
+B,COV+Bx,COVs, 2)

where Y — spatial ability score; k—intercept; B, 4 —regres-
sion coefficients; COV, — sex; COV, — ethnicity; COV, —
presence/absence of APOE €4 variant; x, — the presence of
minor allele of examined SNP in dominant model (the number
of copies of minor allele for the additive model); COV, —
environmental predictor; x,COV — allele-by-environment
interaction.

For statistically significant gene-by-environment interac-
tion model, a stratification analysis between the groups split
by either environmental predictor or genetic component was
conducted (SPSS 23.0). Correction for multiple comparisons
was carried out via FDR procedure (PLINK v.1.09).

Results

In the present study, allele and genotype frequencies distribu-
tion corresponded to the Hardy—Weinberg equilibrium (see the
Table). Subsequent multiple regression analysis, which was
performed in the total sample controlling for sex, ethnicity
and the presence of “risky” APOE €4 allele, demonstrated
the association of K/IBRA rs17070145 T-allele with enhanced
spatial ability (B = 1.32; By = 0.10; p = 0.003; pppr = 0.037;
72=0.007) compared to carriers of rs17070145 CC-genotype
(in additive model, see the Table).

Liner regression models, which were applied separately
to men, women, APOE &4 allele carriers/non-carriers, failed
to observe a statistically significant effect of the examined
loci after correction for multiple comparisons (pppg > 0.05,
see the Table). Mean spatial ability scores depending on the
KIBRA rs17070145 genotype in the total sample, as well as
in men, women, APOE €4 allele carriers/non-carriers are
shown in Fig. 1.

As a result of gene-by-environment interactions analysis,
which considered both the effect of genetic variants and vari-
ous social parameters, smoking was revealed to modulate as-
sociation of KIBRA rs17070145 with individual differences in
spatial ability (B = 3.74; Bgr = 0.14; p = 0.010). To clarify the
effect of smoking on cognitive abilities we conducted strati-
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Examined SNPs, the Hardy-Weinberg equilibrium test and the results of linear regression analysis
of SNPs association with spatial ability (under additive model) in the total sample and in subgroups

Gene SNP Alleles2  MAF Total sample

Prwe

Women

APOE €4+ APOE €4-

Note. MAF — minor allele frequency; pywg — p-value for the Hardy-Weinberg test; Bst — standardized regression coefficient; p — p-value for the Wald test.
Statistically significant differences (after FDR-correction) are shown in bold. 2 minor/major alleles; b pgpg = 0.098; € pepg = 0.037; 9 prpg = 0.183; € prpg = 0.183;

f pepr = 0.164; 9 pepg = 0.164; N prpg = 0.368.
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Fig. 1. Mean spatial ability scores depending on the KIBRA rs17070145 genotype in the total sample (a), in men, women (b) and the carriers/non-carriers

of APOE €4 variant (c).

Statistically significant differences in the mean values of spatial ability between the groups are marked with brackets, *pgpg < 0.05.

fication analysis, which demonstrated that enhanced spatial
ability was characteristic for ever-smoking rs17070145 T-al-
lele carriers compared to non-smoking individuals (f = 4.59;
Bsr = 0.22; 2 = 0.003; prpr = 0.004) (Fig. 2, a). Moreover,
the model with inclusion of APOF variants and place of resi-
dence in childhood was also statistically significant (f =—6.94;
Bgr = —0.23; p = 0.0002). In addition, higher spatial ability
was demonstrated in the carriers of “favorable” 4APOE €2 al-
lele, who indicated their rural residency, compared to those
from the urban regions (B = —6.04; By = —0.25; 2 = 0.06;
Prpr = 0.021) (see Fig. 2, b).

Discussion

Since previous research indicated the necessity to control for
the well-known “risk” factor of developing cognitive deficit
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(APOE €4 variant) in the statistical models (Porter et al., 2018;
Li X. et al., 2019), the hypothesis suggested in the present
study was examined in both total sample and in the groups
split by the presence of APOE ¢4 allele. Previous findings
evidence that individuals without cognitive decline carrying
APOE €4 variant (related to the accumulation of amyloid
beta (AP)) demonstrated an increased decline in the verbal
episodic memory and hippocampal hypotrophy in the pre-
sence of KIBRA rs17070145 CC-genotype compared to minor
T-allele carriers (Porter et al., 2018). In the present study, the
analysis of individuals aged 18-25 years without cognitive
impairments failed to detect significant effect of APOE &4 al-
lele on the association of KIBRA gene variants with the level
of spatial abilities. Nevertheless, we included the mentioned
“risk” allele in the APOE gene as an independent variable
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Fig. 2. The results of gene-by-environment interaction analysis, which demonstrated a modulating effect of (a) smoking on as-
sociation of KIBRA rs17070145 variants on spatial ability; (b) place of residence in childhood on association of APOE variants with

spatial ability.

Statistically significant differences in the mean values of spatial ability between the groups are marked with brackets, * prpg < 0.05.

in multiple regression models. As a result of these analyses,
for the first time we demonstrated a positive effect of KIBRA
rs17070145 T-allele on higher spatial ability in individuals
without cognitive deficit, which at some extent is congruent to
findings obtained by other research groups in non-demented
healthy individuals (Schuck et al., 2013; Porter et al., 2018).

The effect observed is confirmed by functional studies,
which reported that rs17070145 in the KIBRA gene was related
to grey matter volume in the prefrontal cortex and parahip-
pocampal gyrus in elderly individuals (Li R. et al., 2020). In
particular, as a result of voxel-oriented morphometry grey mat-
ter volume was diminished in carriers of r1s17070145 C-allele
compared to individuals with rs17070145 TT-genotype in
both elderly participants (Li R. et al., 2020), and younger-
age volunteers (Wang et al., 2013), which, in turn, reflects an
improved cognitive functioning in carriers of minor T-allele.
Interestingly, young-age individuals with C-allele, which is
associated with reduced grey matter volume, demonstrated a
compensatory effect via enhanced synchronization between
the brain regions involved in the regulation of executive
control (Wang et al., 2013). The results obtained by our
group can be explained by an increased level of long-term
potentiation (LTP) in hippocampus and associated enlarged
cognitive functioning related to an increased expression of
the KIBRA gene (Heitz et al., 2016), which can be due to
the presence of rs17070145 T-allele. From the other side,
rs17070145 may be in a linkage disequilibrium with other
functional variants (resulting in missence mutations such as
rs3822660G/T or M7341, rs3822659T/G or S735A), which
are located in the exon 15 of the KIBRA gene and mediate
differential Ca**-dependent binding of protein C2-domain with
phosphatidylinositol, therefore regulating cellular pathways
(Duning et al., 2013).

The researchers suggest that controversy of the impact of
KIBRA 1517070145 in published findings may be related to
the cognitive status of the examined sample, as well as to
demographic parameters including age (Zhang et al., 2009;
LiX.etal., 2019). Therefore, we analyzed different regression
models, which consisted of various environmental predictors.

One of the interesting findings of the present study is the effect
of smoking, which was shown to modulate the association of
allelic variant in the K/IBRA gene with spatial ability. Another
research group succeeded to identify that reduced number of
constant mistakes in cognitive tests was observed in smoking
individuals from European populations compared to never-
smoking individuals, but this association was prominent only
in carriers of 1s17070145 T-allele in the KIBRA gene (Zhang
et al., 2009). Notably, in the present study the inclusion of
interaction terms (K/BRA rs17070145 genotype and smoking)
in the linear regression model also revealed the association
of minor T-allele with higher shape rotation ability, which
was characteristic for ever-smoking individuals compared to
never-smoking ones. Therefore, it was suggested that nicotine
might positively affect cognitive abilities (including executive
functions and attention) in individuals with T-allele (Zhang
et al., 2009). According to our previous research, nicotine
may have a modulating effect on genetic association with
individual cognitive and psychological domains in mentally
healthy individuals (Davydova et al., 2020), which may be
caused by nicotine-related changes in epigenetic profile in
the examined genes.

Although multiple studies evidence the association of APOE
“risky” €4 allele with cognitive decline and Alzheimer’s di-
sease, diminished grey matter volume in hippocampus (Porter
et al., 2018; Li X. et al., 2019), and lower spatial abilities
(Laczd et al., 2020), we failed to identify the main effect of
APOE gene variants on individual variance in spatial ability
in mentally healthy individuals without cognitive decline.
Previously, the attempts to estimate a combined effect of
APOE €4 allele and environmental predictors (smoking, physi-
cal activity, overweight, education level) on cognitive domains
in individuals aged 40—79 years have been performed, which
failed to detect statistically significant models of gene-by-en-
vironment interactions (Rodriguez et al., 2018). Nevertheless,
the analysis of gene-by-environment interactions conducted
by our group made it possible to observe the involvement of
APOE gene variants in mental rotation ability depending on
the place of residence in childhood (rural/urban). The highest
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spatial ability level was characteristic for individuals bearing
“favorable” APOE &2 allele, who indicated rural residency,
compared to urban-residency participants. Accordingly, based
on the data obtained it can be assumed that unfavorable effect
of urban residency in childhood is even observed in the case
of presence of “favorable” 4POE €2 allele related to enhanced
neuronal activity (Davis et al., 2020).

Published data from other research groups also indicated
a correlation between absent cognitive decline in elderly
individuals and the presence of “green” territorial neighbor-
hood in childhood; moreover, this effect was characteristic
for individuals without APOE €4 allele (Cherrie et al., 2018).
Interestingly, the presence of available “green” neighborhood
positively affected memory and attention in school-aged
children even during one year (Dadvand et al., 2015), while
long-lasting accommodation in the “green” neighborhood cor-
related with an enhanced grey matter volume in the prefrontal
cortex, thus, explaining improved cognitive functioning
(Dadvand et al., 2018). This observation can be explained by
several items. First, urban residency is related to higher level
of ecopollutants and xenobiotics, which results in impaired
regulation of various neurotransmitter systems in the brain
(Dadvand et al., 2018). Second, urban/rural residency results in
the differences in the lateralization of functions, specificity of
language development and visual-spatial processes (Polyakov,
2008). In particular, rural residency is characterized by forced
development of right-hemispheric brain structures, whereas
urban school-aged children demonstrated predominant deve-
lopment of left-hemispheric functional systems, which reflects
the specificity of their cognitive ability. Third, a positive
effect of rural rearing on cognitive domains may be related
to the nutrition specificity, although only in the absence of
“unfavorable” APOE &4 allele, which was published previ-
ously (Martinez-Lapiscina et al., 2014). From the one side,
the consumption of eco-friendly available farmer nutrition
products by children of rural residency and higher level of their
physical activity (including their help to older family members
in the gardens) on the other hand may provide the “manifesta-
tion” of a positive effect of APOE €2 allele on spatial ability.
Fourth, as a consequence of rural residency, children may
obtain a “favorable” gut microbiota content and diversity,
which directly affects brain development via gut-brain axis
based on the recent research findings (Mancabelli et al., 2017).

On the other hand, population urbanization is accompanied
by development of mental and cognitive impairments due to
a diminished exposure to macro- and microorganisms, thus re-
sulting in disturbed immunoregulation. In turn, it may result in
increased inflammatory response of the body on psychological
stressors related to residency in a high-tech society compared
to small territorial units (Rook et al., 2013). In addition, the
impact of place of residency on cognitive functioning may
be attributed to enhanced stress level characteristic for urban
residency and correlating with cortisol level. One of the studies
demonstrated the interaction between cortisol level and the
presence of “risky” APOE &4 allele, which caused a decline
in cognitive functioning (Lee et al., 2008).

Therefore, the demonstrated effect of gene-by-environment
interactions, which is related to the spatial ability development,
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observed in the present study allows us to suggest that a posi-
tive effect of the APOE &2 allele on cognitive abilities may
be identified only under rural residency, which is presumably
related to the favorable impact on neuronal processes.

Despite the possible epistatic or additive effect of interac-
tions of the genes involved in neurogenesis and synaptic
plasticity (Wang et al., 2019), we failed to observe either the
main or epistatic effect of the BDNF, NGF, NRXN1, NRG1,
SNAP25, and GRIN2B genes on interindividual differences in
spatial ability. Other studies also revealed no association of
neurogenesis-related gene variants (4POE, SORLI, BDNF,
TOMMA40, KIBRA, and COMT) with spatial abilities in indi-
viduals aged 40—60 years (Korthauer et al., 2018). According
to our previous research, several genes involved in synaptic
plasticity regulation such as the SNAP25, NRXN1, and NRG1
are responsible for individual differences in such cognitive
domains as mathematical abilities (Kazantseva et al., 2020b)
and working memory volume (Enikeeva etal., 2017). Despite
the suggestion proposed in the present study on the association
of allelic variants in neurogenesis-involved genes in spatial
ability, we failed to confirm such association.

Conclusion

As a result of the present cross-sectional study, the main ef-
fect of the KIBRA gene on the development of the spatial
ability was observed in individuals without cognitive deficit;
moreover, respondents’ smoking positively affected the exa-
mined cognitive domain in carriers of rs17070145 minor
T-allele. It should be noted that we confirmed a “protective”
effect of APOE &2 allele on improved cognitive functioning,
which manifested only in the presence of such favorable
factor as rural residency in childhood. The data obtained are
congruent with previously claimed suggestions on the asso-
ciation of rs17070145 minor T-allele in the KIBRA gene with
improved cognitive functioning and primarily evidence the
involvement of this genetic variant in individual differences
in spatial ability.

The present study has several advantages including a large
sample size of similar-age individuals, control for sex, ethni-
city and “risky” allele in the APOE gene in regression models
(i.e. inclusion of mentioned predictors in multiple linear re-
gression models). The examined sample was collected prior
to COVID-19 pandemic, which allowed us to avoid the pos-
sible effect of SARS-CoV-2 on nervous system and cognitive
functions, which has been repeatedly demonstrated (Fotuhi
et al., 2020).
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Prevalence of the polymorphic H-ficolin (FCN3) genes
and mannose-binding lectin-associated serine protease-2 (MASP2)
in indigenous populations from the Russian Arctic regions
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Abstract. Lectins, being the main proteins of the lectin pathway activating the complement system, are encoded
by polymorphic genes, wherein point mutations cause the protein conformation and expression to change, which
turns out to have an effect on the functionality and ability to respond to the pathogen. In the current study, large-
scale data on the population genotype distribution of the genes for H-ficolin FCN3 rs28357092 and mannose-bind-
ing lectin-associated serine protease MASP2 rs72550870 among the indigenous peoples of the Russian Arctic re-
gions (Nenets, Dolgans and Nganasans, a mixed population and Russians: a total sample was about 1000 newborns)
have been obtained for the first time. Genotyping was carried out using RT-PCR. The frequency of the homozygous
variant del/del FCN3 rs28357092 associated with the total absence of the most powerful activator of the lectin com-
plement pathway, N-ficolin, was revealed; 0 % in the Nenets, 0.8 % in the Dolgans and Nganasans, and 3.5 % among
the Russians (p < 0.01). Analysis of the prevalence of the MASP2 genotypes has shown the predominance of the
homozygous variant AA in all studied populations, which agrees with the available world data. The heterozygous
genotype AG rs72550870 associated with a reduced level of protease was found to occur rarely in the Nenets, Dol-
gans and Nganasans compared to newborns of Caucasoid origin from Krasnoyarsk: 0.5 % versus 3.3 %, respectively.
Moreover, among 323 examined Nenets, one AG carrier was identified, whereas in Russians, 16 out of 242 examined
newborns were found to be AG carriers (p < 0.001). A homozygous variant (GG) in total absence of protease with
impaired binding of both MBL and ficolins was not detected in any of the 980 examined newborns. An additional
analysis of infectious morbidity in Arctic populations allows one to find phenotypic characteristics related to a high
functional activity of the lectin pathway of complement activation as an most important factor for the first-line of
anti-infectious defense, including such new viral diseases as COVID-19.

Key words: FCN3; MASP2; gene polymorphism; newborns; Russia; Arctic populations.
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PacrpocTpaHeHHOCTD ITOJIMMOP(HBIX BAPMAaHTOB

reHoB H-pukonmHa (FCN3) 1 MaHHO30CBSI3bIBaIOIIIE
JIEKTVMH-aCCOLIMMPOBAHHOM CepMHOBOM mpoTeasbi-2 (MASP2)

V KOPEHHBIX IMOIIV/ISIIINI POCCUNCKUX APKTUYECKUX TEPPUTOPUI

M.B. Cmoabuukosa ®, C.10. TepeeHko

HayuHo-vccnenoBaTenbCknin MUHCTUTYT MeANLMHCKMX Npobnem CeBepa — 060cobneHHoe nogpasaeneHme GeaepanbHOro NCCieAoBaTeNbCKOro LieHTpa
«KpacHoAPCKUIA HayuHbI LeHTp Cnbupckoro otaeneHna Poccuiickol akagemum Hayk», KpacHoapck, Poccna
@ smarinv@yandex.ru

AHHOTauumA. JIeKTVHbI — OCHOBHbIE NPOTENHbI JIEKTVHOBOIO NyTW aKTMBALMN CUCTEMbI KOMIJIEMEHTA, KOANPYIOT-
€A NONVMOPGOHBIMU FreHaMU, TOUeUHble MyTaLUK B KOTOPbIX MPUBOAAT K M3MEHEHMI0 KOHbOpMaLmMn 1 SKCnpeccum
6esiKa, UTo B CBOI OUepefb OTpaxKaeTca Ha GYHKLMOHaIbHOCTY 1 COCOBHOCTM OTBEYATb Ha MaToreH. B HacToALwem
nccnefoBaHNy BrepBeble MoslyyeHbl MacluTabHble AaHHbIE O NOMYNAALMOHHOM pacnpeaeneHny YacToT annenen re-
HoB H-durkonuHa FCN3 rs28357092 1 MaHHO30CBA3bIBAIOWWEN NEKTUH-aCCOLUNPOBAHHON CEPUHOBOI NPOoTeasbl-2
MASP2 rs72550870 cpefin KOPEHHbIX HAPOAHOCTEN POCCUNCKMX APKTUYECKMX TEPPUTOPUIA (HEHLbI, JOMraHbl, Hra-
HacaHbl, CMellaHHas NonynAaumA U pycckme: obuas BbibopKa cocTasuna okono 1000 HOBOPOXKAEHHbIX). [eHoTUNN-
poBaHVe ocylecTBAEHO C ncnonb3oBaHuem [MLP-PB. Hamu BbisiBneHa YacToTa roMo3nroTHoro BapuaHTa del/del
FCN3 rs28357092, acCOLMUPOBAHHOIO C MOJIHbIM OTCYTCTBMEM Hambonee MOLLHOMO aKTUBaTOPa JIEKTUHOBOIO MyTW
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KomnnemeHTa H-pukonuHa: y HeHues 0 %, y fonraH-HraHacaH 0.8 %, B TO BpeMsA Kak cpean eBporneonfos 3.5 %
(p < 0.01). AHanu3 pacnpocTpaHeHHOCTU reHoTUNoB MASP2 nokasan npeobnagaHne roMo3nroTHOro BapuaHta AA
BO BCEX NCCIeJOBAHHbIX NOMYAALMAX, YTO COrNACyeTca C OCTYMHbIMU MAPOBbIMY AAHHBIMU. [€TePO3MTOTHbIN FreHo-
Tmn AG rs72550870, accoummpoBaHHbIN CO CHUPKEHHbBIM YPOBHEM MpoTeasbl, BCTPEYaeTCA B eANHNYHBIX ClyYasX Yy
HeHLeB, JO/IFaH N HraHacaH No CPaBHEHMIO C HOBOPOXKAEHHbIMY €BPONEOUAHOIO NPOUNCXOXKAEHNA T. KpacHOAPCKa:
0.5 1 3.3 % cooTBeTCTBEHHO. pryem y HeHLeB Obin BbiABEH 0guH HocuTenb AG 13 323 06cnefoBaHHbIX, Torga Kak
y eBponeonzos — 16 13 242 o6cnefoBaHHbIX HOBOPOXAEHHbIX (p < 0.001). fomo3uroTHbI BapmaHT GG, KOTopomy
COMyTCTBYET MOJIHOE OTCYTCTBUE NPOTeasbl C HapyLueHeM cBA3biBaHNA MBL 1 prKonnHOB, He 06HapPYXeH HI Y Of-
Horo 13 980 o6cnefoBaHHbIX HOBOPOXKAEHHbIX. [JONONHNUTENbHbIA aHanu3 MHGEKLMOHHOI 3ab0oneBaemMoCTy B apK-
TUYECKMX MOMNYNALMAX MO3BOUT BbIABUTb PEHOTUMMYECKME XapaKTePUCTUKN, COMPAXKEHHbIe C BbICOKON GyHKLMO-
HaJIbHOW aKTMBHOCTbIO NEKTMHOBOIO MyTW aKTUBaLMM KOMIMIEMEHTa B PO BaxHelLwero ¢paktopa nepBom MMHUN
NPOTUBONHGEKLNOHHON 3aLKTbl, B TOM YMC/IE B OTHOLIEHUN HOBbIX BUPYCHbIX 3a60neBaHniA, Taknx kak COVID-19.
KntoueBble cnoBa: FCN3; MASP2; nonumopdur3m reHoB; HOBOPOXAeHHbIe; Poccus; apKTnyeckre nonynauum.

Introduction

The innate immune system provides an immediate, non-spe-
cific first line of defense through humoral, cellular and me-
chanical processes, playing a vital role in protection against
pathogenic effects (Dunkelberger, Song, 2010). In the world
literature, considerable attention has recently been paid to
the study of birth defects of the complement system (CS)
in the pathogenesis of various infectious, autoimmune and
cardio-metabolic diseases. Thus, in the document from
European Society for Immunodeficiencies (ESID) 2020,
specifically devoted to summarizing the current state of the
problem of various complement component deficiencies,
such birth defects were established to account for at least
5 % of the total number of primary immunodeficiencies,
with their prevalence and pathogenesis being unexplored
(Brodszki et al., 2020).

Plasma proteins of CS interact with each other in three
known ways, i.e. lectin (the most phylogenetically an-
cient), alternative, and classical. All three complement
pathways are initiated by many independent stimuli, and
subsequently proteolytic cascades are reduced to the main
component C3 activation, which leads to the assembly of
the membrane-attacking complex (Blom et al., 2004). The
lectin pathway (LP) can be activated in the absence of im-
mune complexes and initiated by the binding of molecules of
the pattern recognition receptor superfamily (lectins), such
as mannose-binding lectin (MBL), collectin 11 (CL-K1),
or ficolins, to carbohydrates or acetylated residues found
on the pathogen surface or host apoptotic/cancer cells (Ali
et al., 2012). Circulating MBL, CL-K1, and ficolins form
complexes with specific serine proteases (mannose-binding
lectin-associated serine protease, MASP).

In addition to complement activation, lectins reduce the
risk of infection by stimulating the secretion of interferon-
gamma (IFN-y), IL-17, IL-6, tumor necrosis factor-alpha
(TNF-a) by macrophages (Ren et al., 2014). Three types
of ficolins have been described for humans: M-ficolin en-
coded by the FCNI gene, L-ficolin (FCN2), and H-ficolin
(FCN3). M-ficolin is expressed in lungs, monocytes and
spleen, L-ficolin is produced in liver and circulates in blood,
H-ficolin is expressed in liver and lungs. H-ficolin has been
shown to be produced to the greatest extent in lungs, and
its complement-activating ability exceeds that of MBL.
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Ficolin-3 is the most abundant recognition molecule of the
lectin pathway, and since it is highly expressed in liver and
lung tissues, this indicates its importance both for activating
the lectin pathway and for protecting the host lung (Akaiwa
et al., 1999; Hummelshoj et al., 2008). In addition, the first
evidence of antimicrobial activity of ficolin-3 against the
intestinal commensal and opportunistic intestinal bacteria
Hafnia alvei has recently been obtained (Michalski et al.,
2015). It is noteworthy that ficolin-3 is resistant to colla-
genases (whereas other ficolins and collagens are not), and
this may affect its antimicrobial activity, in particular in
gastrointestinal tract (Hummelshoj et al., 2008).

Various polymorphic variants in the promoter and struc-
tural regions of ficolin genes were given. The FCN3 gene
is located on chromosome 1p36.11 and is highly conserved
in humans. Five point mutations responsible for amino
acid substitutions have been described, with allele frequen-
cies being below 5 %: p.Leul2Val, p.Leull7fs (known as
+1637delC), p.Thr125Ala, p.Glul66Asp and p.Val287Ala
(Hummelshoj et al., 2008). The high conservatism of the
gene reveals that ficolin-3 may play a crucial role in the
immune response. As a matter of fact, there have been very
few cases of ficolin-3 deficiency (Thiel, 2007).

H-ficolin (ficolin-3) is the most potent of the known lectin
complement pathway activators, and its serum concentra-
tions are significantly higher than those of L-ficolin and
MBL (Sallenbach et al., 2011). The rs28357092 (+1637delC)
mutation in exon 5 of the FCN3 gene is a frame-shift mu-
tation leading to truncation of the C-terminal end of the
ficolin-3 protein; it accounts for a decrease in plasma levels
of H-ficolin by the gene—effect scheme, i.e. homozygotes
with such deletion demonstrate a total absence of H-ficolin
plasma levels, and heterozygotes do moderate protein levels
(Michalski et al., 2011). Homozygosity for +1637delC hap-
pens very rarely (1-2 %): only 6 cases have been described
in the literature available (all of them suffered from severe
infections in early childhood). Data on the population fre-
quency of heterozygous carriage are also scarce, i.e. 15 hete-
rozygotes out of 483 examined individuals were identified
in the Icelandic cohort of healthy donors (the frequency was
1.5 %) (Bjarnadottir et al., 2016).

In addition to MBL and ficolins, one of the key partici-
pants in the lectin pathway of complement activation is the
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family of mannose-binding lectin-associated serine prote-
ases; three proteases (MASP-1, MASP-2, MASP-3) and two
related nonenzymatic proteins, MAp19 (sMAP) and MAp44
(MAP-1), were identified in the MASP family (Ricklin et al.,
2010). MASP-1 and MASP-2 are of crucial importance in the
lectin pathway activation. MASP-1 have been shown to be
automatically activated and leads to the MASP-2 activation
(Degnetal., 2012). MASP-2 can also become automatically
activated, however, it is MASP-1 that is the main activator of
MASP-2 under physiological conditions (H¢ja et al., 2012).
MASP-2 is a protease that cleaves complement factors C2
and C4, leading to the complement cascade activation with
the formation of inflammatory mediators (C3a and C5a),
membrane attack complex (MAC) assembly and opsoniza-
tion. On the other hand, MASP-3 seems to reduce the activity
of the lectin pathway due to competition for MASP bind-
ing sites on the recognition molecules (Degn et al., 2010).
Moreover, MASP-3 predominantly forms a complex with
ficolin-3 and is believed to have an inhibitory effect on
complement activation mediated by ficolin-3 (Skjoedt et al.,
2010). Levels of the three MASPs have been demonstrated
to be predictors of infection and prolonged dependence on
life support in critically ill children (Ingels et al., 2014).
The most studied among the specific enzymes capable of
activating both MBL and ficolins is the type 2 prosthesis,
i.e. MASP-2. Serum MASP-2 levels ranged from 125 to
1150 ng/ml, with an average of 416 ng/ml (Sallenbach et
al., 2011). An analysis of plasma MASP-2 levels in people
of various ethnic groups revealed that the lowest one was
found in Africans, then the Hong Kong Chinese, Indians
and Caucasian Danes (Thiel et al., 2007).

The polymorphic gene MASP? is located on the 1p36.23-
31chromosome, has 12 exons, and encodes MASP-2 and
MAp19 proteins. The most significant MASP2 mutation is
rs72550870 (p.D120G), which leads to the substitution of
aspartic acid for glycine, thereby the protein loses its ability
to activate the complement due to inability to form lectin
complexes, in particular with MBL and ficolins. Congenital
MASP-2 deficiency is caused by the rs72550870 mutation
in the homozygous state (GG), characterized by a total ab-
sence of serum protease activity (Thiel et al., 2009). A total
of'thirteen cases of homozygous GG rs72550870 have been
described in the literature since the first case was detected in
2003 (Stengaard-Pedersen et al., 2003). Clinical manifesta-
tions of decreased activity/inactivity of MASP-2 can range
from full health to severe infections and predisposition to
cancer (Bjarnadottir et al., 2016). Since three healthy adults
with MASP-2 deficiency, homozygous GG in MASP2,
were reported (Garcia-Laorden et al., 2008), clinical pen-
etrance of this deficiency has become doubtful. Thus, the
association of MASP-2 deficiency (GG rs72550870) with
clinical manifestations is currently uncertain. Unidentified
molecules and functions are likely to be involved in the LP,
which could explain why MASP-2 deficiency is relatively
common in apparently healthy people (Bjarnadottir et al.,
2016). The lectin pathway of the complement activation
has been suggested to be unnecessary or also excessive
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(for example, in severe COVID) for an immune response
in healthiest individuals to be formed, and its deficiency is
clinically significant only in certain situations, for example,
in premature infants (Matricardi et al., 2020).

There are some pronounced population differences in the
genotype frequency distribution for polymorphic genes of
lectin pathway proteins of the CS. The results of our earlier
studies (Tereshchenko, Smolnikova, 2020) have demon-
strated that the frequency of the high-producing haplotype
(HYPA) of the MBL2 gene is 35.4 % in Russian newborns of
Eastern Siberia, corresponding to that of European popula-
tions (Holland — 27 %, Denmark — 30 %, Czech Republic —
33 %), as well as Brazilian Caucasians (28-34 %). However,
the HYPA haplotype frequency in newborns of the Taimyr
Dolgan-Nenets region of the Krasnoyarsk Territory was
statistically significantly higher than in the Russians and was
64 % for the Nenets and 56 % for the Dolgan-Nganasans,
being close to the distribution frequency identified for the
Eskimos (81 %) and the North American Indians (64 %). In
the aboriginal populations of both the Nenets and Dolgans/
Nganasans of the Taimyr Dolgan-Nenets region of the Kra-
snoyarsk Territory, our research group found a decrease in
the prevalence of the FCN2 rs7851696 genotype, associated
with the low binding capacity of L-ficolin to carbohydrates,
as compared with Caucasians of Eastern Siberia. The study
results (Smolnikova et al., 2017) showed that the Nenets
population has a number of important features compared
to the Dolgans and Nganasans, i.e. a much lower preva-
lence of the T allele for the rs17549193 polymorphism and
a higher prevalence of the T allele for the FCN2 rs7851696
polymorphism. We suppose that this genotype can be a ge-
netic marker of the high functional ability of L-ficolin for
the Nenets population. In other words, a high prevalence
of genotypes associated with high L-ficolin activity in the
Arctic populations of the Nenets and Dolgans/Nganasans,
compared to the Caucasians of Eastern Siberia has been
shown.

As mentioned above, data on the population frequency of
the 1528357092 polymorphic variants of the FCN3 gene are
scarce, with much more works on the population frequencies
for the rs72550870 polymorphisms of the MASP2 given.
The frequency of the rare G allele in the Danish cohort was
3.9 %; the same frequency was found in the Icelandic sample
of adult donors (Bjarnadottir et al., 2016). Interestingly, the
G allele was not detected at all in the populations of Hong
Kong Chinese, African Zambians, and Brazilian Native
Americans (Fumagalli et al., 2017).

