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From cytogenetics to proteogenomics:
new horizons in the study of aneuploidies

K.S. Zadesenets (91 2@, N.B. Rubtsov (912

T Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
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Abstract. Aneuploidy is defined as the loss or gain of a whole chromosome or its region. Even at early stages of de-
velopment, it usually leads to fatal consequences, including developmental defects/abnormalities and death. For a
long time, it was believed that the disruption of gene balance results in pronounced effects at both the cellular and
organismal levels, adversely affecting organism formation. It has been shown that the gene imbalance resulting from
aneuploidy leads to proteotoxic and metabolic stress within the cell, reduced cell proliferation, genomic instability, oxi-
dative stress, etc. However, some organisms have exhibited tolerance to aneuploidies, which may even confer adaptive
advantages, such as antibiotic resistance in pathogenic fungal strains. A significant factor likely lies in the complexity
of the tissue and organ organization of specific species. Polyploid organisms are generally more tolerant of aneuploidy,
particularly those that have recently undergone whole-genome duplication. This review places special emphasis on
the examination of sex chromosome aneuploidies in humans. In addition to primary effects, or cis effects (changes in
the quantity of the transcripts of genes located on the aneuploid chromosome), aneuploidy can induce secondary or
trans effects (changes in the expression levels of genes located on other chromosomes). The results of recent studies
have prompted a reevaluation of the impact of aneuploidy on the structural-functional organization of the genome,
transcriptome, and proteome of both the cell and the entire organism. Despite the fact that, in the cases of aneuploidy,
the expression levels for most genes correlate with their altered copy numbers in the cell, there have been instances
of dosage compensation, where the transcript levels of genes located on the aneuploid chromosome remained un-
changed. The review presents findings from recent studies focused on compensatory mechanisms of dosage compen-
sation that modify gene product quantities at post-transcriptional and post-translational levels, alleviating the negative
effects of aneuploidy on cellular homeostasis. It also discusses the influence of extrachromosomal elements on the
spatial organization of the genome and the changes in gene expression patterns resulting from their presence. Addi-
tionally, the review specifically examines cases of segmental aneuploidy and changes in copy number variants (CNVs)
in the genome. Not only the implications of their composition are considered, but also their localization within the
chromosome and in various compartments of the interphase nucleus. Addressing these questions could significantly
contribute to enhancing cytogenomic diagnostics and establishing a necessary database for accurate interpretation of
identified cases of segmental aneuploidy and CNVs in the genome.

Key words: aneuploidy; chromosomal instability; genomic diversity; mosaicism; dosage compensation; differential
gene expression; monoallelic expression; protein degradation; ubiquitin-proteasome system; architecture of interphase
nucleus

For citation: Zadesenets K.S., Rubtsov N.B. From cytogenetics to proteogenomics: new horizons in the study of aneu-
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OT UUTOTEeHEeTNKM K IIPOTeoreHOMUKe:
HOBbIE TOPM3O0HTHI B MICC/IeOBAaHNY aHeYIIOU T

K.C. 3apecener 1’2@, H.B. Py61i0B 1,2

T DepepanbHbIi UCCNEAOBATENbCKUI LIEHTP VIHCTUTYT LMTONOMN 1 reHeTUKI CBUPCKOro oTaeneHna Poccuiickoil akagemnm Hayk, HoBocnmpck, Poccus
2 HoBocrbrpcKmii HaLmMoHaNbHbIN NCCNefoBaTeNbCKNIA FOCYAAPCTBEHHDIN yHUBepcuTeT, HoBoCnbrpck, Poccns

@ kira_z@bionet.nsc.ru

AHHOTaLMsA. AHeynIoVAVEN NPYHATO CYMTaTb NOTEPIO UM NMPUOBPETEHME KOMUK LIENON XPOMOCOMbI UM ee palioHa.
YKe Ha paHHUX CTagnAX PasBUTMA OHa, KaK MPaBuUo, NPUBOANT K daTanbHbIM NOCNEACTBYAM, BKoYas rubenb opra-
HK3Ma 1 MOPOKW/aHOManum passutia. AnnTtenbHoe Bpems Npeanosnaranoch, YTo MMEHHO HapyLieHre 6anaHca reHoB
NPUBOAUT K BblpaXXeHHbIM 3bdpeKTam Kak Ha KNEeTOYHOM, TaK 1 Ha OpraHN3MeHHOM YPOBHE, HEraTUBHO CKa3blBasACh Ha
bopmrpoBaHuy opraHn3ma. bbiio NokKasaHo, YTO BO3HUKLLMIA BCIEACTBME aHeynonann ancbanaHc reHoB NHAyUm-
pyeT NPOTEOTOKCUYECKMIN N METAOONMUYECKNI CTPECC B KNETKE, ee 3amef/IeHHyIo nponudepamio, HeCTabUnbHOCTb ee

© Zadesenets K.S., Rubtsov N.B., 2025
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From cytogenetics to proteogenomics:
new horizons in the study of aneuploidies

reHoMa, OKCMAATMBHBIN cTpecc 1 np. OfHaKo AN HEKOTOPbIX OPraHM3MOoB Obiia ONMcaHa TOIEPAHTHOCTb K aHeynon-
OUAM, KOTopas Aaxe Morna Croco6CcTBOBaTb BOSHUKHOBEHMIO Y HUX afAanTMBHBIX MPenMyLecTB (Hanpumep, pesu-
CTEHTHOCTb K aHTMOUOTMKAM Y NMaTOreHHbIX WTaMMOB rpr6oB). BepoaTHO, 3HaUMMbIM GaKTOPOM ABAAETCA CNIOXKHOCTb
TKaHEBOW 1 OpraHHOW opraHm3aumm ocobel KOHKpeTHoro Buaa. K aHeynnongum npermyLiectBeHHO bonee TonepaHT-
Hbl MOSIMAOUAHBIE OPraHN3Mbl U BUfbl, OTHOCUTENIbHO HeJaBHO MpoLLeLre NoSIHOreHOMHY0 Ayrnvkaumio. Ocoboe
BHVMaHVe B 0630pe yfieNeHo PacCMOTPEHMIO aHeYNIOUAMIA NMOSTOBbIX XPOMOCOM YenoBeka. MoMUMO NepBryHbIX 3¢-
beKToB nnn LUC-3GpHEKTOB (M3MEHEHVE KONMYECTBA TPAHCKPUMTOB FeHOB, HAXOAALMXCA Ha aHEYMIOUAHON XPOMO-
COMe), aHeyNoNANA MOXET Bbi3biBaTb BTOPUUHbBIE UW TPAHC-3GPEKTbI (M3MeHEHME YPOBHSA SKCMPEeCcCcUn reHoB, pac-
NMONOXEHHbIX Ha APYTUX XPOMOCOMax). Pe3ynbTaTbl nccnefoBaHWii NOCNEAHMX JIET 3aCTaBUY NO-HOBOMY B3MNAHYTb Ha
BIVSIHVE aHEYNNIONANN Ha CTPYKTYPHO-GYHKLMOHAbHYIO OpraH13aLmio reHoMa, TPaHCKPUMTOM 1 NMPOTEOM KakK KieT-
K, TaK U L|efioro opraHriama. HecmMoTps Ha To 4YTO MpwW aHeymnjIonany YpoBeHb SKCNPeccum anis 6osbLUMHCTBA reHOB
KOppenupyeT C M3MEHEHHBIM YKC/IOM KOMWIA FTeHOB B KNETKe, OblN ONMCcaHbl Cllyyan [JO30BOW KOMMEHCALUMK, Mpy Ko-
TOPOIi YPOBEHb TPAaHCKPUINTOB FEHOB, PACMOJIOKEHHBIX HA aHEYMIOUAHON XPOMOCOME, OCTaBancA HeM3MeHHbIM. B 06-
30pe NPUBOAATCA pe3ynbTaTbl MOCIEAHVX NCCIef0BaHUIA, NOCBALLEHHBIX N3YUYEHNI0 KOMMEHCAaTOPHbIX MEXaHU3MOB
[030BO1 KOMMEHCaLMU M3MEHEHMA KONTMYeCTBa MPOAYKTOB reHOB Ha MOCTTPAHCKPUMLMOHHbIX M MOCTPAHCALMOHHbIX
YPOBHSIX, CHV/XKAIOLLMX HEFaTUBHbIN 3G dEKT aHeYNNonaANM Ha FOMeOoCTas KNeTKH, a TakxKe BIVAHUI0 IKCTPaXPOMOCOM Ha
NPOCTPAHCTBEHHYIO OPraHn3aLio FeHOMa, U3MEHEHMIO NMaTTePHOB SKCMPEeCcCcUr reHoB BCIeACTBME ee Hannuus. Kpome
TOro, OTAENbHO OOCY>KAAITCSA BaPUAHTbI CETMEHTHbIX aHEeYMIOVANIA U N3MEHEHMS YMCia KOMWIA y4acTKOB reHoma. Pac-
CMOTPEHO He TOJMIbKO 3HauYeHMne UX COCTaBa, HO TaKKe ero SIoKanm3aLms B XPOMOCOME U B Pa3HbIX KOMMApTMEHTaX VH-
TepdaszHoro siapa. PelleHne NOAHATBIX BOMPOCOB MOXET BHECTW GOMbLLO BKNAf B COBEPLIEHCTBOBAHME LITOF€HOM-
HOW IMarHOCTVKM 1 B CO3AaHNe HeobXoanMoi 6a3bl JaHHBIX A1 KOPPEKTHON MHTEPPeTaLU BbIABMEHHbIX CJTyYaes 1
CermMeHTHOW aHeyNIonanK, 1 BapbUPYIOLLKX MO YNCIY KOMKIA y4acTKOB reHoMa.

KnioueBble C/I0Ba: aHeymNIoMams; XPOMOCOMHasA HeCTabuibHOCTb; reHOMHOe pa3HoOo6pasve; Mo3anuusm; A030Bas
KomneHcauus; guddepeHLranbHas 3KCNPeCcus reHoB; MOHOAENbHAA SKCNPeCcus; Aerpagaumns 6enkos; yoOnKBUTUH-

npoTeacoOMHaA CUCTEMa; apPXUTEKTOHMKa I/IHTepd)a3HOFO Afpa

Introduction

The loss or gain of a copy of a whole chromosome or its part
is referred to as aneuploidy (Tang, Amon, 2013). However,
whole-genome sequencing and microarray-based comparative
genomic hybridization have dramatically increased our under-
standing of the variation of the human genome; the view of
variations in the copy number of genomic regions has become
ambiguous (Pinkel et al., 1998). A high level of polymorphism
was identified, and variations in the copy number of certain
genomic regions (CNV, Copy Number Variant) quite often rep-
resented variants of normal genetic diversity. Unfortunately,
the principle of describing the human genome based on a sepa-
rate assembly of the haploid set often does not allow us to give
an unambiguous answer to the question of what a particular
case of CNV represents. It might be possible to distinguish
between normal genomic diversity and its pathological vari-
ants more clearly in the future thanks to the generation of a
human pangenome (Liao et al., 2023; Miga 2024). However,
at present, it is frequently not possible to determine whether
a polymorphism is a normal or pathological variant. CNV is
the difference in the copy number of DNA segments found
by comparing an individual genome to the reference human
genome assembly, which is identified through cytogenomic
analysis methods. In contrast to CNV, segmental aneuploidy
is more frequently associated with a pathogenic effect, as it
has a larger size and typically leads to chromosomal changes
that can be detected using cytogenetic methods.

In this review, we will consider CNV as one of three types
of segmental aneuploidy, differing in the size and structural
organization of the corresponding region of the genome:
1) whole-chromosome aneuploidy — aneuploidy of the entire
chromosome; 2) segmental aneuploidy — a change in the copy
number of large regions of the genome, detected using clas-
sical cytogenetic methods; 3) CNV — a change in the copy
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number of a region of the genome of 1 thousand base pairs
(Dtirrbaum, Storchova, 2016). The distinction between these
aneuploidy types can occasionally be very arbitrary, and they
can also be categorized as distinct aneuploidy types at the
same time. For instance, aneuploidy in a chromosomal region
is caused by the presence of a small supernumerary marker
chromosome in humans.

Aneuploidies on an entire chromosome are the result of
errors in chromosome segregation. The main cause of these
mistakes is the absence or insufficient cohesion of sister
chromatids, defects in spindle formation in meiosis or mito-
sis (multipolar spindle, merotelic kinetochore attachment),
and errors in cell cycle checkpoints (Thompson et al., 2010).
Segmental aneuploidies often result from the formation of
unbalanced gametes in carriers of inversions and balanced
translocations. They, like CNVs, can arise due to errors in
DNA replication and repair, leading to deletions or ampli-
fications of DNA sequences and structural chromosomal
rearrangements (Colnaghi et al., 2011). An abnormal number
of chromosomes in the zygote leads to constitutive aneu-
ploidy, the state where all cells are aneuploid. The occurrence
of aneuploidy at later stages of organism development leads
to somatic mosaicism, which may not have a pathological
effect. For example, in some human tissues (brain, liver), a
significant number of aneuploid cells are normally detected
in the absence of a negative effect on the normal function
of these organs (Rehen et al., 2005; Duncan et al., 2012). In
this work, we will separately consider the aforementioned
variants of aneuploidy, starting with whole-chromosome
aneuploidy.

Constitutive whole-chromosome aneuploidy
Both the complexity of the tissue and organ organization and
the peculiarities of the structural and functional organization
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of the genomes of species belonging to different taxa can cause
fundamental differences in the frequency and manifestation of
constitutive aneuploidy in different eukaryotic species. Whole-
chromosome aneuploidy causes developmental defects, which
are frequently severe and fatal, in the majority of species. In
some organisms, it may nevertheless represent a variation of
the norm. By excluding species with microchromosomes in
their karyotypes, we may conclude that whole-chromosome
aneuploidy results in gene imbalance, which alters the ex-
pression of genes located on the aneuploid chromosome.
It is widely accepted that this genetic imbalance affects the
development and fitness of an organism at the cellular and
organismal level (Torres et al., 2007; Williams, Amon, 2009;
Rutledge, Cimini, 2016). The transcriptome studies of aneu-
ploids revealed that the expression levels of genes located on
euploid chromosomes also changed, in addition to the number
of transcripts of genes directly associated with the aneuploid
chromosome (Letourneau et al., 2014; Diirrbaum, Storchova,
2016). Even when the copy number of gene transcripts in a cell
changes — for instance, genes with a changed copy number —
the amount of their protein product may remain unchanged,
which makes evaluating the effect of aneuploidy exceedingly
challenging (Muenzner et al., 2024).

Human aneuploidy

In humans, all constitutive variants of autosomal aneuploidy,
with the exception of the most common trisomies of auto-
somes 13, 18, and 21 (Tr13, Trl8, and Tr21, respectively),
lead to embryonic mortality. Trisomies of chromosomes 13,
18, and 21 lead to serious developmental abnormalities and
are associated with certain clinical phenotypes: Patau syn-
drome (Tr13), Edwards syndrome (Tr18), and Down syndrome
(Tr21) (Lejeune et al., 1959; Edwards et al., 1960; Patau et
al., 1960).

Sex chromosome aneuploidies are characterized by dif-
ferent clinical features and outcomes. The most common
syndromes are Turner (45,X), Klinefelter (47,XXY), trisomy
of the X chromosome (47,XXX), and disomy of the Y chromo-
some (47,XYY) (Berglund et al., 2020), demonstrating high
phenotypic variability with a wide range of clinical manifes-
tations. Clinical phenotypes of patients with various variants
of sex chromosome aneuploidies (45,X,47,XYY, 48,XYYY,
48,XXYY, 49, XXYYY, mos 46,XY/47,XYY, 48,XXYY,
49, XXXYY, 47, XXX, 48, X XXX, 49, XXXXX, and 47,XXY)
are described in the atlas of K. Jones et al. (Jones et al., 2022).
It is worth noting that monosomy of the X chromosome (45,X)
in 99 % of cases leads to the death of the embryo in the early
stages of development; a small percentage of the embryos
survive, which is probably linked to the mosaic form of the
karyotype (Gravholt et al., 2019).

In humans, males are haploid for almost all X-linked
genes, which suggests a more stringent natural selection of
X chromosome variants during evolution in comparison with
autosomes based on the presence of pathogenic gene vari-
ants and genes, a change in the copy number of which leads
to developmental abnormalities. When considering variants
of X-chromosome aneuploidy, one should mention inactiva-
tion of one of its copies (XCI, X-Chromosome Inactivation).
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However, in early human embryogenesis, in the cells of the
trophectoderm and inner cell mass, both X chromosomes
remain active (Deng X. et al., 2014). In humans, XCI is in-
complete, with about 20-25 % of genes remaining active. On
the one hand, the result of incomplete XCI can be considered
as segmental aneuploidy; on the other hand, the inactivated
X chromosome is a heterochromatic extrachromosome, the
presence of which can lead to a change in the pattern of the
entire cellular transcriptome through epigenetic changes
(Deng X. et al., 2014). XCI occurs randomly; the mecha-
nisms by which copies of the X chromosome are selected to
be inactivated are unknown. The consequence of such inac-
tivation is the emergence of mosaicism in the expression of
allelic variants of genes (i. e., unequal expression of parental
alleles) associated with the X chromosome (Werner et al.,
2024). Random XCI results in approximately half of the cells
having the paternal X chromosome inactivated and the other
half having the maternal X chromosome inactivated. However,
in some cases, unequal XCI may occur, with different tissues
having different ratios of cells with inactivated maternal or
paternal X chromosomes. Disturbances in equiprobable X-
chromosome inactivation (e. g., a mutant allele of an X-linked
gene is expressed in most cells) can lead to the development
of X-linked diseases (Minks et al., 2008).

About 12-15 % of X-linked genes remain active in all cells,
while for another 8-10 % of X-linked genes, transcription
is observed only in some cell types (Carrel, Willard, 2005;
Balaton et al., 2015). Altered transcription levels, in addition
to mRNA, were also detected for non-coding RNA genes
(including microRNA, IncRNA, and circular RNA). The
expression level of genes that are not subject to inactiva-
tion varies widely (10-95 %) in different cell types. Mosaic
aneuploidies of sex chromosomes deserve special mention.
Since samples of patients’ peripheral blood are most often
used for cytogenetic analysis, it is extremely problematic to
assess the level of mosaicism of sex chromosomes in different
tissues. However, even in the blood of such patients, more than
30 % of mosaic variants were detected for 45,X and 47,XXX
karyotypes and a lower level of mosaicism for 47, XXY and
47,XYY (6-7 and 11 %, respectively) (Gravholt et al., 2019;
Pavlicek et al., 2022; Tallaksen et al., 2023). The question
of to what extent the imbalance in gene copy number is cor-
rected at the proteome level in sex chromosome aneuploidies
remains open.

Whole-chromosome aneuploidy

in different species of eukaryotes

The negative impact of aneuploidy manifests itself at both the
cellular and organismal levels. In most species of eukaryotes,
it leads to developmental abnormalities, diseases, and non-
viability. However, the frequency of aneuploidy and its effect
on the host phenotype can vary greatly among representatives
of different taxa. In mammals, autosomal aneuploidies have
a pronounced negative effect, including fatal developmental
abnormalities. In addition to humans, a high frequency of
aneuploidy has been described in frozen embryos and piglet
embryos with developmental defects and in calf embryos
obtained in vitro. Sex chromosome monosomies have been

337



K.S. Zadesenets
N.B. Rubtsov

identified in sterile sheep and cattle (Bouwman et al., 2023).
Genome imbalance leads to proteotoxic and metabolic stress
in the cell, slow proliferation, genomic instability, oxidative
stress, etc. (Stingele et al., 2012).

However, in some species from a number of taxa, tolerance
to aneuploidy has been revealed, for example, in plants — sal-
sify, Tragopogon miscellus (Chester et al., 2012); in fungi —
Saccharomyces cerevisiae, Candida albicans (Rustchenko,
2007; Kvitek et al., 2008); in protozoa — Leishmania, Giardia,
Trypanosoma (Sterkers et al., 2010); and among flatworms —
some representatives of the genus Macrostomum (Zadesenets
et al., 2020). Moreover, in aneuploids of some species, an
unbalanced karyotype may likely contribute to adaptation to
various environments. For example, in a number of patho-
genic yeasts, aneuploidy leads to the formation of genomic
diversity and the emergence of antibiotic resistance (Pavelka
etal., 2010).

Karyotypes of protozoans of the genus Leishmania (the
causative agent of leishmaniasis in mammals, including
humans) contain from 34 to 36 chromosomes, and a number
of studies have shown that aneuploid variants predominate
among them (Lachaud et al., 2014). Moreover, an ama-
zing feature in the form of constitutive mosaic aneuploidy
was revealed in L. major: individuals of the same line, even
having the same clonal origin, are mosaic and contain mono-,
di-, and trisomic cells on different chromosomes (Sterkers et
al., 2011, 2012). Mosaic aneuploidy was later identified in
other Leishmania species (Lachaud et al., 2014). In addition
to pronounced genotypic and karyotypic diversity, Leishmania
is characterized by maintaining high genetic heterogeneity in a
population consisting of homozygous individuals. The authors
believe that genomic variability, due to the high plasticity of
the karyotype, provides phenotypic diversity and is an adaptive
mechanism of Leishmania to environmental changes during
a complex life cycle (Sterkers et al., 2012).

An unusual variant of aneuploidy was discovered in natural
populations and laboratory lines of free-living flatworms of
the genus Macrostomum (Zadesenets et al., 2016, 2020). The
genomes of M. lignano, M. janickei, and M. mirumnovem
arose due to a recent whole-genome duplication followed
by intensive reorganization of the duplicated genome (chro-
mosomal fusions, inversions, indels, etc.) (Zadesenets et al.,
2020, 2023; Zadesenets, Rubtsov, 2021). In these species,
the karyotype evolution involved the fusions of all ancestral
chromosomes into one large chromosome. In M. lignano,
the presence of aneuploids with tri- and tetrasomy on a large
chromosome, exhibiting no phenotypic and reproductive
features, was recorded (Zadesenets et al., 2016). The karyo-
typic variation in M. mirumnovem was so high that a specific
nomenclature for the species’ chromosomes had to be estab-
lished. A hypothetical basic karyotype had to be introduced
in order to apply the standards for characterizing karyotypes
that are recognized in modern cytogenetics (Zadesenets et al.,
2020). A large chromosome with extensive paralogous regions
that were highly homologous to the chromosomes of the an-
cestral set was linked to the whole-chromosome aneuploidy
observed in the Macrostomum species (Zadesenets et al.,
20174, b).
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Adistinct, less noticeable manifestation of aneuploidy in or-
ganisms with an increased genome ploidy is worth discussing
separately, in addition to species with a recent whole-genome
duplication. Comparing the effects of aneuploidy across spe-
cies reveals its species specificity, which may be related to
varying levels of tissue and organogenesis complexity.

