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Genetic polymorphism of high-molecular-weight glutenin
subunit loci in bread wheat varieties in the Pre-Ural steppe zone

A.A. Galimoval’ 2@, A.R. Kuluev!, K.R. Ismagilov3, B.R. Kuluev! 2

TInstitute of Biochemistry and Genetics — Subdivision of the Ufa Federal Research Centre of the Russian Academy of Sciences, Ufa, Russia
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3 Bashkir Research Institute of Agriculture of the Ufa Federal Research Centre of the Russian Academy of Sciences, Ufa, Russia

® aiz.galimova@yandex.ru

Abstract. High-molecular-weight glutenins play an important role in providing high baking qualities of bread wheat
grain. However, breeding bread wheat for this trait is very laborious and, therefore, the genotyping of variety samples
according to the allelic composition of high-molecular-weight glutenin genes is of great interest. The aim of the study
was to determine the composition of high-molecular-weight glutenin subunits based on the identification of the allelic
composition of the Glu-T genes, as well as to identify the frequency of the Glu-1 alleles in bread wheat cultivars that are
in breeding work under the conditions of the Pre-Ural steppe zone (PSZ). We analyzed 26 winter and 22 spring bread
wheat varieties from the PSZ and 27 winter and 20 spring varieties from the VIR collection. Genotyping at the Glu-AT lo-
cus showed that the Ax1 subunits are most common in winter varieties, while the predominance of the Ax2* subunits
was typical of spring varieties and lines. In the Glu-B1 locus, the predominance of alleles associated with the produc-
tion of the Bx7 and By9 subunits was revealed for both winter and spring varieties. In the case of the Glu-D1 gene, for
all the wheat groups studied, the composition of the Dx5+Dy10 subunits was the most common: in 92.3 % of winter
and 68.2 % of spring PSZ accessions and in 80 % of winter and 55 % of spring VIR accessions. The analysis of genotypes
showed the presence of 13 different allelic combinations of the Glu-A1, Glu-B1, Glu-D1 genes in the PSZ varieties, and
19 combinations in the VIR varieties. The b b/al/c d allelic combination (Ax2* Bx7+By8/8*/9 Dx5+Dy10) turned out to be
the most common for the PSZ spring varieties and lines, while for the PSZ winter accessions it was a ¢ d (Ax1 Bx7+By9
Dx5+Dy10); the bca and bcd genotypes (Ax2* Bx7+By9 Dx2+Dy12 and Ax2* Bx7+By9 Dx5+Dy10, respectively) occur
with equal frequency among the VIR spring accessions; in the group of VIR winter varieties, the combination of the
ab/ald alleles (Ax1 Bx7+By8/8* Dx5+Dy10) prevails. The most preferred combination of alleles for baking qualities was
found in the spring variety ‘Ekaterina’ and winter varieties ‘Tarasovskaya 97, ‘Volzhskaya S3; as well as in lines k-58164,
L43510, L43709, L-67, L-83, which are recommended for further breeding programs to improve and preserve baking
qualities in the conditions of the Pre-Ural steppe zone.

Key words: Triticum aestivum; genotyping; baking qualities; high molecular weight glutenins; Glu-1 genes.

For citation: Galimova A.A., Kuluev A.R., Ismagilov K.R., Kuluev B.R. Genetic polymorphism of high-molecular-weight
glutenin subunit loci in bread wheat varieties in the Pre-Ural steppe zone. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov
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TeHeTUYEeCKUI MOANMOP(I3M JIOKYCOB BBICOKOMOJIEKYISIPHBIX
CyOBbeIVHULL ITTIOTEHMHA Y COPTO0OPAa3ILI0B MSTKO MIIIEHUIIbI
IIpeaypabCKOM CTEITHOM 30HbI

A.A. Taaumosal 2@, A.P. Kyayes!, K.P. Vicmaruaos?, B.P. Kyayes! 2

T HCTUTY T 61OXMIV 1 reHeTUKM — 060CO6IEHHOE CTPYKTYPHOE nofpaszeneHme YGumMckoro deaepanbHOro 1CCieoBaTeNlbCKoro LieHTpa
Poccuninckor akapemnn Hayk, Yoa, Poccua
2 DepiepanbHblii NCCNEROBATENBCKNI LLeHTP BCepOoCCUNCKN MHCTUTYT reHeTUYeCKrX pecypcoB pacteHuii um. H./. Baunosa (BUP), CankT-MNeTep6bypr, Poccus
3 BaWIKMPCKMIT HayYHO-NCCNIEOBATENLCKIAN MHCTUTYT CENbCKOTO XO3AMCTBA YGUMCKOTO heiepaibHOro UCCE[OBATENLCKOrO LIEHTPa
Poccuninckor akapemuu Hayk, Yoa, Poccua
® aiz.galimova@yandex.ru

AHHOTaL . BbICOKOMONEKYNAPHbIE FIOTEHNHDBI UTPAIOT BaXKHYHO POJib B 06ecrneyeHnn xnebonekapHbIX KauecTs 3ep-
Ha MATKON nweHuLbl Triticum aestivum L. OgHaKo cenekuusa MArKOWN MweHuLbl NO JaHHOMY NMPU3HaKy BeCbMa Tpyao-
€MKa, M03TOMYy GOMbLION MHTepeC NpefcTaBaAeT reHOTUNMPOBaHME COPTOOOPa3LOB MO annefibHOMY COCTaBy reHOB
BbICOKOMOJEKYNAPHbIX MIOTEHWHOB. Llenb nccneposaHnsa coctoana B onpefeneHMn coctaBa cy6beanHUL, BbICOKO-
MONEKYNAPHbIX FMIOTEHNHOB HAa OCHOBE BbIABJIEHWA a/lfIeNlbHOro CoCTaBa reHoB Glu-1, a TakXe B BbIAABMIEHMMN YacTOTbI
BCTpeyYaemMocT annenein reHoB Glu-1 B copTtoobpasLiax MArKoW MLUeHLbl, HAXOAALMXCA B CeNeKLUNOHHON paboTe B
Mpenypanbckoii ctenHoi 30He (MC3). MpoaHann3npoBaHbl 26 03MMbIX U 22 SPOBbLIX COPTOOOPA3LA MATKON MLLEHNLbI,
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Genetic polymorphism of HMW-GS loci
in bread wheat varieties in the Pre-Ural steppe zone

HaXOAALYMXCA B CeNleKLMOHHON paboTe B MC3, 1 27 031MbIX 1 20 APOBbIX COPTO0OPa3LOB 13 Konnekuun BUP. AHanuns
reHOTWMOB NoKa3an Hanuuve 13 pasnnyHbIX alenbHbIX coueTaHni reHoB Glu-AT, Glu-B1, Glu-D1 B copTtoo6pasuax NC3
1 19 coyeTaHuin — B copToobpasuax BUP. Cambim pacnpocTpaHeHHbIM Ans APOBbIX COPTOB W nHMIA MC3 okasanocb co-
yeTaHwue annenen b b/al/c d (Ax2* Bx7+By8/8*/9 Dx5+Dy10), ana o3umbix — a c d (Ax1 Bx7+By9 Dx5+Dy10). Cpeau sapo-
BbIX COPTOO6Pa3L0B Konnekummn BUP ¢ paBHOI yacToTol BCTpeuanucb reHoTunbl b ¢ a (Ax2* Bx7+By9 Dx2+Dy12)nbcd
(Ax2* Bx7+By9 Dx5+Dy10); B rpynne o3umbix copto BV/IP npeobnapan reHotun a b/al d (Ax1 Bx7+By8/8* Dx5+Dy10).
Hanbonee npefnoututenbHoe B Lienax xneboneyeHnsa coyeTaHvie anneneii BbiABNEHO Y APOBOro copta EkatepuHa n
03UMbIX copToB TapacoBckas 97, Bomxkckaa C3, a Takke y nnuHuin K-58164, 1143510, J143709, J1-67, J1-83, koTopble pe-
KOMeHAYITCA Ans JanbHEMLUNX CENEKLMOHHbIX MPOrpamMmm Mo yAyyLEHNIO 1 COXPaHEHMIo X1eboneKapHbIX KauecTs B

ycnosusax Mpefypanbckoii CTEMHOW 30HbI.

Kntouesble cnoBa: Triticum aestivum; reHoOTUNnpPOBaHNeE; xne60neKaprle KayecTBa; BbICOKOMONEKYNAPHbIE MIOTEHU-

Hbl; reHbl Glu-1.

Introduction

The gluten complex of bread wheat grain (7riticum aesti-
vum L.) plays an important role in determining its baking
qualities (Gomez et al., 2011). Grain gluten is formed by dif-
ferent groups of proteins (Weiser et al., 2006; Koehle, Weiser,
2013). The most significant among them are high-molecular
glutenins: it is between them that intermolecular disulfide
bonds resistant to high temperatures are formed. Thus, the
number and composition of high molecular weight glutenin
subunits (HMW-GS) are important in the formation of bakery
product crumb structure, which is formed during baking, and
seem to be significant factors that determine the baking quality
of wheat grain (Dhaka, Khatkar, 2015).

Each of the loci of high molecular weight glutenins Glu-A41,
Glu-B1, Glu-D1 contains two paralogous genes encoding ‘x’-
and ‘y’-type proteins, differing in molecular weights and se-
quences of conservative N-terminal domains (Payne et al.,
1982; Shewry et al., 2003). Despite the presence of six Glu-1
genes (coding for HMW-GS Ax1, Bx1, Dx1, Ayl, Byl and
Dy1), the number of expressed HMW genes varies from three
to five in different varieties of bread wheat, since the genes of
the Ax1 and By subunits may not be expressed, and expres-
sion of the Ay1 subunit is always blocked (Luo et al., 2018).
Glutenin genes are characterized by alleles associated with
high and low productivity, grain quality, and adaptive potential
(Konarev et al., 2000). It was found that good quality of bak-
ing, in particular, the elasticity and strength of the dough and
the volume of bread, is significantly affected by the subunits
encoded by the D subgenome (Yang et al., 2014), followed
by the influence of the B subgenome (Zhang L.J. et al., 2015).

Various combinations of the Glu-1 genes alleles of the
ABD subgenomes determine the diversity of HMW-GS
combinations, which affects the quality of wheat dough and
final products. For example, the G/u-A1a allele (encoding the
Ax1 subunit) is associated with a high gluten index and a long
test development time (Tabiki et al., 2006). The Glu-A41b
(Ax2*) allele is usually associated with good dough strength
(Vazquez et al., 2012). In turn, the Glu-AIc (null) allele has
a negative effect on the quality of the dough (Anjum et al.,
2007). The Glu-B1 locus is characterized by the presence of
many alleles, among which the Glu-Blf (Bx13+By16) and
Glu-Bli (Bx17+By18) alleles have a positive effect on the
rheological properties of the dough and baking quality (Guo
etal., 2019). Among the alleles of the G/u-B1 locus, a unique
allele Glu-Blal was found, which is associated with overex-
pression of the Bx7 subunit (Bx7°F) and increased dough
strength (Zhao et al., 2020). It is known that the presence of the
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Glu-D1d (Dx5+Dy10) allele contributes to high rheological
properties and quality of the dough (Wang G. et al., 1993). If
we consider the effect of various HMW-GS on the rheological
properties of the dough, they have the following rank order of
contribution to the dough strength: Dx5+Dy10 > Dx2+Dy12 >
Dx3+Dy12 > Dx4+Dy12 (Payne, Lawrence, 1983; Zhang Y.
et al., 2018); at the G/u-BI and Glu-A1 loci: Bx17+By18 >
Bx13+By16 > Bx7+By9 > Bx7+By8 > Bx6+By8 and Ax2* >
Ax1 > Null, respectively (Patil et al., 2015).

According to the estimates of the Federal State Budgetary
Institution “Centre of Quality Assurance” for 2019, 46.2 % of
bread wheat grain in the Republic of Bashkortostan belonged
to Class 4, and 20.5 % was not food at all (http://fczerna.ru/).
Thus, one of the problems in the cultivation of bread wheat
in the Republic of Bashkortostan is the low quality of grain,
which depends on the genotype, but the negative impact
of the soil and climatic conditions of our region is also not
excluded. Based on the importance of HMW-GS in the for-
mation of high baking qualities of wheat grain, elucidating
the composition of HMW-GS and their characteristics is an
important and relevant task for breeding, aimed, among other
things, at improving and preserving the baking qualities of
wheat. Such studies have never been carried out before in
the conditions of the Pre-Ural steppe zone (PSZ). Therefore,
the aims of our work were to determine the allelic state of the
Glu-1 loci, to identify the composition of HMW-GS based
on PCR, and to analyze the frequency of different genotypes
occurrence in bread wheat varieties from the collections of
the Bashkir Research Institute of Agriculture of the UFRC
of the Russian Academy of Sciences and Federal Research
Center the N.I. Vavilov All-Russian Institute of Plant Genetic
Resources (VIR).

Materials and methods

The objects of the study were 48 varieties and lines of bread
wheat included in the breeding programs and zoned to the
soil and climatic conditions of the PSZ, the baking qualities
of which had not been studied, as well as 47 random varieties
from the VIR collection with known baking qualities (Suppl.
Material 1)!.

Genomic DNA was isolated from dried leaves by a stan-
dard method using CTAB (Doyle J.J., Doyle J.L., 1987).
Genotyping of the samples was carried out by PCR analysis,
visualization of the results was carried out in 1.6 % agarose
and 8 % polyacrylamide gels with markers of DNA frag-

1 Supplementary Materials 1-3 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Galimova_Engl_27_4.pdf
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Distribution of the Glu-1 genes alleles in cultivars and lines zoned to the conditions of the PSZ and from the VIR collection.

Alleles of ABD subgenomes and their frequency of occurrence: a - subgenome A; b - subgenome B; ¢ — subgenome D.

ment with lengths of 50 bp and 100 bp (Eurogen, Russia). To
identify the allelic states of the Glu-1 genes, we used primer
pairs UMNI9F/19R (Liu et al., 2008), a/b (Lafiandra et al.,
1997), and BxF/BxR (Ma et al., 2003), as well as ZSBy9aF1/
ZSBy9aR3, ZSBy9aF2/ZSBy9aR2 (Lei et al., 2006) for subge-
nomes A and B, respectively. In the evaluation of varieties and
lines at the Glu-B1 locus, the BxF/BxR primer pair was used
to detect alleles of the x-type subunits, and the ZSBy9aF1/
ZSBy9aR3 and ZSBy9aF2/ZSBy9aR2 primer pairs were
used to detect alleles of the y-type subunits. The allelic state
of the Glu-D1 gene was determined by duplex PCR using
primer pairs UMN25F/25R and UMN26F/26R (Liu et al.,
2008). Primer sequences and sizes of PCR products are given
in Suppl. Material 2. Examples of the electrophoregrams of
different alleles of the ABD subgenomes are shown in Suppl.
Material 3.

Results

Glu-AT locus genotyping

PCR analysis of PSZ winter wheat samples revealed the
presence of a allele associated with subunit Ax1 in 21 out of
26 (80.8 %) samples, allele b (Ax2*) —in 4 (15.4 %) and al-
lele ¢ (Ax-null) —in 1 (3.8 %) winter wheat samples. Allele a
was found in 3 out of 22 (13.6 %) varieties, allele » was found
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in 19 (86.4 %) (see Suppl. Material 3, a) varieties in the group
of PSZ spring wheat cultivars and lines; cultivars with the
¢ allele were not found in this group.

The following results were obtained for samples from the
VIR collection: allele a was detected in 21 (77.8 %) winter
and 2 (10 %) spring varieties; allele » —in 5 (18.5 %) winter
and 13 (65 %) spring varieties; allele ¢ —in 1 (3.7 %) winter
and 5 (25 %) spring varieties and lines (see the Table and the
Figure, a).

Glu-B1 locus genotyping

PCR analysis of 26 winter varieties of PSZ showed the presen-
ce of the Bx7 subunit in 25 (96 %) varieties (see the Figu-
re, b). In the case of spring cultivars and lines of PSZ, it was
revealed that all the studied varieties carry the Bx7 subunit.
When analyzing winter varieties of VIR, it was found that all
samples carry the allele associated with Bx7 subunits, except
for cultivars Zarya, Kolkhoznitsa and Avesta. Amplicons,
formed during PCR in the Zarya and Kolkhoznitsa cultivars,
have lengths that are not characteristic of loci associated with
subunits Bx6, Bx7/7* and Bx17; for cultivar Avesta the Bx17
subunit amplicon was detected (see Suppl. Material 3, ¢). In the
course of genetic analysis of varieties and lines of spring wheat
from VIR, the allele encoding the Bx7 subunit was established
for 13 cultivars out of 20 (65 %), for 3 cultivars — the Bx17
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Results of the allelic composition analysis of the Glu-1 genes and the HMW-GS composition

No. Cultivar/line HMW-GS Glu-1 allele
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Table (end)
No. Cultivar/line HMW-GS Glu-1 allele

Note. HMW-GS - high molecular weight glutenin subunits. Bold and underline indicate subunits the expression of which is predominant; alleles and subunits
that could not be accurately identified are marked with a question mark.
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subunit (15 %), for 4 cultivars it was not possible to identify
x-type subunits using the BxF/BxR primers pair (Leningradka
Krupnozernaya, Sheridan, Ranger, 56471/69970).

The presence of monomorphic and polymorphic varieties
and lines in the studied samples was revealed using pairs of
primers ZSBy9aF1/ZSBy9%9aR3 and ZSBy9aF2/ZSBy9%aR2.
The share of monomorphic varieties was 80.8 and 70.4 %
for winter wheat, and 27.3 and 100 % for spring wheat in the
PSZ and VIR samples, respectively. Polymorphic cultivars
and lines are the samples, during genotyping of which alleles
of several glutenin-coding loci differed in electrophoregrams.

Polymorphism of the G/u-B1 locus is represented by a com-
bination of glutenin subunits Bx7+By8/8*/Bx7+By9. At the
same time, this combination occurs in two forms: the same
level of expression of the By-type subunits genes (7+8/8%/9)
and the predominance of expression of the By9 subunit genes
(7+8/8*/9). Thus, in the course of genetic analysis using prim-
ers ZSBy9aF1/ZSBy9aR3, the allele of the By9 subunit in
the monomorphic form was detected in 15 out 0of 26 (57.7 %)
varieties of winter wheat and in 3 out of 22 (13.6 %) varieties
of spring wheat of the PSZ samples. The polymorphic form
in the combinations of By (7+8/8*/9) and By (7+8/8%/9) was
found in 19.2 and 0 % of winter wheat samples and in 63.6
and 9.1 % of spring wheat samples, respectively. The second
pair of primers, ZSBy9aF2/ZSBy9aR2, made it possible to
identify the By8/By8* allele in 4 winter wheat and 3 spring
wheat varieties of PSZ. The Bynull/20 subunit allele was found
in the cultivar Anastasia in the selection of winter wheat culti-
vars and lines of PSZ, while it was not found in the selection
of spring wheat varieties of PSZ. The Alabasskaya cultivar
was found to carry the a allele, which is characterized by the
set of subunits Bx7+Bynull.

Analysis of varieties and lines of VIR using the ZSBy9aF1/
ZSBy9aR3 primer pair showed that the monomorphic allele
of the By9 subunit (see Suppl. Material 3, d) was present in
6 out of 27 (22.2 %) winter wheat and 10 out of 20 (50 %)
spring wheat cultivars. Polymorphism in the VIR variety
samples is found only in the form of By (7+8/8*/9) solely in
winter cultivars (29.6 %). It was revealed that 11 out of 27 win-
ter varieties and lines carry the Bx8/8* subunit allele using
primers ZSBy9aF2/ZSBy9aR2; the y-type subunit was not
established for the Kolkhoznitsa cultivar. It was found that 17
out of 20 spring varieties and lines form 2 reaction products,
the three remaining varieties have 0, 1 and 3 amplification
reaction products with primers ZSBy9aF2/ZSBy9aR2. Thus,
according to the results of PCR of two primer pairs ZSBy9aF1/
ZSBy9aR3 and ZSBy9aF2/ZSBy9aR2, it can be seen that 10
out of 20 (50 %) spring cultivars carry the allele associated
with the production of the By9 subunit, 7 (35 %) cultivars carry
the 8/8*/18/15 subunit allele, 1 cultivar (Bola Picota) — the
null/20 subunit allele, 1 cultivar (Tin-Ci-En 18) — the By16
subunit allele (see the Table and the Figure, b).

Glu-D1 locus genotyping

Identification of the allelic composition of the Glu-D1 gene
was carried out using two pairs of primers to simultaneous-
ly detect alleles of genes encoding subunits Dx5 and Dy10
(5+10), Dx2 and Dyl2 (2+12). When using these primers
for samples with subunits 5+10 we observed the presence of
397 and 281 bp amplicons (allele d), and for samples with
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subunits 2+12 — 415 and 299 bp amplicons (allele a) (see
Suppl. Material 3, ). Thus, in the sample of PSZ cultivars, the
d allele was detected in 24 (92.31 %) winter and 15 (68.18 %)
spring cultivars; in a sample of varieties and lines from the
VIR collection, this allele was found in 24 (88.9 %) winter
and 11 (55 %) spring cultivars of wheat (see the Table and
the Figure, ¢).

Glu-1 gene allele combination (ABD)
The presence of 8 different combinations of the Glu-1 (ABD)
gene alleles was characteristic for winter wheat, and 9 different
combinations of alleles — for spring wheat of PSZ varieties.
The predominant alleles combination for winter wheat was
the combination of alleles a ¢ d — it was detected in 13 out of
26 varieties (50 %) of the samples of PSZ, while in the case
of spring wheat, the combination of b b/al/c d was predomi-
nant (36.4 %), so a significant number of spring varieties had
a genotype with b b/al/c a alleles combination (22.7 %).
The presence of 10 different combinations of the Glu-1
(ABD) gene alleles was revealed in 27 winter wheat varieties
and 11 combinations of alleles — in the spring wheat forms
from 20 VIR cultivars and lines. The predominant combina-
tions of alleles of winter varieties turned out to be the combina-
tion a b/al d (29.6 %; 8 varieties out of 27), in spring varieties,
combinations of alleles b ¢ d and b ¢ a were the most common
(20 % of each combination; 4 varieties out of 20). In addition,
the combination of alleles b i/? d was observed in 15 % of
varieties (3 varieties out of 20).

Discussion
To date, the existence of correlations between the presence of
certain alleles of the Glu-1 genes and indicators of the bak-
ing quality of bread wheat grain has been shown. HMW-GS
genes loci are characterized by high polymorphism (Patil et
al., 2015), which may be one of the reasons for the genetic
variability of wheat cultivars in terms of the rheological and
technological properties of the dough. On the other hand, these
qualities are rather difficult to control in classical breeding.
Therefore, genotyping of HMW-GS alleles is an important task
aimed at the effective selection of parental forms with high
baking qualities, and the results obtained can be applied in
marker-assisted and genomic selection of bread wheat. How-
ever, first it is necessary to carry out work on the assessment
of the genetic diversity of bread wheat cultivars according
to the allelic composition of high molecular weight glutenin
genes in certain regions, which was the subject of our study.
The Ax1 and Ax2* subunits have a positive effect on the
quality of the dough, while the null subunit has a negative
effect (Anjum et al., 2007). We have found that in winter va-
rieties for subgenome A, allele a (Ax1) is predominant, while
in spring varieties it is allele b (Ax2*) (see the Figure, a).
This pattern is typical for both studied groups (PSZ and VIR).
Eight different Glu-B1 alleles were identified for all the
studied varieties and lines, the total number of which was 95
(see the Figure, b). At the same time, it was not possible to
identify the exact allele for 7 varieties, since reaction products
formed during PCR either did not correspond in size to the
expected ones, or were absent. These samples require further
research, including by sequencing, for the possible carriage
of new alleles. Among the eight identified alleles, the highest
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frequency of occurrence was determined for the ¢ allele
(Bx7+By9) (34.7 % of the total number of all PSZ and VIR
samples), which correlates with the results of other studies that
indicate a wide distribution of this allele (Payne, Lawrence,
1983; Gianibelli et al., 2001).

When analyzing a sample of varieties and lines of bread
wheat PSZ, it was found that the most common alleles are ¢
and b/al/c. Thus, 57.7 % of winter varieties of PSZ carry the
c allele (Bx7+By9), 63.6 % of spring varieties and lines of
PSZ carry the b/al/c allele (Bx7+By8/8*/9). However, when
analyzing varieties and lines from the VIR collection, it was
revealed that most of the c alleles are carried by spring wheat
varieties (50 %), and winter wheat varieties with a frequency
0f40.7 % carry the b/al allele (Bx7+By8/8*). Thus, the winter
wheat varieties of PSZ were more often monomorphic, in
contrast to the spring wheat varieties, for which the produc-
tion of PCR products characteristic of both the b/al allele
(Bx7+By8/8*) and the c allele (Bx7+By9) was detected. At
the same time, it should be noted that the production of am-
plicons associated with the ¢ allele occurs much more often
compared to the amplicons of the b/al allele (varieties have
the b/al/c genotype (Bx7+By8/8*/9)). The distribution of al-
leles b/al (Bx7+By8/8*) and c is not surprising, since these
alleles are associated with good baking qualities (Payne, Law-
rence, 1983).

In the studied samples, it is worth paying attention to the
winter wheat cultivar Avesta from the VIR collection, since
this cultivar is likely to carry the Glu-B1i allele (Bx17+By18)
associated with high grain quality, and can be selected for
breeding programs aimed at improving grain quality. In ad-
dition to the Avesta cultivar, it is necessary to carry out ad-
ditional studies in order to establish the exact allele, namely,
to identify the allele of the y-type subunit in spring wheat
varieties from VIR — C-75094, Niab 545, Bithoor. If the pres-
ence of the Glu-B1i allele (Bx17+By18) is confirmed, these
wheat varieties can also be used in breeding programs. When
planning hybridization work, it should be borne in mind that
the Alabasskaya and Bola Picota cultivars carry the « allele
(Bx7) of the B subgenome, which is associated with a rather
low grain quality assessment. The Bola Picota cultivar, accord-
ing to VIR data, really has low baking qualities (see Suppl.
Material 1). So, the analysis of the Glu-Bx locus showed
that the carriage of the allele associated with the production
of Bx7 subunits is predominant for both winter and spring
forms of bread wheat. Genetic analysis of the Glu-By locus
revealed the greatest distribution of the allele associated with
the production of the By9 subunit in wheats of both forms
of vernalization.

During the genetic analysis of the Glu-D1 gene, it was re-
vealed that all the studied varieties and lines of PSZ and VIR
carry one of two alleles — a or d. The results of studies of VIR
samples also indicate a wide distribution of these alleles and
the Dx2+Dy12 and Dx5+Dy10 glutenin subunits encoded by
them (Ayala et al., 2016). In addition, it was found that for
all the studied wheat groups, the composition of the subunits
Dx5+Dy10 (allele d) is the most common (frequency of oc-
currence in total in cultivars and lines of PSZ is 83.3 %); in the
total sample of VIR —72.3 %). At the same time, the frequency
of occurrence of this allele in winter wheat varieties is higher
than in spring ones (see the Figure, ¢). It is known that the
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d allele (Dx5+Dy10) of the Gl/u-D1 locus has a pronounced
positive effect on flour quality (Payne, Lawrence, 1983), which
is consistent with selection aimed at improving the baking
qualities of grain. The second allele of the D subgenome
identified by us is the allele a (Dx2+Dy12); theoretically, it
can have a negative impact on the production of high-quality
pan bread, but it is recommended for cultivars used for making
hearth bread and noodles. However, it is worth mentioning
that this allele is not always associated with poor grain quality.
Relatively recently, genes have been discovered that cause the
synthesis of Dy12.7 subunits (Peng et al., 2015) and Dy 12**
(Du et al., 2019), which have similar molecular weights
to standard Dy12, but are associated with increased grain
quality.

In addition to the influence of single alleles on the quality of
the final product, the quality of dough and bread is affected by
the total effect of alleles of all three subgenomes (Payne et al.,
1981; Wang Z.J. et al., 2018; Zhao et al., 2020). In the sample
of all analyzed wheat samples, 24 allelic combinations were
identified at the Glu-1 locus, among which the combination
ofalleles b b/al d (Ax2* Bx7+By8/8* Dx5+Dy10) is the most
preferable for baking purposes (Pirozi et al., 2008). A similar
combination of alleles was detected in the spring wheat culti-
var Ekaterina. According to the data given in the Russian State
Register for Selection Achievements, this cultivar has good
baking qualities. Among the varieties of VIR, the combination
ofalleles b b/al d (Ax2* Bx7+By8/8* Dx5+Dy10) is found in
winter wheat cultivars Tarasovskaya 97, Volzhskaya S3 and
spring wheat line k-58164. Cultivars Tarasovskaya 97 and
Volzhskaya S3, according to the Russian State Register for
Selection Achievements, have good baking qualities. Thus,
winter wheat cultivars Tarasovskaya 97, Volzhskaya S3 and
spring wheat cultivar Ekaterina can be taken into account when
selecting parental pairs for breeding bread wheat in order to
improve baking qualities.

Combinations of alleles a ¢ d (Ax1 Bx7+By9 Dx5+Dy10)
(50 % — PSZ, 14.8 % — VIR) and a b/al d (Ax Bx7+By8/8*
Dx5+Dy10) (11.5 % — PSZ, 29.6 % — VIR) turned out to be
the most common in the total sample of winter wheat vari-
eties and lines. It was reported that these combinations of
subunits are rated 9 and 10 scores on the Payne scale. From
the frequency of occurrence of alleles a ¢ d (Ax1 Bx7+By9
Dx5+Dy10) (9 scores on the Payne scale) and a b/al d (Ax1
Bx7+By8/8* Dx5+Dy10) (10 scores) in the sample of winter
wheat varieties of PSZ and the VIR collection, it can be seen
that in regions with climatic conditions of PSZ, selection went
towards the fixation of the c allele of the subgenome B in com-
parison with the VIR samples, which collected varieties and
lines from different regions and countries (see the Figure, b).
However, in the studied sample of spring wheat varieties, the
opposite picture is observed — classical selection in PSZ goes
towards the acquisition of the b allele (Bx7+By8) of the B sub-
genome (see the Figure, ). So, according to the frequency
of occurrence of genotypes b b/al/c a (Ax2* Bx7+By8/8*/9
Dx2+Dy12) (22.7 % — PSZ, 0 % — VIR), b b/al/c d (Ax2*
Bx7+By8/8*/9 Dx5+Dy10) (36.4 % —PSZ,0 % —VIR),bcd
(Ax2* Bx7+By9 Dx5+Dy10) (13.6 % — PSZ, 20 % — VIR)
and b ¢ a (Ax2* Bx7+By9 Dx2+Dy12) (0 % — PSZ, 20 % —
VIR), it can be seen that heteromorphism of the G/u-B1 locus
appeared in the group of PSZ varieties and lines.
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The lowest HMW-GS scores according to the Payne scale
have genotypes b ¢ a (Ax2* Bx7+By9 Dx2+Dy12) (Glu-1
score = 7). This combination of alleles was identified in the
spring wheat cultivar Tulaykovskaya 108, but according to
the Russian State Register for Selection Achievements, this
cultivar belongs to strong wheat with good baking qualities.
However, according to our data, in the conditions of the
Republic of Bashkortostan, cultivar Tulaykovskaya 108 is
characterized only by satisfactory baking qualities. These
contradictory data, among other things, are probably related
to the climatic conditions of the regions, and the genotype of
the cultivar may become a limiting factor under adverse ex-
ternal conditions. In the group of cultivars and lines from the
VIR collection, genotype b ¢ a was found in 20 % of spring
wheat samples. In addition to the b ¢ a genotype, combinations
ofalleles b b/al/c a (Ax2* Bx7+By8/8*/9 Dx2+Dy12) (Glu-1
score=7 or 5) and ¢ ¢ a (Ax-null Bx7+By9 Dx2+Dy12) (Glu-1
score = 5) have low scores on the Payne scale. The last com-
bination of alleles has been found in one spring wheat line of
VIR —MSK 1002. Genotype b b/al/c a (Ax2* Bx7+By8/8*/9
Dx2+Dy12), despite the low Glu-1 score, is widespread in
the group of spring wheat varieties PSZ (22.7 %), two winter
lines of PSZ also have this genotype — Lutescens 65752 and
Lutescens 67750.

Conclusion

Polymorphism of bread wheat cultivars zoned to the condi-
tions of PSZ was studied for the genes of high molecular glu-
tenins G/u-1 by PCR analysis. Among the 26 studied winter
cultivars of PSZ, the predominant majority had genotypes with
the a ¢ d allele (Ax1 Bx7+By9 Dx5+Dy10). The b b/ al/c d
(Ax2* Bx7+By8/8*/9 Dx5+Dyl0) alleles combination was
found to be dominant for 22 spring cultivars of PSZ. Among
the 24 identified ones, the combination of alleles b b/al d
(Ax2* Bx7+By8/8* Dx5+Dy10) of the Glu-1 genes is the most
preferred for baking purposes. This genotype was detected in
the spring wheat cultivar Ekaterina and winter wheat culti-
vars Tarasovskaya 97, Volzhskaya S3 and spring wheat line
k-58164. Of the promising spring wheat lines of the PSZ, the
lines L43510, L43709, L-67, L-83, which are recommended
for further breeding programs to improve and preserve baking
qualities in the conditions of the Pre-Ural steppe zone, may
have the highest score according to Payne.
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Morphological and phylogenetic features
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Abstract. Juniperus deltoides is a relict species from the Tertiary Period. It is a typical representative of the Mediterra-
nean group of the section Juniperus. It is included in the Red Books of the Republic of Crimea and the city of Sevasto-
pol. Until recently, it was believed that a population of J. oxycedrus grew in Crimea. Currently, J. deltoides is described
as a cryptic species, morphologically difficult to distinguish from J. oxycedrus. As a result, it became necessary to
conduct a series of detailed studies to determine the morphological and phylogenetic features of the Crimean cryptic
population in order to identify it as being one of the species of the cryptic pair. The studies were carried out in two
stages: at the first stage, the morphological features of the vegetative and generative organs and their difference from
J. oxycedrus were determined; the second stage included genetic research. The length of the needles of the Crimean
population is 12.94+0.19 mm, which corresponds to the Eastern Italian population of J. deltoides. At the same time,
the width of the needles is 1.39+£0.02 mm, which is typical of the Portuguese population of J. oxycedrus. The di-
mensions of the cones are d, (conditional height) = 7.54+£0.14 mm, and d, (conditional width) = 9.11£0.09 mm,
which is more in line with J. deltoides. The shapes of the cones are very diverse. Some individuals have cones, the
covering scales of which are visually indistinguishable, and their tops are completely fused. A similar phenomenon
is characteristic of the Western Mediterranean populations of J. oxycedrus. Morphological analysis of the vegetative
and generative organs of J. deltoides showed that when these two traits are combined, it is not possible to reliably
distinguish between J. deltoides and J. oxycedrus individuals. Nuclear (ITS internal transcribed spacer) and chloroplast
(petN-psbM, trnS-trnG) non-coding regions of the genome were used for genetic analysis. Studies have shown that
the nuclear regions of genes have greater variability than chloroplast regions. The sequences obtained in this work
formed a clade with J. deltoides samples 9430 and 9431 (BAYLU) growing in Turkey, which makes it possible to assign
the samples studied to J. deltoides.

Key words: Juniperus deltoids; population; needles; cone berries; cryptic view; phylogenetic analysis; nuclear genes;
chloroplast genes.
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AHHOTauuA. Juniperus deltoides — 3To penKTOBbIN BUA TPETUYHOIO Nepropa. ABNAeTcA TUMUYHbIM NPeacTaBUTeNnemM
Ccpean3eMHOMOPCKON rpynnbl cekumn Juniperus. BkntoueH B KpacHble KHurn Pecny6nuku Kpbim 1 ropoga CeBacto-
nons. [1o HefaBHero BpemMeHy CYMTanoch, YTo Ha TeppuTopun Kpbima npouspactaet nonynaums J. oxycedrus. Cenyac
J. deltoides onucbIBaloT Kak KpUNTUYECKNIA BUA, MOPGONOrMYECKN COXKHO OTINUYUMBIN OT J. oxycedrus. B pesyrnbTa-
Te BO3HUKSIa HEOOXOANMOCTb NMPOBeAeHNA pAfa AeTaNbHbIX NCCNeA0BaHUIN MO onpeAeneHnto Mopdonornyeckux u
dunoreHeTNYECKNX OCOBEHHOCTEN KPUNTUYECKON nonynaumny KpbiMa € Lenblo YyCTaHOBNEHNA ee NPUHAANEXHOCTU
K OfHOMY V3 BVMAOB KpUMTMYecKow napbl. ViccnefoBaHna Npoxoannu B Ba 3Tana: Ha NnepBoM 3Tarne onpeaensanv
Mopdonornyeckne oCo6eHHOCT BEreTaTMBHbIX 1 FeHepPaTUBHbIX OPraHOB 1 UX OTanume oT J. oxycedrus, Ha BTO-
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Mopdonornueckne n unoreHeTnyeCKMe 0CO6EHHOCTH
KpbIMCKOW nonynauuu Juniperus deltoides R.P. Adams

POM — BbIMOMHANN FeHeThYecKkne nccrefoBaHua. [InvHa XxBon KpbIMCKOW nonynAumn coctaBnsaeT 12.94+0.19 mm,
YTO COOTBETCTBYET BOCTOYHOMTaNbAHCKON nonynaummn J. deltoides. Mpy 3Tom wrprHa xBou paBHa 1.39+£0.02 mm,
YTO CBOWNCTBEHHO MOPTYranbCkon nonynauum J. oxycedrus. Pasmepbl WMLIKOATOA cocTaBsAoT: d; (yCNOBHO BblcoTa) —
7.54+0.14 mm, d, (ycnosHo wrpuHa) — 9.11+0.09 mm, yto 6onbLue cooTBeTCTBYET J. deltoides. Dopma WwMLIKOArof,
BapbuMpyeT BeCbMa CUSIbHO. BcTpeuatoTca 0cobu ¢ WMLLKOATOAaMM, KPOtLLMe Yellyr KOTOPbIX BU3yasibHO He OTn-
YMMBbI, UX BEPXYLLKW MOTHOCTbIO CpacTatoTcA. [logobHoe ABNeHne XapakTepHO ANA 3anagHoCpeAn3eMHOMOPCKIX No-
nynauui J. oxycedrus. Mopdonornyeckuii aHanu3 BereTaTvBHbIX 1 reHepaTUBHbIX OpraHoB J. deltoides nokasan, uto
npw coYeTaHUn ABYX 3TUX NPU3HAKOB AOCTOBEPHO PasnnumTb ocobu J. deltoides n J. oxycedrus He npepcTaBnaeTca
BO3MOXHbIM. 111 FeHETMYECKOro aHanm3a MCMosib30Banu AfepHble (BHYTPEHHUI TpaHCKprbupyemblin cnecep ITS)
1 xnoponnactHble (petN-psbM, trnS-trnG) HekoaupytoLwre yyacTkn reHoma. MiccnefoBaHma nokasanu, U4to saepHble
yyacTKu reHoB obnapatoT 6osbLueli BaprnabenbHOCTbIO, YeM XJIoponnacTHble. [NocnefoBaTenlbHOCTY, MONTyUYeHHblEe B
[aHHON paboTe, 06pa3oBanm knagy ¢ obpasuamu J. deltoides 9430 n 9431 (BAYLU), npomspacTatowumu B Typuum, 4to
No3BONAET OTHECTU U3yueHHble 0bpa3ubl K Bugy J. deltoides.

KnioueBble cnoBa: Juniperus deltoids; nonynaunsa; XBos; WWLLKOAroAbl; KpUNTUYECKUIA BUA; pUnoreHeTMyeckunin aHa-
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Nn3; AAepHble reHbl; XnoponsacTHble reHbl.

Introduction

The genus Juniperus L. is the largest in the cypress family
(Cupressaceae Bartl.), assigned to the juniper subfamily (Ju-
niperoideae Endl.), and includes 76 species (Pisarev, 2007;
Adams, 2014D).

Junipers are distinguished by significant polymorphism, on
the basis of which a number of subgenera, sections and series
are distinguished in the genus. The taxonomy of the genus is
based on two distinctive morphological features: the structure
of generative organs (cones) and the structure of vegetative
organs (needles) (Kolesnikov, 1974).

The genus was first described in 1700; since that time, the
taxonomy of the genus has undergone significant changes
(Novikov et al., 2014). Currently, the genus is divided into
three sections, among which: the Caryocedrus section count-
ing one species — J. drupacea Labill., the Juniperus section
(synonymous with Oxycedrus), which includes 14 species, and
the Sabina section, which consists of the remaining 61 species
(Pisarev, 2007; Abaimov, 2009; Adams, 2014b). At the same
time, the Caryocedrus section was often considered as a sepa-
rate genus, but PCR studies conducted by R.P. Adams proved
its common origin with the Juniperus section (Adams, 2014b).

Five species of junipers grow in the Crimea (J. commu-
nis L., J. deltoides R.P. Adams, J. excelsa M.-Bieb., J. foeti-
dissima Willd., J. sabina L.), which belong to two sections —
Juniperus and Sabina. All of them are included in the Red
Books of the Republic of Crimea and the city of Sevastopol
(Yena, Fateryga, 2015; Red Book..., 2018).

Juniperus deltoides is a relict species from the Tertiary pe-
riod. It is a typical representative of the Mediterranean group
of the Juniperus section. J. deltoides is common in the Medi-
terranean and the Middle East. To a large extent, its range is
limited to the Mediterranean climate, but in the Balkans it
occurs in more continental conditions. The northern border of
its range passes in the Crimea. The area of the cryptic popula-
tion of the Crimea, according to 2006 data, is 4843 hectares
(Adams, 2014b; Plugatar, 2015; Farjon, 2017; Rajcevic et al.,
2020; Sadykova, Neshataeva, 2020; Yousefi et al., 2021).

Until recently, it was believed that a population of J. oxy-
cedrus grows on the territory of Crimea. This species was
included in the Guide to Higher Plants of Crimea (Rubtsov,
1972). However, the scientist R.P. Adams, on the basis of
DNA sequencing, found that in most of the Mediterranean —
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from Italy to the east through Turkey to the mountains of the
Caucasus and Iran (including the Crimea), a juniper other than
J. oxycedrus is common, which he described as a new species —
J. deltoides. At the same time, no direct analysis of the genetic
material from the territory of Crimea was carried out. Adams
made a similar conclusion based on the geographic localiza-
tion of populations. In his works, he described that junipers
growing west of Italy belong to the species J. oxycedrus, and
junipers found to the east are J. delfoides (Adams et al., 2005;
Adams, 2014a; Roma-Marzio et al., 2017).

Currently, J. deltoides is described as a cryptic species that
is morphologically difficult to distinguish from J. oxycedrus
(Adams et al., 2005; Adams, 2014a; Roma-Marzio et al.,
2017). As a result, it became necessary to conduct a series
of detailed studies to determine the morphological and phy-
logenetic features of the Crimean population of J. deltoides,
in order to establish its belonging to one of the species of the
cryptic pair.

The study includes two main tasks: determining the cor-
respondence between the morphological features of the veg-
etative and generative organs of the cryptic population of the
Crimea to the species J. deltoides; conducting genetic studies
using nuclear and chloroplast regions of marker sequences.

Materials and methods

In order to conduct morphological and phylogenetic studies
within the population, test areas of 0.2 hectares were laid at
an altitude of 40 to 620 m above sea level, in various edapho-
orographic conditions from Inkerman to Sudak (Fig. 1).

According to generally accepted methods, 10 model trees
were identified within the test areas (Yarmishko, Lyanguzo-
va, 2002). For each model tree, 30 cones were measured in
two mutually perpendicular planes (conventional width and
height). In addition, according to the determinant key deve-
loped by Adams for J. deltoides (Adams, 2014a), the degree
of accretion of cone scales was visually determined.

To determine the parameters of the vegetative organs, the
length and width of the needles were measured and the ave-
rage error was determined (30 needles for each model tree).
Then, a cross section of the needles was carried out in order to
establish the presence or absence of curvature of the adaxial
surface of the needles. The shape of the base of the needles
was determined (Adams, 2014a, b).
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Fig. 1. Scheme of the location of sample plots in the cryptic populations of the Crimean Mountains.

1, 2 - the vicinity of the city of Inkerman; 3 - mt. Chirka-Kayasy; 4 - mt. Samnalykh; 5-7 - mt. Kara-Dag; 8 - mt. Tolaka- Bair; 9 - mt. Dragon;
10 - Cape Martyan; 11 - mt. Papaya-Kaya; 12, 13 - mt. Koba-Kaya; 14 - mt. Sokol; 15 - mt. Karshiters; 16 — Kullu-Kaya rocks; 17 — the vicinity

of the village of Kudrino; 18 - mt. Chatyr-Dag.

Table 1. Nucleotide sequences of primers and PCR protocol used in this work (Hojjati et al., 2018)

Sequence name Size, b.p. Primer sequences PCR Protocol
ITS 1100 F: GGAAGGAGAAGTCGTAACAAGG 1.94°C-4min
..................................................................................... 2.34 cycles:
__________________________________________________________________________________________________________________ T T T AT ... 94°C-40s
petN-psbM 764 F: AACGAAGCGAAAATCAATCA 50°C-40s
..................................................................................... 50°C - 1.5 min
R: AAAGAGAGGGATTCGTATGGA 3.72°C-7min
trnS-trnG 700 F: GCCGCTTTAGTCCACTCAGC

18 samples of J. deltoides from different geographical
locations of the Crimean peninsula were selected for genetic
studies (see Fig. 1). DNA isolation from needles was carried
out using the DNeasy Plant Mini Kit (Qiagen, Germany).
The quantity and quality of the isolated DNA were analyzed
using an Inplen nanophotometer (Germany). For PCR ana-
lysis, nuclear (internal transcribed spacer ITS) and chloro-
plast (petN-psbM, trnS-trnG) non-coding regions of the ge-
nome were used. Marker gene amplifications were performed
using the universal primers and protocols described earlier
(Table 1, Hojjati et al., 2018), using the ScreenMix reagent
kit (Eurogen, Russia).

Sequencing of the obtained fragments was carried out on
the genetic analyzer NANOPHOR-05 (Syntol, Russia) in
the Resource Centre “Molecular Structure of Matter”. Elec-
trophoregrams unsuitable for analysis were obtained for two
samples during sequencing of the ITS nuclear fragment,
and the nucleotide sequences of 16 samples of the Crimean
population were further studied (Table 2). The obtained se-
quences of ITS, petN-psbM and trnS-trnG were compared
with those available in the database of the National Center
for Biotechnology Information (https://www.ncbi.nlm.nih.
gov/). The samples for comparison were taken from (Hojjati
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et al., 2018) and are indicated in Table 2. The alignment of
nucleotide sequences for each marker site and their integra-
tion into the combined matrix was carried out in the MegaX
program (Kumar et al., 2018). Phylogenetic reconstruction
was performed using the Bayesian method implemented in
MrBayes version 3.2.6 (Ronquist et al., 2012).

Haplotype diversity (HD), nucleotide diversity (m), and the
number of nucleotide substitutions (M) were calculated for
each species using DnaSP 6.0 (Rozas et al., 2017).

The relationships between haplotypes of sequences from
three marker sites were reconstructed by the TCS method
implemented in the PopArt program (Bandelt et al., 1999).

Results and discussion

In 2014, R.P. Adams (2014a) developed and published
a determinant key for J. deltoides, which makes it possible
to distinguish individuals of this species from J. oxycedrus.
According to the determinant, the maximum needle length
of J. deltoides is less than that of J. oxycedrus and equals
13.0 mm (for J. oxycedrus it is 15.0 mm). The length of
the needles of the Crimean population of J. deltoides is
12.94+0.19 mm, which corresponds to the dimensions de-
clared by Adams. At the same time, a significant number of
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Table 2. Codes, geographical location and Genbank codes of the analyzed samples

Sample code / species* Location Sequences Genbank code

CRMD16 mt. Tolaka-Bair

CRMD19 mt. Papaya-Kaya

CRMD22 mt. Sokol
s - tKobaKaya .......................................
S
s
s
Ry e
CRMD35Thev|c|n|ty ..........................................................................................................................................................

of the city of Inkerman

BAYLU 13730* Bulgaria
J. communis
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Table 2 (end)
Sample code / species* Location Sequences Genbank code
BAYLU8765* ............................................ A rmema .................................................. | Ts ........................................................ Lc42087o .................................
J. communis pethst """"""""""""""""""""" Lc420866
tms _tmG ............................................. Lc42086 9 .................................
BAYLug431*Turkey ..................................................... | Ts ........................................................ |_C420895 .................................
J. deltoides pethst """""""""""""""""""""""""" Lc420891
tms _tmG ............................................. Lc42089 4 .................................
B AY|_U87 9 5* ............................................ G reece ..................................................... | Ts ........................................................ |_C42093 0 .................................

J.drupacea

BAYLU 8796* ITS LC420935
J.drupacea pet N- ps oM T Lc420031
tms tmG ............................................. Lc42093 o
BAYLU8785* |Ts ........................................................ |_c420800 .................................
J. excelsa pethst """""""""""""""""""""" Lc420796
tms tmG ............................................. Lc42079 9 .................................
BAYLU9433*Turkey ..................................................... | TS ........................................................ |_c420850 .................................
J. excelsa
T 7 o o T
J. foetidissima pethst """""""""""""""""""""" Lc42089%6
tms tmG ............................................. |_c42089 9 .................................
T : rance ..................................................... o g

J. oxycedrus

BAYLU 9040*
J. oxycedrus

TARI IRN30492* Iran
J. oxycedrus

BAYLU 14171* Azerbaijan
J. polycarpos var. polycarpos

BAYLU 8757* Turkmenistan
J. polycarpos var. turcomanica

BAYLU 14316* Azerbaijan
J.sabina

BAYLug43o* Turkey ................................................................................................................................................................
J. deltoides

BAYLu14317* Azerbauan .........................................................................................................................................................
J.sabina

TAR| 17035* ............................................ A zerb auan |ran .................................................................................................................................................

J. foetidissima

*The samples taken for comparison from (Hojjati et al., 2018), their species are indicated,
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1 mm

\

Adaxial side

Fig. 2. Needles of the Crimean cryptic population (localization — mt. Tolaka-Bair):

a, general view; b, a schematic representation of the curvature of the adaxial surface of the needles.

Fig. 3. Morphological heterogeneity of cones of the cryptic population of Crimea.

individuals were found (in the vicinity of the city of Inkerman
and the village of Kudrino; on the mountains of Kara-Dag,
Koba-Kaya, Dragon, on the rocks of Kullu-Kaya and on Cape
Martyan), the length of the needles of which is from 18 to
20 mm. These individuals aroused the greatest interest for
further research. Needle width, according to Adams (2014a),
is also a defining feature. Under the conditions of the Crimea,
this indicator is 1.39+0.02 mm, which corresponds to the
western group of junipers, namely J. oxycedrus.

The needles had no differences in color and shape of the
base. All needles are light green with a deltoid base, which is
typical for J. deltoides (Fig. 2, a). At the same time, the cross
section of the needles showed that a significant part of the
individuals (34 %) are characterized by the curvature of the
adaxial surface of the needles (see Fig. 2, b). According to
Adams (2014a), this is a distinctive feature of J. oxycedrus.
The length of the needles with this type of stomatal bands is
11.87+0.24 mm. Thus, it was found that the morphological
features of the needles of the Crimean population of J. del-
toides simultaneously exhibit signs of both J. deltoides and
J. oxycedrus. On the basis of the identified features of the
vegetative organs, it is not possible to attribute individuals to
one of the species.

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

The second distinctive morphological feature of junipers
are cones. In the case of the cryptic pair, J. deltoides/J. oxy-
cedrus, the main role in determining the species is played by
the inosculation of cone scale tips, and to a lesser extent, by
the size and color of the cone of cones, the presence or absence
of plaque on them.

The cones of the Crimean cryptic population have a signifi-
cant number of morphological variants (Fig. 3). At the same
time, the coloration is almost the same for all of them, and
the smoke-blue coating appears to varying degrees, regard-
less of the shape of the cones. The shape, in turn, differs very
much (from spherical to triangular). There are individuals
with cones, the covering cone scale tips of which are visu-
ally indistinguishable and their tops are completely fused.
A similar phenomenon is characteristic of J. oxycedrus. At
the same time, the needles of these individuals are defined
as the needles of J. delfoides. The second type of cones is
almost triangular due to clearly visible three covering cone
scale tips (characteristic of J. delfoides). The needles of these
individuals show signs of both species. To a greater extent,
there are intermediate variants, in which the bases of the cone
scale tips grow together, and their tops move away from each
other to varying degrees.

311



A.O. Lantushenko, O.0. Korenkova, A.A. Syrovets
Ya.V. Meger, PA. Korenkov, O.M. Shevchuk

prob (percent) [ J. oxycedrus BAYLU 9039
J. oxycedrus BAYLU 9040

Morphological and phylogenetic features
of the Crimean population of Juniperus deltoides R.P. Adams

— 100

55 |: J. communis BAYLU 13730
7 J. communis var. oblonga BAYLU 8765
— o9 - J. deltoides CRMD40

 J. deltoides CRMD35
_|_— J. deltoides CRMD38
J. deltoides CRMD33
I J. deltoides CRMD29
— J. deltoides CRMD25
I J. deltoides CRMD22
— J. deltoides CRMD19
r J. deltoides CRMD27
L— ). deltoides CRMD16
— J. deltoides CRMD14
I J. deltoides CRMD10
— J. deltoides CRMD7
 J. deltoides CRMD4
_|—_J.deltoides CRMD28
J. deltoides CRMD1
I J. deltoides BAYLU 9431
L ). deltoides BAYLU 9430

|-— J. drupacea BAYLU 8796
J. drupacea BAYLU 8795

0.003

J. oxycedrus TARI IRN 30492
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J. sabina BAYLU 14317

—— J. polycarpos var. polycarpos BAYLU 14171

J. polycarpos var. turcomanica BAYLU 8757

J. excelsa BAYLU 8785

J. excelsa BAYLU 9433

J. foetidissima BAYLU 5645

J. foetidissima TARI 17035

Fig. 4. A phylogenetic tree constructed by the Bayes method based on a combined sequence including nuclear (ITS) and

chloroplast (petN-psbM, trnS-trnG) non-coding regions of the genome.
Node support values are shown in color.

The size of the cones turned out to be the most stable trait
and differed within the error on all test areas. The average
sizes of cones are: d, (conditional height) is 7.54+0.14 mm,
and d, (conditional width) is 9.11£0.09 mm, which is more
consistent with the Turkish population of J. deltoides.

Thus, the morphological analysis of the vegetative and
generative organs of J. deltoides showed that when these two
characters are combined; it is not possible to reliably distin-
guish between individuals of J. deltoides and individuals of
J. oxycedrus. J. oxycedrus is a basal species, while J. deltoides
is a cryptic one. As a result, the issue of conducting phyloge-
netic studies is especially acute for determining the systematic
belonging of the Crimean population to one of the species.

For phylogenetic analysis, the nucleotide sequences of three
marker sites (ITS, petN-psbM and trnS-trnG) of 16 Crimean
samples and 17 samples from the work (Hojjati et al., 2018)
were used (see Table 2).

Phylogenetic trees constructed from individual marker
sequences are presented in Supplementary Materials 1-31.
The use of ITS and petN-psbM marker sequences allowed

T Supplementary Materials 1-3 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Lantushenko_Engl_27_4.pdf
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us to obtain topologies where each species forms a separate
clade and their phylogenetic definition is unambiguous. The
topology obtained by analyzing the trnS-trnG sequences does
not allow separating the species of J. communis and J. del-
toids.

A phylogenetic tree was also constructed taking into account
all the nucleotide fragments studied in this work (Fig. 4). It
can be seen that the samples of each species form clades with
high (more than 75 %) support. The exception is the specimen
J. oxycedrus TARI IRN 30492, for which the phylogenetic
definition is not unambiguous: according to the sequences
trnS-trnG and petN-psbM, it forms a clade with samples of
the species J. deltoids, and according to the fragment of ITS
and the analysis of the combined sequences, it forms a clade
with species of the section Sabina. All the samples from the
Crimea studied in this work formed a clade with sequences
of the species J. deltoides 9430 and 9431 (BAYLU) growing
in Turkey. In this clade, three pairs of samples (CRMDI1 and
CRMD28, CRMD16 and CRMD27, CRMD33 and CRMD38)
form separate branches with high support, but there is no
correlation between them by phenotypes and geographical
location.

BaBunosckuii xKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 4


http://vavilov.elpub.ru/jour/manager/files/Suppl_Lantushenko_Engl_27_4.pdf
http://vavilov.elpub.ru/jour/manager/files/Suppl_Lantushenko_Engl_27_4.pdf

A.O. NaHTyweHko, O.0. KopeHbkoBa, A.A. Cbiposel|
A.B. Merep, MN.A. KopeHbkos, O.M. LLieBuyk

Hap_23

Hap_11

Hap_3
Hap_7

2023
274

Mopdonornueckne n unoreHeTnyeCKMe 0CO6EHHOCTH
KpbIMCKOW nonynauuu Juniperus deltoides R.P. Adams

Hap_9

Hap_10

10 samples

1 sample

@ J. oxycedrus
@ J. deltoides
@ J.sabina

@ J. polycarpos
@ J.excelsa

@ J.drupacea
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O J. communis
@ Crimea

Fig. 5. Haplotypic network constructed by the TCS method.

The color indicates belonging to the species, the size of the circle is the number of samples in the haplotype, small distances
are represented as dots (1 point — 1 replacement), for large ones the number of substitutions is given in brackets.

Table 3. Characteristics of the nucleotide sequences studied in this work

Parameter Length H
|-|-S ............................................................. 1 295 ........................... 1 0 ..............
pEthSbM ................................................ 8 96 ............................. 4 ..............
tms tmG .................................................... 785 ............................. 3 ...............
Combmedsequence .............................. 2 976 ........................... ” ...............

Hp T M
................. 0 86700041914
................. O 4420001407
................. 0 242000053
................. 0 875000224

Note. H is the number of haplotypes, Hp is the haplotypic diversity, 7t is the nucleotide diversity, M is the number of mutations.

The haplotypic network constructed from the nuclear and
chloroplast regions of the genome for the samples listed in
Table 2 is shown in Figure 5. It can be seen that the Crimean
population of J. deltoides is characterized by a quite large
number of haplotypes: 11.

In the previously studied populations of juniper trees of
other species (J. excelsa, J. polycarpos, and J. foetidissima)
on the northern border of the distribution area, in the Cri-
mea, the Caucasus and Dagestan (Sadykova et al., 2021),
much smaller haplotypic diversity was found: sequences of
17 J. excelsa samples form two haplotypes, 16 J. foetidissima
samples form four haplotypes, 15 samples of J. polycarpos —
one haplotype.

The genetic variability of nuclear and chloroplast regions of
genes was analyzed. The analysis of the parameters presented

FEHETUKA U CENIEKLMA PACTEHUI / PLANT GENETICS AND BREEDING

in Table 3 allows us to conclude that the greatest variability
is characteristic of the ITS nuclear fragment, and the least
variability is characteristic of the trnS-trnG fragment. The
greatest variability of the nuclear sites of marker nucleotide
sequences is characteristic of other juniper species (Mao et
al., 2010; Hojjati et al., 2018).

It follows from Figure 5 that the nucleotide sequences
of CRMD4, CRMD10, CRMD22, CRMD29, CRMD35,
CRMD40 samples formed a common haplotype with the
sequences BAYLU:9430 and BAYLU:9431.

The sequences obtained in this work formed a clade with
J. deltoides 9430 and 9431 (BAYLY) specimens growing
in Turkey (Table 4). Thus, the analysis carried out in this
work allows us to attribute the studied samples to the species
J. deltoides.
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Table 4. List of haplotypes of nucleotide sequences of samples of the Crimean population
and samples taken for comparison from the work (Hojjati et al., 2018)

Haplotype Species

Hap1 Juniperussabina BAYLU:14317, BAYLU:14316
‘Hap2 Juniperus polycarpos var. polycarpos BAYLU:14168
Hap.3  JuniperusfoetidissimaTARI 17035
Hap.4  Juniperusoxycedrus TARIIRN: 30492
Hap.5  JuniperusdrupaceaBAYLUB796
‘Hap.6  JuniperusdrupaceaBAYLUB795
Hap.7  Juniperusfoetidissima BAYLU:5645
‘Hap.8  Juniperus oxycedrus BAYLU:9040, BAYLU:9039
Hap.9  Juniperus communis var. oblonga BAYLU:8765
Hap 10 JuniperuscommunisBAYLU13730
Hap 11 Juniperus excelsa BAYLU:9433, BAYLU:B785
Hap_12 Juniperus polycarpos var. turcomanica BAYLU:8757
Hap_13 ...........................................................................................................
‘Hap_14  Juniperusdeltoides CRMDT
Hap_‘|5_jumperusdelto/deSCRMD7 ...................................
Hap_16Jumperusde/to,deSCRMDM ................................
Hap717Jun,perusde/to,descRMDm ................................
‘Hap 18 Juniperusdeltoides CRMD19
‘Hap_19  Juniperusdeltoides CRMD25
Hap_zoJun,perusde/to,deSCRMDy ................................
Hap_2‘|Jun/perusde/tOIdeSCRMng ................................
Hap_22_jumperugde/to,deSCRMD33 ................................
Hap723Jun,perusde/to,descRmms ................................
Conclusion

Based on the studies of vegetative organs, it was found that
the length of the needles of individuals of the Crimean cryptic
population is 12.94+0.19 mm, which is typical for this species.
At the same time, there are individuals with needles of much
greater length (18-20 mm). The cross section of the needles,
regardless of its length, in 34 % of cases shows signs of
J. oxycedrus, expressed in the curvature of its adaxial surface.