The results of the above studies underlie the hypothesis
that human evolution has moved on to the accumulation of
genotypes with low lectin pathway activity of complement
activation due to the prevalence of some intracellular infec-
tions, such as tuberculosis and leprosy, where low MBL and
L-ficolin activity can cause a protective effect (Verdu et al.,
2006; Dunkelberger, Song, 2010). It was suggested that the
isolated Arctic populations of the Taimyr Dolgan-Nenets
region of the Krasnoyarsk Territory fought these infections
historically later and, as a result, retained the high lectin

FEHETUKA YEJTOBEKA / HUMAN GENETICS 849



M.V. Smolnikova
S.Yu. Tereshchenko

pathway activity of complement activation formed at the
early stages of human evolution.

According to the analysis of the literature data available,
to date, the population frequencies of mutations associated
with congenital deficiency of H-ficolin (rs28357092) and
MASP-2 (rs72550870) in Russian populations and popula-
tions of indigenous peoples of the Russian Arctic regions
have not been studied. The relevance of obtaining such data
for the Russian Arctic populations is increasing, given the
accumulating evidence that the lectin pathway of comple-
ment activation plays an important role in relation to viral
infections. For example, MBL is assumed to be essential in
relation to respiratory viral infections, including new coro-
navirus ones, i.e. SARS and COVID-19 (Matricardi et al.,
2020). The role of congenital deficiencies of LP proteins,
including H-ficolin and MASP-2, has not been studied
in such clinical situations at all. Given that infections are
major contributors to infant mortality and lectins are criti-
cal for anti-infectious defense, lectin deficiency is likely to
contribute to early childhood mortality.

The aim of the work was to identify ethnic differences in
the allelic distribution of the lectin pathway component genes
of complement activation among indigenous newborns of
the Taimyr Dolgan-Nenets region of the Krasnoyarsk Ter-
ritory (Nenets, Dolgans and Nganasans) compared to the
Caucasians of Krasnoyarsk.

Materials and methods

To study single nucleotide polymorphisms rs28357092
FCN3 and rs72550870 MASP2, 980 samples of dried blood
stains from newborns from the Taimyr Dolgan-Nenets region
of the Krasnoyarsk Territory and the city of Krasnoyarsk,
obtained earlier in the Krasnoyarsk Regional Medical Ge-
netic Center, were used.

The newborns were divided into four groups for the ethnic
specificity of gene polymorphisms of the lectin pathway of
the complement system to be studied: (1) 323 individuals
from villages with a predominantly Nenets population (the
Nenets make up 85 % of the population); (2) 138 from vil-
lages with predominantly Dolgan and Nganasan populations
(the Dolgans and Nganasans make up 91 % of the popula-
tion); (3) 217 from villages with varying combinations of
indigenous and mixed populations; (4) 302 newborns of
European origin from the city of Krasnoyarsk (the Russians).

Written informed consent of the subjects under the
Helsinki Declaration of the World Association “Ethical
Principles for Conducting Scientific Medical Research with
Human Participation” as revised in 2000 and “The Rules
of Clinical Practice in the Russian Federation”, adopted by
Order of the Russian Ministry of Healthcare No. 266 dated
June 19, 2003 was obtained for the investigation to be car-
ried out. The study was approved by the Ethics Committee
of Scientific Research Institute of Medical Problems of the
North No. 9 dated September 9, 2014.

To isolate DNA from newborn blood stains, a DIAtom
DNAPrep reagent kit (Isogen, Russia) was applied. Single-
nucleotide polymorphism genotyping of the lectin pathway
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component genes of complement activation (FCN3, MASP2)
was carried out under the manufacturer’s protocol, using the
real-time polymerase chain reaction (RT-PCR) method with
specific oligonucleotide primers and fluorescently labeled
probes (TagMan) (DNA-synthesis, Russia). Nucleotide
sequences of allele-specific probes for genotyping poly-
morphisms are as follows: for rs28357092 FCN3 F — CCT
CGGTGTCCATGTCAC,R-CCACCTTGAGCGGCTGG
(fluorophore/allele — VIC/del, FAM/G); for rs72550870
MASP2 F — GCAAGGACACTTTCTACTCGC, R - TCA
CCCTCGGCTGCATAG (fluorophore/allele — VIC/G,
FAM/A).

The correspondence of genotype frequencies to the
Hardy—Weinberg equilibrium was verified using 2. Geno-
type frequency comparisons were performed using the two-
sided Fisher’s exact test. Statistically significant differences
were accepted at p < 0.05 after Bonferroni correction for
multiple tests.

Results and discussion
The advantage of our approach to population assessment
for the prevalence of immunodeficient genotypes of lectin
pathway’s mediators of complement activation was to study
newborn populations, where unfavorable genetic variations
had not been excluded, which is possible at an older age as
aresult of the clinical realization of genetic predisposition.

The genotype frequencies and the variant allele of the
H-ficolin gene FCN3 rs28357092 are given in Table 1. The
prevalence analysis of the FCN3 genotypes revealed the
predominance of the homozygous GG variant in all popula-
tions studied in the work, which is consistent with the world
data available.

The variant deletion allele (del) FCN3 rs28357092 in
a heterozygous state was not found in any newborns of
the three indigenous populations of the Taimyr Dolgano-
Nenets region, except for one Russian individual from
the city of Krasnoyarsk. Although the literature describes
underrepresentation of the homozygous genotype for this
deletion, it was found in our cohort of the studied samples in
10 Russian newborns (3.3 %), in 4 newborns from a mixed
population (2.0 %) and in one of the Dolgan and Nganasan
group (0.8 %). In the Nenets, neither homozygotes nor hete-
rozygotes by the mutant deletion FCN3 rs28357092 were
identified. Thus, in the total sample of 926 newborns, del/del
homozygotes were detected in 15 individuals, being 1.6 %.
According to the Internet source http://www.ensembl.org,
the variant allele frequency in world populations is 1-3 %,
with it being zero in Asian populations. As mentioned above,
the rs28357092 (+1637delC) mutation in the FCN3 gene
leads to a plasma level decrease of H-ficolin, i.e. the dele-
tion homozygotes, being rare, have a complete absence of
plasma H-ficolin, and heterozygotes have medium protein
levels (Michalski et al., 2011; Bjarnadottir et al., 2016). It is
likely that in other studies, homozygotes were not detected
with adult populations being examined, demonstrating
again the advantage of our approach for identifying the true
genotype frequencies with a cohort of newborns, where the
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Table 1. FCN3 rs28357092 genotype frequencies among newborns from different ethnic populations
of the Taymyr Dolgan-Nenets region of the Krasnoyarsk Territory and the city of Krasnoyarsk, n (%)

Genotype Nenets Dolgans and Nganasans
(n=292) (n=129)
1 2

GG 292 (100.0) 128 (99.2)

G/del 0(0.0) 0(0.0)

del/del 0(0.0) 1(0.8)

del* 0(0.0) 0(0.8)

* Only p-values < 0.05 are given.

Table 2. MASP2 rs72550870 genotype frequencies among newborns from different ethnic populations
of the Taymyr Dolgan-Nenets region of the Krasnoyarsk Territory and the city of Krasnoyarsk, n (%)

Genotype Nenets Dolgans and Nganasans
(n=323) (n=138)
1 2

AA 322(99.7) 136 (98.6)

AG 1(0.3) 2(1.4)

GG 0(0.0) 0(0.0)

G* 1(0.2) 2(0.7)

* Only p-values < 0.05 are given.

deficiency variants have not been eliminated due to infec-
tions and decease.

The genotype frequencies and variant allele of the serine
protease gene MASP2 rs72550870 are presented in Table 2.
Analysis of the MASP2 genotype prevalence has shown the
predominance of the homozygous AA variant among all
populations studied in the work, which is consistent with the
data available. The heterozygous genotype AG rs72550870
was found in some isolated incidents in the Nenets and Dol-
gan-Nganasans as compared with the Caucasian newborns in
the city of Krasnoyarsk. The frequency of the AG genotype
in the Russians (6.6 %) is statistically significantly higher
than in the Arctic populations (the Nenets being 0.3 %,
p < 0.001; the Dolgan-Nganasans being 1.4 %, p = 0.02;
the mixed populations being 1.8 %, p = 0.01). Thus, the
heterozygous AG variant occurred in 16 out of 242 Rus-
sian newborns, whereas in 323 Nenets it occurred in only
one individual. None of the population groups were found
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Mixed Arctic populations  Russians p*

(n=203) (n=302)

3 4

199 (98.0) 291 (96.4) 1-3=0.02
1-4 < 0.001

0(0.0) 1(0.3) -

4(2.0) 10(3.3) 1-3=0.02
1-4=0.002

8(2.0) 21(3.5) 1-3<0.001
1-4 < 0.001
2-3=0.02
2-4=0.003

Mixed Arctic populations  Russians p*

(n=217) (n=242)

3 4

213(98.2) 226 (93.4) 1-4 < 0.001
2-4=0.02
3-4=0.01

4(1.8) 16 (6.6) 1-4 < 0.001
2-4=0.02
3-4=0.01

0(0.0) 0(0.0) -

4(0.9) 16 (3.3) 1-4 < 0.001
2-4=0.03
3-4=0.01

to have homozygotes for the minor G allele associated with
the absence of serum protease activity.

The allelic variant G of the MASP2 rs72550870 has zero
or extremely low frequencies in the world populations. Ac-
cording to the Internet source http://www.ensembl.org, the
frequency in Caucasoid populations is 4.0 %, in the general
American population — 2.0 %, among Asian and African
populations — zero. In the course of the study, we obtained
data on the prevalence of the mutant allele G rs72550870 in
the Russian Arctic populations: 0.5 % among newborns in
the Taimyr Dolgan-Nenets region of the Krasnoyarsk Ter-
ritory (n = 678) and 3.3 % among Russians in Krasnoyarsk
(n =242).

Data on nine MASP2 gene mutations based on the two
most informative studies carried out by the S. Triel group
in 2007 and 2009 were obtained, that is, the prevalence of
mutant allelic variants for almost all polymorphisms was too
low. There was a change in the MASP-2 protein structure
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that resulted from the rs72550870 mutation, which led to
impaired binding into the MBL complex, resulting in the
inability to activate the complement system. In addition,
the authors note that it is the Caucasian population that has
the variant G allele (rs72550870) as the main reason for the
lower MASP-2 levels. Population analysis reported the ab-
sence of the homozygous genotype GG rs72550870 among
the adult Chinese, Africans, Caucasians, Greenland Intuits,
and Brazilians (Thiel et al., 2007, 2009). The heterozygous
variant prevailed in the Caucasians from Denmark (3.9 %)
and Inuits of western Greenland (where the European ad-
mixture is high, as reported by the authors) (3.7 %), however,
that was not found to occur in other studied populations
(p<0.0001).

Moreover, the authors (Thiel et al., 2009) provided the
frequencies of a rare allelic variant obtained by other re-
searchers in different populations among healthy individuals
and patients with various diseases. Thus, 14 heterozygotes
were found among 112 patients with cystic fibrosis (the
frequency was 6.3 %) and five heterozygotes were found
among 200 healthy people (the frequency — 1.3 %) in the
Swedish population. In a study of psoriasis patients and their
families, 894 individuals were tested for MASP2 rs72550870
and a total of 62 heterozygotes and one homozygote were
found, resulting in a gene frequency of 3.6 % (the allele was
not associated with psoriasis). Homozygosity was recorded
in one person in a group of 293 Polish children with respi-
ratory infections and in one child with cystic fibrosis. Two
homozygotes were found among 2,008 individuals (includ-
ing 967 pneumonia patients, 130 SLE patients, 43 children
with recurrent respiratory infections, and 868 healthy people)
in a recent study of the Spanish population, no association
of the desease with the variant allele being found. The ab-
sence of the allelic variant G of the MASP2 rs72550870 in
China was documented by a report examining the influence
of both MBL2 and MASP2 genotypes on susceptibility to
severe acute respiratory syndrome (SARS). No G allele was
found in all 1,757 Asians tested. Thus, MBL-deficiency,
as well as deficiencies of other complement components
(including MASP2) should not be concluded to cause the
disease or susceptibility to infections, but rather are cli-
nical modifiers impairing other elements of the activation
cascade.

Studying the role of congenital defects of the complement
system in the pathogenesis of various diseases is a hot issue,
as the congenital complement component deficiencies ac-
count for at least 5 % of the total number of primary immuno-
deficiencies, whereas their prevalence and pathogenesis re-
main unstudied. Large-scale data on the population genotype
distribution of genes for H-ficolin FCN3 rs28357092 and
mannose-binding lectin-associated serine protease MASP2
rs72550870 among the indigenous peoples of the Russian
Arctic regions (the total sample of the newborns studied was
980) were first obtained in the work. As mentioned above,
currently, the population frequencies of mutations associated
with congenital deficiency of H-ficolin and MASP-2 in Rus-
sian populations as a whole, and in populations of indigenous
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peoples of the Russian Arctic regions in particular, have not
been previously studied. Moreover, the previously identified
features of the genetic regulation of lectin pathway proteins
of complement activation in newborns of the Taimyr Dolgan-
Nenets region of the Krasnoyarsk Territory have shown the
indigenous populations of the Arctic to be genetically cha-
racterized by greater activity of at least two different lectin
pathway components of complement activation, i.e. MBL
and L-ficolin, indicating a high tone of the lectin pathway of
complement activation in general (Smolnikova et al., 2017,
Tereshchenko, Smolnikova, 2020).

Currently, there are two competing hypotheses accounting
for the high genotype population diversity of the lectin com-
pliment pathway (Eisen, Osthoff, 2014). The first of them
proves to be a protective role of low-producing genotypes
against some intracellular pathogens, i.e. tuberculosis and
leprosy, visceral leishmaniasis, atypical pneumonia. A high
level of lectin-mediated phagocytosis may predispose to
better penetration of intracellular pathogens into the cyto-
plasm of host cells, screening the pathogens from factors of
adaptive immunity and, consequently, a greater risk of active
infection process. Thus, the actual data available suggest
a “double pathophysiological role” of the lectin pathway of
complement activation, i. e. protective against extracellular
pathogens, especially in young children, and provocative
against some intracellular pathogens and atherosclerosis.
The population genetic consequences of such a “double
role” may be the root cause of the ethnic diversity for the
corresponding genotypes, being the main point for the first
hypothesis mentioned above, based on the assumption for the
selection benefit of the components deficiency of the lectin
pathway of complement activation for some populations
(Seyfarth et al., 2005; Eisen, Osthoff, 2014). The second
hypothesis denies the existence of any selection pressure on
the genotypes of the lectin complement pathway, accounting
for genetic diversity specifically by migration processes and
gene drift. However, the authors of the studies stipulate that
“It is possible that stochastic evolutionary factors erased
much of the ancient imprint left by natural selection and
more powerful tests in greater population samples would
be necessary to confirm the data” (Verdu et al., 2006; Boldt
etal., 2010).

Conclusion

Therefore, lower prevalence of the genetic markers of
the H-ficolin and MASP-2 deficiencies in the indigenous
populations of the Arctic regions of the Krasnoyarsk Terri-
tory as compared with the Caucasians of Krasnoyarsk city,
associated with a genetic predisposition to a high functional
activity of L-ficolin compared to Caucasian population, has
been expected to be revealed in the given work.

The study of the ethnically associated non-specific anti-
infectious protection among the indigenous population of
the Taimyr Dolgan-Nenets region of the Krasnoyarsk Ter-
ritory can be used to formulate plans for practical health
authorities towards the infection prevention and in order to
efficiently attract labor resources for working in conditions
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with a high infectious load. An additional analysis of infec-
tious morbidity among the Arctic populations will allow
one to reveal phenotypic characteristics associated with a
high functional activity of the lectin pathway of complement
activation as the most important factor for the first line of
anti-infectious defense, including such new viral diseases
as COVID-19. Such clinical and genetic comparisons are
extremely important for elucidating the physiological role
of MBL, ficolins, and MASP-2, and we identified genetic
features of the ethnically isolated indigenous Arctic popula-
tions of the Krasnoyarsk Territory as a unique material to
be studied.
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associated with bronchial asthma,
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LA. Goncharova®, E.Yu. Bragina, I.Zh. Zhalsanova, M.B. Freidin, M.S. Nazarenko

Research Institute of Medical Genetics, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia
® irina.goncharova@medgenetics.ru

Abstract. Linkage disequilibrium (LD) of single nucleotide polymorphisms (SNPs) of TLR4/AL160272.2 (rs1927914,
rs1928298, rs7038716, rs7026297, rs7025144) was estimated in the Slavs of West Siberia. We further investigated
an association of SNPs in TLR4/AL160272.2 (rs1927914, rs7038716, rs7025144), SERPINAT (rs1980616), ATXN2/BRAP
(rs11065987), IL2RB (rs2284033), NT5C2 (rs11191582), CARDS8 (rs11669386), ANG/RNASE4 (rs1010461), and ABTB2/
CAT (rs2022318) genes with bronchial asthma (BA), arterial hypertension (AH) and their comorbidity. Then, the
disease-associated SNPs were annotated in silico in relation to their potential regulatory functions. Strong LD was
detected between rs1928298 and rs1927914, as well as rs7026297 and rs7038716 in the Slavs of West Siberia. It was
found that the rs1927914 G allele of the TLR4 gene and the rs1980616 C allele of the SERPINAT gene are associated
with the predisposition to BA. These SNPs can affect binding affinity of transcription factors of the Pou and Kif4
families, as well as the expression levels of the TLR4and SERPINAT genes. The rs11065987 allele A of the ATXN2/BRAP
genes, the rs11669386 A allele of the CARD8 gene, the rs2284033 allele G of the IL2RB gene, and the rs11191582 al-
lele G of the NT5C2 gene were associated with the risk of AH. These variants can alter binding affinity of the Hoxa9,
Irf, RORalpha1 and HMG-IY transcription factors, as well as the expression levels of the ALDH2, CARD8, NT5C2, ARL3,
and SFXN2 genes in blood cells/vessels/heart, respectively. The risk of developing a comorbid phenotype of AD
and AH is associated with the A allele of rs7038716 and the T allele of rs7025144 of the TLR4/AL160272.2 genes, the
A allele of rs1010461 of the ANG gene and the C allele of rs2022318 of the ABTB2/CAT genes. Variants rs7038716
and rs7025144 can change the expression levels of the TLR4 gene in blood cells, while rs1010461 and rs2022318
influence the expression levels of the ANG and RNASE4 genes as well as the CAT and ABTB2 genes in blood cells,
lungs/vessels/heart.
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PerynsaTopHbli roTeHIiaa SNP-mapKkepoB reHOB,
aCCOLIMIMPOBAHHBIX C OPOHXMAJIbHOI aCTMOIA,
apTepuagbHOV TUIlepTeH31el U X KOMOPOUIHbIM (P€HOTUIIOM
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AHHOTayuA. B paboTte oueHeHO HepaBHOBECME MO CLEMNEHNI0 OQHOHYKNeOoTUAHbIX BapuaHToB (SNP) reHos
TLR4/AL160272.2 (rs1927914, rs1928298, rs7038716, rs7026297, rs7025144) y cnaBsaH-xuTenei 3anagHoin Cnbnpu.
MpoBeneH aHanu3 accoumauymin SNP B obnactvi reHoB TLR4/AL160272.2 (rs1927914,rs7038716,rs7025144), SERPINAT
(rs1980616), ATXN2/BRAP (rs11065987), IL2RB (rs2284033), NT5C2 (rs11191582), CARDS8 (rs11669386), ANG/RNASE4
(rs1010461) n ABTB2/CAT (rs2022318) npu 6poHxmanbHoi actme (BA), apTepuanbHoii runepteHsun (Al n nx co-
yeTaHUW. BoinoniHeHo in silico aHHoTnpoBaHue SNP, accounmnpoBaHHbIX C AaHHbIMY 3a60/1€BaHUAMMU, B OTHOLLEHUN
NX perynatopHoro noteHumana. B pesynbrate y cnaBaH-xutenei 3anagHon Cnbmpu BbIABNEHO CUSIbHOE HepaBHO-
Becue no cuerneHunto rs1928298 n rs1927914, a Takxe rs7026297 n rs7038716. YcTaHOBNEHO, UTO K pa3BuTuio bA
npeppacnonaratoT annenb G rs1927914 reHa TLR4 v annenb C rs1980616 reHa SERPINAT. JaHHble SNP BansAioT Ha
n3meHeHre adGUHHOCTY TPAHCKPUNLMOHHBIX GpakTopoB cemencTs Pou u KIf4, a TakxKe Ha akcnpeccuto reHoB TLR4
1 SERPINAT B KneTkax KpoBu cooTBeTCTBEHHO. Annenb A rs11065987 reHos ATXN2/BRAP, annenb A rs11669386 reHa
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CARDS, annenb G rs2284033 reHa IL2RB v annenb G rs11191582 reHa NT5C2 accoummpoBaHbl C PUCKOM Pa3BUTKA
apTepuanbHol runepTeH3nn. [laHHble BapraHTbl U3MeHAT ahdUHHOCTb TPAHCKPUMUMOHHbIX pakTopos Hoxa9, Irf,
RORalphal n HMG-IY, a Takxe akcnpeccuto reHos ALDH2, CARD8, NT5C2, ARL3 n SFXN2 B KNneTKax KpoBw, cocyaax
1 cepaue. Puck passutma komopbuaHoro ¢peHotuna bA n Al accounnpoBaH ¢ annenem A rs7038716 n annenem T
rs7025144 reHoB TLR4/AL160272.2, annenem A - rs1010461 rena ANG n annenem C - rs2022318 reHos ABTB2/CAT.
BapuaHTbl rs7038716 1 rs7025144 n3meHatoT sKcnpeccuio reHa TLR4 B kneTkax KpoBsu, a rs1010461 n rs2022318 -
reHoB ANG n RNASE4, CAT n ABTB2 B KneTKax KpOBWU, Ierkunx, COCyJ0B 1 cepAua.

KnioueBble cnoBa: 6poHxmanbHasa acTMa; apTepuanbHas rmnepTeHsns; KoMopbuaHocTb; SNP; perynatopHbli no-

TeHUMan.

Introduction

To date, association studies have identified a large number of
genetic variants associated with the development of the risk of
multifactorial diseases (https://www.ebi.ac.uk/gwas/). How-
ever, moving from establishing an association to understand-
ing the mechanisms underlying diseases is a more difficult
task. Linkage disequilibrium (LD) that differs in populations
of different ethnic origin makes it difficult to identify causal
genetic variants of a disease or a complex trait.

On the other hand, to understand the mechanisms of
multifactorial diseases, it is important to assess the genetic
variants’ functional significance, including annotation of the
polymorphisms’ regulatory potential in relation to changes
in the genes’ functional activity. Genetic variants affecting
quantitative changes in gene expression profile (¢QTL), or
single nucleotide polymorphic variants (SNP), which have a
regulatory status (rSNP) and are located in actively transcribed
DNA regions, cause deviations from the optimal program of
gene functioning in tissue cells and organs, which leads to
an increased risk of diseases (van Arensbergen et al., 2019).

Bronchial asthma (BA) is a widespread heterogencous
disease characterized by chronic airway inflammation. Vari-
ous comorbidities are common among BA patients, including
allergic conditions: allergic rhinitis, dermatitis, and food al-
lergy (Weatherburn et al., 2017), as well as some non-allergic
pathological conditions: arterial hypertension (AH), obesity,
type 2 diabetes mellitus, and other metabolic and endocrine
disorders (Su et al., 2016). These diseases have common
pathogenesis with BA and can modify clinical symptoms and
the pathological process course in patients. For example, BA
patients with concomitant AH, as a rule, have a number of
phenotypic features, including older age, late-onset BA, high
body mass index, and are characterized by a predominantly
neutrophilic type of inflammation, which is not implemented
through Th-2 lymphocytes (Moore et al., 2014).

Previously, we selected the genes most significant for the
development of BA and AH comorbidity by analyzing the
associative gene network structure and prioritization methods
(Saik et al., 2018). As a result of the SNPs analysis of the
selected priority genes it was shown that BA is associated
with rs1928298 and rs1927914, localized at a distance of 19.6
and 1.7 Kb, respectively, from the 5'-end of TLR4 gene, as
well as the intron variant rs1980616 of SERPINAI gene. AH
was associated with rs11065987 localized between ATXN2
and BRAP genes, as well as intron variants of /L2RB gene
1s2284033, rs11191582 of NT5C2 gene, and rs11669386 of
CARDS gene. Rs7038716, rs7026297, and rs7025144 loca-
lized at the 1 intron of the AL160272.2 gene and at a distance
of 35.6, 33.1, and 9.4 Kb, respectively, from the TLR4 gene
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3'-end; rs1010461 (ANG/RNASE4), and intergenic rs2022318
localized between ABTB2 and CAT genes were associated
with comorbid BA+AH phenotype (Bragina et al., 2018).
The CAT and TLR4 genes’ haplotypes associations with the
development of BA and the comorbid BA+AH phenotype
have been established (Bragina et al., 2019). However, it has
not previously been assessed which alleles of these SNPs
are associated with diseases, what is the possible molecular
mechanism explaining the obtained associations, and whether
genetic variants have a regulatory potential for the functional
activity of genes, which was the purpose of this study.

Materials and methods

The study examined three groups of patients: with BA (n =145,
73.1 % women, 25.9 % men, age 44.89 + 8.86 years); with AH
without BA in history (n = 144, 32.6 % women, 67.4 % men,
age 51.27+6.05 years); with BA and AH (n = 146, 72.6 %
women, 27.4 % men, age 56.32+10.47 years). The control
group included individuals with normal blood pressure and
no clinical asthma manifestations (n = 152, 73.7 % women,
26.3 % men, mean age in the group 47.75+9.92 years). The
diagnosis of “bronchial asthma” and “arterial hypertension”
was established on the basis of patients’ clinical examination,
according to generally accepted criteria. All individuals were
Eastern Europeans (predominantly, Slavs).

Detailed methods for selecting and prioritizing SNPs, as
well as the procedure for genotyping patients’ DNA samples
using mass spectrometry on a Sequenom MassARRAY® de-
vice (USA), are given elsewhere (Bragina et al., 2018, 2019;
Saik et al., 2018).

In this work, we evaluated linkage disequilibrium (LD)
between single nucleotide polymorphisms (SNPs) of TLR4/
AL160272.2 genes (rs1927914, rs1928298, rs7038716,
1$7026297,1s7025144) in Slavs living in West Siberia. Lewon-
tin’s LD coefficient (D’) and Pearson’s correlation coeffici-
ent (r2) were estimated using HaploView v. 4.2.

Odds ratio (OR) and 95 % confidence intervals (CI) in rela-
tion to the risk of bronchial asthma (BA), arterial hyperten-
sion (AH), and their combination were calculated for SNPs
in the region of TLR4/AL160272.2 (rs1927914, rs7038716,
rs7025144), SERPINAI (rs1980616), ATXN2/BRAP
(rs11065987), IL2RB (rs2284033), NT5C2 (rs11191582),
CARDS (rs11669386), ANG/RNASE4 (rs1010461) and
ABTB2/CAT (1rs2022318) genes using logistic regression. Sex
and age were used as covariates in the regression analysis.
Odds ratios were calculated by exponentiating correspond-
ing regression coefficients. For statistical analysis, Stats and
Genetics packages were used in R program environment
(The R Foundation).
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To assess the SNPs regulatory potential associated
with these diseases, the following databases were used:
rSNPBase v. 3.1 (http://rsnp3.psych.ac.cn), HaploReg v. 4.1
(https://pubs.broadinstitute.org/mammals/haploreg/haploreg.
php), RegulomeDB v. 2.0 (https://www.regulomedb.org/
regulome), GTEx Portal (https://gtexportal.org/home), Blood
eQTL browser (https://genenetwork.nl/bloodeqtlbrowser).
The search for data on the relationship of the studied genetic
variants with diseases was carried out using the DisGeNET
resource (https://www.disgenet.org/).

The study was carried out using the Biobank of the Popula-
tion of Northern Eurasia on the basis of the Core Facilities
Center of Scientific Research Equipment and Experimental
Biological Material “Medical Genomics” of the Research
Institute of Medical Genetics of the Tomsk National Research
Medical Center of the Russian Academy of Sciences. The
study protocol was approved by the Ethics Committee of the
Research Institute of Medical Genetics (Protocol No. 2 dated
05/30/2016). Informed consent was obtained for all partici-
pants.

Results and discussion

Linkage disequilibrium analysis of genetic variants

located at locus 9933.1 (TLR4/AL160272.2)

Since five of the associated variants —1rs1927914, rs1928298,
rs7038716, rs7026297, and rs7025144 — are located in the
9q33.1 locus (TLR4/AL160272.2), at the first stage we used
all available individuals (n = 587) to analyze LD between the
SNPs, which showed the presence of two blocks, one of which
included rs1928298 and rs1927914 (D' = 0.974; 2 = 0.949)
(see the Figure).

The haplotype structure of the 9q33.1 locus (TLR4/
AL160272.2) in the Slavs of West Siberia did not differ
from that characteristic in the USA Caucasians (http:/www.
ensembl.org/Homo_sapiens/Variation/HighLD?db=core;
1=9:117684048-117685048;v=rs1928298;vdb=variation;
vi=729411740#373514 tablePanel/.

Association analysis of SNPs with bronchial asthma,

arterial hypertension, and their comorbid phenotype

We chose variants in linkage equilibrium (rs1927914,
rs7038716) and a SNP that showed weak LD with the second
block (rs7025144) to carry out association analysis. As a
result, we revealed an association between BA and the G al-
lele of rs1927914 of TLR4 gene and allele C of rs1980616
of SERPINAI gene; between AH and allele A of rs11065987
(intergenic region ATXN/BRAP), allele A of 1511669386 of
CARDS gene, allele G of rs2284033 of IL2RB gene, and alle-
le Gofrs11191582 of NT5C2 gene; and between combined pa-
thology (BA+AH) and allele A of 151010461 of ANG/RNASE4
genes, allele T of rs7038716 and allele T of 157025144 of
AL160272.2 gene, and allele C of rs2022318 (intergenic re-
gion ABTB2/CAT) (Table 1).

Assessment of the regulatory potential of SNPs

associated with bronchial asthma

Regulatory regions of the genome are characterized by
the presence of modified histones (methylated H3K4mel,
H3K4me3 and acetylated H3K27ac, H3K9ac), which are the

2021
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PerynaTtopHbii noteHuman SNP, cBA3aHHbIX C 6pOHXManbHON acTMON,
apTepurianbHON rynepTeH3neit X KOMOpPOUAHLIM GeHOTUNOM

rs1928298
rs1927914
rs7025144

rs7026297
rs7038716

Block 1 (17 kb)

Block 2 (2 kb)
2 4 5

Haplotype structure of locus 9933.1 (TLR4/AL160272.2), including
rs1927914,rs1928298, rs7038716, rs7026297, and rs7025144
in the Slavs of West Siberia.

“labels” of active promoters and enhancers in various cells,
including blood cells and cells in target organs for BA and
AH — lungs, blood vessels, heart, and brain (Table 2). Thus,
the variants rs1927914 and rs1980616 associated with BA are
located in the promoter region of 7LR4 gene and the enhancer
of SERPINAI gene in blood cells (monocytes). In addition,
histone modifications in the rs1980616 (SERPINAI) region
are recorded in other cells and tissues, including the lungs
(see Table 2).

Genetic variants can alter the transcription factors (TF)
affinity and regulated genes expression. It was shown that
the G allele of rs1927914, located in 7LR4 gene promoter,
has a multidirectional effect on the binding of TFs of the Pou
family (see Table 2). It is known that the Pou proteins, Oct-1
and Oct-2, activate the expression of interleukin-5 gene in the
PER-117 cell line, by binding to the CLEO promoter element
(Thomas et al., 1999), which, in turn, causes airways inflam-
mation and is considered as a target for BA therapy (Busse et
al., 2019). In another study (Aneas et al., 2020), rs1888909
variant associated with BA and located at a distance of 2.3 Kb
from the 5'-end of /L33 gene was found to be associated with
the expression of this gene in epithelial cells in respiratory tract
and the protein level in blood plasma, through the differential
affinity of Oct-1 (Pou2f1) with a risk allele for this disease.
It is possible that a similar mechanism is responsible for the
association between the G allele of rs1927914 located 1.7 Kb
upstream of 7LR4 gene and BA.