Model systems to study aneuploidy

The presence of species tolerant to aneuploidy would seem to
facilitate a simple and effective establishment of experimental
models for its study. Indeed, numerous studies performed
on aneuploid yeast strains have significantly expanded the
fundamental knowledge of the causes and consequences
of the effect of aneuploidy on the genome, transcriptome,
and proteome of the cell (Torres et al., 2007; Pavelka et al.,
2010; Torres, 2023). Moreover, mechanisms for correcting
imbalances in gene dosage have been proposed.

In humans, modeling of aneuploidies has naturally been
limited to experiments with cell cultures obtained from patients
with aneuploidies and/or the creation of aneuploid cells using
chromosome engineering methods (MMCT, Microcell-
Mediated Chromosome Transfer; targeted chromosome
elimination with Cre/loxP, CRISPR/Cas9; induction of CIN)
(Fournier, Ruddle, 1977; Thomas et al., 2018; Leibowitz et al.,
2021; Zhang X.M. et al., 2022; Truong et al., 2023).

Whole-chromosome aneuploidy in cells cultured in vitro

Cell cultures and lines maintained in vitro are tolerant of
aneuploidy. To identify the effect of aneuploidy, their pro-
liferative potential is usually assessed. Whole-chromosome
monosomy is rare in cell lines. Note that some authors believe
that monosomies, in contrast to whole-chromosome and seg-
mental tri- and tetrasomies, less often lead to chromosomal
instability (CIN, Chromosomal Instability) (Taylor et al.,
2019). In vivo, monosomies are most often associated with
hematological malignancies; monosomies on the arms of some
chromosomes are also associated with malignant neoplasms
(deletion of 1p — neuroblastoma, 3p — lung cancer, 7q or entire
HSA7—myeloid leukemia) (Taylor et al., 2019). This is likely
due to loss of heterozygosity for tumor suppressor genes; for
example, deletion of 17p in many tumors is associated with the
loss of a copy of the TP53 gene in the absence of its normal al-
lele on the homologous chromosome (Chundury et al., 2021).

The problem of loss of heterozygosity should probably be
considered in detail separately, taking into account the possi-
bility of obtaining and maintaining haplodiploid cell cultures.
For example, sequencing the genome of cells from one of these
cultures allowed for the complete assembly of its haploid set
from telomere to telomere (T2T-CHM13), including extended
regions of heterochromatin (Nurk et al., 2022). The result was
the announcement of the successful completion of the human
genome sequencing program (Nurk et al., 2022).

Aneuploid cells in vitro typically exhibit a reduced proli-
feration rate. Taking into account that they undergo excessive
protein synthesis, some of which can be leveled by the ubig-
uitin-proteasome system, such a slowdown in proliferation
seems natural but not critical for obtaining and maintaining
cell cultures in vitro. At the same time, a decreased rate of
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cell proliferation during the development of the organism
at various stages of ontogenesis can be critical and lead to
serious disorders.

It should be noted that when cultivating cell lines in vitro,
as in cells at an early stage of tumorigenesis in vivo, genome
doubling (WGD, Whole Genome Duplication) can occur, lea-
ding to its tetraploidization. Subsequently, these cells, due to a
reduction in the number of chromosomes due to tolerance to
chromosome segregation errors in mitosis, become aneuploid
(hypotetraploid). This may subsequently induce additional
genomic instability. Consequently, for cells to simply prolifer-
ate, it is not necessary to maintain a balance in the number of
chromosomes; moreover, when they overcome the prolifera-
tive barrier (the Hayflick limit) and become malignant, it is
often accompanied by CIN. In this case, aneuploid cells are
better adapted to environmental conditions and proliferate
faster. However, rapid proliferation does not ensure coordi-
nated behavior of cells in the organism. Rather, it leads to
the formation of various developmental abnormalities, for
example, pathologies in histo- and organogenesis.

Effect of gene dosage

on the transcriptome in aneuploidy

The effect of aneuploidy on gene expression has been studied
in a variety of experimental models, both cell lines and model
organisms. Unfortunately, most studies only assessed the num-
ber of transcripts of differentially expressed genes (DEGs).
The effect of aneuploidy on the expression of genes localized
directly on the chromosome with an altered copy number
has been proven in yeast (et al., 2007; Torres et al., 2007),
Arabidopsis (Huettel et al., 2008; Sheltzer et al., 2012), maize
(Birchler et al., 2013), as well as for mouse (Williams et al.,
2008) and human (Nawata et al., 2011; Stingele et al., 2012)
cell lines. It is worth noting that aneuploid models included
variants of the presence of additional copies of chromosomes
and not the loss of one of the copies, i. e., tri- and tetrasomy,
not monosomy.

To date, experiments conducted in cell cultures and aneu-
ploid model organisms have shown that aneuploidy may have
a broader effect on gene expression than previously thought.
In addition to the primary cis-effects (changes in the level of
transcripts of genes located on the aneuploid chromosome),
secondary trans-effects (changes in the expression level of
genes located on other chromosomes) were identified (Sheltzer
et al., 2012; Birchler, 2013; Diirrbaum, Storchova, 2016).

In in vivo models, the trans effect of aneuploidy on gene
expression was first described in maize (Guo, Birchler, 1994).
Later, using the example of various cellular and organismal
model systems, it was shown that in aneuploidy, the list of
DEGs is not limited to the genes of aneuploid chromosomes
and includes a significant number of genes from euploid
chromosomes. This phenomenon was called the aneuploidy-
induced transcriptional response (Sheltzer et al., 2012). Trans
effects of aneuploidy have been identified in aneuploid cells
of yeast, mice, and humans. In yeast, the trans effect of aneu-
ploidy affects about 5—7 % of genes. When comparing euploid
human fibroblasts and fibroblasts with trisomy 21, about 88 %
of DEGs are not associated with chromosome 21 but are

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

2025
293

OT UMUTOreHeTNKM K NpPOTEOreHOMUKE:
HOBbl€ TOPU30HTbI B UCCiegoBaHUn aHeynnomnmﬂ

distributed on other chromosomes (Sullivan et al., 2016). In
Turner and Klinefelter syndromes, more than 75 % of DEGs
were identified in autosomes, while in carriers of karyotypes
46, XXX and 47,XYY, less than 30 % of DEGs were autosomal
(Raznahan et al., 2018). The extent to which trans effects of
aneuploidy occur varies among species, and the underlying
mechanisms are still poorly understood (Li R., Zhu, 2022).

Thus, the physiological and phenotypic effects of aneu-
ploidy may be associated either directly with changes in the
copy number of genes located on the aneuploid chromosome
or indirectly with changes in the expression of many genes on
euploid chromosomes. The result may be additive or syner-
gistic expression and functional effects at the transcriptional
and/or posttranscriptional levels (Pavelka et al., 2010). This
is consistent with the nonlinear nature of gene dosage effects
that determine subsequent biochemical processes in the cell
(Veitia et al., 2013; Pires, Conant, 2016). Although many of
the biological effects caused by aneuploidy are consistent with
the gene dosage balance hypothesis (Birchler, Veitia, 2012;
\eitia, Potier, 2015), it is worth considering the impact of the
presence of extra chromosomes on the spatial organization of
the nucleus and potentially on the genome-wide transcriptional
activity of a wide variety of genes.

Separately, it is worth noting that often in studies of the ef-
fect of aneuploidy on the transcriptome, non-isogenic lines are
used when analyzing DEGs (especially in studies conducted on
human cells), which, when conducting a comparative analysis,
introduces additional difficulties for correctly assessing the
contribution of aneuploidy and the existing genetic diversity.
The use of isogenic lines, differing only in the presence of
an additional chromosome, could significantly increase the
efficiency and reliability of the analysis. Such lines can be
obtained by cloning mosaic samples. An alternative approach
currently implemented is the comparison of transcriptomes
and genomes of individual cells obtained from mosaics based
on chromosomal anecuploidies (Wang S. et al., 2024).

Note that the effect of aneuploidy on one chromosome on
the cell transcriptome as a whole significantly complicates the
analysis and assessment of the effect of aneuploidy. Among
the genes listed in the OMIM database (Online Mendelian
Inheritance in Man, https://omim.org), only a part of them
showed a pathogenic effect when their copy number changed,
but the secondary effect of aneuploidy may be an extremely
important component of its total pathogenic effect. Neverthe-
less, it is logical to expect that the more dosage-sensitive genes
and genes encoding transcription factors, peptides, proteins,
and small RNAs that affect the transcriptional activity of
many genes there are in a given chromosome, the stronger the
change in the transcriptome and disturbance of homeostasis in
the cell, and the more pronounced the pathologies observed
during histo- and organogenesis.

Possible outcomes of gene copy

number alterations in individual cells

Monoallelic expression in individual cells should be taken
into consideration when analyzing transcriptional changes
caused by aneuploidy. In contrast to the data of the single-
cell transcriptomes, the gene expression patterns obtained
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earlier represented averaged data and did not accurately
reflect the real gene expression in single human cells. Studies
have revealed variability in monoallelic expression for most
autosomal genes and gradations in gene expression during
parent-of-origin imprinting and X-chromosome inactiva-
tion (Borel et al., 2015; Santoni et al., 2017; Garieri et al.,
2018). The latter is likely a result of the stochastic and pulsed
nature of transcription, in which transcription of each copy of
agene, including its allelic variants, is independently regulated
and determines the monoallelic expression of most autoso-
mal genes in a significant proportion of cells (Reinius, Sand-
berg, 2016; Larsson et al., 2019). Thus, despite aneuploidy, in
some cells, transcription may occur from one copy of the gene,
but at the same time, there will also be cells with transcription
from a larger number of its copies. In cells with trisomy, there
is an increase in the proportion of cells with simultaneous
transcription from two or more copies of the gene, leading to
an increase in the number of transcripts by one and a half
times when analyzing the cell pool. Moreover, the picture
may differ for different genes in one cell, creating a large
diversity in the transcriptome of individual cells (Ramskdld
etal., 2024).

Some studies have been devoted to the study of trans-
criptional bursting in individual cells, in which the frequency
of transcriptional bursting (the time between acts of tran-
scriptional bursting), its intensity (the number of transcripts
synthesized in one act), and the stability of the synthesized
mRNA were assessed (Deng Q. et al., 2014; Stamoulis et al.,
2019; Larsson et al., 2021; Ramskold et al., 2024). In this
paper, we only note that the pulsed transcription of different
copies of genes in a cell is independent, and at a sufficiently
low frequency of the transcription act in a cell containing
three copies of a gene, it can occur from one or several co-
pies of the gene (Larsson et al., 2021). In most diploid cells,
the expression of only one allele is predominant (monoallelic
expression) (Stamoulis et al., 2019), while in a triploid cell,
different transcript variants can be formed due to mono- or
biallelic gene expression (Larsson et al., 2021). The stochastic
determination of the transcription pattern and its time results
in a distribution of cells based on the level of transcripts from
various copies of the gene. Among cells with trisomy, the dis-
tribution includes cells with transcription from one copy, from
two, and, rarely, from three copies, which provides an average
value of the number of transcripts corresponding to a transcript
level one and a half times higher than in a diploid cell.

Therefore, the concept of pulsed transcription assumes
variability in the level of transcripts within the cell, as well
as a high level of variability in the level of transcripts in
aneuploidy. This is characterized by the appearance of cells
with a high transcript content, the ability to select cells based
on the number of transcripts of the corresponding genes, and
the reproduction of variability in the number of transcripts
in each subsequent generation of cells. Negative selection of
cells by a high transcript level for dosage-dependent genes
can lead to a delay of cell cycle progression or even induction
of apoptosis. In other words, during ontogenesis, aneuploidy
causes a continuous loss of cells involved in the formation
of new tissues and organs. In some instances, the instability
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of the epiblast’s development and changes in the develop-
ment of the hypoblast and trophectoderm are evident at the
early stages of development in human embryos with trisomy
(Wang S. et al., 2024).

Dosage compensation

at the transcriptome and proteome levels

Despite the fact that in aneuploidy the expression level for the
majority of genes correlates with the altered number of gene
copies in the cell, there have been instances of dosage com-
pensation where the level of gene transcripts of genes on the
aneuploid chromosome remains constant (Guo, Birchler, 1994;
Birchler et al., 2001; Hose et al., 2015; Gasch et al., 2016).
Some studies have shown that in aneuploidy, transcriptional
dosage compensation may be provided by autoregulation
of gene expression, suppression of mRNA translation, and
mRNA decay. For example, in wild yeasts with an additional
copy of chromosome 12, autoregulation (overproduction of
a certain protein reduces the transcription of its gene) of the
RPL15A and RPL22A genes encoding ribosomal proteins
leads to their dosage compensation (Hose et al., 2015). The in-
creased expression of genes encoding certain microRNAs (for
example, miR-155) and localized on human chromosome 21
in Tr21 may lead to dosage compensation of genes localized
on this chromosome or affect the expression level of genes
on other chromosomes. For example, an increase in miR-155
can suppress the expression of the transcriptional regulator
BACHT1 located on chromosome 21 (Li R., Zhu, 2022).

A pronounced effect of post-translational dosage compen-
sation has been described in aneuploids from natural isolates
and laboratory strains of S. cerevisiae (Muenzner et al., 2024).
Despite the fact that 20 % of the studied natural isolates were
stable aneuploids, similar aneuploid laboratory-engineered
strains were less stable. The transcriptomic profiles of the cor-
responding pairs of natural isolates and laboratory strains were
similar, but while approximately 70 % of proteins encoded
on aneuploid chromosomes were corrected to normal levels
in natural aneuploid isolates, such a correction in laboratory
strains was described for less than 50 % of such proteins.
Moreover, if a decrease in the excess amount in laboratory
strains was mainly observed for complex protein complexes,
then in natural aneuploid isolates, the decrease in the excess
amount of proteins affected all classes of proteins (Storchova,
2024). An increased level of ubiquitinylation was detected
for proteins encoded on aneuploid chromosomes, and their
abundance was reduced via the ubiquitin-proteasome system
(UPS, Ubiquitin Proteasome System) (Muenzner et al., 2024).

Therefore, in yeast, the ubiquitin-mediated proteasomal
degradation system plays an important, and possibly key, role
in maintaining the balance of the proteome of an aneuploid cell
(Storchova, 2024). The stability of natural aneuploid isolates
of S. cerevisiae suggests that in their genome, there is an adap-
tation to the presence of an additional chromosome, or there is
a selection of a genome variant in which aneuploidy not only
does not have a negative effect but even has a positive adaptive
effect. In addition to the UPS, other proteolytic mechanisms
for correcting the proteome (autophagic-lysosomal system,
calpain, and caspase enzymes) exist in the cell to regulate
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protein homeostasis (Noormohammadi et al., 2018). For
example, during proteotoxic stress in aneuploid human cells,
the transcription factor TFEB is activated, which regulates
the expression of genes involved in the autophagic-lysosomal
pathway for the degradation of excess protein aggregates, and
an additional mechanism for correcting the abundance of pro-
tein products in the cell is triggered (Santaguida et al., 2015).

Obviously, the idea of the pathogenic effect of aneuploidy,
caused by a single disturbance in the balance of gene copies
localized on the aneuploid chromosome, is too simplified. For
instance, clinical manifestations with Tr21 vary significantly,
which may likely be due to large differences between personal
genomes, which can result in differences in the correction of
the abundance of proteins encoded on chromosome 21, similar
to what happens in aneuploid yeast.

Studies of the transcriptome and proteome of individual
human cells at the stages of early embryogenesis (Wang S.
et al., 2024) have significantly expanded the understanding
of the role and mechanisms of manifestation of aneuploidy.
A transcriptome analysis of about 15 thousand individual
cells from 203 eu- and aneuploid human blastocysts (epi-
and hypoblasts, polar and mural trophectoderm) showed that
changes in the copy number of chromosomes are significant
for ~20 % of genes. About 90 dosage-dependent domains
have been identified in aneuploid chromosomes. Especially
in monosomies, common consequences like apoptosis were
found, which helps to explain why autosomal monosomies
occur in fewer cells. It is likely that with autosomal mono-
somies, critical developmental disorders occur even before
implantation. Of course, the cause of such disorders may be
not only or not so much a change in gene dosage but a loss of
heterozygosity, leading to the absence of complete copies of
some genes in the cell. In this regard, it is not surprising that
the sets of dosage-dependent genes in complementary tri- and
monosomies turned out to be different. The downregulation
of TGF-B and FGF signaling, which led to deficient trophec-
toderm maturation, was another lineage-specific consequence
that caused unstable epiblast formation in aneuploids (Wang S.
etal., 2024).

Aneuploidy and architecture

of interphase nuclei

Previously, it was believed that changes in the copy number
of chromosomes of the main set have an effect on the pheno-
type, mainly due to the imbalance of gene copies. However,
in humans, the manifestation of a number of syndromes (at
least with Tr21) is caused not only by an increased expres-
sion of genes from the aneuploid chromosome (Olson et al.,
2004). Trans effects of aneuploidy have also been identified,
and it has been hypothesized that the disruption of cellular
homeostasis is caused by the presence of an extra chromosome
(Krivega et al., 2022).

In the interphase nucleus, chromosomes and their regions
are not randomly located relative to transcriptionally active
and inactive compartments (Cremer T., Cremer C., 2001; Cre-
mer T., Cremer M., 2010; Cremer M. et al., 2020). Moreover,
the architectonics of the nucleus and chromosomal territories
may differ both at different stages of ontogenesis and in differ-
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ent cell types (Croft et al., 1999; Tanabe et al., 2002). In the
nuclei of cells that differ in morphology and tissue affiliation,
different principles of spatial localization of chromosomes and
chromosomal regions can be implemented (Cremer M. et al.,
2003; Mayer et al., 2005; Solovei et al., 2013), determining its
functional compartmentalization due to the specific distribu-
tion of transcriptionally active and inactive chromatin regions
in the nucleus (Meaburn, Misteli, 2007).

The development of 3D genomics (3C, chromosome con-
formation capture, Hi-C, ChIA-PET, Micro-C, snHi-C, etc.)
has significantly expanded the understanding of the levels
of hierarchical and spatial organization of chromatin in the
nucleus and the dynamics and plasticity of the structural
and functional compartments of the nucleus (Dekker et al.,
2002; Li G. et al., 2010; van Berkum et al., 2010; Nagano et
al., 2013; Hsieh et al., 2020). For the human genome, topo-
logically associated domains (TADs), A/B compartments and
their subcompartments (Oji et al., 2024), chromatin loops,
lamina-associated domains (LADs), nucleolus-associated
domains (NADs), and their variants in different cell types and
at different stages of development/differentiation are described
in detail. Recent studies have investigated the influence of
structural and numerical chromosomal aberrations on the
spatial organization of chromatin (Shao et al., 2018; Wang Y.
et al., 2023; Zhegalova et al., 2023).

The mechanisms of the influence of aneuploidy on changes
in the spatial organization of chromatin in the nucleus are
unknown, and in this work, we present only data from studies
describing changes in nuclear architecture in aneuploid hu-
man cells. Important factors that determine the structural and
functional organization of the genome are the connection of
its specific sections with the nuclear lamina, the localization
of chromatin relative to the nucleolus, and the formation of in-
terchromatin compartments (nuclear bodies) (Razin, Ulianov,
2022). The spatial organization of the nucleus is determined
primarily by the anchoring of chromosomal territories on the
nucleolus (helped by NADs) and the nuclear lamina (helped
by LADs), as well as the presence of interchromatin compart-
ments (nuclear bodies) (Razin, Ulianov, 2022).

Although about a third of the human genome contains
potential LADs (van Steensel, Belmont, 2017) in different
cell types, only about 30 % of potential LADs are associated
with the lamina (Zhegalova et al., 2023). Most genes located
in lamina-associated regions are not expressed or expressed at
low levels. Alterations in the composition of lamina-associated
regions lead to changes in the transcriptome of the cell (van
Steensel, Belmont, 2017; Shah et al., 2023). An important
role is played by the distribution of LADs along the chromo-
some; chromosomes with a small proportion of LADs tend to
be found medially, in the center of the nucleus; for example,
human chromosome 19 is characterized by the highest gene
density and has an internal position in the nucleus (Croft et
al., 1999). Due to the altered chromosome copy number, the
conditions of competition of potential LADs for association
with the lamina may change, which can lead to changes in
the structural organization of chromatin, and not only that of
the aneuploid chromosome. This, in turn, can lead to changes
in the transcriptional activity of genes located on different
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chromosomes, and such changes can be critical, leading to
disorders already at early stages of development (Zhegalova
etal., 2023).

As an example, we can consider the organization of chro-
matin in the nuclei of aneuploid human colonic epithelial cells
(HCEC) with trisomy of chromosome 7. 3-D FISH, a whole-
chromosome probe that specifically stains the corresponding
chromosomal territory did not reveal fundamental changes in
the localization of the territory of the aneuploid chromosome
in the interphase nucleus. However, Hi-C analysis, in addition
to an increase in the frequency of interchromosomal contacts
of DNA regions of chromosome 7, revealed changes in A/B
compartmentalization and in the boundaries of TADs. Changes
in the chromatin of chromosome 4 were detected: a reduction
in the number of TADs (from 133 to 109) and movement of
the chromatin of a chromosome 14 region (chr14:62.4Mb—
63.8Mb) from the active A to the inactive B compartment
(Braun et al., 2019).

In human chorionic villi cells at Tr21, changes in the nuclear
localization of chromosomal territories of chromosomes 1
and 3 were noted (Kemeny et al., 2018). When studying other
trisomies (Tr13, Tr16 in chorion cells; Tr18 in in vitro cultured
fibroblasts), changes in patterns of interchromosomal contacts
were noted for all human chromosomes (Zhegalova et al.,
2023). These studies revealed a correlation between the num-
ber of loci with altered compaction and the number of LADs
in the aneuploid chromosome (Tr13, Tr18). It turned out that
the number of LADs in chromosomes 13 and 18 is three times
higher than in chromosome 16, which could potentially cause
amore pronounced effect on the chromatin-lamin interactome
in the nucleus, leading to changes in chromatin compaction.
In addition, it turned out that the number of loci with altered
compaction in small chromosomes is higher in Tr16 compared
to Tr13 and Tr18. The presence of an extra chromosome 16
also significantly reduced the frequency of DNA contacts of
small chromosomes (chromosomes 16-22) in chorion cells
(up to 20 % for a single pair of chromosomes). The authors
suggest that additional copies of small chromosomes, compe-
ting with copies of similar small chromosomes, lead to changes
in the distribution of their material in the nucleus, reducing
the frequency of contacts (Zhegalova et al., 2023). In NPCs
(neuronal progenitor cells), an extra copy of chromosome 21
increased the frequency of DNA contacts within the group of
small chromosomes HSA16-22. Thus, aneuploidies of dif-
ferent chromosomes can lead to different changes in the spatial
organization of chromatin in the interphase nucleus, and such
changes can be different in different cell types (Meharena et
al., 2022; Zhegalova et al., 2023).