Cones manifest significant morphological heterogeneity.
Their shape varies from spherical to triangular, depending
on the degree of fusion of the covering cone scale tips. At the
same time, it was found that the same individuals can simul-
taneously show signs of J. deltoides (by vegetative organs)
and signs of J. oxycedrus (by generative organs).

Thus, we can conclude that these morphological features
are not reliable for determining the systematic affiliation of
individuals. Thus, the only possible way to determine it is to
conduct genetic research.

Phylogenetic analysis has shown that nuclear regions of
genes have greater variability than chloroplast ones. The
sequences obtained in this work for the Crimean population
formed a clade with samples of J. delfoides 9430 and 9431
(BAYLU) growing in Turkey, which makes it possible to at-
tribute the studied samples to the species J. deltoides.
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Abstract. Grapes are one of the most common agricultural crops in the world. Currently, the analysis of genotypes
directly at the DNA level is considered to be the most accurate method for studying the plant gene pool. The study
of wild vines and ancient varieties in various regions of viticulture is an important direction of research in this field.
The purpose of this work was to study the population of wild grapes growing on the territory of the Utrish Nature
Reserve on the Black Sea coast of Krasnodar Region. The territory of the reserve is of interest as it is a site of ancient
settlements, and the environmental conditions are suitable for the growth of wild grapes. During the survey of the
territory, 24 samples of wild grapes were found, which were described according to the main morphological charac-
teristics and analyzed by the molecular genetic method. The found vines were genotyped using 15 DNA markers,
including nine commonly used for DNA fingerprinting (VVS2, VVMD5, VVMD7, VVMD25, VVMD27,VVMD28, VWVMD32,
VrZAG62,VrZAG79) and VVIb23, which allows determining hermaphrodite and dioecious vines. Statistical processing
of microsatellite loci polymorphism data was carried out using the GenAlEx 6.5 program. The genetic relationships of
the studied vines were evaluated using the PAST 2.17c program. The samples were found to be morphologically and
genetically polymorphic. The number of alleles identified in the sample varied from 5 to 18 and averaged 8 alleles per
locus. Statistical processing of DNA analysis data made it possible to identify two genetically different populations
among the wild discovered vines. An assessment of genetic similarity of the found vines with some local varieties
of geographically close viticulture regions, rootstocks and representatives of Vitis sylvestris from other territories was
made. One of the populations found in the Utrish Nature Reserve is close to a number of V. sylvestris genotypes, the
DNA profiles of which are presented in the Vitis International Variety Catalogue.

Key words: wild-growing vines; Vitis sylvestris; DNA profiling; genetic polymorphism; SSR loci.

For citation: lInitskaya E.T., Makarkina M.V., Gorbunov I.V., Stepanov L.V, Kozina T.D., Kozhevnikov E.A., Kotlyar V.K.
Genetic structure of the population of wild-growing vines of the Utrish Nature Reserve. Vavilovskii Zhurnal Genetiki
i Selektsii = Vavilov Journal of Genetics and Breeding. 2023;27(4):316-322. DOI 10.18699/VJGB-23-38

l'eHeTMYecKas CTPYKTypa MOy
OVKOpacTyuux GopM BUHOTPaza 3arloBeJHNKA «YTPIUIII»

E.T. I/[AbHMLu(aﬂl®, M.B. Mal(apl(l/u-[al, ".B. Fop6y1—1032, W.B. Crenanos!l, T.A. Kosunal, E.A. KoxeBuuxosl!, B.K. I(OTAs{p1

! CeBepo-KaBkasckuii defiepanbHblii HayUHbI LLEHTP CAAO0BOACTBA, BUHOMPaAapCTBa, BUHoaenus, KpacHopap, Poccua

2 AHancKan 30Ha/bHas OMbITHaA CTaHLMA BUHOTPaapCTBa U BUHoaenus — dunuan CeBepo-KaBKa3ckoro defiepanbHOro HayuHOro LieHTpa CafjoBOAICTBa,
BUHOrpaaapcTBa, BuHoaenus, AHana, Poccna

® ilnitskaya79@mail.ru

AHHoOTauuA. BuHorpap — ogHa 13 caMblX PacipOCTPaHEHHbIX CENbCKOXO3ANCTBEHHbIX KyNbTyp B Mupe. B HacToALlee
BpeMs Harnbonee TOYHbIM METOLOM AN U3yUYeHNA reHoGOHAa PaCcTEHNI CYMTAETCSA aHaM3 reHOTUMNOB Ha ypoBHe [1HK.
[ukopacTyLme GopMbl 1 ApeBHNE COPTa PasNYHbIX PErviOHOB BUHOMPafapCTBa — akTyanbHble 06beKTbl ccnefoBa-
HWI B flaHHO obnacTu. Llenbto paboTbl 6bino n3yyeHrie NonynAauuy AMKOPacTyLIero BUHOrpaaa, npovispacratoLei
Ha TeppuUTOpUN 3anoBeHUKa «YTpULL» Ha YepHOMOpCcKoM nobepexbe KpacHoaapckoro Kpas. Tepputopus 3anoses-
HMKa NpefcTaBaAeT nHTepec And NogobHOro poaa NCCnefoBaHUii, Tak Kak ABNAETCA MeCTOM APEBHMX NOCceneHni, a
3KONOrMYecKre YCI0BMA NPUrOAHbI AN NPoM3pacTaHus Ankmx Gopm BUMHOrpaga. B npouecce obcnenosaHusa Tep-
putopunmn obHapyeHo 24 obpa3La AMKOPACTYLLEro BUHOMPaaa, KoTopble Hbinm onmcaHbl N0 OCHOBHLIM MOPGOOrU-
YECKNM XapaKTepUCTUKaM 1 NpoaHann3npoBaHbl MONEKYNAPHO-TEHETUYECKM METOLOM. HaﬁAEHHbIe d)OprI reHo-
TUNMPOBaHbI ¢ nomolbio 15 AHK-mapkepos, B TOM uncne feBatn obwenpuHATbix ana JHK-nacnoptusauum coptos
BuHorpaga (VVS2, VWMD5, VVMD7, VWMD25, VVMD27, VVMD28, VVMD32, VrZAG62, VrZAG79) n mapkepa VVIb23,
no3BoSIAOLLErO onpefenaTb oboenosble U AByAOMHble dopMmbl. CTaTncTMYecKaa 06paboTka AaHHbIX nonumopdusma
MMKPOCATENIINTHbBIX TOKYCOB BbIMOSIHEHa B nporpamme GenAlEx 6.5. feHeTnYecKme B3aIMOCBA3M Nccneayembix popm
BMHOrpaja oueHusanu B nporpamme PAST 2.17c. B pe3synbtate 06HapyKeHO, UTo 06pasLibl XapaKTepu3yTcs MOp-

© lInitskaya E.T., Makarkina M.V., Gorbunov L.V,, Stepanov L.V., Kozina T.D., Kozhevnikov E.A., Kotlyar V.K., 2023
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[eHeTUYecKan CTPyKTypa nonynauyum
auKopacTywmx Gopm BUHOrpaza 3anoBeaHnKa «YTpuLL»

donornyeckmm 1 reHeTrYeCcKMm nonnMopdrsmom. Konnuectso naeHTGULMPOBaHHbLIX annenei B BbiIbopke Bapbu-
poBasno ot 5 fo 18 1 cocTaBMNO B cpefHeM 8 annenen Ha NoKyc. MpoBeaeHne CTaTUCTMYECKON 06paboTKM AaHHbIX
[HK-aHanv3a no3Bonuno BbIABUTb ABE reHeTUYECKM PasfnyHble NONynALMN CPeamn 06HapYKeHHbIX ANKOPACTYLUMX
¢dopm. OLleHEHO reHeTUYeCcKoe CXOACTBO HalAeHHbIX GOPM C HEKOTOPbIMM aBOPUreHHBIMM COPTaMK reorpapuyecki
6/IM3KMX PErvioHOB BUHOMPaAapCTBa, NOABOMHbIMY cCOpTamu U npeacTaButenamu Vitis sylvestris ¢ ppyrux Tepputopuii.
OpHa 13 06Hapy»KeHHbIX B 3anoBeAHMKe «YTpuLL» nonynaunini 6nmska K pagy reHotunos V. sylvestris, AHK-npodunn
KOTOpPbIX NpefCcTaBieHbl B MexayHapoaHol 6a3e gaHHbix Vitis International Variety Catalogue.

KnioueBble cnosa: aukopactywme dopmbl BUHorpaga; Vitis sylvestris; HK-npodunmposaHne; reHeTuyecknii nonu-

Mopdur3m; SSR-NOKyCbI.

Introduction

Grapes are one of the most widespread agricultural crops in
the world. The most significant, both economically and socio-
historically, is the species Vitis vinifera L. This species of the
genus Vitis L. (family Vitaceae), originating from Eurasia,
supposedly appeared about 65 million years ago (This et al.,
20006). Currently, two subspecies are distinguished within the
species, V. vinifera L. subsp. sylvestris (Gmel.) Hegi, which
includes wild populations, and V. vinifera subsp. sativa (DC.)
Hegi (or subsp. vinifera), which includes cultivars.

Wild and cultivated vines differ in a number of features,
including their reproductive biology: wild grapevines are
dioecious and cross-pollinate, while the cultivated vines are
mostly hermaphrodite and self-pollinating. The domestication
of grapes, which occurred about 8 thousand years ago, is close-
ly associated with the emergence of winemaking, although
it is still not known for certain which process preceded the
other. The Middle East and the Caucasus are considered to be
the initial centers of domestication of V. vinifera. The earliest
evidence of wine production from 7,400—7,000 BC is found
in Iran (McGovern, 2004). Seeds of domesticated grapes,
about 8,000 years old, have also been found in Georgia and
Turkey. However, Neolithic seed remains found in Western
Europe also suggest grape exploitation during this time, and
wild form seed remains have been found at Bronze Age sites
in France (This et al., 20006).

Wild grape populations are currently represented by wild
vines of V. vinifera cultivars and a wild subspecies. The study
of wild grapevines in the ancient regions of grape cultivation
has been actively conducted in recent years at the molecular
genetic level (Doulati-Baneh et al., 2015; Gorislavec et al.,
2017; De Michele et al., 2019; Margaryan et al., 2019; Cunha
et al., 2020; Zduni¢ et al., 2020; Kupe et al., 2021; Luksi¢ et
al., 2022).

The study of the local gene pools of various viticulture re-
gions (including native varieties and wild specimens) at the
DNA level makes it possible to more fully assess the genetic
diversity of varieties and vines, to identify closer and more
distant genotypes. Wild exemplars of agricultural crops are
also significant for breeding as unique sources of genetic va-
riability (Ellstrand et al., 2010).

The territory of the Utrish Nature Reserve on the Black Sea
coast of the Krasnodar Territory is of interest for this kind of
research, since it is a site of ancient settlements, and the eco-
logical conditions of the territory are suitable for the growth
of wild vines (Chernodubov, Rudenok, 2015).

Materials and methods
Expeditionary research to search for wild grapevines, study the
ecological conditions of their habitats and morpho-biological
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features was carried out for three years (2019-2021) on the
territory of the Utrish Nature Reserve (Krasnodar Territory).
The reserve is located in the northwestern part of the Black
Sea coast of the Western Caucasus, on the Abrau Peninsula.
The climate is sub-Mediterranean, moderately warm.

For molecular genetic analysis, 24 samples of wild-growing
grapes were selected. DNA samples were isolated from shoot
apical parts of vine plants by a method based on the use of
CTAB (cytyltrimethylammonium bromide) (Rogers, Ben-
dich, 1985).

Genotyping was performed at 15 microsatellite loci, 9 of
which are standard for DNA fingerprinting of grape varieties
(VVS2,VVMD5, VVMD7, VVMD25, VVMD27, VVMD28,
VVMD32, ViZAG62, ViZAG79) (This et al., 2004; This,
2007). DNA markers linked to grape pathogens resistance loci
were also included in the study — downy mildew resistance:
UDV305, UDV737 (Rpv3) and GF09-46 (Rpv10) and powdery
mildew resistance: SCORGF15-02 (Ren3), CenGen6 (Ren9)
(Di Gaspero et al., 2012; Schwander et al., 2012; van Heerden
et al., 2014; Zendler et al., 2017). All found specimens were
also analyzed with the VVIb23 marker, which makes it pos-
sible to detect hermaphrodite and dioecious samples (Merdi-
noglu et al., 2005; Riaz et al., 2013).

Polymerase chain reaction (PCR) was carried out using an
Eppendorf MasterCycler nexus GX2 device (Germany) ac-
cording to the following scheme: 5 minutes at +95 °C (initial
denaturation); 35 cycles: 10 seconds at +95 °C (denaturation),
primer annealing for 30 seconds at+55 °C for VVS2, VVMDS5,
VVMD7,VVMD27,UDV305, UDV737, CenGen6, VVIb23,
at+58 °C for ViZAG62, ViZAG79, ScCORGF15-02, at+60 °C
for VVMD25, VVMD?28, VVMD32, GF09-46, 30 seconds at
+72 °C (elongation); the final cycle was 15 minutes at +72 °C.
PCR mixture with a total volume of 20 pl contained: 50 ng of
genomic DNA, 1.5 units of Taq polymerase, 1x buffer for Taq
polymerase with ammonium sulfate and magnesium, 2 mM
MgCl,, 0.2 mM of each ANTP (deoxynucleotide triphosphates)
(SibEnzyme-M, Moscow) and 200 uM of each of the primers
(Sintol, Moscow). The results were visualized by capillary
electrophoresis using a Nanofor 05 genetic analyzer (Institute
of Analytical Instrumentation, Russian Academy of Sciences,
St. Petersburg, Russia) and a special built-in software package.

The following varieties were used as reference genotypes:
Pinot noir (for markers VVS2, VVMDS5, VVMD7, VVMD?25,
VVMD27, VVMD28, VVMD32, VrZAG62, ViZAG79),
Saperavi Severniy (GF09-46), Villard blanc (UDV305,
UDV737), Regent (ScCORGF15-02, CenGen6), Kishmish
Vatkana (VVIb23), since the allelic compositions in the DNA
of these varieties for the analyzed loci are known.

Statistical processing of microsatellite loci polymorphism
data was carried out using the GenAlEx 6.5 program (Pea-
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kall, Smouse, 2012). The genetic relationships of the studied
grapevines were assessed using the PAST 2.17¢ program
using the method of principal coordinates (PCoA) (Hammer
etal., 2001).

In order to study the genetic similarity of the studied wild-
growing samples with the indigenous gene pool of grapes,
the work included the sampling of DNA profiles of cultivars
according to nine standard SSR loci from the international
database Vitis International Variety Catalog (VIVC), which
belong to the local forms of Dagestan (Republic of Dagestan,
Russian Federation), Don (Rostov region, Russian Federa-
tion), Georgia, Crimea (Republic of Crimea, Russian Fede-
ration), as well as to rootstock grape cultivars (the greatest
contribution to the genotype of which was made by different
North American species) and V. sylvestris genotypes from dif-
ferent geographical zones. Bayesian analysis was carried out
in the Structure 2.3.4 program using 65 genotypes (41 varie-

Genetic structure of the population
of wild-growing vines of the Utrish Nature Reserve

ties from the VIVC database and 24 genotypes of the studied
forms) with the following parameters: 500000 Burn-in period,
500000 Reps, K=7 (Pritchard et al., 2000).

The study was carried out using the instrument park of the
Center for Collective Use of Technological Equipment in the
direction of “Genomic and postgenomic technologies” of the
North Caucasian Federal Scientific Center for Horticulture,
Viticulture, Wine-making.

Results and discussion
In the process of surveying the territory of the Utrish Nature
Reserve, 24 samples of wild-growing grapes were found, the
description of which according to the main morphological
features is given in Table 1.

Polymorphism of morphological traits was noted both be-
tween populations from different sampling sites, and between
plants within nominal populations, designated by us according

Table 1. Morphological characteristics of wild-growing vines, Utrish Nature Reserve

Sample Tip shape Prostrate Anthocyanin Shape Depth  Degree of Leaf Prostrate hairs Erect hairs  Flower Colour of Anthocyanin
of young hairs coloration of leaf of upper openness teeth between main on main type berry skin coloration
shoot on tip of tip blade lateral  of leaf shape veinsonthe  veinson the (without  of flesh

of young of young sinuses petiole lower side lower side bloom)  berry
shoot shoot of leaf  sinus of leaf blade  of leaf blade

/.\1 ............ 3 ................ 3 ................ 5 ...................... 3 ............ 9 .............. 2 ................ 3 ............ 5 ........................ 31 .............. [ s

Az ........... 2 ................ 5 ................ 7 ...................... 2 ............ 9 .............. 3 ................ 3 ............ 3 ........................ 51 .............. e S

A3 ........... 3 ................ 5 ................ 3 ...................... 3 ............ 9 .............. 2 ................ 3 ............ 5 ........................ 3 .................... S e S

5h1 .......... 2 ................ 7 ................ 3 ...................... 3 ............ 7 .............. 5 ................ 5 ............ 5 ........................ 3 .................... e [ s

Sh2 ......... 3 ................ 5 ................ 3 ...................... 4 ............ 9 .............. 5 ................ 5 ............ 5 ........................ 5 .................... s e s

5h3 ......... 2 ................ 7 ................ 3 ...................... 4 ............ 9 .............. 5 ................ 5 ............ 5 ........................ 3 .................... 4 ............. 6 ................ 5 ...................

5h4 ......... 3 ................ 5 ................ 5 ...................... 2 ............ 5 .............. 3 ................ 3 ............ 7 ........................ 5 .................... 4 ............................... 3 ...................

5h5 ......... 2 ................ 7 ................ 3 ...................... 3 ............ 7 .............. 3 ................ 3 ............ 7 ........................ 31 .............. I e

U ............ 3 ................ 5 ................ 3 ...................... 3 ............ 5 .............. 4 ................ 4 ............ 71 ..................... e [ s

|_2 ............ 4 ................ 5 ................ 3 ...................... 4 ............ 5 .............. 2 ................ 5 ............ 3 ........................ 3 .................... s e S

|_3 ............ 2 ................ 7 ................ 5 ...................... 2 ............ 7 .............. 2 ................ 4 ............ 7 ........................ 5 .................... s e S

L4 ........... 3 ................ 5 ................ 5 ...................... 3 ............ 91 ................. 3 ............ 5 ........................ 5 .................... e [ s

|_5 ............ 3 ................ 5 ................ 3 ...................... 1 ............. 9 .............. 2 ................ 4 ............ 5 ........................ 3 .................... s e S

|_6 ............ 5 ................ 3 ................ 3 ...................... 3 ............ 31 ................. 4 ............ 31 ..................... s e S

V1 ............ 3 ................ 5 ................ 3 ...................... 3 ............ 5 .............. 4 ................ 4 ............ 71 ..................... e [ s

V2 ........... 4 ................ 5 ................ 3 ...................... 4 ............ 5 .............. 2 ................ 5 ............ 3 ........................ 3 .................... s e s

V3 ........... 2 ................ 7 ................ 3 ...................... 2 ............ 7 .............. 2 ................ 4 ............ 7 ........................ 5 .................... s e S

V4 ........... 3 ................ 5 ................ 3 ...................... 3 ............ 91 ................. 3 ............ 5 ........................ 5 .................... s e e

V5 ........... 3 ................ 5 ................ 3 ...................... 1 ............. 9 .............. 2 ................ 4 ............ 5 ........................ 3 .................... s e e

V5 ........... 5 ................ 3 ................ 3 ...................... 3 ............ 31 ................. 4 ............ 31 ..................... e 5 ................ 3 ...................

V7 ........... 2 ................ 5 ................ 3 ...................... 3 ............ 5 .............. 2 ................ 5 ............ 3 ........................ 3 .................... s 5 ................ 3 ...................

Vg ........... 2 ................ 5 ................ 3 ...................... 2 ............ 3 .............. 2 ................ 3 ............ 3 ........................ 3 .................... s 5 ................ 3 ...................

V9 ........... 4 ................ 7 ................ 3 ...................... 3 ............ 5 .............. 4 ................ 4 ............ 31 ..................... e 5 ................ 3 ...................

V10 ......... 3 ................ 3 ................ 3 ...................... 3 ............ 5 .............. 2 ................ 3 ............ 51 ..................... s 5 ................ 3 ...................

Note. Tip shape of young shoot: 2 - slightly open; 3 - half open; 4 — wide open; 5 - fully open. Prostrate hairs on tip of young shoot: 3 - sparse; 5 - medium;
7 - dense. Anthocyanin coloration of tip of young shoot: 3 - weak; 5 - medium; 7 - strong. Shape of leaf blade: 1 - cordate; 2 - wedge-shaped; 3 - pentagonal;
4 — circular. Depth of upper lateral sinuses of leaf: 3 - shallow; 5 — medium; 7 — deep; 9 - very deep. Degree of openness of leaf petiole sinus: 1 - very wide open;
2 - wide open; 3 - open, 4 - slightly open; 5 - closed. Leaf teeth shape: 3 - both sides convex; 4 - one side concave, one side convex; 5 — mixture of both sides
straight and both sides convex. Prostrate hairs between main veins on the lower side of leaf blade: 3 - sparse; 5 - medium; 7 — dense. Erect hairs on main veins
on the lower side of leaf blade: 1 - absent or very sparse; 3 - sparse; 5 - medium. Flower type: 1 — male; 4 - female. Colour of berry skin (without bloom): 5 — dark
red-violet; 6 — blue black. Anthocyanin coloration of flesh berry: 3 — weak; 5 - medium. Dash - no data available.
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Table 2. Ecological and geographical characteristics of the habitats of the analyzed wild-growing vines, Utrish Nature Reserve

Grape samples Relief Slope Slope Vegetation type Soil type

No Code steepness exposition
........................................................................................................ Atmachevashche|
1 ....................... A1 ..................... Lowm Oun tam .......... 3 .............................................................. oakandashforest ............... Brown carbo natero Cky ......
2 ...................... A2 ...................

3 ....................... A3 ...................

.......................................................................................................... 5 herkayaShCheI
4 ...................... 5h1 ................... Lowm oun tam .......... 5 .............................................................. OakandaShforest ............... Brown Carbo natero Cky ......
5 ....................... 5h2 .................

6 ...................... 5h3 .................

7 ...................... 5h4 .................

8 ...................... 5h5 .................

.......................................................................................................... |_ obanovaShche|
9 ...................... |_1 ...................... Lowmountamm ............................................................ LmdenrOCkyoakforest ...... Browncarbonatekay ......
10 .................... |_2 ...................

11 ..................... |_3 ...................

12 .................... |_4 ...................

13 .................... |_5 ...................

14 .................... |_5 ...................

...................................................................................................... Vodopadnayashche|
15 .................... V1 ..................... Lowmountam .......... 20 ............................................................ F|uffyoakashf0rest ............ Brown|eached ....................
16 .................... V2 ...................

17 .................... V3 ...................

18 .................... V4 ...................

19 .................... V5 ...................

20 .................... V6 ..................... 35 ........................................................... P|Stach|ojun|per .................. Browncarbonate ................
21 ..................... V7 ................... woodlands

22 .................... Vg ...................

23 .................... V9 ...................

24 .................... V1o .................

to their places of growth on the territory of the reserve (plants
were found in the locations of Atmacheva Shchel (A1-A3),
Shirokaya Shchel (Sh1-ShS), Lobanova Shchel (L1-L6),
Vodopadnaya Shchel (V1-V10) (Gorbunov, Lukyanov, 2020;
Gorbunov et al., 2020). The ecological and geographical
characteristics of the places where grape plants were found
are presented in Table 2.

DNA analysis of the found grape samples revealed different
levels of polymorphism in the studied 15 loci — the number
of identified alleles in the sample varied from 5 (VVMD?25,
VVMD27 and GF09-46) to 18 (UDV305) and amounted to
an average of 8 alleles per locus (Table 3). The mean ob-
served heterozygosity (Ho = 0.664) was lower than expected
(He=0.712). DNA marker analysis using VVIb23 showed that
all wild vines were dioecious. Among the nine microsatellite
loci, the data on polymorphism of which are used for DNA
fingerprinting of grape genotypes, the most polymorphic was
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VVS2 (10 alleles were determined), the least — VVMD25,
VVMD?27 (5 types of alleles each) (see Table 3).

A similar situation was noted in the study of the diversity of
wild vines in Armenia — the studied sample (77 samples) was
also the most polymorphic in the locus of VVS2 —13 types of
alleles, and the least in VVMD25 and VVMD27 (5 and 8 al-
leles were identified, respectively) (Margaryan et al., 2019). At
the same time, in the study of Gorislavec S.M. and co-authors
(2017), in which Crimean wild-growing vines were studied,
the smallest polymorphism (5 types of alleles) was revealed
at the VVS2 locus (Gorislavec et al., 2017).

When distributing genotypes in the space of the main
coordinates, a group of samples from territory of the Vodo-
padnaya Shchel can be distinguished (Fig. 1). In general, all
samples from this place are localized separately from others
in the space of the main coordinates, while samples V1, V2,
V3, V4, V9, V10 form a separate subgroup. Samples V6 and
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Table 3. Characteristics of microsatellite loci in the studied sample

Genetic structure of the population
of wild-growing vines of the Utrish Nature Reserve

of 24 wild-growing vines

Locus Na Ne Ho He
VVSZ ..................... 10000 ........... 7067 ............. 0917 ............. 0859 ............

VVMD5 ................. 7000 ............. 2730 ............. 0583 ............. 0634 ............

VVMD7 ................. 8000 ............. 6508 ............. 0958 ............. 0846 ............

. VVMD2 5 .............. 5000 ............. 4482 ............. 0625 ............. 0777 ............

VVMD2 7 .............. 5000 ............. 1775 ............. 0500 ............. 0437 ............

VVMD2 8 .............. 9000 ............. 3008 ............. 0583 ............. 0668 ............

. VVMD3 2 .............. 9000 ............. 6160 ............. 0542 ............. 0838 ............

VrZAG62 .............. 7000 ............. 4000 ............. 091 7 ............. 0750 ............

Locus Na Ne Ho He
VrZAG79 ............... 6000 ............. 1717 ............. 0500 ............. 0418 ............

UDV305 ................ 18000 ........... 8662 ............. 0542 ............. 0885 ............

UDV737 ................ 7000 ............. 3740 ............. 0750 ............. 0733 ............

GF0946 ............... 5000 ............. 3200 ............. 0708 ............. 0688 ............

SCORGHSOZ ...... 8000 ............. 3080 ............. 0292 ............. 0675 ............

CenGen6 .............. 10000 ........... 6436 ............. 0792 ............. 0845 ............

W,b23 .................. 6000 ............. 2654 ............. 0750 ............. 0623 ............

M ean .................... 8000 ............. 4348 ............. 0664 ............. 0712 ............

Note. Na - number of different alleles, Ne - number of effective alleles, Ho — observed heterozygosity, He — expected heterozygosity.
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Fig. 1. Distribution of the studied grape genotypes in the space of the main coordinates.

V7 have very similar genotypes. Among other found samples,
the complete coincidence of genotypes at the studied loci was
determined in wild vines Sh3 and Sh4.

Analysis of samples using DNA markers linked to the
resistance genes to downy mildew Rpv3, Rp10 and powdery
mildew Ren3, Ren9 did not reveal resistance loci in the geno-
types of wild vines. The inclusion of these DNA markers in
the study was carried out in order to study the polymorphism
of wild grapes at the analyzed loci, as well as a tool for the
possible identification of wild-growing vines of hybrid origin.
The resistance determined by Ren3, Ren9 and Rpv3 is inherited
from North American grape species (V. riparia, V. rupestris,
V. labruska, V. lincecumii), Rpv10 — from V. amurensis.

DNA fingerprints of the studied wild-growing vines by
9 SSR loci standard for the identification of grape genotypes
were checked for a coincidence in the catalog of grape varie-
ties” DNA profiles of the international database VIVC (VIVC,
2022). No coincidences were found. To analyze the genetic
similarity, DNA profiles of varieties belonging to geogra-
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phically close regions of viticulture, where there are local va-
rieties, some of which may have originated from wild grape-
vines growing earlier in these territories, were included into
the research. For comparison, the identified DNA profiles of
V. sylvestris genotypes from different geographical locations
(Israel, Tunisia, France, Armenia, Turkey) presented in VIVC
were also used. The study also included a group of rootstock
varieties of complex interspecific origin with the largest share
of the genetic contribution of North American grape species
in order to exclude the presence of rootstock varieties among
the found wild vines, which are characterized by high adapt-
ability to various abiotic and biotic stress factors. The number
of clusters equal to 7 (K=7) was used for Bayesian analysis.
The results of the analysis are shown in Figure 2.

The data obtained during the analysis allowed us to iden-
tify certain patterns of clustering of samples, relative to their
origin. The fourth and fifth clusters mainly include samples se-
lected from wild grapevines of the Utrish Nature Reserve. The
exceptions are three genotypes of the grape subspecies Vitis
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[eHeTUYecKan CTPyKTypa nonynauyum
auKopacTywmx Gopm BUHOrpaza 3anoBeaHnKa «YTpuLL»

)
Wild-growing vines of the Utrish Reserve Dagestan Don Georgian Crimea Rootstock  Vitis sylvestris
Local varieties varieties
M Cluster1 M cluster2 M Cluster3 Cluster 4 M Clusters W Clusters Cluster 7

Fig. 2. Clustering of 65 grape genotypes by origin.

The vertical axis denotes the probability of assigning each genotype to putative clusters, indicated by different colors. Genotypes: 1 -V1,2 -V2,3 -V3,4 - V4,
5-V56-V6,7-V7,8-V8,9-V9,10-V10,11-L1,12-12,13-13,14-L4,15-L5,16-L6,17 - Sh1, 18 - Sh2, 19 — Sh3, 20 - Sh4, 21 - Sh5, 22 - A1,23 - A2,
24 - A3, 25 - Agadai, 26 - Rish baba, 27 - Tavlinskiy pozdniy, 28 - Hatal baar, 29 — Khop khalat, 30 - Sarakh, 31 — Khatmi, 32 - Varyushkin, 33 - Mushketnyi,
34 - Sibirkovyi, 35 — Efremovskiy, 36 — Shilokhvostyi, 37 - Tsimlyanskiy chernyi, 38 - Shampanchik bessergenevskiy, 39 - Tsitska, 40 — Aleksandrouli, 41 — Mtsvane
Kakhuri, 42 — Rkatsiteli, 43 — Saperavi, 44 - Tsolikouri, 45 — Chkhaveri, 46 — Sary kokur, 47 — Kharko, 48 — Kefesiya, 49 - Sary pandas, 50 - Shabash, 51 - Dzhevat
kara, 52 — Kokur belyi, 53 — Couderc 1616, 54 — Kober 5 BB, 55 — Millardet et Grasset 101-14, 56 — Teleki 8 B, 57 — Rupestris du lot, 58 - Fercal, 59 — Paulsen 1103,
60 - Gesher Hardof (Israel), 61 — Khedhayria (Tunisia), 62 — Lambrusque Abbadia H (France), 63 — Sveni (Armenia), 64 — Sylvestris Dirmstein 2 (unknown), 65 - Syl-

vestris Guemuelduer 104-64 (Turkey).

vinifera L. subsp. sylvestris (Gmelin) (V. sylvestris) — Khed-
hayria (Tunisia) (61), Lambrusque Abbadia H (France) (62)
and Sylvestris Dirmstein 2 (64), and one local Georgian variety
Chkhaveri (45) belonging to cluster 5 with a probability not
exceeding 50 %. It is worth noting that the three studied wild
grape vines (5, 8 and 21) were not unambiguously assigned to
cluster 4 or 5. In turn, clusters 2, 3 and 7 include all the local
varieties presented in the study: of Dagestan, Don, Georgian
and Crimean origin. At the same time, cluster 7 is typical
for three varieties of Georgian origin — Alexandrouli (40),
Mtsvane Kakhuri (41) and Rkatsiteli (42); in other cases, the
probability of its contribution to the genotypes is not signi-
ficant. With the exception of the three varieties mentioned
above, representatives of the local gene pool are distributed
between clusters 2 and 3 with varying degrees of confidence.
The sixth cluster was formed by a number of genotypes of
rootstock varieties, the minor contribution of this cluster was
also revealed only in varieties from this sample. Cluster 1
includes some rootstock varieties, part of the V. sylvestris ge-
notypes and one Georgian variety Saperavi (43).

Conclusion

Based on the above, we can conclude that the samples of
wild grapes of the Utrish Nature Reserve selected during the
expedition are represented by two hypothetical populations
(expressed as clusters 4 and 5). There are transitional forms be-
tween the two populations. And if the first nominal population
(cluster 4) is localized on the Vodopadnaya Shchel territory,
then representatives of the second population (cluster 5) are
found at all expeditionary points of sampling of plant material.
A genetic relationship was also established between the second
nominal population and some genotypes of V. sylvestris and
the Georgian variety Chkhaveri (45), with varying degrees of
probability included in cluster 5.

Thus, it can be assumed that at least part of the genotypes
found in the Utrish Nature Reserve are close to the genotypes
of the subspecies V. sylvestris presented in the VTVC interna-
tional database. Samples from the hypothetical first population
(primarily localized — Vodopadnaya Shchel) are genetically
different from other vines and are predominantly allocated
to cluster 4. An insignificant contribution of cluster 4 was
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noted in the genotypes from the gene pool of Georgian and
Crimean local varieties (44 —Tsolikouri, and 48 — Kefesia),
and also in two accessions of V. sylvestris (61 — Khedhayria
(Tunisia), 65 — Sylvestris Guemuelduer 104-64 (Turkey)).
The genetic contribution of American rootstock varieties to
the wild grape population of the Utrish Nature Reserve has
not been identified.
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Creation and study of emmer (Triticum dicoccum) = triticale hybrids

O.G. Silkova! @, Y.N. Ivanoval, PI. Stepochkin?

Tnstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

2 Siberian Research Institute of Plant Production and Breeding - Branch of the Institute of Cytology and Genetics
of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

® silkova@bionet.nsc.ru

Abstract. Triticale (x Triticosecale Wittmack) is of great interest as an insurance crop that can ensure the stability of
the gross harvest of feed and food grains at a lower cost. In Western Siberia, only winter triticale varieties are culti-
vated, however, spring triticales are important for cultivation in regions not suitable for winter crops. To create spring
varieties with high yields and good grain quality, it is necessary to study and enrich the gene pool, identify donors
of economically valuable traits. One of the possible ways to solve this problem can be through the production of
secondary hexaploid triticales with the involvement of the tetraploid wild-growing species of emmer wheat Triticum
dicoccum (Schrank) Schuebl. The aim of this work was to create and study hybrids of emmer T. dicoccum (Schrank)
Schuebl. with hexaploid triticale using genomic in situ hybridization for staining of meiotic chromosomes and analy-
sis of plant productivity elements in F,~Fg. DT4, DT5, DT6 plants and the prebreeding F4 forms obtained from them -
DT 4/168, DT 5/176 and DT 6/186 - were selected according to the characteristics of the productivity and the nature
of the grain in the F, hybrid population. The offspring of hybrids DT4 and DT5 and prebreeding forms DT 4/168
and DT 5/176 had an increased grain nature (over 750 g/l), but low productivity. The hybrid DT6 and the breeding
form DT 6/186 obtained from it had high grain productivity (785+41 and 822+ 74 g/m?2, respectively), but, like the
paternal form of triticale UK 30/33, had a reduced nature of the grain. In Fg DT 6/186 plants, 7 homologous pairs of
rye chromosomes and from 27 to 30 wheat chromosomes were found in meiosis, which indicates the presence of
a complete rye genome and two wheat AABB genomes. Rye chromosomes showed stable formation of bivalents in
contrast to wheat chromosomes, which caused the presence of aneuploids in plant populations. Thus, hexaploid
forms DT 4/168 and DT 5/176 with well-made smooth grain and high grain size were obtained, which can be used as
a source of this trait for selection of food-grade triticale. DT 6/186 is a promising form for further breeding in order to
obtain high-yielding forms of triticale.

Key words: triticale; Triticum dicoccum; wide hybrids; genomic in situ hybridization; productivity traits; meiosis;
prebreeding forms.
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Co3gaHue 1 n3yuyeHne rmopuaoB
rronba (Triticum dicoccum) x TPUTUKAJIE

O.I. Cuaxosal! @, }0.H. VManosal, ILU. Crénoukun?
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AHHoTayus. Tputnkane (x Triticosecale Wittmack) npeactasnaeT 60nblUOM MHTEPEC KaK CTpaxoBas KynbTypa, Cro-
cobHan obecneunTb cTabUNBbHOCTb BaNIoOBOro c6opa dypa)kHOro 1 NPOJOBONbLCTBEHHOIO 3epHa C 6onee HU3KMMU
3aTpatamu. B 3anagHon Cnbupu Bo3aesbiBaloTCA COPTa TONIbKO 03MMbIX TPUTUKAIE, O4HAKO APOBble TPUTKKane sB-
NATCA 3HAYMMbIMU AR BbIPALLVBaHNA B PErMIOHaX, He NPUrOAHbIX ANA 03UMbIX KynbTyp. [na co3gaHna ApoBbIX
COPTOB C BbICOKOI YPOXANHOCTbIO 1 XOPOLLIMM KaueCTBOM 3epHa HeOOX0MMO M3yUeHre 1 oboralleHre reHopoHAa,
BblAeSIEHNE [JOHOPOB XO3ANCTBEHHO LIEHHbIX MPU3HaKoB. OfHUM 13 BO3MOXHbIX MYTel peLIeHUs 3TON 3aaum MOXKeT
ObITb NOMYyYEHNE BTOPUYHbIX FeKCanIoONAHbIX TPUTMKae C NpUBeYeHEM TETPANIONGHOro AMKOPACTyLIero Bmaa
nweHmnubl nonba Triticum dicoccum (Schrank) Schuebl. Lienbto naHHo paboTbl 6bifio co3gaHme v nsyyeHve rmépunos
nono6ol T. dicoccum (Schrank) Schuebl. ¢ rekcannovaHol TpyTKane ¢ MCNONb30BaHNEM FeHOMHOW in situ rMbpugun-
3aUMKM NPY OKPaLLMBaHUN MENOTUYECKMX XPOMOCOM 1 aHan3 3N1eMEeHTOB MPOoAyKTMBHOCTY pacTeHuin B F,—Fg. Mo
npvi3Hakam NPoAyKTUBHOCTW 1 HaTypbl 3epHa B rnbpuaHon nonynauuu F, 6biim otobpaHbl pactenna AT4, AT5, AT6
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1 BbIAIBNIEHHbIE B VX MOTOMCTBe npebpugunHrosble dopmbl Fg — AT 4/168, AT 5/176 n AT 6/186. MNoTtomcTBa rnbpu-
nos T4 v OT5 n dopm AT 4/168 n AT 5/176 umenn NOBbILLEHHYIO HAaTypy 3epHa (cBbiwe 750 r/n), HO HEBbLICOKYIO
npoAyKTUBHOCTL. [Mbpug AT6 1 nonyyeHHas ot Hero ¢opma [T 6/186 oTnMyanncb BbICOKAMM NOKasaTenamm npo-
LOYKTUBHOCTY 3epHa (785141 1 822+ 74 r/mM2 COOTBETCTBEHHO), HO, KaK 1 OTLOBCKaa dpopma Tputukane YK 30/33,
MMeN NMOHKEHHYI0 HaTypy 3epHa. Y pacTeHuii notomcTea Fg [T 6/186 B Melio3e 06HapyeHO 7 rOMONOrMYHbIX Nap
XPOMOCOM pXu 1 OT 27 Ao 30 XPOMOCOM MLUIEHWLbI, YTO CBUAETENbCTBYET O HANMYMM MOJTHOFO FeHOMa PXK1 1 ABYX
reHomoB nieHuLbl AABB. Xpomocombl pxku feMoHCTpupoBanu ctabunbHoe GopmrpoBaHrie 61BaneHTOB B OT/IMYMeE
OT XPOMOCOM MLUEHULIbI, YTO BbI3BaSIO aHEYMIOMANIO B MONYALMAX pacTeHNIA. TakM 06pa3om, NoNyyeHbl rekcanso-
naHble dopmbl AT 4/168 1 T 5/176 ¢ XOPOLUO BbINOIHEHHBIM FMaIKMM 3€PHOM 1 BbICOKOI HaTypoli 3epHa, KoTopble
MOXHO MCMONb30BaTh B KAYeCTBE MCTOYHMKA STOFO MpU3HaKa AnA CeNekunmn TpUTMKane NULEeBOro HanpasieHus.
®opma [T 6/186 nepcneKkTBHa ANA fanbHENLLIEro CeNneKkyMoOHHOro NpoLecca C Lesbio NoNyYeHUn BbICOKOYpOXKali-
HbIX dOpM TpUTKKane.

KnioueBble cnoBa: Tputukane; Triticum dicoccum; oTaaneHHble rmbprabl; FeHOMHas in situ rMbpuansaumns; NprusHakm
NPOAYKTUBHOCTY; MENO3; NPeOPUANHTOBbIE GOPMBI.

Introduction

Triticale (x Triticosecale Wittmack) is a wheat and rye hybrid
of a relatively short evolutionary history as an allopolyploid
species. The first naturally created fertile wheatxrye hybrids
were discovered in the late 1920s at the South-Eastern agri-
cultural experimental station in Saratov (Meister, 1921). The
plants had intermediate traits and were described as a new bo-
tanical species Triticum Secalotriticum saratoviense Meister
by G.K. Meister (Levitsky, 1978). Meister immediately pre-
dicted the practical value of these intergeneric crossings. The
first man-made wheatxrye hybrids (7riticosecale Wittmack)
were obtained in 1888 by the German plant breeder W. Rimpau
(Miintzing, 1974), who described 12 plants descending from
a wheatxrye hybrid generally recognized as the first triticales
(xTriticosecale Wittmack). The cytological analysis of the
first triticales developed in Russia and Germany showed the
somatic chromosome number of 56 (8x) (Miintzing, 1961; Le-
vitsky, Benetzkaja, 1978), which demonstrated the combina-
tion of four genomes as follows: AABBDDRR, AABBDD,
soft wheat, and RR rye.

Octoploid triticales were of great interest for plant breeders
due to high seed set per spike, increased plant pathogen resis-
tance, and resistance to environmental stresses. However, the
primary triticale lines suffered from meiotic errors (Miintzing,
1961; Shkutina, Khvostova, 1971; Lukaszewski, Gustafson,
1987) and high frequency of aneuploidy in earlier generations
(Krolow, 1962; Stepochkin, Vladimirov, 1978; Silkova et al.,
2021), which caused reduced fertility. Grain shriveling and
lateness of maturity in octoploid forms were also considered
as limitations for their introduction as cultivars. As a result,
there have been global efforts to develop the technology for
obtaining more promising lines with various valuable breed-
ing traits, which eventually produced hexaploid triticales
(Shulyndin, 1975).

Primary hexaploid triticales of the AABBRR genome type
were obtained as crossings of tetraploid wheats (7. turgidum,
T durum) and S. cereale rye (Miintzing, 1974). However, un-
desirable traits were not completely eliminated. Agronomi-
cally valuable traits were improved by enriching the triticale
gene pool with crossing experiments involving octoploid
lines and commercial soft wheat varieties, as well as hexa-
ploid triticales with full rye genome and two wheat genomes
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identified in the progeny of octoploid triticales as a result
of D-genome chromosome elimination (Stepochkin, 1978;
Dou et al., 2006; Zhou et al., 2012; Hao et al., 2013; Li et al.,
2015; Evtushenko et al., 2019). The crossing of two primary
octoploid triticales produced hexaploid offspring, and breed-
ing programs were focused on hybridization of these octo-
ploids with the hexaploids identified in the progeny (Pisarev,
1964; Jenkins, 1969; Ammar et al., 2004; Oettler, 2005).
Hexaploid triticales were more stable in terms of productivity
(Miintzing, 1974; Oettler, 2005). As a result, various recom-
binant forms of secondary triticales were derived and karyo-
typed (Merker, 1975; Gustafson, Bennett, 1976; Lukaszewski,
Gustafson, 1983; Badaev et al., 1985; Cheng, Murata, 2002;
Mergoum et al., 2009; Shishkina et al., 2009; Fu et al., 2014),
and some of them having combined wheat-rye genomes
showed commercial value (Merker, 1975; Oettler, 2005; Zhou
etal., 2012).

Agronomic traits of triticales were further improved by
intergeneric and interspecific crossings. Aegilops crassa (2n =
4x = 28; DDMcrMcr), Ae. juvenalis (2n = 6x = 42; DDCuCu
MjMj), Ae. squarrosa (syn. Ae. tauschii; 2n = 2x = 14; DD)
and Ae. triaristata (2n = 6x = 42; CaCuMtMtMt2Mt2) (Gru-
szecka et., 1996), Agropyron intermedium ssp. trichophorum
(2n = 42) (Gupta, Fedak, 1986a), Hordeum parodii Covas
(Gupta, Fedak, 1986b), H. vulgare L. (Balyan, Fedak, 1989)
and 7. monococcum L. (Neumann, Kison, 1992) plants were
used in hybridization experiments with hexaploid triticales.
Intergeneric polyploid triticales were also bred through hy-
bridization with intermediate forms sharing at least one set
of chromosomes (genome) with the triticale genome. These
hybridization efforts produced plants with resistance genes
against diseases. Lines isolated in the progeny of triticale hy-
brids (AABBRR) and amphidiploids (wheat x Psathyrostachys
huashanica, 2n = 8x = 56, AABBDDNSsNs) were resistant to
yellow rust (Kang et al., 2016). Hybridization of a hexaploid
triticale and an amphiploid intermediate form (4e. variabilis x
S. cereale, 2n = 6x = 42; UUSvSVRR) produced addition and
substitution lines with the 3Sv Ae. variabilis chromosome car-
rying the powdery mildew resistance gene Pm/3 (Kwiatek et
al., 2016). Addition and substitution lines for chromosome 2D
with the leaf-rust resistance gene Lr39 and semidwarf gene
Rht8, as well as chromosome 3D (or 3D/3B) with the Lr32
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gene were isolated in the progeny of triticale X amphiploid hy-
brids (de. tauschii X S. cereale, 2n=4x=28; DDRR) (Kwiatek
etal., 2015).

Thanks to breeding achievements, triticale has become
a new economically significant cereal species characterized
by high grain and vegetative mass productivity, that could be
used as forage and green feed (McGoverin et al., 2011; Ayalew
etal., 2018). In the last three decades, its products have become
increasingly significant, which is demonstrated by increasing
crop acreage across the world, from 1,453,269 ha in 1994 to
4,157,018 ha in 2016. Triticale grains are used to produce
bioethanol and food wrap, as well as various food products
(bread, biscuits, pastas, flatbreads, and malt) (Zhu, 2018), and
bran is used as the source of prebiotics and antioxidants for
yoghurts. Food-grade triticale grains are comparable to wheat
in macro- and micronutrient contents (Zhu, 2018). Protein
content in triticale grains is 1-1.5 % higher than in wheat and
3—4 % higher than in rye, gluten content matches that in wheat
or is 2-4 % higher (Meleshkina et al., 2015). However, triticale
underperforms in test weight. This parameter is closely related
to the plumpness and hardness of grains, as well as to their
size and shape. Average test weight for wheat is 700-810 g/l1.
At test weights below 740 g/, flour yield tends to decrease
rapidly as test weight goes down. Most spring triticales have
shriveling grains and low flour yields, which limits their use
in bread making (Rakha et al., 2011).

Development of domestic high-productivity triticale varie-
ties with high grain quality requires further study and enrich-
ment of the gene pool, as well as identification of donors for
economically valuable traits. One way to solve this problem
is to obtain secondary hexaploid triticales using emmer wheat
T dicoccum (Schrank) Schuebl., a tetraploid wild-growing
wheat with long, large, and plump grains.

The goal of the present study was to breed new forms of
hexaploid triticales (AABBRR genome type) with improved
test weights by crossing emmer (7. dicoccum Schrank, AABB
genome) with triticale and study their productivity and meiotic
stability with chromosome staining using genomic in situ
hybridization.

Material and methods

Plant material. New forms of hexaploid triticale were ob-
tained by hybridization of emmer (7. dicoccum (Schrank)
Schuebl.) and triticale (x Triticosecale Wittmack). Intergene-
ric F, hybrid of emmer lines (L133 x PKK) xk-25516 (AABB
genome) was used as maternal plants. Awned semi-hulless
emmer (L133 xPKK) created by VIR researchers is charac-
terized by brittle spikes and low productivity, and awnless
emmer k-25516 was obtained at Siberian Research Insti-
tute of Plant Production and Breeding (SRI PPB), ICG SB
RAS from the population of awned emmer wheat from the
VIR collection. The paternal plants were represented by a se-
lection form of hexaploid triticale UK 30/33 selected from
the population of cytogenetically unstable octoploid triticale
UK30 (AABBDDRR genome) developed at the SRI PPB by
crossing the Ulyanovka soft wheat variety with the Korot-
kostebelnaya 69 short stem rye with subsequent doubling of
chromosome number induced by colchicine water solution.
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The progeny of three F, hybrids DT4, DTS5, and DT6, and
three selection forms DT 4/168, DT 5/176, and DT 6/186 iso-
lated in F5 from hybrid populations DT4, DTS5, and DT6 re-
spectively was selected for the study. In 2020, their F progeny
was seeded for research purposes along with F, hybrids at
the nursery for distant wheat hybrids in the field of SRI PPB.

Fluorescence in situ hybridization of meiotic chromo-
somes. To evaluate the meiotic stability in the selection forms,
two most productive plants DT 6/186/156 and DT 6/186/165
were selected in the F, progeny of plant DT 6/186, and their
Fq seeds were seeded in the hydroponic greenhouse of the
ICG SB RAS in spring 2021. The chromosomal behavior of
the progeny was studied using routine acetocarmine staining
protocol and FISH staining (fluorescence in situ hybridiza-
tion) following the technique described earlier (Ivanova et
al., 2019).

The meiocytes were analyzed at the diakinesis stage, me-
taphase I (MI), anaphase I (Al), and telophase II (TII). The
probes used in the analysis were as follows: Aegilops taus-
chii pAet6-09 specific for centromere repeats in rice, wheat,
rye, and barley chromosomes (Zhang et al., 2004); pAWRc
specific for centromere repeats in rye chromosomes (Fran-
cki, 2001), and rye genomic DNA. DNA repeat samples of
pAet6-09 and pAWRc were the courtesy of Dr. A. Lukaszew-
cki (University of California, Riverside, the United States).
Centromere-specific probes were labeled with biotin 16-dUTP
or digoxigenin 11-dUTP by means of polymerase chain reac-
tion (PCR). The total rye DNA was labeled by Nick translation
with digoxigenin 11-dUTP. The probes were combined in
different proportions and mixed with blocking wheat DNA.
The preparations were mounted in Vectashield antifade solu-
tion (Vector Laboratories) slowing down fluorescence fading
and including 1 pg/ml DAPI (4',6-diamidino-2-phenylindol,
Sigma-Aldrich, the United States) for chromatin staining. All
preparations were analyzed using an Axio Imager M1 micro-
scope (Karl Zeiss, Germany), the images were recorded using
a ProgRes MF camera (Meta Systems, Jenoptic) at the Center
of Microscopic Analysis of Biological Objects, SB RAS and
processed using Adobe Photoshop CS2 software.

Analysis of economically valuable traits. Structural
analysis of the plants was performed at the facility equipped
for metric measurements, threshing, and seed weighting. As
a result, the following data on productivity elements were
obtained: spike length; spike density; grain weight per spike;
thousand kernel weight; grain number per spikelet; test
weight measured using a microchondrometer (Stepochkina,
Stepochkin, 2015); and grain productivity per 1 m?2. Statisti-
cal processing of the results was carried out following the
standard technique (Dospekhov, 1985). Significance of dif-
ferences between mean values of two samples was estimated
using Student’s #-test.

Results

The parental-line plants had different spike and grain mor-
phology. The emmer plants (L133 x PKK) had short, awned,
brittle spikes and smooth, long grains (Fig. 1, ). The k-25516
emmer sample was an awnless plant with thin, long grains (see
Fig. 1, b). Triticale UK 30/33 had a dense, awned spike and
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Fig. 1. Spikes and seeds: a, emmer wheat (L133 x PKK); b, emmer wheat k-25516; , triticale UK 30/33; F, hybrids: d, DT4; e, DT6; f, DT5.

Table 1. Results of structural analysis of triticale plants and emmer X triticale hybrids

Name of triticale line  Spike length,  Spike density ~ Grain weight
or emmer X triticale cm per spike, g
hybrid

UK 30/33 8.3+0.3 2.89+0.08 2.6+0.2

DT4 11.0+£0.4%* 2.10£0.06 2.1£0.2

DT6 10.2+0.2%* 3.14£0.07* 3.7£0.2%*
DT5 83+£0.1 2.64+0.12*% 1.3+0.2%

DT 4/168 10.8+0.8%* 2.31+£0.08** 25+04

DT 6/186 10.8+0.5%* 2.38+£0.14** 3.9+0.3**
DT 5/176 9.6+0.7* 2.28+0.11**  2.0+0.3

Thousand Grain number  Test weight, Productivity,
kernel per spikelet g/l g/m?2
weight, g

47+2 248+0.10 706+8 584+33
50+2 1.78+0.10%* 806+ 14%** 435 +34*%
48+1 243+0.09 749 £16** 785+41%*
39+3* 1.56£0.11%*% 789+ 7%** 280+ 44**
47£2 2.15+0.26 760+ 20* 531+£92
48+5 3.20£0.18** 706+25 822+ 74**
47+3 1.95+0.13** 772+48* 423 +67*

*p <0.05;** p <0.01; *** p < 0.001 - significant differences between the hybrid and 6x triticale UK 30/33.

grains similar to those of soft wheat in shape but shriveling
(see Fig. 1, ¢).

Plants of three emmerxtriticale F, hybrids had different
spike morphology (Table 1, see Fig. 1, d—f). The DT6 hybrid
had a dense, awned spike. The plants of the remaining two
hybrids had looser spikes. The spikes were sterile at the ends
and therefore often susceptible to ergot.

All hybrids had a hair neck similar to the paternal triticale
UK 30/33. This means that these genotypes have a gene re-

326

sponsible for manifestation of this trait localized in the long
arm of chromosome 5R.

Triticale UK 30/33 had a short spike, low test weight, and
medium grain productivity (see Table 1). Selection forms and
hybrids, except for DTS5, had a longer spike than the paternal
form UK 30/33. Hybrid DTS5 had low productivity due to
flower sterility in the upper part of the spike and low thou-
sand kernel weight. Hybrid DT4 had a high thousand kernel
weight of 50£2 g, and the highest test weight of 806+ 14 g/1.
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Fig. 2. Diakinesis (a—c) and metaphase | (d) meiotic stages in the progeny of DT 6/186/156 plant (a, b) and DT 6/186/165 plant (c, d).
a, b, 21 bivalents, a, 7 rye bivalents; ¢, 21 bivalents and one univalent; d, univalents in metaphase I. a, genomic in situ hybridization, rye

chromosomes stained red; b-d, acetocarmine staining.

However, its grain productivity, although higher than that of
DTS5, was still not too high due to low seed set of spikes and
spikelets. Flowers at the top of the spike were often sterile as
well. Hybrid DT6 was characterized by dense spikes and high
grain productivity (785+41 g/m?), as well as seed set of spikes
and spikelets. The spikes were fertile along their full length.

Selection forms DT 4/168, DT 5/176, and DT 6/186 had
different grain weights per spike, grain numbers per spike,
test weights, and productivities. DT 4/168 had denser spikes
and slightly higher seed sets of spikes and spikelets compared
to the DT4 hybrid it was obtained from. Breeding sample
DT 5/176 was more productive than the initial DTS5 hybrid,
but it had the lowest productivity among the three breeding
samples studied. Small spike size and sterility of 3—7 spike-
lets in the upper part of the spike resulted in low productivity
of hybrids DTS5 and DT 5/176. The DT 6/186 line had the
highest seed set and productivity among the studied lines.
Despite the lowest test weight values similar to triticale
UK 30/33 (706+25 g/l), grain productivity per plot reached
82274 g/m2. DT 6/186 had a smoother overall morphology
than the initial hybrid DT6, but higher breeding value due to
its higher grain productivity.
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Cytological analysis of the progeny of two plants (DT 6/186/
156 and DT 6/186/165) from the highly productive DT 6/186
line revealed instability in chromosome number and errors in
chromosomal behavior in the first and second meiotic divi-
sions. Chromosome staining using genomic in situ hybridi-
zation in these plants showed 14 rye chromosomes forming
bivalents, which implied the presence of seven homologous
pairs (Fig. 2, a). However, the bivalent chromosomes demon-
strated premature separation in some meiocytes (desynapsis),
with rye chromosomes becoming univalent and distributing
anomalously between the poles (Fig. 3, a).

Chromosome number in the discovered aneuploid plants
varied from 2n = 41 to 2n = 44. Among the ten plants from the
DT 6/186/156 progeny, only one plant had chromosome num-
ber 2n = 42 (see Fig. 2, b), while there were no plants with
euploid chromosome numbers in the progeny of DT 6/186/165.

Univalents were discovered in the metaphase I (see
Fig. 2, d), which were lagging at the equator during chro-
mosome separation in anaphase I in 86.75+4.56 and
61.32+2.81 % of cells in DT 6/186/156 and DT 6/186/165
respectively (Table 2, see Fig. 3, ¢, d). The lagging chromo-
somes were divided into sister chromatids (see Fig. 3, a, c, d)
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Fig. 3. Chromosome separation anomalies in meiotic anaphase | in the progeny of DT 6/186/165: a, unequal separation of
wheat and rye chromosomes, the rye chromosome is divided into sister chromatids (arrows); b, unequal chromosome separa-
tion; ¢, d, lagging chromosomes at the equator and univalent division into sister chromatids.

a, genomic in situ hybridization, rye chromosomes stained red; b-d, acetocarmine staining.

Fig. 4. Tetrads with (a) and without (b) micronuclei.

or broken at the centromere. Instability of chromosome separa-
tion during the division resulted in micronuclei formation at
the tetrad stage (Fig. 4, a).

Micronuclei were observed in 60.29+3.14 and 72.16+
+2.29 % tetrads in DT 6/186/156 and DT 6/186/165, re-
spectively (see Table 2). Even the euploid plant with 2n =42
(DT 6/186/156) had micronuclei in 51.48 % tetrads, which
prevented us from considering this plant fully cytogenetically
stable.
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Plants with the minimum number of anomalous meiocytes
in anaphase I and telophase II were selected from populations
DT 6/186/156 and DT 6/186/165 based on the results of the
analysis.

Discussion

Triticale (x Triticosecale Wittmack) as an agricultural crop
combines wheat’s high yield potential with rye’s resistance
to biotic and abiotic stresses, which increases its adaptability
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Selection form Total analyzed

Number of meiocytes

Total analyzed Number of tetrads

in anaphase | with anomalous chromosome by tetrads with micronuclei, %
............................................. separation in anaphase |, %
plants cells plants cells
DT 6/186/156 10 534 86.75 +4.56 8 1830 60.29 +3.14
DT 6/186/165 9 698 61.32+2.81 8 2866 7216 +2.29

to cultivation conditions in salty or highly acidic soils and in
presence of toxic heavy metals. Thanks to these traits, triticale
is of great interest as an emergency crop ensuring stable gross
harvest of forage and food grains at lower costs (McGoverin
et al., 2011). Despite today’s applications of triticale grains
being mostly restricted to forage in animal husbandry and pro-
duction of feed and bioethanol, there is a rising interest in the
use of triticale grains in human food products. Triticale grains
have proven nutritional and dietary value (Meleshkina et al.,
2015; Zhu, 2018), since they include not only proteins, car-
bohydrates, and fats, but also vitamins, minerals, and dietary
fibres (14—18 %) (Rakha et al., 2011; Zhu, 2018). Compared
to that of wheat, the protein from its grains has a richer amino
acid profile, particularly in indispensable amino acids, such
as lysine, threonine, and leucine (Meleshkina et al., 2015;
Torikov et al., 2019). Triticale starch amounting to 3/4 of the
kernel weight has a significantly lower amylose content com-
pared to rye and wheat (Zhu, 2018), which ensures its better
digestion by humans (Meleshkina et al., 2015).

To increase the share of triticales in production of breads
and pastries, in recent decades breeding efforts have been
aimed at increasing the quality of grains and finished products,
which has resulted in development of triticale bread-making
varieties (Grabovets et al., 2013), so State standards for triti-
cale flour have been developed (State Standard 34142-2017).
The characteristics of winter triticale varieties also include
applicability for bread making. Triticale breeding efforts in
Russia and other countries are primarily aimed at developing
winter varieties (State Register..., 2022). However, grain
quality assessment of the samples from the spring triticale
collection showed that spring triticales have good potential
for creating bread-making varieties (Krokhmal, Grabovets,
2015; Bocharnikova et al., 2017; Abdelkawy et al., 2020;
Yerzhebayeva et al., 2020). The samples with such improved
parameters as protein content, test weight, falling number,
vitreousness, gluten quantity and quality, etc., are used in
breeding for improved grain quality (Krokhmal, Grabovets,
2015; Bocharnikova et al., 2017; Turbayev et al., 2019; Ab-
delkawy et al., 2020; Yerzhebayeva et al., 2020).