The C allele of rs1980616 of SERPINAI gene is associ-
ated with an increase in the affinity of TF KIf4 involved
in inflammatory reactions, airway remodeling, and control
of Th2-type cellular response (Tussiwand et al., 2015). In
mice, in suppressor cells of myeloid origin and in epithelial
cells of the respiratory tract, after exposure to the allergen,
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Table 1. Genetic variants associated with the development of BA, AH and their combination

Disease Gene; SNP
Bronchial asthma TLR4;rs1927914
SERPINAT; rs1980616

CARDS; 1511669386
IL2RB; rs2284033
NT5C2;rs11191582
Bronchial asthma + ANG, RNASE4;rs1010461
Arterial BYpErtEnsion st
(comorbid phenotype)  ALT602722;1s7038716
AL160272.2;rs7025144

KIf4 gene expression increased in the direct proportion to the
severity of allergic asthma (Nimpong et al., 2017). Among
the other variants studied in this study, rs1980616 has the
highest regulatory potential with the rank of 2b and the scale
of 0.83 (see Table 2).

According to the GTEx Portal and Blood eQTL browser, all
studied SNPs are eQTLs and affect nearby genes expression
(cis-eQTL) as well as the expression of those located at a sig-
nificant distance (trans-eQTL) in different tissues. According
to the up-to-date information, rs1927914 and rs1980616 as-
sociated with BA are connected with changes in the expression
of TLR4 and SERPINA genes, respectively. The GG genotype
of rs1927914 is associated with an increase in the expression
of TLR4 gene in whole blood, arteries, and left ventricular
myocardium and with a decrease in the expression of this
gene in brain tissues (cerebellum), and the CC genotype of
rs1980616 is associated with an increase in the expression of
SERPINAI gene in whole blood (see Table 2).

The 1s1927914 (TLR4) variant associated with BA is asso-
ciated in this study with the severity of BA in Chinese popu-
lation (Zhang et al., 2011). This variant is included in an LD
of 13 rSNPs, of which rs2737190 is associated with chronic
obstructive disease development and pulmonary tuberculo-
sis with a multidirectional effect (https://www.disgenet.org/
browser/2/1/1/rs2737190/).

In the present work, the association of rs1980616 of
SERPINAI gene with the development of BA was estab-
lished for the first time. Previous studies have shown that
chromosomal region 14q23-q32 is associated with blood IgE
levels, bronchial hyperreactivity, and other signs of allergic
inflammation in different populations (Malerba et al., 2001).
The role of the proteins coded by the serpin family genes in
the pathogenesis of BA is unknown; however, they can ex-
hibit a protective effect by inhibiting endogenous proteases
associated with inflammatory response, which merits further
investigation.

858

Allele associated with the disease:
frequency in patients/healthy

OR (95 % Cl); p

people, %
......... G357/291149(102_218)00397
......... C830/757154(101_234)00204
......... A637/436167(”5_245)00076
......... A564/486150(101_221)00433
......... 6500/460149(103_217)00359
......... G932/889207(103_416)00419
......... A621/500171(121_242)00024
......... T289/204174(”3_268)00”3
......... T281/217160(104_248)00343
......... C500/392143(101_204)00444

Assessment of the regulatory potential of SNPs

associated with arterial hypertension

Histone proteins modifications for the rs2284033 variant lo-
calized in an intron of /L2RB gene are recorded in peripheral
blood leukocytes (T and NK cells) and for rs11191582 loca-
lized in an intron of N75C2 gene in a wide range of cells and
tissues, including blood cells, lungs, vessels, heart, brain (see
Table 2).

Single nucleotide variants associated with AH affect the
change in TF affinity. Allele A of rs11065987 localized in the
intergenic region ATXN2/BRAP is associated with a decrea-
se in the TF Mrgl and Hoxa9 binding affinity (see Table 2).
Previously, in patients with hypertension, peripheral blood
CD34+ hematopoietic stem cells showed a decrease in
HOXA9 gene expression, which may be associated with a de-
crease in circulating endothelial progenitor cells and impaired
neovascularization and vascular damage repair (Pirro et al.,
2007).

Allele A of the intron variant rs11669386 of the CARDS
gene affects the increase in the affinity of several TFs, includ-
ing factors of the Irf and Pou3f2 families (see Table 2). In
experimental studies of model animals, it was shown that the
regulatory factor interferon 1 (Irf) plays a leading role in the
regulation of cardiac remodeling during pressure overload
(Jiang et al., 2014).

Allele G of 152284033 of /IL2RB gene affects a decrease in
affinity for TF RORalphal and an increase in RXR/LXR (see
Table 2). No association of RORalphal and RXR/LXR with
hypertension was found in the available scientific literature;
however, it was shown that adenovirus-mediated overexpres-
sion of RORalphal suppresses TNF-alpha-induced expression
of adhesion molecules VCAM-1 and ICAM-1 in umbilical
vein endothelial cells (Migita et al., 2004). LXR/RXR fami-
ly transcription factors regulate inflammation, cholesterol
homeostasis, lipid, and glucose metabolism. By modulating
the components of the renin-angiotensin-aldosterone system
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Table 2. Regulatory potential of SNPs associated with BA, AH and their combination
SNP ID/gene rSNPBase HaploReg RegulomeDB GTEx Portal, Blood  DisGeNET
localization/ eQTL browser
DIETISPOSING Allle -+
(diseases) Intersection Regulation type TF binding (allele, Rank®/scale™  Genotype, direction Number of
of SNPs with (number of tissues)  direction of TF affinity of expression associations
regulatory change) change, gene with diseases
elements (tissue) total/BA, AH
rs1927914/1.7Kb - HM(1), TF(6) GT Arid5b; Pou1fl;  6/0.0 GG T TLR4(TA, LV,  14/BA
from the 5’-end Pou2f2_known5; WB)
(promoter) Pou3f2; Pou3f3. and | TLR4 (BR)
TLR4/G (BA) Gl Pou2f2_known6,9;
Pou6f1
rs1980616/intron - HM(5), DNAse (2),  CT KIf4, Pbx3, SP2; 2b/0.83 CCT SERPINAT (WB) -
SERPINAT/C (BA) TF(4), BP(1) cl p300
rs11065987/ Open chromatin ~ HM(4), DNAse (2), Al Mrg1, Hoxa9 3a/0.60 AA] ALDH2 (A); 17/-
intergenic region regions TF(2) AAT ADAMIB (ATR),
ATXN2 and BRAP/A NAA25 (BR),
(AH) ALDH2 (WB)
rs2284033/intron TF HM(1), DNAse (2), G| RORalpha 4/0.61 GG/ ELFN2 (L) 7/BA
IL2RB/G (AH) TF(3) GT RXR, LXR
rs11191582/intron Circular RNA HM(31), DNAse Gl HMG-IY 2, Nanog 1f/0.55 GGl CALHM?2 (A), 2/-
NT5C2/G (AH) (30), TF(2), BP(1) MARCKSLTP1 (A,
L, WB, CA), NT5C2
(WB);
GGT ARL3 (L),
SFXN2 (L)
rs11669386/intron  Circular RNA TF(4) AT Irf, Nkx6-1, Pax-6,  1f/0.22 AAT CCDC114(TA, -
CARDS/A (AH) Pou3f2 WB, L),
CARDS (TA, BR)
rs7038716/intron Long non-coding TF(2) T! Dobox4 7/0.18 TT. TLR4 (WB) -
AL160272.2/T RNA
(BA+AH)
rs7025144/intron - HM(9), DNAse (5) - 4/0.61 TT! TLR4 (WB) -
AL160272.2/T
(BA+AH)
rs1010461/intron Circular RNA DNAse (4) - 1f/0.55 AA] ANG (TA, A), -
ANG, RNASE4/A AAT RNASE4 (LV, L,
(BA+AH) WB, BR, TA),
ANG (WB)
rs2022318/ - HM(2), TF(4) C1 HEN1, Zfp691; 1f/0.22 CCl CAT(A, CATA,
intergenic region Cl ZNF263, p53 LV, L, WB),
ABTB2 and CAT/C ABTB2 (WB)
(BA+AH)

Note. A - aorta; CA - coronary arteries; TA - tibial artery; LV - left ventricle; WB — whole blood; Br - brain; Atr — atrium; L — lungs; HM - histone modifications;
DNAse - DNAse I-hypersensitive sites; TF - transcription factors; BP - bound proteins. * Ranking of the regulatory potential: 1f — eQTL + binding TF/DNAse I-hyper-
sensitive site; 2b — eQTL + binding of TF + other regulatory elements + DNAse I-hypersensitive region; 3a - binding of TF + any TF motif + DNAse I-hypersensitive
site; 4 - binding of TF + DNAse I-hypersensitive site; 6 — any TF motive; 7 — others. ** The closer the scale value is to one, the higher the SNP regulatory potential.

LXR/RXR, they reduce peripheral vascular resistance and
blood pressure (Cannon et al., 2016).

Allele G of rs11191582 of NT5C2 gene is associated with a
decrease in affinity for the transcription factors HMG-1Y and
Nanog (see Table 2). Previously, it was shown that HMG-1Y is
involved in the chromatin structure formation and regulation of
transcription of many genes. Changes in HMG-IY levels have

been shown to affect promoter activity and /L2 gene expression
in human cell lines (Himes et al., 2000). An important role of
T-cells has been shown in the pathogenesis of hypertension,
namely the activation of Th1 lymphocytes which are producers
of IL2. Increased production of IL2 along with the cytokines
IL1B, IL6, TNFa, and IFNy promotes vascular inflammation
and hypertension development (Schiffrin, 2014).
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The genetic variants associated with hypertension are
eOTLs. It was shown that rs11065987 (ATXN2/BRAP) is a
cis- and trans-eQTL and affects the ALDH2, ADAMIB, and
NAAZ25 genes activity in various cells and tissues (see Table 2).
The AA genotype of 1511065987 (ATXN2/BRAP) is associ-
ated with a decrease in ALDH?2 gene expression in aorta and
an increase in its expression in whole blood leukocytes, as
well as with an increase in ADAM 1B gene expression in heart
atrium and NAA25 gene in basal ganglia. Previously, a link
with the cardiovascular disease and hypertension for some
of these genes and their protein products was established.
Thus, BRAP gene variants were found to be associated with
the risk of carotid atherosclerosis (Liao et al., 2011); protein
products of genes ATXN2 and SH2B3 were involved in AH
development (Siedlinski et al., 2020); rs671 of ALDH?2 gene
was associated with a decrease in the risk of AH development
(Mei et al., 2020). For the variant rs11065987, an association
with many pathological conditions was registered, including
the level of lipids in blood (Willer et al., 2013), body mass
index (Locke et al., 2015), ischemic stroke, ischemic heart
disease (Dichgans et al., 2014) and AH (Levy et al., 2009).

The rs 11669386 variant is associated with CARDS gene
functional activity, its SNPs are significant for the forma-
tion of susceptibility to hypertension, aortic aneurysm, and
stroke (Zhao et al., 2016). The AA genotype of rs11669386
is associated with an increase in CARDS gene expression in
arteries and brain, as well as with an increase in CCDC114
gene expression in tibial artery, lungs, and whole blood (see
Table 2). Proteins CARDS and NLRP3 together control the
activity of inflammatory caspase-1 and are involved in the re-
gulation of caspase-1-mediated activation of /L/B in mouse
macrophages, dendritic cells, and macrophages of human
peripheral blood (Abdelaziz et al., 2015). As shown in a Ka-
wasaki disease murine model, caspase-1 and IL-1B are im-
portant inflammatory cytokines in coronary artery disease de-
velopment (Lee et al., 2012).

The rs2284033 variant has a pronounced effect on /L2RB
gene expression in peripheral blood leukocytes (Westra et al.,
2013), and the GG genotype is associated with a decrease in
ELFN?2 gene expression in lung tissues (see Table 2). Earlier,
the association of rs2284033 with BA in total was established,
which, however, diminishes when considering individual phe-
notypes associated with the disease age of onset (Moffatt et al.,
2010). In addition, this SNP is in LD with 10 rSNPs, one of
which (rs228953) has been shown to be associated with eosi-
nophil counts in blood and the risk of BA (Han et al., 2020).

In our study, the G allele of 152284033 (/L2RB) is asso-
ciated with AH (see Table 1). As mentioned above, the role
of immune system and inflammation in AH pathogenesis is
currently well established. Increased expression of /L2RB
gene was detected in leukocytes in patients with AH (Huan
et al., 2015). In this regard, IL2RB gene polymorphism may
predispose, in combination with other factors, to the develop-
ment of AH.

The GG genotype of rs11191582 (NT5C?2) is associated with
adecrease in CALHM?2 and MARCKSLI1P1 genes expression
in aorta, NT5C2 and MARCKSLIPI genes in whole blood
cells, and an increase in ARL3 and SFXN2 genes expression in
the lung tissue (see Table 2). The protein product of CALHM?2
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Putative regulatory functions of SNPs associated with bronchial
asthma, arterial hypertension and their comorbid phenotype

gene modulates calcium homeostasis, the maintenance of
which is necessary for the performance of cellular functions,
such as contraction, proliferation, migration, and growth, the
disruption of which is associated with the development of car-
diovascular diseases. It was previously shown thatrs11191582
is localized in the same LD block with rSNPs (rs11191548,
rs11191559, rs11191580, rs11191593, rs12413409, and
rs943037), for which a relationship with blood pressure regula-
tion and coronary artery disease development was established
(Matsunaga et al., 2020). In the nucleotide sequence of ARL3
gene, SNPs were identified that are located in different LD
blocks and were associated with blood pressure level. This
suggested that in the 10q24.32 locus, where ARL3 and SFXN2
genes are located, numerous “causal” genetic variants of sus-
ceptibility to AH may be situated (Li et al., 2017).

Assessment of the regulatory potential of SNPs

associated with a comorbid phenotype - BA and AH
Genetic variants associated with BA+AH phenotype are lo-
cated in DN Ase I hypersensitive sites (rs1010461, rs7025144),
in the enhancer region (rs7025144, rs2022318) and affect TF
affinity (rs7038716, rs2022318) (see Table 2).

The rs1010461 variant localized in intron region of ANG
and RNASE4 genes does not change the TF affinity, but its re-
lationships with the functional activity of these genes in blood
cells, arteries, heart, lungs, and brain have been shown (see
Table 2). It was demonstrated that the AArs1010461 genotype
is associated with a decrease in ANG gene expression in tibial
artery and aorta, but an increase in the expression level of this
gene in whole blood cells. The AA genotype is associated with
an increase in the expression level of ribonuclease 4 (RNASE4)
gene in whole blood leukocytes, tissues of the left ventricle,
lungs, brain, and tibial artery.

RNASE4 gene has the same promoter and is co-expressed
with angiogenin gene (ANG). However, the role of RNASE4
in the development of cardiovascular and bronchopulmonary
diseases is unknown. In turn, angiogenin is a potent inducer of
blood vessel formation and, possibly, can be used as a serum
marker for the development of cardiovascular diseases (Yu
et al., 2018). During the period of an asthmatic attack, an in-
crease in vascular endothelial growth factor and angiogenin is
recorded in the patients’ sputum, which is significantly reduced
after corticosteroid therapy (Abdel-Rahman et al., 2006). It
is possible that the treatment of asthma with corticosteroids
can act as an unfavorable factor for the development of sub-
sequent arterial hypertension in individuals predisposed to
this pathology.

Allele T of rs7038716 (AL160272.2) is associated with a
decrease in affinity for TF Dobox4. Genotypes TT rs7038716
and TT rs7025144 are associated with a decrease in 7TLR4 gene
functional activity in whole blood leukocytes (see Table 2). In
the present study, BA is associated with alleles and genotypes
associated with an increase in functional activity of 7LR4 gene,
while BA and AH comorbidity is associated with genotypes
characterized by a decreased TLR4 gene expression in blood
cells. This result requires further research and explanation.

Allele Crs2022318 (ABTB2/CAT) is associate p53. P53 ex-
pression is increased with an increase in affinity for TF HEN1
and Zfp691, but with a decrease in affinity for ZNF263 and
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ased in response to DNA damage, hypoxia, and oxidative
stress, which provides cellular protection. New evidence is
emerging to support the protective effect of p53 in inflamma-
tory processes in the lungs. In particular, it has been shown
that p53 deficiency in vascular lung endothelial cells is as-
sociated with severe respiratory disorders (Uddin, Barabutis,
2020). For ZNF263, an association with atherosclerosis was
shown through the regulation of TGFBI gene expression,
the protein product of which is actively involved in various
diseases’ pathogenesis (Dhaouadi et al., 2014).

The CC genotype rs2022318 is associated with a decrease
in the expression of ABTB2 gene in whole blood cells and
catalase gene (CAT) in tissues of aorta, left ventricle, lungs,
coronary arteries, and whole blood cells (see Table 2). Cata-
lase is an important antioxidant enzyme the decreased activity
of which is seen in many diseases associated with oxidative
stress. It has been shown that SNPs localized in the catalase
gene promoter are associated with the development of car-
diometabolic diseases (Dogan et al., 2019) and bronchial
asthma (Taniguchi et al., 2014). There are no data on the
relationship of ABTB2 gene polymorphism, its functional
activity, or protein product with AH and BA in the available
scientific literature.

Conclusion
Thus, SNPs associated with the studied phenotypes — BA,
AH, and BA+AH, are regulatory (rSNP), localized in actively
transcribed regions of the genome, are eQTLs, and affect
functional activity of various genes in blood cells and target
organs of the diseases — lungs, blood vessels, heart, and brain.
The relationship of rs1927914 and rs1980616 with BA can
be explained by: the effect of the G allele 151927914 on the
change in the affinity of transcription factors of the Pou family
and the relationship of the GG genotype with an increase in the
level of TLR4 gene expression in blood cells; the relationship
of the C allele rs1980616 with an increase in the affinity of
the transcription factor KIf4, which is involved in inflamma-
tion, remodeling of the airways and control of Th2-type cell
response, as well as the association of the CC genotype with
increased expression of the SERPINAI gene in blood cells.
The association of rs11065987, rs2284033, rs11191582,
and rs11669386 with AH may be based on the following: the
effect of the A allele rs11065987 on a decrease in the affinity
of'the Hoxa9 transcription factor and a decrease in the pool of
endothelial progenitor cells, which disrupts neovascularization
and changes in ALDH?2 expression of vascular damage, and in
blood cells and blood vessels; the relationship of the A allele
rs11669386 with an increase in the affinity of the transcrip-
tion factor Irf, which plays a leading role in the regulation of
cardiac remodeling under pressure overload, and the Pou3f2
factor associated with the development of left ventricular re-
modeling in hypertension, the AA genotype is associated with
an increase in CARDS gene expression in blood vessels, the
protein product of which is included in the composition of the
inflamosome and is involved in the regulation of inflammatory
reactions in various diseases, including cardiovascular ones;
the effect of the G rs2284033 allele on a decrease in affinity
for TF RORalphal, which suppresses TNF-alpha-induced
expression of adhesion molecules VCAM-1 and ICAM-1 in
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endothelial cells and the relationship of the GG rs11191582
genotype with a change in the level of expression of NT5C2,
ARL3, and SFXN2 genes in blood/vascular cells and heart.

The association of rs7038716, rs7025144, rs1010461,
and rs2022318 with the comorbid phenotype of BA and AH
may be due to: the relationship of the TT and TT genotypes
rs7038716 and rs7025144 with a decrease in 7LR4 gene
functional activity in blood cells; the relationship of the AA
rs1010461 genotype with a change in ANG gene expression
in blood and vascular cells, the protein product of which plays
an important role in the pathogenesis of both AH and BA; the
influence of the C allele rs2022318 on the increase in the af-
finity of the transcription factor p53, the expression of which
increases during inflammatory processes in the lungs and the
connection of the CC genotype with a decrease in CAT gene
expression in blood cells, lungs, blood vessels and heart, the
decrease in the activity of which is observed in diseases as-
sociated with oxidative stress.
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AHHoTayusa. K HacToAwweMy BpemeHM NoKasaHa accoumauma gucbanaHca KUWeYHON MUKPOOMOTbI € pasnnyHbiMy 3abone-
BaHVAMY YesIoBeKa, BK/0YAA He TONbKO NaToNIOMN »KenyaoYHO-KMLWLEeYHOro TPaKTa, HO U HapyLIEeHNA UMMYHHOWN CUCTEMbI.
OpHaKo, HECMOTPA Ha 3HaUUTENbHbIN 06beM HaKOMMEHHbIX AaHHbIX, MHOTME KtoYeBble BOMPOChI A0 CUX MOP ocTatoTcA 6e3
otBeTa. OnrcaHbl pa3nnymnsa B MUKPOOHbIX COOOLLECTBAX KMLLEYHMKA B 3aBUCMMOCTY OT BO3pacTa O60JIbHbIX, TUMa NUTAHUSA 1
permoHa NPoXmBaHWA. YUnTbiBasa orpaHNYEHHOCTb AaHHbIX O COCTaBe MUKPOOMOTbI KMLWIEYHMKA NP A3BeHHOM KonuTe (AK)
1 CMHOPOME pa3gpaxeHHoro KuweyHvka (CPK) y naumeHToB 13 pernoHoB Crbupy, a Takxke OTCyTCTBME CBEAEHUI O KU-
LWeYHom MMKpobroTe 60MbHbIX BpoHXManbHo actmol (BA), Lenb nccnefoBaHUs — oLeHKa 61opasHo06pasnsa KMWLeyHoro
MUKpobroma naureHTos ¢ CPK, IK n BA B cpaBHEHUN C TaKOBbIM 310pOBbIX fobpoBosnbLes (3[). MpoBeaeHa cpaBHUTENb-
HasA oLeHKa 61opa3HO06pa3zMA N TAKCOHOMMNYECKON CTPYKTYPbl MUKPOOMOMa COfePKUMOTO KMLLeYHMKa naumneHTos ¢ CPK,
AK, BA 1 3[, onpegeneHHbIX Ha ocHoBaHKK 16S pPHK-nocnepoBatenbHocTel 6akTepurasbHbIX FeHOB. B yeTbipex BbibopKax
LOMVHUPOBany nocneaoBaTenbHOCTM TMNoB Firmicutes n Bacteroidetes. TpeTby No BCTpeyaemMoCT BO BCEX Mpymnnax — No-
cnefoBaTenibHOCTI TUMa Proteobacteria, UneHamy KOTOPOTo ABMAIOTCA NMAaTOreHHbIE Y YCIIOBHO-MATOreHHble 6akTepumu. MNo-
cnepoBaTenibHOCTU TMMNa Actinobacteria 6b111 B cpeaHeM YeTBEPTbIMU MO BCTpeyaeMocTy. Pe3ynbTaTbl MoKasanu Hanuuve
amcburosa B 06pasLiax NaLMeHTOB MO CPAaBHEHMIO CO 340POBbIMM yYacTHMKaMU. CooTHoweHe Firmicutes/Bacteroidetes B
Bbl6opkax CPK 1 K ymeHblumnock otHocuTenbHo 3/, a B rpynne BA — yBenuuunocb. B o6pasuax nauneHToB ¢ 3aboneBsa-
HuAaMK KnweyHrKa (CPK 1 AK) obHapy»eHo yBennyeHne Aonum nocnefoBaTenbHoCTeN Tina Bacteroidetes n ymeHblueHne
nonu nocneposatenbHocTel knacca Clostridia, a Takxke cemeiictBa Ruminococcaceae, Ho He Erysipelotrichaceae. B BbI-
6opkax CPK, AIK n BA oTmeueHo focToBepHO bonblue B cpaBHeHMN ¢ 3[] nocnefoBaTenbHOCTeN Proteobacteria, Bknioyas
Methylobacterium, Sphingomonas, Parasutterella, Halomonas, Vibrio, a Takxe nocnepoatenbHocTn Escherichia v Shigella.
B KuweyHOM MMKpOGUOME B3POC/bIX MaumMeHToB ¢ BA BbiSBIeHO yMeHbLUEHWe [OMM NocnefoBaTeNlbHOCTEN Roseburia,
Lachnospira, Veillonella, opHako gona nocnegoBatenbHocTen Faecalibacterium v Lactobacillus 6bina Takom xe, Kak 1y 340-
POBbIX y4aCTHUKOB. BnepBble NonyyeHbl JaHHbIE O CyLLeCTBEHHOM YBENUYEHMM AONW NocefoBaTensHocTel Halomonas n
Vibrio B KMWeYHOM MUKPOOGMOME NaLNeHTOB C GPOHXMANbHOWN aCTMOIA.

KnioueBble cnoBa: Mrkpobrom; 16S pPHK-nocnenoBatenbHOCTY; S3BEHHDBIN KOJIUT; CUHAPOM Pa3fpaXKeHHOTO KULLEYHMKa;
6poHXManbHan acTma.
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Abstract. To date, the association of an imbalance of the intestinal microbiota with various human diseases, including both
diseases of the gastrointestinal tract and disorders of the immune system, has been shown. However, despite the huge
amount of accumulated data, many key questions still remain unanswered. Given limited data on the composition of the

© TukyHos A.10., LLIsanos A.H., Mopo3os B.B., babkuH W.B., Cenepuosa I'B., BonowwHa 11.0., MisaHosa V.M., bapaawesa A.B., Mopo3osa B.B.,
Bnacos B.B., TukyHosa H.B., 2021

This work is licensed under a Creative Commons Attribution 4.0 License



. TukyHos, A.H. LLisanos, B.B. Mopo30s ...
Mopos3oBa, B.B. Bnacos, H.B. TukyHoBa

KnweyHbIn MUKPOOMOM NaLMEHTOB C CUHAPOMOM pa3apaxeHHoro 2021
KULIEYHMNKA, A3BEHHbIM KOIUTOM 1 6POHXManbHOW acTMOW 25.8

gut microbiota in patients with ulcerative colitis (UC) and irritable bowel syndrome (IBS) from different parts of Siberia, as
well as the lack of data on the gut microbiota of patients with bronchial asthma (BA), the aim of the study was to assess the
biodiversity of the gut microbiota of patients with IBS, UC and BA in comparison with those of healthy volunteers (HV). In
this study, a comparative assessment of the biodiversity and taxonomic structure of gut microbiome was conducted based
on the sequencing of 16S rRNA genes obtained from fecal samples of patients with IBS, UC, BA and volunteers. Sequences
of the Firmicutes and Bacteroidetes types dominated in all samples studied. The third most common in all samples were
sequences of the Proteobacteria type, which contains pathogenic and opportunistic bacteria. Sequences of the Actinobac-
teria type were, on average, the fourth most common. The results showed the presence of dysbiosis in the samples from
patients compared to the sample from HVs. The ratio of Firmicutes/Bacteroidetes was lower in the IBS and UC samples
than in HV and higher the BA samples. In the samples from patients with intestinal diseases (IBS and UC), an increase in the
proportion of sequences of the Bacteroidetes type and a decrease in the proportion of sequences of the Clostridia class, as
well as the Ruminococcaceae, but not Erysipelotrichaceae family, were found. The IBS, UC, and BA samples had significantly
more Proteobacteria sequences, including Methylobacterium, Sphingomonas, Parasutterella, Halomonas, Vibrio, as well as
Escherichia spp. and Shigella spp. In the gut microbiota of adults with BA, a decrease in the proportion of Roseburia, Lach-
nospira, Veillonella sequences was detected, but the share of Faecalibacterium and Lactobacillus sequences was the same as
in healthy individuals. A significant increase in the proportion of Halomonas and Vibrio sequences in the gut microbiota in
patients with BA has been described for the first time.

Key words: microbiome; 165 rRNA sequences; ulcerative colitis; irritable bowel syndrome; bronchial asthma.
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BBepeHune
K HacrosimeMy BpeMEHH HAKOIUICHO JO0CTaTOYHO JAHHBIX O
MHUKPOOHBIX COOOIIECTBAaX KMIIEYHUKA YeJIOBEKa 1 ITOKa3aHa
accouuanys aucOananca KHIIEYHOW MHKPOOMOTHI ¢ pas-
JIMYHBIMH TIATOJIOTUYECKUMH COCTOSHHSIMH, B TOM YHCIIE HE
TOJIBKO 3a00JI€BaHHMSAMH KEITYAOUHO-KHIIEYHOTO TPAKTa, HO
W HapylleHussMH UMMYyHHOIT cuctembl (O’Hara, Shanahan,
2006). OxgHaKo, HECMOTPS Ha 3HAYUTEIBEHBIA 00beM HH(OP-
Maluy, MHOTHE KJIIOUYEBBIC BOIIPOCH OCTAIOTCS Oe3 OTBETA.
Tak, 10 cHX Op HEU3BECTHO, SIBIISIIOTCS JIM Takue 3a0o0seBa-
HUS KHUIIEYHNKA, Kak s3BeHHbIH konuT (K) u cuaapom pas-
npaxenHoro kumeynuka (CPK), pesyasrarom HapyIeHHOTO
MMMYHHOI'O OTBETa Ha HOPMAJIbHYI0 MHUKPOOHOTY HJIH CIIy-
JKaT MPOSBIICHHEM HOPMaJbHOTO HMMYHHOTO OTBETa Ha Ha-
pywenust B Mukpodiope kumeunuka (Cheng, Fisher, 2017).
[TaroreHe3 3THx 3a00seBaHUil TaK)Ke HE BIIOJIHE SICCH: Be-
POSITHO, MEXaHHM3M PA3BUTHS UMEET CIOXKHYIO NPUPOLY U
OII0CpEI0BaH HAPYIICHUSIMH KHIIIEYHOW MUKPOOHOTEHI, TeHe-
THYECKOH MPEAPACIIONOKEHHOCTHIO M IKOJIOTHYECKUMHE (ak-
topamu (Shen et al., 2018). M3BectHO mumib, uto mpu K u
CPK cHmxeHo Onopa3zHooOpasre MHUKPOOHOTHI KHIIEYHUKA
(Machiels et al., 2014; Dubinsky, Braun, 2015). ITpu K
OTMEUECHO YMEHbIICHHE KOJINYECTBA MPEICTaBUTEICH THIIOB
Bacteroidetes u Firmicutes; Ui mocIeIHETO 3aperucTpUpPO-
BaHO yMEHBIIIEHHE BCTPEYAEMOCTHU IMOCIEIOBATEILHOCTEH
Roseburia hominis n Faecalibacterium prausnitzii (OTpsg
Clostridia, cem. Lachnospiraceae u Ruminococcaceae coor-
BercTBeHHO) (Machiels et al., 2014; TukyHoB u ap., 2020).
OcobeHHO 3aMeTHO CHWXeHHE Akkermansia muciniphila
(Tum Verrucomicrobia), B HopMe gocturaromiei 1-5 % Bcero
bakrepuanbHOro coodmrecrtsa (Manichanh et al., 2012; Bajer
etal., 2017). OnHOBpEeMEHHO B MUKPOOHOTE maruenToB ¢ 1K
YBEJIMUCHO KOJIMYECTBO IpeAcTaBuTenel Actinomycetes 1
Proteobacteria, a cpeau mpoTeo0aKTEpUil YaCcTO BBISBIISIOT
Helicobacter spp., Salmonella spp., Yersinia spp. 1 JHTCpOUH-
BasuBHbIC Escherichia coli (Saebo et al., 2005; Gradel et al.,
2009; Sonnenberg, Genta, 2012; Shen et al., 2018; TukyHoB

u ap., 2020). B cnyqae CPK, xax u npu K, B Mukpodunore
KHUILIEYHUKA KOJIMYECTBO IpeAcTaBuTeneii tuma Proteobacteria
YBEITMYEHO, a 9MCIIO TIpeCTaBuTeNei Actinomycetes, Ha000-
pot, ymensiieHo (Bennet et al., 2015; Su et al., 2018).