The authors believe that in trisomies, different variants of
spatial DNA contacts can be formed in different subpopu-
lations of cells (Zhegalova et al., 2023), and the observed
differences in the Hi-C data array may reflect the combined
effect of several factors (the presence of an extra chromosome,
the proliferative activity and age of the cell, the degree of its
differentiation, etc.). Changes in the structural and functional
organization of chromatin are probably of critical importance
in early embryogenesis and are the cause of formation of
multiple abnormalities in different tissues and organs observed
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in trisomy (Zhegalova et al., 2023). The authors believe that
changes in the spatial organization of chromatin, systematic
and stochastic, are determined by a combination of many
factors, including the size of the chromosome, its LAD cove-
rage, and the density of gene localization in it (Zhegalova
et al., 2023). However, it should be recognized that most
questions about the effect of aneuploidy on the architecture
of the nucleus and the structural and functional organization
of chromatin remain unanswered.

The small amount of research conducted, which sheds only
a little light on the effect of aneuploidy on the spatial organiza-
tion of the nucleus in trisomies in human cells, leaves open
the question of the presence of features or general patterns
in changes in the spatial organization of the genome during
chromosomal aberrations.

Mosaic aneuploidy
As a result of errors that occur in mitosis during the proli-
feration of somatic cells, cells with an altered genome con-
stantly appear in the body. As a result, most organisms are
mosaics. In humans, aneuploid cells are present in various
tissue types, including hepatocytes (2.2 %), neurons (<5 %),
lymphocytes, etc. (Knouse et al., 2014). Aneuploidies of
different chromosomes (HSAL, 7, 8, 9, 10, 11, 14, 15-18,
21, and X/Y) have been identified in brain cells (Graham et
al., 2019). It is possible that somatic mosaicism contributes
to the formation of diversity, in which neurons of the same
lineage perform different functions (McConnell et al., 2017).
It turned out that somatic mosaicism is more often observed
for sex chromosomes than for autosomes (Machiela et al.,
2016). In lymphocytes, mosaicism on the Y chromosome
associated with its loss (mLOY) is the most common type of
aneuploidy (1.7-20 %) (Graham et al., 2019). Several cha-
racteristics should be considered when examining mosaicism
studies. Accordingly, if the percentage of cells with a different
karyotype was at least 5 % when mosaicism was detected
using FISH conducted on interphase nuclei, it was deemed
significant (Modi et al., 2003; Yurov et al., 2007); however,
1.6 % was already deemed significant when mosaicism on
the X chromosome was examined (Guttenbach et al., 1995).
The phenotype of mosaics depends on the proportion of
aneuploid cells, which may vary in different tissues and at
different stages of development. Analysis of individual cells
of embryos at the preimplantation stage (blastocyst) showed
the presence of aneuploid and mosaic embryos. According
to different studies, the proportion of mosaic embryos varied
from 2 to 90 % (Starostik et al., 2020; Rana et al., 2023). It
is worth noting that in a number of cases, when analyzing a
pool of cells, mosaicism in embryos was not detected, since
aneuploidy in the cells was compensatory (trisomy and mono-
somy on the same chromosome in different cells). The use
of methods for analyzing the genome and transcriptome of
single cells (scWGS, scRNAseq) of the embryo has made it
possible to describe in more detail the levels of mosaicism at
different stages of embryonic development. It was found that
100 % of the analyzed embryos were mosaics at the blastocyst
stage; during the development of the embryo, at later stages of
its development (5-26 weeks of gestation), the proportion of
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aneuploid cells decreased. In addition, cases of healthy chil-
dren being born with a normal karyotype, although aneuploidy
was detected during retrospective analysis of their embryonic
cells, have been described (Zhai et al., 2024).

Concluding a brief discussion of the problems of mosaicism
associated with aneuploidy of different chromosomes, we
note that it can occur in cancer cells after WGD in the early
stages of tumorigenesis (Lambuta et al., 2023) and/or as a
result of CIN, including both numerical and structural chro-
mosome aberrations (Li R., Zhu, 2022). According to recent
data, WGD is detected in 30 % of tumors at the early stages
of tumorigenesis (Lambuta et al., 2023). Up to 90 % of solid
tumors and 70 % of hematopoietic malignancies are associated
with aneuploidy (Xiao et al., 2024). An increased frequency
of chromosomal abnormalities, including aneuploidy, is also
observed in in vitro cultured human embryonic stem cells,
which may contribute to their potential tumorigenicity (Baker
etal.,2007). The phenomenon of CIN, associated with WGD
and/or aneuploidy, is often accompanied by genomic instabil-
ity and manifests itself in the form of diversity of tumor cell
karyotypes and high intra- and inter-tumor heterogeneity of
the cancer cell genome (Burrell et al., 2013).

Segmental aneuploidy and CNVs

Segmental aneuploidy and CN'V might have distinct origins. In
carriers of balanced translocations, unbalanced gametes arise,
leading to various clinically significant forms of segmental
aneuploidy. Despite the 50 % frequency of such gametes,
the percentage of children with partial trisomy and partial
monosomy in such parents is lower. It is unknown when
selection favors carriers of a balanced genome, and it may
vary depending on the type of chromosomal rearrangement.
Even standard cytogenetic techniques can easily determine a
balanced translocation in parents if both translocation-related
chromosomal regions are relatively large. Unfortunately,
detecting such a balanced translocation can be difficult if
one of the chromosomal regions is small and distal. To do
this, FISH using DNA probes specific to distal regions of the
chromosomes or microarray-CGH is required. The goal of
medical cytogenetics is to discover and characterize carriers
of these combined partial trisomies and monosomies as well
as carriers of balanced chromosomal translocations, whose
offspring may also be carriers of combined partial trisomies
and monosomies. It should be noted that these combinations
have a pathogenic effect.

DNA replication and repair errors result in the loss or gain
of chromosome regions, leading to CNVs and segmental
aneuploidies. In studying the clinical significance of such seg-
mental aneuploidies and CNVs, researchers have encountered
unique challenges. Whole-genome sequencing of thousands
of personal human genomes has revealed a huge number of
bi- and multiallelic single nucleotide variants (SNVs, Single
Nucleotide Variants), biallelic indels, and structural variants
(SVs, Structural Variants) of the genome, including large
insertions, deletions, inversions, and variations of genomic
regions by copy number (The 1000 Genomes Project Con-
sortium et al., 2015). Given this variability, assessing the
potential pathogenic significance of variations in a specific
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genome region’s copy number frequently proves to be quite
a challenging task. In this section, we will consider cases of
appearance of additional copies of genome regions because,
in a diploid organism, loss of a chromosomal region leads
to haploidization of part of the genome and usually has a
pronounced pathogenic effect or a delayed pathogenic effect.
However, in the case of a tetraploid genome, the loss of one
copy of a genomic fragment may be one of the first stages
towards genomic rediploidization, which is a very important
stage in genomic evolution, but its consideration is beyond
the scope of this review.

A bioinformatics study of an aneuploid chromosome re-
gion’s composition usually involves considering a number
of hypotheses. Due to the enormous genomic diversity in
humans, analysis of a large number of patients is required to
make a definitive conclusion about the clinical significance of
specific CNVs. In addition, since the same CNVs or segmental
aneuploidies can manifest themselves in fundamentally differ-
ent ways in different genomes, analysis of a large number of
cases of a particular CNV in relatives may not provide a defini-
tive answer. Finding patients with identical CNVs is often a
challenging task because the frequency of each specific CNV
is low, and the study of patients and their relatives reduces the
ability to assess its clinical significance when found in dif-
ferent genomes. As a result of the analysis of a large sample
of patients, CNVs can be classified as either variants without
pathogenic influence, or without potential pathogenic influ-
ence, or as CNVs with unknown influence on the phenotype,
or as CN'Vs with possible potential pathogenic influence, and
finally as CNVs with pathogenic influence (Zhang F. et al.,
2009; Auwerx et al., 2022). It should be taken into account
that the genomes of people from diverse populations have sub-
stantial differences and are well divided into clades (Mallick
et al., 2016). Moreover, they may also differ in the presence
of DNA that originates from other, long-extinct hominins
(Neanderthals, Denisovans, etc.) (Vernot et al., 2016). Thus,
it cannot be ruled out that a conclusion drawn for one group
of populations will be incorrect for another.

Importance of localization

of segmental duplications in the genome

The location of the chromosome’s changed copy number
region is important. Duplications may occur as a single
structural and functional element of the chromosome (TAD)
or as a tandem cluster of duplicons, distant from the original
sequence, in a human small supernumerary marker chromo-
some (sSMC), or in an extra chromosome (B chromosome)
in other eukaryotic species. If the structural and functional
organization of the duplicated region and its localization are
in tandem relative to the original region and are preserved,
one can expect the presence of transcriptional activity of the
genes included in this region.

It is more difficult to assess the impact of additional material
in human sSMC due to their variable content. The majority
of them are composed of the original chromosome’s pericen-
tromeric region, which includes nearby heterochromatin and
perhaps euchromatin with a variable number of genes. It has
been observed that if the size of the euchromatic region of
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human sSMC does not exceed 3—5 Mb, it usually does not
have a pathogenic effect. It can be assumed that the absence
of negative phenotypic traits in the carrier of such sSMC is
associated with inactivation of the sSSMC material due to the
localization of its domains in the transcriptionally inactive
compartment of the interphase nucleus in comparison with the
homologous region of the original chromosome. Therefore,
conducting a number of studies on the spatial organization of
the genome with sSSMCs of varying sizes and DNA content is
an urgent and highly intriguing task, the resolution of which
would enable us to assess the potential pathogenic effect of
different sSSMCs.

Conclusion

Considering the data on the manifestation of various variants
of aneuploidy, it should be noted that there are a huge number
of factors that can play a very significant role and influence
their manifestation. A significant factor is probably the com-
plexity of the tissue and organ organization of the organism
of a particular species. Thus, yeast, like cell cultures, is quite
tolerant of chromosomal aneuploidy. Polyploid organisms and
species that have relatively recently undergone whole-genome
duplication are usually much more resistant to aneuploidy.
A special position is occupied by aneuploidy of sex chromo-
somes, which may be due to the peculiarities of their gene
composition formed during the process of evolution.

Aspecial variant of aneuploidy is represented by segmental
aneuploidies and CNVs. In these cases, the composition of the
additional material, its localization in the chromosome, and
its localization in different compartments of the interphase
nucleus may be of particular importance. Of particular inte-
rest are the mechanisms of dosage compensation for changes
in the level of gene product during aneuploidy at the post-
transcriptional and post-translational levels.

The study of aneuploidies and their clinical significance
is of great interest in light of data on the huge diversity of
personal human genomes, including SNVs, SVs, and CNVs.
It can make a great contribution to improving cytogenomic
diagnostics by creating the necessary database for the correct
interpretation of identified cases of CNVs and segmental
aneuploidy.
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Generation of the ICGi019-B-1 and ICGi019-B-2 lines
via correction of the p.Met659Ile (c.1977G>A) variant in MYH7
of patient-specific induced pluripotent stem cells using CRISPR/Cas9
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Abstract. The problem of interpretation of the genetic data from patients with inherited cardiovascular diseases
still remains relevant. To date, the clinical significance of approximately 40 % of variants in genes associated with
inherited cardiovascular diseases is uncertain, which requires new approaches to the assessment of their patho-
genetic contribution. A combination of the induced pluripotent stem cell (iPSC) technology and editing the iPSC
genome with CRISPR/Cas9 is thought to be the most promising tool for clarifying variant pathogenicity. A variant
of unknown significance in MYH7, p.Met659lle (c.1977G>A), was previously identified in several genetic screen-
ings of hypertrophic cardiomyopathy patients. In this study, the single nucleotide substitution was corrected with
CRISPR/Cas9in iPSCs generated from a carrier of the variant. As a result, two iPSC lines (ICGi019-B-1 and ICGi019-B-2)
were generated and characterized using a standard set of methods. The iPSC lines with the corrected p.Met659lle
(c.1977G>A) variant in MYH7 possessed a morphology characteristic of human pluripotent cells, expressed markers
of the pluripotent state (the OCT4, SOX2, NANOG transcription factors and SSEA-4 surface antigen), were able to
give rise to derivatives of three germ layers during spontaneous differentiation, and retained a normal karyotype
(46,XY). No CRISPR/Cas9 off-target activity was found in the ICGi019-B-1 and ICGi019-B-2 iPSC lines. The mainte-
nance of the pluripotent state and normal karyotype and the absence of CRISPR/Cas9 off-target activity in the iPSC
lines with the corrected p.Met659lle (c.1977G>A) variant in MYH7 allow using the iPSC lines as an isogenic control
for further studies of the variant pathogenicity and its impact on the hypertrophic cardiomyopathy development.
Key words: hypertrophic cardiomyopathy; variants of unknown significance; induced pluripotent stem cells;
CRISPR/Cas9
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ITonyueHune nuHUIL ICGi019-B-1 1 ICGi019-B-2 nmocpeacTBoM
cIpaBjaeHms ¢ momMmoliibio cucreMbl CRISPR/Cas9 BapmaHTa
p.Met659Ile (¢.1977G>A) B reHe MYH7 B nauieHT-CIIeU(PUIHBIX
VHAVIIVIPOBAHHBIX IJIDPUIIOTEHTHBIX CTBOJJIOBBIX KJIeTKax

A.E. lllyapruna, C.B. ITaBaosa (12}, J0.M. Mununa ((2), C.M. 3akusn (12, E.B. AemeHTheBa X

DepiepanbHblii NCCNeRoBaTENbCKUI LeHTP UHCTUTYT yutonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuinckol akagemmnmn Hayk, HoBocnbupck, Poccus
@ dementyeva@bionet.nsc.ru

AHHoTauuA. MNpobnema MHTepnNpeTaunn pe3ynbTaToB reHeTMYeCKOro aHanmsa naumneHToB, cTpafjalowWwmx Hacneq-
CTBEHHbIMY CEPAEYHO-COCYANCTBIMU 3aboneBaHUAMY, NO-NPEXHEMY COXpaHAET CBOK aKTyanbHOCTb. Ha cerop-
HAWHUA AEHb KNMHUYECKOe 3HauyeHne okono 40 % BapuaHTOB B reHaX, aCCOLMUPOBAHHBIX C HaCNeACTBEHHbIMU
cepaeyHo-coCcyanCTbIMU 3a60MeBaHNAMM, OCTAeTCA HEACHBIM, YTO MPUBOAUT K HEOOXOAMMOCTM UCMONb30BaHMWsA
HOBbIX MOAXOAOB ANA OLEHKN MaTOreHeTUYyecKoro Bknafa 3Tux BapraHToB. COBMECTHOe MpYMEeHEeHre TeXHOMO-
TN MHOYLMPOBAHHbIX MIOPUNOTEHTHBIX CTBONTIOBbIX KNETOK U PefAakTUPOBaHNA UX reHOMa C NMOMOLLbIO CUCTEMbI
CRISPR/Cas9 cuntaetca Hanbosee nepcnekTUBHbIM CMOCOOOM BblSICHEHUS MNAaTOreHHOCTU FeHeTUYECKNX BapUaHTOB.
PaHee B HECKONbKNX FeHeTNYECKNX CKPMHUHIaX MNALMEHTOB C runepTpoduryeckol KaparommonaTen 6bin BbiABIeH
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Generation of two iPSC lines via correction
of MYH7:p.Met659lle (c.1977G>A) with CRISPR/Cas9

BAPWAHT C HEACHBIM KIIMHNYECKUM 3HaueHneM B reHe MYH7Z, p.Met659lle (c.1977G>A). B HacToAwwem nccnenoBaHnum
[laHHaA OHOHYKNeoTMAHaA 3ameHa ¢ nomolbto crctembl CRISPR/Cas9 6bina ncnpasneHa B MHAYLMPOBaHHbIX Nto-
PUMNOTEHTHbIX CTBOMOBbIX KJIETKaX, MOSTlyYE€HHbIX OT HOCUTENA STOrO FEHETUYECKOro BapuaHTa. B pesynbrate nonyye-
Hbl 1 OXapaKTePU30BaHbl C NCMOMb30BaHNEM CTaHAAPTHOrO Habopa MeTOAOB fiBe NIMHUN UHAYLIMPOBAHHbIX MpU-
NOTEHTHbIX CTBONOBbIX KNneTokK (ICGi019-B-1 n ICGi019-B-2). JInHMM MHAYLUMPOBaHHbIX MIOPUNOTEHTHbBIX CTBOMOBbIX
KNeTOK C cnpasneHHbIM BapraHTom p.Met659lle (c.1977G>A) B reHe MYH7 nmenn xapakTepHyto 1A MAPUNOTEHT-
HbIX KJIeTOK YesioBeKa MopdOorio, SKCNpeccMpoBasn MapKepbl MIIOPUNOTEHTHOrO COCTOAHUA (TPAHCKPUMNLOH-
Hble pakTopbl OCT4, SOX2, NANOG 1 noBEepXHOCTHbIN aHTUreH SSEA-4), 6bIn1 cnocobHbl JaBaTb MPON3BOAHbIE TPEX
3apopabllWeBbIX IMCTKOB NPW CMOHTaHHON AnddepeHLMPOBKe 1 COXPaHANM HOPMasbHbIV KapuoTun (46,XY). B nu-
HUAX MHOYLMPOBAHHBIX MIIOPUMNOTEHTHBIX CTBOMOBbIX KneTok ICGi019-B-1 1 ICGi019-B-2 He o6HapyxeHo Helene-
BOW akTMBHOCTK cucTembl CRISPR/Cas9. MNoaaeprkaHre naopunoTeEHTHONO COCTOAHUA U HOPMANbHOIO KapuoTuna,
a Takxe OTCYTCTBUE HeleneBon akTBHOCTU cuctembl CRISPR/Cas9 B IMHMAX MHAYLMPOBAHHbIX MIOPUMOTEHTHbIX
CTBOJIOBbIX KJIETOK C MCNpaBieHHbIM BapraHTom p.Met659lle (c.1977G>A) B reHe MYH7 no3BonAT UCNosb30oBaTb
NonyyYeHHble IMHWN B KaYeCTBE N30reHHOro KOHTPONA ANA AaNbHEeNLWNX NCCNefoBaHNin NaTOFreHHOCTY faHHOTO re-
HeTMYEeCKOro BapuaHTa 1 ero BAMAHNA Ha pa3BUTUE runepTpodnyeckon KapanommonaTum.

KnioueBble cnoBa: runeptpodryeckas KapgmoMmMonaTus; BapuaHTbl C HEACHBIM KIIMHUYECKMM 3HaueHUeM; NHAY-

LMpOBaHHble MIpUNoTeHTHble cTBoNoBble KneTku; CRISPR/Cas9

Introduction
Generation of induced pluripotent stem cells (iPSCs) and their
subsequent differentiation into cardiomyocytes is an important
tool for modeling, studying, and developing therapy methods
for inherited cardiovascular diseases (Parrotta et al., 2020;
Funakoshi, Yoshida, 2021; Gdhwiler et al., 2021). A combined
use of the iPSC-based technology and genome editing me-
thods, e. g. CRISPR/Cas9, also allows generating the so-called
isogenic iPSCs by introducing a certain variant into iPSCs
of a healthy donor or its correction in patient-specific iPSCs.
Examination of cardiomyocytes derived from the isogenic
iPSCs can overcome the challenge caused by numerous va-
riants of unknown significance found in genetic screenings
of patients with cardiovascular diseases (Guo H. et al., 2021).
Hypertrophic cardiomyopathy (HCM) is one of the most
widespread inherited cardiovascular pathologies (overall
prevalence is 0.2 %). The disease manifestations include an
asymmetric thickness of the left ventricular walls and the
interventricular septum, left ventricular outflow tract obstruc-
tion, progressive heart failure, and a high risk of atrial or
ventricular arrhythmias and sudden cardiac death (Geske et al.,
2018). HCM-causing variants can be found in genes encoding
proteins involved in sarcomere functioning and regulation of
calcium homeostasis. There are also HCM phenocopies that
are due to variants in genes associated with metabolic disor-
ders, neuromuscular diseases, and RASopathies. However, the
majority of HCM-causing variants (about 80 %) have been
found in MYH7 and MYBPC3, encoding sarcomere proteins:
B-myosin heavy chain and myosin-binding protein C, respec-
tively (Akhtar, Elliott, 2018; Pasipoularides, 2018).
Avariant of unknown significance, p.Met6591le (c.1977G>A,
rs1241603111) in MYH7, was found in a number of genetic
screenings of HCM patients (Richard et al., 2003; Bashyam
etal., 2012; Dementyeva et al., 2020a). The single nucleotide
substitution is a rare variant with no frequency in gnomAD
v4.1.0 (https://gnomad.broadinstitute.org/) and is located in
the actin-binding site of the myosin motor domain that is
highly conservative in vertebrates (Hesaraki et al., 2022).
The variant is predicted to be pathogenic by multiple in silico
tools and AlphaMissense (Dementyeva et al., 2020a; Cheng
et al., 2023; Pavlova et al., 2024). However, according to the
ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar), the

available evidence is not sufficient to determine the role of the
variant in HCM development. Therefore, functional studies
are required to find out the pathogenicity of the variant.

In our previous study, CRISPR/Cas9 was used to introduce
the variant into iPSCs of a healthy donor (Malakhova et al.,
2020) and an iPSC line heterozygous at the single nucleotide
substitution was generated. The cardiomyocytes derived from
the iPSC line with the introduced p.Met6591le (c.1977G>A)
variant in MYH7 were characterized by an increased size, an
elevated diastolic calcium level, changes in the expression of
HCM-related genes, and a decrease in basal oxygen consump-
tion rate compared to the isogenic control, which indicates the
pathogenicity of the variant (Pavlova et al., 2024). However, it
would be useful to verify the effects of the variant on the car-
diomyocyte properties under another genetic background. This
study was aimed at correction of the variant in an iPSC line
derived earlier from an HCM patient carrying the p.Met6591le
(c.1977G>A) variant in MYH7 (Dementyeva et al., 2020b)
and generation of the second panel of isogenic iPSC lines
for studying the impact of the variant on HCM development.

Materials and methods

iPSC lines used. ICGi019-B (https://hpscreg.cu/cell-line/
ICGi019-B), an iPSC line derived from an HCM patient who
was a carrier of the p.Met6591le (c.1977G>A) variant in MYH7
(Dementyeva et al., 2020b). ICGi022-A (https://hpscreg.cu/
cell-line/ICGi022-A), an iPSC line derived from a healthy
donor (Malakhova et al., 2020).

iPSC cultivation. iPSC lines were cultured at 37 °Cin 5 %
CO, on a layer of mitotically inactivated mouse embryonic
fibroblasts (feeder) in KnockOut DMEM supplemented with
15 % KnockOut Serum Replacement, 0.1 mM MEM Non-
Essential Amino Acids Solution, 1x penicillin-streptomycin,
1 mM GlutaMAX (all reagents — Thermo Fisher Scientific),
0.05 mM 2-mercaptoethanol (Amresco), and 10 ng/mL bFGF
(SCI-store). The iPSC lines were passaged with TrypLE™
Express Enzyme (Thermo Fisher Scientific) at a ratio of 1:10
every 4-5 days.