A trait such as high test weight can be transferred by distant
hybridization. This parameter is closely related to genetically
determined parameters such as grain plumpness, hardness, and
shape. In the present paper, tetraploid emmer wheat 7. dicoc-
cum (Schrank) Schuebl. with long, large, and plump grains
was used as the maternal line for hybridization with hexaploid
triticale (X Triticosecale Wittmack). As a result, new hexaploid
forms of triticale with AABBRR genome types were created,
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which is confirmed by the analysis of meiotic chromosomal
behavior using genomic in situ hybridization. Seven pairs of
rye chromosomes and 27 to 30 wheat chromosomes were ob-
served in the plants, which implies the presence of a complete
rye genome and two wheat genomes. Three plants, DT4, DTS,
and DT6, were isolated in the F, population, the progeny of
which demonstrated test weight values significantly exceeding
those of the initial triticale line, and test weights in the progeny
of DT 4/168, DT 5/176, and DT 6/186 forms from F; were
higher or on par with those of the initial triticale line. These
plants had different productivity values, with the highest ones
in F, recorded in the DT6 line (785+41 g/m?). The respec-
tive value for DT 6/186, i.¢., the progeny of the latter in F,
reached 822+74 g/m?. The DT 4/168 and DT 5/176 lines are
of moderate interest for further research into improvement of
bread-making properties of triticale grains.

The study of the meiotic behavior of rye and wheat chro-
mosomes in the progeny of Fg plants DT 6/186/156 and
DT 6/186/165 showed that they had not yet achieved cytoge-
netic stability, which was indicated by the discovered chromo-
some separation errors and the presence of aneuploids in the
populations. Chromosome separation errors mostly occurred
in wheat chromosomes due to their monosomy. Cytological
instability and aneuploidy in octoploid and hexaploid wheat-
rye allopolyploids have been an issue from the start (Shkutina,
Khvostova, 1971; Kaltsikes, 1974; Weimarck, 1974; Luka-
szewski, Gustafson, 1987), but secondary triticales turned out
to be more cytogenetically stable than primary ones (Kaltsikes,
1974). Cytological study of triticales showed that the interac-
tion between wheat and rye genomes in the cells of the same
plant resulted in physiological defects in cells persisting for
decades at least. Meiotic and mitotic errors were found both
in the triticale obtained by Rimpau in 1888 (Levitsky, 1978;
Miintzing, 1974) and in the triticales obtained later. Despite the
complete set of chromosomes, meiotic univalents were found
in triticales with different ploidy levels (Shkutina, Khvostova,
1971; Kaltsikes, 1974; Lukaszewski, Gustafson, 1987; Ole-
sczuk, Lukaszewski, 2014; Orlovskaya et al., 2015). The study
into meiotic chromosomal behavior in triticales in the present
and earlier papers demonstrated that while only bivalents
were present at the diakinesis stage, univalents appeared in
metaphase I as a result of to produce lagging chromosomes at
the equator (Shkutina, Khvostova, 1971). Presumably, aneu-
ploid cells in triticales may emerge as a result of asynchronous
separation of rye and wheat chromosomes and their lagging
in anaphase and telophase (Shkutina, Khvostova, 1971). The
presumed cause of meiotic instability in the obtained am-
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phidiploids is an imbalance in the genetic system of meiotic
pairing and the differences in cell cycles between wheat and
rye (Miintzing, 1974).

It is known for a fact that chromosome separation depends
on kinetochore function (Sanei et al., 2011). It was found that
kinetochore protein CENH3 produced by one of the parents
maintained the function of other parental kinetochores in stable
hybrids, despite the differences between DNA sequences of
centromere regions in parental lines (Ishii et al., 2016). It was
also shown that cytogenetic stability in triticales could also be
linked to increased expression of rye-specific CENH3 forms
in a hybrid genome (Evtushenko et al., 2019).

Another possible cause of cytogenetic instability of the
obtained triticales could be a nuclear-cytoplasmic incompati-
bility, because the hybrids are bred using an intergeneric
F, hybrid of emmer lines (7. dicoccum (Schrank) Schuebl.)
(L133 xPKK)*k-25516 (genome AABB) as the maternal form.
The AABB genomes in paternal triticale forms originate from
soft wheat, while the rye genome is used as the base. Selection
of genotypes of wheat varieties during triticale backcrossing
may lead to recovery of fertility and cytogenetic stability in
new forms, as exemplified by alloplasmic soft wheat lines
(H. vulgare)-T. aestivum (Pershina et al., 1999, 2018; Tru-
bacheeva et al., 2021).

Conclusion

The result of this work was to create and study hybrids of
emmer 7. dicoccum (Schrank) Schuebl. with hexaploid triti-
cale. According to the characteristics of productivity and test
weight values of the grain, hexaploid prebreeding forms Fg
were isolated — DT 4/168, DT 5/176 and DT 6/186. Thus,
hexaploid forms DT 4/168 and DT 5/176 with well-filled,
smooth grains and high test weights that can be used as the
source of said traits in food-grade triticale breeding have
been obtained. The DT 6/186 line shows promise in terms of
breeding for high yields. As a result of the analysis of meio-
tic division in DT 6/186 plants, this sample is unstable for
wheat chromosomes, therefore, aneuploids will occur in the
offspring. To restore fertility and cytogenetic stability of new
forms of triticale with emmer cytoplasm and chromosomes, it
is necessary to select the genotypes of wheat varieties during
backcrossing.
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Abstract. In animals, obesity caused by consumption of a sweet-fat diet (SFD) is the most adequate mouse model of
human diet-induced obesity. Fibroblast growth factor 21 (FGF21) reduces body weight, beneficially affects taste pre-
ferences, and corrects glucose metabolism in obese mice. Sex is known to influence FGF21 effects in different models
of diet-induced and hereditary obesity. In mice with SFD-induced obesity, the effects of FGF21 have been studied only
in males. The aim of this study was to compare the effects of FGF21 on body weight, food preferences and glucose and
lipid metabolism in C57BI/6J male and female mice with SFD-induced obesity. Mice were fed with a diet consisting of
standard chow, lard and cookies for 10 weeks, then they were injected with FGF21 (1 mg per 1 kg) or vehicle for 7 days.
Body weight, weights of different types of food, blood parameters, glucose tolerance, gene and protein expression in
the liver, gene expression in the white, brown adipose tissues, and the hypothalamus were assessed. FGF21 admini-
stration reduced body weight, did not alter total energy consumption, and activated orexigenic pathways of hypotha-
lamus in mice of both sexes. However, sex dimorphism was found in the realization of the orexigenic FGF21 action at
the transcriptional level in the hypothalamus. Metabolic effects of FGF21 were also sex-specific. Only in males, FGF21
exerted beneficial antidiabetic action: it reduced fatty acid and leptin plasma levels, improved glucose-tolerance, and
upregulated hepatic expression of Ppargc1, Fasn, Acco, involved in lipid turnover, gene Insr and protein glucokinase,
involved in insulin action. Only in obese females, FGF21 induced preference of standard diet to sweet food. Thus, in
mouse model of obesity induced by consumption of a sweet-fat diet, the catabolic effect of FGF21 was not sex-specific
and hormonal, transcriptional and behavioral effects of FGF21 were sex-specific. These data suggest elaboration of dif-
ferent approaches to use FGF21 analogs for correction of metabolic consequences of obesity in different sexes.
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For citation: Bazhan N.M., Jakovleva T.V., Kazantseva A.Yu., Kostina N.E., Orlov PE., Balybina N.Yu., Baranov K.O., Ma-
karova E.N. Studying sex differences in responses to fibroblast growth factor 21 administration in obese mice consuming
a sweet-fat diet. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2023;27(4):333-341. DOI
10.18699/VJGB-23-40

V3yuyeH1e MOJ0OBbIX pa3/Munii OTBETOB Ha BBeJeHIEe
dakTopa pocta Pubpo671acTOB 21 V MBIIIIEN C OXKMPEHUEM,
BbI3BAHHBIM IIOTpPeOIeHIIEM C/IAIKO-XUPHOI O11eThI
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AHHOTaLUA. Y XXMBOTHbIX OXXMPEHWe, Bbl3BaHHOE NOTpebneHnem CafKo-KUPHON ANeTbl, CIyXWUT Hanbonee afekBart-
HOW MOZENbI0 Pa3BUTUA aIMMEHTAPHOTO OXUPEHWA Y YenioBeKa. Y Mbillell C oxumpeHnem daktop pocta ¢prbpobna-
ctoB 21 (FGF21) cHukaeT maccy Tena, 6naronpuaTHO BAMAET Ha BKYCOBble MPEeAMNoYTeHUs, yayyliaeT MeTabonnsm
rNOKO3bl U NNMUAOB. B pa3nunuHbiXx MoAeNnax OXUPeHNa NokasaHo, YTo non BavsaeT Ha 3¢pdekTbl FGF21. Y mblwei ¢
OXUPEHMEM, BbI3BaHHbIM ClafKo-KNpHoW anetol, 3¢pdekTbl FGF21 n3yuyeHbl Tonbko y camuos. Lienb paboTbl 3aknio-
Yyanacb B cpaBHeHUW BnMAHUA FGF21 Ha maccy Tena, BbI6GOp MW, YINEBOAHO-KUPOBON OOMEH Y CaMLIOB 1 CaMOK
Mbiwei C57BI/6J c oxmpeHmnem, BbI3BaHHbIM NOTpebieHnem cnagKo-KUPHO aneTbl. B TeueHne 10 Hefenb MblLuei Kop-
MWW ANETON, COCTOALLEN U3 CTaHAAPTHOIO IabOPaTOPHOro KOPMa, CBUHOMO Cana 1 CNafKoro neyeHbs, 3aTeM 7 fHei
OHW nonyYanu Hbekuun FGF21 (1 mr Ha 1 Kr) nnmn pactBoputens. MI3mepeHbl Macca Tenla, Macca noTpebsieHHbIX Npo-
LYKTOB, NMOKa3aTeNn KPOBW, TONEPAHTHOCTb K MI0KO3€, SKCMPECCHA B MEUYEHN reHOB 1 6eNKOB, a B XKNPOBOW TKaHW 1
runoTanamyce — TONIbKO reHoB. Y mbiwel o6oux nonos BeeaeHne FGF21 cHM3uno maccy Tena, He U3MeHuno obuyee
KONMYECTBO NOTPEONEHHOM SHEPIUM 1 aKTVBMPOBASIO OPEKCUIeHHble NyTW B runoTanamyce. OfHaKko Ha TpaHCKpwWn-
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Sex differences in responses to fibroblast growth factor 21
administration in obese mice

LIOHHOM YPOBHe BblfiBJIeHbl MOJI0BbIe Pa3NnyuA B peanusaunm opekcureHHoro aencteua FGF21 B runotanamyce. Me-
Tabonunueckoe penctane FGF21 Takke 3aBuceno ot nona. Tonbko y camuos FGF21 Bbi3biBan 6naronpuaTHoe aHTUna-
6eTnyeckoe BO3AENCTBUE: CHXKAM YPOBHU XUPHbIX KACIOT U NENTUHA B KPOBWU, yyuLllan TONepPaHTHOCTb K ITIOKO3e,
NOBbILLA SKCMPECCUIO B NeUeHn reHoB Ppargcl, Fasn, Acca, BOBNIEUEHHbIX B XKMPOBOI 06MeH, U reHa Insr, a Takxe 6esika
TIIOKOKUHA3bl, KOTOPble ONOCPeaytoT AeNCcTBME UHCYNNHA. TONbKO Yy camok FGF21 yBenuumusan notpebneHvie sHeprum
CO CTaHZAPTHbIM KOPMOM 1 CHUXan — C neyeHbeM. Takum 06pa3om, Y MbllLei B MOLENN OXKMPEHUA, BbI3BaHHOTO Craj-
Ko-XupHoii greTton, FGF21 ymeHbLian Maccy Tena ocobeit 060ero nosa, okasbliBas aHTUAMabeTUYeCKnin 3GPeKT ToNIbKO
y CaMLOB 1 MEHAS BKYCOBbIE NPeANOYTEHNA TOMbKO Y CaMOK. DT pe3ynbTaThl YKa3blBaloT Ha HEOOXOAMMOCTb paspa-
60TKM CreLunanbHbIX NOAX0A0B B UCMonb3oBaHumn FGF21 1 ero aHanoros gns neyeHrs MeTaboimuyeckux noceacTeuil

OXNpeHuAay I'IpeD,CTaBI/ITel'IeIz Pa3HbIX MOJIOB.

Kniouesble cnoBa: FGF21; OXHMpeHne; NONOBbIE PasNnMyunA; NevYeHb; KNPOoBad TKaHb; rmnoTanamyc; n0Tpe6neHV|e nmwn;

SKCnpeccna reHos.

Introduction

In the human population, there is a significant increase in the
number of people suffering from obesity and associated meta-
bolic diseases such as type 2 diabetes, cardiovascular diseases
and non-alcoholic fatty liver. Intensive research is underway
to create drugs for normalization of carbohydrate-lipid me-
tabolism at obesity. Fibroblast growth factor 21 (FGF21) is
purported to be one of the most promising candidates for such
aims (Talukdar, Kharitonenkov, 2021). FGF21 is synthesized
and secreted into the circulation mainly by the liver (Fisher
et al., 2011) in response to metabolic stresses such as food
deprivation (Zhang Y. et al., 2012; Bazhan et al., 2019a), cold
exposure (Dutchak et al., 2012), and obesity (Chukijrungroat
etal.,2017; Bazhan et al., 2019b). FGF21 functions to restore
homeostasis by coordinating metabolic responses from brown
and white adipose tissues, muscles, liver and hypothalamus
(Martinez-Garza et al., 2019; Makarova et al., 2021a, b). The
effect of FGF21 on metabolic phenotype is partially mediated
by its effect on gene expression in these tissues (Hale et al.,
2012; Keinicke et al., 2020). FGF21 administration has potent
beneficial effects on obesity and diabetes in humans, monkeys,
and rodents (Kharitonenkov, Adams, 2013), it reduces body
weight, increases insulin sensitivity, normalizes blood glucose
levels (Kharitonenkov et al., 2005; Coskun et al., 2008; Xu
et al., 2009).

High energy density diets: high fat diet (HFD) and sweet
fat diet (SFD) are most commonly used to induce obesity in
mice. It has recently been shown that the anti-diabetic effect
of FGF21 in genetically obese mice (ob/ob and Ay mice) ap-
pears only in males (Berglund et al., 2009; Makarova et al.,
2020; Makarova et al., 2021b), whereas in mice with obesity
caused by HFD it is manifested both in females and males.
In mice with SFD-induced obesity (SFDIO), the effects of
FGF21 have been shown in males (Coskun et al., 2008), while
in females, they have not been studied. Elucidation of the role
of FGF21 in the regulation of metabolic processes in females
fed SFD is relevant, since SFD mimics the human Western
diet and is the most adequate model of human diet-induced
obesity (Sampey et al., 2011).

In addition, FGF21 may influence food choices. In mice
with normal body weight, FGF21 administration has been
shown to increase protein intake (Hill et al., 2020) and reduce
sugar intake (Talukdar etal., 2016b). In ovariectomized obese
female mice fed mixed diet (standard chows, lard and sweet
cookies), FGF21 administration increases the intake of calo-
ries with standard chows, which contain more proteins than
other types of food (Jakovleva et al., 2022). It is not known
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whether FGF21 influences the intake of various types of food
and the expression of hypothalamic genes involved in the re-
gulation of food intake in SFDIO mice with normal gonadal
function.

Thus, the aim of this work was to study in male and female
mice with obesity caused by the consumption of a sweet-fat
diet the effect of FGF21 on weight of body, liver, adipose tis-
sues, tolerance to glucose, blood levels of hormones and me-
tabolites, the amount of energy consumed with various types
of food, and expression of genes involved in the regulation of
metabolic processes in the liver, white, brown adipose tissue
and in the regulation of eating behavior in the hypothalamus.

Materials and methods

The experiment was performed according to the European
Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes (Council of Europe
No 123, Strasbourg 1985) and Russian national instructions
for the care and use of laboratory animals. The protocols were
approved by the Independent Ethics Committee of the Institute
of Cytology and Genetics of the Siberian Branch of the Rus-
sian Academy of Sciences on November 8, 2021.

Animals. Male and female C57BL mice bread in the viva-
rium of the Institute of Cytology and Genetics were used. At
the age of four weeks, mice were separated from mothers and
placed in groups of three per cage under a 12/12-h light-dark
regime (light from 07:30 to 19:30) at an ambient tempera-
ture of 22-24 °C. The animals were provided ad libitum ac
cess to commercial mouse chow (Assortiment Agro, Tura-
kovo Village, Moscow region, Russia) and water. At the age
of 10 weeks, lard and sweet butter cookies were added to the
standard chow in order to induce the development of obesity.
The animals fed SFD for 13 weeks until they reached marked
obesity (the body weight was 41.6+ 1.0 g, mean+ SE, n=20).
To measure the food intake of each mouse, they were placed
in separate cages and kept individually until the start of the
experiment. Solitary maintenance is emotional stress, reduc-
ing body weight. Three days after the cage change, the body
weight decreased to 38.9+0.9 g. Two weeks after the cage
change, the weight of the mice recovered to 41.8+0.8 g. This
body weight was considered as the initial.

Mice of both sexes were randomized into the control group
injected with vehicle — phosphate-bicarbonate solution — and
the FGF21 group injected with mouse recombinant FGF21
(1 mgper 1 kg). Each group consisted of 57 mice. Substances
were administered subcutaneously at the end of the light period
(17:00-17:30) for seven days. The protocol of the expression
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and purification of mouse FGF21 was described previously
(Makarova etal., 2021a). Mice were weighed daily. In the part
of the animals, various food components were also weighed
daily and the amount of energy intake was calculated based
on the fact that the calorie content of lard is 8 kcal/g, the
standard chow is 2.5 kcal/g, and the biscuit is 4.58 kcal/g. The
percentage of consumed energy in relation to total consumed
energy was calculated for each type of food.

A day after the last injection of FGF21, some of the mice
were sacrificed by decapitation, and the others were tested
for glucose tolerance and were sacrificed the day after test-
ing. Trunk blood was collected in test tubes with EDTA after
decapitation, centrifuged and plasma was stored at —20 °C
until the assay of hormones and metabolites. Liver, subcuta-
neous and abdominal white adipose tissue (WAT), and brown
adipose tissue (BAT) from the interscapular region were
weighed. Samples of the liver, BAT, perigonadal WAT and hy-
pothalamus were collected and snap-frozen in liquid nitrogen
to measure gene expression. In the liver, protein expression
was also measured by Western Blot Analysis.

Glucose tolerance test. Before the test, food was removed
from the animals at 08:00, and the test started at 15:00. Ani-
mals were injected with glucose (AO “REACHEM”, Moscow,
Russia) intraperitoneally at the dose of 1 g/kg body weight.
Blood glucose concentrations were measured using a Lifescan
One Touch Basic Plus glucometer (LifeScan Inc., Switzerland)
before glucose administration (fasting glucose) and 15, 30,
60, and 120 minutes after glucose administration.

Assay of plasma biochemical parameters. Concentra-
tions of insulin, leptin, and adiponectin were measured using
a Rat/Mouse insulin ELISA Kit, a Mouse leptin ELISA Kit
(EMD Millipore, St. Charles, MO, USA), and a Mouse adi-
ponectin ELISA Kit (EMD Millipore, Billerica, MA, USA),
respectively. Concentrations of glucose, triglycerides, and cho-
lesterol were measured colorimetrically using Fluitest GLU,
Fluitest TG, and Fluitest CHOL (Analyticon® Biotechnologies
AGAm Miihlenberg 10, 35104 Lichtenfels, Germany), respec-
tively. Concentrations of free fatty acids were measured using
NEFA FS DiaSys kits (DiaSys Diagnostic Systems GmbH,
Holzheim, Germany).

Relative quantitation real-time PCR. RNA was isolated
from tissue samples using an ExtractRNA kit (Evrogen, Mos-
cow, Russia) according to the manufacturer’s recommenda-
tions. First-strand cDNA was synthesized using Moloney mu-
rine leukemia virus (MMLV) reverse transcriptase (Evrogen)
and oligo(dT) as a primer. TagMan gene expression assays
(Applied Biosystems, USA) were used for relative quantitation
real-time PCR. The genes tested involved acetyl-CoA carboxy-
lase alpha/beta (Acaco/B, Mm01304257 m1/MmO01204671
ml), adipose triglyceride lipase (4zg/, Mm00503040 m1),
agouti related neuropeptide (4grp, Mm00475829 gl), beta-
actin (4ctb, Mm00607939 s1), carnitine palmitoyltransferase
1A/1B (Cptlo/B, Mm01231183 m1/Mm00487191 gl), cor-
ticotrophin releasing hormone (Cri, Mm01293920 s1), fatty
acid synthase (Fasn, Mm00662319 ml), fibroblast growth
factor 21 (Fg 21, Mm00840165 gl), glucose-6-phosphatase
(G6pc,Mm00839363 ml), Glucokinase (Gck, Mm00439129
ml), Insulin receptor (/nsr, Mm01211875 ml), hormone-
sensitive lipase (Lipe, Mm00495359 ml), klotho beta (Kb,
MmO00473122 ml), neuropeptide Y (Npy, Mm01410146
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m1), peroxisome proliferator-activated receptor alpha/gamma
(Ppara/y, Mm00440939 m1/Mm00440940 ml), peroxisome
proliferator-activated receptor gamma coactivator (Ppargcla,
MmO01208835 ml), phosphoenolpyruvate carboxykinase
(Pck,Mm01247058 ml), Pyruvate kinase liver and red blood
cell (Pkir, Mm00443090 m1), proopiomelanocortin (Pomc,
MmO00435874 _m1l), solute carrier family 2 member 1/2/4
(Slc2al/Sic2a2 Sic2a4, Mm00441480 m1/Mm00446229
m1/Mm00436615 m1), uncoupling protein 1/3 (Ucp1/Ucp3,
MmO01244861 m1/Mm01163394 m1). Beta-actin was used
as endogenous controls. The PCR and fluorescence detection
were performed on an Applied Biosystems VIIA 7 Real-Time
PCR System. Relative quantification was performed by the
comparative threshold cycle (CT) method (i. e. 222t method).

Western Blot Analysis of protein levels. Expression
of hepatic proteins was measured as described previously
(Iakovleva et al., 2020). Primary polyclonal rabbit antibodies
(Santa Cruz Biotechnology, USA, breeding 1:2000) were
used: Insulin receptor antibody (IRa, N-20) and Glucokinase
antibody (GK H-88). The results referred to the total amount
of protein.

Statistical analysis. Each result is presented as mean+SE
for a sample size (i. e., number of mice) indicated. A repeated
measures ANOVA with the factors “sex” (male, female),
“experiment” (phosphate-bicarbonate solution, FGF21), and
“day of experiment” was used to analyze FGF21 effects on
body weight loss and total daily energy intake. Other param-
eters were compared with Student’s ¢-fest. Significance was
determined as p <0.05. The STATISTICA 6 software package
(StatSoft Inc., USA) was used for analysis.

Results

Weight characteristics. Injections of vehicle and FGF21
induced weight loss in both male and female mice (p < 0.05,
factor “experiment”; Fig. 1). However, weight loss was more
pronounced in FGF21 than in the control group (p < 0.001,
interaction of “experiment” and “day of experiment” by re-
peated measures ANOVA) regardless of sex.

Sex and FGF21 administration did not affect indexes of the
liver and adipose tissues (Table 1).

Energy consumption. In both groups, males and females
did not differ in total energy consumption with different types
of food. FGF21 administration did not affect total energy in-
take or individual food choices in males, but increased ener-
gy intake with standard food and decreased it with cookies
(p <0.05 in both cases) in females (Fig. 2, a, b). At the same
time, in females treated with FGF21, the total energy intake
from all types of food did not differ from that in the control
group.

Blood biochemical parameters, glucose tolerance test.
In the control group, no sex differences were found for most
of the hormonal and metabolic blood parameters, only the
adiponectin blood level in the females was higher than that
of males (p <0.001).

FGF21 administration reduced blood free fatty acid and
leptin concentrations (p < 0.05 in both cases), tended to re-
duce insulin concentration (p <0.08) (Fig. 3, a) and increased
glucose tolerance only in males (see Fig. 3, b). In the glucose
tolerance test in males treated with FGF21, the blood glucose
curve was lower than in the control, and at the 15t and 30t
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Fig. 1. Body weight loss (% of initial BW) in mice with sweet fat diet-induced obesity received vehicle (control) or FGF21.

Group size 5-7 animals.

Table 1. Weight characteristics in male and female obese mice that received vehicle (control) or FGF21 for 7 days

Tissue Males

Control FGF21
Liver index x 10 0.35+0.03 0.38+0.03
sCWAT index x 10 3.12+0.04 2.74+£0.29
abdWAT index x 10 3.02+0.04 2.81£0.11
BAT index x 10 0.53+0.02 0.53+0.02

Females

Control FGF21
0.37+0.02 0.35+0.01
3.12+0.18 3.10£0.06
2.89+0.17 2.89+0.13
0.43+0.04 0.59+0.08

Note. scWAT, subcutaneous white adipose tissue; abdWAT, abdominal white adipose tissue; BAT, brown adipose tissue.

Males O Control

21+ © FGF21

Kcal/day

03r  Standard chow Lard

*

06

0.1+

Rate of total energy

Males Females Males Females

- Females

© Control

L @® FGF21

Days
Cookies Male
04l O Control
@ FGF21
* Female
02 E Control
W FGF21
Males Females

Fig. 2. Total daily energy intake with all types of food (a) and energy intake with each type of food for 7 days (b) in obese mice that

received vehicle (control) or FGF21 for 7 days.
5-7 mice/group. * p < 0.05 vs. control in the same sex by Student’s t-test.

minute of the test, the differences with the control were sig-
nificant (* p <0.05 vs. control in both cases).

Gene expression. In the control group, the expression
of many hepatic genes in females was higher than in males
(Fig. 4, 5). These include genes encoding peroxisome proli-
ferator-activated receptor gamma coactivator (Ppargcl), car-
nitine palmitoyltransferase 1A (Cptla), fatty acid synthase
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(Fasn), acetyl-CoA carboxylase beta (4cacf) and klotho beta
(KIb) (p<0.01 for Acacp, and p <0.05 for other genes). In ad-
dition, the expression of adipose triglyceride lipase (Pnpla2),
solute carrier family 2 member 2 (Slc2a?2), insulin receptor
(Insr) genes in control females was higher than in SFDIO
males at the trend level (p = 0.06 for Pnpla2, and p = 0.07
for Insr and Slc2a?) (see Fig. 4).
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Fig. 3. Biochemical blood parameters (a) and blood glucose levels in the glucose tolerance test (b) in obese mice that received

vehicle (control) or FGF21.

Here and in Fig. 4-7: 5-7 mice/group. * p < 0.05 vs. control in the same sex, # p < 0.05 vs. males in the same experimental group by Student'’s

t-test.
Fatty acid oxidation Lipolysis Lipogenesis
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Fig. 4. Relative expression of hepatic genes involved in lipid metabolism in obese mice that received vehicle (control) or FGF21.

Only in males, administration of FGF21 increased ex-
pression of hepatic genes involved in fatty acid oxidation
(Ppargcl), lipogenesis (Fasn, acetyl-CoA carboxylase a,
Acaca) and insulin sensitivity (/nsr) (p < 0.05 for all genes)
(see Fig. 4, 5). In addition, in SFDIO males, FGF21 increased,
on a tendency level, the expression of genes related to glucose
oxidation (glucokinase, Gck, pyruvate kinase, Pklr) (p <0.06
for Pklr, and p <0.07 for Gck). After FGF21 administration,
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the expression of genes involved in fatty acid oxidation
(peroxisome proliferator-activated receptor alpha, Pparoa and
uncoupling protein 3, Ucp3) was higher in females than in
males (p < 0.05 for both genes).

As far as FGF21 administration upregulated the expression
of genes encoding insulin receptor (IR) and glucokinase (GK),
hepatic expression of these proteins was also measured (see
Fig. 5, b). In the control group, IR expression did not differ
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Fig. 5. Relative expression of hepatic genes (a) and proteins (b) involved in glucose metabolism and FGF21 signaling in male and female obese mice

that received vehicle (control) or FGF21.
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Fig. 6. Relative BAT gene expression in male and female obese mice that received vehicle (control) or FGF21.
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Fig. 7. Relative hypothalamic gene expression in male and female obese
mice that received vehicle (control) or FGF21.

between females and males and GK expression was higher
in females than in males (p < 0.05). FGF21 administration
increased expression of GK (p < 0.05) and IR (tendency
p <0.06) only in males.

In obese mice from the control group, expression of BAT
genes involved in fatty acid oxidation (peroxisome prolife-
rator-activated receptor gamma, Ppary), thermogenesis (un-
coupling protein 1, Ucp) and gene encoding FGF21 (Fgf21)
was higher in females than in males (p < 0.001 for Figf21,
p <0.01 for Ucpl, and p < 0.05 for Ppary) (Fig. 6). FGF21
administration did not affect BAT gene expression. After
FGF21 administration expression of Slc2al encoding Solute
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carrier family 2 member 1 was significantly higher in females
than in males (p < 0.05). In subcutaneous WAT, expression
of all measured genes (Ppary, Ppargcl, Cptlf, Pnpla2, Lipe,
Lpl, Fasn, Slc2al, Slc2a4, Ucpl, Insr) was independent of
sex and FGF21 administration (the data are not presented).

In the control group, males and females did not differ in
the expression of hypothalamic genes involved in the regula-
tion of food intake (Fig. 7). FGF21 administration increased
the expression of the gene encoding orexigenic neuropeptide
NPY in SFDIO females and decreased the expression of gene
encoding anorexigenic neuropeptide POMC in SFDIO males
(p < 0.05 for both genes). In the FGF21 group, the expres-
sion of the Pomc gene in females was higher than in males
(p <0.05).

Discussion

In this work, we evaluated the pharmacological effects of
FGF21 in male and female mice in a model of obesity induced
by consumption of SFD that mimics the human Western diet
and is the most adequate model of human diet-induced obesity
(Sampey et al., 2011). Results of this work demonstrated that
in C57B1 mice with SFDIO, FGF21 exerted catabolic effect
regardless of sex, and antidiabetic effect — differently in male
and female mice. FGF21 administration exerted anti-diabetic
therapeutic effects only in SFDIO males and increased con-
sumption of standard chow and decreased consumption of
sweet cakes only in SFDIO females.
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The ability of FGF21 to reduce body weight, regardless of
sex, was previously demonstrated in obese mice that consumed
HFD (Makarova et al., 2021a). However, in Ay mice with
genetic melanocortin obesity, the catabolic effect of FGF21
was manifested only in males (Makarova et al., 2020). Thus,
FGF21-treated obese male mice exert reduced BW regard-
less of the type of obesity (hereditary, HFD- or SFD-induced
obesity), and FGF21-treated obese female mice — only at
alimentary form of obesity.

In SFDIO mice, the catabolic effect of FGF21 was not
associated with a decrease in total energy intake, suggesting
that it was due to an increase in energy expenditure. Indeed,
T. Coskun et al. demonstrated that FGF21-treated male mice
with obesity induced by consumption of a sweet-fat diet had
a significantly higher energy expenditure rate, oxygen con-
sumption as well as increased core body temperature, com-
pared with the vehicle-treated mice (Coskun et al., 2008). The
authors hypothesized that the FGF21-induced increase in
energy expenditure could be due to increased thermogenesis in
BAT, since the expression of genes involved in thermogenesis
and fatty acid oxidation was increased in FGF21-treated male
mice. In our experiment, FGF21 administration did not alter
expression of genes (Ucp! and Dio2) related to thermogenesis
in BAT and WAT in SFDIO mice. It can be assumed that in
SEFDIO mice, FGF21 increased energy expenditure through
other mechanisms, unrelated to BAT and WAT thermogenesis.

It is known that FGF21 enhances mitochondrial biogenesis
and fatty acid oxidation not only in adipose tissues, but also
in muscles (Sun et al., 2021). In addition, FGF21 can increase
energy expenditure by activating sympathetic nerves (Owen
et al., 2014), which is accompanied by an increase in body
temperature and physical activity (Owen et al., 2014). We
demonstrated earlier that FGF21 increases locomotor activi-
ty equally in male and female Ay mice with genetic obesity
(Makarova et al., 2021a). It can be assumed that the catabolic
effect of FGF21 in SFDIO mice was due to activation of ther-
mogenesis in muscles (Sun et al., 2021), and motor activity
(Makarova et al., 2021a). Weight loss in FGF2 1 -treated SFDIO
mice is indicative of yet other mechanisms whereby energy
expenditure may be increased, which remain to be explored.

The antiobesity effect of FGF21 was associated with activa-
tion of hypothalamic orexigenic mechanisms in mice of both
sexes. However, sex dimorphism was found in the realization
of the orexigenic FGF21 action at the transcriptional level:
FGF21 upregulated the expression of the orexigenic Npy in
SFDIO females, and downregulated the expression of the
anorexigenic Pomc in SFDIO males. These data suggest that
specific pathways for the orexigenic action of FGF21 may
differ between males and females. Obviously, transcriptional
changes found at the level of the hypothalamus do not con-
tribute to body weight loss in response to FGF21 administra-
tion. It can be assumed that they are part of a counter-regu-
latory mechanism necessary for limiting the catabolic effect
of FGF21.

Our data demonstrated that FGF21 had a beneficial antidia-
betic effect only in SFDIO males: it decreased plasma FFA,
leptin levels, tended to reduce plasma insulin level, and in-
creased glucose tolerance. Sex dimorphism in response to
FGF21 was reported earlier in obese Ay mice: FGF21 admi-
nistration decreases hyperinsulinemia and hepatic lipid ac-
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cumulation, increases muscle expression of genes involved
in fatty acid oxidation and insulin signaling only in obese
Ay males (Makarova et al., 2021b). It is possible that in SFDIO
males, the FGF21-induced improvement in glucose tolerance
was associated with a decrease in plasma concentration of
leptin and fatty acids which are key risk factors for insulin
resistance at obesity (Yang et al., 2018; Zhang Q. et al., 2019).
Zhao and coauthors, using genetic approaches and a leptin
neutralizing antibody, demonstrated that in obese mice, a
partial reduction of plasma leptin levels restores hypothalamic
leptin sensitivity and effectively enhances glucose tolerance
and insulin sensitivity (Zhao et al., 2019).

In SFDIO males, the antidiabetic effect of FGF21 is most
likely due to its action on the liver, which is a highly di-
morphic target organ for FGF21 and plays a key role in the
regulation of carbohydrate and lipid metabolism (Fisher et al.,
2011; Torre et al., 2017). In our study, FGF21-treated SFDIO
males exerted upregulated expression of hepatic genes (Pclr,
Gck — both tendency), and proteins (GK and IR — tendency)
involved in insulin signaling and genes related to fatty acid
oxidation (Ppargcl) and lipogenesis (Fasn, Acaca), suggest-
ing increased glucose and lipid turnover.

In SFDIO females, FGF21 administration did not increase
the expression of any hepatic gene, which could be due to a
ceiling effect. In vehicle-treated SFDIO mice, expression of
many hepatic genes involved in lipid metabolism (Ppargcla,
Cptl, Fasn, Accb) and expression of GK was higher in females
than in males. It can be assumed that the increased expression
of hepatic genes in vehicle-treated SFDIO females is at least
partially due to the influence of estradiol, the expression of
its receptors in the liver of female mice is significantly higher
than in male mice (Torre et al., 2017). Estradiol administration
to ovariectomized obese female mice increases expression of
the insulin receptor gene (/nsr) and uncoupling protein 2 gene
(Ucp2) in the liver (Jakovleva et al., 2022). The relatively high
initial level of gene expression could not be further enhanced
by FGF21 administration (ceiling effect).

In addition, FGF21 and estradiol can interact with each
other at the level of intracellular signal transduction pathways.
According to the available data, estradiol and FGF21 have
different receptors and the same signaling pathways (Fisher et
al., 2011; Vrtacnik et al., 2014). Recently we demonstrated that
in ovariectomized obese female mice, FGF21 reduced plasma
insulin level, expression of Pklr and upregulated expression
of Irs2 in the liver. FGF21 did not affect these parameters if
it was administered together with estradiol (Jakovleva et al.,
2022). Thus, lack of the effect of FGF21 on hepatic gene ex-
pression in SFDIO females may be associated with crosstalk
between estradiol and FGF21 in their actions.

In normal-weight male mice, FGF21 is known to increase
protein intake, decrease sugar and alcohol intake, and have
no effect on total energy intake (Talukdar et al., 2016a; Hill
et al., 2020). Until now, it was unknown to what extent the
effect of FGF21 on taste preferences is reproduced in mice
with SFD-induced obesity. We demonstrated that FGF21 did
not affect the total calorie intake in SFDIO males and females,
and affected taste preferences only in SFDIO females: it in-
creased the intake of calories with standard food, decreased
it with cookies and did not alter it with lard. The standard
chow contained the maximum amount of proteins, compared
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with lard and cookies, and cookies contained a large amount
of both carbohydrates and fats. Most likely, FGF21 reduced
carbohydrate intake rather than lipid intake in SFDIO females,
as it reduces sugar intake, but does not affect fat intake in ex-
periments with a choice between two diets (Hill et al., 2020).
Summing up, it can be assumed that FGF21 increased protein
intake and reduced sweets intake in SFDIO female mice.

The selective influence of FGF21 on the feeding behavior
of SFDIO females could be due to estrogen action. Recently
we demonstrated that in ovariectomized SFDIO female mice,
FGF21 upregulates the expression of hypothalamic genes en-
coding leptin receptor (Lepr) and its own co-receptor B-klotho
(KID) and estradiol increases its stimulating effect (Jakovleva
et al., 2022). These data suggest that estradiol may enhance
the stimulatory effect of FGF21 on hypothalamic sensitivi-
ty to leptin and FGF21. It was reported that hypothalamic
circuitry connects with CNS circuitry modulating feeding
behavior and leptin inhibits motivated behavior for palatable
food (Figlewicz et al., 2003).

Summing up the data of the present work and our previous
studies, one can say that different high-energy obesogenic diets
create different metabolic backgrounds, which may affect the
effectiveness of FGF21 treatment in obese female mice: the
antidiabetic FGF21 action was manifested if they were fed a
high fat diet (Makarova et al., 202 1b) and was not manifested if
they were fed a diet containing a sweet component along with
fat. The mechanisms of diet-dependent action of FGF21 in
females require special study, since they may affect the tactics
of using FGF21 in individuals of different sexes.

Conclusion

Our study demonstrated that in SFDIO mice, FGF21 reduced
body weight, did not alter total energy consumption, and acti-
vated orexigenic pathways of hypothalamus in mice of both
sexes. However, sex dimorphism was found in the realization
of the orexigenic FGF21 action at the transcriptional level in
the hypothalamus. Hormonal, transcriptional and behavioral
responses to FGF21 were also sex-specific. Only in SFDIO
males, therapeutic effects of FGF21 administration — a de-
crease in fatty acid and leptin plasma levels, improvement of
glucose tolerance, and upregulation of expression of genes
involved in insulin signaling and lipid turnover in the liver —
were observed. Only in SFDIO females, FGF21 induced pre-
ference of standard diet to sweet food.
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Abstract. Alzheimer’s disease is the most common form of dementia, affecting millions of people worldwide. De-
spite intensive work by many researchers, the mechanisms underlying Alzheimer’s disease development have not
yet been elucidated. Recently, more studies have been directed to the investigation of the processes leading to the
formation of neurofibrillary tangles consisting of hyperphosphorylated microtubule-associated Tau proteins. Patho-
logical aggregation of this protein leads to the development of neurodegeneration associated with impaired neuro-
genesis and apoptosis. In the present study, the effects of central administration of aggregating human Tau protein
on the expression of the Bdnf, Ntrk2, Ngfr, Mapt, Bax and Bcl-2 genes in the brain of C57BI/6J mice were explored.
It was found that five days after administration of the protein into the fourth lateral ventricle, significant changes
occurred in the expression of the genes involved in apoptosis and neurogenesis regulation, e.g., a notable decrease
in the mRNA level of the gene encoding the most important neurotrophic factor BDNF (brain-derived neurotrophic
factor) was observed in the frontal cortex which could play an important role in neurodegeneration caused by
pathological Tau protein aggregation. Central administration of the Tau protein did not affect the expression of the
Ntrk2, Ngfr, Mapt, Bax and Bcl-2 genes in the frontal cortex and hippocampus. Concurrently, a significant decrease in
the expression of the Mapt gene encoding endogenous mouse Tau protein was found in the cerebellum. However,
no changes in the level or phosphorylation of the endogenous Tau protein were observed. Thus, central administra-
tion of aggregating human Tau protein decreases the expression of the Bdnf gene in the frontal cortex and the Mapt
gene encoding endogenous mouse Tau protein in the cerebellum of C57BI/6J mice.
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P PEeKThI LIeHTPAJIbHOTO BBeeHMsI Tau-06ejka uejoBeKa
Ha 3KCIIpeccuro reHoB Bdnf, Trkb, p75, Mapt, Bax u Bcl-2
B MO3I€ MbIIIen

A.C. Opeuko®, A.fl. Popnsnr*, A.B. bazoskuna, B.C. HayMeHKo@
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AHHoTayus. bonesHb Anbureimepa — 3To Havbosnee pacnpocTpaHeHHas dopma LemeHUuK, Bbi3biBaloLas Npo-
rpeccupyioLLyto yTpaTy KOrHUTUBHBIX COCOGHOCTEN 1 NMopakatoLas MUSIIMOHBI flofel Bo Bcem mupe. HecmoTps
Ha UHTEHCUBHYIO PaboTy MHOXECTBA NCCNIEA0BATENbCKMX IPYMM, MEXaHM3MbI, ieXKalume B OCHOBe pa3BuTusa 6ones-
HY Anburenmepa, A0 CKX Nop He BbiACHeHbI. B nocnegHee Bpems Bce 6onblue yCUMIA HanpaBieHo Ha U3yuyeHue
MEXaHU3MOB, MPUBOAALMX K POPMMPOBAHIIO BHY TPUKIIETOUHbIX HENPODUOPUINAPHBIX KITyOKOB, COCTOALLMX U3 M-
nepdocpopunrposaHHoro Tau-6esika, acCOLMMPOBAHHOTO C MUKPOTPy6ouKkamu. MaTtonornyeckas arperauus Tau-
6enKa, Kak M3BECTHO, MPUBOAMT K Pa3BUTUIO HepofereHepaLm, CBA3aHHOW C HapyLueHem HelporeHesa 1 anon-
To3a. B gaHHOM uccnegoBaHuM Mbl paccMmoTpeny 3bdeKTbl LeHTPanbHOro BBefeHus arpervpytowiero Tau-6enka
yenoseka Ha NaTTepHbl 3Kcnpeccun reHoBs Bdnf, Ntrk2, Ngfr, Mapt, Bax v Bcl-2 B mo3re mbiweid nuHum C57BI/6J. 06-
Hapy»KeHo, YTo Yepes NATb AHel nocne BeeAeHUs Tau-6enika YenoBeka B NIeBbl GOKOBOM »eflyfoueK Mo3ra MbiLLn
NPOUCXOAAT CYLeCTBeHHble M3MEHEeHWA B MaTTepHax SKCMPeccur reHoB, MPUHMMAIOWMX yyacTue B perynaumm
anonTosa 1 HeporeHesa. Tak, 6bI710 NOKA3aHO 3HauMTeNIbHOE CHKeHne ypoBHA MPHK reHa Bdnf, kogupytowiero
BaXKHenwWwuii HenpoTpoduuecknin paktop mosra (brain-derived neurotrophic factor), Bo ppoHTanbHon Kope mo3ra
MbILLEN SKCMEPUMEHTAIbHOW FPYMMbl, YTO MOXET UrpaTh BaXKHYIO POJib B HepofereHepaLym, Bbi3biBaeMoli NaTosno-
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rmyeckon arperauveii Tau-6enka. B 1o e Bpemsa LeHTpanbHoe BBefeHNe Tau-6enka YenoBeka He MOBANANO Ha IKC-
npeccuto reHoB Ntrk2, Ngfr, Mapt, Bax v Bcl-2 Bo GpoHTanbHOI Kope 1 rinmnokamne mbiweii. Mpu 3ToM B MO3XKeuke
6b1710 06HaPYKEHO CyLLEeCTBEHHOE CHUXEHME SKCNpeccum reHa Mapt, KopupyioLLero sHAoreHHbI Tau-6e/0K MbILLN.
OpHaKo M3MeHeHUi B ypoBHe 6enka 1 pocdopurnmpoBaHmm sHAOreHHoro Tau-6enka B ccnefoBaHHbIX CTPYKTYpax
MO3ra He BbiiBlleHO. Takum 06pa3om, LeHTparibHOe BBeAeHWe arpervpytoliero Tau-6enka yenoBeka NpuBOANT K
CHIKEHWIo KCnpeccuin reHa Bdnf Bo ¢poHTanbHoM Kope 1 reHa aHAoreHHoro Tau-6enka (Mapt) B MO3euKe MblLLel

nuHum C57Bl/6J.

KnioueBble cnioBa: 6onesHb AnbLreiimepa; Tau-6enok; Bdnf; HeporeHes; anonTos; MblLK.

Introduction

Alzheimer’s disease (AD) is the most common cause of de-
mentia with a prevalence of 24 million and an incidence of
up to 5 million cases per year (Ferri et al., 2005). Russia is
among the nine countries with the highest number of people
suffering from AD (Prince et al., 2013; Collaborators, 2019).
The annual death rate from AD and other forms of dementia in
Russia in 2016 reached 35.7 per 100,000 inhabitants (https://
www.who.int/healthinfo/global burden_disease/estimates/
en/), however, since many cases of AD remain unreported,
this number is likely to be greatly underestimated.

AD is characterized by two main histopathological features:
(1) extracellular amyloid plaques formed by insoluble ag-
gregates of hydrophobic beta-amyloid peptides and (2) intra-
cellular neurofibrillary tangles composed of hyperphosphory-
lated microtubule-associated Tau proteins. The accumulation
of these two major types of aggregates leads to irreversible
neurodegeneration that slowly spreads throughout the brain
and causes progressive memory loss, cognitive decline, severe
dementia and, finally, death (Breijyeh, Karaman, 2020). Al-
though many generations of researchers have tried to unravel
the mechanisms underlying this disease, they are still far from
being fully understood. In recent years, the attention of an
increasing number of scientists has been directed to studying
the mechanisms leading to Tau pathology development.

Tau protein is a member of the microtubule-associated pro-
tein (MAP) family. Physiologically, this protein is involved in
the formation and stabilization of microtubules in neurons and
in the regulation of axonal transport and axon growth (Avila
et al., 2004). The protein’s main function is the regulation of
tubulin polymerization, but it has also been shown to have
DNA/RNA protection and signaling functions as well as to
play a role in transcription regulation (Mandelkow E.M.,
Mandelkow E., 2012; Tapia-Rojas et al., 2019; Wegmann et
al., 2021; Giovannini et al., 2022). Under pathological condi-
tions, the accumulation of the protein’s insoluble aggregates
leads to the development of neurodegeneration, which is
obviously leads to deteriorated neurogenesis and apoptosis,
e.g., it has been shown that the level of Tau protein expres-
sion negatively correlates with the expression of BDNF (Wei
etal., 2022) playing an important role in neuron development
and support (Lu, Figurov, 1997; Benarroch, 2015; Gulyaeva,
2017). A similar correlation has been demonstrated for patho-
logical Tau protein hyperphosphorylation (Yuan et al., 2022).
Increased Tau protein expression also leads to a decrease in the
BDNF level of blood plasma (Alvarez et al., 2022). Various
actions that increase BDNF expression suppress the expression
and pathological hyperphosphorylation of Tau protein (Li et
al., 2022; Lin et al., 2022). Medications, including those of
plant origin, that improve the performance of cognitive tasks
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in various models, reduce the expression of Tau protein and
the proapoptotic BAX protein gene, which is accompanied
by an increase in the expression of the antiapoptotic BCL-2
protein (Huang et al., 2022; Tu et al., 2022; Zhang et al.,
2022), an increase in BDNF expression, as well as an increase
in the expression and phosphorylation of the TrkB receptors
mediating the positive effects of BDNF (Zhao et al., 2021;
Liuetal., 2022; Nandini et al., 2022; Saikia et al., 2022; Wang
et al., 2022). TrkB receptor activation has led to a decrease
in Tau protein phosphorylation both in vitro, in cell culture,
and in animal models (Chiang et al., 2021; Liao et al., 2021;
Gonzalez et al., 2022).

The association between the nonspecific p75 receptor
mediating the proapoptotic effects of the BDNF precursor
(Guo et al., 2016; Hashimoto, 2016) and Tau pathology is
less clear. Some studies have demonstrated that the adverse
effects of aging and inflammation may be mediated at least
partially by increased expression of the p75 receptor (Xie et
al., 2021). At the same time, p75 receptor blockade suppresses
proNGF (nerve growth factor precursor)-induced Tau pro-
tein phosphorylation (Shen et al., 2018). LM11A-31,ap75 re-
ceptor antagonist, also suppresses hyperphosphorylation and
pathological aggregation of Tau protein in a mouse AD model
(Yang et al., 2020).

However, it remains unclear what effect exerts introduction
of aggregating human Tau proteins on the expression patterns
of the genes involved in the processes of neurogenesis and
apoptosis in the mouse brain. The aim of this study was to
investigate the possibility of using standard C57B1/6J mice
after administration of aggregating human Tau protein into the
left lateral ventricle as a model for studying Tau pathology
mechanisms. In particular, we planned to evaluate the effects
of the Tau protein administration on the expression patterns
ofthe Bdnf, Ntrk2 (encodes the TrkB receptor), Ngfir (encodes
the p75 receptor), Mapt (encodes endogenous Tau), Bax, and
Bcl-2 genes in the mouse brain as well as on the level and
phosphorylation of endogenous mouse Tau protein.

Materials and methods
Experimental animals. The investigation was carried out
on C57BI/6J inbred male mice of 10—12 weeks old weighing
27+0.3 g at Center for Genetic Resources of Laboratory Ani-
mals of the Institute of Cytology and Genetics, Siberian Branch
of the Russian Academy of Sciences (RFMEFI62119X0023).
In all experimental series, the animals were kept under the
standard conditions of the vivarium that included artificial
14-hour lighting, 60 % humidity, temperature of 23 °C and
a free access to balanced food and water. All the procedures
involving experimental animals were performed in accor-
dance with the international rules for the treatment of animals
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(Directive 2010/63/EU) and Order of the Ministry of Health
of the Russian Federation on Approval of the Rules of Good
Laboratory Practice of 04/01/2016 No. 199n (registered on
08/15/2016 No. 43232).

Intraventricular administration of Tau protein. The hu-
man Tau protein was synthesized at Convergence Research
Center for Diagnosis, Treatment and Care System of Demen-
tia, Brain Science Institute, Korea Institute of Science and
Technology (KIST) and kindly provided by the Director of
the Institute, Dr. Yun Kyung Kim.

The protein was diluted in DMSO to a concentration of
2 mg/ml and then diluted with saline to a concentration of
0.2 pg/ul to be microinjected into the left lateral ventricle of
the mice’s brain (i.c.v.), AP: -0.5, L: —1.6 mm, DV: 2 mm
(Slotnick, Leonard, 1975) under stereotaxic control (TSE,
Germany). Before the injection, the mice had been narcotized
for 20-30 sec with diethyl ether (Kondaurova et al., 2012).
Mice in the control group received an injection of the solvent
of the same composition. The volume of centrally injected
fluids was 5 pl. Three days after the injection, the animals
were placed in individual cages to remove group effects. After
46—48 hours, the mice were decapitated, their frontal cortex,
hippocampus and cerebellum (as a control brain structure that
is less involved in the implementation of the hyperphospho-
rylation and aggregation effects of Tau protein on cognition)
were frozen in liquid nitrogen and stored at —80 °C prior total
RNA isolation and western blotting.

RT-PCR. Total RNA was isolated using the TRIzol reagent
(ThermoScientific, USA) and 1 pg of mRNA was used for
synthesizing cDNA with random hexanucleotide primer. PCR
was performed as in our previous studies (Naumenko et al.,
2013a, b; Kondaurova et al., 2020). Real-time quantitative
PCR was performed using the primers described in the Table.
Gene expression was presented as the number of cDNA copies
relative to 100 copies of Polr2a cDNA (Kulikov et al., 2005;
Naumenko, Kulikov, 2006; Naumenko et al., 2008).

The primer sequences, annealing temperatures,
and PCR product lengths

Gene  Nucleotide sequence Tanns °C PCR product
length, bp

Bdnf F5'-tagcaaaaagagaattggctg-3’ 59 255
R5'-tttcaggtcatggatatgtcc-3’

Ntrk2  F5'-cattcactgtgagaggcaacc-3’ 63 175
R5'-atcagggtgtagtctccgttatt-3’

Ngfr F5'-acaacacccagcacccagga-3’ 62 171
R5’-cacaaccacagcagccaaga-3’

Mapt  F5’-ccaagaaggtggcagtggtc-3’ 63 119
R5’-agagccaatcttcgacctgac-3’

Bax F5'-catctttgtggctggagtcctc-3’ 64 216
R5'-aagtggacctgaggtttattggc-3’

Bcl-2 F5'-agagaggagaacgcaggtagtg-3’ 64 187
R5’-cctcgcttcactgectecttag-3’

Polr2a  F5'-tgtgacaactccatacaatgc-3' 61 194
R5'-ctctcttagtgaatttgcgtact-3’
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Western blotting. The analysis was performed in the way it
had been done in our previous works (Ilchibaeva et al., 2018;
Popova et al., 2020). In brief, the total protein fraction was
isolated from brain samples. The samples were then separated
by 10 % SDS-PAGE and transferred to a nitrocellulose mem-
brane. The membrane was then blocked with 5 % skimmed
milk powder or 5 % BSA (for Phospho-Tau Thr18) for 1 hour
and then incubated with primary antibodies to Tau proteins
(5A6, 1:1000, DSHB, USA) and GAPDH (CAB932Hu0l1,
1:2500, Cloud-Clone Corp., USA) in 5 % milk powder with
TBS-T or in 5 % FBS with TBS-T for Phospho-Tau Thr181
(AT270, 1:1000, Thermo Fisher Scientific, USA) for 16 hours
at4 °C. For protein detection, the membranes were incubated
with horseradish peroxidase conjugated with secondary anti-
bodies (anti-mouse Ig ab6728, 1:20000, Invitrogen, USA,
Abcam, UK) in 5 % FBS with TBS-T for 1 hour at room
temperature. Protein bands were visualized in a C-DiGit che-
miluminescent blot scanner (LI-COR, USA) using the Clarity
Western ECL substrate (Bio-Rad., USA). The bands were
quantified using the Image Studio software (LICOR, USA).
Target protein levels were normalized to that of GAPDH
expression, which is constitutive of brain cells, and presented
as a percentage of control animals. The number of analyzed
samples was n > 8.

Statistical analysis. The results were presented as
m=SEM, where m is the mean and SEM is the standard
error of the mean. The samples were compared using a one-
way ANOVA. The differences were considered significant at
p <0.05. The normality of the variances was tested using the
Kolmogorov—Smirnov and Shapiro—Wilk tests. Dixon’s test
was applied to identify and exclude extreme deviations from
the analysis.

Results

Central administration of the human Tau protein resulted in
a change in Bdnf gene expression. A significant decrease in
the expression of this gene was found in the frontal cortex
of the mice of the experimental group (F, ;; = 7.2, p <0.05)
(Fig. 1, a). ’

At the same time, no changes were found in the expression
of genes encoding BDNF receptors (F, |, = 0.08 for Nirk2 and
F,14=19, p>0.05 for Ngfr, see Fig. 1, b, c). Also, the Tau
protein had no effect on the expression of the genes encoding
proapoptotic factor BAX (F, ;;=0.08) and antiapoptotic factor
BCL-2 (F, ;, = 0.06, see Flg 1, d, e). Tau protein adminis-
tration did not lead to s1gn1ﬁcant changes in the expression
of endogenous Tau protein both at the mRNA (F, ,, = 0.2)
and protein levels (F, ,, = 0.034, see Fig. 1, 1, ). The phos-
phorylation of endogenous Tau protein also did not change
(Fy 14=10.273 for the phospho-Tau level and F, ,, = 0.393 for
the phospho-Tau/Tau ratio, see Fig. 1, A, i).

In hippocampus, Tau protein admlmstratlon did not cause
any significant changes in the expression pattern of the
studied genes (F, ;; = 1.2, p > 0.05 for Bdnf; F, ;, = 0.8 for
NtrkZ F, 3 =1.0, p>0.05 for Ngfr; F, |, = 0. 004 for Bcl-2;

F, 0 =0.1 for Bax) (Fig. 2, a—e).

‘Also, no significant changes were found in the expression
of the endogenous Tau protein both at the mRNA (F, ;,= 1.3,
p > 0.05) and protein levels (F, ;,=0.508, see Fig. 2 fg) The
phosphorylation of endogenous Tau protein did not change
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Fig. 1. Effect of central administration of human Tau protein on the ex-
pression of Bdnf (a), Ntrk2 (b), Ngfr (c), Bax (d) and Bcl-2 (e) genes, as well
as on the Mapt gene mRNA level (f), Tau protein (g), phosphorylated Tau
protein (h) and the ratio of phosphorylated Tau protein to Tau protein (/)
in the frontal cortex of C57BI/6J mice.

Here and in Fig 2 and 3: the gene expression is presented as the number of
cDNA copies of the corresponding gene per 100 copies of Polr2a cDNA. The
protein level is presented in relative units of the chemiluminescent signal and
normalized to the level of GAPDH protein. n > 8.

as well (F, ;,=0.012 for the phospho-Tau level; F, ;;=0.015
for the phospho Tau/Tau ratio, see Fig. 2, A, 7).

In the cerebellum, the human Tau protein also did not affect
the expression of Bdnf (F, |,=0.3), Ntrk2 (F |, = 0.5), Ngfr
(Fy14=24,p>0.05), andBax(F1 1= 1.4, p>0.05) genes
(Fig. 3, a—d). At the same time, a trend towards a decrease
in the anti-apoptotic Bcl-2 gene was found (F, ,, = 3.8753,
p=0.076, see Fig. 3, e). Interestingly, Tau proteiﬁ administra-
tion had a significant effect on the expression of the gene en-
coding endogenous Tau protein in the cerebellum (F, ,,=9.7,
p>0.01, see Fig. 3, /). However, no significant chanées were
found in the level of endogenous Tau protein (F, ;= 0.043)
as well as in the level of its phosphorylation (F, ;3= 0.107 for
the phospho-Tau level; F; |;=0.011 for the phospho Tau/Tau
ratio, see Fig. 3, g—i).
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Fig. 2. Effect of central administration of human Tau protein on the ex-
pression of Bdnf (a), Ntrk2 (b), Ngfr (c), Bax (d) and Bcl-2 (e) genes, as well
as on the Mapt gene mRNA level (f), Tau protein (g), phosphorylated Tau
protein (h) and the ratio of phosphorylated Tau protein to Tau protein (/)
in the hippocampus of C57BI/6J mice.

Discussion

AD is one of the most common causes of dementia that affects
millions of people. It also leads to a large burden for the health
and care systems. Despite intensive research worldwide, AD
mechanisms remain unclear and only symptomatic treatment
is available to date.

AD is characterized by the formation of two types of protein
aggregates leading to the development of neurodegeneration.
These are accumulations of extracellular amyloid plaques and
intracellular neurofibrillary tangles, consisting of hyperphos-
phorylated microtubule-associated Tau proteins. Since long-
term studies of the amyloid pathology have not brought the
desired results, in recent years more and more research groups
have directed their attention to investigating the mechanisms
underlying the Tau pathology.

In this study, we investigated how central administration of
human Tau protein in mice affects the expression patterns of
the genes involved in the processes of neurogenesis and apop-
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Fig. 3. Effect of central administration of human Tau protein on the
expression of Bdnf (a), Ntrk2 (b), Ngfr (c), Bax (d) n Bcl-2 (e) genes, as well
as on the Mapt gene mRNA level (f), Tau protein (g), phosphorylated Tau
protein (h) and the ratio of phosphorylated Tau protein to Tau protein (i)
in the cerebellum of C57BI/6J mice.

tosis, as well as the level and phosphorylation of endogenous
Tau protein. It was shown that Tau protein administration
into the lateral ventricle led to a significant decrease in the
expression of the gene encoding BDNF in the frontal cortex.
Considering the critical role of this factor in neurons devel-
opment and support (Lu, Figurov, 1997; Benarroch, 2015;
Gulyaeva, 2017), it can be assumed that a decrease in Bdnf
gene expression can lead to the development of neurodegene-
ration. Here, it has to be emphasized that the most pronounced
neurodegenerative changes, as well as cell function changes
in AD, have been observed precisely in the frontal cortex and
hippocampus (Guevara et al., 2022; Lee et al., 2022). This is
due, among other things, to the enhanced accumulation of
Tau protein aggregates in these brain structures (Shimada et
al., 2020) and the role of these brain structures in cognitive
function regulation.

It is noteworthy that Tau protein administration also had
its effect on the cerebellum that is not that much involved in
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cognitive processes. Our study demonstrated that the expres-
sion of the Mapt gene encoding the endogenous Tau protein
was reduced in the cerebellum of the mice of the experimental
group. In part, these results are consistent with the data on
accumulation of Tau protein aggregates in this brain structure
(Guevara et al., 2022). However, the detected changes in the
Tau protein mRNA level in the cerebellum did not lead to
significant changes in the level of endogenous Tau protein
and its phosphorylation. Also, no changes were observed in
the levels of mRNA, protein, and phosphorylation of the en-
dogenous Tau protein in all structures studied. The central
administration of Tau protein did not significantly affect the
expression of other studied genes.