CoOOTHOIIIEHNE OCHOBHBIX ITIPEJICTABUTENCH MUKPOOHOTO
coo01IeCTBa KUIIIEYHHKa YeaoBeka, Firmicutes/Bacteroidetes,
npu CPK moxer n yBenmmuuBarbesi, 1 ymenbiarscs (Tana et
al., 2010; Rajili¢-Stojanovic et al., 2011; Jeffery et al., 2012;
Jalanka-Tuovinen et al., 2014; Pozuelo et al., 2015; Tap et al.,
2017). Takoe HECOBIIAICHHE JAHHBIX MOJKET OBITH CBSI3aHO KaK
C TMHAMUYHOCTHIO KHIIICYHOI'O MUKPOOHOTO COOO0IIeCcTBa Y
OT/IEJILHOTO MHANBHUIyyMa, TaK ¥ BBICOKUM OHOpa3HO00pasu-
€M KHUILIEYHOH MUKPOOHOTHI Y JIFOJICH HE TOIBKO MTPH pa3ind-
HOM COCTOSIHUH 37I0POBbsI, HO M B 3aBUCHMOCTH OT BO3pacra,
peruoHa mpoXXuBaHMs 1 ocodenHocteil mutanus (Fujimura et
al.,2010; Qin et al., 2010; Donaldson et al., 2016). B cBsi3u ¢
9TUM H3Y4YEHHUE acCOLMUAIUU 0COOCHHOCTEH MUKPOOHOTHI C
pa3nTUUHBIMY 3200I€BaHUSAMH YEIOBEKA — OJJHO U3 HanOoee
AKTyaJIbHBIX HAlPaBJICHNUI COBPEMEHHBIX OMOMETUIIMHCKUX
UCCIIEJOBAHUMN.

Y4uThIBas OrpaHUYEHHOCTD JAHHBIX O COCTaBE MUKPOOHO-
1ol kumeynuka npu K u CPK y nauueHToB u3 pernoHos
Cubupu, a Tak)Ke OTCYTCTBUE CBEICHUH O KUIIEUHONH MUKPO-
6moTe 0oMpHBIX OpoHXHaNEHON acTMoit (BA), iens uccneno-
BaHus — onenka 16S pPHK-npo¢uneii mannentos ¢ CPK, SIK
1 BA B cpaBHEHNH C TAKOBBIMU 3JI0POBBIX JOHOPOB.

MaTtepwuanbi n metopbl

B pabore ucnosnb3oBanu 00pasipl heKasinii, moay4eHHbIE OT
BOCHEMHM TanueHToB ¢ BA, BoceMu 60mbHBEIX ¢ CPK 1 18 ma-
menToB ¢ SIK. Cpenu ucciieyeMbIX KeHIIMHBI COCTaBHIIH
47.4 %, Mmyx4auHbl — 52.6 %. JInarHo3s! «CHHAPOM pa3IpakeH-
HOTO KHIIEYHHUKa» U «SI3BEHHBIN KOJIUT» MOATBEPKIAIN Ha
OCHOBaHHH PE3yJIbTATOB UCCIICIOBAHUS yPOBHS (peKaIbHOTO
KaJIbIIPOTEKTHHA, JaHHBIX (PUOPOKOIIOHOCKOIIMH U TUCTOJIO-
THYECKOTO NCCIIEJOBAaHNS OMOMTATOB, B3SThIX U3 Pa3HbBIX OT-
JICTIOB TOJICTOM W TOB3IOUIHOW KUIIOK. OOpa3ibl nannueH-
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TOB, B KOTOPBIX PYTHHHBIMU METOJaMHU ObUIN OOHApyKEHBI
Clostridium difficile, ne uccnenosanu. /lnaruos «arommye-
cKast OpOHXMAJIbHAS acTMa» ITOATBEPKAAIN Ha OCHOBaHWUHU
0011ero, GHOXMMHUYECKOTO0 1 IMMYHOJIOTHYECKOT'0 aHAJIN30B
KPOBH W JJAHHBIX CEHCHOMIU3AINH. Taxke B UCCIETOBAHNN
HCIIONIb30BaHbl BOCEMb 00pa3IloB 30POBBIX JOOPOBOIIBIEB
0e3 XpOHUYECKHX 3a00JIeBaHUIl U HE OOJICBIINX TOCIICIHIE
Tpu Mecsia. Bee marueHTs! 1 JOOPOBOJIBIIEI OTPHIIATIH CHCTE-
MaTHYECKOe YHOTPeOICHHE aJIKOTOIs, TOJIBKO TPH OOIBHBIX
mysxckoro nona ¢ CPK ynorpe0iisuin Tabaunbie u3nenus. Bee
YYaCTHHUKH HCCIEJOBAHNS B TEUCHIE KAK MUHIMYM JIBYX He-
JIeTb 10 3a00pa 00pa31oB He MPUHUMAIIM AHTHOAKTEpHATbHBIC
npenaparbl. Bce manmeHTs 1 100pOBOIIBIIBI IPEIOCTABIIH
nH()OPMUPOBAHHOE COTIIACHE C TPOBOIUMBIM HCCIIEOBA-
HUEM M aHOHMMHOW 0oOpaboTkoi naHHBIX. McciaenoBanue
0ZI00pPEHO JIOKAJILHBIM 3THYECKHM KOMHTETOM ABTOHOMHOI
HEKOMMEPUECKOH opranm3aun «L{eHTp HOBBIX METUITMHCKIX
TEXHOJIOTHI B AKaJIEMIOPOAKE».

Brinenenne cymmapnoit JIHK nposonnnu, kak onucaHo
panee (TuxyHoB 1 ap., 2020). OCHOBHBIE 3TaIbl BKIIOYAIH
ocsemieHne 50 M U3 KaX10r0 00pasiia ¢ MociIeay oM IpH-
MeHeHrneM Habopa yis BeiaencHus JJHK u3 kierok Tkanen u
kpoBu (OO0 «brnoJlabMuxkcy, Poccust) ¢ mobaBienreM mm3o-
MMa Juts noBsieHus ¢dexrusrocty noydenus JHK u3
IPaMIIOJIOKHUTEIBHBIX OakTepuil. AMIuTMduKalio pparMenrTa
rera 16S pPHK, coxeprkamiero BaprabensHbIe yIacTKH V3
u V4, npoBOAMIN METOJJOM MOJIMMEPA3HOH LIETTHOM peakuuu
C UCTONB30BaHUEM B KadecTBe MaTpuilbl noxydenHon JJTHK
dreroxa-ipaiimepoB (NEB-FF 5-ACACTCTTTCCCTACA
CGACGCTCTTCCGATCTCTACGGGAGGCAGCAG-3/,
NEB-FR 5-GTGACTGGAGTTCAGACGTGTGCTCTTC
CGATCTGGACTACCGGGGTATCT-3') 1 BBICOKOTOUHOM
nommmepassl Q5 (New England Biolabs, CILIA). ITpomgykTst
aMIUTH(UKAIUE OYUIIATH DICKTPOPOPSTUYCCKU B relic U3
nerkorutaBkoit SeaKem GTG-araposst (Lonza, CIIA).

KoncrpynpoBanue OHOIHOTEK BBITIONHSIIN, KaK OMHCAHO
panee (TuxkynoB u ap., 2020). OcHOBHBIE 3TaIlbl BKIIIOYAIIN
oOorarieHue MoTy9eHHBIX aMIUTNKOHOB, BBE/ICHIE 0apKOI0B
U CITyeOHBIX TIOCJIEI0BATEIBHOCTEH C HCIIOJIb30BaHIEM TIO-
mumMepasel Q5 1 Habopa onuronykieorunoB Dual index set
(New England Biolabs, CIIIA) ¢ mocrexyromeii 04rCTKON
MIOJTyYSHHBIX OMOIMOTEK Ha MarHUTHBIX dacthnax AMPure
XP (Beckman Coulter, CIIIA). Konnenrpauuto /IHK B 616-
JUOTEKaX M3MEpPsUTH ¢ momotbio Habopa Qubit dsDNA HS
(Life Technologies, CILIA). ITo pe3ynbraram nsmepennii Ouo-
JIMOTEKU OOBEAMHSIIH B ITyJI TAKUM 00pa3oM, 4T0OBI COOTHO-
menne JJHK-6ubnmotek B myne 65110 SKBUMOISpHBIM Cek-
BEHHMpOBaHNUE BeH Ha Iuardopme MiSeq ¢ nCTIONb30BaHHEM
Habopa peareHToB MiSeq reagent kit v2 2 x 250-cycles (Illu-
mina, CIIIA).

MeTo/p! aHaIM3a TaHHBIX CEKBEHUPOBAHUS OITMCAHBI paHee
(Tuxynos u ap., 2020). [IpenBapuTesbHO U3 MOCIEA0BATEb-
HOCTEH PUIOB yHAJSUIM MOCTIEIOBATEIFHOCTH alalTepoB U
MIPOBOIMIIN (DUIIBTPALIMIO PUJIOB 110 KadecTBy. [lomydeHHble
PHIbI aHAJTM3UPOBAIIH C [IOMOILIBIO TEHEPALMHU OTIEPALIMOHHBIX
takcoHommueckux enuHull (OTU) ¢ mocnenyrommm Kap-
TUPOBAHUEM MOCIeq0BaTeNbHOCTEN Ha noayyeHHbie OTU B
nakere nporpamm Usearch-9.2 u ucnonb3oBaHueM Kiiaccu-
¢ukarm pumoB anroputMoMm Kraken mo 6ase maHHBIX W3-
BeCTHBIX mmocienoparenbHOcTe 16S pPHK Silva v.132 (full).
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B nepBom ciyuae OTU renepupoBaiy aJiropuTMOM unoise2
C OTOPaKOBKOW XMMEPHBIX ITOCIEI0BATEIBHOCTEH H YIETOM
omuOO0K yTeHHs. TabIMIbl MOTyYEHHBIX YacTOT BCTpedae-
moctu OTU obpaborans! B cpene R3.3.3. Bo Bropom ciyuae
MOTyYEeHHBIC PHUIBI KAPTUPOBAIH Ha 0a3y maHHbIX 16S pPHK
Silva ¢ momomipto anroputma seed-kraken ¢ ucronb30BaHEEM
Pa3peKeHHOr0 k-Mepa cO CHeUalIbHOM PeIeTKOM, TT03BOJIS-
IOIIEH YBETMUUTD CIENU(PUIHOCTD Kiaccupukannu. MHmekce
[IlenHoOHa paccunTHIBAIM B MakeTe mporpamm R; mocrosep-
HOCTb pa3inuuuil Mexnay unjaexcamu Illennona onpenessnu
¢ IOMOI1IBIO t-TecTa XaTuecoHa. Busyanuzanuto pe3ysibTaroB
aHanm3a OMOIMOTEK MOCIIEI0BATENILBHOCTEH METO/IOM ITIABHBIX
koopauHat PCoA mpoBoIvIM HA OCHOBE MaTPUIL IUCTAHITUI
C IPIMEHEHHEM TTaKeTa IIporpamm vegan. st ycTaHOBICHUS
JIOCTOBEPHOCTH Pa3IMINil MEK/Ty BETMYMHAMH HCIIOIb30BAIIN
kputepuii CThIOEHTA.

Pe3yanaTb| n OﬁCY)K,D,eH ne

OueHka 6uopasHoobpasns

6aKTepuranbHbIX cO06LLeCcTB

Ha ocnose [THK, BeImenenHoi u3 00pa3moB (examuii ma-
IIMCHTOB M JOHOPOB, CKOHCTPYHPOBAHBI 42 ONOINOTEKH
(parmenToB rena 16S pPHK. dparmenTs! conepkany Bapua-
6empHbIe yuacTkn V3 u V4 rena 16S pPHK —Ha ocHoBe 3T0#
MIOCJIEA0BATEILHOCTH BO3MOXKHA TAKCOHOMHUYECKas! KJIACCH-
(dukamust 6onpmnacTBa OakTepuii (Chakravorty et al., 2007;
Wang, Qian, 2009). OGpa3isl CrpynmupoBaHbl B YETHIPE
BbIOOpKHU: BA — 8 00pas1oB 60onmbpHEIX atonmueckoit BA (cpen-
Huit Bo3pact 38.1 roxa; ot 25 1o 56 ner), CPK — 8 oOpasiios
narrerToB ¢ CKP (cpemumii Bo3pact 44.9 roma; ot 25 no
64 net), SIK — 18 o0Opasios manuenToB ¢ K (cpemHmii Bo3pact
39.6 rona; ot 25 o 65 net), 3m0poBbie 100pPOBOIBII (3]]) —
8 00pa3moB 370pOBBIX TOOPOBONBIEB (CPEIHHUH BO3pACT
27.1roma; ot 20 o 39 ner). CpenHuii BO3pacT 100OpOBOIBIICB
B rpymrne 3/] 6bu1 T0OCTOBEPHO HIKE B CPABHEHUU C TPYIITIAMHU
nanueHToB ¢ bA, CPK u SIK (p<0.01 Bo Bcex ciyyasx); IpH
9TOM JIaHHBIH TTOKa3aTelb B TPEX BHIOOPKAX OOJIBHBIX CTATH-
CTMYECKH 3HAYMMO HE pa3inyajcs.

Pe3ynbraThl CeKBEHHPOBAHUSA M KIACCHU(PUKALINN TTOITY-
YEHHBIX PHJOB NpelcTaBiIeHbl B Tabn. 1. Bee Onbamorexn
coaepxkanu 6osee 100 Thic. punoB, B cpeaHeM doee 99.6 %
PHUIOB TAKCOHOMHYECKH OTHECEHBI K OIPEACICHHOMY THITY
Oakrepuii. B 1Byx oOpasmax 0onpHEIX BA 1 omHOM 00pasiie
narpieHTa ¢ CPK oOHapy»KeHbI OCICI0BATCILHOCTH apXei
(tum Euryarchaeota).

Anba-pazHooOpazne 6akTepHaIbHBIX COOOIIECTB B HMC-
ClIe/lyeMbIX IPyIax OLEHUBAIHN C TOMOIIbI0 HHaekca [1len-
HOHA — KOMIUIEKCHOTO MTOKA3aTels, YIUTHIBAIONIETO KOTHYe-
CTBO BHJOB U MX BBIPOBHEHHOCTH. CaMbIM HHU3KHM HHJIEKC
[llennona 661 a7t BeIOOpKHU SIK, cambiM BeICOKUM — 1ist 3]
(puc. 1), XOTS pa3nu4us HE UMENN CTaTHCTUYECKOW 3HAYH-
MocTH. OneHka BBIOOPOK METO/IOM IJIABHBIX KOMITOHEHTOB
MoKasana, 4To HanboJiee KOMIAKTHO PACIOJIOKEHBI TOUKH,
XapaKTepHu3yIoNie ONOINOTEKH TOCIeI0BaTEIbHOCTEH U3
rpymsl 3/] (puc. 2). Pacionoxkenne ToYeK, XapaKTepU3yro-
IMX OMOJIMOTCKH W3 BBIOOPOK MAIMEHTOB, MPU MCHBIICM
3Ha4eHuH nHAekca [lleHHoHa 10 CpaBHEHUIO C TAKOBBIM IS
3J1 cBUAETENBCTBYEeT 00 OTHOCHUTEIBHON HECTAOMIBLHOCTH
MHUKPOOHOMOB y TaKUX OOJIBbHBIX.
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Table 1. The taxonomy of reads in 16S rRNA libraries

KnweyHbIn MUKPOOMOM NaLMEHTOB C CUHAPOMOM pa3apaxeHHoro 2021
KULIEYHMNKA, A3BEHHbIM KOIUTOM 1 6POHXManbHOW acTMOW 25.8

Parameter IBS,n=8
Number of reads, N £ & 149863 + 13477
Reads with identified bacterium phylum, 99.57 £0.18

%+ 6

UC,n=18 Asthma,n=8 HV,n=8
138479 + 16887 142314+ 13724 129435 + 12429
99.66 +0.12 99.62+0.11 99.64 +£0.13

Percentage Firmicutes 53.2 56.1 65.1 70.4
of detgcte d Bactermdetes ........................ 385 ................................. 3 13 ................................. 185 ................................. 2 65 ...............................
DACEEIIUM PRIYIA oo o e
Proteobacteria 57 10.0 134 14
ActmObactena ........................ 10 ................................... 19 ................................... 07 ................................... 0 7 ..............................

Verrucom|crob|a ..................... 10 ................................... 04 ................................... 19 ................................... 0 5 ...............................

Fusobactena ......................... < 01<01 ................................. < 01 ................................. < 01 ...............................

Tenencutes ........................... < o1<o1 ................................. < 01 ................................. < 01 ...............................

synerg|stetes ........................ < o1<o1 ................................... nd ................................. < 01 ...............................

Eps||onbacteraeota ............. < 01<01 ................................. < 01 ................................. < 01 ...............................

cyanobactena ...................... < 01<01 ................................. < 01 ................................. < 01 ...............................

Patesqbactena ..................... < 01<01 ................................. < 01 ................................... n d ...............................

F|brobacteres ....................... nd ................................... nd ................................... < 01 ................................. < 01 ...............................

Theoveraunumberofbactenumdasses ............... 17 .................................... 15 .................................... 16 .................................... 17 .................................
13 to 14 per library 11 to 15 per library 12 to 15 per library 10 to 15 per library

P ercentage .................. Bac|||| ........................................ 0 8 ................................... 1 5 ................................... 06 ................................... 0 5 ...............................

of detected c|osmd|a ................................ 4 18 ................................. 4 67 ................................. 558 ................................. 6 60 ..............................

bacterium classes

Note. Library designations here and below: IBS, irritated bowel syndrome; UC, ulcerative colitis, HV, healthy volunteers. n.d., not detected.

Bcero B 0mOnuoTekax BBISBICHBI MOCICAOBATCILHOCTH
12 TumoB 6akrepuii (cM. Tadm. 1); MOCIIeI0BATEIBEHOCTH JIc-
BSITH THIIOB MPUCYTCTBOBAJIM BO BCEX YCTHIPEX BBIOOPKAX.
W3 aux mocnenosarenbHOCTH TIsiTH THITOB (Firmicutes, Bac-
teroidetes, Proteobacteria, Actinobacteria u Fusobacteria)
OIpe/IeNIeHbI BO BCeX OMONMOTEKAaX, a MOCIEI0BaTCIbHOCTH,
OTHOCSIIHECS K TUITy Verrucomicrobia, oOHapyXeHBI BO
Bcex oubnmorekax n3 rpymn bA u 3/1, mpu stom B CPK 1 SIK

OHH OTCYTCTBOBAJIM B OMHON M YETHIpeX OMONMMOTEKaX COOT-
BeTcTBeHHO. [locinenoBarenbHOCTH TpE/ICTaBUTEICH THITOB
Tenericutes, Epsilonbacteracota, Cyanobacteria, Synergis-
tetes, Patescibacteria u Fibrobacteres HalineHsl He BO BCeX
O6ubNMoTEKax, a MOCIETHUX TPEX TUIOB — HE BO BCEX BBI-
Oopkax. B cpeHeM Bo Bcex rpyniax JOMUHUPOBAIIH HOCIIe-
nosaresnpHOCTH Firmicutes (B cpeanem 1o BeIOopke > 53 %)
u Bacteroidetes (B cpennem > 18 %), npudem B rpynne CPK
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Fig. 1. Shannon index, reflecting the alpha-diversity of the gut micro-
biome in samples obtained from patients with irritable bowel syn-
drome (IBS), bronchial asthma, ulcerative colitis (UC), and healthy volun-
teers (HV). Median values and quartiles are indicated.

nocrenaoBarenbHOCTH Bacteroidetes BBISBICHBI CTATUCTHYE-
CKHU 3HaunMo yaiile, ueM B bA (B cperrem 38.5 nmpotus 18.5 %;
p=<0.05). TpeTbuMH 1O BCTPEUAEMOCTH BO BCEX BHIOOpKaX
ObUIM IIOCIenoBareasHoCcT Proteobacteria. M3 ta0m. 1 BugHo,
YTO MEHBIIIE BCErO TaKUX IMOCICIOBATEIILHOCTEH 3a(hUKCH-
posano B rpymnne 3/] (1.36 %), B ocTambHBIX BBIOOpKaX Ta-
KHX TIOCTICIOBATEIIFHOCTEI OTMEUCHO CYIIECTBEHHO OOJIBIIE
(CPK—-5.71 %, BA — 13.35 %, 5IK — 10.00 %); cTaructuye-
CKasl JOCTOBEPHOCTD PAa3ININif TOKa3aHa Jgaxe Ui rpym 3/]
n CPK. ITocnenoBarensHocTy Tna Actinobacteria ObUIH B
Cp€aAHEM YETBECPTHIMU 110 BCTPEYAEMOCTH, OAHAKO B B1>160p1<ax
SK u CPK (3aboneBaHns KUIIEYHUKA) UX BCTPEUAEMOCTh B
CPEe/IHEM TIPEBBIIIATA TAKOBYIO ISl TIOCIIEAO0BATEIbHOCTEH
Proteobacteria B rpymme 3/1.

JleBsaTh U3 JBEHAIaTH OOHAPYKEHHBIX OaKTepHATbHBIX
THUIIOB MPEJICTABICHBI MMOCIIEI0BATEILHOCTIMHU STUHCTBEH-
HOIO KJjlacca, BKJIIO4as OJUH JOMUHUpYROMi tun Bacte-
roidetes (xmacc Bacteroidia). Eme onuH qOMUHUpPYIOMIHIA
tur, Firmicutes, ObUT MpeACTaBICH MOCIEI0BATEILHOCTIMHI
yeThipex kiaccoB — Bacilli, Clostridia, Erysipelotrichia, Ne-
gativicutes, MprYeM BO BCEX BBIOOpPKaX JTOMHUHHUPOBAIH I10-
cienosarenpHocTu Kiacca Clostridia. Tun Proteobacteria
cozieprKall MMocie[0BareIbHOCTH Tpex KiaccoB — Alphapro-
teobacteria, Deltaproteobacteria m Gammaproteobacteria, y
MAIMEHTOB M3 3TOT0 THUIA MpeoOIagai MoCIe0BaTeIIbHO-
CTH MmocJieiHero kiacca. Tum Actinobacteria BKJTroua mociie-
JTIOBAaTEIFHOCTH ABYX KilaccoB — Actinobacteria m Coriobac-
teriia. Bcero BbISBICHBI MOCIENOBATEILHOCTH 18 KilaccoB
(cm. Tabm. 1). BerpeuaemocTh OCI€10BATEILHOCTEH OCHOB-
HBIX TIOPSI/IKOB [TOKa3aHa Ha puC. 3.

CpaBHUTENbHbIN aHaNu3

TaKCOHOMMYECKOro cOCTaBa MUKPOGHbIX cO0bLLecTB
W3BecTHO, YTO OCHOBHBIMH KOMITIOHEHTAMH MUKPOOHOTO CO-
0011ecTBa KUIIEYHUKA 37I0POBBIX JIIO/IEH BBICTYNAIOT MpeNl-
crasurenu THNOB Firmicutes (~70 %), Bacteroidetes (~30 %),
Proteobacteria (<5 %), Actinobacteria (<2 %), Verrucomi-
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Fig. 2. Visualization of sequence library analysis by the method of princi-
pal coordinates PCoA based on matrices of distances. Red squares indi-
cate data for libraries from IBS samples; blue dots, from asthma samples;
green triangles, from UC samples; and black diamonds - from HV samples.

Plus signs of the corresponding colors mark the centers of areas occupied by
the respective groups of samples. The values of the first and second principal
coordinates are presented on the X and Y axes, respectively.

crobia (<1 %) u Fusobacteria (<1 %); npeacraBurenu eme
10—12 tunoB GakTepuil sSBISIOTCS TPAH3UEHTHBIMU HIIU
BCTPEUAIOTCS B 3aBUCUMOCTH OT PETHOHA IIPOXUBAHMS YETI0-
BeKa, ero Bo3pacra u tumna nuranus (Belizario et al., 2018).
AHay3 TaKCOHOMHYECKOTO cocTaBa OMOINOTEK 13 BHIOOPKH
3/1 moka3ay COOTBETCTBUE CPEAHNXK 3HAYCHUH IPHUBEICHHBIM
nokazaresnsaMm (cM. Tabu. 1). DTo MO3BOIMIO OLIEHUTH CABHUT
TAKCOHOMHUYECKOTO COCTaBa B KUIIEYHOM MHUKPOOHOME Ta-
nuenToB ¢ CPK u SIK (3a0oneBanus kumiednnka) U1 BA or-
HOCHTEIBHO KUIIEYHOTO MHUKPOOHOMA 3/I0POBBIX JOHOPOB.
M3meHeHne COOTHOLIEHUs KOJIMYECTBA IIPEICTaBUTEIEH
Firmicutes u Bacteroidetes B MUKpOOHOTE KHIIIEYHHKA MO-
JKET OBITh OTHUM W3 WHIUKATOPOB HAPYIICHUS COCTOSHUS
MI/leO6I/IOTbI, IIpyu 3TOM CIABUI' 3TOI'0 COOTHOIICHUA KaK B
CTOPOHY YBEIWYEHUS, TAK U YMEHBIIECHHS OIUCAH TPH PsIe
3aboneBanmii (Tana et al., 2010; Rajili¢-Stojanovic et al.,
2011; Jeffery et al., 2012; Jalanka-Tuovinen et al., 2014;
Pozuelo et al., 2015; Tap et al., 2017). Cootromenus Firmi-
cutes/Bacteroidetes B rpymme 31 cocraBmio 2.6, 8 CPK u
SK 5T0 COOTHOIIEHHE CYHIECTBEHHO YMeHbIIMIOCh (1.4 u
1.8 cooTBeTCTBEHHO), a B BEIOOpKEe BA — yBenmmummocs (3.5)
(tabn. 2). [loxyueHHbIEe TaHHBIE COINIACYIOTCS C OTTUCAHHBIM
paHee yMeHbleHHeM BcrpedaemocTH Firmicutes mpu K
(Machiels et al., 2014) u CPK (Jalanka-Tuovinen et al., 2014;
Bennet et al., 2015; Pozuelo et al., 2015; Su et al., 2018),
oxHaxo otHocutenbHO CPK pesynbraTsl pasHsTCsa U B psije
UCCIIEOBAaHUN 3apPErHCTPUPOBAHO YBEIMUCHNE COOTHOIIIE-
Hus Firmicutes/Bacteroidetes (Tana et al., 2010; Rajili¢-
Stojanovié et al., 2011; Jeffery et al., 2012; Tap et al., 2017).
OO6HapykeHHOE B JaHHOM HCCIIECJOBAHWH YMEHBIIICHNE
JIOJIM TIOCTIeIOBATEIbHOCTEH, NpUHAAIe)KAMKMX TUy Fir-
micutes, B BBIOOpKaX OOJbHBIX OTHOCHUTEIBHO TpyIibl 3]]
HamboJee BBIPAKEHHO CPEAH MAIMEHTOB C 3a00JIeBaHUAMHU
KHIIeyHnKa. Hanbonmbmmii BKIag B 3TH pa3Iuyusi BHECIH
nocienoBarenbHocTh kiacca Clostridia, yMeHbIleHHE 10K
koTopbix B BeIOopkax CPK n SIK Gp110 cTaTHCTHYECKI 3HAYH-
MbIM (p <0.01 1 p <0.05 coorBeTcTBEHHO). OTHOBPEMEHHO

BaBunoBckuii xKypHan reHeTuku u cenekuun / Vavilov Journal of Genetics and Breeding - 202125+ 8



A.10. TukyHos, A.H. LLisanos, B.B. Mopo3o0. ...
B.B. Mopos3oBa, B.B. Bnacos, H.B. TukyHoBa

%
100 s — - R

90

80

70

60

50

40

30

20

10

1 2 3 4 5 6 7 8|9
IBS uc

M Clostridiales M Bacteroidales B Selenomonadales

M Enterobacteriales ¥ Coriobacteriales W Lactobacillales

Bacillales ¥ Erysipelotrichales = Alteromonadales

H Vibrionales
B Oceanospirillales

Pasteurellales

KnweyHbIn MUKPOOMOM NaLMEHTOB C CUHAPOMOM pa3apaxeHHoro 2021
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Fig. 3. Taxonomic classification of operational taxonomic units at the order level based on the Silva v.132 (full) database.

Samples -8 were obtained from patients with IBS; 9-26 from patients with UC; 27-34 from patients with bronchial asthma; and 35-42 from healthy volunteers (HV).

Orders with abundance exceeding 0.1 % are shown.

JIoJIs TIocyIeioBaresibHOCTel Kiacca Negativicutes Bo Bcex
rpymnmax OONBHBIX, HA00OPOT, yBenuuniIach (cM. Tadm. 1).
Panee ormeueno, uto npu CPK ymeHnsmaercst nons nociue-
JoBaTesbHOCTEH cemeiictB Ruminococcaceae u Erysipelot-
richaceae, mpeicTaBUTENN KOTOPBIX yYACTBYIOT B IPOAYKIINU
KOPOTKOIIETIOYEUHBIX )KUPHBIX KUCIOT (Zaleski et al., 2013;
Pozuelo et al., 2015).

B naHHOM McceI0BaHMM TAaK)K€ BBISIBICHO CHI)KEHUE
JIONIM TTocieioBaTesNbHOCTe Ruminococcaceae kak npu
CPK, tak u npu K, ogHako 1ons mocienoBareabHOCTEN
Erysipelotrichaceae B BRIOOpKax MarmeHToB ¢ 3a00I€BaHHSI-
MU KHIIEYHHKA U BA cyliecTBeHHO HE H3MEHWIIACH 110 CPaB-
Henuto ¢ 3/1 (cm. Tadn. 2). Cpenu mocienoBareabHOCTEH
Ruminococcaceae 0COOCHHO 3aMETHO CHIKEHUE JIOIH I0-
cienoBarenbHocTel Faecalibacterium spp. B rpynmne CPK
otHocutenbHO 3/] (»<0.01), 4TO COOTBETCTBYET MOJIYUYCH-
HBIM paHee pesynbraraMm (Rajili¢-Stojanovi¢ et al., 2011;
Rodifio-Janeiro et al., 2018). Kpome storo, ciemyer oTMme-
TUTh 3aMETHOE YBEJIMYEHHUE JOJH IMOCIeI0BaTeIbHOCTEH
cem. Veillonellaceae cpenn OONBHBIX, OJHAKO OIUCAHHOE B
JIUTEpaType yBEIMUCHHE JIONH TocieioBarensHocTel Veil-
lonella spp. npu CPK (Malinen et al., 2005; Tana et al., 2010;
Rigsbee et al., 2012) B Hame#t paboTe HE OIpeneNneHo, XOTs
npu SIK nabmoganocs. He oOHapykeHO CyIIeCTBEHHBIX
OTJIMYUI BCTPEUAEMOCTH BO BCEX HCCIIEAYEMBbIX BBIOOpKAx
nocuenoBaTenbHOCTeH Staphylococcus spp., Enterococ-
cus spp. u Streptococcus Spp., Cpeld KOTOPBIX NPUCYTCTBY-

0T MaTOTeHHBIE U YCJIIOBHO-IIATOI€HHbIE BUABI. 3adukcupo-
BaHO CYLIECTBEHHOE YMEHBLICHHE TOJH ITOCICI0BATEIbHO-
creit Roseburia spp. u Lachnospira spp. B rpynne BA (cm.
Tabi1. 2). Panee mokaszano, 4to Roseburia spp. HapsiLy ¢ mpe-
craButensiMu ponoB Bifidobacterium w Lactobacillus sinsi-
€TCsl OCHOBHBIM HPOJYIIEHTOM MOJWHEHACBIIICHHBIX JKHP-
HBIX KHUCJIOT, YMEHbIIIEHHE KOHLEHTPAI[MH KOTOPBIX B KH-
IICYHHKE JIeTeil paHHero Bo3pacra acCOLMUPOBAHO C PHC-
koM paszutusi BA (Chiu et al., 2019; Lee-Sarwar et al., 2020).
CHmKeHue yucia npejacraBuTeneit pona Lachnospira cpsiza-
HO C YBEIIMYECHHEM OTHOCHTEIBHOTO OOMJIMS NPEICTaBUTe-
neii pona Clostridium, 9To, B CBOIO 04€peb, TAKKE aCCOLIUH-
POBaHO C MOBBILICHUEM PHCKa Pa3BUTHUS aCTMBbI y AeTei (Ar-
rieta etal., 2015; Stiemsma et al., 2016; Hufnagl et al., 2020).