Correction of the p.Met6591le (c.1977G>A) variant in
MYH?7 of patient-specific iPSCs. 100 pmol of single-guide
RNA (Synthego, Table 1) and 20 pmol of Cas9 NLS (NEB)
were incubated for 20 min at room temperature. The ribonu-
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Table 1. Oligonucleotides and antibodies used in this study

Monyuenune aByx nuHun UMNCK nocpeacTsom ncnpasneHmna
MYH7:p.Met659lle (c.1977G>A) cuctemon CRISPR/Cas9

2025
293

Application

Protospacer
for single-guide RNA

Single-stranded donor
oligonucleotide

Analysis of editing events

Analysis of CRISPR/Cas9
off-target activity

Pluripotency markers
(RT-qPCR)

Reference gene
(RT-gPCR)

Mycoplasma detection

Application

Pluripotency markers

Markers of differentiated
derivatives

Secondary antibodies

Oligonucleotides

Gene/locus Product size
MYH7, exon 18 20b
MYH7,exon 18 89b
MYH?7, exon 18 258 bp
chr4:14217409-14217428 559 bp
chr7:57819587-57819606 378 bp
chr8:139343032-139343051 535bp
chr20:9996001-9996020 575 bp
chr2:241709069-241709088 541 bp
NANOG 116 bp
Sox2 100 bp
B2M 90 bp
16S ribosomal RNA gene 280 bp
Antibodies
Antibody Dilution
Mouse IgG2b anti-OCT3/4 1:50
Rabbit IgG anti-SOX2 1:200
Mouse IgG3 anti-SSEA-4 1:200
Mouse IlgG2a anti-TUBB3 1:500
Mouse IgG2a anti-aSMA 1:100
Mouse IgG1 anti-CK18 1:100
Goat anti-Mouse IgG (H + L) 1:400
Secondary Antibody, Alexa Fluor 568
Goat anti-Rabbit IgG (H + L) Highly 1:400
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488
Goat anti-Mouse 1gG3 Cross- 1:400
Adsorbed Secondary Antibody,
Alexa Fluor 488
Goat anti-Mouse IgG1 Cross- 1:400

Adsorbed Secondary Antibody,
Alexa Fluor 488

Nucleotide sequence (5'-3)

GGGATGGGTGGAGCGCAAGT

TATTGCATTTTTGGCCACAGGAAAATCTGAACAAGCTGAT
GACAAACTTGCGCTCCACCCATCCCCACTTTGTACGTTGTA

TCATCCCT

TCCTTCCTTCTTCTCCTCTCTT/
GTGGTGGTAGGTAGGGAGAT

TCTGGTAAGAGCCTGACTTCTG/
TCCCACCTGCCATTGGAATA

ACGATACTCAAGGCCCAATCT/
TGGTGTTTCCTCATCCTGGT

GCCAGGAAAGTTCAGTGGTTAG/
CCCTCTCTCTTCCTGCTCTTAT

GACTTGTAATAACTCTCACTCACCTAAA/
CCAGGCAATGTTAAGCCTTCAT

TCCCGTGTGGATTTCTTTAGGT/
TGTAGGCGTTCTGGATCTTCTG

TTTGTGGGCCTGAAGAAAACT/
AGGGCTGTCCTGAATAAGCAG

GCTTAGCCTCGTCGATGAAC/
AACCCCAAGATGCACAACTC

TAGCTGTGCTCGCGCTACT/
TCTCTGCTGGATGACGTGAG

GGGAGCAAACAGGATTAGATACCCT/
TGCACCATCTGTCACTCTGTTAACCTC

Company, cat. no., RRID

Santa Cruz Biotechnology, sc-5279, RRID:AB_628051
Cell Signaling Technology, 3579, RRID:AB_2195767
Abcam, ab16287, RRID: AB_778073

BioLegend, 801201, RRID:AB_2313773

Dako, M0851, RRID:AB_2223500

Abcam, ab668, RRID:AB_305647

Thermo Fisher Scientific, A11031, RRID:AB_144696

Thermo Fisher Scientific, A11008, RRID:AB_143165

Thermo Fisher Scientific, A21151, RRID: AB_2535784

Thermo Fisher Scientific, A21121, RRID:AB_2535764
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cleoprotein complexes, together with 300 ng of single-stranded
donor oligonucleotide (Biolegio, Table 1), were electroporated
into 1 x 103 iPSCs of the ICGi019-B line on a Neon Transfec-
tion System (Thermo Fisher Scientific), using the program:
1100 V, 30 ms, | time. The electroporated cells were trans-
ferred to a feeder layer in the iPSC medium without antibiotic
and supplemented with 10 ng/ml Y-27632 (Sigma-Aldrich).
48 h later, the cells were subcloned into 96-well plates. iPSC
clones were cultivated as described in the previous section.
Analysis of editing events in MYH7 and CRISPR/Cas9
off-target activity. Genomic DNA was isolated from the iPSC
clones using Wizard® Genomic DNA Purification Kit (Pro-
mega). Genomic DNA regions contained exon 18 of MYH7
or CRISPR/Cas9 off-target sites predicted using IDT (https://
www.idtdna.com/) were amplified by PCR with BioMaster
HS-Taq PCR-Color (2x) (Biolabmix) on a T100 Thermal Cy-
cler (Bio-Rad), using the program: 95 °C — 3 min; 35 cycles:
95°C—-30s,62°C—-30s,72°C—-30-40s; 72 °C — 5 min.
The primers used are listed in Table 1. Sanger sequencing of
the PCR products was performed using the Big Dye Termina-
tor V. 3.1. Cycle Sequencing Kit (Applied Biosystems) and
analysis was conducted at the SB RAS Genomics Core Facility
(http://www.niboch.nsc.ru/doku.php/corefacility).
Karyotype analysis. iPSC lines were plated at a ratio of
1:4 on a 12-well plate 48 h before metaphase collection. Four
different concentrations of Colcemide (from 25 to 50 ng/mL)
were added 2.5 h before metaphase collection. Cells were dis-
aggregated with TrypLE™ Express Enzyme (Thermo Fisher
Scientific). Hypotonic treatment was conducted for 20 min
at 37 °C in 0.28 % KCI. Cells were fixed in Carnoy’s solu-
tion (methanol-acetic acid 3:1) as described in (Sorogina et
al., 2023). Karyotype of the iPSC lines was analyzed on
Axioplan 2 (Zeiss) with the ISIS 5 program (MetaSystems).
50 metaphase plates were analyzed for the iPSC lines.
Spontaneous in vitro differentiation. iPSCs were treated
for 40 min with 0.15 % Collagenase IV (Thermo Fisher Sci-
entific). The resulting cell aggregates were transferred to Petri
dishes coated with 1 % agarose and cultivated for 2 weeks in
DMEM/F12 (1:1) medium supplemented with 15 % KnockOut
Serum Replacement, 0.1 mM MEM Non-Essential Amino
Acids Solution, 1x penicillin-streptomycin, | mM GlutaMAX
(all reagents — Thermo Fisher Scientific). The embryoid bo-
dies formed were plated on 8-well Chambered Coverglasses
(Thermo Fisher Scientific) coated with Matrigel (Corning)
and cultured for a week in the same medium. The medium
was changed every 3 days. The differentiated derivatives were
analyzed by immunofluorescence staining.
Immunofluorescence staining. iPSCs or their differen-
tiated derivatives were fixed in 4 % paraformaldehyde (Sigma-
Aldrich) for 10 min, permeabilized in 0.4 % Triton-X100
(Sigma-Aldrich) for 10 min, incubated with 1 % bovine serum
albumin (VWR) for 30 min (all the steps were conducted at
room temperature). In case of SSEA-4, cell treatment was
carried out without the permeabilization step. Cells were
incubated overnight at 4 °C with primary antibodies and for
1 h at room temperature with secondary antibodies. After each
incubation with antibodies, the cells were washed with PBS
twice for 15 min. The antibodies used are provided in Table 1.
Nuclei were counterstained with DAPI (Sigma-Aldrich). Im-
munofluorescence staining was analyzed on a Nikon Eclipse
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Ti-E microscope with NIS Elements Advanced Research soft-
ware version 4.30 (Nikon).

RT-gPCR. RNA was isolated from iPSC lines with TRIzol
Reagent and treated using the Invitrogen™ DNA-free™ DNA
Removal Kit (all reagents — Thermo Fisher Scientific). Reverse
transcription of 1 pg of RNA was conducted with M-MuLV
reverse transcriptase (Biolabmix). RT-qPCR was performed
with BioMaster HS-qPCR SYBR Blue 2% (Biolabmix) on a
QuantStudio™ 5 Real-Time PCR System (Applied Biosys-
tems), using the program: 95 °C — 5 min; 40 cycles: 95 °C —
105, 60 °C — 1 min. CT values were normalized by the AACT
method (Livak, Schmittgen, 2001) using B2M as a reference
gene. The primers used are listed in Table 1.

Mycoplasma detection. Mycoplasma contamination in
iPSC lines was detected by PCR with BioMaster HS-Taq PCR-
Color (2x) (Biolabmix) on a T100 Thermal Cycler (Bio-Rad),
using the program: 95 °C — 3 min; 35 cycles: 95 °C — 15 s,
67°C—15s,72°C—20s; 72 °C — 5 min. The primers used
are listed in Table 1.

Results

The p.Met6591le (c.1977G>A) variant in MYH7 was corrected
in the patient-specific ICGi019-B iPSC line via introduction
of a double-strand break with CRISPR/Cas9 and subse-
quent homology-directed repair with single-stranded donor
oligonucleotide. The protospacer for the single-guide RNA
and Protospacer Adjacent Motif (PAM) were designed to be
located as close as possible to the target substitution and to
introduce a synonymous substitution in PAM to protect MYH7
from repetitive editing (Fig. 1a). Low off-target activity of the
selected single-guide RNA was confirmed using Benchling
(https://www.benchling.com/) and IDT (https://www.idtdna.
com/). The single-stranded donor oligonucleotide was chosen
to correspond to the reference nucleotide sequence of a part of
MYH7 intron 17 and exon 18 and contained the synonymous
substitution (Fig. 1a).

CRISPR/Cas9 ribonucleoprotein complexes consisting of
single-guide RNA and Cas9 NLS, together with the single-
stranded donor oligonucleotide, were electroporated into cells
of the ICGi019-B line. 84 iPSC clones were generated and
analyzed using Sanger sequencing. In 71 (84.52 %) iPSC
clones, editing events in MYH7 exon 18 were found. Non-
homologous end joining (indels) occurred in 54 (64.29 %) of
the iPSC clones. Homology-directed repair with the single-
stranded donor oligonucleotide accompanied by p.Met6591le
(c.1977G>A) variant correction was detected in 17 (20.23 %)
iPSC clones. However, 9 iPSC clones with the homology-
directed repair in the mutant allele also demonstrated off-target
editing events (indels) in the second allele. Thus, 8 iPSC clones
with the corrected p.Met6591le (c.1977G>A) variant in MYH7
have been generated (Fig. 1b).

For use in fundamental and applied studies, iPSC lines
have to match a number of criteria, including the normal
karyotype. Karyotype analysis of the iPSC lines with the
corrected p.Met6591le (¢.1977G>A) variant in MYH7 showed
that two iPSC lines, ICGi1019-B-1 and ICGi019-B-2, retained
the normal number and structure of chromosomes — 46,XY
(Fig. 2a). The ICGi019-B-1 and ICGi019-B-2 iPSC lines
were chosen for further characterization. No CRISPR/Cas9
off-target activity was found after comparison of the nucleotide
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A

Protospacer

ICGi019-B
patient-specific

ICGi022-A
healthy donor

ICGi019-B-1
corrected MYH7 p.Met659lle

ICGi019-B-2
corrected MYH7 p.Met659lle

ICGi019-B
patient-specific

1CGi019-B-1
corrected MYH7 p.Met659lle

1CGi019-B-2
corrected MYH7 p.Met659lle

Fig. 1. Correction of the p.Met659lle (c.1977G>A) variant in MYH?7 of the patient-specific iPSCs using CRISPR/Cas9.

a - design of single-guide RNA and single-stranded donor oligonucleotide for MYH7 editing. The nucleotide sequence of a fragment of intron 17 and exon 18 is
given. The positions of the protospacer for the single-guide RNA, PAM, and the single-stranded donor oligonucleotide are indicated in grey, magenta, and yellow,
respectively. The target substitution and synonymous substitution in PAM are shown with red rectangles; b — an example of two iPSC clones with the corrected
p.Met659lle (c.1977G>A) variant in MYH7 (ICGi019-B-1 and ICGi019-B-2). Nucleotide sequences of the same region in the patient-specific iPSC line (ICGi019-B)
and the iPSC line of the healthy donor (ICGi022-A) are provided for comparison. The target substitution and synonymous substitution in PAM are shown with
red rectangles; ¢ — absence of CRISPR/Cas9 off-target activity at one of the predicted CRISPR/Cas9 off-target sites in the iPSC lines with the corrected p.Met659lle
(c.1977G>A) variant in MYH7 (ICGi019-B-1 and ICGi019-B-2). The nucleotide sequence of the same region in the patient-specific iPSC line used for MYH7 editing
(ICGi019-B) is given for comparison. The CRISPR/Cas9 off-target site and its positions in the human genome (hg38) are indicated in red.

sequences of the top-five CRISPR/Cas9 off-target sites and
their surroundings in the iPSC lines and the patient-specific
ICGi019-B line used for MYH7 editing (Fig. 1c). Despite
MYH7 editing, the ICGi019-B-1 and ICGi019-B-2 iPSC
lines retained their pluripotent properties. The iPSC lines
possessed morphology similar to that of human pluripotent
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stem cells (Fig. 2b) and were characterized by expression of
the pluripotent state markers such as the OCT4 and SOX2
transcription factors and SSEA-4 surface antigen (Fig. 2C).
The expression level of pluripotency genes, NANOG and
SOX2, in the ICGi019-B-1 and ICGi019-B-2 iPSC lines was
demonstrated to be comparable to that in the original patient-
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Fig. 2. Characterization of the iPSC lines with the corrected p.Met659lle (c.1977G>A) variant in MYH?7.

a - karyotype of the iPSC lines with the corrected p.Met659lle (c.1977G>A) variant in MYH7 (ICGi019-B-1 and ICGi019-B-2); b - morphology
of the ICGi019-B-1 and ICGi019-B-2 iPSC lines. Scale bar 250 um; ¢ - expression of the OCT4 and SOX2 transcription factors and SSEA-4 sur-
face antigen in the ICGi019-B-1 and ICGi019-B-2 iPSC lines. Scale bar 100 pm; d - expression of pluripotency genes, NANOG and SOX2, in the
ICGi019-B-1 and ICGi019-B-2 iPSC lines in comparison with the original patient-specific ICGi019-B line. Data are presented as mean +SEM;
e — capacity of the ICGi019-B-1 and ICGi019-B-2 iPSC lines to be differentiated into derivatives of three germ layers: ectoderm (TUBB3,
B3-tubulin), mesoderm (aSMA, smooth muscle a-actin), and endoderm (CK18, cytokeratin 18). Scale bar 100 um; f— absence of mycoplasma
contamination in the ICGi019-B-1 and ICGi019-B-2 iPSC lines. Ctr+, positive control for mycoplasma contamination, H,0, negative control
for mycoplasma contamination.

specific iPSC line (Fig. 2d). The iPSC lines with the corrected  of the iPSC lines in embryoid bodies (Fig. 2e). The iPSC lines
p-Met6591le (c.1977G>A) variant in MYH7 were capable to  were also free from mycoplasma contamination (Fig. 2f). The
be differentiated into derivatives of three germ layers as was  ICGi019-B-1 and ICGi019-B-2 iPSC lines were registered in
shown by expression of markers of ectoderm, mesoderm, and  the Human Pluripotent Stem Cell Registry (hPSCreg, https://
endoderm in cells obtained under spontaneous differentiation ~ hpscreg.eu/). Their passport is provided in Table 2.
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Table 2. Passport of the ICGi019-B-1 and ICGi019-B-2 iPSC lines

Unique identifier

Alternative name of cell line

Institution

Type of cell line
Origin

Additional origin information

Cell source

Method of reprogramming

Reprogramming factors

Clonality

Evidence for reprogramming transgene elimination
Genetic modification

Type of genetic modification

Disease

Gene/locus

Method of modification/site-specific nuclease used
Site-specific nuclease delivery method

Genetic material introduced into the cells

Method of introduced modification analysis
Method of off-target activity analysis
Morphology

Pluripotency

Karyotype
Contaminations

Potential application

Method of culturing
Medium
Temperature, °C

CO, concentration, %
O, concentration, %
Method of passaging
Ratio for passaging
Cryoconservation
Storage conditions

Cell line repository/bank

Date archived/stock date

1CGi019-B-1
ICGi019-B-2

HCM1f33-wt119
HCM1f33-wt147

Federal Research Center Institute of Cytology and Genetics,
Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

iPSCs
Human

Age: 38
Sex: M
Ethnicity: Caucasian

Peripheral blood mononuclear cells
Transgene free episomal plasmid vectors
OCT4, KLF4, L-MYC, SOX2, LIN28

Clonal

PCR, not detected

Yes

Correction of genetic variant

Hypertrophic cardiomyopathy
MYH7:c.1977G>A (p.Met659lle), rs1241603111
CRISPR/Cas9

Electroporation with ribonucleoprotein complexes of single-guide RNA and Cas9_NLS

Single-stranded donor oligonucleotide corresponding to the reference nucleotide
sequence and containing a synonymous substitution in PAM

Sanger sequencing of PCR-products containing MYH7 exon 18
Sanger sequencing of PCR-products containing predicted CRISPR/Cas9 off-target sites
Monolayer colonies similar to those of human pluripotent cells

Confirmed by expression of the pluripotent state markers and spontaneous
differentiation in derivatives of three germ layers

46,XY
Bacteria, fungi, and mycoplasma were not detected

Studying pathogenetic contribution of the p.Met659lle (c.1977G>A) variant in MYH7
to hypertrophic cardiomyopathy development

On a layer of mitotically inactivated mouse fibroblasts (feeder)
KnockOut DMEM (Thermo Fisher Scientific)

37

5

20

TrypLE™ Express Enzyme (Thermo Fisher Scientific)

1:10

90 % FBS, 10 % DMSO

Liquid nitrogen

https://hpscreg.eu/cell-line/ICGi019-B-1
https://hpscreg.eu/cell-line/ICGi019-B-2

June 2024
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Discussion

iPSC editing with CRISPR/Cas9 has been successfully ap-
plied for studying HCM pathogenetic mechanisms caused
by known pathogenic variants in sarcomere protein genes
(Mosqueira et al., 2018; Smith et al., 2018; Wang et al., 2018;
Cohn et al., 2019; Bhagwan et al., 2020; Shafaattalab et al.,
2021; Chai et al., 2023; Escriba et al., 2023; Guo G. et al.,
2024) and deciphering the pathogenicity of several variants
of'uncertain significance in HCM-associated genes (Ma et al.,
2018; Pavlova et al., 2024).

This study was devoted to generating iPSC lines via cor-
rection of a variant of unknown significance, p.Met6591le
(c.1977G>A) in MYH7, in patient-specific iPSCs using
CRISPR/Cas9. The variant is localized in the actin-binding
site of the myosin motor domain where 37 variants have been
described according to the ClinVar database. 12 variants are
pathogenic and likely pathogenic whereas the remaining
25 (67.6 %) variants have uncertain significance or conflict-
ing classifications of pathogenicity. This fact emphasizes the
problem of interpretation of genetic data in clinical practice
and makes examining the impact of variants of unknown
significance in the functionally important actin-binding region
much more relevant.

We previously introduced the p.Met6591le (c.1977G>A)
variant into MYH7 of the iPSCs from the healthy donor with
CRISPR/Cas9 (Pavlova et al., 2024). Comparing the cardio-
myocytes derived from the CRISPR/Cas9-edited iPSC line and
its healthy isogenic control demonstrated that introduction of
the variant resulted in appearance of HCM features such as an
increased cardiomyocyte size, an elevated diastolic calcium
level, a decreased basal oxygen consumption rate, and changes
in expression pattern of HCM-related genes. These findings
support the pathogenicity of the variant. However, validating
the effects of the p.Met6591le (c.1977G>A) variant in MYH7
under another genetic background could reinforce the conclu-
sion on the variant clinical significance.

The variant correction in the patient-specific iPSCs was
performed using electroporation with CRISPR/Cas9 ribo-
nucleoprotein complexes and single-stranded donor oligo-
nucleotide. The method of CRISPR/Cas9 delivery was shown
to cause a higher rate of editing events and reduced rate of
CRISPR/Cas9 off-target activity in comparison with CRISPR/
Cas9 delivery via plasmid transfection (Liang et al., 2015). To
augment the efficiency of the editing process, we also used
chemical modifications, 2’-O-methyl 3’ phosphorothioate
and 3’ phosphorothioate bonds between the first three 5" and
3’ terminal nucleotides, to protect the single-guide RNA and
single-stranded donor oligonucleotide, respectively, from de-
gradation and to stabilize the system (Hendel et al., 2015).
As aresult, a high percentage of the iPSC clones with editing
events (84.52 %) and homology-directed repair (20.23 %) was
observed after correction of the p.Met6591le (c.1977G>A)
variant in MYH?7 of the patient-specific iPSCs. Moreover, no
CRISPR/Cas9 off-target activity was revealed when analyzing
the top-5 CRISPR/Cas9 off-target sites in the iPSC clones.

The iPSC lines with the corrected p.Met6591le (¢.1977G>A)
variant in MYH7 (ICGi019-B-1 and ICGi019-B-2) matched all
the criteria of human pluripotent stem cells. The iPSC lines
had an appropriate morphology, expressed the main tran-
scription factors and surface antigens characteristic of the
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Generation of two iPSC lines via correction
of MYH7:p.Met659lle (c.1977G>A) with CRISPR/Cas9

pluripotent state, and gave rise to derivatives of three germ
layers during spontaneous differentiation. This fact, together
with the maintenance of the normal karyotype, makes the
iPSC lines a good isogenic control for further verification of
the variant pathogenicity and examination of HCM pathoge-
netic mechanisms triggered by the p.Met6591le (c.1977G>A)
variant in MYH7.