In general, our data agree with those on a negative correla-
tion between Tau protein expression (Wei et al., 2022) and hy-
perphosphorylation (Yuan et al., 2022) with BDNF expression.
However, despite the well-documented relationship between
Tau protein expression and that of pro- and anti-apoptotic
genes (Huang et al., 2022; Tu et al., 2022; Zhang et al., 2022),
as well as the gene encoding the TrkB receptor (Zhao et al.,
2021; Liuetal., 2022; Nandini et al., 2022; Saikia et al., 2022;
Wang et al., 2022), the administration of Tau protein did not
affect the expression patterns of these genes. An assumption
can be made that the exogenous Tau protein introduced into
the intercellular space penetrates poorly inside the neurons
or is quickly catabolized there, not having the time to initiate
a process of cells degeneration. Probably, for a more thorough
investigation of the effects of Tau protein aggregation on the
brain function, it is necessary to ensure endogenous expression
of the pathologically phosphorylated Tau proteins in neurons.

Conclusion

The results obtained in this study indicate that central admi-
nistration of human Tau protein to C57B1/6J mice has a very
weak effect on the expression of the investigated genes in-
volved in neurogenesis and apoptosis. Nevertheless, Tau pro-
tein administration has led to a decrease in the expression of
Bdnf gene in the frontal cortex and endogenous Tau protein-
encoding gene in the cerebellum of C57Bl/6J mice without
affecting the level and phosphorylation of endogenous Tau
protein in the studied brain structures.
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Abstract. DNA repeat composition of low coverage (0.1-0.5) genomic libraries of four amphipods species endemic to
Lake Baikal (East Siberia) and four endemic gastropod species of the fam. Baicaliidae have been compared to each other.
In order to do so, a neighbor joining tree was inferred for each quartet of species (amphipods and mollusks) based on the
ratio of repeat classes shared in each pair of species. The topology of this tree was compared to the phylogenies inferred
for the same species from the concatenated protein-coding mitochondrial nucleotide sequences. In all species analyzed,
the fraction of DNA repeats involved circa half of the genome. In relatively more ancient amphipods (most recent common
ancestor, MRCA, existed approximately sixty millions years ago), the most abundant were species-specific repeats, while
in much younger Baicaliidae (MRCA equal to ca. three millions years) most of the DNA repeats were shared among all four
species. If the presence/absence of a repeat is regarded as a separate independent trait, and the ratio of shared to total
numbers of repeats in a species pair is used as the measure of distance, the topology of the NJ tree is the same as the quar-
tet phylogeny inferred for the mitogenomes protein coding nucleotide sequences. Meanwhile, in each group of species,
a substantial number of repeats were detected pointing to the possibility of non-neutral evolution or a horizontal transfer
between species occupying the same biotope. These repeats were shared by non-sister groups while being absent in the
sister genomes. On the other hand, in such cases some traits of ecological significance were also shared.
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CpaBHeHUe 3BOJIIOIMOHHBIX ITaTTepHOB [IHK-110BTOpPOB
y MpeAcTaBuUTeNel IPeBHUX I MOJIOObIX OYKETOB
BIUOOB 13 03epa baiikan
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AHHoTayus. Viccnegosarbl HK noBTOpbI, NpUCyTCTBYIOLME B FEHOMHbIX 61MOAMOTEKAX C HU3KUM NOKpbITeM (0.1-0.5) ye-
Tblpex BUAoB aMmdunoa, SHAeMUUHbIX Ans 03epa barkan (BoctouHaa Cnbrpb), 1 yeTblpex SHAEMUYHbBIX BUAOB OPIOXOHOTNX
MOSOCKOB cemelicTBa Baicaliidae. [1ns 3Toro 6b11v NOCTPOEHbI IepeBbA METOOM 00beMHEHNS ONMXKAMLLNX coceaen ans
KaX[oro KBapTeTa BUAOB (aMbUNOAbl 1 MOMIOCKM) HA OCHOBE COOTHOLLEHUS NMOBTOPAIOLMXCA KAcCOB, OOWMX ANIA Kax-
[0 napbl BUAOB. Tononorus 3Tux gepesbes Obiia conocTaBieHa ¢ GUIoreHNAMM, NONyYEHHbIMU ANs TEX e BULOB Ha OC-
HOBe CLiENIEHHbIX 6eTOK-KOANPYIOLWMX MATOXOHAPWANbHBIX HYKNeOTUAHbIX NociefoBaTeNbHOCTEN. Y Bcex npoaHanunsm-
|POBaHHbIX BUAOB B AoMt0 NoBTopoB [IHK BoBneueHo OKOMo NOsIOBUHbI FeHOMA. Y OTHOCMTENbHO Gonee ApeBHUX ambunoa
(cambifn nocnegHUin obwmin npenok, MRCA, cyliectBoBan NpnbAn3nNTeNbHO LWeCTbAeCAT MAIIMOHOB NeT Ha3ag) Hanbonee
pacnpocTpaHeHHbIMK 6bin BUAOCNeurduYHbie MOBTOPbLI, TOrAa Kak y ropasgo 6onee monogbix 6avikanumg (MRCA npu-
6113UTENbHO PaBEH TPeM MUNIMOHAM neT) 60MbWwKHCTBO NoBTopoB [AHK 6binn obwmmn gns Bcex YeTbipex Buaos. Ecnm
HanMume/oTCyTCTBME NOBTOPA PAacCMATPMBATb KakK OTAENbHbBIN HE3aBUCUMbIN NMPU3HAK, @ OTHOLLEHVEe obLero Yncna no-
BTOPOB B Mape BUOB MCMONb30BaThb B KAUeCTBE Mepbl paccToAHUA, Tononorua agepesa NJ Takas e, Kak 1 ¢punoreHmns Keap-
TeTa, BblBefjleHHasn AnA 6eNKOB MUTOFeHOMOB, KOAUPYIOLLMX HYKNEOTUAHbIe NOC/IeAOBaTeNIbHOCTU. MeXay TeM B KaxkaoMm
rpynne B1AOB 6blN0 0O6HaAPYKEHO 3HaUNTENbHOE KONMYECTBO NMOBTOPOB, YKa3blBaloLMX Ha BO3MOXHOCTb HEHENTpanbHoM
SBOMIIOLMMN U FTOPU3OHTASIBHOFO NepeHoca MeXay BrAamu, 3aHVMaoLWUMK OLWH U TOT e 61oTon. 3T NoBTOpbI ObIN
o6LWMMY ANA HEPOACTBEHHbIX FPYMM, HO OTCYTCTBOBAN B CECTPUHCKIMX reHomax. C ApYroi CTOPOHbI, B TaKMX Clyyasax He-
KOTOpble YePTbl, UMEIoLLMEe SKONOrMYECKoe 3HaueHre, TakKe Oblv 06LUMN.

Kntouesble cnosa: nosTopbl [1HK; 03epo bankan; ¢punoreHus; Baicaliidae; ambunoppl; 3sonioLms NOBTOPOB; PEMUTOM.
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Introduction

In Metazoa, approximately half of all genomic DNA is made

up of repeated DNA sequences, which are otherwise called

“non-genic DNA” (Cavalier-Smith, Beaton, 1999; Bird et al.,

20006) or repeatome (Titievsky etal., 2021). The already known

functions of this fraction of the genome are very diverse. Most

of it is satellite DNA (Biscotti et al., 2015; Silva et al., 2019;

Thakur et al., 2021). A significant proportion of DNA repeats

account for mobile elements belonging to different classes.

There is evidence that highly repeated mobile elements may

play a certain role in the regulation of genetic activity (see

for example (Rocha et al., 2022)), their distribution must also
be taken into account in the epigenetic analysis (Lerat et al.,

2019). It is important to note that evidence is accumulating

about the important role that repeated mobile elements may

play in horizontal gene transfer between phylogenetically dis-
tant species (Ahmad et al., 2021; Athanasouli, R6delsperger,

2022; Kejnovsky, Jedlicka, 2022). Dodsworth et al. (2015)

have shown that a set of repeated elements contains a sig-

nificant phylogenetic signal. They also noted the presence of
arepeat fraction, which was inconsistent with the phylogenies
inferred from individual nucleotide sequences and from the
repeats, but treated this fraction more like an obstacle rather
than an interesting phenomenon. It has been shown that hori-
zontal gene transfer is a common mechanism of transmission
of traits involved in adaptation processes in bacteria (Lee et
al., 2022) and fungi (Steensels et al., 2021). Recently, there
has been more and more evidence that similar mechanisms
are likely to be involved in the adaptive evolution of Metazoa

(Boto, 2014; Chen et al., 2017; Ahmad et al., 2021; Li et al.,

2022). Since then their work though the main focus of studies

of the repeated DNA shifted mostly towards their potential

structural role and was performed mostly of plant models (see

for example (Titievsky et al., 2021)).

Here we apply the repeats analysis to the two species flocks
of Baikalian invertebrates. Genetic studies of invertebrates
from Lake Baikal allow to unravel many problems of their
evolutionary history (Romanova et al., 2016; Peretolchina et
al., 2020), mechanisms of speciation (Naumenko et al., 2017;
Gurkov et al., 2019; Drozdova et al., 2022) and adaptation
(Lipaeva et al., 2021), diversity and conservation (Butina et
al., 2019; Yakhnenko, Itskovich, 2020). We use the features of
the evolution of two species flocks of endemic Baikal inver-
tebrates — amphipods (Bazikalova, 1945; Kamaltynov, 1999;
Takhteev, 2019) and gastropods of the family Baicaliidae
(Sitnikova et al., 2001; Hausdorf et al., 2003; Peretolchina et
al., 2020) to study the evolution of the maximum diversity
of repeats in their genomes. These two groups are attractive
models for this kind of research for the following reasons:

1. Both groups of organisms have been well and comprehen-
sively studied (see (Kozhov, 1963)).

2. Both groups evolved within Baikal, therefore all possible
genome transformations were minimally, if at all, dependent
on the introduction of genetic information from outside the
ecosystem, and speciation processes occurred mainly by
sympatric mechanisms.

3. The evolutionary histories of amphipods and Baicaliidae
in Baikal are fundamentally different: if the former is re-
presented by at least two branches that independently pene-
trated Baikal, the common ancestor of which existed at
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least 60 million years ago, then the maximum age of the

common ancestor of Baikal species is at least 3 million

years (Sherbakov, 1999; Mats et al., 2011).

Thus, the above-mentioned properties of evolutionary hi-
stories allow us to conduct a comparative analysis of sets of
DNA repeats in two species-rich groups of invertebrates and
assess the potential benefits of such a comparison for a deeper
understanding of the evolutionary mechanisms that have
shaped their modern diversity.

Materials and methods

In this work, the genomic libraries of gastropods were used:
Baicalia turriformis, Maackia herderiana, Korotnewia korot-
newi and Godlewskia godlewskia, the collection of samples
and genome-wide sequencing of which is described in Pe-
retolchina et al. (2020). Obtaining the genomic libraries of
amphipods Acanthogammarus victorii, Brachyuropus gre-
wingkii, Garjajewia cabanisi and Macrohectopus branickii
is described in (Romanova et al., 2016).

Random sets of reads were prepared from the source libra-
ries using Seqtk-1.3 (r106) (Shen et al., 2016) on the Galaxy
(Jalili et al., 2020) platform. The size of a library was set to
5x 103 reads. The search for repeating genetic elements was
performed using the RepeatExplorer (Novak et al., 2013)
pipeline implemented on the Galaxy platform.

Quality control and library filtering were performed using
the standard Galaxy FastQC (de Sena Brandine, Smith, 2019)
tool. Cluster analysis requires files containing sequences of
reads in FASTA format as input data.

The search for repeated sequences was performed using
RepeatExplorer2 clustering.

Launch Parameters:

Paired-end reads True, Read sampling false, Sample size 0,

Select taxon and protein domain database version (REXdb)
Viridiplantae version 3.0,

Advanced options false,

Select queue basic_fast_queue,

Modify parameters (optional) —I

select=1:ncpus=10:mem=32gb:scratch_local=50gb —I
walltime=48:00:00 —q elixirre@pbs.elixir-czech.cz —v
TAREAN MAX MEM=4000000,TAREAN CPU=4

The search for repeats was limited to those that occur more
often than 0.01 % of the input reads. In addition to satellite
repeats, the output data contains LTR-retrotrans-posons, 45S,
5S rDNA and all other repeats, the number of which exceeds
the threshold value.

Comparative analysis of the composition of repeats was
performed using a set of original scripts in Python 3.10 and
Biopython ver. 1.79. nblast (Costa et al., 2016) was used to
compare the nucleotide sequences of DNA repeat contigs
from different species.

Results

Each of the groups of organisms is represented in this paper by
four species selected in such a way that they cover the maxi-
mum range of evolutionary distances within their branch. The
phylogenetic relationships of four gastropod species (Baicalia
turriformis, Maackia herderiana, Korotnewia korotnewi and
Godlewskia godlewskia) are shown in Fig. 1, b. The lifetime
of their common ancestor does not exceed 3 million years
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Fig. 1. a, A phylogenetic tree of Baikal amphipods and some representatives of the genus Gammarus, obtained on the basis of a
comparison of concatenated nucleotide sequences on which the species studied in this work are isolated. Two branches repre-
sented in Baikal are highlighted in color, as well as phylogenetic relationships between Acanthogammarus victorii, Brachyuropus
grewingkii, Garjajewia cabanisi and Macrohectopus branickii.

b, A phylogenetic tree of Baicaliidae, rooted at the midpoint, built on the basis of the analysis of the sequences of the Folmer
fragment. The phylogenetic relationships between Baicalia turriformis, Maackia herderiana, Korotnewia korotnewi and Godlewskia

godlewskia are highlighted in color.

(Zubakov et al., 1997; Sherbakov, 1999), and the connections
between the selected four species pass through the root of the
tree if the tree is rooted at the midpoint. It should be noted
that the selected species differ dramatically in their important
ecological characteristics and distribution.

Amphipods in Baikal belong to at least two large branches,
both within the genus Gammarus (Sherbakov, 1999; Hou,
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Sket, 2016; Romanova et al., 2016; Naumenko et al., 2017).
Of the species selected for the study, only M. branickii —a re-
presentative of the monotypic family — belongs to the branch
‘Micruropus’, the rest belong to the branch ‘Acanthogam-
marus’— the most diverse in both species and ecology. B. gre-
wingkii and G. cabanisi are abyssal species, A. victorii lives
at shallow and medium depths, and M. branickii is a unique
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Fig. 2. Representation of the repeats among the species of amphipods sorted by their abundance: a, Acanthogammarus victorii; b, Brachyuropus

grewingkii; ¢, Garjajewia cabanisi, and d, Macrohectopus branickii.

pelagic species distributed throughout the water column of
the lake, including the maximum depths (Bazikalova, 1945)
and as part of the quartet of species considered in this work
is a distant outer group (see Fig. 1, a).

Libraries of repeated contigs were constructed from ge-
nome-wide libraries of four species of amphipods and four
species of gastropods of the Baikal endemic family Baica-
liidae, the production of which is described in (Romanova
et al., 2016) and (Peretolchina et al., 2020), respectively.
0.5 x 10° reads were randomly selected from each library and
without return, resulting in depleted libraries with a coverage
degree of less than 0.5, as a result of which the representation
of unique sequences in them turned out to be very low. These
subsets of genomic libraries were used to search and anno-
tate DNA repeats using repeatexplorer (Novak et al., 2013).
In all cases, the repetitions included approximately 50 % of
the reads, which accounted for from 5 x 103 to 10* of unique
contigs (Fig. 2).

The distributions of contigs by representation in genomes
were also approximately the same in all cases; however,
if A. victorii and G. cabanisi had a single dominant repeat
(refers to simple DNA repeats, SSR) (see Fig. 2, a, c), then
B. grewingkii and M. branickii had several dominant repeats
(see Fig. 2, b, d).

The comparison of the compositions of repeats in the spe-
cies within each of the groups was carried out by concatenat-
ing the output files — lists of contigs resulting from a search
through genomic libraries. To distinguish between contigs
belonging to different species, prefix indexing was used,
specific to each of the species. After converting a copy of the
concatenated list into a library in blast format, we used nblast
to search in the “all against all” mode. At the same time, dele-
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Fig. 3. The proportions of repeats common to several species and found
as a result of the blast search for gastropods Baicaliidae and amphipods.

tions/insertions were allowed and the similarity threshold of
sequences was set to 80 %.

For each of the studied groups, libraries of repeat contigs
were concatenated after adding species-specific tags to se-
quence names, then groups consisting of at least five sequences
were selected and a nblast search was performed “all against
all”. The search conditions allowed 20 % differences and
indels. The analysis of intragroup distributions of repeats re-
vealed significant differences between amphipods and mol-
luscs (Fig. 3, see the Table). In a much younger group of Bai-
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Patterns of repeats shared in amphipods and gastropods (Baicaliidae)

Species Total number of contigs Unique contigs (ratio) Fully shared contigs (ratio)
Amph,pods ..............................................................................................................
BmChyuropusgrewmgk” ................................... 210700 .......................................... 0233 .............................................. 0135 ............................................
Acamhogamma,usv,cmr,, ................................ 306950 .......................................... 0315 .............................................. 0093 ............................................
Garjajewmcabams[ ............................................ 583350 .......................................... 0605 .............................................. 0049 ............................................
MacrOheCtopUSbmka”106740 .......................................... 0455 .............................................. 0267 ............................................
Ba,cah,dae ..............................................................................................................
Ba,ca/,aturr,form,s ............................................. 584910 .......................................... 0036 .............................................. 0626 ............................................
Maacmaherdenana ........................................... 575250 .......................................... 0044 .............................................. 0637 ............................................
Kommewmkommew, ........................................ 518410 .......................................... 0040 .............................................. 0707 ............................................
God/ewsk,agod/ewsk,a ..................................... 573720 .......................................... 0037 .............................................. 0633 ............................................

kal, the repeats that occur in all four species turned out to be
the most represented. Conversely, a relatively small proportion
is accounted for by species-specific sequences (see Fig. 3, a).
The representation of repetitions common to several species
also turned out to be very similar in different Baikal species.

In amphipods, on the contrary, most of the repeats are
unique (species-specific), and there are very few common
ones for all four species (see Fig. 3, a). Repeats common to
two, three and four species are also not equally represented in
different genomes of amphipods (see the Table and Fig. 3, b).
Interestingly, the largest proportion of common repeats
(‘quartets’) was found in the genome of M. branickii, which
is a very remote external group in relation to the other three
species and, unlike the rest of the Baikal amphipods, lives in
the pelagic zone of the lake.

In general, it should be noted that all possible patterns of
repeat propagation are present in the genomes of both groups
of species: there are both those present in only two species in
all possible combinations, and all variants of absence in only
one of the species (see Fig. 3).

A comparison of the distribution of repeats belonging to
different classes according to their distribution in Figure 4 also
does not reveal any interspecific variation in Baikal and rather
significant differences between amphipod species. However, in
both, all possible combinations of the two species are detected,
which have repeated elements in common only for them (up
to the sensitivity of detection and identification conditions).

Sets of common repeats were used to cluster species. To do
this, as a measure of the distance between species, we used

= N, shared
dj=1 N,-TN,-’

where d;; is the distance between species (genomes), i and j
are species or genomes numbers, Nyareq, V; and N; are the
numbers of repeat types in the respective species. Note that the
abundances of repeats of each type are not taken into account,
but the denominator N y,mon inVolves all types of repeats
found in the pulled repeats library of the species compared.
These distances were used to construct the distance matrix, and
it, in turn, was used to build a tree by combining the nearest
neighbors (Saitou, Nei, 1987).

For the same species and both groups, maximum likelihood
trees were inferred based on a comparison of concatenated
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protein-coding nucleotide sequences of mitochondrial ge-
nomes. The topologies of the trees coincided, but the ratio
of nucleotide distances and distances calculated by common
repetition is not linear (data not shown).

A more detailed examination of pairs of species with com-
mon repeats (Fig. 5) shows that a noticeable, albeit relatively
small number of repeats is shared by species that are not sister
species and thus are not consistent with the phylogeny. This
property is present in both amphipods and gastropods.

Discussion

The libraries of the NGS reads of four species of Baikal en-
demic gastropods (Baicalia turriformis, Maackia herderiana,
Korotnewia korotnewi and Godlewskia godlewskia) belonging
to the Baikal endemic Baicaliidae, and four Baikal amphi-
pods (Acanthogammarus victorii, Brachyuropus grewingkii,
Garjajewia cabanisi and Macrohectopus branickii) were
used to de novo search for repeated DNA elements using the
repeatexplorer algorithm. All taxa whose genomic libraries are
analyzed in this work, despite various evolutionary histories,
evolved within the limits of the reservoir that continuously
existed on the site of modern Baikal.

The gastropods of Baicaliidae are a relatively young group,
the time of the most recent common ancestors (¢yzc4) of
modern species is no more than 2.5 million years old. They
are found at depths of no more than 100 m on a variety of soil
types (Zubakov et al., 1997; Sitnikova, 2006). The amphipods
in Baikal are represented by at least two large branches that di-
verged no earlier than about 60 million years ago (Sherbakov,
1999; Mats et al., 2011; Naumenko et al., 2017). The variety
of ecological niches occupied by them is exceptionally large,
they are found at all depths.

By their distribution between species, all theoretically pos-
sible combinations of repeat classes were found. They ranged
from species-specific ones to those found in all the genomes
studied. This circumstance made it possible to use the distri-
bution of repeats between genomes as a tool for clustering
the corresponding species and comparing the topology of the
obtained quartets with the results of clustering of the same
species based on a comparison of the nucleotide sequences
of concatenated protein-coding fragments of mitochondrial
genomes. The topologies coincided, but the ratio of the lengths
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Fig. 4. Species-specific patterns of repeats shared in gastropods (the left four panels) and gastropods (the right four panels).

Fig. 5. Venn diagrams of the distribution of repeated DNA between am-
phipod (a) and Baicaliidae (b) species. ¢, d are unrooted trees inferred
from concatenated protein-coding mitochondrial DNA of the corre-
sponding species.

The colors of the branches correspond to the colors of the ovals on the Venn
diagrams.
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of the branches turned out to be different. In other words, the
proportions of common repeats and the degree of differences
in nucleotide sequences turned out to be independent, albeit
partially correlated features.

The method we used to identify highly repeated sequences
and a set of search parameters allow us to identify those that
are repeated in the genome with at least 50-100 copies per
haploid genome. The detected repeats make up approximately
50 % of the genome and are very diverse (1 x 10*...6 x 10* va-
rieties per genome, see the Table). Therefore, at the present
stage of the study, we focused on the integral characteristics
of this repetition and the comparison of these characteristics
in two flocks of invertebrate species.

The distance tree was inferred from the repeats data using
the distance metric calculated from the presence/absence of a
repeat class in a sample as justified by blast search under a mild
set of parameters. This differs from the parsimony approach
employed by (Dodsworth et al., 2015). Its advantage was in
avoiding the assumption of strict homology. Nevertheless, like
in their study, we obtained the same tree topology to the one
inferred from mitogenome sequences for both animal groups
studied. Although the topologies were the same, the ratios in
branch lengths differed dramatically. We believe that these
differences result from the peculiarities of the evolution of the
presence/absence of repeats in genomes. The main feature is
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that in order to appear in the genome as a repeat, the nucleotide
sequence starts as a single copy and must be amplified to such
an extent that it can be detected by the repeatexplorer algo-
rithm. The loss of repetition should also go through a gradual
decrease in the number of copies of it.

Over time, differences in the compositions of repeated se-
quences accumulate. This confirms the spread of species-spe-
cific sequences in amphipods compared to Baicaliidae and vice
versa, with a decrease in the proportion of repeats that occur
in all four species. Therefore, the comparison of repeat spec-
tra in a large number of species can be an interesting tool for
phylogenetic analysis due to the high diversity of repeats and
the fact that a large proportion of the genome is used in such
an analysis, which gives hope for obtaining a more adequate
and stable picture of evolution. A more detailed examination
of pairs of species with common repeats (see Fig. 5) shows
that a noticeable, albeit relatively small number of repeats,
is common between species that are not sister species. This
fraction, if “inconsistent”, is present in both amphipods and
gastropods.

Conclusion

Of particular interest are the repeats, the distribution of which
between species contradicts the topology of phylogenetic trees,
but corresponds to the ecological or geographical confine-
ment of species. Such repeats are found in both groups (see
the Table and Fig. 5), and in a significant (from hundreds to
thousands) amount. From the point of view of phylogenetic
analysis, they reduce its resolution but allow us to make an
intriguing assumption that some part of them is involved in
horizontal transfer between sympatrically inhabiting species.
This requires an annotation of this part of the contigs, the
results of which will be described elsewhere.
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Abstract. To identify body systems subject to epigenetic transformation during in vitro fertilization (IVF), comparative
morphological and functional studies were performed on sexually mature offspring of outbred CD1 mice, specific-
pathogen-free (SPF), obtained by IVF (experiment) and natural conception (control). The studies included assessment
of age-related changes in body weight and composition, energy intake and expenditure, and glucose homeostasis. To
level the effects caused by the different number of newborns in the control and in the experiment, the size of the fed lit-
ters was halved in the control females. Males obtained using the IVF procedure were superior in body weight compared
to control males in all age groups. As was shown by analysis of variance with experiment/control factors, gender, age
(7, 10 and 20 weeks), the IVF procedure had a statistically significant and unidirectional effect on body composition.
At the same time, IVF offspring outperformed control individuals in relative fat content, but were behind in terms of lean
mass. The effect of the interaction of factors was not statistically significant. IVF offspring of both sexes had higher fat to
lean mass ratios (FLR). Since adipose tissue contributes significantly less to total energy intake compared to muscle, the
main component of lean mass, it is not surprising that at the same level of IVF locomotor activity offspring consumed
less food than controls. When converted to one gram of body weight, this difference reached 19 %. One of the conse-
quences of reduced utilization of IVF energy substrates by offspring is a decrease in their tolerance to glucose loading.
The integral criterion for the effectiveness of restoring the initial glucose level is the area under the curve (AUC), the
value of which was 2.5 (males) and 3.2 (females) times higher in IVF offspring compared to the corresponding control.
Thus, the totality of our original and literature data shows an increase in the risk of metabolic disorders in IVF offspring,
which is confirmed by epidemiological studies of a relatively young cohort of people born using assisted reproductive
technologies.

Key words: in vitro fertilization; mature offspring; epigenetic transformation; body composition; feed consumption;
glucose tolerance.
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AHHOTauuA. [nA BbIABNEHUA CUCTEM OPraHM3Ma, NMOABEP)KEHHbIX SMUreHeTUYecKon TpaHchopmMaLmy Npu onnogo-
TBOpPEeHuM in vitro (IVF), 66111 BbINOAHEHbI CPaBHUTENbHbIE MOPPODYHKLMOHANbHbIE MCCNef0BaHNUA NMOMOBO3PENbIX MO-
TOMKOB Mbileit ayTépeaHon nuHumn CD1, cBoboaHbIX oT natoreHoB (SPF-cTaTyc), nonyyeHHbix nyTtem IVF (onbiT) 1 npm
€CTeCTBEeHHOM 3ayaTun (KOHTposb). MiccnegoBaHua BKOYanm B ceba oLeHKy BO3PacTHON AUHAMUKM MacCbl 1 KOMMO-
3ULUIA Tena, NoTpebIeHns 1 PacxofoBaHUA SHEPTUH, a TaKXKe FTIOKO3HbI romeocTas. [1na HuBenupoBaHusa 3$PpeKToB,
00yCNOBNEHHbIX Pa3HbIM YMCIIOM HOBOPOXAEHHbIX B KOHTPOJIE U B OMbITE, Y KOHTPOJbHbIX CaMOK COKpallanv BABOe
pasmMepbl BblkapmmBaemMbix nomeToB. Camupbl, NOfyYEHHbIE C UCMONb30BaHMeM npoueaypbl IVF, npeBocxoannn no
Macce Tefla KOHTPOJIbHbIX CaMLOB BO BCEX BO3PACTHbIX rpynnax. Kak nokasan AucnepcroHHbIi aHanms ¢ dakTopamm
«OMbIT/KOHTPONb», «MOA», «<BO3pacT» (7, 10 n 20 Hepenb), npouenypa IVF cTaTucTmyecky 3HauMMo 1 OAHOHaNpPaBIeHHO
B/IXANA Ha KOMMNO3ULIMOHHbIN cocTaB Tena. [py 3Tom IVF NoTOMKM NpeBOCX0oAMIIN KOHTPOMbHbIX 0CO6el Mo OTHOCUTESb-
HOMY CofiepXKaHUIo K1pPa, HO MPOUrPbIBASIN UM MO 3HAYEHWAM ToLeln Macchl. DGPeKT B3anmoaencTana GakTopoBs Obin
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CTaTUCTYECKN He 3HauuMbIM. Y IVF noTomkoB 060ero nosa 6biaiv oTMeUeHbl 60MbluMe 3HaYeHUA OTHOLLEHUI XKKpa K
Touwei macce (FLR). MockonbKy XunpoBas TKaHb BHOCUT 3HAUMTENIbHO MEeHbLUNIA BKaA B 0bLee noTpebneHne sHeprum
Nno CpaBHEHWIO C MblLLL@MN — OCHOBHbIM KOMIMNOHEHTOM Tow,e|7| MaccCbl, TO HeYyANUBUTENbHO, YTO NPV OANHAKOBOM YPOBHE
ABuratesnbHo akTMBHOCTY IVF MOTOMKM NOTpebnanm MeHbLLe KOPMa, YeM KOHTPOSIbHbIE XMBOTHbIe. [pun nepecyeTe Ha
O[IMH rPaMM MacCbl Tena 3Ta pasHuLa gocturana 19 %. Of4HUM 13 CNeACTBUIN MOHUXEHHON YTUAM3aLMM SHePreTUYecKmnx
cybcTpatoB [VF noTomkamu ABNAETCA CHUKEHWE VX TONIePaHTHOCTU K Harpyske roko3oi. VIHTerpanbHbiM Kputepuem
3$peKTMBHOCTN BOCCTAHOBJIEHNA MCXOAHOTO YPOBHSA MTI0KO3bl CAYXXUT mowaab nog kpuson (AUC), BennurHa Kotopow
6bin1a B 2.5 pasa (camubl) 1 3.2 pasa (camkm) Bbiwwe y IVF NOTOMKOB MO CpaBHEHMIO C COOTBETCTBYIOLNM KOHTponeMm. Ta-
KM 06pa30M, COBOKYMHOCTb COOCTBEHHbIX 1 NINTepPaTypHbIX AaHHbIX MOKa3biBaeT yBeNnnyeHmne pnucka MeTabonnueckmnx
HapyLeHuid y IVF NOTOMKOB, UTO NOATBEPXKAAIOT SMMAEMUOSIOrMYECKEe NCCIEA0BAHNA CPABHUTENIbHO MOJIOLO KOrop-
Tbl Ntoflel, POXKAEHHbIX C MPUMEHeHVIeM BCMOMOraTesibHbIX PenpofyKTUBHbIX TEXHOMOTUA.

KnioueBble crioBa: GpepTunusauma in vitro; NonoBosperblie MOTOMKM; SMNMreHeTnYecKana TpaHCGoOpMaLIMA; KOMNO3nLMA

Tena; n0Tpe6neHme KOpMa; MNMtoKO30TONEPAHTHOCTb.

Introduction

One of the civilizational problems significantly affecting the
health of new generations is the increasing spread of assisted
reproductive technologies (ART), including in vitro fertiliza-
tion (IVF), as well as intracytoplasmic sperm injection (ICSI),
in vitro cultivation of preimplantation embryos and embryo
transfer to surrogate mothers. In the 44 years since the first
successful IVF pregnancy, the number of people conceived
in vitro has exceeded 10 million and accounts for about 2 %
of all newborns in developed countries (Wyns et al., 2018).
In Russia, their number exceeds 130,000, of whom 90,000
have been born in the last five years, and the percentage of
successful pregnancies with the use of ART has now increased
approximately threefold (Russian Association..., 2019).

Despite the youthfulness of the generation of people born
with ART, this group of offspring has a higher risk of diabe-
tes, metabolic disorders, arterial hypertension, and neuropsy-
chiatric disorders, compared to those observed in the same-
age groups of offspring of natural conception (Hart, Norman,
2013; Hyrapetian et al., 2014; Duranthon, Chavatte-Palmer,
2018; Halliday et al., 2019). These results allow us to predict
a more rapid development of age-related pathologies, which
may become a real public health problem. According to data
from specialized clinics, IVF is used not only by couples
where the inability to conceive is due to the age of one or
both partners, but also by patients with health disorders, in
particular overweight, disorders of psycho-emotional status
and other diseases (Cauldwell et al., 2017; Farquhar et al.,
2019). Therefore, based on clinical observations alone, it is
difficult to differentiate between the contribution to potential
health impairments of the IVF procedure itself and the genetic
and physiological characteristics of the parents.

The most adequate approach to assess the phenotypic ef-
fects of IVF and ART is experimental studies performed under
controlled conditions on standardized laboratory animals. It
is the experiment that can reveal the pros and cons of in vitro
fertilization in solving the demographic problems of modern
society. It should be noted that the experimental data available
in the literature support the phenotypic significance of IVF
(Royetal.,2017; La Rovere et al., 2019). One of the actively
developed aspects of phenotypic modulation of offspring born
with ART refers to the increased risk of metabolic abnor-
malities (Heber, Ptak, 2020). Experiments on laboratory mice
have provided evidence of an independent role of IVF in the
formation of metabolic syndrome and obesity (Feuer et al.,
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2014), body composition (Sjoblom et al., 2005), and changes
in carbohydrate homeostasis and predisposition to diabetes
(Scott et al., 2010). However, these effects of IVF have not
been confirmed in all studies and vary depending on the sex
of the animals and conditions of embryo development outside
the maternal body (Donjacour et al., 2014). At the same time,
the question of the key factors that determine the manifesta-
tion of the metabolic syndrome in adult offspring obtained by
in vitro fertilization remains out of sight.

Metabolic syndrome is a combination of hyperglycemia,
abdominal obesity, dyslipidemia, and hypertension, and their
manifestation is determined by eating behavior, physical acti-
vity, and food intake (Sousa, Norman, 2016). The most impor-
tant factor leading to the development of metabolic syndrome
is a change in the balance between energy expenditure, and its
compensation by food calories. Moreover, fat accumulation
is determined not only by the amount of food consumed, but
also by its distribution in the daily cycle (Gill, Panda, 2015).
At the same time, the analysis of the eating behavior of IVF
mice is found in sporadic studies and is limited to the estima-
tion of daily feed intake without analyzing circadian dynamics
and without comparing it with the level of locomotor activity
(Feuer et al., 2014).

Since the above-mentioned deviations of individual deve-
lopment are interrelated, it is of fundamental importance to
investigate them comprehensively within a single experiment.
But, as arule, these works are limited to the study of individual
phenotypic characteristics at different stages of individual
development, which makes it difficult to analyze the cause-
effect relationships between successive ontogenetic events.

In our work, we investigated the effect of ART on the forma-
tion of interdependencies of indicators of daily activity dyna-
mics, feed intake, glucose homeostasis, and body composition
associated with the risk of metabolic syndrome in naturally
conceived and IVF-obtained sexually mature CD1 line mice
progeny. The CD1 line mice do not have their own unique
MHC haplotype (Marin et al., 2014) and this circumstance
allows us to exclude the influence of the MHC haplotype dif-
ferences between the embryos and the gestating mother on
embryo development during pregnancy and, consequently, on
the phenotype of adult progeny (Gerlinskaya, Evsikov, 2001;
Rapacz-Leonard et al., 2014). We showed that [VF-obtained
progeny of CD1 line are characterized by excess body weight,
which is combined with an increase in the relative proportion
of fat and with reduced tolerance to glucose load.
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Table 1. Progeny studied
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Group Gender Number of offspring
Body mass Body composition Feed intake, Glucose tolerance test
locomotor activity
|V|: ........................... M a|es ....................... 2 1 ........................................ 14 ....................................... 15 ............................................... 16 .....................................
Fema|es .................. 18 ....................................... 15 ....................................... 13 ............................................... ” .....................................
contro| ................... M a|e5 ....................... 2 3 ........................................ 15 ....................................... ” .................................................. g ....................................
Fema|e5 .................. 14 ....................................... 10 ....................................... ” .................................................. 8 ....................................

Materials and methods

The study was performed in the Center for Genetic Resources
of Laboratory Animals of the Federal Research Center Insti-
tute of Cytology and Genetics, Siberian Branch of the Russian
Academy of Sciences, on outbred CD1 mice free from spe-
cies-specific pathogens (SPF status). SPF status compliance
was confirmed by pathogen analysis according to the European
Laboratory Animal Health Association (FELASA) list.

The animals were kept in individually ventilated OptiMice
cages (USA). The controlled environmental conditions had
the following parameters: photoperiod 14C:10T, temperature
22-24 °C and humidity 40-50 %. Gradual switching off of
the light began at 16:00 local time. Dusted birch pellets (Al-
bion LLC, Novosibirsk) were used as bedding material. Food
(SNIFF, Germany) and water were given without restrictions.
Feed and bedding were given to animals after autoclaving
(121 °C).

Experimental groups. IVF group — males and females
obtained using in vitro fertilization (IVF), cultivation and
embryo transfer; Control group — males and females obtained
as a result of natural mating.

Offspring: in vitro fertilization, culture conditions and
embryo transfers. IVF procedures, embryo culture condi-
tions and embryo transfers were performed according to the
technique described previously (Kontsevaya et al., 2021).
IVF oocytes were obtained from female CD1 mice after su-
perovulation by intraperitoneal injection of 5 IU of pregnant
mare serum gonadotropin (PMSG) (Intervet International,
Netherlands) followed by 5 IU of human chorionic gonado-
tropin (chorulon) (Intervet International, Netherlands) at 48 h
intervals. Cumulus-oocyte complexes collected from the
oocyte ampoule 17—-18 h after hCG injection were placed in
a drop (200 pl) of HTF medium (Human Tubal Fluid, Irvine
Scientific, USA) for fertilization. To obtain spermatozoa, the
caudal part of the epididymis was placed in HTF medium, and
after incubation (1 h), a 3-5 ul drop containing spermatozoa
was added to the oocytes and incubated for 45 h. Fertilized
oocytes were washed in four drops of HTF medium and cul-
tured for 72 h in 60 ul KSOM medium 8—12 embryos per drop
under mineral oil (Sigma), at 37 °C and 5 % CO, until the
blastocyst stage. The developmental efficiency of the embryos
after IVF was 75.5+2.86 % at 2 cells stage and 70.6+4.64 %
from 2 cells stage to blastocysts.

Blastocysts were transferred to CD1 pseudopregnant fe-
males on day 2.5 of pseudopregnancy (Kontsevaya et al.,
2021). Pseudopregnancy was induced by mating females
with vasectomized males of the same line. Male vasectomies
were performed by thermal cauterization of the vas deferens

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

at least 2 weeks before mating. Surgical procedures were
performed under general anesthesia (Domitor, Orion Pharma,
Finland — 15 pg/100 g body weight and Zoletil, Virbac,
France — 3 mg/100 g body weight, intraperitoneally). The
morning after mating, the females were examined and, in
the presence of vaginal plugs, transferred to separate cages.
On day 2.5 of pseudopregnancy, 17 females were surgically
transferred 12 blastocysts each into the left oviduct under gas
anesthesia (Aerrane, Baxter Healthcare Corp., USA). After
embryonic transfers, the females were placed in separate
cages until delivery. Since, as previously shown, the surgical
procedures performed in embryonic transfers (narcotization
and introduction of culture medium into the uterus) did not
affect the course of pregnancy and hormonal background
(Gerlinskaya, Evsikov, 2001), therefore, control males were
obtained by natural mating.

After IVF procedures and embryo transfers, 13 females
(76.5 %) gave birth and all newborn offspring were fed with-
out losses. The offspring after maternal feeding (3 weeks)
were weaned from the mothers and further kept in single-sex
groups of 5 individuals in each cage. The average number
of nursed offspring produced by IVF was 3.6+0.24 and was
significantly lower compared to 12.5+0.58 in natural preg-
nancy. The decrease in litter size is caused by transplanting
blastocysts into only one uterine horn, whereas in a natural
pregnancy, fetuses develop in two horns. In turn, litter size
affects maternal behavior and offspring development (Enes-
Marques, Giusti-Paiva, 2018). To compensate for the effects
of the number of nursed offspring, females in the control
group had some of their newborns removed and the number
of nursed offspring was reduced by 4-5 individuals per litter.
Offspring from 13 IVF litters and 8 reduced control litters
were examined (Table 1).

Body mass and body composition of the offspring were
determined at 7-8, 10-11, and 19-20 weeks of age. Fat and
lean mass were quantified using a low-field NMR (nuclear
magnetic resonance) spectrometer EchoMRI (USA).

Locomotor activity and feed consumption were measured
in males and females of the control and experimental groups
at 11-12 weeks of age. Animals were housed one at a time in
Phenomaster cages (TSE, Germany). After a 2-day period of
habituation, we measured the distance traveled (spontaneous
locomotor activity), water and feed consumption for 3 days.
When analyzing circadian rhythms of locomotor and food
activity, the values of the analyzed parameters were summed
at 1-hour intervals. For intergroup comparisons of locomotor
activity, feed and water consumption, we used the total values
for the 3-day observation period.
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Table 2. Age, gender and experimental group effects on body mass and body composition (two-factor analysis of variance)

Indicators Age Gender Group
. S, P o Fuos P o b P

Body mass, g 34.97 <0.001 114.69 <0.001 16.96 <0.001

Fat mass, g 9.614 <0.001 0.733 =0.393 20.96 <0.001

% fat 1.10 =0.339 14.66 <0.001 13.96 <0.001

Lean mass, g 37.25 <0.001 290.79 <0.001 11.07 =0.001

% lean mass 2.14 =0.121 29.17 <0.001 6.73 =0.011

FLR 1.47 =0.23 20.28 <0.001 15.71 <0.001
Note.The effects of factor interactions were statistically unreliable and therefore are not included in the table.

Glucose tolerance test (GTT) was performed according Males Females
to the standard technique on males and females of controland | 45 m IVF
experimental groups at the age of 1011 weeks. 16 hours be- 4 Control
fore glucose injection, the feeder was removed from themice £ 54 I
maintenance cages. Glucose (PanEco, Russia) was injected 3 I
intraperitoneally at the rate of 10 ul 20 % glucose per 1 g 25 [
7-8 10-11  19-20 7-8 10-11  19-20

mouse weight. Blood was taken from the tip of the tail at five
time points: 0 —baseline level before intraperitoneal injection
of glucose solution, 1 —after 15 min, 2 —after 30 min, 3 — after
60 min, and 4 — after 120 min after intraperitoneal injection of
glucose solution. Blood glucose levels were measured using
a Contour TS glucose meter (Bayer, Switzerland). The area
under the curve of increase from the baseline glucose concen-
tration level (average under curve — AUC) was calculated by
numerical integration as an integral index of GGT.

Statistical analysis was started by assessing the nature
of the distribution of empirical data. According to the Kol-
mogorov—Smirnov criterion, all variation series of the ana-
lyzed traits corresponded to normal distribution. Therefore,
two- or three-factor analysis of variance and analysis of
variance with repeated measures were used to determine the
effects of experimental group, age, and sex. Comparisons of
the 2 mean values were performed using Student’s test (#-test).
Data are presented as means and errors (mean+ SE).

Results

Mass and body composition

Analysis of variance with the factors of experiment/control,
sex, and age (7-8, 10—11, and 19-20 weeks) showed that the
IVF procedure had a statistically significant effect on body
weight and composition (Table 2, Fig. 1).

There was no interaction of factors for any of the analyzed
traits, indicating a unidirectional effect of in vitro fertilization
in different sex and age groups. Analysis of the effects of IVF
performed separately for males and females revealed statisti-
cally significant differences in body weight between control
and experiment only in males whose IVF progeny outweighed
(43.7+0.7 g) the control (38.0+£0.8 g) in all age groups (from 3
to 20 weeks). The statistical significance of IVF was confirmed
by a two-factor analysis of variance with control/experiment
and age factors (F, ,,=28.6, p <0.001). The same technique
was applied to analﬂlze the effects of IVF on body composition
in males and females. Total fat and lean mass were higher in
IVF males (6.0+0.3 and 34.2+£0.4 g, respectively) than in
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Fig. 1. Mass and body composition in IVF and control groups at different
ages.

FLR is the ratio of fat to lean.
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Fig. 2. Daily dynamics of locomotor activity and feed intake in progeny obtained by natural conception (Control) or by IVF.

* p < 0.05, ANOVA with repeated measure: F; ;4 =5.06 for motor activity and F; ;4 = 5.16 for feed intake.

Table 3. Effects of gender and experimental group on locomotor activity and feed consumption (two-factor analysis of variance)

Factors df Locomotor activity
Fp ...........................
Gender ......................... 1645 ........................ - 0014 ..................
Grou p ........................... 1 ................. 0 11 ......................... - 074 ....................
Gender XGroup .......... 1 ................. 0 48 ........................ - 049 ....................
E,-ror46 ..........................................................................

controls (4.0+0.3 and 30.3+0.4 g; F, ;,=20.5,p<0.001 and
F,,;=40.0, p <0.001). In females, IVF had a statistically
sighiﬁcant effect only on fat content: IVF, 5.1+£0.2 g, control,
44£03 g F,,=44,p=0.04

The effects listed above are due in part to the effect of IVF
on animal body weight. But intergroup differences (IVF vs
control) persisted when analyzing relative body composition
indices. Thus, the percentage of fat in [VF males (13.4+0.6 %)
and females (15.7+0.5 %) exceeded that of controls (males,
10.6+0.7 %; F1,77 =10.5, p = 0.002; females, 13.6+0.8 %;
F,,=4.7,p=0.03). In contrast to fat, the proportion of lean
mass was higher in controls, but the effect of IVF was statisti-
cally significant only in females: control, 76.2+1.3 %, IVF,
72.4£0.9 %; F, ;,=5.8,p=0.02.

FLR also depended on sex and experimental group. In this
case, males and females obtained by in vitro fertilization sur-
passed control individuals in FLR: IVF males, 0.175+0.008
and control, 0.133+0.009; F, ., = 10.2, p = 0.002; IVF fe-
males, 0.221 + 0.009 and confrol, 0.180 £ 0.014; F]‘61 =6.1,
p=0.016.
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Feed consumption/body mass Feed consumption/activity

F p F p

137 ........................ : 025 ...................... ”84 ...................... < 0010 ..................
516 ........................ = 0023 ...................... 0 17 ...................... = 068 ....................
003 ........................ : 086 ........................ 0 57 ...................... : 045 ....................

Locomotor activity and feed consumption
Monitoring of locomotor activity and feed consumption
showed typical circadian changes in the studied indices in
mice (Fig. 2). Statistically significant differences between the
control and experimental groups were found only in males
during the second half of the active period, i. e., from 00:00 to
04:00 hours (local time). The control individuals showed an
increase in activity, which was statistically significantly higher
than that of the IVF progeny, at 01:00 h. In turn, IVF progeny
showed higher feed intake than control individuals at 03:00 h.
Analysis of variance with experiment/control and gender
factors of the results of 3-day monitoring of locomotor activity
and feed consumption showed that spontaneous locomotor ac-
tivity was independent of whether the animals belonged to the
control or experimental (IVF) group (Table 3). For feed intake
per 1 g body weight, a significant effect of IVF was found:
control individuals consumed more feed (0.630+0.037 g/g,
n = 26) than IVF-derived individuals (0.511+£0.036 g/g,
n = 24). Feed consumption per unit traveled was the same in
the control and experimental groups. It should be noted that
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Fig. 3. Glucose tolerance test: g, glucose concentration; b, AUC.
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*** p < 0.001 between experimental and control offspring groups (Student’s t-test).

Table 4. Effects of gender and experimental group on basal and maximal glucose levels and on AUC in the glucose tolerance test

(two-factor analysis of variance)

Factors df Basal level Maximal level AUC
Fp ............................. F p .............................. Fp ...........................
Gender ...................... 1 ..................... 0 78 ...................... : 038 ...................... O 28 ........................ : 060 ........................ 066 ...................... : 042 ....................
Group ........................ 1 ................... 2 1079 .................... < 0001 .................... O 6 5 ......................... : 043 ...................... 1 435 ...................... < 0001 ..................
GenderXGroup ....... 1 ..................... 0 06 ...................... : 081 ....................... 0 00 ........................ : 099 ........................ 0004 .................... : 095 ....................

a statistically significant effect of sex was detected for the
studied indicators. At the same time, females showed more
spontaneous activity and higher feed consumption compared
to males. But feed consumption per unit of the traversed way
was 24 % less for them than for males. Statistical signifi-
cance of sex differences is confirmed by analysis of variance:
F4=10.5,p=0.0022.

Glucose tolerance test (GTT)

The baseline glucose concentration (time 0 in Fig. 3) in males
and females obtained by IVF was significantly lower than in
controls (Table 4). The maximum values of glucose recorded
15 min after the injections were similar in individuals of dif-
ferent sexes and different experimental groups. The total de-
viations of glucose concentration (AUC) differed significantly
depending on the affiliation with the experimental group (see
Table 4). They were statistically significantly higher in IVF
progeny than in controls (see Fig. 3).

Discussion

Despite the equalization of the size of the litter in the control
and experimental groups, males obtained by in vitro fertiliza-
tion surpass the body mass of naturally conceived individuals
in all age groups. It should be noted that the positive effect of
IVF on the growth rate of males is also noted by other authors
(Van Montfoort et al., 2012; Donjacour et al., 2014; Narapa-
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reddy et al., 2021; Elhakeem et al., 2022). But this effect sig-
nificantly depends on the conditions of embryo development
outside the maternal body. When incubated in a medium with
optimized amino acid composition, the body mass of sexually
mature IVF males did not differ from controls (Donjacour
et al., 2014; Duranthon, Chavatte-Palmer, 2018; Qin et al.,
2021) and even exceeded that of females (Feuer et al., 2014).

In contrast to body mass, the effect of IVF on composition
was statistically significant in both males and females. The
total and relative (% of body mass) fat content was higher
in IVF offspring of both sexes. In its turn, [IVF males not
only had higher body mass compared to control males, but
the absolute values of lean mass were higher in them than in
control individuals. At the same time, the relative lean mass
in control males was superior to that in IVF progeny, at least
in females. One metabolically relevant characteristic of body
composition is the ratio of total fat mass to lean mass (Seo et
al., 2020; Liu etal., 2021). The offspring of both sexes obtained
by IVF were 31.6 % (males) and 22.8 % (females) higher in
FLR than control individuals.

The most widespread cause of individual variations in fat
accumulation is a change in the balance between energy sub-
strate intake and expenditure, particularly for muscular work.
Our study revealed no statistically significant differences in
the level of spontaneous activity between control and IVF pro-
geny. And feed consumption per unit body mass was lower
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in IVF offspring than in naturally-raised individuals. Expe-
rimental and clinical studies indicate that fat accumulation
increases when the main food intake shifts to the end of the
active phase of the diurnal cycle (Gill, Panda, 2015; Panda,
2016; Wilkinson et al., 2020). A statistically significant excess
of feed consumption 3 h before the end of the dark time of
the day was noted in IVF males, which exceeded the control
individuals in this indicator. In females of control and experi-
mental groups, the dynamics of feed consumption was the
same. But greater fat accumulation compared to the control
was characteristic of IVF offspring of both sexes. Therefore,
a change in the daily rhythm of feed intake occurring only in
males cannot serve as a universal explanation for changes in
body composition in IVF offspring.

Along with the balance of locomotor activity and feed
intake, no less important for fat accumulation is the rate of
utilization of energy substrates. The indicator reflecting the
rate of utilization of energy substrates can be the drop in
blood glucose concentration during a standard carbohydrate
load. The area under curve (AUC), the value of which was
2.5 (males) and 3.2 (females) times higher in IVF progeny
compared to the corresponding control, served as an integral
criterion of the efficiency of the initial glucose level recovery.

Therefore, IVF-derived mice differ from the control mice
in greater fat accumulation combined with lower feed con-
sumption and reduced tolerance to glucose load. This body
composition is in good agreement with the literature, accord-
ing to which individuals with lower basal metabolic rates are
more prone to diabetes mellitus (Maciak et al., 2020). The role
of body composition may act as one of the significant factors
of the observed metabolic changes. Here, the increase in the
ratio of fat to lean mass detected in all sex and age groups of
animals draws attention. It is known that adipose tissue makes
aminimal contribution to total energy intake, which is largely
determined by muscle (Seo et al., 2020; Liu et al., 2021), the
main component of lean mass.

To summarize, the results demonstrate that a significant
increase in the risk of metabolic syndrome in IVF offspring is
independent of the amount of feed consumption and locomo-
tor activity. In males, fat accumulation can be accounted for
by impaired daily rhythm of feed consumption and decreased
glucose utilization rate. In females, the main cause of fat
accumulation and, as a consequence, the risk of metabolic
syndrome may be associated with changes in the metabolic
pathways that ensure the efficient utilization of energy sub-
strates, and this cause is indicated by a significant decrease
in glucose tolerance.

It should be noted that our findings indicate possible path-
ways for the development of the metabolic syndrome, but do
not reveal its mechanisms, which may be due to many factors
related to the specific effects at different stages of offspring
ontogenesis when using the ART complex. In particular, the
composition of the culture medium (Khosla et al., 2001; Sjo-
blom et al., 2005; Zandstra et al., 2018), the oxygen content
of the gas medium and the pH of the culture medium (Kelley,
Gardner, 2017; Ng et al., 2018), the duration of embryo culture
(Johnson, 2019), and other factors associated with surgical
embryo transfection procedures (Rozhkova et al., 2017), as
well as maternal and fetal immunogenetic differences (Gerlin-
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skaya et al., 2019) affect the phenotype of offspring. Never-
theless, it should be emphasized that these works are limited
to the study of individual stages of individual development,
which makes it difficult to analyze the cause-effect relation-
ships between successive ontogenetic events. The period of
ontogenesis including the first cell division and development
of preimplantation embryos is critical and coincides with the
global reprogramming of the epigenome and establishment
of epigenetic modifications that persist into adulthood. It is
likely that epigenetic modifications resulting from exposure
to the procedures used in obtaining offspring by ART may
play a central role in destabilizing prenatal development and,
consequently, in increasing the risk of metabolic syndrome.
One of the criteria used to assess developmental destabi-
lization is fluctuating asymmetry (FA) (Dongen, 2006). The
feasibility of using this criterion as an indicator of develop-
mental destabilization is supported by clinical observations
showing that FA of fingerprints on the left and right hand with
a high degree of reliability is associated with predisposition
to diabetes (Morris et al., 2012, 2016; Yohannes et al., 2015).

Conclusion

Thus, the combination of our own and literature data al-
lows us to outline a range of IVF-conditioned interrelated
events that include developmental destabilization, a set of
metabolic changes, and increased risk of diabetes. However,
the mechanistic specification of the effects of IVF requires
further research, including expanded studies of the relation-
ships of epigenetic modifications, fluctuating asymmetry, and
metabolic regulation. The relevance of such studies, judging
by the data presented in the Norrman review (Norrman et al.,
2020), is steadily increasing as the cohort of people born with
assisted reproductive technology matures.

References

Cauldwell M., Patel R.R., Steer P.J., Swan L., Norman-Taylor J., Gat-
zoulis M., Johnson M.R. Managing subfertility in patients with heart
disease: what are the choices? Am. Heart. J. 2017;187:29-36. DOI
10.1016/j.ahj.2017.02.007.

Dongen S.V. Fluctuating asymmetry and developmental instability in
evolutionary biology: past, present and future. J. Evol. Biol. 2006;
19(6):1727-1743. DOI 10.1111/j.1420-9101.2006.01175 x.

Donjacour A., Liu X., Lin W., Simbulan R., Rinaud P.F. In vitro fer-
tilization affects growth and glucose metabolism in a sex-specific
manner in an outbred mouse model. Biol. Reprod. 2014;90(4):80.
DOI 10.1095/biolreprod.113.113134.

Duranthon V., Chavatte-Palmer P. Long term effects of ART: what do
animals tell us? Mol. Rep. Dev. 2018;85(4):348-368. DOI 10.1002/
mrd.22970.

Elhakeem A., Taylor A.E., Inskip H.M., Huang J., Tafflet M., Vrij-
kotte T.G.M., Nelson S.M., Andersen A.-M.N., Magnus M.C., Law-
lor D.A. Association of assisted reproductive technology with off-
spring growth and adiposity from infancy to early adulthood. JAMA
Netw. Open. 2022;5(7):€2222106. DOI 10.1001/jamanetworkopen.
2022.22106.

Enes-Marques S., Giusti-Paiva A. Litter size reduction accentuates ma-
ternal care and alters behavioral and physiological phenotypes in rat
adult offspring. J. Physiol. Sci. 2018;68(6):789-798. DOI 10.1007/
$12576-018-0594-8.

Farquhar C.M., Bhattacharya S., Repping S., Mastenbroek S., Ka-
math M.S., Marjoribanks J., Boivin J. Female subfertility. Nat. Rev.
Dis. Primers. 2019;5(1):7. DOI 10.1038/s41572-018-0058-8.

363



M.V. Anisimova, Yanli Gon, G.V. Kontsevaya ...
A.K. Stanova, L.A. Gerlinskaya, M.P. Moshkin

Feuer S.K., Liu X., Donjacour A., Lin W., Simbulan R.K., Giritha-
ran G., Piane L.D., Kolahi K., Ameri K., Maltepe E., Rinaudo H.F.
Use of a mouse in vitro fertilization model to understand the deve-
lopmental origins of health and disease hypothesis. Endocrinology.
2014;155(5):1956-1969. DOI 10.1210/en.2013-2081.

Gerlinskaya L.A., Evsikov V.I. Influence of genetic dissimilarity of
mother and fetus on progesterone concentrations in pregnant mice
and adaptive features of offspring. Reproduction. 2001;121(3):409-
417. DOI 10.1530/rep.0.1210409.

Gerlinskaya L.A., Litvinova E.A., Kontsevaya G.V., Feofanova N.A.,
Achasova K.M., Anisimova M.V., Maslennikova S.O., Zolo-
tykh M.A., Moshkin Y.M., Moshkin M.P. Phenotypic variations in
transferred progeny due to genotype of surrogate mother. Mol. Hum.
Reprod. 2019;25(2):88-99. DOI 10.1093/molehr/gay052.

Gill S., Panda S. A smartphone app reveals erratic diurnal eating pat-
terns in humans that can be modulated for health benefits. Cell
Metab. 2015;3:789-798. DOI 10.1016/j.cmet.2015.09.005.

Halliday J., Lewis S., Kennedy J., Burgner D.P., Juonala M., Ham-
marberg K., Amor D.J., Doyle L.W., Saffery R., Ranganathan S.,
Welsh L., Cheung M., McBain J., Hearps S.J.C., McLachlan R.
Health of adults aged 22 to 35 years conceived by assisted reproduc-
tive technology. Fertil. Steril. 2019;112(1):130-139. DOI 10.1016/
j-fertnstert.2019.03.001.

Hart R., Norman R.J. The longer-term health outcomes for children
born as a result of IVF treatment: Part [ — General health outcomes.
Hum. Reprod. Update. 2013;19(3):232-243. DOI 10.1093/humupd/
dms062.

Heber M.F., Ptak G.V. The effects of assisted reproduction technologies
on metabolic health and disease. Biol. Reprod. 2021;104(4):734-
744. DOI 10.1093/biolre/ioaa224.

Hyrapetian M., Loucaides E.M., Sutcliffe A.G. Health and disease in
children born after assistive reproductive therapies (ART). J. Re-
prod. Immunol. 2014;106:21-26. DOI 10.1016/j.jri.2014.08.001.

Johnson M.H. A short history of in vitro fertilization (IVF). Int. J. Dev.
Biol. 2019;63(3-4-5):83-92. DOI 10.1387/ijdb.180364m;.

Kelley R.L., Gardner D.K. In vitro culture of individual mouse preim-
plantation embryos: the role of embryo density, microwells, oxy-
gen, timing and conditioned media. Reprod. Biomed. Online. 2017;
34(5):441-454. DOI 10.1016/j.rbmo0.2017.02.001.

Khosla S., Dean W., Brown D., Reik W., Feil R. Culture of preimplanta-
tion mouse embryos affects fetal development and the expression of
imprinted genes. Biol. Reprod. 2001;64(3):918-926. DOI 10.1095/
biolreprod64.3.918.

Kontsevaya G.V., Gerlinskaya L.A., Moshkin Y.M., Anisimova M.V,
Stanova A.K., Babochkina T.I., Moshkin M.P. The effects of sperm
and seminal fluid of immunized male mice on in vitro fertilization
and surrogate mother—embryo interaction. Int. J. Mol. Sci. 2021,
22(19):10650. DOI org/10.3390/ijms221910650.

La Rovere M., Franzago M., Stuppia L. Epigenetics and neurologi-
cal disorders in ART. Int. J. Mol. Sci. 2019;20(17):E4169. DOI
10.3390/ijms20174169.

Liu D., Zhong J., Ruan Y., Zhang Z., Sun J., Chen H. The association
between fat-to-muscle ratio and metabolic disorders in type 2 dia-
betes. Diabetol. Metab. Syndr. 2021;13:129. DOI 10.1186/s13098-
021-00748-y.

Maciak S., Sawicka D., Sadowska A., Prokopiuk S., Buczynska S.,
Bartoszewicz M., Niklinska G., Konarzewski M., Car H. Low basal
metabolic rate as a risk factor for development of insulin resistance
and type 2 diabetes. BMJ Open Diab. Res. Care. 2020;8:¢001381.
DOI 10.1136/bmjdrc-2020-001381.