B nureparype onmcaHo yMEHBIIEHHE JIOJIH MOCIEI0Ba-
TEJILHOCTEH, MpHUHAUIekKaKX TUITy Bacteroidetes y marm-
entoB ¢ SIK (Machiels et al., 2014). B Hamem ucciieoBaHud
CpezHsIs JI0JIS TTOCTIEI0OBATEIbHOCTEH 3TOTO THIIA B TPYIIIAX
SIK u CPK, Ha000pOT, HECKOJIBKO YBEIHUUMIIACH 110 CpaBHE-
Huto ¢ 3/] (cm. Tabm. 1), mpudeM HanboIee 3HAYNMOE YBEITH-
YEeHHE 3aperuCTPUPOBAHO JJISI TOCeioBaTeNbHOCTeH Bac-
teroides spp. (cMm. Tabmn. 2). B Beibopke BA mons mocineno-
BarenpHOCTEH Bacteroidetes He3HaUNTENFHO YMEHBIINIACH
o cpaBHeHHIo ¢ 3J[, o1HAKO BCTPEYaeMOCTb IMOCIJIEI0Ba-
TeNbHOCTEU Bacteroides spp. B 9TOW TpyIilie 3HAYUMO HE
n3MeHmnack. Ciemyer OTMeTHTh, 9To B BeIOopkax CPK, K
n BA 3aMeTHO yBEINYMIOCH COOTHOIICHHE MPEACTaBUTEICH
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Table 2. Mean percentages of sequences
from different bacterial taxa in 16S rRNA libraries

Taxon IBS uc Asthma  HV
Rat. o ................................................ 1 4 ............. 1 8 .............. 35 ............ 26 ......
Firmicutes/Bacteroidetes
. F"-m |cute 5 ....................................................................................................
fam. Lactobacillaceae <0.1 0.1 0.1 <0.1
Lactobacillus spp. <0.1 0.1 <0.1 <0.1
fam. Ruminococcaceae 315 31.8 433 514
Faecalibacterium spp. 54 18.4 17.0 23.6
fam. Erysipelotrichaceae 0.2 0.3 0.2 <0.1
fam. Lachnospiraceae 6.3 11.5 73 9.9
Roseburia spp. 1.6 2.15 0.5 1.2
Lachnospira spp. 0.1 0.3 <0.1 0.1
fam. Veillonellaceae 9.2 6.8 8.2 14
Veillonella spp. <0.1 2.5 <0.1 0.1
. Bacterm dete S ..............................................................................................
fam. Prevotellaceae 8.8 4.8 3.2 9.3
fam. Bacteroidaceae 20.7 18.4 10.6 8.9
Bacteroides spp. 20.7 18.4 10.6 8.9
proteobacte na ............................................................................................
fam. Beijerinckiaceae 0.7 2.0 1.0 0.2
Methylobacterium spp. 0.7 1.9 1.0 0.1
fam. Sphingomonadaceae 0.3 1.0 03 <0.1
Sphingomonas spp. 0.3 0.8 0.2 <0.1
fam. Burkholderiaceae 0.4 0.8 0.4 0.2
Parasutterella spp. 0.3 0.3 0.3 0.1
fam. Enterobacteriaceae 0.9 0.6 1.2 0.1
Enterobacter spp. <0.1 <0.1 0.2 <0.1
Escherichia-Shigella 0.6 0.4 0.2 <0.1
fam. Halomonadaceae 0.2 0.3 14 <0.1
Halomonas spp. 0.2 0.3 13 <0.1
fam. Vibrionaceae 0.7 1.2 6.2 0.2
Vibrio spp. 0.7 1.2 6.2 0.2
. Actmbacte"a ............................................................................................
fam. Bifidobacteriaceae 0.4 0.5 0.3 0.3
Bifidobacterium spp. 0.4 0.5 0.3 0.3

cemeiictB Bacteroidaceae/Prevotellaceae mo cpaBHeHUIO C
3/1(2.4, 3.8, 3.3 npotus 0.9 coorBeTcTBEHHO). OOBIYHO OIS
nociienoBarenbHocTell Bacteroidaceae Oosblie y mroneit,
MUTAIOIINXCS IPEUMYIIIECTBEHHO OCJIKOBOW MUILEH, a 01t
Prevotellaceae — y mromeid, oTAAIONINX MPEIIOYTEHUE pac-
TUTEJIBHON MHIIE: KUTEJIEH CPEJM3EMHOMOPCKOTO PETHOHA,
IOro-Bocrounoii A3un u y Bererapuannes (Ley, 2016). [lo-
MHUHHPYIOIIUE BUJIBI U3 000MX CEMENCTB, 00HAPYKUBAEMbIE
B KMIIEYHOW MUKPOOHOTE YeJIOBEKA, CIIOCOOHBI PaCICIUISTh
pasnuHble pactuTesbHble noaucaxapusl (Flint et al., 2012),
U JUI OOBSICHEHHS Pa3IN4Mil B HCCIEYEMbIX BEIOOpKax He-
o0xoarMa BUIOCTIENU(UIECKas XapaKTepru3als 00pasIoB.
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3HauUTEIbHBIE OTIIMYHS 06Hapyx<eHb1 BO BCTPECUACMOCTHU
B UCCJEyeMbIX Tpynnax mnociejoBaTesbHoCTel Tuna Pro-
teobacteria, psia MpeaCTaBUTENEH KOTOPOTO OTHOCATCS K Ta-
TOT€HHBIM M YCIIOBHO-IIATOT€HHBIM OakTepusimM. B BeiOOpKax
CPK, SK u BA no cpaBHenuto ¢ 3/ Bkiaja Takux mocie-
JIOBATEJIILHOCTEH OBII CyNIECTBEHHO BhImIe (cM. Tadm. 1),
YTO KOppCIUpOBAIO C OMMCAHHBIMU PAHEC NAaHHBIMU JIA
narrenToB ¢ CPK u SIK (Saebo et al., 2005; Gradel et al.,
2009; Sonnenberg, Genta, 2012; Bennet et al., 2015; Shin et
al.,2015; Shen et al., 2018). ITpu 3TOM B Tpynmax namueHTOB
3aMETHO YBEIUYUIIACH JIOJIS [TOCIIEA0BATEILHOCTEH KIIaCCOB
Alphaproteobacteria 1 Gammaproteobacteria: B 4aCTHOCTH,
00OHapyKeH pPOCT BCTPEUaEMOCTH OCIIEI0BATEILHOCTEH Po-
noB Methylobacterium (cem. Beijerinckiaceae), Sphingomonas
(cem. Sphingomonadaceae), Parasutterella (cem. Burkholde-
riaceae), Halomonas wn Vibrio (cem. Halomonadaceae), a Tak-
JKe TocnenoBarenbHocteit Escherichia spp. u Shigella spp.
B BrIOOpke BA 00HapyxeHO 3HAYMMO OOIBIIIE TTOCIIE0Ba-
TeabHOCTEH poma Enterobacter (cem. Enterobacteriaceae).
Baxno OTMETUTH, YTO HEKOTOPLIC BHU/IbI BBIIICIICPCUNCIICH-
HBIX POJIOB MOT'YT BbI3bIBaTh MH(EKIIUH, 0COOCHHO Y JTIofIeit
co cHmkeHHBIM nmMmyHuTeToM (Lai et al., 2011; Kovaleva
et al., 2014; Baker-Austin et al., 2018; Chen et al., 2018).
Bbonee Toro, nokazana acconmanus Parasutterella, B qact-
Hoctu P. excrementihominis, ¢ CPK u BocnmanuTenbHbIMU
3a0oneBanusamu kuineyrnka (Shin et al., 2015; Chen et al.,
2018). Y manmeHToB 1o cpaBHeHHIO ¢ 3/ He 3apUKCHPOBAHO
3aMETHOT0 YBEJIMYUCHHSI [TOCIIEI0BATEIBHOCTEH POJIOB IIPOTEO-
OaKTepuii, YIeHaMH KOTOPBIX SIBIISIOTCS XOPOIIO M3BECTHBIE
uHeknnonusie areHThl: Klebsiella, Proteus, Salmonella,
Serratia (Bce cem. Enterobacteriaceae), Acinetobacter (cem.
Moraxellaceae), Pseudomonas (cem. Pseudomonadaceae) u
Stenotrophomonas (cem. Xanthomonadaceae). Hecmotps Ha
OTCYTCTBHE 3aMETHOTO TOBBIIICHHS JI0JTU TTOCIIEI0BATEILHO-
cTel BhlIenepedncieHHsix poaos B rpynnax CPK, SIK u BA
orHocuTenbHO 3/] hakT yBenn4eHust BCTpe4aeMOCTH HOcIIe-
noBsarenbHOCTEl Proteobacteria, B uacraoctH, Enterobacte-
riaceae, B MCCJIEYEMbIX BBIOOpKaX OMOIMOTEK OT MAIHEHTOB
CITy’KUT MIPH3HAKOM AUCOMO03a KUIIeuHOH MIKpodops! (Shin
etal., 2015).

Jons mocneioBatebHOCTEH THA Actinobacteria B Tpyri-
nax JK u CPK B cpegnem mpessllnana TakoByro Aus 3/]
(cM. Tabm. 1), onHako BKiIaj nocienoBarenbHocteil Bifido-
bacterium spp. BO BCEX YETBIPEX HCCIICAYCMBIX BBIOOPKAX
MPaKTHYECKH He pasnuyancs (cM. Tabi. 2), 9To HE COOT-
BETCTBYET pe3yJibTaraM, OMUCAHHBIM paHee Uisl MAllMeHTOB
¢ CPK (Malinen et al., 2005; Rajili¢-Stojanovi¢ et al., 2011;
Parkes et al., 2012; Zhuang et al., 2017). Bifidobacterium
spp. Hapsay ¢ Lactobacillus spp. (cem. Bacilli) cmocoOHbI
MOJYJIMPOBATh COCTAaB KUIIEYHOW MHUKPOOHMOTHI U BIHSITH
HA MMMYHHYIO CHCTEMY YeJIOBeKa MyTeM B3aUMOJCHCTBHS C
penentopamu CD209, 5KCITOHNPOBAaHHBIMH Ha TOBEPXHOCTH
neHnputHBIX KieTok (Pace et al., 2015). Kpome Toro, otmesns-
HBIE MIPE/ICTABUTEIHN ATUX POIOB CEKPETHPYIOT OAKTEPHOLIH-
HBI — COCIMHEHMS, 00JIaIaroe OaKTePUIHIHBIM dPheKTOM
B OTHOIIICHUH Psijia MaTOreHHbIX OakTepuii (Angelakis et al.,
2013; Rodifio-Janeiro et al., 2018). OTaruuii Bo BcTpeyae-
MOCTH IOCJII0BATEILHOCTEH JIAKTOOAIMILIT B UCCIICAYEMbIX
rpyInax Takxke He 0OHAPYKEHO.
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3aknioyeHune

B naHHOM MMIIOTHOM HCCIIEJOBAaHNH TTPOBE/ICHA CPABHUTEb-
Has olLleHKa Onopa3zHooOpa3us M TAKCOHOMHYECKOH CTPYK-
TypsI 16S-mipoduieit KUIIeIHOro MUKPOOHOMa TTalUEHTOB C
CPK, fK u BA u 310poBbIX 100poBosbIieB. [loaTBep)1eHbI
pa3nuYMs MEXIy KHIIEYHBIMU COOOIecTBaMH OakTepuil y
MAMEHTOB C BOCTIAJINTEILHBIMI 3a00J1€BaHNSIMA KUILICYHNKA
Y TAaKOBBIMU Y 3/I0POBBIX JIFOZICi. B psizie ciryyaes nomydeHHbIe
HAMU JIaHHBIC COIVIACYIOTCS C Pe3y/bTaTaMy aHaJOTMYHBIX
3apyOeKHBIX MCCIEIOBaHUI: yMeHbIIeHne nHaekca [llen-
HOHa, COOTHOIICHHS U 00mins npencraBuTeneii Firmicutes/
Bacteroidetes u yBeiuueHHEe JOIU MOCIEIOBATEIBHOCTEH
Proteobacteria B MUKpOOMOME TAIIMEHTOB C BOCIATHTENb-
HBIMH 3200JICBAHUSIMI KUIIEYHUKA B OTIIMYUE OT 3710POBBIX.
Bwmecte ¢ Tem o HEKOTOPBIM ITOKA3aTEJIAM HAIlIU PE3YIbTAThI
OTJIMYAIOTCS OT OITyOJIMKOBAaHHBIX paHee. Tak, y marueHToB
¢ CPK u fIK He ymMeHbIIMIIACH A0JIS TOCJIEA0BATENBHOCTEN
Erysipelotrichaceae, a 1axe HECKOJIBKO YBEIHUMIACH (TIPE-
CTaBUTENHN ATOTO CEMENCTBA MPOLYLIUPYIOT KOPOTKOIIETIOUEey-
HBIE )KUPHBIC KUCIIOTHI); HE OTMEYEHO M yMEHBIIICHHE BCTpeya-
€MOCTH JIAKTO- ¥ OrumodaKTepuii (OTBEUAOT 32 MPOIYKIHIO
MOJIMHEHACHIILICHHBIX KHUPHBIX KHUCIIOT). Takke HETUIIHIHO
yBeJIMYEHHE JIOJH TocieoBaresibHocTell Bacteroidetes, B
gactHOCTHU Bacteroides spp., y 6onpubpix K u CPK BMecTo
3aperucTprupoBaHHOTO paHee ymenbmenus (Machiels et al.,
2014; Dubinsky, Braun, 2015); He oOHapyKeH poCT J0IU
nocaenoBarenbHocTelt Veillonella spp. mpu CPK. ITogo6-
HBIE OTIANYHS MOTYT OBITh OOBSICHEHBI KAK MHOTOKPAaTHBIMHU
MOTIBITKAMH JICUCHHSI TTAlMEHTOB, KHIIEYHbIE COOOIIECTBa
KOTOPBIX U3y4daJid, TaK U pETUOHAJIbHBIMU XapaKTCPUCTUKaMH
HOMYJISIIAN ¥ 0COOCHHOCTSIMU TIUTaHMUSI.

Cremyer OTMETUTbD, YTO PaHEe MbI OMUCHIBAIN TTOXOXKYIO
BBIOOPKY O0bHBIX K n3 3amamnoit Cubupu (TukyHOB U
np., 2020) 1 B memoM JaHHBIE IO JOJISAM IIOCIEIOBATEIb-
HOCTEH M3 ceMelcTB, MpHHAAIeKaIuXx THiam Firmicutes,
Bacteroidetes u Actinobacteria, B 000MX HCCIEI0BaHUAX
CYILECTBEHHO HE Pa3IM4aINCh; JIUIIb JOJIs TOCIIEI0BATEIbHO-
creit Proteobacteria B mpenpiaymiei padore Obu1a HECKOIBKO
MeHbIIe. Taxke B HaCTOAIIECM UCCICA0OBAHUH, B OTIIMYHUC OT
IpenbIayIero, y naiueHTos ¢ SIK He oOHapyskeHsI mocieno-
BareJIbHOCTH apxeid. OTCYyTCTBHE CYIIECTBEHHBIX Pa3Inuuii
Mexay 16S-npoduinsiMu KUIISYHBIX MUKPOOHMOMOB ABYX
rpymn 6ombHBIX SK cBHIETENBCTBYET 00 OIIPEAEIeHHBIX pe-
THOHAJIBHBIX 0COOCHHOCTSIX MUKPOOHOTHI TAKMX MAallMEHTOB.
BmMmecre ¢ TeM B JaHHOE MHJIOTHOE HCCIIEI0BAHIE BKIIFOUCHBI
mumb 1o 8, 18 u 8 oOpasmos nmanmentos ¢ CPK u K u
3I0POBBIX YYaCTHUKOB COOTBETCTBEHHO. J[JIs BBIBOZIA O TOM,
SABJIAKOTCA JIN O6Hapy)KGHHBIe TCHACHIMH 3aKOHOMCPHOCTAMU,
HEO0OXOMMO IPOJOJDKECHUE NCCIIEI0BAHNH C HCTIONb30BAaHUEM
OOJIBIIIETO KOJIMUECTBA aHAIN3UPYEMBIX 00pa3IloB.

[Tpu 3TOM psizt pe3ysbTaToB UCCIIEN0BAHMS OaKTePHUAIbHBIX
coo0miecTB mManueHToB ¢ BA momydeHs! BrepBbeie. Brimos-
HEHHBIC JI0 HACTOSIET0 BPEMEHH HMCCIIeIOBAHMS BKITIOUAITH
M3y4YeHHE MUKPOOHOTHI JIUIIIb MJIa/ICHIICB U IeTeH MmocTapIie
¢ BA, mpudem GombIast 9acTh paboT MOCBAIIIEHAa MUKPOOHOTE
JIBIXATENbHBIX Iy Tel 1 poToBOH nosocTh. MccienoBanust ke
COZIEPY)KUMOTO KUITIEYHHKA JieTel ¢ BA B OCHOBHOM CBOZTMITNCH
K TIOMCKY acCOLMANNil MEKTy COEPKAHUEM OIPEICIICHHBIX
COC/IMHEHUI M pa3BUTHEM acTMBI. B Hameid paboTe o1leHeHbI
OakTepualibHble COOOIIECTBA KUIIEUHHKA B3POCIBIX MAalld-

KnweyHbIn MUKPOOMOM NaLMEHTOB C CUHAPOMOM pa3apaxeHHoro 2021
KULIEYHMNKA, A3BEHHbIM KOIUTOM 1 6POHXManbHOW acTMOW 25.8

eHTOB ¢ bBA. B cBs3u ¢ 3TUM Henb3d caenarh 3aK/II04eHUe 0
TOM, HaCKOJIbKO CYIIIECTBEHHO OOHApYKEHHOE YBEIHUCHNE
coorHomrenust Firmicutes/Bacteroidetes B BeiOopke BA or-
HocutenbHo 3/1. P BBISBIEHHBIX 0COOCHHOCTEH KHIIETHON
MHUKPOOHOTHI B3pOCHBIX ¢ BA cormacyroTcst ¢ OmrcaHnHBIMU
paHee TOKa3aTeIsIMU TaKOBOH y OosbHBIX nereil. Tak, B
KHIIEYHOI MUKPOOHOTE B3pocibIX ¢ BA, kak u aereii, onpe-
JIETICHO YMEHBIIIEHUE [I0JIN TIOCIIeloBaTenbHOCTe Roseburia
spp., Lachnospira spp., Veillonella spp., onHaxo 10515 moce-
nosarenbHOCTel Faecalibacterium spp. u Lactobacillus spp.
y B3POCIBIX MAMEHTOB, B OTIMYNE OT AETeH, ObliIa Takoi
JKe, KaK M y 3/I0POBBIX. BO3MOXHO, HETOCTATOUHYIO TPEa-
CTaBJIEHHOCTb HEKOTOPBIX, HO HE BCEX OAKTEPHIi B KUILICUHOM
MHUKpoOHoTe neteii ¢ BA ¢ romamu KoMITeHCHpyYeT AueTa Win
npueM poOnoTHKoB. Takxke HaOMoaeMBble PA3IHIHS MOTYT
OBITH CBSI3aHEI HE C BO3paCcTOM MAIMECHTOB, 4 pETUOHAJIbHBIMHA
0COOCHHOCTSIMM NMUTaHMA. BBISBICHHOE B JAHHOM HCCIIEO0-
BaHWM CYIIECTBEHHOE IPEBBINICHHUE JOJIM TOCIEA0BaTEIb-
Hoctelt Enterobacteriaceae B BbiOOpke BA 1o cpaBHEHHUIO
¢ 3/1 3aKOHOMEpHO, TaK KaK CBUAETEIHCTBYET O IUCOMO3e
KUIIEYHOH MUKPOOHOTHI. OTHAKO OTCYTCTBYET JOCTOBEPHOE
00BbsICHEHHE OOHAPY)KEHHOT'O HAMHU 3HAYUMOT'O IPEBBIIICHUS
JIOJTM TIocienoBarenbaocTelt Halomonas v Vibrio B KueuyHom
MHUKpPOOHOTE MalMeHToB ¢ BA 10 cpaBHEHHIO HE TOJIBKO CO
3I0pOBBIME J100poBoJbIlamMu, HO U OoibHBIME CPK u SIK.
BaxxHO, 4TO yKa3aHHBIE Pa3JIN4Ms HE CBS3aHBI C OCOOEH-
HOCTSIMHU ITUTAHUSI TAMEHTOB ¢ BA, mockonbKy /107151 ocire-
nosarenbHOCcTet Halomonas spp. u Vibrio spp. y OOJbHBIX
aTONMYECKUM JIEPMATUTOM, HAXOANBIINXCS OJHOBPEMEHHO
C manueHTamu ¢ bA B TOM ke OT/IelIeHH METMIIMHCKOTO y4-
PEeXIeHUs, He OTanYanachk ot TakoBoi B rpynmnax 3/[, CPK u
SIK. BrrmenepeunciieHHbIe (PaKThl CBUACTEIBCTBYIOT O TOM,
YTO rcOaaHc KUIECYHOH MUKPO(IIOpBI, HAOIIOAAaeMBbIi PH
BA, accouumpoBaH ¢ pa3BUTHEM ITOTO 3a00JIEBAHUS, OTHAKO
JUIsl TOHUMaHHUS POJIM OTAEIBbHBIX KOMIIOHEHTOB MUKPOOHO-
TBI KUIICYHHUKA B €0 MaTOreHe3e HeOOXOANMBI TalbHEeHIINe
UCCJIEZIOBAHUS C BKIIIOYEHHEM Oosiee 00beMHBIX BIOOPOK.

Cnucok nutepatypbl / References

Tuxynos A.1O., Mopo3os B.B., I1IBanos A.H., bapnamesa A.B., Ilpaii-
Hep E.B., Makcumosa O.A., Bonommuaa 11.0., Mopo3osa B.B., Bna-
coB B.B., Tukynosa H.B. M3meHeHue kuieqyHoro MUKpoOHomMa ra-
LHEHTOB C SI3BEHHBIM KOJIUTOM TOCIE TPAHCIUIAHTALUH KHIICUHOH
MUPOOHOTHL. Basunosckuii scypran cenemuru u cenexkyuu. 2020;
24(2):168-175. DOI 10.18699/VJ20.610.
[Tikunov A.Y., Morozov V.V., Shvalov A.N., Bardasheva A.V., Shray-
ner E.V., Maksimova O.A., Voloshina 1.0., Morozova V.V., Vla-
sov V.V,, Tikunova N.V. Fecal microbiome change in patients with
ulcerative colitis after fecal microbiota transplantation. Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breed-
ing. 2020;24(2):168-175. DOI 10.18699/VJ20.610. (in Russian)]

Angelakis E., Merhej V., Raoult D. Related actions of probiotics and
antibiotics on gut microbiota and weight modification. Lancet Infect.
Dis. 2013;13(10):889-899. DOI 10.1016/S1473-3099(13)70179-8.

Arrieta M.C., Stiemsma L.T., Dimitriu P.A., Thorson L., Russell S.,
Yurist-Doutsch S., Kuzeljevic B., Gold M.J., Britton H.M., Lefeb-
vre D.L., Subbarao P., Mandhane P., Becker A., McNagny K.M.,
Sears M.R., Kollmann T. Early infancy microbial and metabolic al-
terations affect risk of childhood asthma. Sci. Transl. Med. 2015,
7(307):307ral52. DOI 10.1126/scitranslmed.aab2271.

Bajer L., Kverka M., Kostovcik M., Macinga P., Dvorak J., Stehliko-
va Z., Brezina J., Wohl P., Spicak J., Drastich P. Distinct gut mi-
crobiota profiles in patients with primary sclerosing cholangitis and

MEOVUMHCKAA TEHETUKA / MEDICAL GENETICS 871



A.Y.Tikunov, A.N. Shvalov, V.V. Morozov ...
V.V. Morozova, V.V. Vlasov, N.V. Tikunova

ulcerative colitis. World J. Gastroenterol. 2017;23(25):4548-4558.
DOI 10.3748/wjg.v23.i125.4548.

Baker-Austin C., Oliver J.D., Alam M., Ali A., Waldor M.K., Qadri F.,
Martinez-Urtaza J. Vibrio spp. infections. Nat. Rev. Dis. Primers.
2018;4(1):8. DOI 10.1038/541572-018-0005-8.

Bennet S.M., Ohman L., Simren M. Gut microbiota as potential orches-
trators of irritable bowel syndrome. Gut Liver. 2015;9(3):318-331.
DOI 10.5009/gn114344.

Belizario J.E., Faintuch J., Garay-Malpartida M. Gut microbiome dys-
biosis and immunometabolism: new frontiers for treatment of meta-
bolic diseases. Mediators Inflamm. 2018;2018:1-12. DOI 10.1155/
2018/2037838.

Chakravorty S., Helb D., Burday M., Connell N., Alland D. A detailed
analysis of 16S ribosomal RNA gene segments for the diagnosis of
pathogenic bacteria. J. Microbiol. Methods. 2007;69(2):330-339.

Chen Y.J., Wu H., Wu S.D., Lu N., Wang Y.T., Liu H.N., Dong L.,
Liu T.T., Shen X.Z. Parasutterella, in association with irritable bowel
syndrome and intestinal chronic inflammation. J. Gastroenterol.
Hepatol. 2018;33(11):1844-1852. DOI 10.1111/jgh.14281.

Cheng Y.W., Fischer M. The present status of fecal microbiota trans-
plantation and its value in the elderly. Curr: Treat. Options Gastroen-
terol. 2017;15(3):349-362. DOI 10.1007/s11938-017-0143-1.

Chiu C.Y., Cheng M.L., Chiang M.H., Kuo Y.L., Tsai M.H., Chiu C.C.,
Lin G. Gut microbial-derived butyrate is inversely associated with
IgE responses to allergens in childhood asthma. Pediatr. Allergy Im-
munol. 2019;30(7):689-697. DOI 10.1111/pai.13096.

Donaldson G.P., Lee S.M., Mazmanian S.K. Gut biogeography of the
bacterial microbiota. Nat. Rev. Microbiol. 2016;14(1):20-32. DOI
10.1038/nrmicro3552.

Dubinsky M., Braun J. Diagnostic and prognostic microbial biomarkers
in inflammatory bowel diseases. Gastroenterology. 2015;149:1265-
1274e3. DOI 10.1053/j.gastro.2015.08.006.

Flint H.J., Scott K.P., Duncan S.H., Louis P., Forano E. Microbial de-
gradation of complex carbohydrates in the gut. Gut Microbes. 2012;
3(4):289-306. DOI 10.4161/gmic.19897.

Fujimura K.E., Slusher N.A., Cabana M.D., Lynch S.V. Role of the gut
microbiota in defining human health. Expert Rev. Anti. Infect. Ther.
2010;8(4):435-454. DOI 10.1586/eri.10.14.

Gradel K.O., Nielsen H.L., Schenheyder H.C., Ejlertsen T., Kristen-
sen B., Nielsen H. Increased short- and long-term risk of inflamma-
tory bowel disease after salmonella or campylobacter gastroenteri-
tis. Gastroenterology. 2009;137(2):495-501. DOI 10.1053/j.gastro.
2009.04.001.

Hufnagl K., Pali-Scholl 1., Roth-Walter F., Jensen-Jarolim E. Dysbiosis
of the gut and lung microbiome has a role in asthma. Semin Im-
munopathol. 2020;42(1):75-93. DOI 10.1007/s00281-019-00775-y.

Jalanka-Tuovinen J., Salojérvi J., Salonen A., Immonen O., Garsed K.,
Kelly F.M., Zaitoun A., Palva A., Spiller R.C., de Vos W.M. Fae-
cal microbiota composition and host-microbe cross-talk following
gastroenteritis and in postinfectious irritable bowel syndrome. Gut.
2014;63(11):1737-1745. DOI 10.1136/gutjnl-2013-305994.

Jeffery 1.B., O’Toole P.W., Ohman L., Claesson M.J., Deane J., Quig-
ley E.M., Simrén M. An irritable bowel syndrome subtype defined
by species-specific alterations in faecal microbiota. Gut. 2012;
61(7):997-1006. DOI 10.1136/gutjnl-2011-301501.

Kovaleva J., Degener J.E., van der Mei H.C. Methylobacterium and
its role in health care-associated infection. J. Clin. Microbiol. 2014,
52(5):1317-1321. DOI 10.1128/JCM.03561-13.

Lai C.C.,, Cheng A., Liu W.L., Tan C.K., Huang Y.T., Chung K.P.,
Lee M.R., Hsueh P.R. Infections caused by unusual Methylobac-
terium species. J. Clin. Microbiol. 2011;49(9):3329-3331. DOI
10.1128/JCM.01241-11.

Lee-Sarwar K.A., Lasky-Su J., Kelly R.S., Litonjua A.A., Weiss S.T.
Gut microbial-derived metabolomics of asthma. Metabolites. 2020;
10(3):97. DOI 10.3390/metabo10030097.

Ley R.E. Gut microbiota in 2015: Prevotella in the gut: choose care-
fully. Nat. Rev. Gastroenterol. Hepatol. 2016;13(2):69-70. DOI
10.1038/nrgastro.2016.4.

872

Gut microbiome from patients with irritable
bowel syndrome, ulcerative colitis, and asthma

Machiels K., Joossens M., Sabino J., De Preter V., Arijs L., Eeckhaut V.,
Ballet V., Claes K., Van Immerseel F., Verbeke K., Ferrante M.,
Verhaegen J., Rutgeerts P., Vermeire S. A decrease of the butyrate-
producing species Roseburia hominis and Faecalibacterium praus-
nitzii defines dysbiosis in patients with ulcerative colitis. Gut. 2014;
63(8):1275-1283. DOI 10.1136/gutjnl-2013-304833.

Malinen E., Rinttild T., Kajander K., Mitto J., Kassinen A., Krogius L.,
Saarela M., Korpela R., Palva A. Analysis of the fecal microbiota
of irritable bowel syndrome patients and healthy controls with real-
time PCR. Am. J. Gastroenterol. 2005;100(2):373-382.

Manichanh C., Borruel N., Casellas F., Guarner F. The gut microbiota
in /IBD. Nat. Rev. Gastroenterol. Hepatol. 2012;9(10):599-608. DOI
10.1038/nrgastro.2012.152.