Conclusion

Using CRISPR/Cas9, an HCM-associated variant of unknown
significance, p.Met6591le (c.1977G>A) in MYH7, was cor-
rected in the patient-specific iPSCs. Eight iPSC lines with the
corrected variant have been generated and two of the iPSC
lines (ICGi019-B-1 and ICGi019-B-2) have been character-
ized in detail. The ICGi019-B-1 and ICGi019-B-2 iPSC
lines retained the pluripotent status and normal karyotype
and demonstrated no CRISPR/Cas9 off-target activity, which
gives an opportunity to use the iPSC lines with the corrected
p-Met6591le (¢c.1977G>A) variant in MYH7 for studying the
variant pathogenicity and role in HCM pathogenesis.
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Abstract. Peach (Prunus persica (L.) Batsch) is one of the main agricultural stone fruit crops of the family Rosaceae.
Modern breeding is aimed at improving the quality of the fruit, extending the period of its production, increasing its
resistance to unfavorable environmental conditions and reducing the total cost of production of cultivated varieties.
However, peach breeding is an extremely long process: it takes 10-15 years from hybridization of the parental forms
to obtaining fruit-bearing trees. Research into peach varieties as donors of desirable traits began in the 1980s. The
first version of the peach genome was presented in 2013, and its appearance contributed to the identification and
localization of loci, followed by the identification of candidate genes that control the desired trait. The development
of NGS has accelerated the development of methods based on the use of diagnostic DNA markers. Approaches that
allow accelerating classical breeding processes include marker-oriented selection (MOS) and genomic selection. In
order to develop DNA markers associated with the traits under investigation, it is necessary to carry out preliminary
mapping of loci controlling economically desirable traits and to develop linkage maps. SNP-chip approaches and
genotyping by sequencing (GBS) methods are being developed. In recent years, genome-wide association analysis
(GWAS) has been actively used to identify genomic loci associated with economically important traits, which requires
screening of large samples of varieties for hundreds and thousands of SNPs. Study on the pangenome has shown the
need to analyze a larger number of samples, since there is still not enough data to identify polymorphic regions of the
genome. The aim of this review was to systematize and summarize the major advances in peach genomic research
over the last 40 years: linkage and physical map construction, development of different molecular markers, full ge-
nome sequencing for peach, and existing methods for genome-wide association studies with high-density SNP mar-
kers. This review provides a theoretical basis for future GWAS analysis in order to identify high-performance markers
of economically valuable traits for peach and to develop genomic selection of this crop.
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reHoma rnepcuka (Prunus persica)
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AHHoTauwus. MNepcuk (Prunus persica (L.) Batsch) — ogHa U3 0CHOBHbIX CEIbCKOX03ANCTBEHHbIX MA040BbIX KOCTOUKOBbIX
KynbTyp cemencTBa po3oLBeTHbIX. CoBpeMeHHanA cenekuma Hanpas/ieHa Ha ynyulleHne KayecTBa nioAos, paclumnpe-
HMe CPOKOB MX MONyYEHUA, CO3[aHNe COPTOB C YCTONUYMBOCTbIO K HEONAronpuATHLIM YCNIOBUAM CPefbl 1 CHUKEHMEe
06LWKX 3aTpaT Ha MPOV3BOLCTBO KYNbTVBUPYEMbIX COPTOB. [1py 3TOM ceneKkuus nepcunka — RONrMiA MpoLecc: oT rmbpu-
av3aunm pogmtenbckinx Gopm Lo NonyyeHus NoJoHOCALWMX AepeBbeB npoxoanT 10-15 neT. MiccnegoBaHma copToB
nepcuKa Kak JOHOPOB XeflaeMblX MPU3HAKOB Havanucb ¢ 1980-x rogos. [epBbiit BapraHT reHoMa nepcrka 6bin npea-
cTaBneH B 2013 1., 1 ero nosBeHre CnocobCTBOBANO ONpefeneHuIo 1 IoKanmn3auum I0KyCoB, C Nocieayowmm obHa-
py>eHVeM reHOB-KaHAVAATOB, MOA YbMM KOHTPOJIEM HAaXOAUTCA XO3ANCTBEHHO LIeHHbIV Npr3Hak. Pa3BrTtre metoaos
NGS yckopnno npoasrxeHre NoAXoA0B, OCHOBaHHbIX Ha NpYMeHeHnn anarHoctuyeckmnx [JHK-mapkepos. K Takum
nogxofam, Mo3BONALWMM YCKOPATb MPOLECChl KNAacCUYeCcKon cenekumn, OTHOCATCA MapKep-OpueHTUPOBaHHasA
cenekums 1 reHomHas cenekuus. [1na Toro ytobbl paspaboTatb JHK-MapKepbl, acCOUMMPOBAHHbIE C U3yYaembIMM
CBOWCTBaMM, HEO6XOAMMO MPOBECTU MPefBapUTENIbHOE KapTUPOBaHVE TOKYCOB, KOHTPOMPYIOLUX XO3ANCTBEHHO
LieHHble NPY3HaKKW, co3faTb KapTbl cuenneHuna. PaboTbl Mo naHreHoMy nokasany HeobXOoAUMOCTb aHanM3npPoBaTh

© Rozanova l.V., Vodiasova E.A., 2025
This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0003-4341-0766
https://orcid.org/0000-0003-3886-2880
mailto:i.rozanova@vir.nw.ru
https://orcid.org/0000-0003-4341-0766
https://orcid.org/0000-0003-3886-2880
mailto:i.rozanova@vir.nw.ru

W.B. Po3aHoBa
E.A. BoasicoBa

2025
293

CoBpeMeHHble MeTO/bl B CCNeA0BAHNAX
reHoma nepcuka (Prunus persica)

6onbLuee KoNMYecTBo 06pasLioB, Tak Kak 4O CUX MOP He XBaTaeT AaHHbIX ANA HaxoxAeHnA nonmmopdHbix obnacten
reHoma. Pa3BumBaioTcA noaxofpl ncnonb3oaHna SNP-4MNoB 1 METOAOB reHOTUNUPOBAHNUA Yepe3 CeKBEHNPOBaHMe
(GBS, genotyping-by-sequencing). B nocnefiHue roabl Ana o6HapyXeHWA JIOKYCOB reHOMa, acCOLMMPOBAHHbBIX C XO-
3ANCTBEHHO LIEHHbIMU MpPU3HAaKaMU, akTUBHO MPUMEHAETCA METO MOJIHOreHOMHOro aHanusa accouunaumin (GWAS,
genome-wide association studies), Ana ncnonb3oBaHNA KOTOPOro TpebyeTcAa CKPUHMHI 60MbLIMX BbIGOPOK COPTOB
no cotHAM 1 Toicayam SNP. Llenb HacTosAwero o63opa — cuctemaTtrdauus 1 0606LeHne OCHOBHbBIX JOCTUXKEHUI B
0651acTV reHOMHbIX MCCneloBaHWI NepcrKa 3a nocnefHue 40 neT: NOCTPOeHMNe KapT cuenieHna n Grusndyecknx KapT,
nosnyyeHve pasnnyHbIX MONEKyNAPHbIX MapKepoB, MOJIHOrEHOMHOE CEKBEHMPOBaHMe A1A Nepcrka, a TakKe onnca-
HMe CYLLeCcTBYIOLMX PabOT NOIHOrEHOMHBbIX MCCefoBaHNUI accoumaLunin ¢ mapkepamu SNP BbICOKOI MAOTHOCTU. DTOT
0630p obecneumBaeT TeopeTMYECKYI0 OCHOBY AN npoBefeHna GWAS ¢ Lenbio BbiAiBNIeHWA BbICOKOIGDEKTUBHbBIX
MapKepOoB XO3ANCTBEHHO LiIeHHbIX MPU3HAKOB A1 Nepcrka 1 Pa3BUTA FeHOMHOW CeneKkumnn 3TON KynbTypbl.
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Introduction
Peach (Prunus persica L.) is one of the main agricultural
stone crops of the temperate zone, consumed fresh and pro-
cessed, contains high amounts of vitamins, minerals, fiber
and antioxidant compounds, while being low in calories and
therefore excellent for dietary menus. As a species, it origi-
nated about 2.5 million years ago in the southwestern Tibetan
Plateau region of China, from where its domestication began
4,000-5,000 years ago (Yu Y. et al., 2018) (see the Figure).
The current peach gene pool is divided into three groups
that are characterized by differing climatic growing conditions
(see the Figure). These groups originated in China in diffe-
rent geographical regions. The Southern group originated in
climates with mild winters and hot, humid summers. These
peaches have a flat shape and are characterized by a slightly
acidic “honey” flavor. The Northern group included peach
genotypes found in regions with cold winters and hot, dry
summers. These peaches are generally resistant to drought
and cold, but are not adapted for growth in southern areas.
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Distribution and origin of P. persica.

The third group is found in the arid northwest of China. It in-
cludes nectarines and peaches with yellow flesh, in contrast
to the white-flesh peaches typical of the rest of China (Scorza,
1991).

The crop spread to Europe more than 2,000 years ago, along
ancient trade routes through Persia (Hesse, 1975; Byrne et al.,
2012). Peach was introduced to the Americas by Spanish and
Portuguese settlers 400 years ago (Hesse, 1975; Scorza, Okie,
1990; Faust, Timon, 1995).

By now, peach is the second most important temperate fruit
crop after apple. More than 1,000 varieties of P. persica with
different phenotypic variations for various traits such as shape,
fruit size, flavor, flower type, etc. have been produced world-
wide. According to FAO data (https://www.fao.org/faostat/
en/#data/QCL), peach is now grown almost everywhere on
all continents except Greenland, northern regions of Europe
and some regions in central Africa (see the Figure).

There is little information in the literature about existing
peach collections in the world. In the United States, the first
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The arrows show the distribution routes of the peach. Countries where the peach currently grows and its production level are shown according to the color
scheme. Origin of peach in China: the Southern group spans the Yangtze River; the Northern group is along the Yellow River; the third group originated

in northwest China.
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breeding programs appeared in the late 18th century (Hesse,
1975; Scorza, Okie, 1990; Faust, Timon, 1995). Since the
founding of the USDA (United States Department of Agri-
culture) in 1889, more than 2,100 clones or seeds of peaches
and nectarines were imported into America from China and
other parts of the world. The collection housed at the USDA
Plant Introduction Garden at Chico, in California, had about
700 unique peach accessions. It was used by most breeders but
focused primarily on genotypes derived from crosses with a
member of the southern group of Chinese cultivars, ‘Chinese
Cling’ (Scorza et al., 1985). This variety was widely used for
crop improvement. During the 1950-1960s, the collection
gradually declined and was almost eliminated with the closure
of'the station in the late 1960s. Only 60 varieties survived and
were transferred to farms in Byron, Ga., and Beltsville, Md.
farms. These varieties have unique traits not found in the gene
pool descending from ‘Chinese Cling’ (Werner, Okie, 1998).
Currently, the gene pool of the peach population in the U.S.
is considered to be the most impoverished.

In order to establish a peach cultivar collection in China,
peach germplasm collection was initiated at the Zhengzhou
Fruit Research Institute (ZFRI) in the 1960s. In 1986, the
National Peach Collection was established, which consisted
of more than 600 accessions by 2000 (Wang et al., 2001). To
date, more than 1,200 peach accessions have been collected
from around the world, including wild species, ancient cultivar
populations, and modern cultivars (Lirong et al., 2020).

Two peach collections are located in northern Spain: the
National Peach Collection Gene Pool “Centro de Investiga-
cion y Tecnologia Agroalimentaria de Aragon” (CITA) and
“Estacion Experimental de Aula Dei” (EEAD-CSIC) (https://
cita-aragon.es/en/history-mission-vision-and-aims/). The
quantitative characteristics of the collections are not presented
on the website.

In Russia, the largest peach collection is located in the
Nikita Botanical Garden in the Crimea and has 790 peaches
and 85 nectarines (Smykov et al., 2021).

Peach is diploid (2n = 16), self-pollinating, with a base
chromosome number of eight and belongs to the Rosaceae
family, subfamily Prunoideae (Bassi, Monet, 2008). It has a
lower level of genetic variability compared to other Prunus
cultivars. On the one hand, the ability to self-pollinate is a
limiting factor in breeding programs, on the other hand, in
combination with such biological features as small genome
size (265 Mb) (Arumuganathan, Earle, 1991) and diploid set
of chromosomes, and as a result of its economic value, peach
is an excellent model for genomic studies of stone fruits of
the Rosaceae family (Monet et al., 1996; Abbott et al., 2002).
The genomes of different Prunus species are highly conserved
(Dirlewanger et al., 2004), allowing many of the major genes
and loci of peach and other Prunus species to be placed on
the same genetic map (Abbott et al., 2008).

Traditional peach seedling breeding is a labor-intensive
process that takes 10—15 years from the initial crossing to the
emergence of a new cultivar (Bliss, 2010; Ru et al., 2015).
In addition, peach breeding programs require significant
acreage due to the large size of the trees, as well as financial
resources to cover the ongoing costs for technical treatments
such as spraying herbicides, insecticides and fungicides, plant-
ing, pruning, thinning and watering. With the development of
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genetics, studies on the genetic diversity of the crop began
(Herrero et al., 1964), the use of diagnostic DNA markers was
developed (Callahan et al., 1991; Lambert et al., 2016; Demirel
et al., 2024), and the advent of NGS sequencing techniques
(Micali et al., 2015; Kim et al., 2021) allowed the generation
of high-quality whole genome sequences for genomic breed-
ing approaches.

The aim of this review is to summarize the results of genetic
and breeding works for the P. persica culture based on the
application of NGS methods.

Methods before NGS:

isoenzymes, DNA markers, first linkage maps
Despite the significant progress made by peach breeders
over the past hundred years, traditional seedling breeding is
a labor-intensive process since, in temperate climates, peach
trees require at least three years to reach fruiting maturity
before progeny fruit quality can be evaluated (Bliss, 2010). In
the late 1980s, it was recognized that markers, the alleles of
which have distinct differences at the phenotypic level, could
be useful in the analysis of complex traits (Monet, 1988).
And markers, which are closely linked to traits that appear
late in development, can be valuable for early tree selection
(Chaparro et al., 1994).

Research on peach varieties as donors of desirable traits be-
gan in the 1980s (see the Table). Protein markers, or isozymes
(isoenzymes), were the first to be used as potential markers
to identify particularly valuable hybrids. Isoenzymes are dif-
ferent variants of an enzyme (different amino acid sequence
isoforms of the same enzyme) that differ in electrophoretic
mobility. Isoenzyme analysis could be used to distinguish
hybrids between plum and peach from plum offspring (Parfitt
et al., 1985), peach and almond hybrids (Arulsekar et al.,
1986a; Chaparro et al., 1987). G.E. Jr. Carter with colleagues
showed that differences in protein structure were sufficient
to distinguish each peach cultivar (Carter, Brock, 1980) or to
reveal their similarities (Arulsekar et al., 1986b).

Over time, a sufficient number of morphological markers,
the localization of which on the chromosome is known, have
become available. In this case, by analyzing F, populations
from crosses, it is possible to determine the chromosomal
positions of isozyme loci relative to morphological markers.
R.E. Durham with colleagues identified the presence of sepa-
rate, independently inherited loci by examining isoenzymes
such as diaphorase, malate dehydrogenase and peroxidase
(Durham et al., 1987). A total of four phenotypic trait linkage
groups with isoenzymes were known in the early 1990s (Bai-
ley, French, 1949; Monet et al., 1985; Monet, 1988; Monet,
Gibault, 1991). However, low frequency and other drawbacks
have prevented the widespread use of protein markers in
breeding programs.

With the development of sequencing methods, a techno-
logical breakthrough occurred, and new methods of DNA
polymorphism analysis appeared, which led to the emergence
of molecular markers characterized by high frequency of oc-
currence in the genome. A molecular marker (DNA marker)
corresponds to a gene or genomic region having different vari-
ants (alleles) and associated with different phenotypic mani-
festations (Khlestkina, 2014). Based on their use, approaches
have emerged that complement classical breeding methods by
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Reference

Bailey, French, 1949; Carter, Brock, 1980;
Monet et al., 1985; Monet, 1988; Monet, Gibault, 1991

Belthoff et al., 1993

Foolad et al., 1995
Verde et al., 2012

International Peach Genome Initiative et al., 2013

Bielenberg et al., 2015

Verde et al., 2017

Gasic et al., 2019

Cao et al,, 2020

Year Significant studies

1980-1990 Morphological traits localization on peach chromosomes
using isoenzyme analysis techniques

1992 Generation of the first map showing linkage
of markers to peach traits (35 RFLP markers for five bonding groups)

1995 Creation of a reference genetic map (T XE)

2012 The DNA chip IPSC 9K SNP v1 creation

2013 Creation of the first version of the peach reference
genome Peach v 1.0 (dihaploid ‘Lovell’ variety)

2015 Application of the GBS method on the peach

2017 Updated peach reference genome Peach v 2.0
(dihaploid‘Lovell variety)

2019 The 18K SNP array v2 DNA chip creation

2020 Peach pangenome establishment (100 accessions)

2021 The‘Chinese Cling’ variety sequencing

Caoetal, 2021

(the variety central to the development of cultivated peaches)

searching for DNA markers associated with valuable traits in
order to accelerate the breeding process.

Economic traits such as productivity, quality, maturity,
tolerance to biotic and abiotic stresses are quantitative traits
and are polygenic. The search and labeling of polymorphic
loci associated with quantitative traits, or, in other words,
Quantitative Trait Loci (QTL), is an agronomically important
task. By accumulating information on molecular markers, it
is possible to create genetic maps, the purpose of which is
to identify neutrally inherited markers in close proximity to
genetic determinants (loci or genes) that control the manifesta-
tion of certain traits, including quantitative traits (Chesnokov,
Artem’eva, 2011).

QTLs for traits such as ripening period, fruit weight, size
and texture, pH, titratable acidity and soluble solids have been
found in peach (Quarta et al., 2002). Fruit quality QTLs tend
to cluster in several genomic regions, especially in linkage
groups 4, 5 and 6 (Dirlewanger et al., 2009). Similarly, most
QTL and disease resistance genes are also clustered (Pflieger et
al., 1999). This observation suggests that (1) a small number of
Mendelian factors can explain most of the genetic variability
in fruit quality traits and (2) traits of different characteristics
often share common QTLs (Dirlewanger et al., 1999). Conse-
quently, common QTLs usually correspond to different closely
related genes or to a single gene with pleiotropic effects on
many traits influenced by the same physiological process
(Quilot et al., 2004).

Linkage maps approximate the genomic position and
genetic distances between markers using linkage analysis
of genetic data (Paterson, 1996; Jones et al., 1997; Collard
et al., 2005). The construction of a genetic linkage map is
based on meiotic events, where genetic recombination oc-
curs, leading to the development of recombinant genotypes.
The lower the recombination frequency between molecular
markers, the more likely they are to be linked and in the same
linkage group (Paterson, 1996; Jones et al., 1997; Collard et

al., 2005). Markers are called unlinked if their recombination
frequency is greater than 50 % and, thus, they are located in
different linkage groups. Recently, such calculations have been
done using software, e. g. MapChart 2.2 (Voorrips, 2002),
Mapmaker (Lander et al., 1987), TMAP (Cartwright et al.,
2007), MapQTL (Van Ooijen, 2009), Joinmap (Van Ooijen,
20006).

The first maps showing the association between peach
phenotypic traits and markers appeared in 1992 (Belthoff et
al., 1992). L.E. Belthoff and colleagues (1992) developed a
genetic map containing five linkage groups using 35 RFLP
markers. J.X. Chaparro and colleagues developed a linkage
map for peach using 83 RAPD markers and two isozymes
(Chaparro et al., 1994). Then, by investigating the F, genera-
tion obtained from crosses between almond (cultivar ‘Texas’)
and peach (cultivar ‘Early Gold’), a genetic map (T x E) was
created, which was later used as a Prunus reference map
(Foolad et al., 1995; Joobeur et al., 1998; Pozzi, Vecchietti,
2009). It included all eight clutch groups and covered a total
distance 0of 491 cM. Microsatellite markers (Simple Sequences
Repeats, SSR) have been widely used as diagnostic DNA
markers in peach research since the 2000s (Sosinski et al.,
2000; Dirlewanger et al., 2002; Hong et al., 2013).

The Prunus ‘T x E’ reference map contains 1,947 anchor
markers (i. e., evenly distributed throughout the Prunus ge-
nome) with known map locations (Howad et al., 2005; Dirle-
wanger et al., 2007; Pozzi, Vecchietti, 2009), which allowed
comparisons between the peach genomes and the rest of the
Prunus species. This facilitated the subsequent development
of intraspecific maps for peach and other maps of interspecific
relationships in Prunus (Howad et al., 2005; Dirlewanger et
al., 2007; Pozzi, Vecchietti, 2009).

Currently, 70 linkage maps have been generated for peach
and related interspecific hybrids, which can be found in the
Rosaceae Genome Database (GDR; http://www.rosaceae.org/)
(Jungetal.,2008,2014) as well as in J.A. Salazar et al. (2013).
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These genetic linkage maps continue to serve as effective
tools for comparison with the Prunus ‘T x E’ reference map.

Peach genomic studies

To identify and localize loci, with the following identifica-
tion of candidate genes under the control of an economically
valuable qualitative or quantitative peach trait, it is necessary
to obtain the complete genome of P. persica (Tanksley et al.,
1989; Winter, Kahl, 1995; Paterson, 1996; Jones et al., 1997,
Collard et al., 2005).

The first Peach v1.0 genome variant was submitted in 2013
(International Peach Genome Initiative et al., 2013). The target
for the full genome sequencing was a dihaploid genotype of the
cultivar ‘Lovell’ (Plov2_2N), which was read by the Sanger
method with 8.5-fold coverage. Eight pseudomolecules, re-
flecting the eight peach chromosomes, were assembled. The
resulting genome assembly (Peach v1.0), spanning 227.3 Mb,
of which 218.4 Mb (96 %) was decoded, contained 27,852 an-
notated genes, with an average density of 1.22 genes per
10 Kb. In 2017, an updated Peach v2.0 reference map was
published (Verde et al., 2017), constructed by repeated NGS
sequencing of the ‘Lovell” dihaploid sample on the [llumina
platform. The sequence totaled 227.4 Mb, which is only
slightly longer than the first variant, but deeper resequencing
resulted in 225.7 Mb (99.2 %) of the sequence being decoded.
The approximate positions of the centromeric regions of the
chromosomes were determined based on repetitive regions
with low gene concentration and low recombination frequency.
Based on the reference genome sequence, researchers studied
the evolutionary history of the peach fruit (Cao et al., 2014,
2020; Yu Y. et al., 2018), identified domestication regions
(Cao et al., 2014; Akagi et al., 2016; Li Y. et al., 2019), and
genes controlling economically valuable traits (Cao et al.,
2014, 2016, 2019).

The Peach v2.0 physical map was correlated with four
genetic maps: (1) 67 forms from a mapping population of an
interspecific cross between almond and peach ‘Texas’ x ‘Ear-
ligold’ F, (T x E (Joobeur et al., 1998)); (2) 242 forms from a
mapping population derived from IF7310828 x Ferganensis
BC1 (P x F (Dettori et al., 2001)); (3) 305 seedlings from
the mapping population ‘Contender’ x ‘Ambra’ F, (C x A
(Eduardo et al., 2011)); (4) 62 hybrids from the cross ‘Maria
Dolce’ x SD81 F, (MD x SD). The mapping strategy involved
an approach using SSR and SNP markers targeting specific
regions of the peach genome and a full-genome approach
using the IPSC 9K SNP vl chip (Verde et al., 2012). The
loci derived from the genetic maps were mapped to physical
positions using the MareyMap package (Siberchicot et al.,
2017). For each linkage map used in this study (T X E, C x A,
P x F and MD x SD), recombination rates were estimated as
the ratio between genetic (cM) and physical (million base
pairs) distances.