Marin N., Mecha M., Espejo C., Mestre L., Eixarch H., Montalban X.,
Alvarez-Cermeiio J.C., Guaza C., Villar L.M. Regulatory lympho-
cytes are key factors in MHC-independent resistance to EAE. J. Im-
munol. Res. 2014;2014:156380. DOI 10.1155/2014/156380.

364

Body composition as an indicator of metabolic changes
in mice obtained by in vitro fertilization

Morris M.R., Ludwar B.C., Swingle E., Mamo M.N., Shubrook J.H.
A new method to assess asymmetry in fingerprints could be used
as an early indicator of type 2 diabetes mellitus. J. Diabetes Sci.
Technol. 2016;10(4):864-871. DOI 10.1177/1932296816629984.

Morris M.R., Rios-Cardenas O., Lyons S., Tudor M.S., Bono L. Fluc-
tuating asymmetry indicates optimization of growth rate over deve-
lopmental stability. Funct. Ecol. 2012;26(3):723-731. DOI 10.1111/
j.1365-2435.2012.01983 x.

Narapareddy L., Rhon-Calderon E.A., Vrooman L.A., Baeza J., Ngu-
yen D.K., Mesaros C., Lan Y., Garcia B.A., Schultz R.M., Bartolo-
mei M.S. Sex-specific effects of in vitro fertilization on adult meta-
bolic outcomes and hepatic transcriptome and proteome in mouse.
FASEB J. 2021;35(4):¢21523. DOI 10.1096/1j.202002744R.

Ng K.Y.B., Mingels R., Morgan H., Macklon N., Cheong Y. /n vivo
oxygen, temperature and pH dynamics in the female reproductive
tract and their importance in human conception: a systematic review.
Hum. Reprod. Update. 2018;24(1):15-34. DOI 10.1093/humupd/
dmx028.

Norrman E., Petzold M., Clausen T.D., Henningsen A.-K., Opdahl S.,
Pinborg A., Rosengren A., Bergh C., Wennerholm U. Type 1 diabe-
tes in children born after assisted reproductive technology: a regis-
ter-based national cohort study. Hum. Reprod. 2020;35(1):221-231.
DOI 10.1093/humrep/dez227.

Panda S. Circadian physiology of metabolism. Science. 2016;
354(6315):1008-1015. DOI 10.1126/science.aah4967.

Qin N., Zhou Z., Zhao W., Zou K., Shi W., Yu C., Huang H. Abnormal
glucose metabolism in male mice offspring conceived by in vitro fer-
tilization and frozen-thawed embryo transfer. Front. Cell Dev. Biol.
2021;9:637781. DOI 10.3389/fcell.2021.637781.

Rapacz-Leonard A., Dabrowska M., Janowski T. Major histocom-
patibility complex I mediates immunological tolerance of the tropho-
blast during pregnancy and may mediate rejection during parturition.
Mediators Inflamm. 2014;214:579279. DOI 10.1155/2014/579279.

Roy M.C., Dupras C., Ravitsky V. The epigenetic effects of assisted re-
productive technologies: ethical considerations. J. Dev. Orig. Health.
Dis. 2017;8(4):436-442. DOI 10.1017/S2040174417000344.

Rozhkova I.N., Igonina T.N., Ragaeva D.S., Petrova O.M., Brusen-
tsev E.Y., Naprimerov V.A., Amstislavsky S.Y. Long-term effects
of maternal exposure to surgical stress at the earliest stage of preg-
nancy on blood pressure and behavior in offspring of OXYS rats.
Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Gene-
tics and Breeding. 2017;21(8):937-942. DOI 10.18699/VI17.316.
(in Russian)

Russian Association of Human Reproduction. National Register of ART
0f 2019. https://www.rahr.ru/d_registr_otchet/Registr ART2019.pdf.
(in Russian)

Scott K.A., Yamazaki Y., Yamamoto M., Lin Y., Melhorn S.J., Krau-
se E.G., Woods S.C., Yanagimachi R., Sakai R.R., Tamashiro K.
Glucose parameters are altered in mouse offspring produced by as-
sisted reproductive technologies and somatic cell nuclear transfer.
Biol. Reprod. 2010;83(2):220-227. DOI 10.1095/biolreprod.109.
082826.

Seo Y.-G., Song H.J., Song Y.R. Fat-to-muscle ratio as a predictor of
insulin resistance and metabolic syndrome in Korean adults. J. Ca-
chexia Sarcopenia Muscle. 2020;11(3):710-725. DOI 10.1002/jcsm.
12548.

Sjoblom C., Roberts C.T., Wikland M., Robertson S.A. Granulocyte-
macrophage colony-stimulating factor alleviates adverse conse-
quences of embryo culture on fetal growth trajectory and placen-
tal morphogenesis. Endocrinology. 2005;146(5):2142-2153. DOI
10.1210/en.2004-1260.

Sousa S.M., Norman R.J. Metabolic syndrome, diet and exercise. Best
Pract. Res. Clin. Obstet. Gynaecol. 2016;37:140-151. DOI 10.1016/
j-bpobgyn.2016.01.006.

BaBunosckuii xKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 4


https://pubmed.ncbi.nlm.nih.gov/30445548/
https://pubmed.ncbi.nlm.nih.gov/30445548/
https://doi.org/10.1155/2014/156380
https://pubmed.ncbi.nlm.nih.gov/33734487/
https://pubmed.ncbi.nlm.nih.gov/33734487/
http://dx.doi.org/10.1155/2014/579279
https://www.rahr.ru/d_registr_otchet/RegistrART2019.pdf

M.B. AHucrmoBa, J1. ToH, IB. KoHueBas ...
A K. CraHoBa, J1.A. TepnuHckas, M.IM. MowKnH

van Montfoort A.P.A., Hanssen L.L.P., de Sutter P., Viville S., Ge-
raedts J.P.M., de Boer P. Assisted reproduction treatment and epi-
genetic inheritance. Hum. Reprod. Update. 2012;18(2):171-197.
DOI 10.1093/humupd/dmr047.

Wilkinson M.J., Manoogian E.N.C., Zadourian A., Lo H., Fakhouri S.,
Shoghi A., Wang X., Fleischer J.G., Navlakha S., Panda S., Taub P.R.
Ten-hour time-restricted eating reduces weight, blood pressure, and
atherogenic lipids in patients with metabolic syndrome. Cell Metab.
2020;31(1):92-104.¢5. DOI 10.1016/j.cmet.2019.11.004.

Wyns C., De Geyter C., Calhaz-Jorge C., Kupka M.S., Wyns C., Mo-
canu E., Motrenko T., Scaravelli G., Smeenk J., Vidakovic S., Goos-
sens V. ART in Europe, 2018: results generated from European re-

ORCID ID

M.V. Anisimova orcid.org/0000-0003-1522-9433

A.V. Romashchenko orcid.org/0000-0002-0674-0574
L.A. Gerlinskaya orcid.org/000-0002-8118-1362

M.P. Moshkin orcid.org/0000-0002-5388-2946

2023
274

Komnosumuuma Tena Kak MHAUKATOP MeTabosIMyecKnx N3MeHeHnN
Y MblLLEW, NONYyYEHHbIX NyTeM ONNOAOTBOPEHWA in Vitro

gistries by ESHRE. Hum. Reprod. Open. 2022;2022(3):hoac022.
DOI 10.1093/hropen/hoac022.

Yohannes S., Alebie G., Assefa L. Dermatoglyphics in type 2 diabetes
with implications on gene linkage or early developmental noise: past
perspectives. Current Trends Future Prospects. 2015;3(1D):297-305.

Zandstra H., Brentjens L.B.P.M., Spauwen B., Touwslager R.N.H.,
Bons J.A.P., Mulder A.L., Smits L.JM., van der Hoe-
ven M.A.H.B.M., van Golde R.J.T., Evers J.L.H., Dumoulin J.C.M.,
van Montfoort A.P.A. Association of culture medium with growth,
weight and cardiovascular development of IVF children at the age
of 9 years. Hum. Reprod. 2018;33(09):1645-1656. DOI 10.1093/
humrep/dey246.

Acknowledgements. The study was supported by the Russian Science Foundation Grant No. 23-14-00179. The resources of the Center for Genetic
Resources of Laboratory Animals, which is supported by budgetary projects (AAAA-A17-17072710029-7 and 0259-2019-0004), were used in this work.

Conflict of interest. The authors declare no conflict of interest.
Received May 16, 2023. Revised June 5, 2023. Accepted June 9, 2023.

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

365


https://doi.org/10.1093/humupd/dmr047

FTEHETUKA N CENEKUNA XKUBOTHbIX BaBMnoBcKUi XXypHan reHeTUKMN 1 cenekumm. 2023;27(4):366-372

OpuruHanbHoe nccneposaHue / Original article DOI 10.18699/VJGB-23-44

Original Russian text https://vavilovj-icg.ru/

Genetic methods in honey bee breeding

M.D. Kaskinova @, A.M. Salikhova, L.R. Gaifullina, E.S. Saltykova

Institute of Biochemistry and Genetics — Subdivision of the Ufa Federal Research Center of the Russian Academy of Sciences, Ufa, Russia
® kaskinovamilyausha@mail.ru

Abstract. The honey bee Apis mellifera is a rather difficult object for selection due to the peculiarities of its biology. Breed-
ing activities in beekeeping are aimed at obtaining bee colonies with high rates of economically useful traits, such as
productivity, resistance to low temperatures and diseases, hygienic behavior, oviposition of the queen, etc. With two apiar-
ies specializing in the breeding of A. m. mellifera and A. m. carnica as examples, the application of genetic methods in the
selection of honey bees is considered. The first stage of the work was subspecies identification based on the analysis of
the polymorphism of the intergenic mtDNA locus tRNAleu-COIl (or COI-COIl) and microsatellite nuclear DNA loci Ap243,
4a110, A24, A8, A43, A113, A88, Ap049, A28.This analysis confirmed that the studied colonies correspond to the declared
subspecies. In the apiary with A. m. mellifera, hybrid colonies have been identified. A method based on the analysis of poly-
morphisms of the tRNAleu-COIl locus and microsatellite nuclear DNA loci has been developed to identify the dark forest bee
A. m. mellifera and does not allow one to differentiate subspecies from C (A. m. carnica and A. m. ligustica) and O (A. m. cau-
casica) evolutionary lineages from each other. The second stage was the assessment of the allelic diversity of the csd gene.
In the apiary containing colonies of A. m. mellifera (N = 15), 20 csd alleles were identified. In the apiary containing colonies
of A. m. carnica (N = 44), 41 alleles were identified. Six alleles are shared by both apiaries. DNA diagnostics of bee diseases
showed that the studied colonies are healthy. Based on the data obtained, a scheme was developed for obtaining primary
material for honey bee breeding, which can subsequently be subjected to selection according to economically useful traits.
In addition, the annual assessment of the allelic diversity of the csd gene will shed light on the frequency of formation of
new allelic variants and other issues related to the evolution of this gene.
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I'eHeTMUeCKN/e MEeTObI B CeJIeKILUNM MeOHOCHOI ITUeJIbl
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MHCTUTYT BUOXMMIN 1 reHeTUKK — 060cobneHHoe CTPYKTypHOe noapasaeneHrie YOrMckoro gpeepanbHOro MCCiefjoBaTe/lbCkoro LieHTpa
Poccuiickoit akapemun Hayk, Yéda, Poccua
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AHHoTayusa. MefoHocHas nuena Apis mellifera aBnseTca [OBONBHO CNOXHBIM OOBEKTOM [N1A CENEKLMM B CUY OCOOeH-
HocTeli ee 6uonormuun. CenekyNoHHbIE MEPONPUATAA B MUENTOBOACTBE HaLleNIEHbl HA NMOyYeHNe CEMEN NYEN C BbICOKMMU
nokasartenAmm X03ANCTBEHHO MONIE3HbIX MPU3HAKOB, TaKMX Kak MPOAYKTUBHOCTb, YCTOMUYMBOCTb K HU3KUM TemnepaTtypam
1 3a60neBaHNAM, TMIMEHNYECKOE NOBEAEHNE, ANLIEHOCKOCTb MaTKM 1 Ap. Ha npumepe ABYX nacek, CneLmanm3npyoLwmnxcs
Ha pa3BegeHun A. m. mellifera n A. m. carnica, pacCMOTPEHO NPUMeHeHWe reHeTUYECKNX METOAOB B CenekL v MeOHOCHOM
nuesbl. MNepBbiM 3Tanom paboTbl 6bINO yCTaHOBNEHVE NOABUAOBON MPUHAAJIEXHOCTN Ha OCHOBE OLEHKM nonmmopdus-
Ma mexxreHHoro nokyca MTOHK tRNAleu-COIl n muKpocaTennnTHbIX nokycoB saaepHon OHK Ap243, 4a110, A24, A8, A43,
A113, A88, Ap049 n A28. lMoaTBEpPXAEHO, UTO MCCNeayeMble CeMbM COOTBETCTBYIOT 3asABNIeHHbIM noAsuaam. Ha naceke c
A. m. mellifera BbisiBneHbl rmbpugHble cemby. MeTo, OCHOBaHHbIN Ha aHanuse nonmmopousma nokyca tRNAleu-COIl (nnn
COI-COIl) n MunKpocaTennnTHbIX NoKycoB agepHoi AHK, 6bin paspaboTaH ana naeHTUdMKaLmym TEMHON IECHOW NYenbl
A. m. mellifera v He no3sonseT guddepeHUMpPoBaTb NpeacTaBuTENEl BONIOUMOHHbIX BeTBen C (A. m. carnica n A. m. ligus-
tica) n O (A. m. caucasica). Ha BTopom 3Tane oLeHMBanoch annenbHoe pasHoobpasue reHa csd. Ha naceke, cogepalien
cembu A. m. mellifera (N = 15), BbisiBneHo 20 anneneii csd, Ha naceke, copeprallen cembu A. m. carnica (N = 44), - 41 annenb.
WecTb annenenn 6binv obwmmn ans aeyx nacek. [HK-guarHoctuka 3aboneBaHuii nyenbl Nokasana, Yto nccnegyemblie ce-
MbW ABNATCA 340POBbIMU. [0 pe3ynbTaTam UCCefoBaHUI pa3paboTaHa CxeMa MoslyYeHMs MePBUYHOIO MaTepuana ans
ceneKkumm MefoHOCHOI NYesibl, Ha KOTOPbI BMOCNEACTBMN MOXET ObITb HaNOXeH OTOOP MO XO3ANCTBEHHO NONIE3HbIM NPY-
3HaKaMm. Kpome Toro, exkerofHas oLeHKa annesbHOro pa3Hoobpasua reHa csd No3BOAUT NPOANTL CBET Ha YacToTy popmu-
POBaHVA HOBbIX afiefibHbIX BapUaHTOB 1 APYrie BONPOChI, CBA3aHHbIE C SBOJTIOLMEN STOrO reHa.

KnioueBble cnoBa: MegoHocHas nuena; Apis mellifera; nokyc tRNAleu-COIl; MUKpocaTennnTbl; reH ¢sd; 6onesHu nuen.
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Introduction

In 1996, in the Laboratory of Biochemistry of Insect Adapt-
ability of the Institute of Biochemistry and Genetics of the Ufa
Scientific Center of the Russian Academy of Sciences, under
the guidance of Professor Aleksey Gennadievich Nikolenko,
studies of the honey bee were initiated (Nikonorov et al., 1998;
Nikolenko, Poskryakov, 2002). This object was not chosen by
chance. The most extensive habitat of the dark forest bee Apis
mellifera mellifera has remained on the territory of the Repub-
lic of Bashkortostan (RB). This subspecies is native to the
territory of Russia and belongs to the M evolutionary lineage.

In total, four evolutionary lineages for the honey bee were
identified based on morphometric (Ruttner, 1988) and genetic
(De La Rua et al., 2009; Meixner et al., 2013; Cridland et al.,
2017) data. These are evolutionary lineages M (bee subspe-
cies of the western Mediterranean and northwestern Europe
A. m. mellifera and A. m. iberiensis), A (subspecies from
Africa A. m. scutellata, A. m. sahariensis, etc.), C (subspecies
from southeastern Europe 4. m. ligustica, A. m. carnica, etc.)
and O (subspecies from the Middle East and Western Asia
A. m. caucasica, A. m. anatolica, etc.). The import of bee
colonies of other subspecies (particularly A. m. caucasica and
A. m. carnica) has led to mass hybridization and the loss of the
local population of honey bees in most of Russia. Therefore,
the goal was to identify honey bee subspecies in order to pre-
serve parts of scattered local populations of 4. m. mellifera.
The method developed by Garnery et al. (1998) was adopted.
This method is based on the analysis of the polymorphism
of the tRNAleu-COII intergenic mitochondrial DNA locus
and makes it possible to determine the maternal line of bees.
However, using this method, it was impossible to assess the
influence of the drone background and identify hybrid colo-
nies. Therefore, the search for new informative genetic mar-
kers was continued.

To establish the level of hybridization of colonies, the
method proposed by Solignac et al. (2003), which is based
on the analysis of polymorphism of microsatellite loci, was
adapted. Out of 36 microsatellite loci, those that showed
the greatest differentiating ability for reference samples of
A. m. mellifera, A. m. caucasica and A. m. carnica (selected
in their natural habitats in Russia) were selected (II’yasov et
al., 2007; Kaskinova et al., 2022). A set of 9 microsatellite loci
made it possible to differentiate the subspecies 4. m. melli-
fera from A. m. caucasica and A. m. carnica, but not the last
two subspecies from each other. Using this method, surviving
populations of A. m. mellifera were found on the territory of
the RB and partially in other regions of Russia (II’yasov et
al., 2007; Kaskinova et al., 2022).

At the same time, work on DNA diagnostics of honey bee
diseases was underway. In 2015, studies were launched to as-
sess the allelic diversity of the csd (complementary sex deter-
miner) gene of the honey bee (Kaskinova et al., 2019). These
studies were initiated in response to the problem of irregular
brood pattern (uneven distribution of brood cells in combs)
faced by beekeepers that used instrumental insemination and
closed type of bee breeding. An irregular brood pattern can be
caused by brood diseases and inbreeding. The first reason was
excluded by us based on the results of PCR diagnostics of bee
diseases. To assess the effect of inbreeding, we analyzed the
allelic diversity of the csd gene. The low allelic diversity of
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the csd gene results in a large number of diploid drones, which
are killed by worker bees. This leads to such a phenomenon
as genetic irregular brood pattern (Beye et al., 2003; Zareba
et al., 2017; Mroczek et al., 2022). Genetic irregular brood
pattern is more common in apiaries with a closed type of
breeding (isolated apiary). We analyzed the allelic diversity
of the csd gene in paternal apiaries and determined which
colonies are best used for instrumental insemination of queens.
All these methods have found application in practical bee-
keeping and in combination can be used for selection of honey
bees. Based on the results of more than 20 years of research,
we have developed a scheme for obtaining primary material
for honey bee breeding. This scheme includes the following
items: (1) honey bee subspecies identification; (2) assessment
of the allelic diversity of the csd gene; (3) assessment of the
health status of the bee colony based on DNA diagnostics of
bee diseases. On the example of two apiaries specializing in
breeding A. m. mellifera and A. m. carnica, we will consider
the application of genetic methods in honey bee breeding.

Materials and methods

Sample collection. Two breeding apiaries were selected for
the study. At the first apiary (hereinafter, apiary No. 1) from
the Iglinsky district of the RB, which specializes in breeding
A. m. mellifera, worker bees and drones from 15 colonies
were selected. In this apiary, the beekeeper uses instrumental
insemination and paternal colonies of different origins. At the
second apiary (No. 2) from the Chishminsky district of the RB,
worker bees and drones belonging to the subspecies 4. m. car-
nica were selected from 44 colonies. There is no breeding
control in this apiary, but new queens are imported every year
to maintain the genetic diversity of colonies. Worker bees
(3 worker bees per colony) were used for subspecies iden-
tification, since they provide more complete information about
the colony genotype. All bees were collected inside the hive
from brood frames.

Apis mellifera subspecies identification. DNA was iso-
lated from the thorax muscles of worker bees using the DNA-
Extran-2 kit (Syntol, Moscow). The analysis of the mtDNA
tRNAleu-COIlI intergenic locus and 9 microsatellite loci
(Ap243, 4a110, A24, A8, A43, A113, A8S, Ap049, A28)
was used for subspecies identification. Primer sequences are
presented in Table 1. The PCR mixture for 10 samples with
a total volume of 150 pl included 120 pl of distilled water,
15 pl of magnesium buffer, 3 ul of DNTP mixture (concentra-
tion 10 umol each), 5 pl of F- and R-primer (concentration
of 10 pmol/ul) and 3 pul of Taq polymerase (components of
the PCR mixture produced by Sintol, Moscow). PCR mode:
3 min at 94 °C, then 30 cycles with denaturation for 30 s at
94 °C, annealing for 30 s at 49 °C (for the tRNAleu-COII lo-
cus) and 55 °C (for microsatellite loci), elongation for 60 s at
72 °C and final elongation for 3 min at 72 °C. PCR products
were visualized using 8 % polyacrylamide gel electrophoresis
(PAAG) followed by detection in a Gel Doc™ XR+ photo-
system (BioRad, USA).

Samples of 4. m. mellifera from the Burzyansky district of
the RB and Perm Krai (N = 136) were used as a reference group
of the evolutionary lineage M. Samples from the Republic of
Adygea, Krasnodar Krai and Uzbekistan (N = 120) were used
as representatives of the C/O evolutionary lineages.
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Table 1. Primer sequences
for Apis mellifera subspecies identification

No Locus Primer sequence
1 tNAw-COIl  F-GGCAGAATAAGTGCATTG
RCAATATCATTGATGACC
2 ............. 4a 1 10 .................... FCGCTCGCGGTGGATTTCATTT ..................
RGGCAAAAGTGGCGGAGAAAGA
3 ............. A43 ....................... FCACCGAAACAAGATGCAAG ....................
RCCGCTCATTAAGATATCCG
4 ............. AH3 ..................... FCTCGAATCGTGGCGTCC ...........................
RCCTGTATTTIGCAACCTCGC
5 ............. A88 ....................... FCGAATTAACCG ATTTGTCG .......................
RGATCGCAATTATIGAAGGAG
6 ............. Apo49 ................... FCCAATAGCGGCGAGTGTG ........................
RGGGCTICGTACGTCCACC
7 ............. A2 8 ....................... FGAAGAGCGTTGGTTGCAGG ....................
RGCCGTTCATGGTTACCACG
8 ............. Ap243 ................... FAATGTCCGCGAGCATCTG .........................
RTGTTTACGAGAATTCGACGGG
9 ............. Az 4 ....................... FCACAAGTTCCAACAATGC ........................
RCACATTGAGGATGAGCG
1 O ............. A8 ......................... FCGAAGGT AAGGTAAATGGAAC ................

Cluster analysis was carried out using Structure 2.3.4
software. The Admixture model was used with Burnin Period
and MCMC equal to 10,000 and 100,000, respectively. The
number of clusters was set from 1 to 10. The estimated num-
ber of clusters was calculated using the Structure Harvester
online service (Earl, von Holdt, 2012). The results obtained
in Structure were processed in CLUMPP 1.1.2 using the
FullSearch algorithm.

Assessment of allelic diversity of the csd gene. DNA was
isolated from the thorax muscles of drones using the DNA-
Extran-2 kit (Syntol, Moscow). Primers F-GGGAGAGAAG
TTGCAGTAGAG and R-TTGATGCGTAGGTCCAAATCC
flanking exons 6-8 of the csd gene were used (Kaskinova
et al., 2019). Sequencing of PCR products was carried out
at Syntol (Moscow) with forward and reverse primers used
for PCR. The resulting nucleotide sequences were edited in
Chromas v. 2.22 and aligned with ClustalW in MEGA v6.0.
Alignment was performed on the reference sequence (NCBI
Reference Sequence: NC _007072.3). Exons were identified
using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The
nucleotide sequences have been uploaded to Genbank and
are available under numbers KY502199-KY 502249 and
MK531891-MK531969.
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DNA diagnostics of honey bee diseases. We performed
DNA diagnostics of the most common honey bee pathogens
(Table 2): the fungus Ascosphaera apis, which causes asco-
spherosis (AscoA); microsporidium Nosema/Vairimorpha
apis (NosA) and Nosema/Vairimorpha cerana (NosC), caus-
ing type A and C nosematosis, respectively; bacteria Paeni-
bacillus larvae (AFB) and Melissococcus plutonius (EFB)
causing foulbrood diseases. PCR diagnostics of bees for the
presence of viral diseases was also performed: sacbrood virus
(SBV), black queen cell virus (BQCV), wing deformation
virus (DWV), Kashmir bee virus (KBV), acute bee paralysis
virus (ABPV), chronic bee paralysis virus (CBPV) (see primer
list in Table 2). DNA samples from diseased bees and synthetic
DNA fragments that completely matched the expected PCR
product were used as a positive control.

DNA isolation was performed from the midgut of worker
bees (10 worker bees from each colony) using the DNA-
Extran-2 kit. The PCR mixture for 10 samples with a total
volume of 150 pl included 120 pl of distilled water, 15 ul
of magnesium buffer, 3 pl of DNTP mixture (concentration
10 pmol each), 5 pl of F- and R-primer (concentration of
10 pmol/ul) and 3 ul of Taq polymerase. PCR mode: 5 min
at 94 °C, then 30 cycles with 30 s denaturation at 94 °C, 30 s
annealing at 50 °C, 60 s elongation at 72 °C and final elonga-
tion 7 min at 72 °C. Amplification products were visualized
in 8 % PAAG.

To diagnose honey bee viruses, RNA was isolated from
the thorax muscles of live bees (from one colony of 20 bees
frozen in liquid nitrogen, taking into account two repetitions)
using Trizol (Thermo FS). For cDNA synthesis, an RT-PCR
kit (Syntol, Moscow) was used. The resulting cDNA was used
for further PCR.

Results and discussion

Apis mellifera subspecies identification

Using the polymorphism analysis of the mtDNA tRNAleu-
COII intergenic locus and 9 microsatellite loci, we analyzed
the genetic structure of the studied samples.

Analysis of the mtDNA tRNAleu-COII intergenic locus is
one of the simple and reliable methods for differentiating M
and C/O evolutionary lineages. Allelic variants P(Q);_, are
markers of the origin of bees from A. m. mellifera, allelic va-
riant Q — from subspecies from the evolutionary lineages C
and O on the maternal line. P and Q are conventional de-
signations for non-coding repeats located between the fRNAleu
and COII genes. At the same time, the subspecies from the
evolutionary branches C and O lack the P repeat (Bertrand et
al., 2015). This analysis confirmed that the studied colonies
correspond to the declared evolutionary lineages. In api-
ary No. 1, 14 out of 15 colonies had a PQQ allelic variant,
and in one colony an allelic variant PQQQ was detected. All
colonies from apiary No. 2 had the allelic variant Q.

Figure 1 shows the results of cluster analysis. Analysis
of Structure output data in Structure Harvester showed that
the total study sample consists of two main clusters (K = 2,
delta K = 2554.6). The first cluster is represented by a dark
forest bee; the second cluster includes subspecies from the
evolutionary lineages C (4. m. carnica) and O (4. m. cau-
casica). The colonies from apiary No. 1 entered the same
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Primer Sequence, 5'—3’

FARB GCAAGTCGAGCGGACCTTGT
RAFB GCATCGTCGCCTTGGTAAGC
FEFB GAAGAGGAGTTAAAAGGCGC
REFB TTATCTCTAAGGCGTTCAAAGG
FNosA GCATGTCTTTGACGTACTATGTA
RNosA CGTTTAAAATGTGAAACAACTATG
FNosC CGACGATGTGATATGAAAATATTAA
RNosC TCATTCTCAAACAAAAAACCG
FAsoh GCACTCCCACCCTTGTCTA
RAsoA CCCACTAGAAGTAAATGATGGTTA
Fsv ACCAACCGATTCCTCAGTAG
RSBV CCTTGGAACTCTGCTGTGTA
FBQCV AGTAGTTGCGATGTACTTCC
RBQCV CTTAGTCTTACTCGCCACTT
oW ATTGTGCAAGATTGGACTAC
ROW AGATGCAATGGAGGATACAG
KBV GATGAACGTCGACCTATTGA
RKBV TGTGGGTTGGCTATGAGTCA
FABV GTGCTATCTTGGAATACTAC
RABPV AAGGYTTAGGTTCTACTACT
FcBV TGTCGAACTGAGGATCTTAC
RCBAV GACCTGATTAACGACGTTAG

Ancestry

M

Size, b.p. Reference
. 237 ........................................... Bakony,eta|2003 ..................................
. 831 ........................................... Govaneta| 1998 ....................................
a2 Espregueira Themudo etal, 2020
. 21 8 ..........................................
s James, Skinner, 2005
aes-460 Berényietal,2006

/0 1 2

Fig. 1. Genetic structure of the studied samples at K=2, where M is a reference sample from the M evolutionary lineage; C/O is
a reference sample from the C/O evolutionary lineages; 1 is a sample from apiary No. 1; 2 is a sample from apiary No. 2.

cluster with bees from the reference sample M (i. e., subspe-
cies A. m. mellifera from the evolutionary lineage M). At the
same time, introgression of the C/O gene pool is noted in two
colonies. Colonies from apiary No. 2 form a common cluster
with a C/O reference sample.

This method was developed for the identification of the
dark forest bee A. m. mellifera and does not allow one to
differentiate representatives of the C and O evolutionary
lineages from each other. Therefore, we can say that the
colonies in apiary No. 1 belong to the subspecies A. m. mel-
lifera. Some of the colonies turned out to be hybrid and it
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was recommended to take measures to replace the queens. In
apiary No. 2, hybrid colonies were also identified (with the
share of cluster M > 15 %).

The problem of subspecies identification of the honey bee
arose in connection with the uncontrolled transportation of
bee colonies and the development of package beekeeping. If
the differentiation of subspecies from the M and C/O evolu-
tionary lineages is a resolved issue and is used to search for
native populations (Nikolenko, Poskryakov, 2002; I1’yasov et
al., 2007), then the differentiation of subspecies belonging to
the same evolutionary lineage remains relevant.

369



M.D. Kaskinova, A.M. Salikhova
L.R. Gaifullina, E.S. Saltykova

Table 3. Summary table of csd alleles in the studied samples

Genetic methods
in honey bee breeding

Apiary Number of colonies Number of csd alleles
No. 1 15 20
No. 2 44 41

Assessment of allelic diversity of the csd gene

Determining the allelic diversity of a sex-determining gene
is one of the main tasks of a modern bee breeding program
(Hyink et al., 2013). Keeping honey bees under closed breed-
ing conditions results in the accumulation of a large number of
common csd alleles, and consequently leads to the production
of'a large number of diploid drones. Diploid drones are killed
by worker bees and this leads to a decrease in the strength of
the colony.

In apiary No. 1, 20 csd alleles described by us earlier (Kas-
kinova et al., 2019) were detected, in apiary No. 2 —41 alleles.
Six alleles are shared by two apiaries. Almost half of the alleles
are rare, i.e. meet once (Table 3).

In apiary No. 1, common alleles were identified in seven
colonies (in colonies 2 and 7; 5 and 9; 5, 8 and 14, see Suppl.
Material 1)!. The remaining alleles are rare. To avoid the
appearance of diploid drones, it was recommended not to
use together the sperm of drones from colonies with the
same csd alleles during artificial insemination of queens. In
apiary No. 2, almost half of the csd alleles are rare. Allele 3
csd (Suppl. Material 2) was found in 9 colonies, allele 6 — in
8 colonies. Common alleles have been identified in sister
colonies descending from one queen.

Thus, we have established that nine colonies from api-
ary No. 1 belong to the A. m. mellifera subspecies and have
a high allelic diversity of the csd gene, and therefore are
recommended for further use as paternal colonies (see Suppl.
Material 1). In apiary No. 2, in contrast to apiary No. 1, arti-
ficial insemination of queens is not used. Since the colonies
of this apiary have a homogeneous genetic structure, colo-
nies with the same alleles can be used as finisher colonies or
a queen replacement can be carried out in them (see Suppl.
Material 2). It is also possible to use these colonies as pro-
ducers of honey products, preventing drones from breeding
by installing drone cages.

Assessment of the health of bee colonies

PCR analysis showed that the studied colonies are healthy.
Unfortunately, such healthy apiaries are the exception rather
than the rule. In recent times, there has been a sad trend of
a large number of apiaries suffering from nosematosis (our
data, unpublished). The honey bee A. mellifera has been
targeted by the dangerous invasive microsporidia species
Nosema/Vairimorpha ceranae (Martin-Hernandez et al., 2007,
Tokarev et al., 2020), whose original host is the Asian bee
Apis cerana. If earlier it was very rare for us to detect spores
and DNA of this pathogen, now it is detected in almost every
second apiary. This disease has no pronounced symptoms, and
beekeepers seek help only when colonies begin to die or have
already died. Over the entire period of the laboratory’s work,

1 Supplementary Materials 1 and 2 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Kaskinova_Engl_27_4.pdf
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we have identified colonies affected by nosematosis, asco-
spherosis, European foulbrood, as well as such viral diseases
as sacbrood virus (SBV), wing deformation virus (DWV)
and black queen cell virus (BQCV). As a rule, most of these
colonies were imported from other countries and belong to
the evolutionary branches C or O.

Scheme for obtaining primary material

for bee breeding

Honey bee breeding is aimed at obtaining bee colonies with
high rates of economic useful traits (EUT), such as produc-
tivity, resistance to low temperatures and diseases, hygienic
behavior, queen egg production, etc. (Ruttner, 1988). The
honey bee is a rather difficult object for selection due to the
peculiarities of its biology. Complementary sex determina-
tion, in which sex depends on the allelic combination of the
csd gene, enhances the consequences of inbreeding, and queen
polyandry complicates the selection of parental pairs and re-
production control. In addition, the selection is carried out not
at the individual level, but at the level of the bee colony. In
this regard, there was a need to develop a method that would
combine the assessment of EUT and the genetic potential of
bee colonies. The assessment of EUT is entirely up to the
beekeepers, while the result of our study was the method of
selecting primary material for selection for EUT.

So-called ‘purebred breeding’ is a fundamental principle
of bee breeding, according to Ruttner (1988). Based on this
principle, we have developed a scheme for obtaining primary
material for honey bee selection.

The first stage of selection work is the selection of colonies
from the initial population of bees belonging to one subspe-
cies. In hybrid colonies, it is necessary to carry out measures to
replace queens. In addition, selected colonies are encouraged
to be checked for diseases.

The second stage is the selection of colonies by EUT. Se-
lected colonies are recommended to be placed in an apiary
remote from other colonies from the original population in
order to avoid unwanted crossbreeding. It is recommended
to create several such apiaries for their further crossing. This
step is optional if the goal is to restore the A. m. mellifera
population.

At the third stage, the analysis of the allelic diversity of
the csd gene in the selected colonies is carried out. Based on
the data on the allelic composition of the csd gene, paternal
and maternal colonies are formed. Maternal and paternal
colonies should have different csd alleles. As maternal it is
recommended to use colonies that have frequently occurring
csd alleles. Paternal colonies are best formed from among
those colonies that have rare csd alleles.

At the fourth stage, the offspring are evaluated for EUT.
Selection for the selected trait(s) must be carried out in each
generation.
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Such a selection scheme (Fig. 2) will make it possible to
obtain lines of bees with high productivity rates. In addition,
the annual assessment of the allelic diversity of the csd gene
in one apiary will shed light on the frequency of formation of
new allelic variants and other issues related to the evolution
of this gene.

Analysis of the polymorphism of the sex-determining gene
in the studied samples of A. mellifera generally showed that
their allelic diversity corresponds to previously obtained data
for other populations (Hyink et al., 2013; Zareba et al., 2017).
Most bee colonies living in a breeding apiary have many com-
mon csd alleles. Over time, this can lead to large numbers of
diploid drones. Therefore, it is recommended to take measures
to prevent the use of drones with the same csd alleles. More-
over, it is more important that the csd alleles of the drones do
not coincide with the alleles of the queen.

Conclusion

The purpose of this work was to present the results of more
than 20 years of work aimed at finding and preserving the na-
tive population of the dark forest bee 4. m. mellifera. During
this time, methods have been developed for the subspecies
identification of A. m. mellifera, DNA diagnostics of diseases
and assessment of the allelic diversity of the csd gene. These
methods were tested in two apiaries using different breeding
subspecies and different methods of breeding control. With the
help of genetic methods, it became possible to obtain primary
material for selection of honey bees, which can subsequently
be subjected to selection for economically useful traits.

The search for surviving native (or local) honey bee popula-
tions is only the first step in their conservation. Further actions
are completely dependent on the beekeepers — whether they
will use the data received or leave everything as it is. We re-
ceived positive feedback from beekeepers from the Yanaulsky,
Burzyansky and Iglinsky districts of the RB, as well as from
beekeepers in Altai krai, Belgorodskaya oblast and some other
regions of the Russian Federation. Thanks to the initiative of
beekeepers, it was possible to improve the situation even in
the moderately hybrid population of 4. m. mellifera in the
Iglinsky district of the RB (Kaskinova et al., 2022).

Without the interest of beekeepers in the conservation
of native subspecies (be it 4. m. mellifera, A. m. carnica,
A. m. caucasica or any other subspecies), the results of moni-
toring the subspecies of bees will be important only for funda-
mental science. Thus, based on the geographical distribution
of monitoring data for the Burzyan population of 4. m. mel-
lifera, the central, peripheral, and hybrid zones of the range
were identified, as well as the main directions of introgres-
sion of subspecies from C/O evolutionary lineages (Nikolenko
et al., 2010). The subsequent analysis of bees throughout
the territory of the RB showed that a similar subdivision of
the honey bee population is also observed in other surviving
populations of A. m. mellifera (Tatyshlinsky and Yanaulsky
populations).

The honey bee is a very valuable and fragile object of our
ecosystem. Its numbers are decreasing all over the world due
to the uncontrolled use of pesticides and insecticides, hybridi-
zation, and the spread of diseases (Neumann, Carreck, 2010;
Espregueira Themudo et al., 2020). Human intervention in
the process of its natural settlement has practically nullified
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Fig. 2. Selection scheme for the Apis mellifera mellifera using information
on subspecies and allelic diversity of the csd gene.

the adaptive potential that was developed over millions of
years of evolution. Therefore, in our opinion, it is necessary
to preserve and, if possible, restore those populations of honey
bees that still remain.

Dedicated to the blessed memory of our colleagues
Nikolenko Alexei Gennadievich and Poskryakov Alexander
Vitalievich.
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The role of Beringia in human adaptation to Arctic conditions
based on results of genomic studies of modern
and ancient populations
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Abstract. The results of studies in Quaternary geology, archeology, paleoanthropology and human genetics de-
monstrate that the ancestors of Native Americans arrived in mid-latitude North America mainly along the Pacific
Northwest Coast, but had previously inhabited the Arctic and during the last glacial maximum were in a refugium
in Beringia, a land bridge connecting Eurasia and North America. The gene pool of Native Americans is represented
by unique haplogroups of mitochondrial DNA and the Y chromosome, the evolutionary age of which ranges
from 13 to 22 thousand years. The results of a paleogenomic analysis also show that during the last glacial maximum
Beringia was populated by human groups that had arisen as a result of interaction between the most ancient Upper
Paleolithic populations of Northern Eurasia and newcomer groups from East Asia. Approximately 20 thousand years
ago the Beringian populations began to form, and the duration of their existence in relative isolation is estimated
at about 5 thousand years. Thus, the adaptation of the Beringians to the Arctic conditions could have taken several
millennia. The adaptation of Amerindian ancestors to high latitudes and cold climates is supported by genomic
data showing that adaptive genetic variants in Native Americans are associated with various metabolic pathways:
melanin production processes in the skin, hair and eyes, the functioning of the cardiovascular system, energy me-
tabolism and immune response characteristics. Meanwhile, the analysis of the existing hypotheses about the selec-
tion of some genetic variants in the Beringian ancestors of the Amerindians in connection with adaptation to the
Arctic conditions (for example, in the FADS, ACTN3, EDAR genes) shows the ambiguity of the testing results, which
may be due to the loss of some traces of the “Beringian” adaptation in the gene pools of modern Native Americans.
The most optimal strategy for further research seems to be the search for adaptive variants using the analysis of
paleogenomic data from the territory of Beringia, but such genetic data are still very scarce.

Key words: genomics; paleogenomics; mitochondrial DNA; Y chromosome; adaptation; Beringia; peopling of
America.
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Poinb beprHrum B aganTtaliiy 4yejioBeKa K YCIOBUAM APKTUKA
I1O pe3Vy/ibTaTaM I'eHOMHbIX JICC/IeJOBaHMI
COBpPEMEHHOTI'O 1 APEBHETI'O HAaCCJICHN A
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AHHOTauuA. Pe3ynbTaTthl UCCnefoBaHWIA B 00611aCTy YUeTBEPTUYHON reosiorum, apxeosiornu, NaneoaHTPomnoaorum n
reHeTVIKUN YeNoBeKa MoKa3blBaloT, YTO MPeAKN aMePUKaHCKUX MHAeLEeB Npubbinn B cpefHme wmpoTbl CeBepHO
AMEpPUKM rmaBHbIM 06Pa3oM Mo TUXOOKeaHCKOMyY nobepexbto. Ho 1o 3TOro oHW Hacensanu ApKTUKY 1 BO Bpems
nocrieHero NefHNKOBOrO MakCMMyMa YKpblBanuch B pedyrnyme Ha Tepputopun bepuHrum, coegunsasluein Espa-
3uto 1 CeBepHyto AMepuky. feHOOOHA amMepuMKaHCKUX UHAENLEB NpenacTaBieH YHWKaibHbIMU ranaorpynmnamMm
muToxoHapuanbHor JHK 1 Y-xpomMocombl, 3BOMIOLMOHHbIN BO3PacT KOTOPbIX cocTaBnAeT oT 13 go 22 Tbic. neT.
Pe3ynbTaTbl aHanM3a NaneoreHOMHbIX JaHHbIX TakKe CBUAETENbCTBYIOT O TOM, YTO BO BPeMA NOCieAHEro neaHu-
KOBOrO MaKCMMyMa Ha TeppuTopun bepunHrm coxpaHanmch rpynnbl HaceIeHUsA, BO3HUKLLME B pe3ysibTaTe B3aumo-
[eNCTBMA fpeBHeNLIero BepxXHenaneonnTnyeckoro HaceneHna CesepHown EBpasnm 1 NpurLLbiX rpynn HaceneHma

© Malyarchuk B.A., 2023
This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

B.A. Malyarchuk

The role of Beringia in human adaptation
to Arctic conditions

13 BoctouHon Azun. MNMpumepHo 20 TbiC. NET Ha3ag Hayanocb popmMmpoBaHue nonynauun bepuHruy, a Bpemsa nx
CYLLeCTBOBaHNA B OTHOCUTENIbHOWN U30MALMM OLLEHUBAETCA NPUMEPHO B 5 ThiC. NleT. TakuM 06pa3om, nepuog agan-
Tauum 6epPUHIMIALEB K YCNOBUAM APKTUKI MOT 3aHATb HECKOJbKO ThicAYeneTnin. Afjantauusa npefKkoB aMepUHLOB
K BbICOKMM LUMPOTaM 1 XONIOAHOMY KSIMMaTy NMOATBEPXKAAETCA reHOMHbIMU AaHHbIMM, MOKa3aBLLUMMK, YTO afanTuBe-
Hble reHeTUYecKre BapraHTbl Y aMepUKaHCKNX UHAENLEB acCOLMMPYIOTCA C Pa3fINYHbIMK MeTabonmyeckumm ny-
TAMU: NpoLeccamy MPOAyKLMM MenaHnHa B KOXe, BOTOCax 1 rnasax, GyHKLMOHUPOBaHMEM CepAeYHO-COCYANCTON
CUCTEMbI, SHEPreTUYECKNM OOMEHOM N 0OCOBEHHOCTAMU MMMYHHOTO OTBeTa. MeXay TeM aHanu3 CyLecTBYOLUX
rmnotes 06 oT6ope HEKOTOPbIX FTEHETUYECKNX BapUAHTOB Y 6EPUHIMNCKIX NPEAKOB aMEPUHLOB B CBA3M C afanTa-
umen K ycnosuam ApkTukm (Hanpumep, B reHax FADS, ACTN3, EDAR) neMOHCTprpyeT HEOAHO3HAYHOCTb pe3ynbTa-
TOB MPOBEPKM, UTO MOXKET ObITb CBA3AHO C YTPATON HEKOTOPbIX CeA0B «bepUHIMACKO» aganTaunm B reHopoHax
COBPEMEeHHbIX aMeprKaHCKNX nHAaenLeB. Hanbonee ontrmanbHOM cTpaTernei fanbHenwmnx nccnefoBaHnin npea-
CTaBNAETCA MOUCK aAanTBHbIX BAPMAHTOB C MOMOLLbIO aHanM13a naneoreHOMHbIX JaHHbIX C TeppuTopun bepuHrun,
OfIHAKO TaKNX reHeTUYeCKMX AaHHbIX NMOKa O4YeHb Maslo.

KnioueBble cnoBa: reHOMMKa; ManeoreHomunka; mutoxoHapuanbHaa [HK; Y-xpomocoma; apgantaums; bepuHrus;

3aceneHne AMepuku.

Introduction

Interdisciplinary research is important in examining issues re-
lated to the role of Beringia as an Arctic land bridge in the settle-
ment of the Western Hemisphere. Unfortunately, the flooding
of the lowlands of Beringia by rising sea levels 12,000 years
ago led to the loss of a large number of archaeological sites,
including possible human settlements. As a result, the main
hypotheses associated with the history of the peopling of the
Americas are based primarily on a synthesis of archaeologi-
cal, geological, and biological data from the more accessible
regions of Asia and the Americas (Potter et al., 2018; Batche-
lor et al., 2019; Waters, 2019). According to one model of
American settlement, ancient people from Northeast Asia
migrated to the Americas via Beringia along an ice-free
corridor in what is now Western Canada, which was created
by melting glaciers at the end of the Pleistocene. Accord-
ing to another scenario, Native American ancestors actively
developed the coastal zone and migrated to northwest North
America along the southern coast of Beringia (Waters, 2019;
Willerslev, Meltzer, 2021).

However, both of these scenarios appear to underestimate
the more complex role that Beringia played in the settlement
of the Americas by human populations (Potter et al., 2018).
Results of new geochronological studies suggest that the
“Canadian Corridor” was blocked by ice during presumed
human migrations ~15—16 thousand years ago and was only
freed ~13.8 thousand years ago (Clark et al., 2022). Therefore,
it seems more likely that the migration route is the northwest
coast of America (Lesnek et al., 2018). Since the melting of
the glaciers in these territories could have occurred as early
as 18,000 years ago, the coastal migration route could have
been developed by the first Americans ~17,000 years ago
(Lesnek et al., 2018).

At the same time, the results of genomic studies indicate that
the ancestors of the Native Americans appear to have lived in
the Beringian Arctic for quite a long time and survived the last
glacial maximum there, which terminated ~19,000 years ago
(Tamm et al., 2007; Amorim et al., 2017; Moreno-Mayar et
al., 2018a; Niedbalski, Long, 2022). It is assumed that these
populations adapted to the harsh conditions of the Far North
while living in Beringia, and as the climate warmed, Beringian
descendants migrated to Northwest America.

374

Population genomics of indigenous populations
of Siberia: genetic origins of Native Americans

Due to the rapid development of DNA sequencing techniques,
the genomic approach is widely used in modern research in
archaeology and paleoanthropology. Genetic studies of the
indigenous populations of Siberia have shown that the most
ancient genetic components, which were present as early as
3040 thousand years ago in the most ancient inhabitants
of both southern and northern Siberia, were later lost as a
result of genetic drift and population replacement periods.
Thus, genomic analysis of the ancient populations of Siberia
(in the time interval from 31 to 0.6 thousand years ago) has
shown that in Siberia there were several periods of almost
complete population replacements (Sikora et al., 2019). The
most ancient Late Paleolithic population of Siberia was re-
placed 20-11 thousand years ago by newcomers from East
Asia, resulting in the formation of Siberian populations that
gave rise to the ancestors of both Paleosiberians and Native
Americans. In the time interval from 11 to 4 thousand years
ago, this population was partially replaced by other groups of
East Asian origin, which gave rise to the modern populations
of Siberia. Additional gene flows in both directions along
the Bering Strait were also reported at this time. These flows
affected the genetic structure of Eskimo and Na-Dene popula-
tions (Flegontov et al., 2019; Sikora et al., 2019).

The results of paleogenomic studies have shown that the
formation of ancestral populations to ancient peoples of
northern Siberia and America could have occurred in a wide
area from the Trans-Baikal region to Beringia (Sikora et al.,
2019; Yu et al., 2020; Kiling et al., 2021). Paleogenomic data
indicate that during the Holocene the populations of Northeast
Asia (from the Cis-Baikal region to modern Yakutia) were
very dynamic in contrast to the Trans-Baikal populations,
which demonstrate genetic continuity from the Mesolithic
to the Bronze Age (Kiling et al., 2021). Evidence was also
obtained that bearers of the Belkachin archaeological culture
in Yakutia can be considered ancestors of the Paleo-Eskimos,
who migrated to the Americas about 5-6 thousand years ago
(Kiling et al., 2021).

Population studies of polymorphism of mitochondrial DNA
(mtDNA) and Y-chromosome, which are inherited through the
maternal and paternal lineages, respectively, have developed
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greatly over the past 40 years. The results of molecular dating
of the evolutionary age of the mtDNA and Y-chromosome
haplogroups distributed among the modern indigenous popu-
lations of Siberia demonstrate that the most ancient genetic
lineages in the south of Siberia belong to the postglacial
period (younger than 21,000 years), while in the northeast of
Siberia their evolutionary age does not exceed 10,000 years
(Derenko et al., 2010, 2014; Malyarchuk et al., 2011; Duggan
etal., 2013).

Genetic data for the present-day populations of Siberia are
thus inconsistent with archaeological and paleoanthropologi-
cal data showing the presence of Homo sapiens both in the
south and in the north of Siberia as far back as 4045 thou-
sand years ago (Vasil’ev et al., 2002; Pitulko et al., 2004),
but suggest that due to genetic drift, the most ancient genetic
lineages were lost in the modern Siberian population (Derenko
et al., 2010, 2014; Raghavan et al., 2014). This assumption
was completely confirmed by the results of the paleogenomic
study of the Siberians, which showed, as noted above, that in
Siberia there have been several periods of almost complete
replacements of the earlier inhabitants (Sikora et al., 2019).
The genetic data obtained thus do not contradict the hypo-
thesis that, during the last glacial maximum, the Arctic part
of Asia and America (in particular, Beringia) could have been
inhabited by humans.

Based on the mtDNA variability data, it has been established
that the divergence between the ancestors of the Siberian and
Native American populations occurred ~25,000 years ago,
the evolutionary age of Native American founding mtDNA
lineages is approximately 18.5 thousand years, and their
spread across Americas began ~16,000 years ago (Llamas et
al., 2016). The mitochondrial gene pool of Native Americans
is represented by only seven mtDNA haplogroups (A2, B2,
C1, D1, D4h3a, C4c, and X2a), the evolutionary age of which
ranges from 13 to 20 thousand years ago (Perego et al., 2009;
Hooshiar Kashani et al., 2012). All of the Native American
mtDNA haplogroups are unique, and for six of them (except
D4h3a) there are still no analogues found anywhere else in
the world, which means that these haplogroups were formed
in deep isolation and, apparently, while living in Beringia.

For the haplogroup D4h3a, a related D4h3b-haplotype was
found in modern Chinese, which diverged from the common
D4h3 ancestor by ~18.3 thousand years, and the evolutionary
age of D4h3a itselfis ~13 thousand years (Behar et al., 2012).
It is also noteworthy that in all cases (except X2a) the Native
American mtDNA haplogroups are derived from East Asian
ancestors within haplogroups A, B, C, and D, predominantly
distributed in East Asia. Meanwhile, the area of haplogroup X
is located in Western Eurasia, and therefore the appearance of
haplogroup X2a in the Beringians (and thus in the ancestors
of the Amerindians) could have happened on the basis of the
gene pool of their Upper Paleolithic ancestors, related to the
population of Western Eurasia. This follows from paleoge-
nomic data showing that the Upper Paleolithic populations
of Siberia and Eastern Europe (in the time range from 18 to
45.5 thousand years ago) were characterized by approximately
the same set of mtDNA haplogroups of West Eurasian origin
(e.g., haplogroups N*, U*, U2, U8c, R1b) (Raghavan et al.,
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2014; Sikoraetal., 2017,2019; Yu et al., 2020). Thus, it is not
excluded that the mtDNA X-haplotypes, which emerged on
the basis of haplogroup X2a, were also common in the gene
pool of this ancient population. The age of haplogroup X2a
is approximately 13,000 years (Behar et al., 2012), and its
range is limited to northwestern North America only (Hooshiar
Kashani et al., 2012).

Haplogroup C4c has a similar geographic distribution and
evolutionary age (~14 thousand years) (Hooshiar Kashani et
al., 2012; Achilli et al., 2013). This appears to indicate that
the carriers of haplogroups X2a and C4c were among the
last Beringians who populated North America. Around the
same time, but along the Pacific coast, haplogroup D4h3a
presumably spread to the south of America (Perego et al.,
2009). Thus, the results of mtDNA polymorphism studies
indicate that both pathways (both the “Canadian Corridor”
and the Pacific Coast of America) may have been used in the
settlement of the Americas.

The results of studies of Y-chromosome variability also
showed that the male gene pool of Native Americans is cha-
racterized by a small set of genetic lineages — these are haplo-
groups Q-M3, Q-M848 and Q-Z780, widespread among Na-
tive Americans, as well as the more rare haplogroups C-P39
and Q-Y4276, typical of Native North Americans, and hap-
logroup C-MPB373, found in Native South Americans (Pinotti
et al., 2019; Colombo et al., 2022). The evolutionary age of
these Y-haplogroups ranges from 15.0 to 21.6 thousand years,
indicating that they originated in Beringia. This hypothesis is
supported by the discovery of the rare haplogroup Q-L804,
related to the Native American haplogroup Q-M3, in popu-
lations of Northwestern Europe (Norwegians, Swedes, and
Britons). Since the divergence time between these haplogroups
is ~17.3 thousand years, it is assumed that migrations from
Beringia took place not only in the direction of America, but
also in the opposite direction to Europe (Pinotti et al., 2019).

In addition, it should be noted that according to mtDNA
studies, very rare haplogroups Cle and C1f, related to Native
American C1 haplogroups (C1b, Clc, and C1d), were found in
Icelanders as well as in the Mesolithic population of Karelia
(Yuzhnyi Oleniy Island) (Ebenesersdottir et al., 2011; Der
Sarkissian et al., 2014). Thus, these data allow us to believe
that in Beringia there was not a brief stop of human popula-
tions that migrated from the south, but indeed the Beringian
populations, with their own genetic characteristics and unique
mtDNA and Y-chromosome haplogroups, were formed there
over a long time.

The question about the duration of the Beringian Stand-
still is also of great interest and is regularly studied. One of
the first genetic studies of this problem concluded that the
Beringian Standstill can be estimated at ~15,000 years, if we
start from the first discoveries of Homo sapiens remains in
the Asian part of the Arctic ~30,000 years ago and until the
moment when the Beringian expansion to America took place,
i.e. ~15,000 years ago according to genetic data (Tamm et
al., 2007). M. Raghavan et al. (2015) showed based on the
results of a paleogenomic study that the upper boundary of
divergence between the ancestors of the Native Americans
and East Asians should be considered as ~23 thousand years.
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In that case, the isolation period in Beringia (before leaving
for America 15,000 years ago) was ~8,000 years. Estimates
of the duration of the Beringian Standstill obtained by using
the analysis of ancient mitogenomes demonstrated that, given
various kinds of uncertainties, the isolation period of the Be-
ringian population could have ranged from 2.4 to 9.0 thousand
years (Llamas et al., 2016).

Such a long stay in Beringia suggests that its population was
quite large in number and subdivided within Beringia (Hof-
fecker et al.,2016; Moreno-Mayar et al., 2018a). It is assumed
that the western part of Beringia (Chukotka) was inhabited by
Paleosiberian populations, while the eastern part of Beringia
(Alaska and Yukon) was inhabited in the south by the Native
American ancestors and in the north by a separate group of
ancient Beringians who disappeared or were assimilated by
northern Native American tribes (Moreno-Mayar et al., 2018a;
Sikora et al., 2019; Willerslev, Meltzer, 2021). Both of these
groups of the ancient Eastern Beringians were very closely
related, since they showed the Clb and B2 mitochondrial
haplogroups typical of the Native Americans (Tackney et al.,
2015; Moreno-Mayar et al., 2018b). Moreover, at present these
haplogroups are more characteristic of the southern Native
American populations, but in the past they were present in
the north of Eastern Beringia, thus confirming the Beringian
Standstill hypothesis (Tackney et al., 2015; Moreno-Mayar
et al., 2018a).

It is likely that during the glacial maximum, the southern
part of Beringia was a refugium, characterized by a fairly mild
climate, rich biota, and therefore quite suitable for settlement
of ancient people (Hoffecker et al., 2016; Sikora et al., 2019).
According to the results of paleogenomic data modeling,
the divergence between the Paleosiberians and the popula-
tion that gave rise to the Beringians occurred approximately
24 thousand years ago, but the Upper Paleolithic genetic
component was obtained by both populations approximately
20 thousand years ago (in the ancient Beringians its fraction
was ~18 %) (Sikora et al., 2019). Thus, it is assumed that
the most ancient Upper Paleolithic peoples were actually
present in Beringia during the last glacial maximum, and
that the formation of Beringians, including Native American
ancestors, began through interaction with the newcomer East
Asia-related peoples ~20 thousand years ago (Sikora et al.,
2019). In this scenario, the time of existence of the relatively
isolated Beringian population is estimated to be ~5,000 years.

A study of Y-chromosome polymorphism in Native Ameri-
can populations also showed that the duration of the Beringian
Standstill may not have exceeded 4,600 years (Pinotti et al.,
2019). Thus, the results of genomic studies suggest that the
adaptation to the Arctic conditions of the ancient populations
that took refuge in Beringia may have taken several millennia.

On adaptive selection

in Native American ancestors

According to some genetic studies, it is proposed that the ge-
nomes of the Native Americans may contain signals of adap-
tation to the Arctic conditions, which emerged during the
Beringian stage of the Native American ancestors formation,
which, as noted above, may have taken a fairly long period of
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time (Ruiz-Pesini et al., 2004; Amorim et al., 2017). A recent
study of genomic polymorphism in various contemporary
continental groups showed that Native Americans harbor at
least 20,424 genetic variants suspected to have originated in
Beringia (Niedbalski, Long, 2022). This is comparable to
the number of genetic variants that distinguish Africans from
non-Africans. However, there are tens of times less specific
genetic variants in Eurasia. At the same time, group-specific
polymorphisms have not been found at all in Europeans, thus
indicating rather intensive inter-ethnic contacts within Eurasia
(Niedbalski, Long, 2022).

A study of the influence of adaptive selection on the genetic
profile of Native Americans has shown that the appearance of
American-specific genetic variants is associated with various
metabolic pathways, but the most important ones are asso-
ciated with the production of melanin in the skin, hair and eyes,
as well as cardiovascular function (Niedbalski, Long, 2022).

It should be noted, however, that the most distinct traces of
adaptation to the severe conditions of the Far North have been
revealed in the gene pools of the Eskimo and Paleo-Asiatic
peoples rather than in those of the Native Americans. Eskimo
and Paleo-Asiatic populations also originated in the Asian and
North American Arctic during the last 5—6 thousand years
(Flegontov et al., 2019; Willerslev, Meltzer, 2021) and thus,
their periods of adaptation are quite comparable in time to the
Beringian population. However, in the next 15 thousand years
after their isolation, the Beringians began to occupy more
southern American territories, and therefore it is unknown
to what extent the traces of their ancestors’ adaptation to
the Arctic are preserved in the gene pools of modern Native
Americans (Adhikari et al., 2019).

A number of studies of modern and ancient populations of
the Far North of Asia and America have found evidence of
genetic and physiological adaptation of Eskimo and Paleo-
Asiatic ancestors to low temperatures and an “Arctic” diet
based primarily on the consumption of seafood rich in polyun-
saturated fatty acids (PUFAs) (Cardona et al., 2014; Clemente
et al., 2014; Fumagalli et al., 2015).

One of the most striking examples of diet-related ge-
netic markers is the “Arctic” variant of the CPTI/A4 gene
(rs80356779-A) (Clemente et al., 2014; Malyarchuk, 2020).
It is known that the “Arctic” variant is widely spread in mo-
dern populations of the Eskimos, Chukchi, Koryaks, and
other peoples of the Sea of Okhotsk region, whose economic
style is connected with sea hunting (Malyarchuk et al., 2016).
According to paleogenomic data, the earliest records of the
“Arctic” variant of the CPT14 gene were found among the
Greenland and Canadian Paleo-Eskimos (4,000 years ago),
representatives of the Tokarev culture of the North of the Sea
of Okhotsk region (3,000 years ago) and carriers of the Late
Jomon culture of Hokkaido Island (3,500-3,800 years ago).
The appearance of the “Arctic” variant of the CPT1A4 gene
is most likely associated with the adaptive response of the
Far North indigenous peoples to the “Arctic” diet, which is
characterized by a marked excess of lipids and proteins and
a deficit of carbohydrates.