O’Hara A.M., Shanahan F. The gut flora as a forgotten organ. EMBO
Rep. 2006;7(7):688-693. DOI 10.1038/sj.embor.7400731.

Pace F., Pace M., Quartarone G. Probiotics in digestive diseases: focus
on Lactobacillus GG. Minerva Gastroenterol. Dietol. 2015;61(4):
273-292.

Parkes G.C., Rayment N.B., Hudspith B.N., Petrovska L., Lomer M.C.,
Brostoff J., Whelan K., Sanderson J.D. Distinct microbial popula-
tions exist in the mucosa-associated microbiota of sub-groups of
irritable bowel syndrome. Neurogastroenterol. Motil. 2012;24(1):
31-39. DOI1 10.1111/j.1365-2982.2011.01803.x.

Pozuelo M., Panda S., Santiago A., Mendez S., Accarino A., Santos J.,
Guarner F., Azpiroz F., Manichanh C. Reduction of butyrate- and
methane-producing microorganisms in patients with Irritable Bowel
Syndrome. Sci. Rep. 2015;5:12693. DOI 10.1038/srep12693.

Qin J., Li R, Raes J., Arumugam M., Burgdorf K.S., Manichanh C.,
Nielsen T., Pons N., Levenez F., Yamada T., Mende D.R., LiJ., XuJ.,
Li S, Li D., Cao J., Wang B., Liang H., Zheng H., Xie Y., Tap J.,
Lepage P., Bertalan M., Batto J.M., Hansen T., Le Paslier D., Lin-
neberg A., Nielsen H.B., Pelletier E., Renault P., Sicheritz-Ponten T.,
Turner K., Zhu H., Yu C,, Li S., Jian M., Zhou Y., Li Y, Zhang X.,
Li S., Qin N., Yang H., Wang J., Brunak S., Dor¢ J., Guarner F.,
Kristiansen K., Pedersen O., Parkhill J., Weissenbach J.; MetaHIT
Consortium, Bork P., Ehrlich S.D., Wang J. A human gut microbial
gene catalogue established by metagenomic sequencing. Nature.
2010;464(7285):59-65. DOI 10.1038/naturc08821.

Rajili¢-Stojanovi¢ M., Biagi E., Heilig H.G., Kajander K., Kekko-
nen R.A., Tims S., de Vos W.M. Global and deep molecular analysis
of microbiota signatures in fecal samples from patients with irritable
bowel syndrome. Gastroenterology. 2011;141(5):1792-1801. DOI
10.1053/j.gastro.2011.07.043 2011.

Rigsbee L., Agans R., Shankar V., Kenche H., Khamis H.J., Michail S.,
Paliy O. Quantitative profiling of gut microbiota of children with di-
arrhea-predominant irritable bowel syndrome. Am. J. Gastroenterol.
2012;107(11):1740-51. DOI 10.1038/ajg.2012.287.

Rodino-Janeiro B.K., Vicario M., Alonso-Cotoner C., Pascua-Gar-
cia R., Santos J. A Review of Microbiota and Irritable Bowel Syn-
drome: Future in Therapies. Adv. Ther. 2018;35(3):289-310. DOI
10.1007/s12325-018-0673-5.

Saebo A., Vik E., Lange O.J., Matuszkiewicz L. Inflammatory bowel
disease associated with Yersinia enterocolitica O:3 infection. Eur: J.
Intern. Med. 2005;16(3):176-182.

Shen Z.H., Zhu C.X., Quan Y.S., Yang Z.Y., Wu S., Luo W.W., Tan B.,
Wang X.Y. Relationship between intestinal microbiota and ulcerative
colitis: Mechanisms and clinical application of probiotics and fe-
cal microbiota transplantation. World J. Gastroenterol. 2018;24(1):
5-14. DOI 10.3748/wjg.v24.il1.5.

Shin N.R., Whon T.W., Bae J.W. Proteobacteria: microbial signature
of dysbiosis in gut microbiota. Trends Biotechnol. 2015;33:496-503.
DOI 10.1016/j.tibtech.2015.06.011.

Sonnenberg A., Genta R.M. Low prevalence of Helicobacter pylori in-
fection among patients with inflammatory bowel disease. Aliment.
Pharmacol. Ther. 2012;35(4):469-476. DOI 10.1111/j.1365-2036.
2011.04969.x.

Stiemsma L.T., Arrieta M.C., Dimitriu P.A., Cheng J., Thorson L.,
Lefebvre D.L., Azad M.B., Subbarao P., Mandhane P., Becker A.,

BaBunoBckuii xKypHan reHeTuku u cenekuun / Vavilov Journal of Genetics and Breeding - 202125+ 8



A.10. TukyHos, A.H. LLisanos, B.B. Mopo3o0. ...
B.B. Mopos3oBa, B.B. Bnacos, H.B. TukyHoBa

Sears M.R., Kollmann T.R., Canadian Healthy Infant Longitudi-
nal Development (CHILD) Study Investigators; Mohn W.W., Fin-
lay B.B., Turvey S.E. Shifts in Lachnospira and Clostridium sp. in
the 3-month stool microbiome are associated with preschool age
asthma. Clin. Sci. (Lond). 2016;130(23):2199-2207. DOI 10.1042/
CS20160349.

Su T., Rongbei L., Lee A., Long Ya., Du L., Lai S., Chen X., Wang L.,
SiJ., Chung O., Chen S. Altered intestinal microbiota with increased
abundance of Prevotella is associated with high risk of diarrhea-pre-
dominant irritable bowel syndrome. Gastroenterol. Research Pract.
2018;2018:6961783. DOI 10.1155/2018/6961783.

Tana C., Umesaki Y., Imaoka A., Handa T., Kanazawa M., Fukudo S.
Altered profiles of intestinal microbiota and organic acids may be
the origin of symptoms in irritable bowel syndrome. Neurogastroen-
terol. Motil. 2010;22(5):512-519, ¢114-5. DOI 10.1111/§.1365-2982.
2009.01427 x.

ORCID ID

A.Y.Tikunov orcid.org/0000-0000-0001-5613-5447
A.N. Shvalov orcid.org/0000-0001-6890-1575

1.V. Babkin orcid.org/orcid.org/0000-0001-7158-3774
A.V. Bardasheva orcid.org/0000-0002-3872-4122

V.V. Morozova orcid.org/ 0000-0002-0869-3476
V.V.Vlasov orcid.org/ 0000-0003-2845-2992

N.V. Tikunova orcid.org/0000-0002-1687-8278

KnweyHbIn MUKPOOMOM NaLMEHTOB C CUHAPOMOM pa3apaxeHHoro 2021
KULIEYHMNKA, A3BEHHbIM KOIUTOM 1 6POHXManbHOW acTMOW 25.8

Tap J., Derrien M., Tornblom H., Brazeilles R., Cools-Portier S.,
Doré J., Storsrud S., Le Nevé B., Ohman L., Simrén M. Identifica-
tion of an intestinal microbiota signature associated with severity of
irritable bowel syndrome. Gastroenterol. 2017;152(1):111-123.e8.
DOI 10.1053/j.gastro.2016.09.049.

Wang Y., Qian P.Y. Conservative fragments in bacterial 16S rRNA
genes and primer design for 16S ribosomal DNA amplicons in me-
tagenomic studies. PLoS One. 2009;4:¢7401. DOI 10.1371/journal.
pone.0007401.

Zateski A., Banaszkiewicz A., Walkowiak J. Butyric acid in irritable
bowel syndrome. Prz. Gastroenterol. 2013;8(6):350-353. DOI
10.5114/pg.2013.39917.

Zhuang X., Xiong L., Li L., Li M., Chen M. Alterations of gut micro-
biota in patients with irritable bowel syndrome: A systematic review
and meta-analysis. J. Gastroenterol. Hepatol. 2017;32(1):28-38.
DOI 10.1111/jgh.13471.

Acknowledgements. This study was supported by the Russian Science Foundation, project 18-74-00082, and the Program of basic research for national

academies of sciences in 2013-2020, project AAAA-A17-117020210027-9.
Conflict of interest. The authors declare no conflict of interest.

Received May 4, 2020. Revised February 19, 2021. Accepted March 17, 2021.

MEOVUMNHCKAA TEHETUKA / MEDICAL GENETICS 873



FEHETUMECKUE KONEKLUWIA BaBnnoBcKuUi XXypHan reHeTUkn n cenekummn. 2021;25(8):874-881

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ21.101

Original Russian text www.bionet.nsc.ru/vogis/

Revealing the diversity of Fusarium micromycetes

in agroecosystems of the North Caucasus plains for replenishing
the State Collection of Phytopathogenic Microorganisms

of the All-Russian Scientific Research Institute of a Phytopathology
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Abstract. In order to prevent crop yield losses from the most dangerous and economically important pathogenic or-
ganisms, it is necessary not only to monitor the virulence gene pool, but also to study the nature of pathogen vari-
ability and determine the potential for the emergence of new genes and races. This requires centralized collections
of fungal cultures characterized by a set of stable strains to provide for phytopathological, immunological, breeding,
genetic, toxicological, parasitological and other studies. The State Collection of Phytopathogenic Microorganisms of
the ARSRIP is the State Depository of Phytopathogenic microorganisms that are non-pathogenic to humans or farmed
animals. Currently, it has more than 4,500 accessions of plant pathogenic strains of fungi, oomycetes, bacteria, viruses,
phytoplasmas, and the collection is updated annually. For this purpose, the study of the inter- and intraspecific genetic
diversity of genus Fusarium was carried out in agricultural systems of the Krasnodar Territory. In 2020, the State Collec-
tion of Phytopathogenic Microorganisms was supplemented with 13 strains of Fusarium fungi isolated from tissues of
winter wheat plants collected in several locations of the Krasnodar region. The complex of Fusarium fungi revealed on
winter wheat usually included Fusarium oxysporum, F. culmorum, F. lolii, F. graminearum, F. fujikuroi, F. sporotrichioides,
etc. The effect of the preceding crop on the frequency of Fusarium species isolated from winter wheat was observed.
After series cloning of collected isolates, 21 strains of different fungal species characterized by stable morphology traits
and known pathogenic and phytotoxic properties were selected for collection replenishment. Significant differences
in pathogenic activity were revealed between fungi belonging to either the same or different species; the manifesta-
tion of this activity varied from the absence of any effect of spore suspensions on seedling development to a complete
inhibition of their growth. The phytotoxic activity towards wheat seedlings varied from medium to high. Species pos-
sessing a high intensity of phytotoxic activities are the most dangerous for wheat, since they promote accumulation of
dangerous phytotoxins in plant tissues.

Key words: microorganism collections; micromycetes; genetic diversity; winter wheat; plant pathogens; Fusarium.
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BbIsiB/IeHUIe pa3HOOOpa3uss MUKPOMUIIETOB poaa Fusarium
B arposkocucreMax paBHMHHONM yacTu CeBepHOro KaBskasa
IJIs1 TIOTI0/IHeHU ['ocymapCTBEHHO KOJIJIEKIIUN
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AHHoTayuA. C Lenbio NpefoTBPaLLEHA NOTEPb YPOXKas CeNbCKOXO3ANCTBEHHbIX KyNbTyp OT Hanbosnee onacHbIX 1
SKOHOMMYECKMN 3HAUMMbIX MATOr€HHbIX OPraHN3MOB HYXKHO He TOJIbKO MPOBOAUTb KOHTPOJIb reHOGOHAA BUPYSIEHTHO-
CTI, HO 1 U3y4aTb XapaKTep M3MEHUMBOCTM NATOreHOB, ONpefensaTb MOTEHLMANbHYO BO3MOXHOCTb MOABNEHVSA HOBbIX
reHoB 1 pac. [Ina 3Toro HeobxoANMbI LLEEHTPaN30BaHHbIe KOMEKLUMN XIBbIX KyNbTYp, XapakTepu3ayoluecs Habopom
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pvbbl popa Fusarium arpoLeHO30B 03UMOWA MLLEeHNLbI
CeBepHoro KaBka3a B locyaapctBeHHol konnekuyu BHAN®

CTabunbHbIX WTaMMOB Ana obecneyeHnsa GUTOMNATONOTNYECKMX, UMMYHONOMMYECKMX, CENEKLMOHHbIX, FreHEeTUYECKUX,
TOKCUKOMNOTMYECKUX, NMapasUTONOrMUecKnx 1 Apyrux nccinefoBaHuii. focygapcTBeHHas Konnekums GuTonaToreHHbIX
MUKPOOPraHM3MOB BcepoccMinckoro HayuyHo-1ccneaoBaTeNnbCKoro MHCTUTYTa GUTONATONOM M — FOCYAAPCTBEHHbIN fe-
nosutapuii GUTONATOreHHbIX MUKPOOPTraHN3MOB, HEMATOFEHHbIX A/ YeNOBEKa U CeSIbCKOXO3ANCTBEHHbIX XKUBOTHbIX.
B HacTosALwwee BpemMA OHa HacuuTbiBaeT 6onee 4500 eANHUL, XPaHeHWA NaTOreHHbIX AA pacTeHNI WTaMMOB — rPr6oB,
oomunLeToB, 6akTepuid, BUPYCOB, dpUTONNIasm — 1 exerogHo nonosHaeTcA. C 3Tol Lenbto Obi1o NPoBefeHo M3yyeHne
MEXXBWAOBOIO U BHYTPUBMAOBOIO reHeTYeCcKoro pasHoobpasuna ¢pysapuesbix rpnboBs B arposkocucTemax KpacHopap-
cKkoro Kpas. B 2020 r. focyaapctBeHHasa Konnekunsa GUTonaTtoreHHbIX MUKPOOPraHM3MOB Oblla MOMOJIHEHA LWTaMMa-
Mu 13 BUAOB rpuboB poaa Fusarium, BblAeNeHHbIMI 13 TKaHe pacTeHN 03UMON MWEHNLbl U3 HECKOJIbKNX PailoHOB
KpacHopapckoro Kpas. B komnnekce dy3apueBbix rprbos 03MMON MeHULbI Hanbonee YacTo BbiABAANN Fusarium oxy-
sporum, F. culmorum, F. lolii, F. graminearum, F. fujikuroi, F. sporotrichioides v gp. OTmeueHO BNnsAHWE NpeaLwecTBEHHNKA
03VIMOW MLEHULIbI Ha YacTOTy BblAenAeMblx BUAOB rpnbos popa Fusarium. Mocne cepri MOHOKOHUAMANbHbIX KIIOHN-
pPOBaHWI N30NATOB B KOMIeKLMIo 6bin oTobpaH 21 wramm rprboB pasHbiX BUAOB CO CTabUNbHbIMN MOPPONOro-Kyb-
TypasibHbIMV NMPU3HAKaMy 1 U3BECTHBIMI MATOTEHHbIMY 11 GUTOTOKCMYHBIMI CBONCTBaMK. [aToreHHasi akTVBHOCTb Y
rpuboB Kak mexay Bugamu Fusarium, Tak 1 B npefenax o4HOro BrAa CyLLeCTBEHHO pasfnyanach: OT OTCYTCTBUA Npu-
3HAKOB BJIMAHUA CMOPOBbLIX CYCMEH3WI Ha Pa3BUTME MPOPOCTKOB O MOSHOrO KX yrHeTeHus. QUTOTOKCMYECKan aK-
TUBHOCTb B OTHOLLEHVM NMPOPOCTKOB MNLIEHMWLbI Bapb/poBana OT CpefjHel Ao BbiCOKoN. Hanbonbluyto onacHOCTb AnA
NPOPOCTKOB MLUEHULIbI NPeACTaBAAIT BUAbI, 06najatoLme BbICOKOWN MHTEHCUBHOCTbIO NPOABNEHNA GUTOTOKCUYECKON
AKTMBHOCTU, TaK KaK OHW CMOCOOCTBYIOT HAKOTJIEHUNIO OMACHbBIX PUTOTOKCUHOB B TKAHAX PacTeHWIA.

KnioueBble cnoBa: KOMNMEKUUM MUKPOOPTaHM3MOB; MUKPOMMLETbI; TeHETUYECKoe pasHoobpasne; o3nmMas NieHnua;
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¢duTonatoreHsbl; Fusarium.

Introduction

To successfully solve the problems of food security of the
country, it is necessary to create varieties resistant to par-
ticularly dangerous diseases. In order to prevent crop yield
losses from the most dangerous and economically significant
pathogenic organisms, it is necessary not only to monitor the
virulence gene pool, but also to study the nature of pathogen
variability, determine the potential for the appearance of
new genes and possibly dangerous races in different fungi
populations. This requires centralized collections of cultures
characterized by a set of stable properties to provide for phyto-
pathological, immunological, breeding, genetic, toxicological,
parasitological and other studies. Such collections of phyto-
pathogenic organisms have been created and are successfully
functioning in most developed countries of the world.

The State Collection of Phytopathogenic Microorganisms
of the All-Russian Scientific Research Institute of a Phytopa-
thology (ARSRIP) is the main gene pool of races, biotypes,
pathotypes of phytopathogenic fungi, bacteria and viruses
distributed over the vast territory of the Russian Federation.
This is the first such gene pool created in Russia. Until recently,
there were only scattered working collections of individual
species of phytopathogenic microorganisms in various insti-
tutions and departments of the institute. Collection of phy-
topathogenic microorganisms of ARSRIP by the decree of
the Government of the Russian Federation “On measures for
the conservation and rational use of collections of microorga-
nisms” dated 24.06.1996. No. 725-47¢c was given the name
“State Collection of Phytopathogenic Microorganisms and
Varieties-Identifiers (Differentiators) of Pathogenic Strains
of Microorganisms™ and the status of the State Depository of
phytopathogenic microorganisms that are not pathogenic to
humans and farm animals was determined. Currently, it has
more than 4,500 storage units of plant pathogenic strains —
fungi, oomycetes, bacteria, viruses, phytoplasmas — and is
updated annually. For this purpose, the study of inter- and in-
traspecific diversity of Fusarium fungi in agricultural systems
of the Krasnodar Territory was carried out.

According to the literature, facultative parasites from the
genus Fusarium are often observed on winter wheat. These
micromycetes are well adapted to changing external environ-
mental factors, which ensures their survival in a wide range
of weather conditions, and therefore are distributed almost
everywhere where winter wheat is cultivated (Rukavitsina,
2008; Chulkina et al., 2009; Toropova et al., 2013). Monitor-
ing the structure and localization of Fusarium populations in
wheat ecosystems is of great practical importance not only
for selecting disease-resistant varieties, but also for increasing
the effectiveness of protective measures and improving the
environmental situation of agricultural crops.

Recently in the southern regions of Russia, where winter
wheat is widely cultivated, there has been an increase in
diseases caused by fungi of the genus Fusarium (Zhalieva,
2010). It is known that 28 species of fungi of this genus para-
sitize wheat. The species Fusarium graminearum, F. poae,
F sporotrichioides, F. tricinctum, F. nivale prevail on wheat in
the North Caucasus. As a rule, they are observed as pathogens
of root rot, causing the weakening and death of seedlings,
reducing the productivity potential of affected adult plants.

In some years, Fusarium head is widely spread, causing
significant damage to grain production. On vegetative and
generative organs of plants, the species composition of fungi
can be ambiguous depending on weather conditions, the sta-
bility of cultivated varieties, wheat precursors, agricultural
technology and many other factors (Chulkina et al., 2009;
Zhalieva, 2010).

Assessment of the diversity of morphological features of
Fusarium spp., identification of the amplitude of their vari-
ability, including the level of pathogenicity and phytotoxicity,
is important for the selection and replenishment of the col-
lection with micromycete strains (Booth, 1971; Thrane et al.,
2004; Kolomiets et al., 2018).

The need to preserve the material of Fusarium spp. strains
and isolates and the constant selection of samples to replenish
the collection is explained by the relevance of conducting
scientific research for the development of methods of biolo-
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gical protection, to study the dynamics of the development
and settlement of fungi, to assess their pathogenic and toxic
activity on host plants. The collection material is also neces-
sary for the evaluation and selection of wheat samples for
breeding for resistance to disease (Dubovoy et al., 2016;
Zhemchuzhina, Elizarova, 2019).

In this regard, the main tasks of a collection of unique
Fusarium spp. isolates is not only to preserve the viability of
spores and their genetic stability according to morphological
and cultural characteristics for a long time, but also to reple-
nish the funds with new isolates with a different spectrum of
pathogenic properties, as well as to expand the range of geo-
graphical territories for selecting isolates (Gagkaeva, Levitin,
2005; Gagkaeva et al., 2008).

To fulfill these tasks, samples of infected plants received
annually from various regions of the country are mycology
studied, and the most pathogenic and phytotoxic samples
are selected for the collection. Strains and isolates from the
genus Fusarium have an important place in the collection,
which serves, as has already been mentioned, to maintain the
strains of these microorganisms in a viable state, preserve
their pathogenic properties and provide infectious material
for phytopathological, immunological, breeding, genetic and
toxicological studies (Kolomiets, Zhemchuzhina, 2018).

The purpose of these studies was to assess the species and
intraspecific diversity of micromycetes of the genus Fusarium
in wheat crops in agroecosystems of the Krasnodar Territory
for the selection and replenishment in 2020 of the State Col-
lection of Phytopathogenic Microorganisms (SCPM) with
strains and isolates of fungi isolated from the roots and leaves
of vegetating winter wheat plants in several districts of the
Krasnodar Territory.

Materials and methods

The research material was plants of zoned varieties of winter
wheat with signs of fungal infections on the leaves and roots.
The samples were selected in the second decade of May 2019
from winter wheat crops for different predecessors in the Pav-
lovsky, Korenovsky, Ust-Labinsky, Kanevsky and Primorsko-
Akhtarsky districts of the Krasnodar Territory. The samples
contained 10-20 wheat plants in the earing-grain formation
phase. All the works were performed using the equipment of
the Center of Collective Usage SCPM ARSRIP (http://www.
vniif.ru/vniif/page/ckp-gkm{/1373).

Fungi were isolated from the affected plants using 2 %
potato-glucose and potato-carrot agar. Fungi from wheat
samples were isolated according to the standard method (Bilai,
1977; Bilai, Ellanskaya, 1982). The infected plants of each
sample washed with tap water were cut into fragments of
5-10 mm in size, sterilized in 50 % alcohol for 20-30 seconds
and, under aseptic conditions, laid out on the surface of 2 %
potato-glucose agar in Petri dishes (4—6 fragments each). Each
sample was represented by at least 150-00 fragments of the
affected tissue. Petri dishes were placed in a thermostat with
a temperature of 22-24 °C.

Observation of the development of fungi was carried out
daily. As the fungal colonies grew, a piece of mycelium was
sifted onto the nutrient medium in the center of the Petri dish.
Fungal cultures were examined under a microscope. The spe-
cies of fungi of the genus Fusarium were determined by the
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main morphological features of colonies and spores: by the
growth rate, the color of the mycelium and its structure, pig-
mentation; by the shape and size of the apical and basal cells
of macroconidia, by the presence of microconidia. 300 conidia
were estimated for an average size of macroconidia. For deter-
mining the species of the fungus (Gerlach, Nirenberg, 1982;
Leslie, Summerell, 2006; Dictionary..., 2008; Watanabe, 2010)
were used as reference literature.

The assessment of the degree of sporulation was carried
out on 14-day colonies of the fungus. At the same time, the
results of sporulation were determined by the average value
of the number of spores per cup when flushing from 10 Petri
dishes of one morphotype. The sporulating ability of fungal
colonies was determined by the standard method of counting
spores in the Goryaev chamber (Bilai, 1977).

Series of monospore cloning of micromycete isolates were
carried out according to the generally accepted method for the
selection of strains of Fusarium fungi stable by morphological
and cultural characteristics (Bilai, 1977; Bilai, Ellanskaya,
1982).

Fungal isolates isolated from the affected wheat samples
were stored in a refrigerator at a temperature of 7-10 °C in
biological test tubes on the nutrient medium — potato-glucose
agar (Bilai, Ellanskaya, 1982).

The pathogenic and toxic properties of the strains were
studied using the method of bioassay on seeds. The patho-
genicity of spore suspensions and phytotoxicity of filtrates
of culture fluids (FCF) of fungi of the genus Fusarium were
tested on wheat seeds (Mironovskaya 808 variety). The degree
of pathogenicity and toxicity of the strains was judged by the
effect of suspensions of conidia and FCF on the germination
of wheat seeds, the development of sprouts and primary roots
of seedlings. However, the main indicator was considered the
length of the roots.

The degree of pathogenicity and toxicity was determined
on the 5th day from the beginning of seed germination. If the
length of seedlings and roots (in mm) in the experimental ver-
sion was 0-30 % of the control length, this indicated strong
pathogenic (P) and strong toxic (T) activity of the fungus;
31-50 % — moderate pathogenicity (MP) and moderate toxicity
(MT); 51-70 % — weak pathogenicity (WP) and weak toxicity
(WT); 71-100 % — non-pathogenic (NP) and non-toxic (NT)
properties of the isolate. The length of the sprouts and primary
roots of seeds sprouted in water was considered as control and
was taken as 100 %.

Results and discussion

During the mycological studies of experimental samples it
was noted that fungi of the genus Fusarium had the same
symptoms on plant organs, but the pieces of tissue of different
organs, washed and flamed over the fire, decomposed into
wet chambers, formed a characteristic mycelium and conidia
for 3-5 days, which made it possible to identify the type of
micromycete. The study of the main micro- and macro-
morphological features of fungi in culture by the presence,
shape and size of macroconidia and microconidia (if present),
the growth rate of the colony, the color and structure of the
mycelium, carried out on more than 400 isolates of fungi,
allowed us to identify the following 13 species of the genus
Fusarium: F. oxysporum Schlecht., F. culmorum (Sm.) Sacc.,
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Table 1. Species of the genus Fusarium found on winter wheat crops in the Krasnodar Territory, 2019, (in %)
Species of fungus Precursor Frequency
...................................................................................................................................................... of occurrence
wheat pure soil sunflower corn peas of species
,:acum,,,atum ................................. 12 .......................... 0 90700 ............................. 2 8 ..........................
Favenaceum .................................... 12 .......................... 0 07 .......................... 1209 .......................... 3 9 ..........................
Fch/amydosporumo7 .......................... 0 0500 ............................. 12 ..........................
Fcu/mo,umss .......................... 12 ........................ 5 32835 .......................... 182 ........................
Fequ,set,(pg,bbosum)o ............................. 0 ........................... 1 2070 ............................. 18 ..........................
Fgmmmeammss .......................... ]205510 ............................. ]20 ........................
F/O/,,62 .......................... 2 8 ........................ 3 5280 ............................. 158 ........................

Fmoml,forme(,:fuﬂkuro,)21 .......................... 12 ........................ 2 3420 ............................. 9 7 ..........................

Foxysporum72 .......................... 12 ........................ 5 52342 .......................... 2 01 .........................

Fpoae .............................................. 12 .......................... 0 7070 ............................ 12 .......................... 3 6 ..........................

Fsambucmum(Fmseum) ............... 12 .......................... 0 5 ......................... 12050 ............................. 3 2 ..........................
Fso,a,,,o ............................. 0 02007 .......................... O 9 ..........................
,:Spo,otr,ch,mdes ............................ 18 .......................... 1809250 ............................. 7 1 ...........................
Tota|,so|ates%339 ........................ 113 ...................... 2 26217 ........................ 104 ........................ 100 .........................
Tota|,so|atesumt ........................... 14749989445433 .........................

F lolii (Wm. G. Sm.) Sacc., F. graminearum Schwabe, F. mo-
niliforme J. Sheld. (syn. F. fujikuroi Nirenberg), F. sporo-
trichioides Swerb., F. avenaceum (Fr.) Sacc., F. poae (Peck)
Wollenw., F. sambucinum Fuckel (syn. F. roseum Link),
F. acuminatum Ellis & Everh., F. equiseti (Corda) Sacc. (syn.
F gibbosum Appel & Wollenw.), F. chlamydosporum Wollenw.
& Reinking, F. solani (Mart.) Sacc. (Table 1).

In the complex of Fusarium fungi of winter wheat in
the Krasnodar Territory in 2019, isolates of F. oxysporum
(Schlecht.) Snyd. et Hans. were detected most often (20.1 %).
The fungus was recorded on winter wheat crops in the Ust-
Labinsk, Pavlovsky, Korenovsky, Primorsko-Akhtarsky dis-
tricts. Undoubtedly, the culture preceding winter wheat had an
impact on the frequency of occurrence of F. oxysporum. Thus,
the share of those isolates according to the wheat precursor
was 7.2 %, sunflower — 5.5, peas — 4.2, corn —1.2 %. Often,
cultures of . avenaceum, F. acuminatum, F. sambucinum were
noted together with this fungus, as well as Alternaria spp.,
bacteria, etc.

The second place in frequency of occurrence was occupied
by F. culmorum (Sm.) Sacc. Isolates of the fungus were ob-
tained from samples of the affected roots and the basal part of
the stem of winter wheat in almost all the surveyed areas. The
share of this pathogen in the complex of fungi of the genus
Fusarium was 18.2 %. Often, isolates of F. culmorum were
found in samples of winter wheat, the precursors of which
were wheat, sunflower and peas.

F lolii (Wm. G. Sm.) Sacc. (teleomorph Gibberella cyanea
(Sollm.) Wr., syn. F. heterosporum Nees.), as a rule, were
isolated from the highly rot-damaged and dried roots of win-
ter wheat, the precursors of which were wheat (6.2 %) and
sunflower (3.5 %).

Isolates of F. graminearum Schwabe (teleomorph G. zeae
(Schwein.) Petch.) were discovered on the roots and basal
stems of winter wheat in most areas of infectious material,
and the fungus was isolated more frequently if predecessors
were wheat and corn (5.1 and 5 %, respectively).

Isolates of F. moniliforme J. Sheld. (teleomorph G. monili-
formis Wineland; syn. F. fujikuroi Nirenberg), the causative
agent of pink mold and root rot of cereals, were found on the
leaves, stems and roots of winter wheat in the Primorsko-
Akhtarsky, Pavlovsky and Kanevsky districts. More often, the
fungus was isolated from wheat, the precursors of which were
corn (4.2 %), sunflower (2.3 %) and wheat (2.1 %).

Isolates of F. sporotrichioides Sherb. were isolated from the
affected roots, root neck and stems of winter wheat (7.1 %)
from the Pavlovsky and Korenovsky districts.

Isolates of F. avenaceum (Fr.) Sacc. (teleomorph: G. avena-
cea Cook) were found on leaves, ground parts of stems and
roots of winter wheat from the Pavlovsky and Korenovsky
districts. In the complex of fungi from the genus Fusarium
isolated from winter wheat samples, the frequency of occur-
rence of F. avenaceum was 3.9 %. The fungus was observed
in samples of winter wheat, the previous crops of which were
wheat and corn.

The isolates of F. poae (Peck) Wollenw. were found with
low frequency (3.6 %) in the Pavlovsky district. More often,
isolates of this type were noted on samples of wheat, the
precursors of which were wheat and peas.