However, a single reference assembly does not reflect
intraspecific variability, so there is a need to investigate the
genetic variation of different peach cultivars and their wild
relatives using pangenomic analysis. Similar work on pange-
nome construction has been carried out for many crops such as
soybean (Li Y.H. et al., 2014; Liu Y. et al., 2020), rice (Zhao
et al., 2018), sunflower (Hiibner et al., 2019), tomato (Gao
et al., 2019), barley (Jayakodi et al., 2020). In 2014, several
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accessions’ genomes were comparatively analyzed. To as-
sess the process of peach domestication, 11 peach accessions
(including the dihaploid ‘Lovell’ PLov2-2N used for refe-
rence assembly as a control) and one each of P. ferganensis,
P. kansuensis, P. davidiana and P. mira were re-sequenced.
P. ferganensis is considered a wild undomesticated peach or,
more likely, represents an intermediate variant in the peach
domestication. Using a set of 953,357 high-quality SNPs
identified in P. persica and P. ferganensis samples, nucleotide
sequence diversity was assessed for eight collected chromo-
somes (International Peach Genome Initiative et al., 2013).

In the first chromosome, the number of genetic variants at
polymorphic loci was minimal. The greatest diversity among
SNPs was observed in the distal region of the short arm of
chromosome 2 and in the distal region of the long arm of chro-
mosome 4. The density of genes encoding receptor proteins
from the family of conserved nucleotide-binding leucine-
rich proteins (R-proteins), which are involved in immunity,
was S5-fold higher on chromosome 2 than in the rest of the
genome (Dodds, Rathjen, 2010). Immunity-related regions
are rapidly evolving, so the diversity detected is natural. It
is known from the literature that genes associated with fruit
ripening are located on chromosome 4 (Eduardo et al., 2011;
Dirlewanger et al., 2012).

Since the study included samples with different ripening
times, there is a high level of variability in the region associated
with ripening due to the given sampling parameters. However,
genotypes of P. kansuensis, P. davidiana or P. mira mature at
the same optimal time and no SNP diversity between regions
was found in these species (International Peach Genome
Initiative et al., 2013). Similarly, studies by sequencing of
six related peach (P. persica) accessions were also conducted
(Guanetal., 2019). The genomic variations identified showed
that the comparison of different crop genotypes is effective
for the development of DNA markers. These works support
the need to analyze more accessions, as there are still insuf-
ficient data to identify the polymorphic regions of the genome.

The first peach pangenome, consisting of 100 sequenced
samples of P. persica, was obtained in 2020 (Cao et al.,
2020). Also, in this work, the de novo genomes of four wild
peach relatives, P. mira, P. davidiana, P. kansuensis and
P. ferganensis, were assembled. When the sequenced peach
accessions were compared with the reference genome (Verde
et al., 2017), an average of 3.4 % of reads in each accession
failed to match the reference genome, and these reads were
assembled de novo by the researchers. In total, an additional
2.52 Mb of new sequences containing 2,833 contigs (>500 bp)
of potential significance were obtained. Additionally, 923 new
genes were identified in the newly assembled sequences (Cao
etal., 2020). The total number of genes in the pangenome was
27,796. Genes were divided into conserved genes which were
common to all 100 samples (24,971, 89.9 %), and variable
genes (2,803, 10.1 %), the presence of which was detected in
less than 99 % of the samples (Cao et al., 2020).

Pangenomic analysis revealed the presence of resistance
genes (R-genes) among the variable gene set. A similar situ-
ation has been observed in soybean (Li Y.H. et al., 2014) and
rice (Zhao et al., 2018). It is hypothesized that variations in
resistance (R) gene copy number may help explain differences
in resistance between wild and cultivated accessions (Li Y.H.
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et al., 2014). Also, using peach pangenome, we found that
63 % of ornamental, 88 % of local, and 91 % of improved
cultivars had a set of “optional” four genes encoding geraniol-
8-hydroxylases, which are involved in the biosynthesis of
terpenes, which play an important role in plant life and have
anticarcinogenic, antiseptic and antimicrobial effects. These
genes may have been under positive selection pressure both
during domestication and during the breeding process.

When comparing P. persica with four wild species of the
genus Prunus collected de novo by K. Cao and colleagues, it
was found that 34.7 % of all genes found based on homology
for encoded proteins were represented in all five species. At
the same time, species-specific genes were found in P. mira
(543 specific genes), P. davidiana (485), P. kansuensis (194),
P. ferganensis (197), and P. persica (320). Such studies allow
the identification of genes that confer species-specific proper-
ties. For example, a nematode resistance gene was identified
in P. kansuensis (Cao et al., 2020). Such work makes it pos-
sible to identify differences in the genomes of closely rela-
ted species and varieties, which is necessary for the identifi-
cation of genes responsible for valuable qualities and traits
of plants.

In2021, K. Cao and colleagues (Cao et al., 2021) sequenced
the ‘Chinese Cling’ cultivar, which is very important histo-
rically and central to the cultivated peach development in
Europe (Byrne et al., 2000), Japan (Yamamoto et al., 2003)
and the USA (Aranzana et al., 2010). The assembled genome
contained 247.33 million base pairs, representing 99.8 % of the
putative genome. Its comparison with the ‘Lovell’ reference
genome revealed 685,407 novel SNPs, 162,655 insertions and
deletions, and 16,248 copy number variation (CNV) structural
variants. Gene family analysis revealed a reduction in gene
families involved in the biosynthesis of flavones, flavonols,
flavonoids and monoterpenoids compared to the ‘Lovell’
variety genome.

Thus, the genomic approach allows the comparative analy-
sis of varieties and identification of variable genes (or loci
in the genome) that may be responsible for different varietal
traits. Such studies remain essential for further development
of genomic selection in peach.

New approaches in peach research with NGS
Polymorphism analysis methods have evolved from rather
labor-intensive isoenzyme-related and RFLP methods to high-
throughput sequencing methods. Comparative studies of ge-
netic distances between peach accessions estimated using SNP
and SSR markers have been conducted. In the early 2000s,
methods using SSR markers became dominant. M.T. Hamblin
and colleagues showed that 89 SSR markers did a better job of
clustering the samples of the study sample of 259 maize inbred
lines than a set of 847 SNP markers. The researchers concluded
that a large number of polymorphic single nucleotide loci are
needed for qualitative analysis using SNP markers (Hamblin
et al., 2007). Currently, tens of thousands of SNP loci are
being analyzed. J.M. Yu and colleagues (2009) calculated that
the power of 1,000 SNPs is similar to that of 100 SSRs for
estimating population structure and relatedness. At the same
time, SSR markers remain a major option for screening plant
genetic resource collections (Nybom, Lacis, 2021) and for
passporting samples (Trifonova et al., 2021).
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SNP markers have a higher distribution frequency in
the genome compared to SSR markers, which makes them
more functional when polymorphisms within specific genes
are required for targeted studies. The first SNP detection
technologies were in silico search for SNPs by analyzing
EST databases followed by PCR-based validation (Batley
et al., 2003), and SNP detection by resequencing transcripts
using the Sanger method (Morozova, Marra, 2008). However,
these methods were unable to detect SNPs in intergenic and
non-coding regions. The advent of GBS approaches and the
development of DNA chips have overcome the problems
associated with the low throughput ability and high cost of
SNP detection (Mardis, 2008) and now allow cost-effective
and time-efficient detection of SNPs at significant loci. More
and more diagnostic SNP markers are now being used in
breeding programs. The use of insertions/deletions as markers
is also common, but their reproducibility is lower than that
of SNPs.

One common approach to SNP determination is genoty-
ping using microarrays, or DNA chips. SNPs on the chip have
been developed in such a way that it is possible to differentiate
the samples under investigation in the pool of samples. DNA
chips have been developed for many commercially impor-
tant crops on two different platforms: the Illumina Infinium
platform (6K for cherry (Peace et al., 2012), 8K for apple
(Chagné etal., 2012), 18K for grape (Laucou et al, 2018) and
6K for avocado (Kuhn et al., 2019)) and the Axiom platform
(480K SNPs for apple (Bianco et al., 2016), 68K for rose
(Koning-Boucoiran et al., 2015), 700K for walnut (Marrano
et al., 2019), and 70K and 200K for pear (Montanari et al.,
2019; Li X. et al., 2019)).

In order to establish the medium-density Infinium SNP plat-
form suitable for genotyping the peach gene pool, 56 breeding-
significant peach accessions spanning the crop gene pool were
selected. The samples selected were those used in international
peach breeding programs, contributing to the breeding gene
pool according to pedigree records, and based on parentage
estimates from SSR studies showing genetic diversity. Over
1 million SNPs were obtained and tested, of which exactly
9,000 passed quality control, were genetically informative
and formed the platform for genotyping, the first International
Peach SNP Consortium (IPSC) peach 9K SNP array v1 chip
(Verde etal., 2012). SNPs on the chip were distributed evenly
across all eight chromosomes and the average spacing was
26.7 bp (Verde et al., 2012).

Platform validation was performed on 709 peach accessions
comprising two independent evaluation samples: 232 acces-
sions from the European Union and 479 accessions from the
USA. The EU panel included 229 peach cultivars, and three
wild species of the genus Prunus or their hybrids with peach.
The US panel included pedigree varieties, breeding lines, and
seedlings. Overall, the sampled material consisted of 45 %
cultivars, 4 % improved breeding lines, and 51 % seedlings.
Specimens clearly related to either peach or almond accounted
for 82 and 2 %, respectively, while 16 % of the genotyped
material was of interspecific origin (with almond).

In the next step, the peach 9K SNP array v1 platform was
extended to 18K. The new chip included 9,000 SNPs from
the previous version and 7,206 SNPs identified by sequen-
cing 49 samples and uniformly distributed across all peach
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chromosomes (Gasic et al., 2019). The uniform distribution of
polymorphisms selected for the chip throughout the genome
(the number of gaps smaller than 0.3 million base pairs reduced
to 2 on the chromosomes 3 and 8) allows finding associations
linked to the traits of interest.

Currently, genotyping by sequencing (GBS) has become the
most common method of analyzing SNP markers for genome
research. The term “GBS” is already used as an umbrella term
for various NGS-based high-throughput genotyping methods
under development (Rasheed et al., 2017). In plants, this
method was first described by R.J. Elshire et al. in 2011 (2011).

Genotyping methods are used both for sequence deter-
mination and to identify associations between phenotype and
genotype. Since the peach genome has now been sequenced,
the identification of genomic regions associated with a trait can
be performed immediately to search for candidate genes. The
GBS method has been applied in peach research since 2015
(Bielenberg et al., 2015). Research in quantitative genetics is
conducted equally using GBS (Cao et al., 2016, 2019; Guan
et al., 2019; Li Y. et al,, 2019; Meng et al., 2019; Guajardo
et al., 2020; Thurow et al., 2020; Huang et al., 2021; Liu J.
et al., 2021; Tan et al., 2021; Li X. et al., 2022, 2023), as
well as using SNP chips (Micheletti et al., 2015; Akagi et al.,
2016; Font i Forcada et al., 2019; Cirilli et al., 2021; da Silva
Linge et al., 2021; Fu et al., 2021; Mas-Gémez et al., 2021,
2022).

Both GBS and SNP-chip genotyping have their advantages
and disadvantages. For example, the diversity of biallelic SNPs
collected at chip creation is limited, while the GBS method
can cover and identify significant SNPs associated with a trait
that are, however, not included in the chip set. Conversely,
GBS often includes a large amount of missing data and cove-
rage must be high enough to ensure reproducibility between
the samples studied (Nybom, Lacis, 2021). GBS is currently
used more frequently than SNP chips because this approach
can be applied to crops for which the reference genome has
not yet been sequenced. At least 96 samples are required for
large-scale genotyping with GBS or with SNP chips (Zurn
et al., 2020).

Analysis of associations between
genomic loci and phenotypic traits
Today, modern technologies make it possible to perform
genome-wide association studies (GWAS), the results of which
are effectively used in breeding programs because they allow
simultaneous genomic analysis of several hundred varieties
for tens of thousands of loci, comparing the associations
between different alleles and the trait of interest. By creating
an appropriate sample, GWAS can identify loci for several
economically valuable traits at once. This step expands the
ability to select markers for agronomically important traits. In
the future, the use of molecular markers will allow the selec-
tion of desired genotypes among breeding hybrids, which is
actively used in marker-assisted breeding (MAB) programs
(Khlestkina, 2014). The identification of significant asso-
ciations facilitates the development of new markers, which
can be used to set the required criteria for the variety to be
developed.

In peach populations, due to the low level of genetic diver-
sity, association mapping must consider linkage disequilibrium
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(LD), which is the non-random relationship between two
alleles that causes certain allelic combinations to occur most
frequently. The method is sensitive to the presence of a large
number of related samples in the population structure, leading
to spurious associations between phenotypes and marker loci
(Mariette et al., 2010). Thus, if a particular combination of al-
leles confers an adaptive advantage, its frequency will increase
relative to the frequency expected under random assignment.
Several studies using SSR markers have been conducted in
peach in varieties with different genetic backgrounds, and
their results indicate that linkage disequilibrium is quite high
in this crop.

Kinship between varieties and selection increase the level of
linkage disequilibrium. It has been found to range from 6.01
to 20 cM (Aranzana et al., 2010; Cao et al., 2012; Font i
Forcada et al., 2013). One strategy to deal with high linkage
disequilibrium is to use SNPs that are not correlated with
each other for analyses (e. g., taking r2 = 0.20 as a measure
of allelic association). Several algorithms exist to prune SNPs
in this way or to reduce the degree of linkage disequilibrium
between SNPs. Popular pruning strategies are implemented
in PLINK 1.07/1.9 (Purcell et al., 2007), which sequentially
scan the genome for correlated SNP pairs using only allele
counting. As a result, only one representative SNP is retained
for each region where highly correlated SNPs are present
(Joiret et al., 2019).

The GWAS method has now identified genomic regions
associated with many peach traits. Agronomic traits such as
maturation, fruit pubescence, flesh colour, texture, flesh colour
around the stone, fruit weight and soluble solids content are
being studied (Micheletti et al., 2015; Cao et al., 2016; Elsadr,
2016; Font i Forcada et al., 2019; Li Y. et al., 2019; Liu H.
etal., 2019; Thurow et al., 2020; Cirilli et al., 2021; da Silva
Linge et al., 2021; Mas-Gomez et al., 2021, 2022; Tan et al.,
2021; Li X. etal., 2023), as well as seed characteristics (kernel
flavor) (Cao et al., 2016), pollen fertility traits (Huang et al.,
2021), flower characteristics (Micheletti et al., 2015; Cao et
al., 2016; Elsadr, 2016; Meng et al., 2019; Tan et al., 2021).
There are works on peach resistance to various diseases (Fu
et al., 2021; Li X. et al., 2022), cold and drought tolerance
(LiY. etal., 2019; Tan et al., 2021).

The above works demonstrate the potential value of the
GWAS method for identifying new genomic regions associ-
ated with phenotypic traits of agricultural importance. This
method can also be used to refine data on previously disco-
vered QTLs (e. g., to more accurately determine the size of
the locus under study) and facilitate the discovery of genes
controlling the trait under investigation.

Conclusion

With the development of NGS approaches, several peach
cultivars have been sequenced, providing a basis for whole-
genome association studies. The large diversity of cultivars
in existing collections allows not only to assess the diversity
of the crop’s gene pool, but also to search for marker-trait as-
sociations. Modern genotyping methods using GBS and SNP
chips allow the identification of new markers that enrich the
peach database. On the one hand, these new associations are
of fundamental interest, contributing to the identification of
peculiarities of genome evolution, individual development
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of the peach tree and mechanisms of response to various
environmental stimuli, and on the other hand, they are the
basis for applied work aimed at developing effective markers
and their use in obtaining new peach varieties with specified
characteristics. This approach makes it possible to accelerate
the breeding time of this stone fruit.

However, difficulties remain in the field of association map-
ping in peach breeding programs. This is mainly due to the fact
that the number of samples in the collections studied should
be at least 100 to reflect the degree of efficiency. In addition,
the relatedness of the varieties and hybrids under study should
be assessed beforehand when compiling the sample set. Thus,
when working with peach collections, preliminary analysis of
genetic diversity and relatedness is necessary, which is also
better performed using SNPs.
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Abstract. Yellow index is an important quality parameter of durum wheat cultivars, associated with carotenoid
pigment content in grain and the level of carotenoid degradation during processing, and determining the yellow
color of products made from durum wheat. Molecular markers of genes that influence carotenoid content can
be used for fast identification of valuable genotypes and development of new high-quality durum wheat culti-
vars. The aim of the study was to investigate the domestic durum wheat gene pool using molecular markers of
the yellow pigment synthesis (Psy-A1) and degradation (Lpx-B7) genes. Using two markers of the phytoene syn-
thase Psy-AT gene (PSY1-A1_STS and YP7A-2) and three markers of the lipoxygenase Lpx-B1 locus (Lpx-B1.1a/1b,
Lpx-B1.1c and Lpx-B1.2/1.3), 54 durum wheat cultivars were studied for the first time. For 38 cultivars, yellow pig-
ment content in grain was also assessed. The detected allelic variation of the phytoene synthase Psy-AT and lipoxy-
genase Lpx-B1 genes was rather low. The most common Psy-AT alleles among the studied cultivars were Psy-A1l for
the PSY1-A1_STS marker and Psy-A1d for the YP7A-2 marker, identified in 51 cultivars and associated with high ca-
rotenoid content. According to the markers of the Lpx-B1 locus, haplotype Il, associated with medium lipoxygenase
activity, identified in 43 cultivars, was predominant. Haplotype lll, associated with low enzyme activity, was identi-
fied in only three winter durum wheat cultivars (Donchanka, Gelios and Leucurum 21). Despite the predominance
of allelic variants associated with increased carotenoid content and moderate lipoxygenase activity, the studied
cultivars had different levels of yellow pigment content in grain, from low to high.
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Pa3HooOOpa3ue oTedyeCTBEHHbIX COPTOB TBEP O ITIIE€HNIIbI
10 'eHaM CUHTe3a U aerpagalny KapoTMHOUIOB B 3epHe

A.A. Tpudonona (D@, K.B. Bopuc (91, A.B. Aeaosa (D)1, TL.H. Maabunxos ()2, A.M. Kyapssues (01

1 MHCcTUTYT 0bLien reHeTnky um. H./. BaBunosa Poccuiickoii akagemumn Hayk, Mocksa, Poccua
2 CamapcKnin HayYHO-CCNe[oBaTeNbCKNA MHCTUTYT cenbckoro xo3ancTaa um. H.M. Tynaiikosa — ¢punuan Camapckoro ¢pefepasnbHoro
nccnepoBaTenbckoro LeHTpa Poccuiickor akaiemum Hayk, nrT beseHuyk, Camapckas obnactb, Poccus

@ aichka89@mail.ru

AHHOTauuA. VIHAEKC XeNnTr3Hbl — BaXKHbI MapaMeTp KayecTBa COPTOB TBEPAOW MLUIEHWLbl, CBA3aHHbIV C COAep»a-
HMeM KapOTMHOWAOB B 3epHe 1 YPOBHEM VX Aerpajauuy B npoLecce ero nepepaboTkn 1 onpeaensaowmin xen-
TbI LBET MPOAYKTOB, MOMyYaeMblX U3 TBEPAON NeHNLbl. [IpuMeHeHne MoNeKynAPHO-TeHeTUYECKNX MapKepoB
reHOB, BAVALWWYX Ha COfep>KaHme KapoTUHOWMAOB, NO3BOJIAET ObICTPO MAEHTUOULMPOBATL LiIEHHbIE AN CeNEKLUN
reHOTMNMbI ANA YCKOPEHHOTO CO3[aHNA HOBbIX BbICOKOKAUYeCTBEHHbIX OTeYECTBEHHbIX COPTOB TBEPAON MLIEHNLbI.
Llenbto paboTbl cTano m3yyeHne oTeYeCTBEHHOro reHodoHAa TBEPAOW MLIEHNMLbl C MOMOLLbIO MOMEKYNsAPHbIX
MapKepoB reHoB cuHTe3a (Psy-AT) n perpapaunu (Lpx-B1) »kenTbix NnUrmeHToB B 3epHe. C MCNoNb30BaHMEM [BYX
MapKepoB reHa ¢putToeHcnHTasbl Psy-AT (PSY1-A1_STS n YP7A-2) n Tpex MapKepoB NIOKyca IMNOKcUreHasbl Lpx-B1
(Lpx-B1.1a/1b, Lpx-B1.1c n Lpx-B1.2/1.3) BnepBble 6binu nccnenoBaHbl 54 copTa TBepAOW NiueHnLbl, 38 13 KOTOPbIX
OXapaKTEPU30BaHbl MO YPOBHIO COAEPKAHNA XKENTbIX MUTMEHTOB B 3epHe. ANNieNibHOe pa3sHoobpasne N3yUYeHHbIX
OTEYeCTBEHHbIX COPTOB TBEPAOW MLEHULbI MO reHaMm GUTOeHCMHTa3bl Psy-AT 1 nunokcureHasbl Lpx-B1 okasanocb
[OCTaTOYHO HU3KUM. Hanbonee pacnpocTpaHeHHbIMY B BbIGOPKeE Oblin annenbHble BapuaHTbl Psy-ATl no mapkepy
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Pa3Hoo6pa3me oTeuecTBEHHbIX COPTOB TBEPAON MLIEHWLbI
Mo reHam CrHTe3a 1 Aerpagaumy KapoTUHONAOB B 3epHe

PSY1-A1_STS n Psy-A1d no mapkepy YP7A-2, BbiiBneHHble Yy 51 06pasLia 1 acCoLummpoBaHHbIe C BbICOKMMM 3Haye-
HUAMMW MHLEKCa XenTu3Hbl. Mo MapKkepam flokyca Lpx-B1 B BbibopKe npeobnagan rannotun ll, cBA3aHHbIN co cpel-
Hel aKTMBHOCTbIO IMMOKCMIeHasbl, KOTOPbI 6bi1 naeHTUdGULMpPOBaH y 43 o6pasuos. lannotun lll, accounmposaH-
HbIIA C HU3KOW aKTUBHOCTbIO GEPMEHTa, BbIAABIIEH TONbKO Y TPEX 03UMbIX COPTOB ([JoHYaHKa, [enoc n Jleykypym 21).
HecmoTps Ha npeobnapaHmne annenbHbIX BapUAHTOB, CBA3AHHbIX C NOBbILWEHHbIM COAePXKaHNeM KapOTUHONAOB U
cpepaHel akTUBHOCTbBIO IMMOKCMIeHasbl, MCccnepyemMble 06pasLbl MMeny PasfnyHbli YpOBEHb COAEPKaHNA XKeNTbIX

NMATMEHTOB — OT HU3KOTro A0 BbICOKOro.