In addition, genetic variants associated with carbohydrate
metabolism are very frequent in indigenous populations of

BaBunosckuii xKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 4



B.A. Manapuyk

Northeast Asia. For example, the maximum frequency (52 %)
of deletion of the pancreatic amylase gene AMY2A4, necessary
for starch digestion, was found in the Eskimo, Chukchi, and
Koryak populations; ~30 % of the indigenous peoples of
Northeast Asia lack this gene (Inchley et al., 2016). The high
frequency of AMY2A gene deletion in Northeast Asia may be
explained by the deficiency of starch and disaccharides in the
traditional diet of indigenous peoples in the past. A deficiency
in oligosaccharides can also explain the high incidence of
the inactive sucrose-isomaltase gene (gene S/) among the
indigenous populations of the Far North of Asia and America
(Malyarchuk et al., 2017; Pedersen et al., 2017). In Green-
landic Eskimos, glucose homeostasis-related mutations in the
TBC1D4 and ADCY3 genes have also been identified, which
increase the risk of obesity and type 2 diabetes (Moltke et al.,
2014; Grarup et al., 2018).

Thus, genetic changes that occurred in the past due to
adaptation to extreme environments, in the current conditions
(when there is no carbohydrate deficiency in the diets of the
Far North indigenous populations) become harmful, because
they increase the risk of metabolic and other diseases.

Interestingly, in a number of cases, adaptive changes in
the gene pools of Eskimo and Paleo-Asiatic populations are
caused by nonsynonymous substitutions with high pathoge-
nicity indices (in the CPT1A, CRAT genes), nonsense muta-
tions leading to stop codons or splicing disruption (in the S,
TBC1D4 and ADCY3 genes), and whole gene deletions (as in
the case of the AMY2A4 gene) (Malyarchuk, Derenko, 2017,
Pedersen et al., 2017; Malyarchuk, 2018). It seems likely that
this kind of fairly profound genetic changes could have been
preserved in the gene pools of Native Americans if they had
adapted to the Arctic environment in a similar way, involving
a very specific “Arctic” diet.

There is a suggestion that since the ancient inhabitants of
Beringia migrated first to the sub-Arctic Pacific coast and then
on to Northwest America, they may have practiced a mari-
time type of economy at the sub-Arctic stage (Hoffecker et
al., 2016; Pedersen et al., 2016; McLaren et al., 2018). But,
apparently, this stage of migration history was not reflected
in the gene pools of the Native Americans, or their ancestors
did not hunt sea mammals, but hunted mainly megafauna:
mammoths, bison, horses and other terrestrial animals of the
Great Arctic Plain (Pitulko et al., 2017; Lindgren et al., 2018;
Harris etal., 2019). In that case, it is assumed that Amerindian
ancestors had to adapt primarily to vitamin D deficiency,
because at high latitudes UV radiation levels are insufficient
for annual synthesis of cholecalciferol D3 in the skin, and the
intake of ergocalciferol D2 depends on diet.

Genetic adaptation to vitamin D deficiency suggests that
the dietary sources of this substance that are available to
Arctic peoples (e.g., sea mammals, fish, eggs) were scarce
or absent in the Beringian steppe-tundra biome. Vitamin D
deficiency affects the health of children to a greater extent,
and so L.J. Hlusko et al. (2018) suggested that Beringians
adapted to UV deficiency through a V370A substitution in
the ectodyslasin receptor encoded by the EDAR gene. This
mutation is widespread in populations of East and North Asia,
as well as in Native Americans. One manifestation of this mu-
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tation is associated with an increase in the branching density
of mammary gland ducts, which leads to higher amounts of
vitamin D in breast milk (Hlusko et al., 2018).

Acrecent study of Latin American populations also showed
that genes related to energy metabolism played a crucial
role in population adaptation to the environment of America
(Mendoza-Revilla et al., 2022). The great importance of im-
mune response genes, primarily HLA genes, in adaptive pro-
cesses has also been highlighted. Moreover, positive selection
in these genes is recorded in Native Americans at different
periods of their history, both after the European colonization
of America, which introduced new pathogens, and during the
initial settlement of America at the first contact with endemic
pathogens (Lindo et al., 2016; Mendoza-Revilla et al., 2022).

FADS gene cluster
The hypothesis suggesting the influence of high-latitude UV
deficiency on the genetic features of the ancient Beringians
is based on an additional argument involving the adaptive
selection of the FADS genes variants in Native Americans
(Hlusko et al., 2018). The fatty acid desaturase genes FADS!
and FADS?2 encode enzymes involved in PUFA biosynthesis
from shorter precursors (Nakamura, Nara, 2004). It is assumed
that the ancestral A-variants of the F4DS genes gave advan-
tages to human populations that consumed food rich in lipids
and proteins (for example, the Upper Paleolithic population
of Eurasia), but later in the Neolithic, after the emergence of
agricultural technology, the D-variants became more common,
allowing for a higher rate of synthesis of PUFAs from plant
lipids (Ameur et al., 2012; Mathieson S., Mathieson I., 2018).
Studies have shown that FADS genes have been affected
by positive selection for a long time — for example, in Europe
there has been an increase in the frequency of haplotype D
from less than 10 % 10,000 years ago to 60-75 % at pre-
sent (Mathieson, 2020). However, the exact reasons for the
increased frequencies of the FADS genes variants in certain
regions of the world have not yet been established. This is due
to the fact that FADS genes are highly pleiotropic. Associations
were found for FADS1 and FADS?2 genetic variants with blood
lipids and other metabolites, various blood cell phenotypes,
suggesting a link with cardiovascular function (Draisma et al.,
2015). Besides, metabolic balance with respect to PUFAs and
other lipids is very important for brain function, in which the
FADSI gene is actively expressed (Mathieson et al., 2020).
It has been suggested that the emergence of the D haplo-
type may have been due not only to the need to increase the
efficiency of PUFA synthesis when there is a deficiency in
the diet (for example, in Africa, where the frequency of the
D haplotype is still high), but also contributed to an increase
in the brain size (Ameur et al., 2012). In addition, it was found
that in Greenlandic Eskimos, FADS genes are involved in the
processes of adaptation to the cold, as there are links between
genetic variants and the distribution of body fat and height;
and the participation of FADS genes in the regulation of growth
hormones is also suggested (Fumagalli et al., 2015).
Population genetic studies have shown that the ancestral
haplotype A is much more common among the indigenous
populations of Siberia and America (Amorim et al., 2017;
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Hsieh et al., 2017; Ye et al., 2017; Malyarchuk, Derenko,
2018). It has also been found that in Greenlandic Eskimos
and Native Americans, the FADS1 and FADS? genes are under
positive selection, which contributed to an almost complete
fixation of haplotype A in these populations (Fumagalli et al.,
2015; Amorim et al., 2017). Meanwhile, a number of other
studies on Arctic populations of Siberia (Eskimos, Chukchi,
Koryaks, Nganasans, Yakuts) and North America (Eskimos)
have not revealed the effect of selection on the FADS! and
FADS?2 genes (Cardona et al., 2014; Hsieh et al., 2017; Rey-
nolds et al., 2019).

Nevertheless, there is a hypothesis that the original posi-
tive selection signal in the FADS! and FADS?2 genes arose in
the ancient population of Beringia due to the need to adapt
to the cold and limited food resources provided by the Arctic
(Amorim et al., 2017). It is assumed that these adaptive genetic
variants have been preserved in the gene pools of the Native
Americans and Eskimos. However, different combinations
of the FADS genes variants are responsible for the effect of
selection in Arctic and Native American aborigines and in
Europeans (Fumagalli et al., 2015; Amorim et al., 2017; Ye
et al., 2017; Mathieson, 2020). This can be due to different
reasons for the selection of the F4DS genes variants in popula-
tions. In Europeans it was a shift towards a plant-based diet in
the Neolithic, due to which the D-haplotypes with increased
desaturase activity were more favorable, and in Eskimos an-
cestors it was the emergence of a specific “Arctic” diet with
very high PUFA content, due to which maintaining the maxi-
mum frequency of A-haplotypes was more preferable. It is
possible that these F4DS variants in Eskimos possess even
lower desaturase activity (Mathieson, 2020).

Meanwhile, a recent analysis of the F4DS genes polymor-
phism in modern and ancient populations has shown that the
widespread distribution of haplotype A occurred under the
influence of selection already in the Upper Paleolithic po-
pulations of Eurasia, and therefore in the gene pool of the
ancient Beringians this haplotype could be fixed quite ac-
cidentally under the effects of genetic drift (Harris et al.,
2019; Mathieson, 2020). Thus, the adaptive changes of FADS
genes in the Native American ancestors are questioned, and
the hypothesis that the F4DS haplotypes inherited from the
Upper Paleolithic Eurasians are preserved in the gene pools
of Native Americans looks more likely.

ACTN3 gene

According to the published data, another example of selective
advantages obtained by Native Americans from the ancient
inhabitants of Beringia may be related to adaptive changes
in the ACTN3 gene (Amorim et al., 2015). This gene encodes
the protein a-actinin-3, which is expressed exclusively in
fast-twitch skeletal muscle fibers. Of the polymorphic loci of
the ACTN3 gene, the most studied is rs1815739, a mutation
in which leads to termination of protein synthesis at amino
acid position 577 of exon 16 (R577X substitution) (North
et al., 1999). This causes a deficiency of a-actinin-3 in fast-
twitch skeletal muscle fibers, which, in turn, can result in a
decrease in the speed and power indicators of human physical
performance (Alfred etal., 2011). Genetic studies have shown
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that the frequency of the 577X allele increases with distance
from Africa to the north of Eurasia and reaches a maximum
in the Native American populations (Amorim et al., 2015).
It is suggested that the advantages of the 577X allele, such
as increased endurance and improved protection against the
cold, have contributed to the spread of this mutation (Bramble,
Lieberman, 2004; Wyckelsma et al., 2021).

Recent physiological and metabolomic studies have shown
that carriers of the 577XX genotype tolerate cold much better
than 577RR individuals (Wyckelsma et al., 2021), which may
support the hypothesis of selection of the X allele at the initial
stage of human expansion into Eurasia (Amorim et al., 2015).
According to this hypothesis, the elevated frequency of the
577X allele in some human populations could be related to
selection to improve metabolic efficiency and promote dy-
namic activities (e. g., long hunting and, in sports, marathon
running, swimming, cycling).

The high frequency of the 577X allele in Native Americans
suggests that this allele was also widespread in ancient Berin-
gians, ancestral to Native Americans. However, the results
of analysis of the distribution of the rs1815739 polymorphic
variants in the indigenous populations of northeastern Sibe-
ria (in Chukchi, Koryaks, and Evens) have shown that the
frequencies of the 577X allele and 577XX genotype were
not the highest in Eurasia (Malyarchuk et al., 2018). While
the frequency of the 577X allele in Northeast Siberia is ap-
proximately 36 % (Malyarchuk et al., 2018), the maximum
frequencies of this genetic variant are registered in South Asian
and Native American populations — over 60 % according to
dbSNP database (www.ncbi.nlm.nih.gov/snp).

A recent analysis of geographic distribution of rs1815739
variants in modern and ancient populations has shown that
population frequencies of the 577X allele correlate neither
with geographic latitude nor with temperature (Mdrseburg et
al., 2022). None of the statistical tests used in this study found
evidence of the effect of positive selection for the 577X al-
lele at high latitudes. Thus, the high frequency of this genetic
variant in Native Americans is most consistent with the effect
of genetic drift, possibly occurring in Beringia at the stage of
low size of ancestral population. It is possible, however, that
some advantages of this genetic variant, namely increased
endurance and resistance to cold, contributed to the increased
frequency of the 577X allele in Native American ancestors.

Conclusion

The results of genetic studies of modern and ancient popula-
tions of Eurasia and America have demonstrated quite con-
vincingly that the role of Beringia in the settlement of the
Americas is very high. To date, sufficiently reliable estimates
of divergence times between the ancestral genetic lineages that
led to the formation of the various populations of Northeast
Asia and the Americas have been obtained. The most probable
scenario seems to be that during the last glacial maximum, the
population that gave rise to the Native Americans ancestors per-
sisted in Beringia for several millennia (20,000—15,000 years
ago). Itis assumed that this was a relatively small (from seve-
ral hundred to several thousand individuals (Fagundes et al.,
2018)) group of people well adapted to high latitudes and cold
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environments, which is confirmed by the results of genomic
studies of modern Native American populations.

Possible traces of adaptation to Arctic environments at the
genomic level are associated with various metabolic path-
ways — with melanin synthesis processes, cardiovascular sys-
tem functioning, energy metabolism, and immune response
genes (Mendoza-Revilla et al., 2022; Niedbalski, Long, 2022).
It has also been suggested that the relaxation of negative selec-
tion in a number of protein-coding genes observed in Native
Americans is also associated with the Beringian stage of po-
pulation adaptation (Niedbalski, Long, 2022). However, it is
still unclear to what extent such adaptive signals could have
survived, given the approximately 15-thousand-year period
of American colonization following the Beringian Standstill
(Adhikari et al., 2019).

Obviously, answers to such questions can be obtained by
using paleogenomic data, but very few ancient human remains
have been found from the territory of ancient Beringia. So
far, we can get some insight into the genetic features of the
Beringians from only one genome of the Eastern Beringian
descendant (11.5 thousand years ago, Upward Sun River site,
Alaska) (Moreno-Mayar et al., 2018a). Thus, investigations
into the role of Beringia in the origins of the Native American
ancestors remain relevant and ongoing.
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Abstract. Osteopetrosis (“marble bone”, ICD-10-78.2) includes a group of hereditary bone disorders distinguished
by clinical variability and genetic heterogeneity. The name “osteopetrosis” comes from the Greek language: ‘osteo’
means ‘bone’and ‘petrosis’ means ‘stone, which characterizes the main feature of the disease: increased bone densi-
ty caused by imbalances in bone formation and remodeling, leading to structural changes in bone tissue, predispo-
sition to fractures, skeletal deformities. These defects, in turn, affect other important organs and tissues, especially
bone marrow and the nervous system. The disease can be autosomal recessive, autosomal dominant, X-linked or
sporadic. Autosomal dominant osteopetrosis has an incidence of 1 in 20,000 newborns and autosomal recessive
one has 1in 250,000. To date, 23 genes have been described, structural changes in which lead to the development
of osteopetrosis. Clinical symptoms in osteopetrosis vary greatly in their presentation and severity. The mildest
skeletal abnormalities are observed in adulthood and occur in the autosomal dominant form of osteopetrosis.
Severe forms, being autosomal recessive and manifesting in early childhood, are characterized by fractures, mental
retardation, skin lesions, immune system disorders, renal tubular acidosis. Clinical examination and review of radio-
graphs, bone biopsy and genetic testing provide the bases for clinical diagnosis. The early and accurate detection
and treatment of the disease are important to prevent hematologic abnormalities and disease progression to ir-
reversible neurologic consequences. Most patients die within the first decade due to secondary infections, bone
marrow suppression and/or bleeding. This article summarizes the current state of the art in this field, including
clinical and genetic aspects, and the molecular pathogenesis of the osteopetrosis.

Key words: osteopetrosis; classification; connective tissue.

For citation: Nadyrshina D.D., Khusainova R.l. Clinical, genetic aspects and molecular pathogenesis of osteope-
trosis. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2023;27(4):383-392. DOI
10.18699/VJGB-23-46

K/IMHIKO-TeHeTu4YecKre acIrieKThl
11 MOJIEKV/ISIPHBIV IIaTOreHe3 OCTeoneTposa

A.A. Happipmyaal @, P Xycaunosal” 2

! Youmcknin YHUBEPCUTET HayKu 1 TexHonorui, Yoa, Poccua
2 CaHkT-TeTepbyprckuii rocyfapcTBeHHbIn yHuBepcuTeT, CaHKT-MeTepbypr, Poccua
® nadyrshinadina@gmail.com

AHHoTayuma. OcteoneTpo3 («MpamopHasa KocTb», MKB-10-78.2) BKntoYaeT rpynny HacnefCcTBEHHbIX HapyLUeHWni
KOCTHOI CCTEMBI, OT/INYAIOLLMXCA KITMHUYECKON BapUabenbHOCTbIO 1 TeHETUYECKON reTeporeHHOCTbI0. Ha3BaHuve
«OCTEOMNeTPOo3» NPOUCXOAUT OT rPEYECKUX CNOB: OOTEOV (0CTEO) — KOCTb, TTETPA (NETPOCUC) — KaMEHb, YTO XapakK-
TepusyeT OCHOBHOW MpU3Hak 3abosieBaHNA — MOBBILEHHYIO MIOTHOCTb KOCTEN, 0OYCIOBAEHHYIO HapyLLEHUAMMN
paBHoOBecVA GOPMUPOBAHNA N PEMOLENNPOBAHNA KOCTH, MPUBOAALMMMU K CTPYKTYPHbIM M3MEHEHWAM B KOCTHOW
TKaHW, NpeapacrnoNioXeHHOCTN K nepeniomam, fedopmauusam ckeneta. OT1 fedeKkTbl, B CBOI oyepefb, BIVAT Ha
Lpyrue BaxkHble OpraHbl U TKaHW, 0COBEHHO Ha KOCTHBIV MO3T U HEPBHYIO cMcTeMy. 3abonieBaHne HacnegyeTcs no
AYTOCOMHO-PELIECCBHOMY, ayTOCOMHO-LOMVHAHTHOMY TWMaMm, BCTpevatoTca X-cuenneHHble popmbl 3abonesa-
HUA, @ TaKXKe cnopaguyeckre cnyyan. Yactota ayToCOMHO-AOMMHAHTHOrO ocTeoneTpo3a coctaBnaeT 1 Ha 20 Thic,,
a ayTOCOMHO-peLieccMBHOrO — 1 Ha 250 TbiC. HOBOPOXAEHHbIX. Ha cerogHALWHNA AeHb ON1caHo 23 reHa, CTPYKTYp-
Hble N3MEHEHUA B KOTOPbIX MPUBOAAT K Pa3BUTKIO OCTeoneTpo3a. KNnnHnyeckne CUMnTOMbl MPUY OCTEONETPO3HbIX
COCTOSIHUAX CUSNIbHO PA3fIMYaoTCA MO NPOABIIEHNIO 1 CTEMEH TaxecTU. Hanbonee nerkme ckeneTHble HapyLweHua
HabnofaloTca BO B3POC/IOM BO3pacTe U BCTPEUAIOTCA NPY ayTOCOMHO-AOMUHAHTHON popmMe ocTeoneTposa. Taxe-
nble GopMbl, XapakTepursytoLmecs nepesioMmamm, yMCTBEHHON OTCTaNIOCTbIO, MOPAXKEHVAMMN KOXW, HapyLUEHNAMN
VMMYHHOW CUCTEMbI, aLMA030M MOYEUHbIX KaHanbLeB, HAOMIOAATCA NPY ayTOCOMHO-PELIECCMBHOM TUME OCTeOo-
neTpo3a, NPOoABNALLIEMCA B paHHEM AETCKOM Bo3pacTe. [JuarHo3 «oCTeoneTpo3» CTaBUTCA Ha OCHOBAHUUN KINHU-
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pathogenesis of osteopetrosis

YeCKoW 1 PEHTTeHONTOrMYEeCcKo OLEeHKHW, NMOATBEPXKAEHHON G1ONCUel KOCTe U reHeTUYeCK M TeCTUPOBAHNEM.
[lns ayToCOMHO-peLieccmBHbIX GOPM OCTEONETPO3a BaXKHbl PaHHSAS JMAarHOCTVKa 1 ieueHne 3a6oneBaHs C Lenbto
YCTaHOBJEHVA reMaToNOrMUecKrX HapyLLeHnin, a Takxke Ans npefoTBpaLLeHNa NPOrpeccpoBaHmns 3abonesaHus
[0 BO3HUKHOBEHMs HeOOGPATUMbIX HEBPONOrMUYECKIX MOCNeACTBUN. BONbLIMHCTBO NaLMEHTOB YMMPatOT B TeUeHne
NepBOro AecATUNEeTUA 13-3a BTOPUYHbBIX UHGEKLUIA U/UNK KPOBOTEUEHWI, @ TakKe YrHeTeHUs QyHKLMM KOCTHOTO
mos3ra. B HacToseln paboTe npeAcTaBneH 0630p COBPEMEHHOIO COCTOAHMUA U3yUYeHWsi OCTeONeTpo3a, KINMHUKO-
reHeTNYeCKrX acnekToB, MOJIEKYNIAAPHOTO NaToreHesa 3aboneBaHus.

KntoueBble crioBa: 0CTeONeTPO3; KNnaccmdukaLums; CoeiMHUTENbHAsA TKaHb.

Introduction

Bone is a dynamic tissue that undergoes constant self-
renewal; bone tissue homeostasis depends on the functional
balance between three cell types: osteoclasts necessary for
bone resorption; osteoblasts responsible for bone matrix
formation, and osteocytes involved in the reception and
transduction of mechanical stimuli and in the regulation
of osteoclast/osteoblast differentiation and function. The
balance between bone synthesis and resorption is finely
tuned and any perturbations of this balance in adults trigger
bone disease (Coudert et al., 2015).

Osteopetrosis is a group of inherited metabolic bone di-
seases characterized by increased bone mass due to defects
in osteoclast function or formation, leading to fractures,
generalized osteosclerosis, pancytopenia, and in severe
cases, cranial neuropathies and hepatosplenomegaly. Ab-
normalities in the structural organization of multiple genes
are responsible for the development of the disease, leading
to marked clinical heterogeneity.

Classification and clinical features

of osteopetrotic conditions

In 2006, the Nosology Group of the International Skeletal
Dysplasia Society presented a classification of increased
bone density conditions into several distinct entities based
on clinical features, mode of inheritance and underlying
molecular and pathogenetic mechanisms (Stark, Savari-
rayan, 2009). 13 clinical forms of osteopetrosis were iden-
tified: severe neonatal or infantile forms of osteopetrosis,
the intermediate form of osteopetrosis with renal tubular
acidosis, the late form (Albers-Schonberg disease), os-
teopetrosis with ectodermal dysplasia and immune defect
(OLEDAID), leukocyte adhesion deficiency syndrome
(LAD-III) and osteopetrosis, pycnodisostosis, osteopoiki-
losis, melorheostosis with osteopoikilosis, dysosteoscle-
rosis, osteomesopiknosis, congenital striated osteopathy
with cranial stenosis, Stanescu-type osteosclerosis (Stark,
Savarirayan, 2009).

Recently, the advent of next-generation sequencing tech-
nology has continued to identify new molecular causes of
the disease, leading to an expansion of the classification.
We have systematized all currently known osteopetrosis
conditions with a description of the genetic defect and the
main clinical characteristics, and showed it in Table.

Autosomal recessive, intermediate forms of osteopetro-
sis, and autosomal dominant and X-linked type of osteo-
petrosis have been described.
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Autosomal dominant osteopetrosis (Albers-Schonberg
disease, ADO) is commonly referred to as benign osteo-
petrosis, with an incidence of 1:20,000 newborns. Clini-
cal and radiologic signs of ADO most often appear late in
childhood or adolescence. The major complications are
skeletal, including fractures, scoliosis, osteoarthritis of
the hip joint, and osteomyelitis, especially affecting the
mandible in combination with dental abscesses or dental
caries. About 70 % of patients with ADO have mutations
in the CLCN7 gene. In the remaining ~30 % of cases, no
mutations in the CLCN7 gene sequences were found, sug-
gesting involvement of additional genes in the pathogenesis
of this form of osteopetrosis (Coudert et al., 2015).

The X-linked form of osteopetrosis results from mu-
tations in the /KBKG gene. Patients with this type have
a specific phenotype with ectodermal dysplasia and an
immune defect.

Intermediate forms of osteopetrosis are caused by
defects in the PLEKHM 1 and SNX10 genes. Clinical mani-
festations vary in patients with this type.

The most severe malignant disease states are autosomal
recessive forms of osteopetrosis (ARO), which are caused
by defects in various genes with products that are involved
in the formation, function and differentiation of osteoclasts.
Clinically, patients with ARO are characterized by severe
disorders of the musculoskeletal system, central nervous
system (CNS), manifesting in the first few months of life.
Patients are treated in pediatric or hematologic departments.
Sick children have recurrent infections. They also suffer
from frequent bleeding secondary to medullary hyperplasia
caused by bone invasion of the medullary space. Cranial
nerve compression can lead to blindness and deafness. Neu-
rologic defects may also occur in some patients regardless
of nerve compression. Radiological examination reveals
dense bones characterized by extreme fragility.

Currently, there is no universal therapy regimen for os-
teopetrosis and strategies and tactics in the treatment of the
disease are determined by its molecular pathogenesis, so it
is necessary to identify the genetic cause of the disease in
each individual case. Hematopoietic stem cell transplanta-
tion (HSCT) is recognized as the most effective treatment,
which allows restoration of bone resorption by cells of
donor origin. This therapy is suitable for patients with
mutations in the TCIRGI, TNFRSF11A (RANK), SNX10,
CAIl, IKBKG, FERMT3, CalDAG-GEF'] genes. Patients
with severe neurological disorders caused by mutations in
the TNFSF 11 and OSTM genes are not indicated for HSCT
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Clinical and genetic classification of osteopetrosis conditions

Condition Inheritance  Gene Protein Clinical features
Osteopetrosis, AR* TCIRGT Subunit of V-ATPase pump Reminiscent of ADO type 2, rickets, osteomalacia
severe neonatal Delayed development of the central nervous
or infantile forms system
AR CLCN7 Chloride channel Fractures, short stature, base sclerosis with

optic nerve compression, facial nerve palsy
and hearing loss, absence of medullary cavity
with severe anemia and thrombocytopenia,
dental anomalies, mandibular osteomyelitis,
hypocalcemia and secondary hyperparathy-

roidism
AR OSTM1 Osteopetrosis associated Central nervous system damage.
transmembrane protein Abnormalities of the brain
AR TNFSF11 TNF superfamily member 11 T-cell defect, hypogammaglobulinemia,
(RANKL) similar to variant immunodeficiency
AR TNFRSF11A TNF receptor superfamily Visual impairments, neurological defects,
(RANK) member 11 fractures, physical and mental retardation
AR SNX10 Sorting nexin 10 Stunting, hypocalcemia, hydrocephalus,
severe visual and hematopoietic disorders
AR PLEKHM1 Pleckstrin homology domain Frequent fractures, deformities of different parts
containing family M, of the hip, bone pain
member 1
Osteopetrosis AR CAll Carbonic anhydrase Il Cerebral calcification and renal tubular acidosis
with renal tubular acidosis
Osteopetrosis, AD CLCN7 Chloride channel Fractures, scoliosis, osteoarthritis of the hip joint
late-onset form and osteomyelitis of the mandible or septic
(Albers-Schénberg osteitis or osteoarthritis elsewhere. Cranial nerve
disease) compression (rare)
Osteopetrosis with XL IKBKG (NEMO) Inhibitor of kappa light Hypohydrotic ectodermal dysplasia, congenital
ectodermal dysplasia and polypeptide gene enhancer, dental, hair and extracellular glandular diseases,
immune defect (OLEDAID) kinase of immunodeficiency, increased susceptibility

to fungal infections

Leukocyte adhesion AR FERMT3 Kindlin-3 Recurrent infections and hemorrhagic diathesis
deficiency syndrome regardless of platelet or leukocyte count, high
(LAD-III) and osteopetrosis bone density

AR CalDAG-GEF1  Calcium and diacylglycerol-  Frequent bleeding and recurrent infections

regulated guanine
nucleotide exchange factor 1

Pycnodysostosis AR CTSK Cathepsin K Short stature, typical facial appearance (convex
back of nose and small jaw with blunt mandibu-
lar angle), osteosclerosis with bone fragility,
acroosteolysis of distal phalanges, delayed
closure of cranial sutures, clavicle dysplasia,
dental anomalies, joint hypermobility, cerebral
demyelination and hepatosplenomegaly

Osteopoikilosis AD LEMD3 LEM domain-containing 3 Sclerotic darkening of the sciatic, pubic bones
and epimetaphyseal areas of the short tubular
bones

Melorheostosis AD LEMD3 LEM domain-containing 3 Pain and stiffness in extremities, skeletal

with osteopoikilosis deformities
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Table (end)
Condition Inheritance  Gene Protein Clinical features
Dysosteosclerosis AR SLC29A3, Transmembrane glycoprotein  Red-violet macular atrophy, platyspondyflitis,
TNFRSF11A  TNF receptor superfamily metaphyseal osteosclerosis
member 11a
Osteomesopyknosis AD Unknown Unknown Back pain, axial sclerosis
Osteopathia striata XL WTX (AMERT) Wilm's tumor gene Longitudinal stripping of metaphyses of long
congenita on the X chromosome bones, macrocephaly, cleft palate and hearing
with cranial stenosis loss, mental retardation
Osteosclerosis, AD Unknown Unknown Short stature, sclerosis of long bones,
Stanescu type malformations of the skull bones
COMMAD AR MITF Melanocyte inducing Coloboma, osteopetrosis, microphthalmia,
transcription factor macrocephaly, albinism, deafness
Poikiloderma AR Cl16orf57 Phosphodiesterase Osteopetrosis, neutropenia
with Neutropenia
Generalized osteopetrosis AR CSF1R Colony-stimulating factor 1 Structural abnormalities of the brain and
with severe cerebral receptor primary neurodegenerative phenotype,
malformation platyspondylosis
Severe combined AR RAG1,RAG2, Recombination activating 1,  Hypocalcemia, optic atrophy, increased pelvic
immunodeficiency TRAF6 recombination activating 2, bone density, and rickety changes in knees
TNF receptor associated and wrists
factor 6
Osteosclerotic AR LRRK1 Leucine rich repeat kinase 1 Osteopetrosis, mainly affecting metaphyses
metaphyseal dysplasia of long bones, vertebral endplates, rib ends,
and edges of flat bones
Rela associated AR RELA NF-kB nuclear transcription Congenital osteopetrosis, osteosclerosis

osteopetrosis

* Mode of inheritance: AD - autosomal-dominant, AR — autosomal-recessive.

and only symptomatic treatment is available for these pa-
tients. Risky and invasive transplant procedures are also not
indicated for mild forms of the disease, for example, with
mutations in the PLEKHM1, SLC2943, CTSK, or CLCN7
genes. For recently diagnosed forms of the disease, there
is currently insufficient knowledge to determine specific
treatment tactics.

Thus, osteopetrosis is a clinically variable disease with a
wide spectrum of clinical manifestations and symptoms of
varying severity. It is necessary to understand the molecular
pathogenesis of the disease in order to correctly diagnose
and determine the treatment tactics of the disease.

Molecular pathogenesis

of different forms of osteopetrosis

The disease is characterized by a complex molecular
pathogenesis caused by mutations in 23 genes (see the
Table) responsible for the development of correspond-
ing clinical osteopetrosis conditions (TCIRGI, CLCN?7,
OSTM1, PLEKHM1, SNX10, TNFSFI11 (RANKL),
TNFRSFI11A4 (RANK), IKBKG (NEMO), RAG1, RAG2,
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factor subunit

TRAF6, FERMT3, LRRK1, MITF, C160rf57, CSFIR, CAll,
SLC2943, CalDAG-GEF1, CTSK, WTX, LEMD3, RELA).

Autosomal recessive forms of osteopetrosis arise from
mutations in genes that are involved in osteoclast function
(osteoclast-rich) or differentiation (osteoclast-poor forms
of osteopetrosis).

Osteoclast-rich osteopetrosis is caused by mutations
in genes responsible for lacunar acidification, resorption
and pH regulation (TCIRG1, CLCN7, OSTM1 and CAII),
vesicular transport and sorting of protein complexes to the
membrane (SNX/0 and PLEKHM]), lysosomal nucleo-
side transport (SLC29A43) cytoskeletal rearrangement for
“corrugated edge” formation (KINDLIN3, integrin-f3 and
LRRK1) and lysosomal proteolytic cleavage for bone re-
modeling and resorption (C7SK), for signal transduction
and osteoclast function (MITF, TRAF6, RELA and NEMO)
(De Cuyper et al., 2021; Penna et al., 2021).

In osteopetrosis with osteoclast deficiency, osteoclast
differentiation is impaired due to mutations in the TNFSF'/]
and TNFRSF114 genes encoding RANKL and its recep-
tor RANK, respectively, or in the CSFIR gene encoding
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M-CSF. As a consequence, osteoclast precursors are un-
able to fuse and differentiate into multinucleated resorbing
osteoclasts.

About 50 % of patients with ARO have mutations in
the TCIRGI (T-cell immunoregulator 1) gene. This gene
encodes a subunit of a large protein complex known as
vacuolar H+-ATPase (V-ATPase), mainly expressed by
osteoclasts and gastric parietal cells on apical membrane.
The protein complex acts as a pump to move protons across
the membrane. The V-ATPase pump acidifies the resorption
lacuna in the bone for the dissolution of the hydroxyapatite
crystals that form the bone mineral fraction and the degra-
dation of the matrix.

The a3 V-ATPase subunit is also involved in the inter-
action between the actin cytoskeleton and microtubules,
necessary for the osteoclast ruffled border formation (cor-
rugated paper). Accordingly, TCIRG I-mutated osteoclasts
show defective ruffled border and markedly reduced resorp-
tive activity. In addition, V-ATPase maintains low pH in
the stomach for the dietary Ca?* absorption, and because
gastric acidification is also relevant for calcium uptake,
this form of osteopetrosis is characterized by rickets or
osteomalacia (Penna et al., 2019).

To date, more than 120 different mutations in the TCIRG 1
gene have been described, including missense mutations,
nonsense mutations, small insertions/deletions, large ge-
nomic deletions, and splicing defects, demonstrating the
high genetic heterogeneity of the TC/IRGI-deficient ARO
cohort (Palagano et al., 2018).

Mutations in the CLCN7 (chloride potential-dependent
channel 7) gene are responsible for 17 % of autosomal
recessive osteopetrosis cases and for the majority of auto-
somal dominant osteopetrosis cases (70 %) (Penna et al.,
2021). Bi-allelic mutations cause a very severe form of the
disease in which bone defects and hematologic failure are
combined in some patients with primary neurodegenera-
tion resembling lysosomal accumulation disease, cerebral
atrophy, spasticity, axial hypotonia, and peripheral hyper-
tension. Conversely, single-allelic CLCN7 mutations result
in autosomal dominant osteopetrosis and are associated
with milder symptoms and later onset.

The CLCN7 gene encodes 2Cl-/H*-antiporters, regulated
by a potential-dependent mechanism, expressed on the
“corrugated edges” of osteoclasts and on the membranes
of late endosomes and lysosomes. CLC family proteins
transport chlorine ions across cell membranes to maintain
membrane potential, regulate transepithelial Cl- trans-
port, and control intravesical pH between different orga-
nelles.

The neuropathic form of autosomal recessive osteope-
trosis is caused by mutations in the OSTM1 or CLCN7
genes. Mutations in OSTM1 (transmembrane protein 1
associated with osteopetrosis) account for about 5 % of
ARO cases and invariably cause osteopetrosis and severe
primary neurodegeneration with a life expectancy of less
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than two years. OSTMI1 acts as the auxiliary B-subunit of
CLC-7 to support bone resorption and lysosomal function.

Virtually all of the identified mutations in this gene
result in protein shortening. A secreted form of shortened
OSTMI1 has been shown to inhibit osteoclast formation
in vitro through suppression of the BLIMP1-NFATc1
axis, thereby providing a putative additional pathogenetic
mechanism of OSTM1-deficient ARO. Moreover, using a
specially designed quantitative PCR strategy, two different
homozygous microdeletions spanning ~110 and ~10 bp,
respectively, and affecting the N-terminal part of the
OSTM1 gene were detected in two unrelated families of
Arab and Indian origin consisting of five critically ill pa-
tients. Sequence analysis of the relevant genomic region
identified AluSx-mediated recombination and nonrecurrent
rearrangement followed by nonhomologous end joining as
the respective underlying molecular mechanism (Palagano
et al., 2018; Zhang et al., 2020).

Osteopetrosis with early onset neurodegeneration and
iron accumulation in certain brain regions has been de-
scribed in one patient, which is a very unusual finding.
Full-exome sequencing revealed the presence of a novel
¢.783+5G>T mutation in the OSTM 1 gene, causing exon 4
skipping, and a frameshift variant ¢.446dup in the homo-
zygous state in the MANEAL gene. This gene encodes an
endo-alpha-like mannosidase protein, which probably
localizes in the Golgi complex and is potentially involved
in glycoprotein metabolism; indeed, increased mannose
tetrasaccharide molecules have been found in the patient’s
urine and cerebrospinal fluid. How this might be related
to iron accumulation in the brain and the contribution of
a mutation in the MANEAL gene to the formation of the
osteopetrosis phenotype requires further investigation.

Osteopetrosis with renal tubular acidosis and cerebral
calcinosis is caused by mutations in the CAII gene. Car-
boanhydrase (CAII) is a zinc-containing metalloenzyme
responsible for catalyzing the reversible conversion of
carbon dioxide (CO,) and water (H,O) to bicarbonate
(HCO3") and protons (H*). Carboanhydrase helps in the
maintenance of homeostasis in the body. The substrates
and products of the reaction (CO,, HCO3~ and H*) are
necessary for the regulation of biological processes such
as respiration, cerebrospinal fluid formation, and bone re-
sorption (Sanyanga et al., 2019).

About 30 different mutations have been identified in the
CAII gene: missense mutations, nonsense mutations, and
splice site mutations. The majority of patients with this
mutation are of Arabian origin.

Intermediate forms of ARO caused by mutations in the
PLEKHM1 (member 1 of the M family containing the
pleckstrin homology domain) and SNX10 (sorting nexin 10)
genes have been described (Coudert et al., 2015). The
PLEKHM1 gene encodes a cytosolic protein involved in
endosome transport pathways through interaction with
small GTPases RAB7 and ARLS. In addition, PLEKHM 1
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is involved in the fusion of autophagosomes and lysosomes
required for the clearance of a variety of protein aggre-
gates. Accordingly, disruption of specific domains of this
protein or its loss impairs vesicle distribution, secretion,
and formation of corrugated wukras, thereby undermining
the resorptive function of osteoclasts. PLEKHM1 is a large
protein containing various functional domains: the RUN
domain in which the ¢.296+1G>A mutation was localized,
originally identified in two siblings with ARO; two plectrin
homology (PH) domains separated by an LC3-interacting
region (LIR); the Rubicon homology (RH) domain and the
Cl1 zinc finger at the C-terminal.

Two different presumably dominant mutations in the
PLEKHM1 gene have been reported in two unrelated
patients: ¢.2140C>T (p.Arg714Cys), clearly unrelated to
osteopetrosis, was found in the second PH domain; and the
recently discovered ¢.3051 3052delCA mutation, located
in the RH domain, is predicted to eliminate the zinc finger
motif. The RH domain is essential for the interaction of
PLEKHMI1 with RAB7, leading to reduced interaction
of the mutant protein with RAB7, resulting in abnormal
intracellular localization and increased autophagy.

Less than 5 % of ARO cases are caused by mutations in
the SNX10 (sorting nexin 10) gene, which encodes a pro-
tein family of cytoplasmic and membrane-bound proteins
characterized by a phosphoinositide-binding domain called
the PX domain (Zhou et al., 2017). SNX proteins take
part in protein sorting and transport across membranes by
establishing protein-protein and protein-lipid interactions.
Specifically, SNX10 interacts with V-ATPase and regulates
its intracellular transport; accordingly, this autosomal re-
cessive form of osteopetrosis results from altered transport
of V-ATPase to the “corrugated edges” of osteoclasts and,
consequently, their defective function. It has been suggested
that SNX10 plays a role in the delivery and secretion of
matrix metalloprotease 9, which is involved in the degra-
dation of the extracellular matrix (Palagano et al., 2018).

Mutations in the SNX10 gene cause Visterbottenian os-
teopetrosis (named after the Swedish county), where the
¢.212+1G>T mutation in the SNX10 gene causing activa-
tion of a hidden splicing site in intron 4, leading to frame-
shift and stop codon formation (p.S66Nfs*15), occurs
with a frequency of 1:93 in the population of this region.
Genealogical studies and haplotype analysis have traced the
origin of this mutation to a common ancestor in the early
19th century, and the age of the mutation is estimated to
be approximately 950 years (Pangrazio et al., 2013; Stattin
etal., 2017).

2 % of patients with ARO are deficient in the cytokine
RANKL (receptor-activator nuclear kappa-B ligand) and
4.5 % are deficient in its receptor RANK. RANKL is en-
coded by the TNFSF1I gene, and binding to its receptor
RANK, encoded by the TNFRSF11A gene, determines the
activation of a downstream pathway that controls osteo-
clast differentiation and activation. The RANK/RANKL
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signaling pathway regulates the formation of mature
osteoclasts from their precursors as well as their activity
in bone remodeling. Disruption of this pathway results in
a complete absence of mature osteoclasts in bone biopsy
specimens. Patients with RANKL deficiency show severe
osteopetrosis with slower disease progression compared to
classical ARO (Penna et al., 2021).

In bone, RANKL is produced mainly by the stromal
compartment under physiological conditions, whereas other
cell sources are more important in pathological processes.
Recent evidence suggests that RANKL also plays an os-
teogenic role through an autocrine loop in mesenchymal
stem cells and through reverse signaling from osteoclasts to
osteoblasts. In addition, in patients, the absence of RANKL
leads to a partial disruption of T-cell proliferation and cy-
tokine production, while RANK deficiency impairs B-cell
memory subpopulation and immunoglobulin production
(Penna et al., 2021).

Importantly, unlike TNFSF11 deficiency, osteopetrosis
in patients with TNFRSF11A deficiency can be rescued by
hematopoietic stem cell transplantation.

X-linked osteopetrosis is caused by mutations in the
IKBKG gene. The IKBKG gene encodes NEMO, a regula-
tory subunit of the IKK complex (inhibitor of kB kinases)
fundamental for the activation of the NF-«kB (nuclear fac-
tor kB) transcription factor for the induction of osteoclasto-
genesis. NF-kB signal transduction involves a number of
molecules (mainly kinases and transcription factors) that
play a crucial role in the regulation of gene expression in
many organs and in physiopathological conditions. In bone,
it is supported by the fact that hypomorphic mutations in
the IKBKG gene encoding a component of the IkB kinase
complex required for inhibition of IkB-a and subsequent
nuclear translocation of the released p65/p50 heterodimer
are responsible for X-linked osteopetrosis with ectodermal
dysplasia and immunodeficiency. These mutations are
mainly localized in the zinc finger protein domain and lead
to osteopetrosis by altering the RANKL/RANK signaling
pathway (Frost et al., 2019; Jimi, Katagari, 2022).

Recently, a case was described in a newborn infant who
died suddenly of unknown causes and pathological exa-
mination revealed a pathological increase in bone density
associated with increased osteoblast function caused by
de novo (c.1534 1535delinsAG (p.Asp512Ser)) mutation
inthe RELA gene (11q13.1). This mutation has been shown
to disrupt NF-kB signaling in patient fibroblasts, which
supports the hypothesis of possible changes in various vital
functions (Frederiksen et al., 2016).

Severe combined immunodeficiency (SCID) is caused
by a large deletion on chromosome 11 spanning the RAG/
and RAG?2 genes and the 5'-region of TRAF6 (Weisz Hub-
shman et al., 2017).

Among the various adaptor molecules recruited via
RANKL/RANK binding, TRAF6 (TNF receptor-associated
factor 6) appears to be the most important. TRAF6 also
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acts downstream of the T- and B-cell receptor, leading to
NF-kB activation.

Several years ago, inactivation of the TRAF6 gene in
mice was shown to cause severe osteopetrosis, and more
recently, similar evidence was obtained in humans. In
fact, a homozygous 2064 bp genomic deletion on chro-
mosome 11 covering the 5'-region of the TRAF6, RAG1
and RAG2 genes (RAG proteins are necessary for B- and
T-cell receptor recombination and for the survival and
differentiation of these cells) was identified in two sibling
patients with osteopetrosis and severe combined immune
deficiency (SCID) by chromosomal microarray analysis.
This genomic deletion covers the region above exon 1 and
part of the non-coding sequences of exon 1. It is likely that
these regions are regulatory; in fact, at the protein level,
their deletion completely abolishes TRAF6 production.
This mutation has been described in a single family, and
the osteopetrosis was not generalized, but was pronounced
in the pelvis and legs; because both patients, brother and
sister, died at a very young age due to a severe immunologi-
cal defect, it is currently difficult to predict the evolution
of the disease in this particular case (Weisz Hubshman et
al., 2017).

Mutations in the FERMT3 and CALDAGGEFI genes
cause osteopetrosis combined with leukocyte adhesion de-
ficiency type I1I (LAD III).

The CALDAGGEFI gene lies at the distal edge of the
region of chromosome 11q13.1, is activated through di-
acylglycerol and Ca?* binding, and is a guanine replace-
ment factor for Rap1, a GTPase that plays an essential role
in integrin activation. The gene encodes two proteins by
alternative splicing, a cytosolic form of 68-kDa and a form
of 72-kDa localized in the membrane through an additional
amino-terminal myristoylated and palmitoylated domain
(Svensson et al., 2009).

The FERMT3 gene (chromosome 11: 63.73—63.75 Mb)
is located 0.5 Mb from CALDAGGEFI on chromosome
11q13.1. The FERMT3 gene (representative of fermitin
family 3) is expressed in hematopoietic cells and codes
for kindlin-3, a member of the kindlin family that includes
three different focal adhesion proteins involved in integrin
activation. This process is necessary for cell adhesion,
proliferation and migration, organization of the extracel-
lular matrix, cell survival, proliferation, and differentiation.

Kindlin-3 is an intracellular protein bound to the actin
cytoskeleton. It interacts with several classes of integrins
and mediates their adhesive function and the transmission
of signals from inside to outside, which is essential in
bone for the resorptive activity of osteoclasts. Accordingly,
kindlin-3 deficiency causes a major morphological change
in osteoclasts and impairs their ability to attach to the bone
surface. Mutations with a prematurely-terminating codon
have been mainly described: nonsense mutations, splice
defects, frameshifts, and, very rarely, missense mutations.
Unfortunately, because the number of cases published in
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the literature is very limited, a gene-phenotypic correlation
cannot be made at this time (Svensson et al., 2009).

Mutations in the LRRK1 (leucine-rich repeat kinase 1)
gene are responsible for osteosclerotic metaphyseal dys-
plasia. The LRRKI gene consists of 34 exons spanning
about 150 bp on chromosome 15q26.3. LRRKI encodes
a multidomain protein of 2015 amino acids that contains
ankyrin repeats, leucine-rich repeats), a C-terminal Roc
(COR) domain and a serine-threonine kinase domain, and
seven tryptophan-aspartic acid (WD) 40-domain dipeptides
at the C-terminal.

Mutations of the LRRKI gene have been described in
only five patients; a homozygous seven-nucleotide deletion
in the last exon of the gene (¢.5938 5944delGAGTGGT,
p-Glu1980Alafs*66) was recently identified in one of these
patients. This mutation is predicted to cause frameshift and
premature termination with loss of the seventh tryptophan-
aspartic acid (WD) 40 domain. The WD40 domain, like
other functional domains in the LRRK1 protein, mediates
protein-protein interactions. In particular, it has been sug-
gested that LRRK interacts with components of the c-Src
signal transduction pathway to achieve cytoskeleton and
“corrugated edge” rearrangement and podosome assemb-
ly. Accordingly, LRKK 1-deficient osteoclasts are flat and
large because they are unable to properly reorganize the
cytoskeleton and resorb bone (lida et al., 2016; Xing et
al., 2017).

Another gene associated with osteopetrosis is MITF
(microphthalmic-associated growth factor), which encodes
a transcription factor that acts downstream of the RANK/
RANKL pathway. MITF deficiency is responsible for the
COMMAD syndrome (Coloboma, Osteopetrosis, Micro-
phthalmia, Macrocephaly, Albinism, and Deafness).

Microphthalmia-associated transcription factor (MITF)
is a major helix-loop-helix-zipper transcription factor that
forms homo/heterodimers that regulate gene expression in
various tissues, so a range of phenotypes can reasonably be
expected when it is mutated. In bone, MITF is thought to act
along the RANKL/RANK signaling pathway downstream
of NFATc]1 to enhance NFATc1-dependent osteoclastogenic
signaling.

Complex heterozygous mutations in the MITF gene
have most recently been found in two unrelated patients
with COMMAD syndrome manifesting coloboma, os-
teopetrosis, microphthalmia, macrocephaly, albinism and
deafness. The identified mutations (c.952 954delAGA
(p.Arg318del) and ¢.921G>C (p.Lys307Asn) in proband [;
¢.952A>G (p.Arg318Gly) and ¢.938-1G>A (p.Leu3 12fs*)
in proband I1) do not alter MITF dimerization, but rather its
nuclear migration and DNA binding properties. This finding
broadens the spectrum of phenotypes defined by MITF;
in fact, unlike recessive mutations, dominant mutations
are associated with Waardenburg type 2A syndrome and
Titz syndrome, which share the characteristics of deathess
and pigmentation deficiency. Overall, these data support

FEHETUKA YEJTOBEKA / HUMAN GENETICS 389



D.D. Nadyrshina
R.l. Khusainova

an essential role of MITF in developmental processes as
well as in cell differentiation and survival (George et al.,
2016).

Poikiloderma with neutropenia is an autosomal reces-
sive genodermatosis caused by mutations in the C160rf57
gene located on chromosome 16q21. To date, 17 mutations
(deletions, nonsense mutations, and splice site mutations)
have been identified in 31 patients with poikiloderma. The
Cl60orf57 gene encoding phosphodiesterase is responsible
for the modification and stabilization of small nuclear RNA
U6 (USBI1), which is an important element of the splicing
mechanism (Colombo et al., 2012; Larizza et al., 2013).

Generalized osteopetrosis with severe cerebral malfor-
mation has been reported in consanguineous patients with
mutations in the CSFI/R gene who had osteopetrosis and
cerebral malformations. The CSFIR gene encodes the
M-CSF (macrophage colony-stimulating factor) receptor,
which is a key transmembrane tyrosine kinase receptor
that modulates microglial homeostasis, neurogenesis and
neuronal survival in the CNS. CSF1R, which can be pro-
teolytically cleaved into a soluble ectodomain and an in-
tracellular protein fragment, supports myeloid cell survival
when activated by two ligands, colony-stimulating factor 1
and interleukin 34 (Hu et al., 2021).

M-CSF is an important osteoclastogenic molecule, as
well as RANKL, and it is well demonstrated in osteope-
trotic mice with osteoclast deficiency lacking this cytokine.
M-CSF receptor deficient mice (CSF1R) show a similar
osteopetrotic phenotype; in addition, both models have
defects in innate immunity, fertility and neurological func-
tion. Interestingly, dominant mutations in the CSF/R gene
cause the adult form of encephalomyopathy, whereas just
recently, a recessive mutation in this gene was thought to
be responsible for the lethal complex phenotype in two
siblings with generalized osteopetrosis and severe cereb-
ral malformation. Exome sequencing in the blood parents
of the deceased children revealed a heterozygous muta-
tion (c.1620C>T (p.Tyr540%)) in the CSFIR gene that is
predicted to result in a protein lacking the intracellular
domain that is required for ligand-dependent dimerization
and autophosphorylation. In the absence of a patient DNA
sample, homozygosity for the CSF'/R mutation has not been
demonstrated in sick patients; therefore, these conclusions
were not definitive. However, it would be interesting to
analyze the gene in other patients with a similar phenotype
trying to identify additional mutations as confirmation.

A rare form of osteopetrosis with low osteoclast con-
tent, called dysosteosclerosis, accompanied by red-purple
macular atrophy, platyspondylitis, and metaphyseal os-
teosclerosis, is caused by mutations in the SLC2943 gene
(member 3 of the 29 solute carrier family), which codes for
a highly expressed lysosomal nucleoside carrier in myeloid
cells. The described mutations ¢.607T>C (p.Ser203Pro),
c.1157G>A (p.Arg386Gln), c.1346C>G (p.Thr449Arg),
¢.303_320dup (p.102_107dup) identified in the SLC2943
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gene affect osteoclast function and differentiation, as sug-
gested by reduced osteoclast numbers after in vitro diffe-
rentiation from patient peripheral blood mononuclear cells
and in patient bone biopsy samples (Palagano et al., 2018).
More recently, a new splice site mutation in intron 6 of the
TNFRSF114 gene has been described in one patient, indi-
cating that TNFRSF'11A4 is an additional gene responsible
for dyosteosclerosis.

Osteopoikylosis, Buschke—Ollendorff syndrome, and
melorheostosis are benign and more often asymptomatic
conditions of osteopetrosis, diagnosed more often radio-
logically, and caused by mutations in the LEMD3 gene.
LEMD?3 is an integral protein of the inner nuclear mem-
brane. It contains a nucleoplasmic N- and C-terminal do-
main and two helical transmembrane segments. The N-ter-
minal segment shares a conserved globular domain of
approximately 40 amino acids with other inner nuclear
membrane proteins such as lamina-associated polypep-
tide 2 (LAP2) and emerin. The coding protein functions to
counteract transforming growth factor-beta signaling at the
inner nuclear membrane (Hellemans et al., 2004).

The gene responsible for pycnodysostosis is CTSK, lo-
cated on chromosome 1 (1g21), encoding cathepsin K, a
papain superfamily cysteine peptidase used by osteoclasts
to degrade bone matrix and endowed with the unique
ability to cleave collagen molecules in multiple sites. In
addition, cathepsin K has recently been shown to cleave
and activate matrix metalloproteinase 9 in vitro, indicat-
ing the presence of a protease signaling network likely
significant in various physiopathological conditions. More
recently, cathepsin K has been shown to contribute to the
regulation of bone modeling by downregulating periostin,
a cortical compartment matricellular protein required for
Whnt-B-catenin-mediated periosteal formation (Pangrazio
etal., 2014; Amr et al., 2021).

To date, about 60 different mutations have been de-
scribed in the literature in patients of different geographic
origins. Missense variants are the most frequent mutations;
frameshifts, nonsense mutations, and splicing defects have
also been identified. Mutations mainly occur in the mature
CTSK protein, where exons 5 and 6 are “hot spots”. In addi-
tion, about 6 % of mutations are mapped to the pre-region,
and 25 %, to the pro-region, which are short N-terminal
domains necessary for proper protein localization, protein
folding, and intracellular transport, respectively; the pro-
region is also necessary to keep the enzyme in an inactive
state and is detached at low pH. However, genotype-phe-
notype correlations, which probably also explain atypical
manifestations, have not been specifically investigated
(Pangrazio et al., 2014).

Striated osteopathy with skull sclerosis is caused by
mutations in the WTX gene (AMERI). This gene is located
on chromosome Xq11.2 and contains 2 exons. The protein
encoded by this gene enhances the activation of transcrip-
tion by Wilms’ tumor protein and interacts with many
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other proteins. The prevalence of this form of osteopetrosis
is 0.1:1,000,000 people (Jeoung et al., 2015). More than
one hundred patients with this syndrome worldwide have
been described, of which about one-third of the patients
described are sporadic. Cranial sclerosis, in particular, is
a clinically heterogeneous condition, ranging from mild
skeletal manifestations to multisystem organ damage even
within the same family.

Conclusion

Osteopetrosis is a clinically and genetically heterogeneous
group of disorders the diagnosis of which is complicated
by the presence of different clinical forms and types of
inheritance and the absence of a clear correlation between
genotype and phenotype. Moreover, the mutations identi-
fied to date explain only 70 % of cases of osteopetrosis.
The search for the molecular defects responsible for the
remaining 30 % of the disease continues.

The study of osteopetrosis is necessary for DNA diagno-
sis, treatment prescription, and prognosis. The study of
osteopetrosis has shed light on little-known aspects of
bone tissue cell biology and identified new mechanisms
of osteoclast differentiation and function.
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Abstract. Asthma is a heterogeneous and often difficult to treat condition that results in a disproportionate cost to
healthcare systems. Children with severe asthma are at increased risk for adverse outcomes including medication-
related side effects, life-threatening exacerbations, and impaired quality of life. An important therapeutic focus is to
achieve disease control, which is supposed to involve a personalized approach to treatment of asthma of any se-
verity. Asthma is a multifactorial disease with a significant genetic determinant, however, the inheritance of asthma
has not been fully elucidated. Polymorphic genes of inflammatory mediators, including cytokines, play an important
role in developing various disease forms. In the current study, large-scale original data on the prevalence of cytokine
gene genotypes (IL2, IL4, IL5, IL6, IL10, IL12,IL13,IL17A, IL31, IL33, IFNG, TNFA) among Russian children with asthma in
Krasnoyarsk region have been obtained. Genotyping was carried out using real-time PCR. We identified markers pre-
disposing to the development of different variants of the course of childhood asthma: the CT genotype and T allele of
IL4 rs2243250 are associated with asthma (p < 0.05), especially in mild asthma and in controlled asthma. The TT geno-
type and allele T of IL13 rs1800925 are associated with severe and uncontrolled asthma (p < 0.05). The AA genotype of
IL17A rs2275913, the TT genotype of IFNG rs2069705 and allelic A variants of TNFA rs1800629 are associated with mild
asthma, and the TT genotype of IFNG rs2069705 is additionally associated with controlled asthma. The results obtained
will supplement information on the prevalence of polymorphic variants of the cytokine genes in the Russian popula-
tion and in asthma patients with different disease courses, which is likely to be used in order to shape a plan for Public
Health Authority to prevent the development of severe uncontrolled asthma and to optimize personalized therapy.
Key words: asthma; cytokine; gene polymorphism; child; asthma severity; level of diseases control.
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l'eHeTHYeCcKMe MapKepbl OPOHXMAIbHOV aCTMBbI V eTe:
IIpeIpPacIiiolOoKeHHOCTh K BapraHTaM TedeHUsI 3a00IeBaHUS
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HayuHo-nccnepoBatenbCkuii UHCTUTYT MeaunLMHCKIX npobnem CeBepa — o6ocobneHHoe nogpasaenerne GefepanbHOro MCCnefoBaTenbCckoro LeHTpa
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AHHOTauuMA. ACTMa — XpOHUYECKOe reTeporeHHoe 1 YacTo TPYAHO NoajaloLLeeca neYeHno CoCToAHNE, MPUBOAALLEe K
HecopasMepHbIM pacxofam CUCTEMbI 34PaBOOXPaHeHMA. [leTu € TAXKeNon acTMOI NOABEPXKEHbI NMOBbILLEHHOMY PUCKY
HebnaronpuATHbIX NCXOAOB, BKoUYasa NobouHble 3PpdEKTbI, CBA3AHHbIE C MPUEMOM NIeKapCTB, YrpoXKatoLne X1U3HN
060CTPEHUA N YXYALEHNE KauecTBa XM3HU. BaXKHbIM TepaneBTNYeCcKM aKLEHTOM ABMIAETCA AOCTUXKEHNE KOHTPONSA
Haf 3aboneBaHneMm, YTO NMofApasymeBaeT NepcoHNGULMPOBAHHBIN MOAXOL K JIeUeHUNo Npu t0OON CTENEHN TAXKECTU
acTMbl. ACTMa OTHOCUTCA K MyNbTUdaKTopranbHbiM 3a0051eBaHMAM, MEIOLWMM 3HAUYMMYIO FeHETUYECKYI0 AeTepMu-
HaHTY, OAHAKO HacnefAoBaHMe acTMbl Ha CETOAHALIHUIA ieHb MOJIHOCTbIO He 06bACHEHO. B pa3BuTMM pasHbiX popm
3aboneBaHnA 0CobYy0 POsb UrpPaloT NOAMMOPPHbIE reHbl MeAMaTOPOB BOCMANeHUs, B TOM YMC/Ie LIMTOKMHOB. B Ha-
CTOSALLEM VCCNIEAOBAHMN BMEPBbIE MOJSyYeHbl MacluTabHble AaHHble O pacnpefeneHr reHOTUMNOB FEHOB LTOKUHOB
(IL2, IL4, IL5, IL6, IL10, IL12, IL13, IL17A, IL31, IL33, IFNG, TNFA) cpefn 60nbHbIX acTMOW pyccKux aetein KpacHoapcko-
ro Kpas. [eHOTUNMpoOBaHKe OCyLLEeCTBNEHO C UCMOMb30BaHEM MeToAa NOMMMePa3HON LIeMHOWM peakuymmn B pexnume
peanbHoro Bpemenu (MLP-PB). B xoae nccnenosaHma Hamy BbiiBeHbl MapKepbl, MpeapacnonaraioLme K pasButunio
Pa3nNnYHbIX BapraHTOB TeueHnsa acTmbl y fetelt: reHotun CT v annenb T rs2243250 /L4 accoymmpoBaHbl € pa3BUTUeM
acTmbl (p < 0.05), 0cO6eHHO NMpu Nerkon Gopme 1 KOHTponMpyemom TeyeHun. feHotun TT v annenb T rs1800925 IL13
accoLUMpPOBaHbI C aCTMOW, B TOM UKCIIe TAXKENOW CTEMNEHU, 1 C HEKOHTponupyemoi popmoli (p < 0.05). YcTaHoBMEHO,
yto reHotunbl AA IL17A rs2275913, TT IFNG rs2069705 n annenbHbili BapuaHT A TNFA rs1800629 accoulmmpoBaHbl C
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Nerkon cteneHbto actmbl, reHoTun TT IFNG rs2069705 accoumMmpoBaH Tak»Ke C KOHTponmpyemon popmoit. MNMonyyer-
Hble pe3ynbTaTbl JOMOHAT AAHHbIE O XapaKTePUCTMKe pacrnpeaesieHnA NoNMMOPPHbIX BAPMAHTOB reHOB LIMTOKNHOB B
pyccKkor nonynALmMmM 1y 60MbHbIX aCTMOI C Pa3fiMyHbIM TedeHneM 3aboneBaHus, YTO MOXHO OYAeT MCMOoJIb30BaTh AN
bopmMMpoBaHKA NIaHOB OPraHOB NPAKTUYECKOrO 34PaBOOXPAHEHUA B OTHOLIEHMN MPOPUNAKTUKM Pa3BUTUA TAXKENO
HEKOHTPONIMPYEMOI aCTMbl 11 B LieSIX ONTUMU3aLuUy NepCcoHMPULMPOBaHHON Tepanuin.