It should be noted that in some cases two or more phytopatho-
gens from the genus Fusarium were isolated from one sample
of the affected winter wheat tissue. Such isolates of F. acumi-
natum Ellis & Verh. (telemorph G. acuminate Wr.) were iso-
lated together with £ oxysporum more than half of the cases.
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Table 2. Characteristics of fungal strains of 13 species of the genus Fusarium selected in the SCPM ARSRIP,
according to macro- and micromorphological properties

Fungus Code Morphological characteristics Sporulation,  The size of macroconidia, The presence
of strains  of colonies of fungal strains million/ microns of micro-
of 13 species of the genus Fusarium ~ Petridish =~ oo s conidia
longitudinal cross
Mycelium Reverse Xmin=Xmax ~ LSDos  Xmin=Xmax
F. avenaceum CK-71 Dark pink, Brown 195.0+4.6 30.5-85.7 357 3.3-6.1 -
weak developed
F. acuminatum CK-13k White-pink, Light brown 210.3+6.8 18.5-22.4 57 4.0-5.0 -
low with lysis
sectors
CK-16k White-pink, Dark brown 195.5+£5.2 18.1-22.7 5.9 4.0-5.0 -
cotton-like
F. chlamydosporum  CK-3k Light cream, Cream 45.7+3.2 30.5-40.5 1141 3.6-4.1 +
velvety
F. culmorum CK-14k-1  Olive-red, Brown 201.5+5.8 16.0-485 185 3.9-6.5 -
loose-flaky
CK-14k-5  Pale pink, fluffy 115.7+£2.7 16.7-49.3 211 3.8-6.7 -
F. equiseti CK-8l White-cream, Brown 195.1+£7.8 155-70.5  38.8 4,0-4.5 +

low, loose-fluffy

F. graminearum CK-10k-2  Olive-pink, Brown 112.0+2.2 21.5-75.0 315 43-45 -
...................... ﬂaky_ﬂuﬁ:y
CK-11k-3 Dark brown 175.5+3.7 23.1-77.7 28.7 4.3-45 -
F. lolii CK-6k-1 Light cream, Light cream 55.2+3.2 20.5-355 139 4.0-4.3 -
fluffy
CK-6l Milk light cream 140.5+4.2 19.7-35.5 15.3 4.0-4.3 -
CK-6k-5 109.1+£8.7 19.1-36.7 14.5 4.1-43 -
F. moniliforme CK-4l Light cream Light brown 753133 23.0-60.5  25.8 3.6-4.0 +

to purple, creeping

F. oxysporum CK-5k Pale lilac, Light brown 23.3+4.1 28.3-35.2 17.5 3.5-45 +
creeping
CK-9l White with purple  Dark purple 110.7£34 26.5-37.1 23.1 3.3-45 +
...................... areas' cotton_like 00 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000sssssessssssssscsscscnes
CK-9k Pale purple 955+2.5 29.4-40.0 127 3.2-46 +
F. poae CK-7k Cream-pink, Light cream 247+7.7 17.2-40.5 226 3.5-5.5 +
creeping
CK-15k Olive-pink, Brown 10.5+2.9 17.0-40.1 203 3.5-55 +
fluffy
F. sambucinum CK-5k-1 Light cream, Cream 70.0+4.3 17.5-245 82 3.6-4.5 -
loose
F. solani CK-13k-1  Cream-pink, Brown 105.1£5.0 21.5-42.5 19.4 3.5-49 +
felt-fluffy
F. sporotrichioides ~ CK-4k White-pink, Brown 150.4+5.8 26.0-45.0 15.1 3.5-5.0 +
fluffy
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Table 3. Characteristics of Fusarium fungal strains by pathogenicity of spore suspensions and phytotoxicity of culture liquid
on wheat seedlings of cultivar Mironovskaya 808 (in % of control)

Code Pathogenicity (spore suspension) Toxicity (culture liquid)

..
Seed Sprout Root Degree Seed Sprout Root Degree
germination, % length, % length, % ofinfluence  germination, % length, % length, % of influence

Note.NP/NT is non-pathogenic/non-toxic; WP/WT — weakly pathogenic/weakly toxic; MP/MT — moderately pathogenic/moderately toxic; P/T — pathogenic/toxic.
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A similar pattern was noted for £ sambucinum Fuckel (te-
leomorph G. pulicaris (Fr.) Sacc.). This fungus, regardless of
the location on the plant (leaf, stem, root), was always isolated
together with F. oxysporum, while it was often accompanied
by a bacterial infection.

F. acuminatum isolates were found in the Ust-Labinsk and
Pavlovsky districts with low frequency (2.8 %) in the affected
roots of winter wheat, the precursors of which were wheat,
steam and sunflower.

Isolates of F. equiseti (Corda) Sacc. (teleomorph G. intra-
cans Wollenw.; syn. F. gibbosum Appel & Wollenw. Emend
Bilai) were detected mainly on browned winter wheat stalks
in the Ust-Labinsk and Korenovsky districts.

The proportion of isolates of F. chlamydosporum Wollenw.
& Reinking in the complex of Fusarium fungi did not exceed
1.2 %. The fungus was isolated from the roots of two wheat
samples from the Korenovsky district. Along with F. chla-
mydosporum, saprophytic and pathogenic fungal species were
abundantly isolated from the same roots.

Several isolates of F. solani (Mart.) Sacc. (teleomorph
Nectria haematococca Berk. & Broome) were found in the
Pavlovsky district on the roots of wheat.

As it was noted earlier, based on the study of morphologi-
cal features, the obtained isolates of fungi of the genus Fu-
sarium are assigned to 13 taxonomic groups. After a series of
monoconidial cloning of isolates, strains of fungi of different
species with stable morphological and cultural characteris-
tics were selected for the collection. When selecting fungi
cultures for the collection, special attention was paid to the
macro- and micromorphological features characteristic of each
species.

The Fusarium spp. strains differed in the morphology, in
the size and shape of macro- and microconidia, and in the
sporulation of colonies. Differences between strains within the
same species were often noted only when studying macromor-
phological features — the color and structure of the mycelium,
sporulation. When analyzing the data of micromorphological
features, i.e., the shape and size of conidia, the method of
their formation, the differences between the strains of the
same species were minimal.

21 strains of Fusarium spp. identified on winter wheat
crops of the North Caucasus in 2019 were transferred to the
collection (Table 2).

The obtained biological material of Fusarium spp. was
studied by the degree of pathogenic and phytotoxic severity.
The results of the influence of spore suspensions and metabo-
lites of filtrates of culture fluids of 21 strains of fungi from
the genus Fusarium on the development of wheat seedlings
in cultivar Mironovskaya 808 (seed germination, sprout and
root length) were shown in Table 3.

It was shown that the strains of fungi within the same spe-
cies differed in the pathogenic or phytotoxic degrees. The
strains of F. oxysporum (CK-5k, CK-91, CK-9k) and F. lolii
(CK-6k-1, CK-61, CK-6k-5) had a wide intraspecific diversity
according to these characteristics. Among them, there were dif-
ferent categories — from pathogenic/toxic to non-pathogenic/
slightly toxic.

Phytotoxic and pathogenic isolates of F. culmorum and
F. graminearum suppressed the development of seedlings of
cv. Mironovskaya 808 to a wide extent.

880

Fusarium micromycetes in winter wheat agrocenoses
of the North Caucasus in the ARSRIP State Collection

Isolates of F. acuminatum (CK-13k, CK-16k) were found
to be non-pathogenic to the seedlings of the tester variety, but
had weak and moderate phytotoxicity.

Isolates of F. avenaceum (CK-71), F. equiseti (CK-81),
F. poae (CK-7k, CK-6k-1) and F. chlamydosporum (CK-3k)
and others were characterized by very weak pathogenic and
phytotoxic properties.

It was found that spore suspensions of fungal isolates had
little effect on seed germination (80—100 %), but subsequently
affected the development of seedlings: pathogenic isolates of
fungi inhibited their growth (up to 33.3 % strain of F. oxy-
sporum CK-91) or non-pathogenic ones stimulated it (up to
102.3 % strain of F. acuminatum CK-13Kk). A stronger effect of
spore suspensions on the growth and development of primary
roots was noted (12.6-95.3 %).

Seeds’ treatment of filtrates of culture fluids of Fusarium
strains had a weak effect on their germination (63.3-100 %),
although in the future the intensity of development of seed
seedlings significantly slowed down. The length of seedlings
under the action of filtrates of fungal culture fluids compared
to the control was 24.4-96.9 %. The average length of the
primary roots was 5.7-74.2 %, which allowed the isolates to
be grouped according to the degree of toxicity.

The obtained results indicate that the Krasnodar popula-
tions of Fusarium differ by morphological, pathogenic and
phytotoxic characteristics.

Conclusion

The influence of the precursor of winter wheat, from which ex-
perimental samples were taken, on the frequency of isolated of
the genus Fusarium was noted. It is shown that the pathogenic
activity of fungi both between Fusarium species and within the
same species differs significantly: from the absence of signs
of the influence of spore suspensions on the development of
seedlings to their complete suppression. Phytotoxic activity
against wheat seedlings varied from medium to high. The
greatest danger for wheat seedlings is represented by species
with a high intensity of phytotoxic activity associated with
the fact that they contribute to the accumulation of dangerous
toxins in plant tissues.

Based on the results of the data obtained, the strains of 13
species of the genus Fusarium from the agroecosystems of the
lowland part of the North Caucasus were selected and placed in
the collection. All strains are characterized by morphological,
pathogenic and phytotoxic properties.
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Abstract. The objects of the study were recombinant clones of Komagataella phaffii K51 carrying the heterologous
proteinase K (PK-w) gene from Tritirachium album integrated into their genome as well as samples of recombinant
proteinase K isolated from these clones. The aims of this work were i) to determine whether it is possible to create
recombinant K. phaffii K51 clones overexpressing functionally active proteinase K from T. album and ii) to analyze the
enzymatic activity of the resulting recombinant enzyme. The following methods were used: computational analysis
of primary structure of the proteinase K gene, molecular biological methods (PCR, electrophoresis of DNA in an aga-
rose gel, electrophoresis of proteins in an SDS polyacrylamide gel under denaturing conditions, spectrophotometry,
and quantitative assays of protease activity), and genetic engineering techniques (cloning and selection of genes
in bacterial cells Escherichia coli TOP10 and in the methylotrophic yeast K. phaffii K51). The gene encoding natural
proteinase K (PK-w) was designed and optimized for expression in K. phaffii K51. The proteinase K gene was synthe-
sized and cloned within the plasmid pPICZa-A vector in E. coli TOP10 cells. The proteinase K gene was inserted into
pPICZa-A in such a way that - at a subsequent stage of transfection into yeast cells - it was efficiently expressed under
the control of the promoter and terminator of the AOXT gene, and the product of the exogenous gene contained the
signal peptide of the Saccharomyces cerevisiae a-factor to ensure the protein’s secretion into the culture medium. The
resultant recombinant plasmid (pPICZa-A/PK-w) was transfected into K. phaffii K51 cells. A recombinant K. phaffii K51
clone was obtained that carried the synthetic proteinase K gene and ensured its effective expression and secretion
into the culture medium. An approximate productivity of the yeast recombinant clones for recombinant proteinase K
was 25 pug/mL after 4 days of cultivation. The resulting recombinant protease has a high specific proteolytic activity:
~5000 U/mg.

Key words: proteinase K; gene cloning; Komagataella phaffii; gene expression; enzymatic activity.
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[TonyueHne peKOMOMHAHTHOrO mrTaMmMma Komagataella phaffii -
npoayiueHTa rporemHassbl K u3 Tritirachium album
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AHHoTayus. O6beKTaMn UCCNefoBaHNA ABMANNCD PEKOMOUHAHTHbIE WTaMmmbl Komagataella phaffii K51, Hecywne
VNHTErPYPOBaHHbIN B X FEHOM reTeposIOrMyYHbIN reH npoTteunHasbl K (PK-w) us Tritirachium album, a Takxe npenapat
PEKOMOUHAHTHOW NpoTenHasbl K, NonyyeHHbI 13 3TUX LWTamMmMoB. Lienbio paboTbl 6bi10 U3yyeHne BO3MOXKHOCTM Mo-
NyyeHnna pekoMOMHaHTHbIX WTammoB K. phaffii K51, o6ecneurBatolwyx BbICOKMI YPOBEHb CMHTE3a QYHKLMOHANbHO
aKTUBHON npoTteunHasbl K 3 T. album, n aHann3 pepmeHTaTMBHON akTUBHOCTY NOMYYEHHOTO PEKOMOMHAHTHOTO 3H-
3uma. B pabote ncnonb3oBaHbl METOABI KOMMbIOTEPHOIO aHasM3a NepPBUYHON CTPYKTYpPbI reHa npoTerHasbl K, mone-
KynsipHo-6uonornyeckue metogbl (MLUP, anekTpodpopes AHK B araposHbix rensx, anektpopopes 6enkos B SDS-MAAT
B [eHaTypupyOLWnX YCIoBMAX, CNekTpodoToMeTpmsA, MeTOAbl KONMMYECTBEHHOrO onpefeneHns akTUBHOCTU Mpo-
Teas), FeHHO-VHXXeHepHble MeToAbl (MeToLbl KNOHMPOBAHWSA 1 CENEKLUN FeHOB B GaKTepuasnbHbIX KneTkax Escherichia
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MonyyeHne pekombuHaHTHOrO WTamma Komagataella phaffii -
npopayueHTa npotenHasbl K u3 Tritirachium album

coli str. TOP10 1 B MeTUnoTpodHbIX ApoxxKax K. phaffii str. K51). CnpoeKTpoBaH reH NpupoaHoi npotenHasbl K (PK-w),
ONTVMM3MPOBAHHbIN ANA SKcnpeccum B Apoxxax K. phaffii K51. OcyluecTBneHbl CMHTE3 U KNOHUPOBaHWE CYHTE3UPO-
BaHHOro reHa npoteunHasbl K B coctaBe BekTopa pPICZa-A B Knetkax E. coli str. TOP10. leH npoTenHasbl K BCTpoeH
B BeKTOpHYyto nnasmugy pPICZa-A takum o6pa3om, utobbl Ha nocneaytoLlemM dTane NepeKknoHNPOBaHUA B KNeTKax
LpoxKel obecrneunTb ero 3¢GeKTUBHYIO SKCMPECCUIO NMOA KOHTPOEM MPOMOTopa 1 TepMuHaTopa reHa AOXT, a npo-
LYKT 3KCNpeccumn KNOHUPOBAHHOIO reHa cofjepasl CUrHanbHbI nentug anbda-dpaktopa Saccharomyces cerevisiae
ana obecneyeHunn cekpeuun 6enka B KynbTypasbHYI0 XUAKOCTb. [poBefeHO NepeKIoHNPoBaHNe PEKOMOUHAHTHOW
nnasmugbl (pPICZa-A/PK-w) B kneTkax gpoxxei K. phaffii str. K51. MonyueH pekoM6OrHaHTHbIN Wwtamm K. phaffii K51,
HecyLnin CUHTETUYECKIMI reH NpoTerHasbl K 1 ob6ecneymBatoLimin ero SKCNPeCccuio B APOXKax N CEKPeLnIo B KybTy-
panbHyto cpeny. [Mpnbnn3nTenbHbI BbIXOH PeKOMOVHAHTHON NpoTenHasbl K mocne YeTblpex CyToK KynbTUBUPOBaHNA
LPOXKEBbIX PEKOMOMHAHTHbBIX KIIOHOB COCTaBWA 25 MKr/M1. [lonyyeHHbI npenapaT peKoMOUHaHTHOW NpoTeasbl 06-
napaeT BbICOKOW yAeNbHOW NPOTEONUTUYECKON aKTUBHOCTbIO, CoCTaBnsAtoLen ~5000 Eg/mr.

KnioueBble cnoBa: npoTerHasa K; KnoHvnpoBaHue reHa; Komagataella phaffii; skcnpeccyis reHa; akTUBHOCTb GepmMeHTa.

Introduction

More than 70 % of enzymes used in various fields of industry
are hydrolases (Kudryavtseva et al., 2008; Yin et al., 2014),
and proteases account for more than 30 % of the total market
of industrial enzymes (Kulkarni et al., 1999; Gupta et al.,
2002; Koga et al., 2014; Singh et al., 2016). This is due to
their widespread use in various areas of industry, in particular
in the production of detergents, in waste disposal, and in the
food, dairy, leather, pharmaceutical, and textile industries. The
increased demand for the production of proteases in recent
years is caused by the urgent need to manufacture high-quality
effective detergents as well as new food products from agri-
cultural waste of plant raw materials and from waste of meat
and fish processing. In the past three decades, proteinases
from various sources (bacteria, bacilli and fungi) have found
many applications in various fields of industry and in clini-
cal practice. The most studied group of proteolytic enzymes
is bacterial serine proteinases. They are actively used in the
pharmaceutical industry, in tissue engineering, and systemic
enzyme therapies (Gupta et al., 2002; Kudryavtseva et al.,
2008; Yin et al., 2014).

Formulations containing proteinases are widely employed
in many fields of medicine: in surgery — for the treatment of
trophic ulcers, abscesses, phlegmons, osteomyelitis, and other
purulent-inflammatory processes; in dentistry — for the treat-
ment of caries, pulpitis, periodontitis, periodontal disease, and
its complications, and in pulmonology — as a mucolytic drug
for the treatment of various types of pneumonia and bronchitis
(administration via inhalation).

Numerous independent studies confirm that serine pro-
teases hold promise for medical purposes (Yariswamy et
al., 2013; Muthu et al., 2017; Belov et al., 2018; Abaturov,
2020; Osmolovsky et al., 2020). In particular, one of the main
problems that physicians face when treating skin wounds and
burns in people with compromised immunity is the formation
of a surface biofilm generated by conditionally pathogenic
microorganisms (Staphylococcus aureus and S. epidermidis,
micrococci, and Pseudomonas); under this biofilm, the mi-
crobes cannot be reached by antibiotics, and as a consequence,
wound healing slows down.

For the degradation of various components of the biofilm
extracellular matrix, various formulations are currently being
designed based on a mixture of enzymes: proteases (includ-
ing proteinase K), glycosidases, and deoxyribonucleases
(Abaturov, 2020). One of the promising areas for applica-

tion of proteinases is the creation of thrombolytic drugs on
the basis of these enzymes. Thus, the development of new
effective therapeutics based on enzymes of bacterial origin
has good potential for modern medicine, microbiology, and
biotechnology.

Thermostable proteases are the most popular in this regard
because, firstly, they are characterized by a higher rate of ca-
talysis, and secondly, they provide protection of the reaction
mixture and products of enzymatic conversion from microbial
contamination because these enzymes catalyze the reactions
at high temperatures. Both bacterial and yeast strains that are
recombinant superproducers of thermostable proteases have
been constructed, and in most studies, it has been shown that
the methylotrophic yeast Komagataella phaffii generates a
larger amount of recombinant proteases than bacterial strains
do (Kim et al., 2005; Latiffi et al., 2013; Yu et al., 2014; Ma
et al., 2016; Shu et al., 2016; Kangwa et al., 2018; Pereira et
al., 2020). In addition, the proteases produced by yeasts are
usually secreted into the culture medium in a soluble func-
tionally active state (Yang et al., 2016). Of particular interest
are proteinases that exert their activity in a wide range of
temperatures and pH of the medium.

Accordingly, a solution to the problem of obtaining a yeast
superproducer of a proteinase from 7ritirachium album (pro-
teinase K) is undoubtedly intriguing because this proteinase
has a number of important practical advantages: it has broad
specificity, is most active at high reaction temperatures (37
to 60 °C), is functional across a wide pH range (4-12), and
is not inhibited by ionic or nonionic detergents. The present
study is aimed at solving this problem.

Materials and methods

Materials. All chemical reagents of analytical purity were
purchased from Sigma-Aldrich (USA) or Reachem (Mos-
cow, Russia), and restriction endonucleases from SibEnzyme
(Novosibirsk, Russia). DNA ligase T4 and DNA polymerase
Phusion were acquired from Thermo Fisher Scientific Inc.
(USA), and oligonucleotides — Biosintez (Novosibirsk, Rus-
sia). Yeast extract, bactopeptone, and tryptone from Difco
were utilized to prepare the Luria-Bertani (LB) medium for
growing Escherichia coli cells. Yeast culture media (YPD,
BMGY, BMM2, and BMM10) were prepared as described in
the manufacturer’s protocol (Easy Select™ Pichia Expression
Kit (Invitrogen, USA). Modified Eagle medium (MEM) was
bought from Biolot (Russia), dithiothreitol and iodoacetamide,
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from Bio-Rad (USA), and porcine trypsin, from Promega
(Trypsin Gold, Mass Spectrometry Grade, USA). DEAE-
Sepharose FF and SP Sepharose FF ion exchange resins were
purchased from GE Healthcare Bioscience (Sweden). The
water used in the work was deionized and autoclaved.

Bacterial and yeast strains and plasmid vectors. The
yeast K. phaffii K51 strain was obtained from the Russian
National Collection of Industrial Microorganisms (cat.
No. Y-4935), whereas E. coli TOP10 and the pPICZa-A plas-
mid vector were acquired from Invitrogen Inc. (USA).

Buffers and culture media. Solutions and buffers were
prepared from deionized autoclaved water. E. coli clones car-
rying the pPICZa-A plasmid or its derivatives were selected
on low-salt LB agar plates (1 % of tryptone, 0.5 % of yeast
extract, 0.5 % of NaCl, 1.8 % of Bacto-agar, and 50 ug/mL
zeocin). Yeast cells were grown in the YPD medium (2 %
of yeast peptone, 1 % of yeast extract, and 2 % of dextrose).
Yeast transformants were cultured and selected on YPD agar
plates (2 %) with various concentrations of zeocin (500 or
2000 pg/mL). The selected yeast clones were also cultivated
in the BMGY medium (1 % of yeast extract, 2 % of peptone,
100 mM potassium phosphate pH 6.0, 1.34 % of YNB,
4x 107 % of biotin, and 2 % of glycerol). To induce the AOX1
gene promoter, the clones were cultivated first in the BMM?2
medium (1.34 % of YNB, 4x 1075 % of biotin, and 1 % of
methanol) and then in the BMM 10 medium (1.34 % of YNB,
4x107 % of biotin, and 5 % of methanol).

Construction of recombinant plasmid (pPICZa-A/
PK-w). The nucleotide sequence of a synthetic gene encod-
ing natural proteinase K from 7. album (i.e., protease K,
endopeptidase K; E.C.3.4.21.64) — hereinafter referred to as
PK-w —was designed and optimized for expression in the yeast
K. phaffii. The optimized PK-w protease gene was synthesized
by GenScript (USA). The PK-w protease gene was cloned in
E. coli cells after insertion into the pPICZa-A plasmid at the
Xhol and Xbal sites.

Small-scale preparation of recombinant proteinase K
(PK-w). The genetically modified yeast strain was grown in
250 mL of the BMGY medium with 1 % of glycerol in 1 L
flasks on an orbital shaker at 250 rpm for 48 h at 28 °C. Next,
protein biosynthesis was induced with 1 % methanol (every
day, 25 mL of 10 % methanol was added) for 4 days. On the 4th
day, proteolytic activity in the culture liquid was determined.

The protein concentration in solutions was determined
by three methods: a) via absorption measurement in the pro-
tein solution at 280 nm, taking into account the extinction
coefficient for the protein; b) by densitometry of the colored
protein band in a gel; c) by the Bradford assay with the Quick
Start™ Bradford 1xDye Reagent (Bio-Rad) according to the
manufacturer’s instructions.

Determination of protease activity of the recombinant
proteinase K toward casein. Proteolytic activity was deter-
mined by the Kunitz method using casein from cow’s milk
(Sigma-Aldrich) as a substrate (Bisswanger, 2010). For this
purpose, 0.4 mL of a 2 mg/mL casein solution in 10 mM Tris-
HCI buffer (pH 8.0) containing 10 mM CaCl, was heated to
55 °C, and 0.2 mL of the enzyme solution in the same buffer
was added. The mixture was incubated at 55 °C for 10 min,
and then the reaction was stopped by the addition of 1 mL of
1.2 M trichloroacetic acid. A control solution was subjected
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to the same procedures, except that the enzyme solution was
introduced into the casein solution after the addition of trichlo-
roacetic acid. The samples were centrifuged at 10000 g for
5 min at 5 °C, and supernatant absorbance was determined at
awavelength of 275 nm. One unit of activity was defined as the
amount of the protease that leads — in 1 min at 55 °C —to the
same absorption value as does 1 pmol of tyrosine (according
to a calibration curve). The calibration curve was built within
the appropriate range of tyrosine concentrations.

Quantitation of protease activity in the culture liquid
toward azocasein. A culture liquid was centrifuged at 4 °C
for 10 min at 10000 g to pellet the cells, and the supernatant
was collected for the protease activity assay.

The reaction mixture consisting of 0.5 mL of a 0.2 % solu-
tion of azocasein in 50 mM Tris-glycine buffer (pH 8) and
0.25 mL of the supernatant was heated in a water bath at 55 °C
for 40 min. The reaction was stopped by the addition of 1 mL
of 1.2 M trichloroacetic acid. A control solution containing
0.5 mL of'a 0.2 % solution of azocasein in 50 mM Tris-glycine
buffer (pH 8) without the supernatant was heated in a water
bath at 55 °C for 40 min. The reaction was stopped by the
addition of 1 mL of 1.2 M trichloroacetic acid, after which
0.25 mL of the supernatant was introduced into the mixture.
The product of the azocasein hydrolysis was quantified spec-
trophotometrically by means of absorption at 440 nm.

Results

Design of the plasmid for the expression

of the proteinase K gene in the yeast K. phaffii K51

To obtain a yeast producer of proteinase K (i.e., protease K,
endopeptidase K; E.C. 3.4.21.64), the proteinase gene from
T album was optimized for expression in the methylotrophic
yeast K. phaffii K51. The amino acid sequence of the pro-
teinase K precursor protein and the layout of its domains are
shown in Fig. 1.

The synthesized gene encoded only the prepeptide and
amino acid sequence of the mature protein. The signal pep-
tide of the Saccharomyces cerevisiae a-factor encoded by a
fragment of the pPICZa-A vector (data not shown) served as
a signal for enzyme secretion.

Cloning of the recombinant plasmid pPICZa-A/PK-w

in E. coliTOP10 cells

Electrocompetent . coli TOP10 cells were transformed with
recombinant plasmids (pPICZa-A/PK-w) using an electro-
porator (Bio-Rad). The transformed cells were inoculated into
1 mL of the LB medium and incubated at 37 °C for 1 h on an
orbital shaker at 140 rpm. The cell suspensions were plated on
agar Petri dishes containing 50 pg/mL zeocin and incubated for
16 hat37°C. From 150 to 200 colonies emerged in each plate.
Ten colonies from each plate were transferred (with punctur-
ing) to separate Petri dishes containing the agar low-salt LB
medium with 50 pg/mL zeocin and were utilized to prepare
thermolysates for colony PCR detecting the recombinant
plasmid (pPICZa-A/PK-w). The PCR was carried out with a
pair of primers specific for the regions of the pPICZa-A vector
flanking the inserted gene: forward primer No. 324-A0OX1-F,
5'-GACTGGTTCCAATTGACAAGC-3'; and reverse primer
No. 325-A0X1-R, 5-GCAAATGGCATTCTGACATCC-3".
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Fig. 1. Domain structure of proteinase K (a) and amino acid sequence of
the PK-w precursor protein (b).

The signal peptide is highlighted in blue, the prepeptide (prodomain) is high-
lighted in yellow, and the mature protein is orange.

Amplicon sizes were analyzed by electrophoresis in a 0.8 %
agarose gel containing ethidium bromide. PCR-positive clones
were selected for subsequent lab scale production of recom-
binant plasmids with the aim of their subsequent transfection
into yeast cells.

Fig. 2 shows the results of testing E. coli TOP10 clones
by colony PCR for the presence of the pPICZa-A plasmid
carrying an insert of the proteinase K gene (named as the
pPICZa-A/PK-w plasmid).

As readers can see in Fig. 2, the amplicons obtained from
two recombinant plasmids containing the inserted proteinase
K gene have the theoretically expected size: ~1626 bp. The
selected clone containing the pPICZa-A/PK-w plasmid with
the insertion of the proteinase K gene (PK-w) was used for
further procedures: lab scale production of the plasmid, its
linearization with restriction endonuclease BstX1, and sub-
sequent transfection into K. phaffii K51 yeast cells.

Transfection of the proteinase K gene into K. phaffii K-51
yeast cells and screening of transfectants

At the first stage, the selected E. coli clone was propagated
in 100 mL of the LB medium, followed by isolation of
pPICZo-A/PK-w plasmid DNA from the cells by means of the
GenElute™ HP Plasmid Midiprep Kit. The isolated plasmid
DNA was analyzed by electrophoresis in a 0.8 % agarose gel
stained with ethidium bromide.

DNA concentration in the plasmid sample was determined
on a Qubit fluorometer (Invitrogen). As a result of the iso-
lation procedure, ~25 pg of the purified pPICZa-A/PK-w
plasmid was obtained. Approximately 5—10 ug of the isolated
pPICZa-A/PK-w plasmid was linearized by digestion with
restriction endonuclease BstX1 and used for transfection
(electroporation of K. phaffii K51, see below). At the end
of the restriction reaction, phenol-chloroform extraction of
DNA was carried out, followed by its precipitation with iso-
propanol and washing with 70 % ethanol. DNA pellets were
dissolved in 10 pL of double-distilled H,O, frozen, and stored
at —20 °C. The completeness of the plasmid hydrolysis reac-
tion was verified by electrophoresis of restriction products in
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Fig. 2. Electropherogram of the PCR products obtained via amplification
of a portion of the vector containing the proteinase K gene (designated
as the pPICZa-A/PK-w plasmid).

The arrow indicates the DNA fragment used for subsequent work. Lanes:
M - SibEnzyme DNA molecular weight markers (100-3000 bp); 7 and 2 - pro-
teinase K gene amplicons from two recombinant clones carrying plasmids
with the PK-w gene insert.

a 0.8 % agarose gel stained with ethidium bromide. Judging
by the results of the electrophoretic analysis, the bulk of the
plasmid sample was successfully hydrolyzed by restriction
endonuclease BstXI. For the transformation of electrocom-
petent K. phaffii K51 cells, 13—15 ug of plasmid DNA was
employed, dissolved in 10 pL of double-distilled H,O. Elec-
troporation was performed using a Gene Pulser Xcell Total
System Electroporator (Bio-Rad).

After preliminary cultivation on an orbital shaker at 200 rpm
for 2 hat 27 °C in test tubes containing | mL of the YPD me-
dium, the transformed cells were plated on Petri dishes with
the agar YPD medium containing 500 or 2000 pg/mL zeocin.
The culture plates were placed in a thermostat at 30 °C for
3—5-day incubation. On the 4th day after the cell transfection
with the pPICZa-A/PK-w plasmid, many separate colonies
were visible on the culture plates with 500 ug/mL of zeocin,
whereas on the plates with 2000 pg/mL zeocin, there were
50 to 100 colonies. Such a large number of colonies on the
plates with 2000 pg/mL zeocin is apparently due to partial
degradation of the antibiotic, which had been stored at 4 °C
for a long time.

Zeocin-resistant transformants grown on the culture plates
with 2000 pg/mL zeocin were evaluated for their ability to
synthesize and secrete the desired protein: we cultured the
selected clones in 96-well deep well plates (Axygen Scien-
tific). For screening, 20 colonies were randomly chosen, which
were placed into the wells of these plates. In parallel, the same
colonies, grown on agar plates with a zeocin concentration of
2000 pg/mL, were transferred to separate Petri dishes (con-
taining an agar medium with the same zeocin concentration)
by puncturing sites labeled with numbers.

The chosen clones were cultivated individually in 96-well
deep well plates in 300 pL of the BMGY medium on an
orbital shaker at 250 rpm for 48 h at 28 °C. Then, 250 uL of
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Fig. 3. An electropherogram of the proteins produced by the tested
yeast clones transformed with the pPICZa-A/PK-w plasmid.