KnioueBble crnoBa: Xentble MUTMEHTbI; NHAOEKC XEeNTN3HbI; MOJIEKYNTAPHbIE MapKepbl; ¢VITOEHCI/IHTa3a; NINNOKCK-

reHasa; reHeTUyeckoe pasHoobpasve

Introduction

Durum wheat (Triticum durum Desf.) is an important ce-
real crop. Hardness, amber-yellow color and high content
of protein and gluten in durum wheat grain allow making
high-quality pasta, as well as semolina, bulgur and couscous
(Shevchenko et al., 2018). In Russia, about 650-700 thou-
sand tons of durum wheat are produced annually. Currently,
the domestic market’s demand for this crop is growing and
is estimated at 1.5 million tons (Natoli et al., 2021). At the
same time, our country has the capacity to meet the growing
need for durum wheat, as well as exports. There is enough
arable land, and the conditions of the Volga, Siberia and Urals
steppe regions allow to produce a sufficient amount of high-
quality durum wheat grain (Shevchenko et al., 2018; Natoli
et al., 2021). Currently, the State Register of Varieties and
Hybrids of Agricultural Plants Admitted for Usage (National
list) (2024) includes 71 spring and 37 winter durum wheat
cultivars, adapted to various growing regions. Developing
new domestic cultivars with high quality parameters for pasta
production that follow international standards will help to
satisfy the growing demand of processing companies.

Yellow index is one of the main quality parameters of
durum wheat grain affecting the yellow color of pasta, which
is important to consumers (Colasuonno et al., 2019; Requena-
Ramirez et al., 2022). Yellow index largely depends on the
genotype, so developing domestic cultivars with high yellow
index is justified and relevant (Malchikov, Myasnikova, 2020).

Yellow index is a complex trait that is associated with the
content of yellow pigments, mainly carotenoids, in grain and
the level of their degradation during processing (Colasuonno
etal., 2019; Parada et al., 2020). Carotenoids not only provide
the yellow color of the grain and its end products, but are also
important for human nutrition, as precursors of vitamin A
(Ficco et al., 2014). There is a significant positive correlation
between yellow index and yellow pigment content in grain,
and these indicators are often used to characterize the color
of durum wheat grain and end products (Digesu et al., 2009;
Blanco et al., 2011; Campos et al., 2016).

In durum wheat breeding in Russia, there has been a sig-
nificant increase in the yellow index, especially in recently
released cultivars (Vasil’chuk, 2001; Malchikov, Myasnikova,
2020). However, at present, breeding centers working on
increasing carotenoid concentration in grain, semolina and
end products mainly use traditional breeding methods. To
accelerate the breeding process, it is necessary to use modern
molecular genetic methods, e. g., for the identification of al-
leles associated with high yellow index.

Phytoene synthase (PSY, EC 2.5.1.32) is the major enzyme
of carotenoid accumulation in the endosperm, which catalyzes

the first stage of carotenoid biosynthesis (Gallagher et al.,
2004). Of the three known PSY isoforms, PSY-1, which is
active in maturing grain as well as in young leaves, plays the
most important role. As previously shown, the Psy-Al and
Psy-B1 genes encoding PSY-1 are located on chromosomes 7A
and 7B respectively and are linked to the major QTLs asso-
ciated with yellow pigment content in durum wheat. Of the two
genes, Psy-Al has a greater influence on carotenoid content,
explaining up to 50 % of phenotypic variability (Colasuonno
etal., 2019). Several allelic variants of the Psy-Al gene asso-
ciated with insertions/deletions in the third and fourth introns
and related to different carotenoid content in grain have been
identified in common and durum wheat (He et al., 2008, 2009a;
Singh et al., 2009).

Various markers (YP7A, YP7A-2, PSY1-Al STS, Psy-
AI1SSR) have been developed to identify alleles of the Psy-Al
gene (He et al., 2008, 20093, b; Singh et al., 2009; Patil et al.,
2018). These markers were previously used to study the al-
lelic diversity of the phytoene synthase gene in landraces and
modern foreign wheat cultivars (Singh et al., 2009; Campos
et al., 2016; Parada et al., 2020), as well as in durum wheat
breeding lines (Campos et al., 2016; Patil et al., 2018). The
association of the identified allelic variants with different
levels of yellow index was confirmed, and effectiveness of
these markers for breeding was shown (Campos et al., 2016).

One of the main enzymes leading to the degradation of ca-
rotenoids during durum wheat grain processing and the bleach-
ing of the end products is lipoxygenase (LOX, EC 1.13.11.12),
which catalyzes the oxidation of polyunsaturated fatty acids
(\Verlottaetal., 2010; Colasuonno et al., 2019). Of the loci en-
coding various lipoxygenase isoforms in durum wheat (Lpx-1,
Lpx-2, Lpx-3), the Lpx-B1 locus plays the major role at the final
stages of grain maturation, accounting for 36 to 54 % of the
enzyme activity variation (Carrera et al., 2007; Verlottaet al.,
2010; Parada et al., 2020). The Lpx-B1 locus is located on the
short arm of chromosome 4B and includes three related genes:
Lpx-B1.1, Lpx-B1.2 and Lpx-B1.3 (\Verlotta et al., 2010). The
differences between these genes and their allelic variants are
due to the presence of DNA transposon of the MITE (Minia-
ture Inverted-Repeat Transposable Element) group (Hessler et
al., 2002; Carrera et al., 2007), the transposition of which led
to a large deletion in the sequence of the Lpx-B1.1 gene and
a significant decrease in lipoxygenase activity (Carrera et al.,
2007; Verlotta et al., 2010). Several molecular markers have
been developed to identify the genes of the Lpx-B1 locus and
their allelic variants (\erlotta et al., 2010; Parada et al., 2020).
In previous studies of foreign durum wheat cultivars using
these markers, several different combinations between the
alleles and genes of the Lpx-B1 locus (haplotypes) associated
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with different levels of lipoxygenase activity were reported
(\Verlotta et al., 2010; Parada et al., 2020).

The use of the mentioned markers of phytoene synthase and
lipoxygenase genes to study domestic durum wheat material
will allow to characterize its allelic diversity for the first time
and to assess its potential for breeding. The use of appropriate
markers for the selection of breeding material and the involve-
ment of genotypes with target alleles into the breeding process
will significantly accelerate the development of durum wheat
cultivars with high-quality grain.

The aim of the work was to study domestic durum wheat
cultivars differing in the level of yellow pigment content using
molecular markers of the Psy-Al gene and the Lpx-B1 locus
and to compare the results with data on the variability of the
foreign durum wheat gene pool.

Materials and methods

Plant material. For the study, 54 spring and winter durum
wheat cultivars from the collections of the Samara Federal
Research Scientific Center, Russian Academy of Sciences
and Vavilov Institute of General Genetics of the Russian
Academy of Sciences were selected (Table 1). Of the selected
cultivars, 44 (two foreign and 42 domestic cultivars from
various breeding centers) are included in the State Register
of Varieties and Hybrids of Agricultural Plants Admitted for
Usage (National list) (2024). Cultivars Langdon and Giusto
were used as references.

DNA was isolated from five-day-old seedlings according
to the standard CTAB protocol (Doyle J.J., Doyle J.L., 1990)
with minor modifications. For each cultivar, two DNA samples
from individual plants were obtained, and further analysis was
carried out with two repetitions.

Phytoene synthase (Psy-41) and lipoxygenase (Lpx-BI)
gene markers. Genotyping of the studied cultivars was
carried out using SCAR markers of the Psy-Al and Lpx-B1
genes. The primer sequences and annealing temperatures are
presented in Table 2.

PCR reactions were performed in a GeneAmp 9700 (Ap-
plied Biosystems, USA) thermal cycler. PCR reaction mixture
15 pl in volume contained 20 ng of genomic DNA, 0.3 uM
of each primer (Syntol, Russia), 0.16 mM dNTPs, 1.6 mM
MgCl,, 1 uTaq polymerase and 1x standard PCR buffer (Dialat
LTD., Russia). To determine PCR fragment sizes, GeneRuler
100 bp DNA ladder (Thermo Fisher Scientific, USA) was used.
After amplification, PCR products were separated in 1.5 %
agarose gels, stained with ethidium bromide, analyzed on a
UV-light box and photographed.

Yellow pigment content. For 38 cultivars from the Samara
Federal Research Scientific Center of the Russian Academy
of Sciences, total yellow pigment content in grain was as-
sessed (Table 1). To assess the yellow pigment content, cul-
tivars were grown for three years, from 2021 to 2023, in the
Samara Scientific Research Agriculture Institute field. The
evaluation of yellow pigment content was made by extrac-
tion of total pigment in water-saturated n-butanol followed
by photocolorimetric quantification of the absorbance of ex-
tract at 440-450 nm using a KFK-3 M spectrophotometer.
For each sample, 7.0 g of semolina were taken, placed in a
20 %220 mm tube with a stopper, which was then filled with
35 ml of water-saturated n-butanol, shaken vigorously for one
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minute and left for extraction in a darkened room for 18 hours
at room temperature. Then the solution was filtered through
a pleated filter into clean tubes. The yellow pigment content
was evaluated using a spectrophotometer in a cuvette with a
working distance of 10 mm. The pigment content in parts per
million parts of semolina (ppm) was calculated by multiplying
the obtained value by a coefficient of 16.632. For convenience,
the obtained value was converted into microgram percent by
multiplying it by 100 (100 ug% = 1 ppm) (Methods for As-
sessing..., 1971). Measurements were taken for each of the
two plants of one cultivar, and then the average value was
determined. The yellow pigment content was considered high
if it was more than 500 pg%, intermediate — 401-500 g%,
and low — 200-400 ug%.

The influence of environmental conditions in different years
was assessed based on the average value of pigment content in
grain in the experiment. According to this principle, the years
were arranged in the following order: 2022 with the maxi-
mum (546.9 pg%), 2021 with the intermediate (476.2 pg%),
2023 with the minimum pigment content (402.1 pug%). The
results were analyzed by the two-ways analysis of variance
(ANOVA) using MS Excel. The parameters of general, spe-
cific adaptability (GAC;, SAC;) and stability (S;) of the trait
were calculated according to the method of A.V. Kilchevsky,
L.V. Khotyleva (1997). The regression coefficient (b;) that
measures the response of the cultivar to varying environments
was determined following S.A. Eberhart, W.A. Russell (1966)
as presented by A.V. Kilchevsky, L.V. Khotyleva (1997).

Results

In the present study, 54 durum wheat cultivars were ana-
lyzed using two markers of the Psy-Al phytoene synthase
gene: PSY1-Al _STS and YP7A-2, and three markers of
the Lpx-B1 lipoxygenase locus: Lpx-Bl.1a/1b, Lpx-Bl.1c
and Lpx-B1.2/1.3 (Table 2). Clear and reproducible results
were obtained for all samples, coinciding for the two studied
samples of each cultivar.

The PSY1-Al_STS marker identifies alleles Psy-Ala
(1,776 bp), Psy-All (1,089 bp) and Psy-Alo (897 bp). Cul-
tivar Langdon, for which the presence of the Psy-All allele
was previously shown (Singh et al., 2009), was used as a
reference.

Using the PSY1-Al_STS marker, the Psy-All allele was
detected in 51 studied cultivars, including Langdon. The
Psy-Alo allele was identified in two cultivars Krasnokutka 13
and Donchanka, and the Psy-Ala allele in cultivar Kurant
(Fig. 1, Table 3). In cultivars Krasnokutka 13, Donchanka and
Kurant, an additional ~1,100 bp fragment was amplified with
the PSY1-A1_STS marker, which was not taken into account
in further analysis (Fig. 1). It was previously shown that the
presence of an additional ~1,100 bp fragment together with the
Psy-Alo or Psy-Ala alleles occurs due to cross-amplification
of the Psy-B1n allele of the Psy-B1 locus (Singh et al., 2009;
Campos et al., 2016).

The YP7A-2 marker allows detection of the Psy-Ald
(1,001 bp) and Psy-Ale (1,686 bp) alleles. Cultivar Langdon,
for which the presence of the Psy-Ald allele was previously
shown (He et al., 2009b), was used as a reference.

With the YP7A-2 marker, the Psy-Ald allele was identi-
fied in 51 cultivars, including Langdon, the Psy-Ale allele
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Table 1. Durum wheat cultivars used in the study and data on yellow pigment content in grain
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No.

w

0N O w;

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34

35
36
37
38

Cultivar

Aksinit

Alejskaya

Altajskaya niva®
Altajskij yantar®
Amazonka

Annushka
Bezenchukskaya 139%
Bezenchukskaya 182

Bezenchukskaya 205
Bezenchukskaya 209
Bezenchukskaya 210
Bezenchukskaya zolotistaya
Bezenchukskaya krepost
Bezenchukskaya niva
Bezenchukskaya stepnaya
Bezenchukskaya yubilejnaya
Bezenchukskij vektor®
Bezenchukskij podarok
Burbon

Valentina

Volnodonskaya

Galla®

Gelios

Donskaya elegiya
Donchanka
Zhemchuzhina Sibiri
Zolotaya®

Krasnokutka 13

Kurant

Leucurum 21

Luch 25

Lyudmila

Marina

Nikolasha

Oasis
Omskij izumrud
Omskij korund

Omskaya stepnaya

Breeding center*®

Agrarian Scientific Center Donskoy

Federal Altai Scientific Center for Agrobiotechnology

Agrarian Scientific Center Donskoy
Federal Center of Agriculture Research of the South-East Region
Samara Federal Research Scientific Center

Samara Federal Research Scientific Center and Federal Research
Centre of Biological Systems and Agrotechnologies

Samara Federal Research Scientific Center

Samara Federal Research Scientific Center and VolgaSemMarket LLC

Samara Federal Research Scientific Center

Agroliga Plant Selection Center Ltd. and Agroliga Semena Ltd.
Federal Center of Agriculture Research of the South-East Region
Federal Rostov Agrarian Scientific Center

Federal Center of Agriculture Research of the South-East Region
Agrarian Scientific Center Donskoy

Federal Rostov Agrarian Scientific Center

Agrarian Scientific Center Donskoy

Omsk Agrarian Scientific Center

Samara Federal Research Scientific Center

Federal Center of Agriculture Research of the South-East Region
Agrarian Scientific Center Donskoy

National Grain Center P.P. Lukyanenko

Federal Center of Agriculture Research of the South-East Region

Federal Center of Agriculture Research of the South-East Region
and Saraktashkhleboprodukt LLC

Samara Federal Research Scientific Center

National Grain Center PP. Lukyanenko

and Federal Center of Agriculture Research of the South-East Region

Federal Altai Scientific Center for Agrobiotechnology

Omsk Agrarian Scientific Center

Form

Winter

Spring

Winter
Spring
Spring
Spring

Spring

Spring
Spring

Spring
Spring
Spring
Spring
Winter
Spring
Winter
Spring
Spring
Spring
Winter
Winter
Spring
Spring

Spring
Spring

Spring
Spring

Yellow pigment

content, ug%

334.7
347.3

380.7
357.3

417.7

503.0
473.0
566.0
687.7
656.0
534.0
539.7
498.7

517.0
468.0
487.7
407.3

370.3

572.0
553.0
383.0

436.0

452.3
383.7

458.3
539.7
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Table 1 (end)

Variability of carotenoid synthesis and degradation genes
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No. Cultivar

39 Orenburgskaya 21
40  Pamyati Chekhovicha®

41  Pamyati Yanchenko

42 Sladunica®

43  Salyut Altaya

44  Saratovskaya zolotistaya

45  SY Atlante
46  Taganrog
47  Tessadur

48  Triada

49  Harkovskaya 46

50 Yadrica
51  Yarina
52  Yasenka

53  Langdon®

54  Gijusto®

Breeding center**

Federal Research Centre of Biological Systems and Agrotechnologies
Samara Federal Research Scientific Center

Federal Altai Scientific Center for Agrobiotechnology
and EkoNiva-Semena LLC

Federal Center of Agriculture Research of the South-East Region
and National Grain Center PP. Lukyanenko

Federal Altai Scientific Center for Agrobiotechnology
and EkoNiva-Semena LLC

Federal Center of Agriculture Research of the South-East Region
SYNGENTA CROP PROTECTION AG (Switzerland)

Agroliga Plant Selection Center Ltd. and Agroliga Semena Ltd.
SAATBAU LINZ EGEN (Austria)

Samara Federal Research Scientific Center
and Agroliga Plant Selection Center Ltd.

Ukrainian Research Institute of Plant Growing, Breeding and Genetic

National Grain Center PP. Lukyanenko

USA

Italy

Form

Spring
Spring

Spring

Spring

Spring

Spring
Spring
Spring
Spring

Spring

Spring

Spring

Spring

Spring

Yellow pigment
content, ug%***

649.0

413.7

358.7

564.7
446.3
606.7
492.3

415.7

4333
367.0
442.0

540.3

* Not included in the State Register of Varieties and Hybrids of Agricultural Plants Admitted for Usage (National list). Data on the breeding center provided by
the Samara Federal Research Scientific Center of the Russian Academy of Sciences.
** According to the State Register of Varieties and Hybrids of Agricultural Plants Admitted for Usage (National list).

*** Average value for 2021-2023.

Table 2. Phytoene synthase and lipoxygenase gene markers used in this study

Marker Primer sequences Gene/Allele Fragment size, bp
PSY1-A1_STS F-GTGGATATTCCCTGTCAGCATC Psy1-Alo - 897 - 56
Psy1-A1l- 1,089 -
R-GCCTCCTCGAAGAACATCCTC Psyl-Ala 1776
YP7A-2 F-GCCAGCCCTTCAAGGACATG Psy1-Ald - 1,001 - 60
Psyl1-Ale 1,686
R-CAGATGTCGCCACACTGCCA
Lpx-B1.1a/1b F-GCAGGCGCTGGAAAGCAACAGGC Lpx-B1.1a - 1,320 - 68
Lpx-B1.1b 1,246
R-GCGCTCTAACTCCGCGTACTCG
Lpx-B1.1c F-CCAAGATGATACTGGGCGGGC Lpx-B1.1c 1,558 67
R-CGCCGCCTTGCCGTGGTTGG
Lpx-B1.2/1.3 F-GAACCGAGAGGTGAGAGCGTGCCTGATC  Lpx-B1.2- 1,785 - 62
Lpx-B1.3 1,709

R-GTGGTCGGAGGTGTTGGGGTAGAGC
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Fig. 1. Results of the Psy-AT alleles identification with markers PSY1-A1_STS and YP7A-2 in durum wheat
cultivars: 1 — Aksinit; 2 - Alejskaya; 3 — Donchanka; 4 - Zhemchuzhina Sibiri; 5 — Zolotaya; 6 - Kurant;
7 - Leucurum 21; 8 - Langdon; L — marker GeneRuler 100 bp Plus.

Table 3. Alleles of the Psy-AT gene identified in the studied durum wheat cultivars

Allele Number of cultivars Frequency, % Cultivars
Marker PSY1-A1_STS
Psy-Ala (1,776 bp) 1 1.85 Kurant
Psy-A11(1,089 bp) 51 94.45 51 cultivars
Psy-ATo (897 bp) 2 3.70 Krasnokutka 13, Donchanka
Marker YP7A-2
Psy-A1d (1,001 bp) 51 94.45 51 cultivars
Psy-Ale (1,686 bp) 1 1.85 Kurant
No amplification 2 3.70 Krasnokutka 13, Donchanka

was identified in Kurant, and the absence of amplification
products was detected in Krasnokutka 13 and Donchanka
(Fig. 1, Table 3).

Analysis of the Lpx-B1.1, Lpx-B1.2 and Lpx-B1.3 lipoxy-
genase genes variability in 54 durum wheat cultivars was also
performed. The allelic state of the Lpx-B1.1 gene was analyzed
using two markers: Lpx-B1.1a/1b was used to distinguish
between the Lpx-B1.1a (1,320 bp) and Lpx-B1.1b (1,246 bp)
alleles, and Lpx-B1.1c, to identify the Lpx-Bl.1c allele
(1,558 bp) (Verlotta et al., 2010). To identify the Lpx-B1.2
(1,785 bp) and Lpx-B1.3 (1,709 bp) genes, the Lpx-B1.2/1.3
marker (Parada et al., 2020) was used (Table 2). Cultivar
Giusto, for which the presence of the Lpx-B1.2 gene and the
Lpx-B1.1c allele was previously shown (Verlotta et al., 2010),
was used as a reference.

Allele Lpx-B1.1a was identified in 45 cultivars, Lpx-B1.1b,
in five cultivars (Bezenchukskaya zolotistaya, Bezenchukskij
vector, Bezenchukskij podarok, Pamyati Chekhovicha and
Saratovskaya zolotistaya), and Lpx-B1.1c, in four cultivars
(Gelios, Donchanka, Leucurum 21 and Giusto) (Fig. 2,
Table 4).

Using the Lpx-B1.2/1.3 marker, the Lpx-B1.2 gene was
detected in 47 cultivars, and the Lpx-B1.3 gene, in seven cul-
tivars (Alejskaya, Altajskaya niva, Bezenchukskaya zolo-
tistaya, Bezenchukskij vector, Bezenchukskij podarok, Pa-
myati Chekhovicha, and Saratovskaya zolotistaya) in the
studied collection (Fig. 2, Table 4).

Using markers of the Lpx-B1 locus to analyze foreign durum
wheat cultivars and breeding lines, five haplotypes with dif-
ferent combinations of the Lpx-B1.1 gene alleles and one of
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Fig. 2. Results of the Lpx-BT locus genes and alleles identification with markers Lpx-B1.1a/1b, Lpx-B1.1c and Lpx-B1.2/1.3
in durum wheat cultivars: 1 - Bezenchukskaya 209; 2 - Bezenchukskaya 210; 3 - Bezenchukskaya zolotistaya; 4 - Alejskaya;
5 - Donchanka; 6 — Zhemchuzhina Sibiri; 7 - Pamyati Chekhovicha; 8 - Giusto; L — marker GeneRuler 100 bp Plus.

Table 4. Genes and alleles of the Lpx-BT locus identified in the studied durum wheat cultivars

Allele/gene Number of cultivars ~ Frequency, % Cultivars
Lpx-B1.1 gene
Markers Lpx-B1.1a/1b, Lpx-B1.1c
Lpx-B1.1a (1,320 bp) 45 83.33 45 cultivars
Lpx-B1.1b (1,246 bp) 5 9.26 Bezenchukskaya zolotistaya, Bezenchukskij vector,
Bezenchukskij podarok, Pamyati Chekhovicha,
Saratovskaya zolotistaya
Lpx-B1.1¢ (1,558 bp) 4 741 Donchanka, Gelios, Leucurum 21, Giusto
Lpx-B1.2 and Lpx-B1.3 genes
Marker Lpx-B1.2/1.3
Lpx-B1.2 (1,785 bp) 47 87.04 47 cultivars
Lpx-B1.3 (1,709 bp) 7 12.96 Alejskaya, Altajskaya niva, Bezenchukskaya zolotistaya,
Bezenchukskij vector, Bezenchukskij podarok,
Pamyati Chekhovicha, Saratovskaya zolotistaya
Lpx-B1 haplotypes
Haplotype | (Lpx-B1.1b + Lpx-B1.3) 5 9.26 Bezenchukskaya zolotistaya, Bezenchukskij vector,
Bezenchukskij podarok, Pamyati Chekhovicha,
Saratovskaya zolotistaya
Haplotype Il (Lpx-B1.1a + Lpx-B1.2) 43 79.63 43 cultivars
Haplotype lll (Lpx-B1.1c + Lpx-B1.2) 4 7.41 Donchanka, Gelios, Leucurum 21, Giusto
Haplotype V (Lpx-B1.1a + Lpx-B1.3) 2 3.70 Alejskaya, Altajskaya niva

the Lpx-B1.2 or Lpx-B1.3 genes were found (Verlotta et al.,
2010; Parada et al., 2020).