KnioueBble cnoBa: 6poHxManbHaa acTMa; LUTOKMH; NMONMMOpPGU3M reHOB; AeTU; CTereHb TAXKECTU acTMbl; YPOBEHb

KOHTPOJIA.

Introduction

Asthma is one of the most common diseases of the lower
respiratory tract; it is a heterogeneous disease characterized
by airway inflammation and hyperactivity. Asthma most often
begins in early childhood, has a variable course and an unstable
phenotype progressing over time (Hancox et al., 2012). It
significantly limits and worsens the quality of human life in
case of uncontrolled and severe disease. According to WHO
estimates, asthma annually leads to the loss of 26.2 million
in the world as measured by DALY's (disability-adjusted life
years — an indicator of healthy life lost due to disability),
which is 1 % of the total global burden of disease (GBD 2015
Chronic Respiratory Disease Collaborators..., 2017). Today,
asthma is a global health problem of great socio-economic
importance, i.e. about 339 million people worldwide suffer
from asthma. The increase in the prevalence and incidence of
asthma worldwide is influenced by both genetic background
and a large number of environmental factors included in the
“modern lifestyle” concept. Moreover, asthma prevalence, se-
verity, and mortality vary greatly by ethno-geographic origin.

Based on expert estimates, the number of asthma patients
in Russia exceeds official figures, i.e. according to their cal-
culations, 5.9 million instead of 1.3 million people suffer from
asthma in our country. In addition, according to the reported
data, since asthma is a disabling and dangerous disease,
about 41 % of asthma patients receive a disability pension.
The prevalence of the disease among adults is 6—7 %, among
children and adolescents it is 8—10 %, exceeding the inci-
dence rate of cardiovascular disease, breast cancer and HIV
infection (Chuchalin et al., 2014). According to 2020 data,
more than 42.5 thousand asthma individuals were recorded in
Krasnoyarsk region, including both adults and children. The
prevalence among adolescents has been noted to be steadily
increasing.

There are a number of asthma phenotypes and endotypes.
Asthma classification is to group patients based on observ-
able combinations of clinical, biological and physiological
characteristics into so-called phenotypes. Simply stated, phe-
notypes are defined as “observable characteristics resulting
from a combination of hereditary and environmental influen-
ces” (Wenzel, 2012). It is important to emphasize that the
phenotype of asthma can change over time, which is caused
by environmental factors, allergens, seasonal changes, respira-
tory infections, iGCS (inhalant glucocorticosteroids) therapy,
etc. Asthma is known to be classified according to the Global
Initiative for Asthma (GINA) and both severity and level of
control as well.

Asthma severity is associated with the intensity of the patho-
logical process and it is possible to correctly determine its
degree before treatment, since there is a decrease in symptoms
with effective therapy. According to the recommendations of
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the GINA working group, the asthma severity can be distin-
guished as: intermittent, persistent-mild, persistent-moderate,
and persistent-severe. Level of disease control is the degree
to which symptoms and functional limitations are controlled,
as well as the minimization of risks of asthma exacerbation,
and the prevention of deterioration in lung function with me-
dical treatment. Whatever the disease severity, the goal for
patients is to have well-controlled asthma. According to the
degree of control, it is classified into controlled and uncont-
rolled asthma.

An important characteristic of asthma is the multifactorial
nature of the disease, with the pathogenesis of development
combining both genetic and environmental factors. Extrinsic
factors are sure to be numerous and responsible for the ac-
tivation of asthma manifestation or cause its exacerbation.
The internal characteristics of the individual are of greatest
importance. Intrinsic (congenital) factors include genetic pre-
disposition, gender and ethnic origin. The important role of
heredity in asthma occurrence has been confirmed by family,
twin, and genetic epidemiological studies (Thomsen, 2014).

The genetic component of the disease is provided by the
combined action of various groups of genes. The same asth-
ma phenotype in different individuals may result from the
“breakdown” of various genes; the disease development might
result from a mutation of several genes at once in every single
individual. In addition, not only the possibility of developing
the disease, but also its severity, response to therapy, etc. are
determined by hereditary factors.

Airway inflammation underlying asthma is also caused
by the so-called cytokine network, which is a self-regulating
system; when its functionality is impaired, an excess or insuf-
ficient production of various cytokines takes place, which turns
out to result in the development of pathological processes.
More than 50 cytokines are known to be involved in the im-
mune pathogenesis of this disease, and the role of each of those
has not been fully elucidated. Significantly higher levels of
cytokines such as GM-CSF, 1L-4, IL-5, IL-10, IL-12, IL-13,
IL-17A, IL-8, IL-18, TNF-a can be detected in serum.

Gene polymorphism is known to cause differences in the
expression and level of protein production. Currently, a huge
number of polymorphic regions have been identified in the
genes of a number of cytokines and their receptors. Despite
the progress made in the study of the immune-pathogenesis
of asthma, there has been no agreement of opinion on the
pathogenetic role of polymorphic variants for cytokine genes
related to asthma development as well as its phenotypes,
which is to be further studied. In addition, there have been
some contradictions in the study results for different popula-
tions worldwide, as the frequency distribution of polymorphic
variants of genes, including cytokine ones, has unique features
depending on ethno-geographic characteristics (Puzyrev et al.,
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2007). Therefore, a comparative analysis of genetic parame-
ters in a single population in order to identify risk factors for
asthma phenotype development is to be relevant.

Thus, asthma is the subject of research aimed at studying
the disease process, the role of various mediators (including
cytokines), treatment approaches, and the role of the genetic
determinant as well.

The aim of the study was to identify markers for the deve-
lopment of various asthma phenotypes in Russian children of
Krasnoyarsk region.

Materials and methods

Asthma patients (n = 317) and healthy children (control
group) (n = 229) matched by sex, age and ethnicity were the
object of the study. Criteria for patients to be involved in the
study were the following: an established diagnosis of bron-
chial asthma; age from 8 to 18 years; more than one-year of
asthma experience; both parents of the child being Russians.
There are some criteria for exclusion from the study such as
concomitant decompensated diseases as well as for inclusion
in the control group: the absence of allergic pathologies and
bronchopulmonary diseases; age from 6 to 18 years; both
parents of the child being Russians.

Depending on the severity of the disease, determined in
accordance with the recommendations of the GINA work-
ing group (Global Initiative for Asthma, updated, 2018 and
2021), the following groups were distinguished: intermittent,
persistent-mild, persistent-moderate, and persistent-severe.
In the course of the study, we grouped patients according
to the following severity levels: intermittent asthma and
persistent-mild asthma into the “mild” asthma group (n=131),
persistent-moderate and persistent-severe into the “severe”
asthma group (n = 186) due to the small number of patients in
some groups. Depending on the level of disease control, based
on the results of the asthma control test in children (C-ACT,
asthma control test), the following groups were distinguished:
controlled asthma (n = 171) — 20 or more points, and uncont-
rolled asthma — less than 19 points (n = 146).

The work was performed in accordance with the principles
stated in the Declaration of Helsinki on research in humans
and animals. The studies were approved at a meeting of the
local ethical committee of Scientific Research Institute of Me-
dical Problems of the North (The Minutes No. 12 dated De-
cember 10, 2013). The examination protocol for patients and
healthy children (control group) met ethical standards and was
approved by the Biomedical Ethics Committee of Scientific
Research Institute of Medical Problems of the North. The
right to conduct an examination was legally secured by the
informed written consent of the parent.

DNA extraction from blood was carried out using the
DIAtom™ DNA Prep100 reagent kit (Isogene, Russia). Ge-
notyping was conducted by the real-time PCR method using
specific oligonucleotide primers and fluorescently labeled
probes according to the manufacturer’s protocol (DNA
Synthesis, Russia) and the Rotor-Gene Q 6 plex instrument
(QIAGEN, Germany).

Comparison of allele and genotype frequencies between
groups was performed using an online calculator https://med
statistic.ru/. The y? test was used to assess the association of
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a trait-genotype with the disease in groups of sick and almost
healthy children. The threshold significance level was taken
equal to 0.05. The odds ratio (OR) was used with a 95 %
confidence interval (CI) for an assessment of the degree of
association of genetic markers with traits.

Results

In order to identify genetic markers of asthma, a comparative
analysis of the frequency of single nucleotide polymorphisms
(SNPs) between patients and children in the control group was
made. Comparative analysis of allele and genotype frequencies
between the cohort of asthma patients and controls revealed
statistically significant differences in the SNPs distribution in
the promoter regions of /L4 rs2243250 and /L13 rs1800925
(Table 1).

The prevalence of the /L4 152243250 T allele in the group of
asthma patients relative to the control group was shown (28 %
versus 23.5 %, p = 0.05), with the frequency of the heterozy-
gous CT genotype of /L4 1s2243250 being also statistically
significantly higher in asthma patients compared to the control
group (p = 0.006). The frequencies of the TT genotype and
T allele of /L13 rs1800925 are significantly higher in the group
of patients relative to the control group (p < 0.05).

A comparison of the genotype and allele frequencies in the
group of asthma patients depending on the severity and level
of asthma control was made (Tables 2 and 3) to study in detail
the association of allelic variants of cytokine genes with the
characteristics of asthma development.

As a result of analysis of the /L4 rs2243250 and /L13
rs1800925 distribution depending on the severity of asthma,
a high frequency of both the CT genotypes of /L4 rs2243250
and TT genotypes of /L13 rs1800925 in the group with severe
asthma relative to the control group was noted, and for the
CT genotype of /L4 1s2243250, in the group of children with
mild asthma (p < 0.05). Analysis of the allele frequencies of
these polymorphic gene variants revealed significant differen-
ces in the rare T allele frequency of /L4 rs2243250 and /L13
rs1800925 in children with mild and severe asthma (in the
case of rs1800925) compared with healthy children (p <0.05).

When comparing the frequency of IL17A4 rs2275913,
IFNG 152069705 and TNFA rs1800629 genotypes and alleles,
AA homozygotes of rs2275913 (p = 0.01), TT of rs2069705
(p = 0.03) and allelic A variant of TNFA rs1800629 were
shown to be significantly more common in the group of chil-
dren with mild asthma relative to the control group.

As a result of the analysis of the /L4 rs2243250 and /L13
rs1800925 distribution depending on the level of asthma con-
trol, it was demonstrated that the CT of IL4 rs2243250 and
TT of IL13 rs1800925 genotypes are more common in the un-
controlled asthma group compared to the controls (p <0.05).
The CT genotype of /L4 rs2243250 is also significantly more
common in controlled asthma patients than in controls. Allele
frequency analysis revealed the differences in the frequency of
the rare T allele of /13 rs1800925 between groups of children
with both controlled and uncontrolled asthma, and healthy
children as well (p < 0.05). When comparing the frequency
of the IFNG rs2069705 genotypes, the homozygous TT was
shown to be significantly higher in the controlled asthma group
compared to the control group (p < 0.05).
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Table 1. Prevalence of the genotypes and alleles of the SNPs in asthma patients and control group, % (n)

Genotype/ Control Asthma OR (CI) p

allele

................................................ , L73r51800925
« 563(129) 422(134) 057(0.40-0.80) 0002
o 8087)  461(146) 139(0.99-197) 0061
T 5703 1737 220(1.14-423) 0017
T 247(113) 34702200 162(1.24-212) <0001
,L77Ar52275913 ...............................................
o M505) 3840122 088(062-124) 0462
A 454104 4240135 089(0.63-125) 0491
Y 13160)  192(61)  157(098-253) 0060
VU 358(164) 404(257) 122(095-156) 0123
................................................ , L3”S7977932
« 638(146) 64.1(202) 102(071-145) 0929
@ 30169  318(100) 108(075-156) 0688
o 61014 4113  066(030-143) 0293
s 21207 200(126) 093(069-125) 0635
................................................ , L33rs7044343
T 28075  294(93)  086(059-124) 0408
o 537(123)  560(177) 110(078-154) 0595
« 135(31)  146(46)  109(067-178) 0736
T 506(273) 574(363) 091(072-117) 0474
............................................... ,FNGr52069705
T 28365  339(108) 132(091-188) 0143
© 513119  465(147)  090(064-127) 0270
« 204(7)  196(61)  095(062-145 0744
< 461212 426(69 093(0.61-142) 0293
............................................... TNFArs1800629
o 809186 752(231) 072(047-109) 0122
A 16939  212(65)  131085-204) 0222
mo 22(5  36(11)  167(057-488) 0342
VU 10749  142(87)  138(095-201) 0087

Genotype/ Control Asthma OR (Cl) p

allele

................................................ ,L2r52069762
T 383(88)  452(143) 133(094-188) 0103 |
TG 469108 418(13) 081(058-114) 0229 |
R 148(34)  13041)  086(053-140) 0545
R 383(176) 339(214) 083(064-106) 0135 |
................................................ ,L4r52243250
« 613(141)  509(161) 0.66(046-093) 0017
o 304(0) 421033 166(1.16-238) 0006 |
T 83(19) 70022  083(044-157) 0570 |
T 2350108 280(177) 141(1.00-198) 0050 |
................................................ ,L5r52069812
CC 452(104) 424(134) 089(063-126) 0513 |
T 4610106 4840153 109(078-154) 0591 |
T 870200  92(29)  106(058-193) 0846 |
T 317046) 33411 108(083-139) 0567 |
................................................ ,L6rs1800795
RO 319(73)  337(106 108(075-156) 0664 |
G 43701000 476(150) 117(083-165) 0362 |
« 204(56) 187(59)  071(047-108) 0107 |
R 537(246) 575(362 116(091-148) 0219 |
............................................... ,L70rs1800872
« 557(128) 598(189) 119(084-167) 0331 |
@ 369(85)  351(111) 092(065-131) 0660 |
YO 7407) 5106  067(033-135) 0260 |
A 259119 226(143) 084(063-111) 0216
.............................................. ,L123r53212220
o 5720131)  651(205) 139(098-198) 0063 |
o 376(86) 29804  071(049-101) 0127 |
T 5202 5106  097(045-209) 0934 |
T 240(110)  200(126) 079(059-106) 0113 |
Discussion

Since the inflammatory response regulation for asthma has
been carried out using mediators/cytokines, the mechanisms
of'violation of their functionality have to be studied. The level
of cytokine concentration in blood serum is affected by genetic
polymorphism of the cytokine network, which turns out to
have an effect on the asthma progression type. By 2022, about
1500 genes have been studied for asthma, including cytokines
and their receptors (according to Phenopedia). The influence of
various genes on the formation of a genetic predisposition to
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asthma should be noted to be significantly different in various
populations, i.e. has some ethnogeographic features. Hence,
there are some conflicting data in the studies on the role of
genetic factors in the asthma pathogenesis. As a result of the
1000 Genomes project (http://www.1000genomes.org), data
on a number of SNPs in genes, including those in promoter,
exons, and intron regions have been obtained. However, there
are few functional polymorphic variants (affecting the protein
functions or structure) with their contribution to the pathology
of asthma being ambiguous.
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Table 2. Prevalence of the genotypes and alleles of the SNPs in patients with mild and severe asthma and in control group, % (n)
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Genotype/allele

Control (1)

Mild asthma (2)

Severe asthma (3)

OR (Cl)

1.2=1.76(1.13-2.75)
1.3=1.59(1.06-2.39)

1.2=0.013
1.3=0.024

1.2=0.60 (0.39-0.92)
1.3=0.55(0.37-0.81)

1.2=0.020
1.3=0.003

1.2=1.56(1.12-2.17)
1.3=1.67(1.23-2.25)

1.2=0.010
1.3<0.001

Note. Genotypes and alleles are shown, with their frequency difference between the comparison groups p < 0.05.

Table 3. Prevalence of the genotypes and alleles of the SNPs in patients
with controlled and uncontrolled asthma and in control group, % (n)

Genotype/allele

Control (1)

Controlled asthma (2)

Uncontrolled asthma (3)

1.2=10.66 (0.44-0.99)
1.3=0.65 (0.43-0.99)

1.2=0.044
1.3=0.043

1.2=1.76(1.16-2.66)
1.3 =1.55(1.00-2.39)

1.2=0.007
1.3=0.048

1.2=0.61(0.41-0.90)
1.3=0.53(0.34-0.80)

1.2=0.014
1.3=0.003

1.2=1.53(1.12-2.08)
13=1.74(1.26-2.39)

1.2=0.008
1.3<0.001

Note. SNPs are given, with the frequency difference between the comparison groups p < 0.05.
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In our study the SNP allele and genotype frequencies of key
cytokines produced by different types of the immune system
cells that mediate inflammatory reactions in diseases among
Russian children in Krasnoyarsk region were studied. We
found significant differences in the frequency of polymorphic
distribution of cytokine genes between asthma patients and the
control group, allowing us to identify genetic markers that are
suggestive risk factors for developing asthma, i.¢. the hete-
rozygous CT genotype and the T allele of /L4 1rs2243250, the
homozygous TT variant and the T allele of /L/3 rs1800925.

As mentioned above, the disease course prediction, effec-
tiveness of treatment, controlled course, prevention of the se-
vere asthma development, as well as providing personalized
therapy and asthma prophylaxis are of the greatest importance.

In order to find genetic markers of different types of asthma,
we analyzed the SNPs distribution of cytokine genes in pa-
tients with different severity and control of the disease. The
CT genotype and the T allele of /L4 152243250 was found
to be associated with mild asthma, the CT genotype of /L4
rs2243250 was also associated with severe asthma; moreover,
the TT genotype of /L13 rs1800925 was associated with severe
asthma, and the T allele of /L13 rs1800925 — with both mild
and severe asthma. Genetic markers predisposing to different
forms of asthma depending on the control were also identified,
i.e. both the CT genotype of /L4 rs2243250 and the T allele
of IL13 rs1800925 were associated with both controlled and
uncontrolled asthma, with the TT genotype of IL13 rs1800925
being associated with with uncontrolled one.

The /L4 and IL13 genes are located in one cluster of chro-
mosome 5q31.1 and encode cytokines that play a key role in
the asthma pathogenesis, namely, IL-4 and IL-13 promote
airway eosinophilia, mucus hyperproduction, bronchial hyper-
reactivity, and IgE synthesis (Zhang et al., 2015). The SNP
(rs2243250) in the /L4 promoter is associated with increased
expression and production of IL-4, and SNP /L73 rs1800925
enhances the expression of IL-13 in Th2 cells. Asthma
patients with an elevated IgE level were reported to have a
homozygous genotype for the rare allele T of /L4 rs2243250.
Our data obtained as a result of analysis of the frequency dis-
tribution of genotypes and alleles rs2243250 and rs1800925
in Krasnoyarsk children are consistent with the study results
of other scientists.

It was previously determined that the CT genotype of /L4
1rs2243250 predominates in the group of Russian children with
atopic asthma, and Arab asthma patients having this genotype
were also found to have the highest incidence of eczema com-
pared to the patients with the TT genotype (Hijazi, Haider,
2000; Smirnova et al., 2018). In the asthma children group,
an increased incidence rate of the TC and TT genotypes of
the /L4 (C-590T) polymorphism (rs2243250) compared to
healthy ones was shown (Prosekova et al., 2020). W. Nie et
al., in the meta-analysis including 40 studies, concluded that
the CT vs. CC was significantly associated with an increased
risk of developing asthma. In addition, when analyzed by
ethnicity, significant associations were found in Asians and
Caucasians, but not in African Americans (Nie et al., 2013).
However, some studies obtained different results, for instance,
the analysis of genotypes associated with asthma for C-589T of
the /L4 gene did not reveal statistically significant differences
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between the control group and the group of asthma patients,
which might be due to the small number of studied samples
(Rudenko et al., 2021). And in a meta-analysis carried out by
Chinese scientists, a rare allele was said to be a weak risk fac-
tor for asthma development in Caucasians (Liu et al., 2012).

Z. Liu et al. (2014) have shown that the CT and TT geno-
types of /L13 rs1800925 were more common in the group of
asthma patients. Scientists from Malaysia have found out that
the percentage of the minor T allele in asthma patients was
above the frequency of the same allele in the control, being a
risk factor for the development of this pathology (Radhakrish-
nan et al., 2013). However, the study results on a population
of children in Costa Rica have demonstrated that the T allele
rs1800925 led to the progression of asthma only in children
taking corticosteroids and was not associated with the risk of
developing the disease (Hunninghake et al., 2007).

As a result of meta-analysis, the mutation rs1800925 was
associated with an increased risk of developing asthma only
in the Caucasian population, and not associated with a pre-
disposition to asthma in Asians (Omraninava et al., 2020).

There are also controversial data, which are likely to be
related to the small number of studied samples, in particular,
an analysis of the distribution of alleles and genotypes of
IL13 1s1800925 did not reveal statistically significant diffe-
rences between the control and the group of asthma patients.
However, there was a tendency to increase the proportion of
allele C in the group of asthma patients (Kutlina et al., 2018).
Nevertheless, polymorphic variants of the TNFA, IL4,and IL13
cytokine genes have been shown to contribute to the forma-
tion of a genetic predisposition to asthma in the Republic of
Bashkortostan (Karunas et al., 2012).

While working, we have also found that the AA genotype
of IL17A4 rs2275913, the TT genotype of IFNG rs2069705,
and the A allele of TNFA 151800629 were associated with
mild asthma, and the TT genotype of /FNG rs2069705 — with
controlled asthma.

The literature available on the association of /L/7A4
rs2275913, localized in the promoter region, with the expres-
sion level and cytokine activity of IL-17A are very inconsis-
tent. Thus, an association between the SNP and susceptibility
to asthma in children has been noted, i.e. the GG genotype
patients have mild to moderate asthma and low levels of
IL-17A (Maalmi et al., 2014). The A allele of rs2275913 has
been reported to increase the activity of the /L7174 promoter
and upregulate its transcription, leading to increased airway
inflammation (Espinoza et al., 2011). However, another study
failed to find an association between IL/7A4 1s2275913 and
asthma risk (Wang et al., 2011), while J. Chen et al. have
demonstrated that the level of /L-174 expression in peripheral
blood mononuclear cells was not affected by 1s2275913 (Chen
et al., 2010). One of the ethnicity-specific analysis showed
that the G allele of IL17A4 rs2275913 was a protective factor
of the asthma in Asians, with no association being found in
Africans (Zhai et al., 2018).

It is known that one of the key Th1-cytokines is IFN-y, in-
volved in the many features regulation of asthma pathogenesis,
including suppression of the of Th2 profile cytokine release,
inhibition of the recruitment of effector cells to the site of
inflammation, apoptosis induction of T-cells, eosinophils, etc.
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Nevertheless, there have currently been a limited number of
studies investigating the role of polymorphic sites in the IJFNG
in the pathogenesis of asthma. The G-238A mutation in the
TNFA gene has been shown to reduce the risk for developing
asthma, whereas the SNP G-308A (rs1800629) was associated
with the development of asthma and an increase in TNF-a
production (Zedan et al., 2008). The A allele of rs1800629
has also been shown to be associated with increased TNFA
transcription compared to the G allele, with its frequency
varying significantly between ethnic groups and being rare
in Japanese (less than 3 %) (Wilson et al., 1997).

Tomsk scientists, who have been studying pathogene-
tics of asthma for many years, found an association of the
polymorphic variant of the TNFA gene (rs1800629) with the
development of asthma, namely, the AA genotype was more
often indicated in the group of patients compared to the con-
trol (Zhalsanova et al., 2020). According to a series of study
results, an analysis depending on ethnodemographic data
is necessary. Only in this case, the obtained markers of the
diseases can be used as prognostic ones.

Some researchers have distinguished not only genetic
markers of the risk of developing a disease or its forms, but
also some protective markers. The CC genotypes of /L4
rs2243250, IL6 rs1800795, IL13 rs1800925, as well as the
GG genotype of TNFA rs1800629 were shown in our study to
be protective against the development of mild asthma. It was
also determined that the CC genotypes of /L4 1s2243250, IL6
rs1800795, IL13 rs1800925 and the allelic variant T of IL12B
rs3212220 can be considered to be potentially protective for
the development of uncontrolled asthma.

Conclusion

Thus, the obtained data on the prevalence of genetic variants
indicate that functional SNPs in cytokine genes are associated
with asthma and various disease courses not only in adults, but
also in children. However, it is evident that the results do not
always agree with each other; this is due to several reasons,
namely, the ethnicity of the population, the study sample size,
the presence of concomitant diseases, etc. In addition, diffe-
rences between children and adults can be caused by either
the presence or absence, as well as the different duration of
exposure of asthma patients to some environmental risk fac-
tors, including contact allergens and irritants, air pollution,
smoking and occupational exposure.

An important aspect of medical practice is to achieve
disease control, which is supposed to involve a personalized
approach to treatment for asthma of any severity. It should
be taken into account that children with severe asthma are at
increased risk for adverse outcomes, including drug-related
side effects, life-threatening exacerbations, and poor quality of
life. As a result, the study of the distribution of allelic variants
of cytokine genes in asthma among patients of different ages,
representatives of different populations needs to be continued
in order to find risk factors for different types of asthma. The
obtained results will update with the data on the polymorphic
distribution of cytokine genes in the Russian population and
in asthma patients with different disease courses. This is most
likely to be ultimately used for practical healthcare authorities
to develop measures both in order to prevent severe uncont-
rolled asthma and to optimize personalized therapy.
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Abstract. Discovery of molecular mechanisms of primary osteoporosis development is fundamental to understand
the pathogenesis of musculoskeletal diseases in general and for identifying key links in the genetic and epigenetic
regulation of bone remodelling genes. The number of identified molecular genetic markers for osteoporosis is in-
creasing but there is a need to describe their functional interactions. These interactions have been determined to be
associated with the control of expression of a number of transcription factors and the differentiation of mesenchy-
mal stem cells through the pathway of osteoblastogenesis or adipogenesis, and monocytic precursors through the
pathway of osteoclastogenesis. The results of epigenetic studies have significantly increased the understanding of
the role of post-translational modifications of histones, DNA methylation and RNA interference in the osteoporosis
pathogenesis and in bone remodelling. However, the knowledge should be systematised and generalised accord-
ing to the results of research on the role of epigenetic modifiers in the development of osteoporosis, and the influ-
ence of each epigenetic mechanism on the individual links of bone remodelling during ontogenesis of humans in
general, including the elderly, should be described. Understanding which mechanisms and systems are involved in
the development of this nosology is of interest for the development of targeted therapies, as the possibility of using
microRNAs to regulate genes is now being considered. Systematisation of these data is important to investigate
the differences in epigenetic marker arrays by race and ethnicity. The review article analyses references to relevant
reviews and original articles, classifies information on current advances in the study of epigenetic mechanisms in
osteoporosis and reviews the results of studies of epigenetic mechanisms on individual links of bone remodelling.
Key words: osteoporosis; methylation; microRNA; acetylation.
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AHHoTaLuA. PacKpbiTie MONEKYNAPHbIX MEXaHU3MOB Pa3BUTUA MEPBUYHOIO OCTEONOPO3a MMeeT dyHAAMEHTasb-
HOE 3HaueHKe Kak C TOUKU 3peHUs NOHUMaHWsA naToreHe3a 3a6oeBaHNii ONOPHO-ABMraTeNIbHOIO annapara B Lesiom,
TaK 1 i1 BbISIBNIEHUA KJI0UEBbIX 3BEHbEB FEHETUYECKOW 1 SMUFEHETUYECKON PerynsaLumm SKCNpeccu reHoB pemMoge-
NNPOBaHUA KOCTHOM TKaHU. KonmyecTBo 06HapyXeHHbIX MOSIEKYNIAPHO-TeHETUUECKX MapKepOB OCTEONOPO3a Npo-
[O/MKAEeT PacTy, O4HAKO CYLLECTBYET OHYeBUAHAA HEOBXOANMOCTb OMUCAHNA X GYHKLMOHANbHBIX B3aVMOLENCTBUI.
YCTaHOBIIEHO, YTO TaKMe B3aUMOZENCTBIUSA COMPsiKeHbl C KOHTPOMEM 3KCrpeccun paga GakTopos TPAHCKPUNUMK 1
anddepeHUPOBKM Me3eHXManbHbIX CTBONIOBbIX KNIETOK MO NyTy ocTeobacToreHesa v aaunoreHesa, a MoHoLuUTap-
HbIX MPeJLecTBeHHNKOB — MO MyTW OCTeoKacToreHe3a. Kpome Toro, pesynbraTthl SNMUreHeTUYecknx NcciefoBaHumimn
3HAUMTENIbHO PACLIMPUIV MOHUMAHKE POV MOCTTPAHCIALMOHHBIX MoanduKauuii ructoHos, AHK-meTunuposaHms
1 PHK-nHTepdepeHLmun Kak B MONEKYNIAPHOM NaToreHese NepBrYHOrO OCTEONOPo3a, Tak U B Perynaummn pa3sutus
KOCTHOW TKaHW. HecMOoTps Ha 3TO, 3HaHVA He CUCTEMATM3MPOBAHbI 1 HYXXAAOTCA B 0606LWEHNN JaHHbIX NCCneo-
BaHVI PONIN SMUrEHETUYECKMX MOANGDUKATOPOB B Pa3BUTUM NEPBMNYHOIO OCTEONOPO3a, U, YTO He MeHee BaXKHO, B
ONVCaHUV BAVAIHWA KaXXLOTO U3BECTHOTO SMUMEHETUYECKOTO MeXaH3Ma Ha OTAeNbHble MONIEKYIAPHbIE 3BEHbSA NPO-
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Epigenetic regulation of bone remodeling
and its role in the pathogenesis of primary osteoporosis

Lecca GopMmnpOoBaHNA 1 Pe30pOLMM KOCTHOM TKaHN B TEYEHNE OHTOreHe3a YenioBeKa, B TOM Yncsie Y 1L, NOXUI0ro
BO3pacTa. NNoHUMaHMe Toro, Kakme MOJIEKYNIAPHO-TEHETUYECKNE MEXAHV3MbI 1 PErYNIATOPHbIE CUCTEMbI BOBNEYEHbI
B pa3BuTME AAHHOW HO30/0MMK, MPEACTaBAAET NOTEHUMANbHbIA NHTEPEC ANA CO3[aHUA TapreTHOW Tepanuu, no-
CKOJbKY YXKe ceilyac paccMaTpUBAETCA BOMPOC O BO3MOXHOCTU npuMeHeHnsa MUKpPoPHK ana y3koHanpasneHHow
perynaummn reHoB. Kpome Toro, cuctematisaumsa 3TUX AaHHbIX BaXkHa ANA M3yUYeHMA pasHuLbl MacCUBOB SMUreHe-
TUYECKMX MAPKEPOB, B 3aBUCMMOCTU OT PACOBOW M STHUYECKOWN NPUHAZNeXXHOCTU. B npepactaBneHHo 0630pHON
CTaTbe NpOaHann3MpoBaHbl COOTBETCTBYIOLLVIE CUCTEMATYECKE 0630Pbl I OPUTVIHAJIbHbIE CTaTby, COGpaHa 1 Knac-
cndrunpoBaHa MHPOPMaLMA O COBPEMEHHBIX JOCTUMKEHMSAX B 06/1aCTV U3YYEHUS SMUTEHETUYECKMX MEXAHV3MOB 1
nx abeppaumin Npu NePBUYHOM OCTEOMNOPO3E, a TaKXKe PACCMOTPEHbI Pe3yNbTaThl MCCNefoBaHNUI SMMreHeTUYECKNX
MeXaHV3MOB Ha OTAEeNbHbIX GYHKLMOHAsbHbIX 3BEHbAX PEMOAENIMPOBAHNA KOCTHOM TKaHW.

KntoueBble clioBa: 0CTeonopos; MeTunnpoBaHne; MukpoPHK; auetunnposaHme.

Introduction

Primary osteoporosis (OP) is an age-associated disease of
multifactorial aetiology, which is based on a violation of
the balance of bone remodelling, leading to a decrease in
the level of bone mineral density (BMD) and a violation
of the structure of bone microarchitectonics, which result
in the appearance of an incorrect spatial structure of the
spongy and cortical bone (Yalaev et al., 2021). Bone mass
is reduced to 26 % in individuals predisposed to OP. In
roughly 80 % of women, the mineral content in the spine
falls below the threshold value at the age of 60—70 years,
and at 85 years — in more than 90 % (Sveshnikov, 2013).
According to statistics, the frequency of fractures in women
is 33 %, in men, 20 % (Marshall et al., 1996; Estrada et al.,
2012; Lee et al., 2020; Widl et al., 2020).

Until recently, OP was diagnosed only by secondary
signs, such as low height and bone pain (Lorentzon, Cum-
mings, 2015). In 1940, the American endocrinologist F. Al-
bright, describing postmenopausal osteoporosis, suggested
that it developed due to estrogen deficiency (Albright et
al., 1940). On this basis, clinicians developed the now ob-
solete concept of two forms of OP, one associated with
estrogen deficiency during menopause and the other with
calcium deficiency and skeletal ageing, both of which are
characteristic of both sexes (Riggs et al., 1982).

Current evidence defines OP as a musculoskeletal disease
associated with profound metabolic changes not only in
bone, but also in whole-body homeostasis: micro-nutrient
and endocrine dysregulation, as well as a complex interac-
tion of genetic, endogenous and environmental factors that
contribute to a complex disease phenotype (Foger-Samwald
et al., 2020). Risk factors with regards to OP are assumed
to be the female sex, being of the Caucasoid or Mongoloid
race (Thomas, 2007), early menopause, old age, family
history, insufficient insolation, comorbidities with impaired
bone matrix micronutrient absorption, smoking, alcohol
abuse, sedentary lifestyle, taking hormonal drugs and
rheumatoid arthritis. DNA testing has not been introduced
into diagnostic practice because significant population
differences in the frequency distribution of risk markers
prevent the development of universal test systems, despite
the existence of significant and validated genetic markers
for OP (de Souza, 2010; Bolland et al., 2011).
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The first multicentre molecular genetic studies based
on the genome-wide association search (GWAS) method
confirmed that OP is associated with genes for local and
systemic regulation of bone cell function. The lion’s share
of risk markers, specifically, single-nucleotide polymor-
phisms, have been identified not in exons but in introns
and promoters of regulatory genes, transcription factor,
receptor (ESR2) and growth factor (FGF2) genes (Rivade-
neira et al., 2009; Estrada et al., 2012; Wood et al., 2015).
Certain markers have been identified in non-coding RNA
(ncRNA) sequences, including microRNA (Leietal., 2011;
Yalaev, Khusainova, 2020). Significant levels of associa-
tions with fractures have been identified among the genes
of systemic and local regulators (e. g., RANKL and OPG),
transmembrane receptors, as well as WNT signalling genes,
nuclear transcription factors (ZNF239, etc.,) and enzymes
that produce or inactivate local bone regulators (Raisz,
2005).

Bioinformatics studies have concluded that the main en-
richment pathways by means of the functional affiliation of
genes associated with histone modifications and microRNA
patterns are significantly associated with the regulation of
RUNX2, FGF2 and SOXO9 transcription factors. Moreover,
they are also associated with the regulation of mesenchymal
stem cell (MSC) differentiation (Letarouilly et al., 2019).
Thus, particular epigenetic factors in the pathogenesis of
osteoporosis have been identified. However, at present, it is
more interesting to consider the molecular pathogenesis of
OP in terms of individual functional links in the regulation
of bone remodelling, in particular how RANK/RANKL/
OPG, WNT, RUNX2 transcription factor and others are
epigenetically regulated.

The role of DNA methylation and microRNA

in the regulation of the RANK/RANKL/OPG system
in primary osteoporosis

Controlled differentiation of osteoblast and osteoclast pre-
cursors (mononuclear phagocytes) is necessary to maintain
the balance of bone remodelling (Soltanoff et al., 2009).
Osteoclast activity is primarily regulated by the RANK/
RANKL/OPG (receptor-activator nuclear factor kB/RANK
ligand/osteoprotegerin) system. RANKL is produced by
osteoblasts and its binding to RANK on the osteoclast
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surface activates the expression of osteoclastogenic genes
(Tobeiha et al., 2020).

The role of gene polymorphisms of this system in in-
creased risk of fracture and the formation of low BMD
has previously been shown (Yalaev, Khusainova, 2020). In
the RANKL gene sequence, two CpG sites were detected:
one in the upstream sequence with 18 CpG sites, localized
at a distance of 14,415 pairs of nucleotides (bp) from the
transcription start site of the TSS I major isoform and one
in the downstream sequence with 59 CpG sites, which
starts at 260 and ends at 615 pairs of nucleotides of the
TSS I isoform. In the OPG gene sequence, one island of
56 sites spanning from —402 to +850 nucleotide pairs from
the transcription site of the TSS isoform was observed
(Delgado-Calle et al., 2012). In (Wang et al., 2018), a group
of patients from Guangzhou Medical University Hospital
with osteoporotic fractures had significantly higher RANKL
gene mRNA levels from femoral bone cells compared to
controls, with downregulated methylation status (Wang et
al., 2018).

Dysregulation of the expression of these genes is known
to be a key link in the development of steroid-induced
osteonecrosis of the femoral head and was noted to be as-
sociated with increased DNA methylation levels of OPG
and RANK genes and with decreased levels in the RANKL
gene (Sun et al., 2021). Previously, J. Delgado-Calle et al.
(2012) performed a comparative analysis of the expression
levels and methylation profile of the RANKL and OPG
genes in bone tissue samples from patients with osteo-
porotic femoral neck fractures and osteoarthritis (OA) of
the hip joint, which obtained remarkable results. RANKL
expression levels were significantly higher in patients
with fractures (p = 0.012), while no significant changes in
OPG gene expression levels were observed. The ratio of
RANKL ligand to OPG was higher in bone samples with
OP (7.66+0.23 versus 0.92+0.21, p = 0.002). Differential
methylation analysis revealed that the upstream promoter
region of the RANKL gene was strongly methylated in
all samples, while individual CpG junctions of the gene
were equally hypomethylated in the comparison groups
(Delgado-Calle et al., 2012).

There is evidence of the contribution of miRNA to
the regulation of the RANK/RANKL/OPG system. In
2014, C. Chen et al. published results measuring miR-503
microRNA levels in peripheral blood cells, the overex-
pression of which in CD14* mononuclear cells inhibited
RANKL-induced osteoclastogenesis. In CD14* cells from
postmenopausal women with osteoporosis, the baseline
level of miR-503 was lower than in normal controls and
had no change after induction by RANKL factor, sug-
gesting the direct role of miR-503 in the regulation of
RANK expression (Chen et al., 2014). miR-142-3p and
miR-21-5p are potential biomarkers of OP as they have a
high affinity with the OPG gene mRNA and are involved
in the regulation of several signalling pathways involved in
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bone formation (Ge et al., 2007; Hu et al., 2020). Thus, the
epigenetic regulation of the RANK/RANKL/OPG system
is dynamic and dependent on the DNA methylation status
and a number of microRNAs.

The role of epigenetic mechanisms

in the regulation of bone cell differentiation
through alteration of RUNX2 activity

Transcription factor 2 (RUNX2) plays a crucial role in
osteoblast differentiation. Gene expression is predomi-
nantly high in the early stages of bone cell development
when MSCs are differentiating into osteoblast precursors,
but naturally decreases at the osteocyte maturation stage
(Stein et al., 2004).

The gene contains several functional regions: activa-
tion domain, runt domain, PST domain, etc. (Gomathi et
al., 2020). In terms of epigenetic regulators of RUNX2,
microRNAs are well studied. In particular, miRNA-194
modulates MSC differentiation (Gomathi et al., 2020) and
accelerates osteoblast differentiation by regulating RUNX2
nuclear translocation by way of STAT1 signal transducer
(Li J. et al., 2015). miR-133a-5p inhibits RUNX2 gene
expression at the transcription and translation level by bind-
ing to the 3'-untranslated mRNA site (Zhang et al., 2018).

During the early stages of osteoblast maturation, miR-
125b affects RUNX2 expression by affinity binding to the
3'-untranslated region of the gene, indirectly participating
in the formation of a complex with Cbfp that inhibits dif-
ferentiation of these cells. Using microarray technology,
P. Garmilla-Ezquerra et al. (2015) discovered a signifi-
cant reduction in miR-187-3p gene expression levels and
induction of miR-518f in bone with low BMD. In their
research, Y. Zhang et al. (2017) observed the involvement
of miR-221 in the formation of low mineral density through
regulation of RUNX2 activity based on bioinformatics
analysis (Garmilla-Ezquerra et al., 2015; Zhang et al.,
2017). Several microRNAs affecting the activity of this
factor are presented in Table 1.

Phosphorylation of RUNX2 mobilises chromatin regula-
tory factors and accelerates MSC maturation. RUNX2 is
phosphorylated at specific serine residues 301 and 319, in-
ducing osteocyte maturation through MAPK-dependent
signalling (Ge et al., 2009; Li Y. et al., 2017) and BMP2-
sensitive transcription (Afzal et al., 2005). Phosphorylation
of'S104 leads to prevention of RUNX protein degradation
(Huang et al., 2001; Wee et al., 2002). The ERK-MAPK
signalling pathway plays a crucial role in the regulation
of RUNX2 gene expression and bone formation (Ge et al.,
2007). MKKG6 is a protein kinase with dual specificity that
participates in the MAP kinase signal transduction pathway
and promotes RUNX2 phosphorylation (Ge et al., 2012). In
addition, parathormone, which is one of the main regulators
of blood calcium levels, activates the phosphorylation of
the RUNX2 factor by means of the PKA signalling path-
way. This process is associated with the activation of the
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Table 1. Factors involved in the regulation of RUNX2 expression

Epigenetic regulation of bone remodeling
and its role in the pathogenesis of primary osteoporosis

MicroRNA Function Reference
. m, R5905p .................................. PrOtectl n g RUNX2 from degrad at, o n ............................... Ge eta| 2 012 ....................................................................
m|R8733p .................................. |nc re aseSRUN)Q actwlty ................................................... Selvamurug an eta| 2009 ................................................
. ml R98 ......................................... Reduces the expr e SSIon of theRUNXde ne .................... Se|va murug an eta| 2000 ................................................
. ml R215p .................................... |nc re as es RUN Xz actmty ................................................... Sewa murug an eta| 20 17 ................................................

promoter of the MMP13 gene, which plays an essential
role in bone resorption (Selvamurugan et al., 2000, 2009).

Post-translational modification of histones, in particular
histone methylation, plays an important role in bone forma-
tion. The so-called JUMONII protein is considered to be
a transcription factor and is encoded by the JARID?2 gene.
The domain containing 3 JMJD3 is a histone demethylase
specifically catalysing the removal of trimethylation of
histone H3K27me3. JIMJD3 was found to inhibit the dif-
ferentiation of RUNX2 osteoblasts. Conversely, inhibition
of JMJD3 activity decreases RUNX2 promoter activity
while increasing H3K27me3 activity in promoter regions
(Yang et al., 2013).

Histone acetylation affects the state of chromatin com-
paction by neutralising the positive charge of histone tails
and reducing the electrostatic interactions of histone tails
with deoxyribonucleic acid. Studies have revealed that
osteoporosis induced by glucocorticoid therapy leads to
decreased acetylation of H3K9/K14 and H4K12 in the
regulatory regions of the RUNX2 and OSX genes and
increases the hyperacetylation of H3K9/K14 and H4K 12
in the PPARy2 regulatory region in bone marrow-derived
MSC:s from osteoporosis. The transcriptional activity of the
RUNX2 factor gene is enhanced by P300 acetyltransferase
and nicotinamide phosphoribosyltransferase (NAMPT),
which, in turn, promote osteogenic differentiation of MSCs
by H3K14 acylation and MC3T3-E1 cells through H3K9
acylation, respectively (Xu et al., 2021).

Thus, an extremely significant number of regulators
of RUNX2 gene expression have been identified, which
is a promising therapeutic gene model in culture studies,
as blocking or enhancing the activity of this gene and
monitoring its expression level during the induction of
osteogenic lines allows the identification of key switches
of mesenchymal stem cell differentiation.

The role of epigenetic regulation

of the WNT-signalling pathway

in the regulation of bone remodelling

and the pathogenesis of osteoporosis

The WNT signalling pathway is one of the most important
systems regulating embryonic development and cell dif-
ferentiation. This pathway represents one of the central
links in the control of bone development and remodelling.
Among the various genes involved in this system, methy-
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lation of the SOST (encoding sclerostin) gene promoter
has been comprehensively studied in osteoblast cultures.
Sclerostin produced by osteocytes inhibits WNT signalling
and reduces the rate of bone formation. DNA methylation
of the gene is necessary for the transition of osteoblasts to
osteocytes (Delgado-Calle et al., 2012). In women with
primary OP, SOST methylation is elevated in iliac bone
cells whilst sclerostin levels are decreased and the WNT
pathway is enhanced (Reppe et al., 2015).

Several studies have shown that histone deacetylation
under the regulation of the WNT6, WNT10B, WNT10A and
WNT1 genes inhibits WNT signalling and increases the risk
of primary osteoporosis (Jing et al., 2018). Thus, elevated
levels of HDACS deacetylase reduce SOST gene expression
in osteocytes, contributing to bone mass loss. Deficiency of
this deacetylase is associated with the acetylation of histone
H3 lysine 27 as well as the interaction of MEF2C with the
SOST gene enhancer, therefore suggesting the significant
role of sclerostin in the regulation of osteocyte maturation
(Wein et al., 2016). High levels of the zeste 2 homologue
enhancer methyltransferase (EZH2) have been demon-
strated to suppress osteogenic differentiation of MSCs,
while low ones decrease the levels of the H3K27me3 tag
near the transcription start site of osteogenesis genes, in-
cluding WNT10B (Dudakovic et al., 2016). EZH2 increases
H3K27me3 levels at the WNT1, WNT6 and WNT10A
promoters and inhibits WNT signalling (Jing et al., 2016).

Many regulatory microRNAs are associated with WNT
signalling. miR-433-3p inhibits DKKI (Dickkopf-1)
gene expression, enhancing osteoblast differentiation.
Dickkopf-1 acts as an antagonist of the WNT signalling
pathway and enhances bone resorption (Tang et al., 2017).
miR-139-5p induces WNT signalling via the inhibition of
NOTCHI1 (Feng et al., 2020). R.E. Makitie et al. (2018)
screened a specially designed panel of 192 microRNAs
in patients with a genetically determined WNT signalling
disorder with a heterozygous missense mutation c. 652 T>G
(p- C218G) in exon 4 of the WNT gene. It was determined
that miR-22-3p, miR-34a-5p and miR-31-5p levels were
lower in mutation carriers compared to controls (Makitie
etal., 2018).

Another common inhibitor of osteogenic differentiation
is miR-31, the level of which drops in MSCs differentiating
into osteoblasts. This was confirmed by S. Weilner et al.
(2016), who observed increased levels of this microRNA
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in plasma in elderly patients with OP (Weilner et al.,
2016; Amjadi-Moheb, Akhavan-Niaki, 2019). miR-31 is
released from extracellular vesicles of endothelial cells
and inhibits osteogenesis in stromal stem cells by binding
to the Freisled 3 protein. Furthermore, decreased levels of
miR-199a-5p result in glucocorticoid-mediated inhibition
of osteogenesis (Shi et al., 2015). More recently, L. Duan
et al. (2018) identified that high levels of miR-16-2* may
contribute to the development of primary OP: knockdown
of this microRNA may promote RUNX2 activation. This
microRNA has an affinity for the WNT54 gene mRNA
(Duan et al., 2018). miR-148a-3p has been revealed to
enhance both osteoclastogenesis (Cheng et al., 2013) and
adipogenesis in osteogenic progenitor cells (Gao et al.,
2011). Plasma levels of this microRNA are significantly
higher in patients with OP compared to controls without
OP (Bedene et al., 2016). miR-30e is another important
microRNA in the pathogenesis of OP, playing a role in
regulating adipocyte and osteoblast differentiation through
the inhibition of LRP6 (Wang et al., 2013). Thus, the WNT
signalling pathway is regulated by a complex epigenetic
system, notably microRNAs.

The role of non-coding RNAs in bone remodelling
MicroRNAs are considered to be the most studied epige-
netic factors in osteoporosis (Yalaev, Khusainova, 2020).
They are conventionally divided into two classes: those that
promote bone formation or bone resorption. In particular,
several microRNAs that slow down the progression of OP
have been identified. For example, miR-33-5p is a mecha-
nosensitive microRNA that positively regulates osteoblas-
togenesis by way of inhibition of HMGA?2 high mobility
group proteins (Wang et al., 2016). miR-96 enhances os-
teogenic differentiation by inhibiting phosphorylation of
epidermal growth factor receptor EGFR and the expres-
sion of major osteoblast factors RUNX2 and OSTERIX
(Yangetal., 2014). miR-216a enhances bone formation by
regulating the c-Cbl-mediated PI3K/AKT pathway (Li H.
et al., 2015). Table 2 shows the microRNAs separated by
direction of action in bone remodelling (Yalaev, Khusai-
nova, 2018).

miR-124 is a positive regulator of adipogenic and neu-
rogenic differentiation, while being a negative regulator of
myogenic and osteogenic differentiation. It directly targets
the DLX3, DLX5 and DLX2 homeobox genes (Qadir et al.,

Table 2. MicroRNAs stimulating bone formation or resorption
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2015). In one pharmacogenetic study, patients with OP,
after three months of treatment with the parathormone
analogue Teriparatide, had reduced expression levels of
miR-33 and one year later, miR-133a. Simultaneously,
there was a general tendency: the increase in the level of
BMD increased with a decrease in the level of expression
of these microRNAs. Post-transcriptional regulation of
DKK-1 changes due to a decrease in miR-33 microRNA
levels and the action of parathyroid hormone, which leads to
a decrease in the negative impact of DKK-1 on an alterna-
tive regulatory mechanism that improves optimal control
of WNT signaling.(Anastasilakis et al., 2018).

Of interest are the results of studies on the effects of
long non-coding RNAs on the regulation of Sirtuins,
nicotinamide adenine dinucleotide-dependent deacetylases.
These molecules have a broad spectrum of action and are
associated with longevity and resistance to age-related
diseases. It was established that SIRT'] gene expression is
inversely related to HIF1A-AS1 ncRNA expression, while
HOXA-AS3 ncRNA interacts with EZH2 and is required
for RUNX2 trimethylation of lysine-27 H3 (H3K27me3)
factor. Hence, HOXA-AS3 is important for bone formation
in general (Yang et al., 2020).

The long ncRNA HOTAIR reduces protein expression
and inhibits WNT signalling. DKK1 reduces the protein
levels of C-myc, B-catenin, HOTAIR and RUNX2, which
theoretically counteracts the regulatory effect of HOTAIR
(Zhang et al., 2019). If the expression level of p21 ncRNA is
low, WNT signalling becomes more active due to increased
E2 secretion, which ultimately increases the rate of bone
formation (Yang et al., 2019). Also, reduced levels of H19
ncRNA reduce the level of DKK4 gene expression (Li B.
et al., 2017). AK045490 ncRNA levels are significantly
elevated and inhibit bone formation by inhibiting nuclear
translocation of B-catenin and suppressing TCF1, LEFI and
RUNX? expression (Li et al., 2019). Similarly, AK016739
ncRNA inhibits osteogenic differentiation as it can reduce
the expression and activity of osteoblastogenesis transcrip-
tion factors (Yin et al., 2019).

Inhibition of UCA1 ncRNA promotes bone formation
via activation of the BMP-2/(Smad1/5/8) pathway in os-
teoblasts (Zhang et al., 2019). As a result, microRNAs and
long ncRNAs remain among the most studied epigenetic
factors involved in the pathogenesis of primary OP but
require further systematisation.

Osteoblast Stimulants

effectors of osteoclastogenesis
m|R21 ................................................. m ,R2 14 ...........................................
m|R21 6 a ............................................. m |R1 83 ............................................
mIR% ................................................. m |R9 718 .........................................

Osteoclast WNT antagonist

inhibitors inhibitors
m|R1 26p ........................................... m IR 2 9a .............................................
m|R34a ............................................... m |R218 ............................................
m|R7b ................................................ m |R3555p .......................................

MEOUUMNHCKAA TEHETUKA / MEDICAL GENETICS



B.l. Yalaev
R.l. Khusainova

Epigenetic regulation

of adipogenesis and osteoblastogenesis

The mechanisms of the relationship between bone and
adipose cell formation are complex and remain an area of
active research. Works performed on the cell cultures of
osteoblasts and MSCs convincingly show an inverse rela-
tionship between differentiation of bone marrow MSCs into
adipocytes or osteoblasts. An imbalance between adipoge-
nesis and osteogenesis has been proposed as a mechanism
for the development of OP, but obesity itself is not always
a predictor of an increased risk of osteoporosis.

Post-translational modifications of histones play a key
role in this system. Among them, histone methylation is
crucial, in particular in chromatin reorganisation. In par-
ticular, lysine methylation in H4K20, H3K27 and H3K9 is
associated with decreased levels of transcription, whereas
methylation of H3K79, H3K36 and H3K4, with active gene
transcription (Huang et al., 2015).

However, concerning osteogenic inducers, the homeobox
gene HOXA 10, which contributes to osteogenic clone deter-
mination by enriching the trimethylation of the 4th lysine
residue in histone, activating RUNX2, alkaline phosphatase
and osteocalcin, thus stimulating bone cell maturation, is
important (Hassan et al., 2007). It is known that the combi-
nation of methylation and demethylation can function as an
epigenetic switch of osteogenesis to adipogenesis based on
EZH?2 activity, catalysing the trimethylation of histone H3
on lysine 27 key regulatory genes (such as RUNX?2). Si-
multaneously, removal of this tag by lysindemethylase 6 A
inhibits adipogenesis and induces osteoblastogenesis. Pro-
teins that can be targeted by EZH2 and are involved in MSC
switching are HDAC9¢ and HDAC (Chen et al., 2011).
A direct correlation was realised between increased levels
of EZH2 and decreased levels of HDACY9c¢ gene expres-
sion (Chen et al., 2016). The methyltransferase activity of
EZH2 is reduced by phosphorylation and is associated with
osteogenic induction (Wei et al., 2011).

It is acknowledged that during osteocyte aging there is
an accumulation of adipose tissue in the bone marrow and,
at the same time, the number of mesenchymal stem cells
increases in the intercellular phase. From this perspective,
it is interesting that overexpression of miR-1292 acceler-
ates the senescence of human adipose-derived stem cells
and inhibits bone formation via the Wnt/B-catenin signal-
ling pathway, while miR-10b inhibits adipose stem cell
differentiation via the TGF-p pathway (Xu et al., 2020).

Several bone-associated cells, including multipotent
bone mesenchymal stem cells, osteoblasts that form bone
tissue and osteoclasts that break it down, are in a symbiotic
relationship throughout life. A growing body of evidence
suggests that epigenetic cell modifications induced by
aging contribute to impaired bone remodelling and lead
to osteoporosis. A variety of epigenetic mechanisms are
involved, including DNA/RNA modifications, histone
modifications, microRNAs (miRNAs) and long non-coding
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RNAs (dnRNAs), and chromatin remodelling (Yu et al.,
2022). Thus, epigenetic mechanisms can switch the direc-
tion of mesenchymal stem cell differentiation between
osteoblastogenesis and adipogenesis.

Results of full-genome studies of methylome
Molecular genetic determinants of endophenotypes of
osteoporosis, such as fracture risk and BMD levels, can be
converged through the whole epigenome. In the research
they conducted, J.A. Morris et al. (2017), leveraging the
technological capabilities of Infinium HumanMethyla-
tion450, performed a whole-genome methylome analysis,
measuring site-specific DNA methylation in 5515 indi-
viduals of European descent. Following a meta-analysis
of their results, they were able to identify the CpG site
¢g23196985, which was significantly associated with low
MPCT adjusted for multiple comparisons without regard to
gender (pg;; = 1.30x 1072) and in females (pg,; =3.41 % 1075).

The CpG cg23196985 site is localized to the 5'-translated
region of the hepatic carboxylase 1 gene CESI, which is
expressed in the liver and peripheral blood (Morris et al.,
2017). J.G. Zhang et al. (2015), performing transcriptome
analysis based on Affymetrix GeneChip Human Exon 1.0
ST Array and microRNA analysis on Capitalbio Cor. mi-
croarrays, as well as methylome sequencing in patients
with low MPCT hip and controls, identified the most
enriched functional molecular pathways associated with
OP or MPCT variability: a network of 12 interacting genes
and 11 microRNAs. Among the genes are AKT1, STAT5A,
PIK3RS5, etc., while among the microRNAs, miR-141 and
miR-675 — their levels correlate with the expression of
these genes and global DNA methylation status (Zhang
etal., 2015).

D. Cheishvili et al. (2018) performed a full-epigenomic
analysis in women without OP and in women with early
postmenopausal OP. Genes in which CpG sites with sig-
nificant levels of differential methylation were identified
were ZNF267, ABLIM2, RHOJ, CDKLS5, PDCD1, ABRA
and HOJ (Cheishvili et al., 2018). At the human femur
level, DNA methylation profile studies using pyrosequenc-
ing and qRT-PCR-based gene expression studies proved
that DNA methylation status was inversely correlated with
the expression of the iNOS and COLYAI genes, but not
catabolic genes including MMP13 and [L1B. Significant
demethylation of the osteocalcin gene promoter was also
shown between the embryonic and adult stages of develop-
ment, demonstrating the importance of DNA methylation at
the tissue level (Curtis et al., 2022). It is anticipated that the
results of these studies will confirm the whole-epigenome
approach as being sufficiently robust to allow large-scale
studies of women at risk of developing OP.

Conclusion
Despite the great advances and the wide range of work
performed in the study of the epigenetics of primary osteo-
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porosis, understanding remains fragmentary. The research
describes key epigenetic regulators of bone remodelling,
but it is difficult to build a coherent picture of the patho-
genesis of osteoporosis from these data, common to all key
pathogenetic processes in bone tissue.

It is recognised that the key epigenetic changes in os-
teoporosis are converging on the regulation of MSCs dif-
ferentiation and that the multi-step system of activity re-
gulation of the transcription factor RUNX2, sclerostin,
DKK1 protein, RANKL-RANK-OPG system and factors
involved in the regulation of WNT signalling is of great
importance. A separate issue is the systematisation and
creation of a unified genetic network of a vast number of
regulatory microRNAs that affect key signalling pathways
and the transcription factors associated with osteoporosis.
However, these microRNAs influence the ultimate risk of
osteoporosis indirectly and it remains to be understood
how they can be systematised for relevance and functional
involvement in pathogenesis due to their dynamism and
different levels depending on tissue specificity.