Lanes: 7 - Thermo Scientific Molecular Weight Markers (10-200 kDa);
2-10 - proteins produced and secreted by the analyzed clones.
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Fig. 4. Proteolytic activity of the culture liquid of recombinant yeast clone
No. 10asaresult of its small-scale propagation in the presence of ampicillin
(PK-wild/amp) or propionic acid (PK-wild/propionic acid) or without any
antibacterial agents (PK-wild). The proteolytic activity of the culture liquid
obtained without the antibacterial agents (PK-wild) was set to 100 %.
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Fig. 5. Dependence of the recombinant proteinase K's activity on pH and temperature.

the BMM2 medium was added into each well. On each of the
next 3 days, 50 uL of the BMM10 medium was introduced
into the wells. On day 4, the culture liquid from each well was
centrifuged at 6000 rpm for 5 min to pellet the cells, and the
resulting supernatants were analyzed by SDS-PAGE for the
presence of the target protein.

Samples for the electrophoresis were prepared as follows:
10 trichloroacetic acid was added to the supernatants to con-
centrate the proteins. The protein precipitates were washed
with acetone, resuspended in 1x TGB, and 4x denaturing
buffer was added, followed by boiling of the samples, and
then the proteins were separated in a 12.5 % polyacrylamide
gel. According to the electrophoresis results, we chose culture
liquids of the clones producing the largest amount of proteins
with a molecular weight corresponding to that of natural
proteinase K (~30 kDa). The purpose was to determine the
concentration of recombinant proteinase K and assess its
enzymatic activity. The results of electrophoretic analysis
of proteins produced and secreted by the recombinant yeast
clones are depicted in Fig. 3.

As presented in Fig. 4, all zeocin-selected clones produce a
major protein with a molecular weight of ~29-30 kDa, which
corresponds to the molecular weight of mature proteinase K:
28903 Da. According to the electrophoresis results, clone
No. 10 was chosen for further experiments because it produced
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the largest amount of a recombinant protein with a molecular
weight of ~29-30 kDa. The yield of recombinant protease
PK-w after 4 days of cultivation of recombinant yeast clone
No. 10 in the 96-well plate was 25 pg/mL.

Propionic acid was applied to control bacterial contami-
nation during lab scale production of large amounts of the
recombinant protein. Fig. 4 shows that the use of propionic
acid at a concentration of 0.025 % is comparable to the addi-
tion of ampicillin at 0.2 mg/mL.

Microscopic analysis of the cultures did not reveal the pre-
sence of bacteria; however, the use of ampicillin and propionic
acid somewhat increased the production of the target protein.

Recombinant yeast clone No. 10 was utilized for prelimi-
nary small-scale preparation of the enzyme.

Quantification of the protease activity
of the recombinant protein produced by clone No.10
As a result of these measurements, it was found that the
obtained batch of the recombinant protein with a molecular
weight of ~29-30 kDa had a high specific proteolytic activity,
~5000 U/mg. This finding indicated that this recombinant
protein is proteinase K (PK-w).

The dependence of the obtained recombinant proteinase K’s
activity on pH of the medium and on reaction temperature was
investigated next (Fig. 5). The optimum of enzymatic activity
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Fig. 6. An electropherogram of the purified recombinant protein from
the batch produced by yeast clone No. 10.

Electrophoresis was performed in an SDS 12.5 % polyacrylamide gel. Lanes:
M - Thermo Scientific Molecular Weight Markers (10-200 kDa); 7 - the chro-
matographically purified recombinant protein.

of the obtained recombinant proteinase K is in the range of
pH 10-11, although the enzyme is also active at pH from 9.5
to 6.5 (see Fig. 5, a). A sharp drop of the activity was observed
at pH 9.0 and at pH < 4.0. The optimal temperature range for
the manifestation of this protease activity turned out to be
40-65 °C (see Fig. 5, b).

Chromatographic purification

of the obtained recombinant proteinase K

All procedures were conducted at a temperature < 5 °C. The
culture fluid of recombinant clone No. 10 was separated from
the cells by centrifugation for 25 min at 4000 rpm. Low-
molecular-weight impurities were removed and the superna-
tant was concentrated 20-fold via ultrafiltration by means of
centrifugal concentrators.

Protein impurities were removed from the enzyme sample
by ion exchange chromatography on anion exchange resin
DEAE-Sepharose 6HF. Elution was performed with a buf-
fer composed of 50 mM sodium chloride and 50 mM Tris-
HCI (pH 7.2). Fractions showing proteolytic activity were
pooled, concentrated using the centrifuge concentrators, and
either lyophilized or stored in 50 % glycerin in a freezer of a
fridge.

The purified recombinant protein was analyzed by elec-
trophoresis in SDS 12.5 % polyacrylamide gel (Fig. 6). As
presented in Fig. 6, on the gel, the recombinant protein is
represented by one major band with a size in the range of
~26.5-27.0 kDa. There are no protein impurities on the gel.
The activity of the purified protein was 49800 U/mg toward
azocasein and 5000 U/mg toward casein. Thus, a highly puri-
fied batch of recombinant proteinase K was obtained.
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Conclusion

The design and optimization of the nucleotide sequence en-
coding the precursor protein of natural proteinase K (PK-w)
from 7. album were performed to ensure its efficient expression
in the yeast K. phaffii. The synthesized proteinase K gene was
cloned within the pPICZa-A vector in E. coli str. TOP10 cells,
and then the plasmid was isolated and transfected into yeast
K. phaffii str. K51 cells.

A recombinant clone of K. phaffii K51 that carries the gene
of recombinant proteinase K and successfully expresses and
secretes this enzyme into the culture medium was obtained.
A lab scale batch of the recombinant proteinase K was pre-
pared. Protease activity of the obtained recombinant protein-
ase K (PK-w) was determined with casein and azocasein as
substrates. The enzyme batch has a high specific proteolytic
activity: ~5000 U/mg. The optimal enzymatic activity of the
obtained recombinant proteinase K is in a pH range of 1011
and a temperature range of 40—65 °C.
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Abstract. Cerebral organoids are three-dimensional cell-culture systems that represent a unique experimental
model reconstructing early events of human neurogenesis in vitro in health and various pathologies. The most
commonly used approach to studying the morphological parameters of organoids is immunohistochemical
analysis; therefore, the three-dimensional cytoarchitecture of organoids, such as neural networks or asymmetric
internal organization, is difficult to reconstruct using routine approaches. Immunohistochemical analysis of bio-
logical objects is a universal method in biological research. One of the key stages of this method is the production
of cryo- or paraffin serial sections of samples, which is a very laborious and time-consuming process. In addition,
slices represent only a tiny part of the object under study; three-dimensional reconstruction from the obtained se-
rial images is an extremely complex process and often requires expensive special programs for image processing.
Unfortunately, staining and microscopic examination of samples are difficult due to their low permeability and a
high level of autofluorescence. Tissue cleaning technologies combined with Light-Sheet microscopy allows these
challenges to be overcome. CLARITY is one of the tissue preparation techniques that makes it possible to obtain
opaque biological objects transparent while maintaining the integrity of their internal structures. This method is
based on a special sample preparation, during which lipids are removed from cells and replaced with hydrogel
compounds such as acrylamide, while proteins and nucleic acids remain intact. CLARITY provides researchers with
a unique opportunity to study three-dimensional biological structures while preserving their internal organiza-
tion, including whole animals or embryos, individual organs and artificially grown organoids, in particular cerebral
organoids. This protocol summarizes an optimization of CLARITY conditions for human brain organoids and the
preparation of Light-Sheet microscopy samples.

Key words: cerebral organoids; CLARITY; Light-Sheet microscopy; immunohistochemistry; tissue clearing; tissue
imaging.
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CLARITY u Light-Sheet Mmukpockoruns
TIPVMEHUTEJIbHO K OpraHonugaM I'oJIOBHOTO MO3ra yejioBeKa

T.A. lnaipep @, VLE. [TpucTsxHIOK

DepepanbHblii NCCNEROBATENBCKUI LeHTP MHCTUTYT yutonorum un reHetnkn Cnbrpckoro otaeneHnsa Poccuitckol akagemmnmn Hayk, HoBocnbrpck, Poccus
® shnayder@bionet.nsc.ru

AHHoTayus. LlepebpanbHble opraHouabl — 3TO TPEXMEPHbIE CUCTEMbI KYIbTVBMPOBaHWA KNETOK, MPeacTaBsio-
e co60 YHMKaNIbHYIO SKCMeprIMEHTalIbHY0 MOAENb, KOTOpas MO3BOJIAET PEKOHCTPYMPOBATh PaHHUE COObITHA
HeliporeHes3a yesioBeka in Vitro B HOpMe 1 MU PasfnyHbIX naTonoruax. Ha ceropgHAWHMA AeHb ANA U3ydyeHns
Mopdonornyecknx napameTpoB opraHoUAOB Yallie BCEro NPYMEHSAT MMMYHOMMCTOXMMUYECKUIA aHanus. B cessu
C 3TUM acneKTbl TPEXMEPHOW LIMTOAPXUTEKTYPbl OPraHOMAOB, Takne Kak HepOHHble CETW WM acCMMETPUYHAs
BHYTPEHHAA OpraHun3aums, TPYLAHO PEeKOHCTPYMPOBATh NPy UCMOIb30BaHNMN PYTUHHbIX MOAX0A0B. /IMMyHOrcTo-
XUMUYECKNI aHanmn3 6ronornyeckrx o6bekTos ABNAeTCA YHUBepCaJibHbIM METO4OM B 61onornyecKnx mnccnenosa-
HUAX. OOUH M3 KIOYeBbIX 3TanoB AaHHOTO MOAXOAA — U3rOTOBNEHME KPUO- UK NapadrHOBBIX CEPUIHBIX CPe30B
06pasLoB. 3TO OYeHb TPYAOEMKIIA 1 BpemA3aTpaTHbIi npouecc. Kpome Toro, cpesbl NnpeAcTaBnsAoT coboli nuib
HeborbLUYyio YacTb UCCIIeayeMoro obbekTa, a TpeXMepHas PEeKOHCTPYKLMSA 13 NMOYyYeHHbIX CEPUIHBIX N306parke-
HUI ABNAETCA KpaiiHe CIIoXKHOW NpoLeaypoit 1 YacTo TpebyeT cneuunanbHbIX AOPOroCTOALWMX NPorpamMm ass 06-
paboTky n3obpaxeHuit. K coxaneHuto, okpallviBaHye 1 MUKPOCKOMUPOBaHMe Liefibix 06pa3LioB 3aTpyaHEHO 13-3a
MX HU3KOW NPOHMLIAEMOCTU 1 BbICOKOTO YPOBHSA aBTopnyopecLeHLmn. TeXHONOMMM OUNCTKN TKaHEN B COYETaHUN
¢ Light-Sheet mrKkpockonueii faloT BO3MOXHOCTb NPeofoneTb 3T Npobnemsl Npu pabote. CLARITY - 310 ogHa 13
TEXHONOTUI MOATOTOBKM TKaHel, No3BoNAoLLas CAenaTb Hempo3payHble 6ronornyeckme o6beKTbl MPO3pPaYHbIMU
C COXPaHEHVEM LIeNOCTHOCTU UX BHYTPEHHEN CTPYKTYpbl. MeTo[ 0CHOBaH Ha CreLuanbHOi Mpo6bonoAroToBKe, BO
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CLARITY and Light-Sheet microscopy sample preparation
in application to human cerebral organoids

BpeMsA KOTOPOW 13 KNeTOK yAanalTcAa NUNAbl U 3aMeHAIOTCA MMAPOreNeBbIMY COeAUHEHVAMMN, TaKUMUN KaK akpuil-
amug; Npyu 3Tom Genky N HYKNenHoBble KUCSIOTbl OCTalTCcA MHTaKTHbiMK. TexHonorua CLARITY npepoctaBnset
nccnenoBaTenam yHUKanbHY0 BO3MOXHOCTb U3yyaTb 0O6beMHble BMONornyeckme CTPYKTypbl C COXPaHEHEM UX
BHYTPEHHE opraHn3aLuy, BKIIOYas LenbiX XUBOTHbIX UV SMOPUOHbI, OTAENbHbIE OpraHbl U MCKYCCTBEHHO Bblpa-
LL|eHHbIE OpPraHOWAbI, B YaCTHOCTY LepebpanbHble. [JaHHbI MPOTOKoN 0606LwaeT ontummsaumio ycnosuin CLARITY
L1 OPraHOWA0B rOSIOBHOMO MO3ra YesIoBEKa M 0COGEHHOCTU NMOArOTOBKU 06pa3LoB Light-Sheet Mukpockonuu.

KntoueBble cnoBa: LepebpanbHble opraHouapl; CLARITY; Light-Sheet mukpockonua; UMMYHOrMCTOXUMUWA; OYNCTKA

TKaHewn.

Introduction

Biological tissues and organs present a complex three-di-
mensional structure. Due to their opacity and high level of
autofluorescence, three-dimensional reconstruction of such
objects is an extremely laborious, but necessary process.
To date, a number of protocols (more than a dozen) have
been developed for making tissue transparent: SeeDB (Ke
et al., 2013), ScaleA2 (Hama et al., 2011), uDISCO (Pan et
al., 2016), CLARITY (Chung, Deisseroth, 2013), CUBIC
(Susaki et al., 2015) and others. In general, all protocols can
be divided into three groups, depending on the chemicals
used for tissue clearance: organic solvents (hydrophobic
reagent)-based protocols (BABB, 3DISCO, ECi method),
hydrophilic reagent-based protocols (ClearT, Scale, FUnGI,
Fructoseglycerol, CUBIC and other) and hydrogel-tissue
chemistry-based protocol (CLARITY, SWITCH and SHIELD)
(Ueda et al., 2020; Susaki, Takasato, 2021). Some of them
have different advantages like quality and speed of clearing
or simplicity of the procedure. But on the other hand, some of
the protocols involve using toxic and corrosive chemicals that
require special objectives to avoid damage to the microscope
or require other special equipment. Most of these protocols
have been developed to clarify entire organs or their big
fragments.

Recently, a new method of artificial mini-organ or organoids
generation from induced pluripotent stem cells (iPSC) was
developed (Lancaster et al., 2013) and now many different
types of organoids have already been produced (brain, lung,
liver, intestine, pancreas, kidney and others). Organoids are
widely used both to recreate the three-dimensional architecture
and functional activity of the original organs during normal
embryonic development and at various disorders and to test the
biological activity of various drugs, chemical and biological
agents. Usually, organoids are opaque, which makes investi-
gating them rather difficult. For this purpose, it is advisable
to use the combination of tissue clearing and 3D imaging
technologies. However, it is important to select the clarifying
technology that would match organoids size and fragility as
much as possible and would produce sufficient resolution for
investigation of tiny structures.

Various techniques have been used for organoid tissue
clearing and several studies have compared different clarify-
ing methods which could be applied to mini-organs (Susaki,
Takasato, 2021). Some techniques, such as the hydrophilic
clearing protocols (ClearT2 and ScaleS) are most acceptable
for clearing small spheroids such as neurospheres (Boutin,
Hoffman-Kim, 2015) or cancer cell spheroids (Boutin et
al., 2018). Others, such as RapiClear, Fructoseglycerol and
FUnGl, also using hydrophilic components, are designed and
optimized for handling small and fragile, predominantly hol-
low organoid structures such as intestinal organoids. It should
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be noted that these protocols are very convenient and take only
three days without application of harmful chemicals (Dekkers
etal., 2019; van Ineveld et al., 2020). For complex and dense
brain organoids, stronger clearing protocols including delipi-
dation procedure are usually used (Susaki, Takasato, 2021).
Applying organic solvent-based methods like 2Eci (2nd ge-
neration Ethyl cinnamate-based clearing method) (Masselink
et al., 2019; Goranci-Buzhala et al., 2020) or BABB method
for midbrain organoids (Renner H. et al., 2020) can get a rela-
tively quick (within a few days) result. However, most of the
organic components used in these protocols are quite toxic (for
example, a mixture of benzyl alcohol and benzyl benzoate in
BABB method (Renner H. et al., 2020)).

The use of hydrogel-tissue chemistry sometimes provides
more opportunities for preserving the structure of organoids
and increasing the optical resolution of tiny objects. That is
due to the tissue hydrogel scaffold preparation by cross-linking
hydrogel monomers to native biomolecules (Gradinaru et
al., 2018). The creation of such a polymer frame in the brain
organoids allows combining these protocols with additional
procedures with sodium dodecyl sulfate and physical electro-
phoresis, as well as with high-resolution imaging of Expan-
sion Microscopy with a general microscopy setup (Wassie et
al., 2019; Susaki, Takasato, 2021).

Thus, it is quite important to choose the most optimal and
effective tissue clearing technique for samples, especially for
such complex objects as cerebral organoids.

One of the most convenient and lab-friendly techniques is
CLARITY (Clear Lipid-exchanged Acrylamide-hybridized
Rigid Imaging/Immunostaining//n situ hybridization-com-
patible Tissue-hYdrogel). CLARITY was developed in 2013
for obtaining high-resolution information from complex
3D structures, such as the whole mouse brain (Chung, Deis-
seroth, 2013). Application of this technique enabled to obtain
intact-tissue imaging of long-range projections, local circuit
wiring, cellular relationships, subcellular structures, protein
complexes, and neurotransmitters. CLARITY protocol in-
cludes replacing lipids with hydrophilic polymers (acrylamide
and bis-acrylamide), which help to stabilize tissue but make it
optically transparent and permeable. It is very important that
molecules like nucleic acids and proteins stuck in the hydrogel
keep their structures and locations. Thus, CLARITY allows
combining tissue clearing techniques with immunostaining
and in situ hybridization and explores the internal structure
of large three-dimensional objects without damaging their
integrity. There is only one article in which CLARITY tech-
nique was used for cerebral organoid clarifying (Sakaguchi
et al., 2019), but without a detailed description. Thus, the
aim of our work was optimization of CLARITY protocol in
application to cerebral organoids and detailed description of
samples preparation for Light-Sheet microscopy.
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Materials and methods

Reagents
1. Acrylamide (PanReac AppliChem, catalogue number:
A1090).
2. Agarose D1, low EEO (Life science products, catalogue
number: 1932.0025).
3. Bisacrylamide (PanReac AppliChem, catalogue number:
A36306).
4. Boric acid (PanReac AppliChem, catalogue number:
A2940).
.ddH,0.
. Glue (Henkel, catalogue number: 2340344).
7. Parafilm M (Pechiney Plastic Packaging Company, cata-
logue number: PM 996).
8. Paraformaldehyde (PFA) (Sigma Aldrich, catalogue num-
ber: 158127).
9. Phosphate buffer saline (PBS) (VWR Life Science
AMRESCO, catalogue number: Am-E404-100).
10. Sodium azide (Sigma Aldrich, catalogue number: S8032).
11. Sodium dodecyl sulfate (PanReac AppliChem, catalogue
number: A1112).
12. Triton X-100 (VWR Life Science AMRESCO, catalogue
number: Am-0694-0.1).
13. VA044 (Wako, catalogue number: 011-19365).
14. Serological pipets 5, 10, 25 ml (Corning, catalogue num-
ber: 4050, 4100, 4250).
15. 1-ml syringe (B. Braun, catalogue number: 9161635S).
16. 2 ml tube (Eppendorf, catalogue number: 0030120094).
17. 5 ml tube (Axygen, catalogue number: SCT-5ML-S).
18. Glass bottle 100 and 500 ml (Rasotherm, catalogue num-
ber: 95206001 and 95206003).
19. Syringe filter, 0.22 pm (TTP, catalogue number: 99722).
20. 4',6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich,
catalogue number: D-9542).
21. Antibodies (Table 1).
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Table 1. Primary and secondary antibodies used in the protocol

Antibodies Producer Catalogue  Host Dilution
number

anti-CTIP2 Abcam ab18465 Rat 1:100

anti-bTubb3 Covance MMS-435P  Mouse 1:200

Anti-Rat IgG Jackson 712-545-150 Donkey 1:200

(Alexa Fluor®  ImmunoResearch

488 conjugated)

Anti-Mouse IgG Jackson

(Alexa Fluor®  ImmunoResearch
488 conjugated)

Equipment

. Light-Sheet Z1 microscope (Zeiss).

. Orbital shaker (Biosan, catalogue number: OS-20).

. Roller shaker (Selecta, catalogue number: 7001723).

. pH meter (OHAUS, catalogue number: 00000032755).

. Magnetic stirrer (Biosan, catalogue number: MSH-3001).
. Standard microwave.

. Thermometer.

. Forceps.

. Chemical spoons.
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10. Fume hood.
11. Icebox.

Software
1. ImageJ (NIH, https://imagej.nih.gov/ij/index.html)
2. ZEN (Zeiss, https://www.zeiss.com/)

Procedure

Fixation of human cerebral organoid

Note: For any manipulation with organoids, use cut 1 ml tips

or wide orifice 1 ml tips to protect samples from damage.

1. Transfer cerebral organoids in 5-ml tubes and wash with
1X PBS solution 2 times.

2. Replace 1X PBS solution with freshly prepared 4 % PFA
solution.

3. Place the tubes on the roller/orbital shaker and incubate at
room temperature for 2-3 h.

4. Wash samples 3 times with 1X PBS solution for 30 min.

Note: At this step, cerebral organoids can be kept at +4 °C in

1X PBS solution. For keeping more than 1 week, we recom-

mend adding sodium azide to a final concentration of 0.01 %

to prevent sample contamination with bacteria and fungi.

Hydrogel embedding

1. Precool all solutions, equipment, and samples on ice to
prevent premature polymerization of the hydrogel solution.

Note: If you use a frozen aliquot of hydrogel solutions, thaw

the vial on ice in a fridge overnight. After thawing, gently mix

and check for the absence of precipitation.

2. Fill the 2-ml tube with the hydrogel solution and transfer
cerebral organoids in the tube having previously gently
removed leftovers of the PBS with a paper towel.

Note: 2-ml tube format is acceptable for 1-3 organoids. For

a large number of organoids, we recommend using a bigger

tube.

3. Incubate the samples in the hydrogel solution at +4 °C at
the lowest speed of roller/orbital shaker for 24 h.

4. Refill the tube with fresh hydrogel solution and incubate
at +37 °C for 4 h.

Note: Fill the tube with hydrogel solution completely. Oxygen

inhibits hydrogel polymerization, thus all bubbles should be

removed. Additionally, we recommend covering the tube with

Parafilm to prevent air access.

5. Very gently extract the samples from the polymerized
hydrogel by carefully rolling samples on a paper towel.

6. Transfer the samples into the 5-ml tube and wash with
Clearing Solution 4 times at room temperature for 24 h.

Passive clearing

1. Change Clearing Solution every 2 days and incubate at
+37 °C with agitation. Continue clearing until samples
become transparent.

Note: We strongly recommend using +37 °C for lipid removal.

Room temperature slows this process down to several months!

Note: The time of tissue clearing depends on the size of orga-

noids. Cerebral organoids <0.5 cm become transparent during

~2 weeks, for organoids >0.5 cm it can take up to 3 weeks.

2. Wash samples in PBST for 48 h. Change solution 23 times
per day.
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Fig. 1. A, ready-to-use sample holder with 1-ml syringe for agarose em-
bedded samples; B, sample holder for hanging samples; C, the bar for
sample sticking.

Staining

1. Incubate samples with primary antibodies in PBST at room
temperature on a shaker for 3 days.

2. Wash samples with PBST for 2 days, changing PBST
every 4 h.

3. Incubate with secondary antibodies and DAPI at room
temperature for 2 days.

4. Wash samples with PBSR for 2 days, changing PBST
every 4 h.

Note: Antibody consumption for staining of CLARITY samples

is very high. We recommend reducing the volume to the mini-

mum at which the samples in the tube are completely covered

with the staining buffer with constant stirring on an orbital

or roller shaker.

Note: For larger organoids, we recommend extending each

staining step by at least 1 day.

Sample preparation for Light-Sheet microscopy
Organoid sizes can vary greatly. Therefore, we recommend
using a different fixation method for Light-Sheet microscopy
depending on the size.

Agarose embedding samples (for smaller samples)

Note: Use the agarose with a low melting point temperature
only.

Note: The percentage of agarose solutions depends on the
size of the organoid. For larger organoids, use 1.5 % agarose
solution.

892

CLARITY and Light-Sheet microscopy sample preparation
in application to human cerebral organoids

1. Prepare the 1-ml syringe by cutting off the top (Fig. 1, 4).

2. Weigh the required amount of agarose (at the rate of 1 g per
100 ml) and dissolve in 1X PBS or ddH,O. Prepare agarose
solution by melting in the microwave. Usually, for a 1-ml
syringe, 1.5 ml of agarose is enough.

3. Pour the hot agarose solution into a 12-well plate or any
other laboratory glassware or plasticware. When agarose
solution cools down to +40 °C, transfer samples and gen-
tly mix. Put the samples in agarose solution into the 1-ml
syringe.

4. Assemble the 1-ml syringe with a sample holder (see
Fig. 1, 4).

5. Proceed to Light-Sheet microscopy.

Note: Fill the microscope chamber with ddH,0 or 1X PBS.

No great differences were observed between the two solutions.

Agarose-free or hanging samples (for bigger samples)

1. Glue the sample to the bar (see Fig. 1, B, C). The area of
adhesion can be increased by attaching a small piece of filter
paper. Keep samples in ddH,O or 1X PBS before placing
them into the microscope chamber.

2. Proceed to Light-Sheet microscopy.

Note: It is imperative to check and rinse the rod and sample

holder for glue residues. If there are any, we strongly recom-

mend that you soak in soapy water and mechanically remove
any glue residue.

Recipes

Note: Most solutions and reagents from this protocol are toxic

and biohazardous. Do not forget about your safety and work

in protective laboratory clothing and only under a fume hood!

10X PBS solution
To prepare a 10X stock solution, dissolve 10 tablets of PBS
in 100 ml of ddH, 0.
PFA solutions

* 16 % PFA stock solution

To prepare stock solution, dissolve 16 g of PFA in 80 ml
of 1X PBS using a magnetic stirrer. Adjust pH to 7.4-7.5
and add 1X PBS up to 100 ml. Filter the solution through
a 0.40 pum filter and aliquote into 5 ml tubes. Keep stock
solution at +4 °C for short storage (up to 2 weeks) or at
—20 °C for long storage.

* 4 % PFA working solution

To prepare 4 % PFA working solution, dilute stock solu-
tion with 1X PBS.
Hydrogel solution
Note: All solutions and equipment have to be pre-cooled
to prevent premature polymerization of hydrogel solution.
1. Mix all components on ice according to Table 2.
2. Aliquote hydrogel solution and keep at —20 °C for long
storage or use freshly prepared solution.

Table 2. Hydrogel solution composition

Component Stock Quantity Final
concentration
Acry|am.de .......... 40%10m| .................... 4% ......................
B|Sacry|am|de ..... 2%125m| ................. 0025% ...............
pBS ....................... X1o10m| .................... ><1 ........................
ddeo .................. S 785m| ................. S
VA044 ................. S 0259 ................... 025% .................
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Clearing solution
1. Mix all components on ice according to Table 3.

2. Keep the solution in a glass bottle at room temperature.

Table 3. Clearing solution composition

Component Quantity Final concentration
sod|umdo decylsulfate ........ 40g ........................ 4% ..............................
Bor|cac|d ................................ 123669 ................. 200mM ......................
Sod|umhydrox|de ................. SRR to pH8 5 .....................
O ool s

PBST

1. Add Triton-X100 to the final concentration of 0.1 % us-
ing a magnetic stirrer.
2. Keep the solution in a glass bottle at room temperature.

y.
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Results

Human cerebral organoids were generated according to a pro-
tocol from Lancaster et al. (2013) with small modifications.
2- and 3-month-old cerebral organoids were used for tissue
clearing protocol. At this stage, there are dense spheres more
than 2 mm in diameter (Fig. 2, 4). We noted that the time of
tissue clearing depends on the size of organoids. Cerebral
organoids <0.5 cm become transparent during ~2 weeks,
for organoids >0.5 cm up to 3 weeks. This time may vary
from sample to sample, however, continue cleaning until the
samples become transparent (see Fig. 2, B, C).

For immunostaining we chose two proteins with different
subcellular localisation such as nuclear CTIP2 (Fig. 3, 4) and
cytoplasmic bTubb3 (see Fig. 3, C). We did not find a signifi-
cant difference between penetration of antibodies into different

Fig. 2. A, intact cerebral organoid before CLARITY; B, hydrogel embedded cerebral organoid before tissue clearing;
C, cerebral organoids after 2 weeks of tissue clearing.

DAPI

o
<
o
5]
o]
S
3

CTIP2 Merged

Fig. 3. Light-Sheet imaging of a cerebral organoid after CLARITY: A, 3D reconstructed cerebral organoid, 5%, NA 0.16,
water immersion; B, optical section of the middle part of the cerebral organoid, 5x, NA 0.16, water immersion;
C, optical sections of a small part of the cerebral organoid, 10%, NA 0.5, water immersion.
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cellular compartments. In both cases, we observed specific
staining throughout the entire thickness of the organoid (see
Fig. 3, B).

Conclusions

Cerebral organoids are a unique novel technology that al-
lows the reconstruction of early human neurogenesis. The
outstanding feature of this in vitro system is the reproduction
of the three-dimensional organization of the human embryo-
nic brain. Standard histological methods of analysis do not
allow reconstructing the internal structure of the cerebral
organoids and result in information loss. The tissue clearing
technique helps to overcome these limitations, allowing to
recreate a three-dimensional model of cerebral organoids
and explore their fine organization without internal structure
destruction. This is especially important for the investigation
of brain organoids since they contain a dense network of long
processes of nerve cells, which is very difficult to study by
serial sections (Dodt et al., 2007).

Based on the various tissue clearance techniques analysis,
we settled on the use of hydrogel-tissue chemistry as a clearing
agent. Generally hydrophobic and hydrophilic reagent-based
protocols are applied to the investigation of spheroids or hol-
low organoids such as intestinal organoids (Susaki, Takasato,
2021), while hydrogel reagents are used for the clarifying of
human iPSC-derived retinal organoids (Cora et al., 2019)
and iPSC-derived cerebral organoids (Renner M. et al., 2017;
Sakaguchi et al., 2019; Albanese et al., 2020). Hydrogel-tissue
chemistry-based protocols maximize the preservation of the
internal structure of organoids and allow to achieve high opti-
cal resolution and low background at fluorescent microscopy.

Currently, there are at least three known hydrogel-tissue
chemistry-based methods that use different delipidation and
dehydration chemicals: SWITCH (Glutaraldehyde cross-
linking (Delipidation) Diatrizoic acid N-methyl-D-glucamine
Iodixanol (dehydration)), SHIELD (Polyepoxy cross-linking
(Delipidation), Diatrizoic acid N-methyl-D-glucamine lodi-
xanol (dehydration)) and CLARITY (Hydrogel embedding
(Delipidation), HistodenzTM Glycerol (dehydration)) (Susaki,
Takasato, 2021; Yu et al., 2021). Therefore in our choice of
a suitable technique, we also focused on the availability of
the appropriate reagents, the simplicity of the protocol and
the lack of need for special equipment.

Of course, a significant disadvantage of CLARITY tech-
nique is the relatively long tissue clearance procedure (ap-
proximately three weeks for 90-days cerebral organoids), but
this obstacle is compensated by a quite simple protocol. To
our knowledge, there is a single report in which the CLARITY
technique was used for cerebral organoid clarifying (Saka-
guchi et al., 2019); however, a detailed description of this
technique applied to brain organoids has not been previously
performed. For the first time, we make a detailed descrip-
tion of the human cerebral organoid samples preparation for
investigation of CLARITY-treated samples for Light-Sheet
microscopy.
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