Approaches necessary to implement early diagnosis or
targeted therapies for osteoporosis still need to be deve-
loped. The task is complicated by experimental data from
methylome studies, in which genes other than critical regu-
latory factors, such as RUNX2, sclerostin or DKK1, were
observed to be key and most important. The data presented
in this review show that epigenetic modifications can have
a strong influence on the determination, differentiation and
activity of mesenchymal stem cells and, therefore, may
contribute to the pathophysiology of age-related bone mass
loss. The results update further basic research on osteopo-
rosis and, with the available data, broaden the horizons for
a more insightful and detailed approach to new epigenetic
studies of this disease and the prospects for new and effec-
tive personalised therapies.
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Abstract. Arid habitats have recently attracted increasing attention in terms of biodiversity research and the discovery
of new bacterial species. These habitats are among the target ecosystems suitable for isolating new strains of actino-
bacteria that are likely to produce new metabolites. This paper presents the results on the isolation of actinobacteria
from soils of the dry steppe zone of the Selenga Highlands, the characterization of their taxonomic diversity, as well
as ecological and trophic properties. The bacterial counts on ISP 4 medium ranged from 6.6 x 10° to 7.1x 10% CFU/g.
The highest bacterial counts were observed in the subsurface and middle horizons of the studied soils. 28 strains of
Gram-positive bacteria represented by thin-branched mycelium, coccoid and bacilliform forms were isolated. Accord-
ing to the results of 16S rRNA gene analysis, the isolated strains were representatives of Streptomyces, Arthrobacter,
Glycomyces, Kocuria, Microbacterium, Micromonospora, Nocardioides, Pseudarthrobacter, and Rhodococcus (Actinomy-
cetota). One isolate that showed low 16S rRNA gene sequence similarity with previously isolated and validly described
species was a new species of the genus Glycomyces. It was shown that all tested strains are mesophilic, prefer neutral
or slightly alkaline conditions, have growth limits in the temperature range of 5-45 °C and pH 6-9. The optimal NaCl
concentration for growth of most strains was 0-1 %. The strains under study were capable of utilizing a wide range of
mono- and disaccharides and polyatomic alcohols as a carbon source. The isolated strains were capable of using both
organic (proteins and amino acids) and inorganic (ammonium salts and nitrates) compounds as nitrogen sources.
The examinations of extracellular enzymes showed that all isolates were capable of producing catalase and amylase;
78.6 % of the total number of isolates produced protease and lipase; 53.6 %, cellulase; and 28.6 %, urease. The data
obtained expand current knowledge about the diversity of microbial communities in soils of the Selenga Highlands
and also confirm the potential of searching for new actinobacteria species in these soils.
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AHHOTaLUA. 3acyLwVBble MeCTOOGMTaHNA NMPUBEKatoT BCe 60/blie BHUMAHNA C TOUKW 3peHns NCCrieAoBaHnsa 6ro-
pa3Hoo6pa3zmsA N 06HAPYKEHUA HOBbIX BUAOB 6akTeprit. OHY ABNSAIOTCA OLHUMM U3 LieNeBbiX SKOCUCTEM ANs Bblae-
NEHNA HOBbLIX WITAMMOB aKTVHOOGAKTepUI, KOTopble C GOMbLLOK BEPOATHOCTHIO MOTYT NPOAYLMPOBATh HOBblE MeTa-
6onuTbl. B HacToAWel paboTe NpeacTaBieHbl pe3ynbTaTthl MO BblAENEHNIO aKTUHOGaKTEPUIA U3 MOYB CyXOCTEMHON
30Hbl CeNeHrMHCKOro cpefHeropbsa, X TaKCOHOMMYECKOMY pPa3sHOobpasnio 1 3KONoro-Tpodpuyeckum CBONCTBaM.
YncneHHOCTb 6akTepuii Ha Kpaxmano-ammmayHol cpefie konebanach ot 6.6 X 10° go 7.1 10° KOE/r. MakcmanbHble
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Characteristics of actinobacteria
in soils of the dry steppe zone of the Selenga Highlands

3HAYEHNA YNCNIEHHOCTY ObINI OTMEYeHbl B MOAMOBEPXHOCTHBIX U CPEAVHHBIX FOPU30HTaX NccneyemMblx nous. [Nony-
YeHO 28 LITaMMOB rPaMroNoXUTENbHbIX GaKTePUiA, NPefCcTaBNeHHbIX TOHKUM Pa3BeTBIEHHBIM MULLENIEM, KOKKOBUA-
HbIMM 1 NanoyKoBUAHBIMU dopMamu. o pesynbTaTam aHanm3a nocnefosatenibHoCcTel reHa 16S pPHK BbigeneHHble
KynbTypbl 6blIM OTHECEHDI K pofam Streptomyces, Arthrobacter, Glycomyces, Kocuria, Microbacterium, Micromonospora,
Nocardioides, Pseudarthrobacter n Rhodococcus dunyma Actinomycetota. OavH M30MAT, MOKa3aBLIMIA HN3KOe CXOf-
CTBO MnociefoBaTenibHOCTM reHa 16S pPHK ¢ paHee BbiieneHHbIMU 1 JOCTOBEPHO OMMCAHHBIMU BUAAMU, NPefCcTaB-
nan coborn HoBbIN BuA popa Glycomyces. Bce nccnepyemble WtaMmmbl Me30puIIbHbI, TPEANOYMTAIOT HeMTPasbHble U
cnaboLenoyHble YCOBUA, UMEIOT rpaHuLbl POCTa B iMana3oHe Temnepatyp oT 5 go 45 °C u 3HauyeHunin pH ot 6 1o 9.
OnTumanbHas KoHueHTpaumsa NaCl gna pocta KynbTyp coctansna ot 0 go 1 %. iccnegyemble wrammbl 6b11m cnoco6-
Hbl YTUIM3MPOBAaTb B KaueCTBe MCTOYHMKA YrNiepoAa AOCTaTOYHO LMPOKUIA CNEeKTP MOHO- U AncaxapuaoB, MHOTO-
aTOMHbIX CNUPTOB. B KauecTBe NCTOYHKKa a30Ta BblAeneHHble KynbTypbl MCMOSIb30BaNN Kak opraHuyeckue (6enku un
AMUHOKUNCNOTbI), TaK U HeopraHnyeckme (Conv amMmoHMA U HATPaTbl) coeauHeHuaA. ViccnefoBaHve Hanmuma BHeKIe-
TOUHbIX PEPMEHTOB NMOKa3aso, YTo BCe KyNbTypbl MOV NMPOAYLMPOBaTb KaTanasy u amunasy, 78.6 % ot obuero Ko-
nMyecTBa N30NATOB NPOAYLMPOBany NpoTteasy 1 nunasy, 53.6 % — uennonasy, 28.6 % — ypeasy. [lonyyeHHble AaHHble
pacWwmpsIoT 3HaHUA 0 Pa3HOO6PA3UN MUKPOBHbBIX coobLlecTs NouB CeNleHMMHCKOrO CPeAHEropbs U NOATBEPKAAIOT,
YTO AaHHbIE MOYBbI NPeACTAaBAAIOT MHTEPEC C TOUKU 3PEHUA NOMCKA HOBbIX BUAOB akTUHOGAKTEPUIA.

KnioueBble cfioBa: KaluTaHOBble MouBbl; CeneHrnHckoe cpepHeropbe; akTnHobakTepuu; 16S pPHK; skonoro-tpoduue-

CKue CBOWCTBa GaKTepuii.

Introduction
Actinobacteria (Actinomycetota) are a morphologically di-
verse group of predominantly gram-positive bacteria widely
distributed in various terrestrial and aquatic ecosystems (Ven-
tura et al., 2007; Hazarika, Thakur, 2020). They play an im-
portant role in the organic matter cycle, especially in soils,
contributing to the decomposition of natural polymers such
as starch, chitin, pectin, cellulose, hemicellulose and lignocel-
lulose (McCarthy, Williams, 1992; Manucharova et al., 2004;
Wang et al., 2016; Leo et al., 2018; Bao et al., 2021). Some
actinobacteria species participate in the synthesis and minera-
lization of humus substances (Tepper, 1981; Wu et al., 2011).
In early studies, actinobacteria (in particular, actinomycetes)
were considered to be unstable to the influence of extreme
environmental factors, and therefore unable to occupy cer-
tain ecological niches (Kalakuckiy, Agre, 1977; Lechevalier,
1981). Later, as bacterial cultivation methods were improved,
and modern molecular research methods became available,
actinobacteria resistant to one or another environmental factor
became known (Zenova et al., 2009, 2016; Yaradoddi et al.,
2021). A large diversity of Actinomycetota is now reported
in arid habitats (Kurapova et al., 2012; Zenova et al., 2014;
Mohammadipanah, Wink, 2016; Xie, Pathom-aree, 2021).
Certain actinobacteria can grow in soils in dry climates due to
such properties as xerophilicity, resistance to ultraviolet light,
mycelial structure, and spore-forming ability (Zenova, Zvya-
gintsev, 2002; Zenova et al., 2014; Yaradoddi et al., 2021).
In this context, the soils of the dry steppe zone of the Se-
lenga Highlands are interesting to study because they are
formed in pronounced continental and arid climates (Nogina,
1964; Batuev et al., 2000). This area is characterized by high
levels of solar radiation, low and irregular precipitation, and
sharp average daily and monthly fluctuations in air tempera-
ture (Chimitdorzhieva G.D., Chimitdorzhieva E.O., 2021).
These conditions may have contributed to a great taxonomic
diversity of actinobacteria, which may include new species
and possess unique physiological mechanisms of adaptation.
However, culturable soil actinobacteria of the dry steppe soils
of Transbaikalia remain relatively unstudied: there are only
few publications devoted mainly to the study of actinomy-

cetes abundance (Nimaeva, 1992; Zvyagintsev et al., 1999;
Buyantueva et al., 2014).

Given the above, this work aimed to isolate culturable
actinobacteria from the soils of the dry steppe zone of the
Selenga Highlands, to determine their taxonomic diversity,
as well as ecological and trophic characteristics.

Materials and methods

Subjects of the study. Actinobacteria strains were isolated
from soil samples from the dry steppe zone of the Selenga
Highlands. Chestnut soils are typical of these areas, which
are characterized by a sharply continental climate, long
seasonal permafrost, limited rainfall (180-250 mm/year),
and dry steppe vegetation. These areas are characterized by
a significant accumulated temperature during the growth pe-
riod (1700-1800 °C) and the length of the frost-free period
(106—-116 days). Winter precipitation is not more than 10 %
of the annual amount, resulting in poor snow cover and pro-
longed spring droughts. In July and August, up to 60—70 % of
the total annual precipitation falls (Nogina, 1964; Ecological
Atlas..., 2015).

Four soil profiles were established. Soil profiles 1T (co-
ordinates 51°08'58.62" N, 107°24'25.38" E; 613 m a.s.l.)
and 3T (51°11'15.24" N, 107°34'46.08" E; 698 m a.s.1.) were
established in the western part of the Tugnui Basin at the
base of the southern slope of the Tsagan-Daban Range; soil
profiles 41 (51°34'50.94" N, 107°03'56.34" E; 637 m a.s.l.)
and 51(51°37'1.98" N, 107°07'42.06" E; 686 m a.s.1.) —at the
foot of the southwestern slope of the Khamar-Daban Range
near the Ivolginskaya Depression.

Sampling. Soil samples were collected in the summer of
2017 according to genetic horizons. For physicochemical
analyses, the soil samples were dried to an air-dry state. For
microbiological studies, samples were collected in sterile
containers, from three walls of each soil section in three
replicates. After transportation in a cooling box, the samples
were delivered to the laboratory within 12 hours. Soil samples
were stored at 4 °C for no more than a week before the study.
Immediately before inoculation, soil samples were dried to
air-dry in a sterile laminar flow cabinet.
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Physicochemical properties of soil. Soil pH was measured
in water according to GOST 26423-85 (Soils. Methods for
Determination of Specific Electric Conductivity, pH and Solid
Residue of Water Extract); total organic carbon (TOC) content
was measured according to Tyurin (Manual on Agrochemistry,
2001); total nitrogen (TN) — according to GOST 26107-84
(Soils. Methods for Determination of Total Nitrogen). Soil
particle size distribution was determined using a laser dif-
fraction particle size analyzer Analysette 22 MicroTec Plus
(FRITSCH, Germany).

Pure strains isolation. Actinobacteria were isolated using
a dilution plate technique. Samples were inoculated on inor-
ganic salts-starch agar ISP 4 (Shirling, Gottlieb, 1966). The
media was supplemented with nystatin (50 pg/mL) to limit
the growth of fungi. The plates were incubated at 30 °C for
2-3 weeks. The actinobacteria isolates were preliminarily
characterized by their morphological characteristics using
a Zeiss AxioStar Plus light microscope (Carl Zeiss, Germany)
with a magnification of 1000x. Further routine isolation and
culturing of the dominant morphotypes were performed on
yeast extract-malt extract agar ISP 2 (Shirling, Gottlieb, 1966).

DNA extraction, amplification, and sequencing of the
16S rRNA gene. DNA was isolated according to the method
described by Zhou et al. (2010). Two universal primers 27F
(5-AGAGTTTGATCCTGGCTCAG-3") and 1492R (5'-GGT
TACCTTGTTACGACTT-3") were used for the amplification
of 16S rRNA gene fragments (DeLong, 1992). Amplification
was performed in a reaction mixture of 50 pL containing
25 pL of 2x EasyTaq PCR SuperMix (TransGen Biotech,
China), 1.5 pL of each primer (10 mM, Sangon Biotech,
PRC), 2 uL. DNA, and 20 pL deionized water in a Veriti™
96-Well Thermal Cycler DNA Amplifier (Applied Biosystems,
USA). The temperature-time profile of PCR was as follows:
the first cycle was 95 °C x 5 min; the subsequent 35 cycles
were 94 °C x 1 min, 55 °C X 1 min, and 72 °C X 2 min; the
final cycle was 72 °C x 10 min. PCR products were purified
and sequenced at Sangon Biotech Company (Beijing, China)
using an ABI PRISM 3730xl Genetic Analyzer (Thermo
Fisher Scientific).

Taxonomic and phylogenetic analysis. The 16S rRNA
gene sequence similarity was analyzed using EzTaxon-e (Yoon
et al.,, 2017) and BLAST (Camacho et al., 2009) services.
Then, the sequences of closely related species were retrieved
from the GenBank database using the EzBioCloud server.
Multiple sequence alignment was performed using ClustalW
software. The phylogenetic trees were constructed using the
neighbor-joining method using MEGA 7.0 (Kumar et al.,
2016), and the branching relationships were confirmed by
maximum likelihood and maximum parsimony methods. The
statistical reliability of the phylogenetic reconstructions was
assessed using bootstrap analysis by constructing 1000 alter-
native trees. The obtained nucleotide sequences were deposited
in GenBank with accession numbers assigned to the strains
(MN314472-MN314496, MW410748, MW410749).

Ecophysiological characteristics of the isolated bacte-
ria. The isolates were cultured at different temperatures (5 to
55°C, at 5 °C intervals) and NaCl concentrations (0, 1, 3, 5, 6,
7, 8,9, and 10 %) to identify optimal parameters and growth
limits. The pH range (5.0-10.0, at 0.5 intervals) was set at
30 °C by adding a buffer solution system (Xu et al., 2005).
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The ability to consume various carbon sources was tested ac-
cording to Shirling and Gottlieb (1966). The ability to grow on
a medium with organic acids was tested according to Gordon
etal. (1974). The presence of extracellular enzymes (amylase,
catalase, lipase, protease, cellulase, and urease), as well as the
ability to release hydrogen sulfide and ammonia, were tested
according to Williams et al. (1983). The tests were performed
in three replicates; the corresponding sterile nutrient media
were used as control samples.

Results

Physicochemical properties of soils

and the total bacterial count

The contents of total organic carbon and total nitrogen were
maximum in the upper horizons of the studied soils (Table 1).
Down the profile, a rather sharp decrease in the content of
both indicators was observed. The pH in the upper horizons
was almost neutral (6.85-7.54), while a gradual alkalization
was observed down the profile. The granulometric analysis
of the soils showed a predominance of light loam, except for
light-humic soil, which had a sandy loam composition.

The bacterial counts on ISP 4 medium reached several
million colony-forming units per 1 g of soil (CFU/g soil) and
ranged from 6.6x10° to 7.1x10° CFU/g. The highest bacterial
counts were observed in the subsurface and middle horizons
of the studied soils. Mycelial actinobacteria (actinomycetes)
colonies were noticeably predominant on nutrient media, ac-
counting for 40-80 % of the total number of bacterial colonies
on the plates.

Pure strains and cell morphology of actinobacteria

34 strains of aerobic bacteria were isolated from the soil
samples examined. Based on colony morphology and cell
microscopy, 28 isolates were selected for further studies. The
strains grown on ISP 2 medium formed rounded (0.3—1.0 cm)
colonies of predominantly white, beige, yellowish, orange,
brown, and maroon colors.

Several different bacterial morphotypes were observed in
microscopy: cocci (4c-3-1, 5¢-3-3, 13p-4-1), bacilli (3c-1-1,
6¢-4-2), and branched mycelium (all other strains). Most my-
celial strains were characterized by the release of water-soluble
light yellow and light brown pigments into the medium.

Taxonomy and phylogeny of the isolates
Nine genera of Actinomycetota were identified as a result of
16S rRNA gene sequence analysis. Most isolates belonged
to Streptomyces, a genus widely distributed in soil. Repre-
sentatives of the genera Arthrobacter, Glycomyces, Kocuria,
Microbacterium, Micromonospora, Nocardioides, Pseud-
arthrobacter, and Rhodococcus were also isolated along with
them (Table 2). The isolated strains showed 98.10-100 %
similarity with the previously described type strains. One
isolate that showed low 16S rRNA gene sequence similarity
(<98.65 %) with previously isolated and validly described
species was a new species of the genus Glycomyces (Nikitina
et al., 2020).

To analyze the phylogenetic relatedness of the isolates
and their closest validly described species, three phylogene-
tic trees were constructed using neighbor-joining, maximum
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Table 1. Physical and chemical properties of soils and the number of bacteria on ISP 4

Soil horizon Depth, cm PHu0 TOC, % TN, % Y soil particle size, % Bacterial counts,
....................................................... million CFU/g
<0.01 mm <0.001 mm
......................................................................... S o"promeﬂ-Chestnuttyplca|so”(Hapthastanozems)
AJ ............................... 0 _7(9) ........................ 7 54 ...................... 2 63 ...................... 0 28 ...................... 3 717438490 .......................
. B MK ........................... 7 (9)_21 ...................... 7 66 ...................... 1 30 ...................... 0 12 ...................... 2 272 e 41 6 .................... 7 1 0 .......................
. CAT ............................ 2 1_39 ........................ 7 92 ...................... 0 42 ...................... 0 04 ...................... 2 859 .................. 5 0 7 [ 452 .......................
. B Cca ........................... 3 9_72 ........................ 7 68 ...................... 0 19 ...................... _ ............................ 2 415 e 41 2 .................... 3 09 .......................
................................................................................ So||proﬂ|e3-|-nghthumlcso”(EutncLeptoso|s)
A“ ............................. 0 _10(1 . 6) .................... 7 02 ...................... 139 ...................... 0 18 ...................... 1 740 .................. 2 43 ..................... 2 45 ........................
AJZ ............................. 10(16)_ 3 1 (45) ........... 7 17 ...................... 133 ...................... 0 13 ...................... 1 730 .................. 2 53 ..................... 2 90 .......................
. Cca m ........................ 3 1(45)_ 4 4(58) ........... 7 20 ...................... 0 57 ...................... _ ............................ 1 739 .................. 2 54 [ 450 .......................
Cca ............................. 4 4(58)_ 79 ................. 7 25 ...................... 0 35 ...................... _ ............................ 2 149 .................. 2 94 .................... 191 ........................

AJ 0-7 6.85 245 0.30 2343 2.97 3.34
B MK ........................... 7 _15 .......................... 7 77 ...................... 121 ....................... 0 12 ...................... 2 178 .................. 2 97 .................... 3 1 0 .......................

[ A U] ............................ 15_39 ........................ 7 63 ...................... 0 70 ...................... 0 08 ...................... 2 495 .................. 3 1 0 .................... 3 26 .......................

[ AU/ BCA] ................... 3 9_55 ........................ 7 69 ...................... 0 48 ...................... 0 05 ...................... 2 407 .................. 2 8 4 46 0 .......................

. B CAq .......................... 5 5_74 ........................ 7 86 ...................... 0 55 ...................... 0 05 ...................... 2 91 4 .................. 3 8 3 ..................... 1 . 6 1 ........................

B Cq ............................ 7 4_95 ........................ 7 73 ...................... 0 12 ...................... _ ............................ 2 967 .................. 3 77 .................... 0 6 6 .......................
...................................................................... SOIIproflle5lChestnthuaSI-gleyso”(GIeYICKaStanozems)
" AJ 1 ............................. 0 _7 ............................ 7 . 1 8 ...................... 3 31 ....................... 0 42 ...................... 2 203 .................. 2 6 2 .................... 2 87 .......................

AJZ ............................. 7 _18 .......................... 7 36 ...................... 186 ...................... 0 19 ...................... 2 318 .................. 3 0 5 ..................... 196 .......................

BMK ........................... 18_42 ........................ 7 57 ...................... 108 ...................... 0 10 ...................... 3 431 412 .................... 2 98 .......................

. CATq .......................... 4 2_60 ........................ 7 30 ...................... 0 78 ...................... 0 06 ...................... 2 868 .................. 3 45 ..................... 2 50 .......................

B Cq ............................ 6 0_75(80 ) .................. 7 58 ...................... 0 45 ...................... _ ............................ 3 066 .................. 3 8 9 .................... 2 45 ........................

Cca I q .......................... 7 5(80)_ 1 25 ............... 8 02 ...................... 0 33 ...................... _ ............................ 2 356 .................. 2 73 ..................... 0 78 .......................

likelihood, and maximum parsimony methods (Fig. 1). All
three phylograms had similar basic topologies. Accord-
ing to the phylogenetic analysis, strains belonging to the
genera Arthrobacter (5c-3-3, 13p-4-1), Kocuria (4c-3-1),
Microbacterium (8c-1-4), Micromonospora (2pp-5-2) and
Rhodococcus (3¢-1-1) apparently belonged to known species:
it was confirmed by the high similarity (99.36-100 %) and
clustering reliability (86—100 %). Strains 3a-1-3 and 15a-4-5
of the genus Nocardioides were combined with Nocardioides
luteus DSM 43366T and Nocardioides albus ATCC 279807
with high confidence, respectively. Strain 14p-5-5 belonged
to the subcluster uniting strains of the genus Nocardioides
and demonstrated a low level of similarity with the closest
homolog (98.90 %). The reliability of combining this nucleo-
tide sequence with Nocardioides jensenii JCM 13647 into one
cluster was 96 %, which implies their phylogenetic proximity.
Isolates 16am-5-2 and 6¢-4-2 were characterized by a high
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similarity with already known species. However, the low reli-
ability of nucleotide sequence association between 6¢-4-2 and
Pseudarthrobacter phenanthrenivorans DSM 186067, as well
as the difference in evolutionary distance between 16am-5-2
and Pseudarthrobacter scleromae DSM 177567 do not allow
a clear conclusion on the species identity of these strains.
The remaining strains, according to 16S rRNA gene se-
quence analysis, belonged to the genus Streptomyces and were
united in one cluster with all streptomycetes collection strains
on the phylogenetic tree. The 16S rRNA gene sequences of
strains 6a-3-2, 7a-3-2, and 11a-4-1 were identical to each other
(100 %), showing high similarity to Streptomyces brevispora
KACC 210937 (99.79 %). The reliability of combining these
nucleotide sequences into one cluster was 100 %, indicat-
ing that the strains could belong to this species. The same
assumption may be true for strains la-1-2, 4a-1-4, 8a-3-3,
10a-3-3, 13a-4-3, 13¢-5-2, and 4k-1-2, which had a high level
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Table 2. Taxonomic position of strains based on 165 rRNA gene sequences analysis

Soil sample Strain Fragment Nearest homologue Similarity, %
length, bp

AJ 3c-1-1 785 99.36
. B MK ........................... 1 a_1_2 ....................... 8 80 ...................................................................................................................................... 9 989 .......................
BMK4k-1-2 ....................... 8 15 ...................................................................................................................................... 9 951 ........................
. CAT ............................ 3 a_ 1_3 ....................... 9 50 ...................................................................................................................................... 9 979 .......................
Bcca4a_1_4 ....................... 9 40 ...................................................................................................................................... 9 957 .......................
. B Cca ........................... 8 c_1_4 ....................... 1404 .................................................................................................................................... 1 00 ..........................
A“4C-3-1 ........................ 8 30 ...................................................................................................................................... 9 964 .......................
AJ26a_3_2 ....................... 9 50 ...................................................................................................................................... 9 979 .......................
. AJZ ............................. 7 a_3_2 ....................... 9 35 ...................................................................................................................................... 9 979 .......................

. Cca , m ......................... 5 c_3_3 ....................... 9 32 ...................................................................................................................................... 9 956 .......................

. Cca , m ......................... 8 a_3_3 ....................... 9 40 ...................................................................................................................................... 9 957 .......................

. Cca , m ......................... 1 0a_3_3 ..................... 9 20 ...................................................................................................................................... 9 946 .......................

. Cca m ......................... 2 0a_3_3 ..................... 9 40 ...................................................................................................................................... 9 926 .......................

. Cca ............................. 9 a_3_4 ....................... 9 50 ...................................................................................................................................... 9 863 .......................

. AJ ............................... 1 1 a_4_1 ..................... 9 50 ...................................................................................................................................... 9 979 .......................

. AJ ............................... 1 3p_4 _1 ..................... 6 01 ....................................................................................................................................... 1 00 ..........................
BMK6C_4_2 ....................... 9 20 ...................................................................................................................................... 9 902 .......................
. [ AU] ............................ 1 3a-4-3 ..................... 9 40 ...................................................................................................................................... 9 883 .......................

. B CAq .......................... 1 5a_4_5 ..................... 1394 .................................................................................................................................... 9 957 .......................

. B Cq ............................ 1 8 ............................. 1455 .................................................................................................................................... 9 718 .......................

. AJZ ............................. 2 73_5_2 ..................... 9 30 ...................................................................................................................................... 9 968 .......................

. AJZ ............................. 1 6am-5 -2 ................. 6 24 ...................................................................................................................................... 9 919 .......................

. AJZ ............................. 1 3C_5_2 ..................... 7 58 ...................................................................................................................................... 9 908 .......................

. AJZ ............................. 2 p p_ 5_2 .................... 9 70 ...................................................................................................................................... 9 959 .......................

. B MK ........................... 2 13_5_3 ..................... 1399 .................................................................................................................................... 9 834 .......................

. B MK ........................... 2 23_5_3 ..................... 9 50 ...................................................................................................................................... 9 905 .......................

. B MK ........................... 2 8a-5-3 ..................... 9 40 ...................................................................................................................................... 9 926 .......................

. B Cq ............................ 1 4p_5 _5 .................... 8 16 ...................................................................................................................................... 9 890 .......................

of similarity with their closest homologs and clustered with ~ low. Strain 9a-3-4 showed a relatively low level of similarity
them with high reliability. (98.63 %) and formed a cluster with the unvalidated species

Strains 27a-5-2 and 28a-5-3 showed high 16S rRNA gene  Streptomyces monticola NEAU-GS4. Strain 21a-5-3 had a
sequence similarity with closely related species (99.68 and  level of similarity with the closest described species below the
99.26 %, respectively), but the clustering reliability was  threshold (98.34 %), and strains 20a-3-3 and 22a-5-3 did not
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Streptomyces galbus JCM 42227 (X79852)
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1a-1-2 (MN314472)
97 Streptomyces violaceochromogenes DSM 401817 (AY999867)
99" 4a-1-4 (MN314474)
Streptomyces ginglanensis DSM 420357 (HQ660227)
99 L 4k-1-2 (MW410748) i
100 Microbacterium saccharophilum NBRC 1087787 (AB736273)
T8c-1-4 (MN314492)

100 E Kocuria rosea DSM 204477 (X87756)
72 4¢-3-1 (MN314489)

100 F Arthrobacter ruber CGMCC 1.97727 (JX949648)
9% 5¢-3-3 (MN314490)

Pseudarthrobacter phenanthrenivorans DSM 186067 (CP002379)

6c-4-2 (MN314491)

86) Arthrobacter humicola JCM 159217 (AB279890)

13p-4-1 (MN314494)

Pseudarthrobacter scleromae DSM 177567 (AF330692)

16am-5-2 (MN314496) n
[~ Rhodococcus fascians ATCC 129747 (X79186)

100311 (MN314488) J
| Micromonospora luteifusca DSM 100204 (FN658633)

1001 2pp-5-2 (MN314493)

65
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91
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_89E Nocardioides jensenii JCM 1364T (AF005006)
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100 \_:ocardioides Juteus DSM 433667 (AF005007)
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Nocardioides albus ATCC 279807 (AF004988)
721 15a-4-5 (MN314482)

—_—
0.01

Fig. 1. Neighbour-joining phylogenetic tree showing the phylogenetic position of actinobacteria strains.

Bar, 0.01 substitutions per nucleotide position. Numbers at branch nodes refer to bootstrap values based on 1000 replicates (only
values >50 % are shown). Filled circles at nodes indicate corresponding branches that were recovered by using the maximum likelihood
and maximum parsimony algorithms.
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Fig. 2. Basic growth conditions for isolated strains.
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The values are given in % of the total number of strains. The selected sector corresponds to the optimal values of the growing conditions.

form a cluster with any collection strains, despite a relatively
high level of similarity with the closest homologs. These
isolates could probably represent new species of the genus
Streptomyces. However, the identification of streptomycetes
at the species level based solely on the analysis of the 16S
rRNA gene is rather complicated: an earlier study by Labeda
etal. (2012) showed that the nucleotide sequences of this gene
have high similarity for representatives of all taxa within the
family Streptomycetaceae. Because of the complex systema-
tics of the genus Streptomyces, which currently includes more
than seven hundred validly described species, additional tests
are needed to accurately determine the species identity of the
isolated strains.

Ecophysiological characteristics

of the actinobacteria strains

The isolated strains were characterized by different sensiti-
vity to temperature, pH, and NaCl concentration (Fig. 2). The
optimal temperature values for growth range from 25 to 30 °C,
which allows us to assign the isolated strains to the group of
mesophiles. In general, growth was observed in the range
from 5 to 45 °C. Regarding pH tolerance, the isolates behaved
predominantly as neutrophils, having growth limits from 6 to
9 with an optimum pH of 7-8. The optimal NaCl concentra-
tion for growth of most strains was 0 to 1 %. Strains la-1-2,
15a-4-5, 20a-3-3, 3c-1-1, 4c-3-1, 13c¢-5-2, 4k-1-2 and 18
were halotolerant, being able to grow at salt concentration
ranging from 0 to 8 %. However, strong growth retardation
of the isolated strains was observed at the NaCl concentration
of 5 % or more.

Almost all strains were capable of using monosaccharides:
glucose, fructose, galactose, D-xylose, and a-rhamnose. Most
were able to grow on media with disaccharides (sucrose,
D-maltose, lactose) and alcohols (glycerol, mannitol, sorbitol,
dulcitol). Less than half of the strains showed the ability to use
acetate and succinate. Only a few isolates were able to grow on
oxalate (4a-1-4 and 6a-3-2), and citrate (6¢-4-2 and 13p-4-1).

The isolated strains were capable of using both organic
and inorganic nitrogen. The growth of most strains on meat-
peptone broth was accompanied by the release of ammonia and
hydrogen sulfide, which indicated their ability to use proteins

and amino acids as nitrogen sources. The ability to assimilate
ammonium salts and nitrates was detected in almost all strains,
except for 4¢c-3-1 and 5c¢-3-3, which did not use ammonium
salts, and 5c-3-3 with 8c-1-4, which did not use nitrates.

All isolated strains were capable of producing catalase
and amylase. The presence of protease, lipase, and cellulase
was noted in most isolates. Only a few strains were able to
produce urease (Fig. 3).

Discussion

The studied soils are formed in a sharply continental climate
with low precipitation and a short period of biological acti-
vity. The water regime of chestnut soils depends mainly on
atmospheric precipitation and is usually unfavorable due to
the light granulometric composition and gravel content in the
soil. The studied soils are characterized by low stocks of total
organic carbon and total nitrogen, concentrated mainly in the
upper humus horizons. All this probably causes a wide distri-
bution of oligotrophic bacteria in the microbial community,
particularly mycelial prokaryotes —actinomycetes. The results
obtained are consistent with earlier studies in Transbaikalia,
which noted that the average actinomycete content in soils of
the steppe and dry steppe zones exceeds more than half of the
total abundance of cultivated prokaryotes (Nimaeva, 1992;
Buyantueva et al., 2014).

As a result of this work, pure strains of actinobacteria
were obtained, the closest homologs of which were isolated
from soil and plant rhizosphere. Most strains were capable
of forming branching mycelium. These are representatives
of the genera Streptomyces, Nocardioides, Micromonospora,
and Glycomyces. According to Zenova et al. (2009), such
forms of actinobacteria form the basis of the hydrolytic block
of prokaryotic microorganisms in soils with intermittent
moisture and nutrient supply regimes. They have advantages
over other bacteria, as they are capable of cell differentiation
and formation of mycelium able to penetrate through phase
boundaries in the soil medium.

More than half of the isolated strains belonged to the genus
Streptomyces, which is quite natural: this genus is commonly
associated with the soil microbiota and is most easily isolated
on synthetic nutrient media. Streptomycetes strains were iso-
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4k-1-2 8c-1-4 4c-3-1
1 2 3 4 5|1 2 3 45|12 3 45|12 3 405
-+ - -+ - + £ + 4|4+ + = - +|x + = - +
8a-3-3 10a-3-3 20a-3-3 9a-3-4
1 2 3 4 5|1 2 3 45|12 3 45|12 3 45
+ o+ + o+ | - +- -+ - 4+ + + - 4+
13a-4-3 15a-4-5 18
1 2 3 4512 3 4512 3 405
+ 0+ - 4+ + + - - 4|+ 4+ - -
21a-5-3
1 2 3 4 5 234123451245 2 3 45 1 2 3 4 5
+ - - 4+ + |-+ - - -+ -+ -+ |+ + 4+ - -+ - -+ + - = + +

Fig. 3. Morphology of colonies and enzymatic activity of isolated strains.

1 - protease; 2 - lipase; 3 - cellulase; 4 — urease; 5 - H,S production. (+) - positive reaction, (-) - negative, (+) - weakly positive.

lated from the upper, middle, and lower horizons of all soil
sections. The widespread distribution of streptomycetes in
soils is due to their mycelial structure, oligotrophy, and ability
to produce arthrospores that promote dispersal and help them
tolerate stress conditions (Zvyagincev et al., 2005; Cockell et
al., 2013). Strains belonging to the genus Arthrobacter and
the recently separated genus Pseudarthrobacter were isolated
from the surface and middle horizons of the studied soils.
Although their representatives do not form specific dormant
forms like streptomycetes, they are capable of surviving un-
der low-nutrient and soil desiccation conditions due to their
special strategy and metabolism (Dobrovol’skaya, 2002; Wink
et al., 2017). They are capable of forming cyst-like resting
cells with extremely reduced metabolism under unfavorable
conditions (Wink et al., 2017). One strain each of Rhodococ-
cus, Kocuria, and Microbacterium was also isolated. Actino-
bacteria belonging to these genera are unable to form spores,
but Rhodococcus, for example, can form mycelium capable
of disintegrating into coccoid or bacilliform elements, which
increase species survival (Wink et al., 2017). UV-resistant
Rhodococcus (Urbano et al., 2013) and radio-resistant, psy-
chrotrophic members of the genus Kocuria have also been
reported (Asgarani et al., 2012).

All strains under study were isolated at 30 °C, with neu-
tral pH and negligible concentration of sodium chloride in
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the medium; nevertheless, they demonstrate wide limits of
tolerance to these factors. This indicates their high adaptation
potential to abiotic factors.

At present, the ability of actinobacteria to assimilate certain
sources of carbon and nitrogen is not a significant taxonomic
feature, but it can provide a basis for studying the functional
role of prokaryotes in the community. The isolates exhibited
broad metabolic activity to the substrates, indicating their ac-
tive participation in the degradation of organic matter. Almost
all isolated strains were able to consume mono- and disaccha-
rides, and less frequently, polyatomic alcohols. The isolated
strains were capable of using both organic (proteins, amino
acids) and inorganic (ammonium salts, nitrates) compounds
as sources of nitrogen. Amylolytic and catalytic activity was
observed for all strains examined. Most isolates were charac-
terized by proteolytic and lipolytic activity. More than half of
the strains produced cellulase, and one-third produced urease.

Conclusion

Certain characteristics of actinobacteria indicate that isolated
bacteria play an important role in the degradation of organic
matter and also have adaptive capabilities to environmental
changes. These characteristics include features of morphology
and life cycle (formation of aerial mycelium, spores, and dor-
mant forms), the ability to use various substrates, the presence
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of extracellular enzymes, and a wide range of strain growth.
For decades, actinobacteria have attracted the attention of
many researchers due to their biotechnological potential.
Further research could include additional examinations of
isolated actinobacteria and evaluate the prospects of their use
in biotechnology (in particular, as producers of antimicrobial
components). These data not only expand knowledge about
the diversity of microbial communities in soils of the Selenga
Highlands but also confirm the potential of searching for new
actinobacteria species in these soils.
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The effect of thioredoxin and prochymosin coexpression
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Abstract. The milk-clotting enzyme chymosin is a member of the group of aspartate proteinases. Chymosin is the
main component of rennet traditionally obtained from the stomachs of dairy calves and widely used to coagulate
milk in the production of various types of cheese. Another source of chymosin, which does not require the kill-
ing of animals, is based on recombinant DNA technology. Recombinant alpaca chymosin has a number of valu-
able technological properties that make it attractive for use in cheese-making as an alternative to recombinant
bovine chymosin. The purpose of this work is to study the effect of coexpression of thioredoxin and prochymo-
sin on the refolding of the recombinant zymogen and the activity of alpaca chymosin. To achieve this goal, on
the basis of the pET32a plasmid, an expression vector was constructed containing the thioredoxin A gene fused
to the N-terminal sequence of the marker enzyme zymogen, alpaca prochymosin. Using the constructed vector,
PET-TrxProChn, a strain-producer of the recombinant chimeric protein thioredoxin-prochymosin was obtained. The
choice of prochymosin as a model protein is due to the ability of autocatalytic activation of this zymogen, in which
the pro-fragment is removed, together with the thioredoxin sequence attached to it, with the formation of active
chymosin. It is shown that Escherichia coli strain BL21 transformed with the pET-TrxProChn plasmid provides an
efficient synthesis of the thioredoxin-prochymosin chimeric molecule. However, the chimeric protein accumulates
in inclusion bodies in an insoluble form. Therefore, a renaturation procedure was used to obtain the active target
enzyme. Fusion of thioredoxin capable of disulfide-reductase activity to the N-terminal sequence of prochymosin
provides optimal conditions for zymogen refolding and increases the yield of recombinant alpaca chymosin im-
mediately after activation and during long-term storage by 13 and 15 %, respectively. The inclusion of thioredoxin
in the composition of the chimeric protein, apparently, contributes to the process of correct reduction of disulfide
bonds in the prochymosin molecule, which is reflected in the dynamics of the increase in the milk-clotting activity
of alpaca chymosin during long-term storage.

Key words: thioredoxin (Trx); recombinant chymosin (rChn); inclusion bodies; milk-clotting activity; renaturation.
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BisiHIE KOSKCIIPECCUN TUOPEedOKCHA U IIPOXIMO3MHa
Ha peonayHr peKOMOMHAaHTHOTO XMMO31Ha ajbIlaka
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AHHoTauuA. MonoKocBepTbiBaloLyil GEPMEHT XMMO3WH ABAAETCA NPeACcTaBUTeNIeM rpynbl acnapTaTHbIX MPoTeu-
Ha3. XMMO3/H — OCHOBHOI KOMMOHEHT CbIYY>XHOTO hepMeHTa, TPAAULMOHHO MOJTyYaeMOoro 13 XeNyLKoB TeNAT-MOo-
JIOKOMOEK U LIMPOKO UCTONb3YyeMOTO [i1A CBePTbIBaHWs MOJIOKa NP MPOV3BOACTBE Pa3HOOOPa3HbIX BUAOB Cbipa.
[lpyroi NCTOUHMK XMMO3UHA, He TPebytoLwnin yMepLLBAEHUSA XNBOTHbIX, 6a3VpPyeTCs Ha TEXHONOTUM PEKOMOUHAHT-
HbIX [HK. PeKOMOVHaHTHbIN XMMO3UH arnbnaka obsialaeT pPAAOM LieHHbIX TEXHONOMMUYECKUX CBOWCTB, AeNalolmx
€ro npvBeKaTesibHbIM 4/ UCMOIb30BaHWA B CbIPOAENNN B KAaUeCTBE aflbTePHATVBbI PEKOMOVIHAHTHOMY XVMMO3W-
Hy KOpoBblI. Llenb HacToswen paboTbl — NccnefoBaHUe BAVAHMA KOSKCNPECCUN TOPeJOKCUHA 1 NPOXMMO3MHa Ha
pedonavHr PEKOMOVHAHTHOIO 3UMOreHa 1 aKTUBHOCTb XMMO3MHa alibrnaka. [if AOCTUXEHNA NOCTAaBEHHON Lenu
Ha ocHoBe nnasmuabl PET32a 6bi1 CKOHCTPYMPOBAH 3KCMPECCOHHBIV BEKTOP, COLlePKaLLMii FeH TMOpeAoKCMHa A,
cnuTbIi ¢ N-KOHLIEBOW MOC/1Ief0BaTeIbHOCTbIO 3IMOreHa MapKepHOro pepmMeHTa — NPOXMMOo3KHa anbnaka. C nomo-
LLblo CKOHCTPYMpOBaHHOro BekTopa pET-TrxProChn co3paH wWtamm-npoayLeHT peKoMOUHAHTHOTO XMMepHOro 6en-
Ka TMOPefOKCUH-NPOXMMO3VH. BbiGop NpoxrMo3rHa B KauecTBe MOAenbHOro 6eska obycnoBeH cnocobHOCTbIO
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The effect of thioredoxin and prochymosin coexpression
on the refolding of recombinant alpaca chymosin

3TOro 3VIMOTeHa K aBTOKaTaIMTNYECKON akTUBaLMK, MPU KOTOPOI NPONCXOANT yAaneHue npodparmeHTa BMecTe C
NprcoearHeHHON K HeMy MoC/1eoBaTeNIbHOCTbIO TOPEJOKCUHA C 06pa3oBaHMEM aKTUBHOMO XMMO3MHa. MokKasa-
HO, yTo WTamm Escherichia coli BL21, TpaHcdopmumpoBaHHbIi nnazmugon pET-TrxProChn, obecneurBaet adpdekTus-
HblIli CUHTE3 XMMEPHOW MOJIEKYJ1bl TUOPELOKCUH-NPOXMO3VH. OfHAKO XUMEPHbI 6e/1I0K HaKanInMBaeTcs B TenbLax
BKJ/IIOYEHMA B HepacTBoprMoi dpopme. [osTomMy Ana co3faHvsa akTMBHOTO LieNleBOro ¢pepMeHTa 6bina 1Crnosnb3o-
BaHa npoueaypa peHatypauuu. MpucoegnHeHne TMIOPeAOKCMHA, 061aZialolero cnoco6HOCTbI0 BOCCTaHABIMBATb
aucynbouaHble cBA3w, K N-KOHLeBOI NocnefoBaTeNbHOCT/ MPOXMMO3MHa obecrneymnBaeT onTrMarbHble YCIoBUs
ansa peponaviHra 3umMmoreHa v yBesimunBaeT BbIXO PEKOMOMHAHTHOMO XIMO3VHa anbraka cpasy nocsie akTueauum u
npv ANUTENbHOM XpaHeHU Ha 13 1 15 % COOTBETCTBEHHO. BKtoueHre TMOPEAOKCHHA B COCTaB XMMEPHOTO 6esika,
no Bcel BUAUMOCTM, CNOCOBCTBYET NPOLIECCY KOPPEKTHOTO BOCCTAHOBNEHMSA ANCYNbOUAHBIX CBA3eW B MONeKyne
NPOXMMO3KHa, YTO OTPAXKAeTCA Ha AMHaMMKe pOoCTa MOJIOKOCBEPTbIBAIOLEN aKTVBHOCTM XVMMO3MHa anbrnaka npu
LNIMTENIbHOM XPaHeHUN.

KnioueBble cnoBa: TopefokcuH (Trx); peKOMOMHAHTHBIN XMO3WH (rChn); TenbLa BKIOYEHWs; MONIOKOCBEPTbIBAKO-

aA akTMBHOCTb; peHaTypauus.

Introduction

The development of genetic engineering and biotechnology
methods makes it possible to obtain a plethora of technological
and therapeutic proteins not from raw natural materials, but
by synthesizing their recombinant analogs in various expres-
sion systems. Prokaryotes use for producing recombinant
proteins is well studied and has important features such as
rapid growth, a high level of protein synthesis in addition to
a simple culturing protocol. Even though prokaryotes do not
perform some post-translational modifications (glycosylation,
phosphorylation, proteolytic processing) of synthesized pro-
tein as eukaryotes, these expression systems are used for
industrial-scale production of various recombinant proteins
(Huang et al., 2012; Rosano, Ceccarelli, 2014; Baeshen et
al., 2015). This method for recombinant protein production
provides a more simple and cost-effective approach compared
to obtaining and maintaining stable eukaryotic producers
(Rosano et al., 2019). The Escherichia coli expression system
was used in our laboratory to produce and characterize new
milk-clotting enzymes encoded by alpaca and maral chymo-
sins genes (Belenkaya et al., 2018, 2020a, b).

When a heterologous protein is expressed in the E. coli sys-
tem, there are several scenarios for its final localization: the
synthesis and transport of the native product into periplasmic
space; the accumulation in an inactive (aggregated) state in
inclusion bodies; accumulation of the target recombinant
protein in the cytoplasm and sometimes secretion into the
culture medium (Baneyx, 1999). In the systems using strong
promoters (such as the T7 promoter) and the corresponding
E. coli strains, proteins usually accumulate in inclusion bodies
and can be extracted with denaturing and chaotropic agents.
To restore the native conformation of the denatured protein
obtained from inclusion bodies, the renaturation (refolding)
procedure is required. The key point of refolding is the gradual
removal of denaturing and chaotropic components from the
solution.

In systems with reversed micelles described earlier (Sakono
et al., 2004), refolding can be carried out using dialysis, gel
filtration (Li et al., 2004) or adsorption chromatography (Nara
etal., 2009). Removal of the denaturating or chaotrope agents
does not always lead to the restoration of the target product’s
native structure. To increase the efficiency of renaturation,
attempts were made to use proteins with chaperone activity
(Wei et al., 2000; Rosano, Ceccarelli, 2014). Construction of
a recombinant protein containing a whole or a part of chape-

ron protein followed by the chaperone separation from the
target product can be an effective strategy (Li, Sousa, 2012;
Emamipour et al., 2019; Rosano et al., 2019).

One of the widely used proteins with chaperone activity
is thioredoxin (Trx). Thioredoxin is a product of trxA gene,
a small enzyme that exhibits chaperone properties. It is im-
portant to note that this protein also has disulfide-reductase
activity that participates in reversible oxidation of cysteine
SH-groups to disulfide. In the case of Chn — chymosin (s), this
is of particular importance because it contains three disulfide
bridges and their correct closure is important for its enzymatic
activity (Chen et al., 2000). Coexpression of Trx and the tar-
get protein enhances production, accelerates correct folding,
increases solubility, and improves the functional properties
of some cysteine-containing proteins and polypeptides such
as: scFv antibodies (Jurado et al., 2000), Balanus albicostatus
adhesive protein (Balcp19k) (Liang et al., 2015), full-length
and fragmented tissue plasminogen activator (Bessette et al.,
1999). We hypothesized that the expression of a chimeric mo-
lecule containing the thioredoxin and prochymosin sequence
(Trx-ProChn) may affect its localization and refolding.

Chymosin (EC 3.4.23.4), an aspartic endopeptidase, is
widely used in the cheese-making industry for curdling milk
and producing a milk curd. The native structure of chymosin
(Chn) is stabilized by three -S-S- bridges, which is an im-
portant process during renaturation of recombinant protein
produced in the E. coli expression system (Tang et al., 1994;
Chen et al., 2000). We choose Chn as a model protein for
verification effects of Trx on enzymes production because
of the presence of disulfide bridges in the enzyme structure
and possibility of easy Trx removing from recombinant fu-
sion protein at pH 2.5-3.0 after autocatalytic breaking of the
peptide bond in the position F58-G59. That makes this model
simple, economical and conventional for checking the enzy-
matic activity of Chn after refolding.

The aim of this work was to study dynamics of changes in
the milk-clotting activity (MA) of rChn — recombinant chy-
mosin (s) synthesized as part of the fusion sequence of recom-
binant thioredoxin-prochymosin (rTrx-ProChn) or in the form
of recombinant prochymosin (rProChn).

Materials and methods

Construction of plasmids, production, and cultivation of
producer strains. Earlier, we constructed a plasmid vector
containing the sequence of the alpaca prochymosin gene
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Fig. 1. Production and cleavage of rTrx-ProChn and rProChn proteins.

1 - pET-Trx-ProChn and pET-ProChn recombinant plasmid construction; 2 - E. coli transformation; 3 - renaturation and activation
of rTrx-ProChn and rProChn; 4 - rTrx-ProChn and rProChn cleavage at F58-G59 site.

with optimized codon composition for the E. coli expression
system (Belenkaya et al., 2018). To construct a vector contain-
ing the thioredoxin sequence, the alpaca prochymosin gene
was amplified using a pair of primers Trx-Vic-F 5-CAGC
GGTATTACCAGAATCCCAC-3" and Trx-Vic-R 5'-AAA
AAAAAGCTTCTAAATGGCTTTGGCCAG-3'. Amplifi-
cation was carried out according to the following program:
95 °C — 5 min (one cycle), 95°C—-30s,59°C—-30s, 72 °C—
60 s (30 cycles). The resulting PCR product (1095 bp long)
was cloned into the pET32a vector at the unique Msp201I and
HindIII restriction sites so that the alpaca prochymosin gene
was located in the same reading frame as the thioredoxin gene.

The E. coli BL21 (DE3) strain (Invitrogen Corp., USA)
was chemically transformed with pET-TrxProChn and pET-
ProChn plasmids (Fig. 1).

The culture conditions for both producers and the proce-
dures used for the renaturation of both recombinant proteins
were identical. Individual colonies containing pET-TrxProChn
and pET-ProChn plasmids were cultured in LB medium con-
taining 100 pg/ml ampicillin overnight on an orbital shaker at
180 rpm and 37 °C. The inoculum (1.0 % v/v) was transferred
to an Erlenmeyer flask containing LB medium and grown to
an optical density of 0.8 at 600 nm. Next, the inductor, isopro-
pyl-B-D-1-thiogalactopyranoside, was added to the inoculum,
to a final concentration of 0.1 mM, and additionally cultured
on a shaker (180 rpm) for 6 h at 37 °C.

Isolation and solubilization of inclusion bodies. The
cell biomass was separated from the culture medium by
centrifugation at 5000 g and 4 °C for 20 min. The bacterial
pellet was resuspended in STET buffer (8 % sucrose; 50 mM
Tris; 20 mM EDTA; 1 % Triton X-100 pH 8.0) at the rate of
20 ml of buffer per gram of biomass and incubated overnight
at 4 °C; at the end of the incubation, the cells were disrupted
using an ultrasonic homogenizer Soniprep 150 Plus, and in-
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clusion bodies were pelleted by centrifugation at 20,000 g
and 4 °C for 20 min.

The pelleted inclusion bodies were dissolved in Buffer A
(50 mM KH,PO,, 150 mM NaCl, pH 10.7) containing 8 M
urea, which was added in a ratio of 15 ml of buffer per gram
of pellet and incubated for 2 h at 30 °C. The resulting solu-
tion containing chymosin was centrifuged at 20,000 g and
4 °C for 15 min. The supernatant was separated and protein
concentration was determined by the Bradford method (Brad-
ford, 1976).

Renaturation of the target proteins was performed ac-
cording to three protocols (Table 1). The supernatant (target
protein solution) was diluted with buffer A to a final protein
concentration of 180 pg/ml. In protocol No. 1, the resulting
solution was incubated for 24 h at 4 °C, in protocols No. 2
and 3, incubation was carried out for 24 h at 15 °C. At the
end of incubation, the pH of the solution was adjusted to
8.0 using 1M HCI solution, it was kept for 1 h at 15 °C and
dialyzed against buffer B (50 mM Tris HCI, 150 mM NacCl,
pH 8.0).

The ratio of target protein solution volumes and buffer, the
duration of dialysis, the frequency of changing the buffer and
some other parameters varied depending on the renaturation
protocols (see Table 1). As a result, the obtained solutions con-
tained rProChn and rTrx-ProChn variants of the target protein.

Determining the localization of recombinant proteins.
The localization of rProChn and rTrx-ProChn proteins was de-
termined by electrophoresis in the presence of sodium dodecyl
sulfate (SDS-PAGE) according to the Laemmli method. Mixes
of standard proteins from the PageRuler Unstained Protein
Ladder kit (Thermo Scientific, USA) were used as molecular
weight markers (MW). To determine relative content of the
target protein on electrophoregrams, the Gel-Pro Analyzer 3.1
software was used.
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Table 1. Chymosin proteins production and protocols for renaturation

Proteins production steps Protocol No. 1

1. Sedimentation from biomass and dilution in STET buffer
2. Disintegration by ultrasound and centrifugation
3. Dissolving in Buffer A with 8 M urea and pH 10.7

Protocol No. 2 Protocol No. 3

Activation of rProChn and rTrx-ProChn. The activa-
tion of rProChn and the chimeric protein rTrx-ProChn was
carried out in parallel, by the method of stepwise change in
pH (Marciniszyn et al., 1976). As a result, samples of rChn
alpaca, activated from rProChn (without Trx) — designated
as rChn (Trx—), and samples of rChn alpaca, activated from
rTrx-ProChn — designated as rChn (Trx+), were obtained.

Evaluation of total and relative milk-clotting activity.
A 10.0 % solution of standardized skimmed milk powder
(MZSF OJSC, Russia) in 5 mM CaCl,, pH 6.5, was used as a
substrate. A 0.5 % aqueous solution of a dry bovine rChn with
a certified MA value was used as a control. Prior to determin-
ing the MA, the control sample and the liquid preparation of
rChn were kept in a water bath at 35 °C for 15 min and cooled
to room temperature. The procedure for determining MA was
carried out in a water bath at 35 °C. Substrate solution (2.5 ml)
was placed into a glass tube and heated at 35 °C for 5 min. An
aliquot (0.25 ml) of an enzyme was added to the substrate,
a stopwatch was turned on, and the resulting reaction mix-
ture was immediately thoroughly mixed. The time when the
first flakes of the coagulated substrate were observed in the
drops of the reaction mixture applied onto the tube wall was
considered to be the clotting time. The milk-clotting activity
was expressed in arbitrary units (AU) per 1 ml (AU/ml) and
calculated using the equation:

MA (AU/ml) = 0.005*C*T1/T2,
C = certified MA value of the control rChn sample in AU per
1 gram, 0.005 = the dilution factor, T1 = coagulation time for
the control rChn sample of chymosin, T2 = coagulation time
for the test rChn sample. Determination of total MA in each
sample was performed in triplicate (n = 3).

Dynamics of relative milk-clotting activity. After activa-
tion and determination of the starting MA, samples were stored
in plastic tubes at a temperature of 8+ 1 °C. After 17, 25, 43,
60 days, the relative MA of the samples was determined. To
visualize the obtained data, graphs of the dependence of the
relative MA on the duration of storage were plotted. The start-
ing MA values were taken as 100 %.

Statistical processing of the obtained data was carried out
in the computing environment of an Excel 2007 spreadsheet
processor (Microsoft Corporation, USA). For quantitative va-
riables, the results are presented as the arithmetic mean (M)
with an indication of standard deviation (+=SD). M was used
for plotting, values=SD are given in the tables.
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Fig. 2. SDS-PAGE analysis of protein preparations from E. coli transfected
with pET-ProChn (lanes 7-4) or pET-Trx-ProChn (lanes 6-9).

Lanes 7 and 6 - cell biomass before adding the inducer; lanes 2 and 7 - cell
biomass 6 h after adding the inducer; lanes 3 and 8 - soluble fraction of cell
biomass after treatment with STET buffer and centrifugation; lanes 4 and 9 -
insoluble fraction (inclusion bodies) of cell biomass after treatment with buf-
fer A and centrifugation; lane 5 - molecular weight markers.

Results

Construction of plasmids and producer strains

The pET production system was chosen as one of the most
convenient systems for expression of recombinant proteins in
E. coli (Hayat et al., 2018). A specific feature of this expression
system is that the target genes are cloned into specialized pET
plasmids under a strong promoter control of bacteriophage T7.
The promoter is specifically recognized by T7 RNA polyme-
rase and is not recognized by E. coli RNA polymerases. Thus,
expression of the target gene is induced in the presence of a
source of T7 RNA polymerase in the host cell. RNA synthesis
by T7 RNA polymerase occurs so selectively and efficiently
that almost all of the cell’s resources are switched to this pro-
cess. The content of the target product can reach 50 % of total
cellular protein (Chen, 2012).

In our work, the relative content of target proteins (Chn) in
case of rProChn producer and rTrx-ProChn was respectively
36 and 19 % of the total amount of protein (Fig. 2, lanes 2
and 7).

Recombinant proteins production

The bacterium E. coli strain BL21 was chosen as the producer
of the chimeric protein. The characteristic features of this
expression system are: 1) strict control of protein synthesis;
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2) high growth rate of culture and high yield of recombinant
proteins; 3) high density of viable bacteria in culture; 4) easy
of exogenous DNA transformation (Chen, 2012).

To obtain the target protein, £. coli BL21 strain was
transformed with the recombinant plasmid pET-TrxProChn.
Then induction was performed by adding isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Studier et al., 1990). During
cultivation, three different temperatures were used, 18, 25
and 37 °C. However, since no differences in the level and
localization of the protein between them were observed, all
the main experiments on protein production were carried out
at 37 °C.

Localization of recombinant proteins

SDS-PAGE electrophoresis of proteins indicates that the target
protein is localized in the insoluble fraction of cell biomass
in the form of inclusion bodies (see Fig. 2, lanes 4 and 9).
Thus, the introduction of the Trx sequence into the structure
of the alpaca Chn gene does not lead to the accumulation of
the target protein in the periplasmic space.

We have previously shown that when receiving pChn of al-
paca, cow and Altai maral in the expression system of E. coli
(strain BL21) using the pET21 vector, the target proteins
also accumulate in the producer cells in the form of inclusion
bodies (Belenkaya et al., 2018, 2020a, b).

Chymosin concentration

The relative content of target proteins in the inclusion body
fractions was 82 % for rProChn and 84 % for rTrx-ProChn
(see Fig. 2, lanes 4 and 9). After dilution at the refolding
stage, the concentration of rProChn and rTrx-ProChn in the
solution was =150 pg/ml. The actual MW of rProChn and
r'Trx-ProChn differed by 1.3 times and amounted to 40.5 kDa
and 52.5 kDa, respectively, which corresponded to predicted
values. Therefore, to calculate the relative MA of Chn derived
from rTrx-ProChn rChn (Trx+), we used a lowering factor of
1.3 to reflect the actual enzyme concentration. Consequently,
for the calculation of the relative MA of rChn (Trx—) we used
concentration of 150 pg/ml while for rChn (Trx+) we con-
sidered actual enzyme concentration at 114 pg/ml.
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Activation of recombinant proteins

To prevent the autocatalytic activation of the target proteins,
after the completion of refolding, the rProChn and rTrx-
ProChn samples were stored at pH 8.0 (buffer B). To activate
zymogens, the titration procedure to pH = 3.0 was chosen,
since in preliminary experiments maximum MA values were
observed at this pH. The final pH value of 5.8 was selected as
chymosin is stable at moderately acidic pH values = 5.3-6.3
and loses activity at pH > 6.5 (http://www.brenda-enzymes.
org/enzyme.php?ecno=3.4.23.4). Before the start of activation,
MA of the samples was < 1.0 CU/ml.

Data presented in Table 2 indicate that immediately after
activation, the relative MA of the rChn (Trx—) and rChn (Trx+)
samples increases by more than 700 times, which indicates the
efficiency of the procedure of zymogen activation.

Influence of refolding parameters on the activity of Chns,
derived from rProChn and rTrx-ProChn

The MA changes in the rChn (Trx—) and rChn (Trx+) samples
was monitored in order to track the possible prolonged effect
of Trx on the activity of marker enzymes after refolding and
activation of zymogens.

Using refolding protocol No. 1 and 2, starting (immediately
after activation) and finishing (after long-term storage) values
of the MA in rChn (Trx—) were higher than in rChn (Trx+).
At the same time, final coagulation abilities of rChn (Trx—)
and rChn (Trx+) were different (see Table 2). After 60 days
of incubation, the relative MA of rChn (Trx—) increased by
1.9-2.1 times, while the activity of the rChn (Trx+) samples,
during the same time, increased by more than 2.5 times.

The main difference of protocol No. 3 from protocols No. 1
and No. 2 was the reduced ratio of the target protein and dia-
lysis buffer volumes (see Table 1). It is curious that under the
conditions of protocol No. 3, the efficiency of refolding of
the rProChn sample decreases and turns out to be lower than
when using refolding protocols No. 1 and 2 (see Table 2).
Immediately after activation, the relative MA of the rChn
(Trx+) sample, renatured according to protocol No. 3, was
significantly (p > 0.05) higher than activity of rChn (Trx—)
obtained using protocols No. 2 and 1.

Table 2. Changes in the relative MA of rChn (Trx-) and rChn (Trx+) obtained using the renaturation protocols No. 1-3

Samples

Start (0 day) 17 day
rChn (Trx-) 809+2 (1.00) 873+4 (1.08)
rChn (Trx+) 579+7 (1.00) 792+7 (1.37)
rChn (Trx-) 818+3 (1.00) 824+3 (1.01)
rChn (Trx+) 543+4 (1.00) 723+4 (1.33)
rChn (Trx-) 767 +4 (1.00) 772+6 (1.05)

Note. MA — milk-clotting activity; CU - conventional units.
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Relative MA in CU/ug (the multiplicity of the increase in activity, compared with the starting value)
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Fig. 3. Dependency of the relative MA on the duration of storage of rChn (Trx-) and rChn (Trx+), obtained using the renaturation protocols No. 1-3.

Utilization of the renaturation protocol No. 3 makes it pos-
sible to increase efficiency of the rTrx-ProChn refolding stage
(see Table 2). As a consequence, immediately after activation
of zymogens and after 60 days of incubation, the values of
the relative MA in case of the rChn (Trx+) were 13 and 15 %
higher than in the rChn (Trx—). This allows us to conclude that
in the expression system used by us, application of Trx under
certain refolding conditions (protocol No. 3) makes it possible
to elevate the MA of rChn (Trx+) both immediately after the
activation of the zymogen and in the process of long-term
storage of the enzyme.

During long-term storage, there was a constant increase in
the MA of rChn (Trx—) and rChn (Trx+) samples, probably
due to refolding of a part of the enzyme molecules that did not
keep the correct tertiary structure after the renaturation proce-
dure. To analyze the dynamics of MA in the rChn (Trx—) and
rChn (Trx+) obtained using different renaturation protocols, a
graph of MA (%) versus storage duration was plotted. The data
presented in Fig. 3 show that the dynamics of MA changes
are different, especially in the first 25-43 days of storage.
Since MA of rChn (Trx+) is ahead of rChn (Trx+) in terms of
growth dynamics, it can be assumed that the introduction of
Trx into the structure of zymogen additionally stimulates the
refolding of the enzyme during long-term storage.

Conclusion

Thus, it was found that in the E. coli expression system (strain
BL21), attachment of Trx to the N-terminal region of ProChn
in alpaca provides accumulation of the target protein exclu-
sively in the form of inclusion bodies.

Coexpression of thioredoxin and prochymosin in the com-
position of the chimeric molecule rTrx-ProChn and optimiza-
tion of the conditions of zymogen refolding make it possible to
increase the yield of alpaca rChn immediately after activation
and during long-term storage by ~13 and ~15 %, respectively.
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