Four of the five known Lpx-B1 locus haplotypes were
identified in the studied cultivars. Haplotype I (Lpx-B1.1b+
Lpx-B1.3) was identified in Bezenchukskaya zolotistaya,
Bezenchukskij vector, Bezenchukskij podarok, Pamyati
Chekhovicha and Saratovskaya zolotistaya, haplotype IlI

(Lpx-B1.1c+Lpx-B1.2) —in Donchanka, Gelios, Leucurum 21
and Giusto, haplotype V (Lpx-Bl.la+Lpx-B1.3) — in Alej-
skaya and Altajskaya niva and haplotype Il (Lpx-Bl.la+
Lpx-B1.2) — in the remaining 43 cultivars (Table 4).

Yellow pigment content in grain was determined for
38 studied spring durum wheat cultivars. It varied from
334.7 ug% to 687.7 ug% with an average value of 475.1 ug%.

376 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 3



A.A. TpndoHosa, K.B. Bopuc, J1.B. leposa
MN.H. Manbuukos, A.M. Kyapsasues

In the studied set, 14 cultivars had high (more than 500 pg%),
15 cultivars had medium (400-500 pg%), and nine cultivars
had low yellow pigment content (200-400 pg%) (Table 1).

The relative influence of genotype, environmental condi-
tions (in this experiment, conditions of the year) and their
interaction on the accumulation of yellow pigment in grain
was determined using 38 spring durum wheat genotypes in
a 3-year (2021-2023) experiment at the Samara Federal Re-
search Scientific Center of the Russian Academy of Sciences.
As a result, significant effects of all factors were established
using the two-way analysis of variance. The contributions of
genotype, environment and their interaction to the total va-
riance were 65.3, 28.0 and 6.3 %, respectively (Supplementary
Materials, Table S1)1.

On average, for the groups of cultivars with medium and
high values, the parameters of general and specific adaptability
(GACG;, SAC;), responsiveness to the environment (by the re-
gression coefficient — b;) of the trait “yellow pigment content
in grain” significantly exceeded similar parameters for the
group with a low value of the trait. Judging by the regression
coefficient, the most effective assessment of the phenotype
can be given in favorable environmental conditions. At the
same time, no significant differences were observed between
the groups for the relative stability parameter (Sy;) (Table S2).

The rank correlation coefficients between the cultivars’
arrangement in the variability rows by the content of yel-
low pigment by years and between the ranks of cultivars by
average values for three years and for each year varied within
0.83-0.96, which is significant at the 1.0 % level. These results
suggest that the studied set of spring durum wheat genotypes
differs significantly in the accumulation of yellow pigment in
grain, the differences between cultivars are stable under dif-
ferent environmental conditions, and this is the result of the
functioning of the corresponding genetic systems.

Discussion

The analysis of 54 durum wheat cultivars using markers of
the Psy-Al phytoene synthase gene and the Lpx-B1 lipoxy-
genase locus allowed evaluating their variability in the studied
collection.

The markers were used for the first time to analyze domestic
durum wheat cultivars. Fragments of the expected size were
obtained with all markers and allelic variants previously
described when analyzing foreign material were identified.
The results were clear, reproducible, and coincided for the
two studied samples of each cultivar, which indicates the ef-
fectiveness of using these markers to analyze domestic durum
wheat cultivars.

Analysis of the Psy-A1 phytoene synthase

gene polymorphism

To analyze the Psy-Al gene, encoding a key enzyme of caro-
tenoid synthesis, two SCAR markers, PSY1-Al_STS and
YP7A-2, were used, in order to identify differences between
alleles having indels in the third and fourth introns associated
with the level of yellow pigment content (He et al., 2009a;
Singh et al., 2009).

" Tables S1 and S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Trifonova_Engl_29_3.pdf
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The study of the collection using these markers showed
an extremely low level of its diversity. The Psy-All allele
(PSY1-A1_STS marker) prevailed, as well as the Psy-Ald
allele (YP7A-2 marker). These alleles were noted in 51 cul-
tivars studied; their frequency was 94.45 %. Only three cul-
tivars had other Psy-Al alleles. In cultivars Krasnokutka 13
and Donchanka, the Psy-Alo allele was identified with the
PSY1-A1 STS marker, and no amplification with the YP7A-2
marker was noted, and in the cultivar Kurant, the Psy-Ala
allele was detected with the PSY1-Al _STS marker, and the
Psy-Ale, with the YP7A-2 marker (Table 3).

The combined use of the PSY1-Al STS and YP7A-2
markers showed the correspondence of the detected allelic
variants, which was also noted in previous studies (Campos et
al., 2016; Patil et al., 2018). Thus, samples having the Psy-All
allele identified with the PSY1-A1 STS marker had the
Psy-Ald allele detected with the YP7A-2 marker, and samples
having the Psy-Ala allele identified with the PSY1-A1 STS
marker had the Psy-Ale allele detected with the YP7A-2
marker. When Psy-Alo was detected with the PSY1-A1_STS
marker, there was no amplification with the YP7A-2 marker.
Thus, both markers allow to detect the 688 bp indel in the
fourth intron of the Psy-Al gene, which can distinguish the
Psy-All and Psy-Ald alleles from Psy-Alaand Psy-Ale. Using
the PSY1-Al_STS marker, an additional Psy-Alo allele can
be identified, which is not detected using the YP7A-2 marker
due to a 198 bp deletion in the third intron, which results in
the absence of the binding site for the forward primer of the
YP7A-2 marker (Campos et al., 2016).

Previously, when studying durum wheat collections using
Psy-Al gene markers, an association of the identified alleles
with the level of yellow pigment content was shown. Alleles
Psy-Ald and Psy-Ale, identified using the YP7A-2 marker,
were associated with high and low yellow index, respectively
(He et al., 2009b). Alleles Psy-All and Psy-Alo, identified
using the PSY1-Al_STS marker, were associated with high
or intermediate, and Psy-Ala, with low content of yellow
pigment (Singh et al., 2009; Campos et al., 2016).

Thus, in the studied collection, Psy-Al alleles associated
with high and intermediate yellow pigment content (Psy-All,
Psy-Alo and Psy-Ald) predominate. Alleles associated with
low yellow index (Psy-Alaand Psy-Ale) were identified only
in one cultivar.

Similar results were shown in studies of the foreign durum
wheat gene pool. So, in the collections of foreign cultivars re-
leased in different periods, as well as in breeding lines studied
using the PSY1-Al_STS marker, the Psy-All allele prevailed
with a 68 to 97 % frequency (Singh et al., 2009; Campos et
al., 2016; Parada et al., 2020). In the study of 100 durum
wheat breeding lines from the CIMMYT collection using the
YP7A-2 marker, the prevalence of the Psy-Ald allele was
revealed (99 % frequency). Allele Psy-Alo was quite common
in Mediterranean landraces, but was rare in modern cultivars,
despite its association with a high or intermediate yellow index
(Campos et al., 2016). Alleles associated with low yellowness
were also rare in the foreign gene pool (Singh et al., 2009;
Campos et al., 2016; Parada et al., 2020).

The predominance of allelic variants associated with high
yellow pigment content may be the result of a long selection
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process that led to the rejection of samples with alleles that
negatively affect the trait.

Analysis of the Lpx-B1 lipoxygenase locus polymorphism
Using three SCAR markers Lpx-B1.1a/1b, Lpx-B1l.1c and
Lpx-B1.2/1.3, haplotypes of the Lpx-B1 locus were determined
for all cultivars studied. It was previously shown that of the
five Lpx-B1 haplotypes, only haplotype Il is associated with
low lipoxygenase activity (Verlotta et al., 2010; Parada et
al., 2020).

Four of the five previously reported haplotypes were identi-
fied in the studied cultivars, with haplotype I1, associated with
an intermediate level of lipoxygenase activity, being the most
common and occurring with 79.63 % frequency (Table 4).
Among foreign durum wheat cultivars, this haplotype was also
quite common; for example, in Mediterranean landraces, the
frequency of this haplotype was 54 % (Parada et al., 2020),
and in cultivars of different breeding periods cultivated in
Italy, 42 % (Verlotta et al., 2010).

The most valuable for breeding is haplotype 111 (the
Lpx-Bl.1c allele and the Lpx-B1.2 gene). Due to the MITE
transposition, a large deletion occurred in the sequence of the
Lpx-B1.1c allele, which led to the loss of gene function and
a significant decrease in lipoxygenase activity (Carrera et al.,
2007; Verlotta et al., 2010). Haplotype III was identified in
only three studied winter cultivars: Donchanka, Gelios, and
Leucurum 21, and was not found among spring cultivars.
Previously, in a study of 85 predominantly Italian durum
wheat genotypes released in different breeding periods (before
1971; 1971-1990; 1991-2005), this haplotype was noted in
41 cultivars, 32 of which were released after 1991 (\erlotta
et al., 2010). Among lItalian cultivars of an earlier breeding
period, haplotype 111 was much less common (Verlotta et al.,
2010), and the frequency of this haplotype was also low in
Mediterranean landraces (Parada et al., 2020).

Haplotype I, associated with high lipoxygenase activity,
was identified in four cultivars from the Samara Federal Re-
search Scientific Center of the Russian Academy of Sciences:
Bezenchukskaya zolotistaya, Bezenchukskij podarok, Bezen-
chukskij vector, Pamyati Chekhovicha and Saratovskaya
zolotistaya from the Federal Center of Agriculture Research
of the South-East Region. Among Mediterranean landraces,
the frequency of this haplotype was 39 %, and in cultivars
grown in Italy, this haplotype was found mainly in the mate-
rial released before the 1970s, and was not found in modern
cultivars (Verlotta et al., 2010; Parada et al., 2020).

Cultivars Alejskaya and Altajskaya niva from the Federal
Altai Scientific Center for Agrobiotechnology had haplo-
type V. This haplotype is associated with high lipoxygenase
activity and is quite rare in foreign cultivars (Parada et al.,
2020).

In general, according to previous studies, in the foreign gene
pool, the proportion of the Lpx-B1 haplotype I11, valuable for
breeding, increases in modern cultivars and breeding lines,
which indicates targeted selection of cultivars with a low level
of lipoxygenase activity. At the same time, in the domestic
gene pool, the frequency of haplotype Il is still quite low.
The use of Lpx-B1 locus markers for the analysis of domestic
breeding material will contribute to the effective selection of
genotypes with haplotype I11.
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Variability of carotenoid synthesis and degradation genes
in Russian durum wheat cultivars

Association between yellow pigment content

and identified alleles of the Psy-AT gene

and haplotypes of the Lpx-B1 locus

The studied cultivars varied significantly in the accumulation
of yellow pigment in grain (Table 1). Most of the cultivars had
medium and high content of yellow pigment. At the same time,
according to molecular markers, most cultivars, including
those with low yellow pigment content, were found to have
Psy-Al alleles that determine high yellowness (Psy-Ald and
Psy-All), as well as haplotype Il of the Lpx-B1 locus, asso-
ciated with an intermediate level of lipoxygenase activity.
Such a discrepancy may be due to the fact that the yellow index
is a complex, polygenic trait that depends on the interaction
of various enzymes, controlling both carotenoid synthesis
and degradation (Colasuonno et al., 2019). Furthermore, the
haplotype of the lipoxygenase locus has a greater influence on
the trait at post-harvest stages and during pasta manufacturing
(flour and pasta yellow index) (Parada et al., 2020).

Also, according to the data obtained, 65.3 % of the trait
variance was determined by the genotype. The significant
prevalence of the genotype effect over the influence of the en-
vironment and the genotype—environment interaction confirms
data on the high heritability of the yellow pigment accumula-
tion processes in durum wheat grain with the predominance
of additive effects of genes (Blanco et al., 2011; Roncallo et
al., 2012; Schulthess, Schwember, 2013).

Conclusion

Thus, using molecular markers, the allelic diversity of the
Psy-Al phytoene synthase and Lpx-B1 lipoxygenase genes in
Russian durum wheat cultivars was studied for the first time,
and turned out to be quite low. In the studied cultivars, allelic
variants of the Psy-Al gene associated with high yellow pig-
ment content predominate, as in most modern foreign durum
wheat cultivars. Haplotype 111 of the Lpx-B1 locus, valuable
for breeding, associated with low lipoxygenase activity, was
detected only in three winter cultivars (Donchanka, Gelios
and Leucurum 21), while among foreign cultivars, especially
modern ones, the proportion of this haplotype is significantly
higher. The obtained results confirmed the dependence of the
yellow pigment content on the genotype; however, the pre-
sence of the Psy-Al and Lpx-B1 alleles associated with high
carotenoid content did not always determine their high content
in the grain of the studied cultivars, which is most likely due
to the influence of other genes of yellow pigment metabolism.
Nevertheless, the studied markers can be used for breeding
new durum wheat cultivars with a high yellow index.
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The IITTVmrMLM method uncovers new genetic variants
associated with resistance to Fusarium wilt in flax
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Abstract. Flax (Linum usitatissimum) is an important agricultural crop grown for fiber and oil production, playing a
key role in various industries such as production of paints, linoleum, food, clothes and composite materials. Fusarium
wilt caused by the fungus Fusarium oxysporum f. sp. lini is a reason of significant economic damage in flax cultivation.
The spores of the fungus can persist in the soil for a long time, so obtaining resistant varieties is important. Here we
used data on the resistance of 297 flax accessions from the collection of the Federal Center for Bast Crops in Torzhok
(Russian Federation) to infection by a highly virulent isolate of the fungus MI39 in 2019-2021. Genotype resistance
to infection was assessed by calculating the DSI index, a normalized proportion of genotypes with the same disease
symptoms. The [IIVmrMLM program in Single_env mode was used to search for regions of the flax genome associ-
ated with resistance. The lIlIVmrMLM model was designed to address methodological shortcomings in identifying all
types of interactions between alleles, genes and environment, and to unbiasedly estimate their genetic effects. Being
a multilocus MLM model, it estimates the effects of all genes as well as the effects of all interactions simultaneously.
A total of 111 QTNs were found, of which 34 fell within the body of a known gene or were located in flanking regions
within 1,000 bp. The genes into which the detected variants fell were associated with resistance to abiotic and biotic
stresses, root, shoot and flower growth and development. Ten of the QTNs found mapped to regions of previously
identified QTLs controlling the synthesis of palmitic, oleic, and other fatty acids. QTN Chr1_1706865/Chr1_1706872
and QTN Chr8_22542741 mark regions identified previously in an association search by the GAPIT program. The al-
lelic effect was confirmed for all the QTNs found: a Mann-Whitney test was performed, which confirmed significant
differences between the DSl index value in carriers of the reference and alternative allele. An increase in the number
of alleles with negative effects in the genotype leads to a statistically significant decrease in the DSl value for all three
years of testing. The groups of varieties with a large number of alleles reducing the DSl index had the best resistance.
A total of 5 varieties were selected from the collection for which the number of alleles reducing the DSI index value
did not exceed the number of alleles with the opposite effect for all three years. These varieties can be used further
in breeding programs.
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MeTop IIITVmrMLM o6HapyXnBaeT HOBbIe reHeTI4yeCKye BapuaHThI,
CBsI3aHHbIE C YCTOMUYMBOCTHIO K (py3apMO3HOMY VBSIJAHUIO V JIbHA
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AHHoTauwus. JleH (Linum usitatissimum) — BaxHan CeNbCKOX03ANCTBEHHAA Ky/bTypa, BblpalyBaemas A nosyyeHus
BOJIOKHa 1 Macna. JleH ncnonb3ytoT ANA NPOvN3BOACTBA KPaCoK, IMHONEYMa, B NMMLLEBON NPOMbILLNEHHOCTH, ANA NPO-
MN3BOACTBA OAEXAbI 1 KOMMO3UTHBIX MaTePUaNoB. 3HaUMTENbHbIA SKOHOMMUYECKUIA Ylep6 Npu BblipalliBaHUN NibHa
HaHoCUT dy3apro3Hoe yBAAaHKeE, Bbi3biBaeMoe rpubom Fusarium oxysporum f. sp. lini. Cnopbl rpuba moryT gonroe
BpPEeMA COXPaHATbCA B MOYBE, NOSTOMY MOJlyYeHre YCTOMUMBBIX K 3apakeHno COPTOB UMeeT 6osibluoe 3HayeHue.
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MeTtop IIVmrMLM obHapy»u1BaeT HOBble FeHOMHble
accoumaLm € yCTONUMBOCTbIO K dy3apurosy Y ibHa

3pecb Mbl NCMOMNb30BaNy JaHHble 06 ycTonumBocTy 297 06pasLoB fbHa U3 Konnekun OefepanbHOro HayYHOro LIeHT-
pa nybsaHbIX KynbTyp B TopKKe (Poccus) K 3apakeHuio CUibHO BUPYNEHTHbIM 13onaTom rpmba MI39 B 2019-2021 rr.
YCTOMUMBOCTb reHOTMMNA K 3apaKeHnto oLieH1Bany nyTeM BblunciieHma niaekca DSI - HopmanusoBaHHoM nponopumn
reHOTVMNOB C OAUHAKOBLIMY CUMITOMamy 6onesHn. 1na novcka paioHOB reHoOMa JibHa, aCCOLMUPOBAHHBIX C YCTOM-
UYMBOCTbIO, Ucnonb3oBany nporpammy IVmrMLM B pexume Single_env. Mogenb IIVmrMLM 6bina paspabotaHa ana
yCTPaHeHNA MeTOA0MI0TMYECKNX HeAOCTAaTKOB B BbIABNEHUN BCEX TUMOB B3aVIMOAECNCTBUIN MeXAY annenamu, reHamm
1 Cpepon 1 ANA HECMELLEHHOWN OLeHKM UX reHeTnYecknx 3¢pdeKToB. MockonbKy 3To MynbTunokycHaa MLM-mopens,
OHa oLeHVBaeT 3ddeKTbl BCEX FEHOB, a TakXKe 3bPeKTbl BCeX B3aUMOLENCTBMI OQHOBPEMEHHO. Bcero 6bi10 Hange-
Ho 111 QTN, 13 KoTopbIX 34 GblAN SIOKaNM30BaHbl B MOCIEAOBATENIbHOCTY N3BECTHOFO FreHa MM PacMoNOXKeHbI BO
dnaHKMpyoLWmMX panoHax Ha PacCcToAHMM, He npeBblwatowem 1 T.1. H. [eHbl, B KOTOpble nonagany obHapy»KeHHble Ba-
pUaHTbl, 6bINY CBA3aHbI C YCTOMYMBOCTBIO K abMOTUYECKUM 11 BUOTUYECKM CTpeccam, C POCTOM ¥ Pa3BUTMEM KOPHS,
nobera u yeetka. [lecatb u3 HangeHHbIx QTN KapTMpoBanucb B 06nacTsax paHee naeHTUoUUMpoBaHHbIX QTL, KOHT-
ponupyloLwmx CHTe3 NasbMUTUHOBOW, ONENHOBON 1 ApYrux *unpHbiX KncnoT. QTN Chr1_1706865/Chr1_1706872 n
QTN Chr8_22542741 mapKupyoT pafioHbl, nAeHTUGULIMPOBaHHbIE HAMW paHee MpKU NOUCKe accounaumin Nnporpam-
Mo GAPIT. 1na Bcex HangeHHbIx QTN 6bl1 noaTBepXKAEH annesnbHbli 3bdeKT: NponssefeH TecT MaHHa-YUTHU, KO-
TOPbIA NOATBEPAUN 3HAUMMblE Pa3NMuma Mexgy 3HauyeHvrem DSIy Hocuteneln pedepeHCHOro 1 anbTepHaTUBHOMO
annena. YBennueHvie B reHoTMMNe yncna annenemn ¢ HeraTuBHbIM 3GEKTOM NPUBOANT K CTaTUCTUYECKN 3HAYMMOMY
yMeHblUeHWo BenmuuHbl DSI ana Bcex Tpex net TecTrpoBaHuA. Mpynnbl COPTOB C 6OMbLUMM KOIMYECTBOM annenen,
yMeHblLuatoLwwyx nHAeKc DSI, imenun Haunyulyio ycTonumnBocTb. Bcero us konnekumm 6b110 BbibpaHo NATb COPTOB, ANA
KOTOPbIX YMCNO ansieneil, ymeHbluaowmx BenninHy DSI, He npeBbiwano Yncno annenei ¢ o6patHbiM 3ddekTom no
BCEM TPEM rofam. T copTa MOFyT ObITb MCMOJIb30BaHbI B JafibHENLLEM B CENIEKLMOHHbIX MPOrpaMmax.

KnioueBble cnosa: neH; Linum usitatissimum; GWAS; dy3apuosHoe ysagaHue; Fusarium oxysporum f. sp. lini
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Introduction

Flax (Linum usitatissimum) is an important crop grown for
both fiber and oil. Flaxseed oil is used in the food industry as
a source of unsaturated fatty acids and is also used as the main
component of varnishes, paints and linoleum. Flax fiber is used
in textiles, composites and insulation materials (Goudenhooft
et al., 2019). Fusarium wilt caused by the fungus Fusarium
oxysporum f.sp. lini limits flax production (Dean et al., 2012).
This disease lowers fiber quality and can lead to yield loss in
the absence of proactive measures.

Primary fungal infection occurs through the roots. The
pathogen enters the xylem and blocks the flow of water and
nutrients, causing wilting, stem damage and eventually plant
death. The spores of the fungus can persist in infested soil for
up to 50 years and are very difficult to eliminate (Houston,
Knowles, 1949).

Control of Fusarium wilt is possible through various agri-
cultural practices, such as the use of pesticides (Rashid, Ke-
naschuk, 1993), but the possible harmfulness of pesticides
to human health leads to the preference of using varieties
resistant to infection, which is an alternative option to control
yield loss caused by F. oxysporum (Ondrej, 1993; Rozhmina,
Loshakova, 2016).

Resistance to the disease has been acquired through breed-
ing, but the mechanisms of resistance remain incompletely
understood. Modern flax varieties have high to medium re-
sistance to Fusarium wilt (Rozhmina, Loshakova, 2016;
Rozhmina, 2017). However, co-evolution of pathogen and
plant can lead to the emergence of strains with higher aggres-
siveness or to the loss of resistance in varieties, determined by
a small number of genes. Therefore, breeding new varieties
with different combinations of genes determining resistance is
important for long-term effects. Transcriptomics experiments
have shown that cell wall components, transcription factors,
secondary metabolites and antioxidants play a prominent role
in the response of flax to infection by F. oxysporum f.sp. lini

VMMYHUTET U NMPOAYKTUBHOCTb PACTEHUIA / PLANT IMMUNITY AND PERFORMANCE

(Galindo-Gonzalez, Deyholos, 2016; Dmitriev et al., 2017;
Boba et al., 2021).

The search for new genomic variants associated with
disease resistance and the identification of new genes affect-
ing resistance to fungal infection play a key role in breed-
ing programs. The use of classical GWAS identified QTNs
(Quantitative Trait Nucleotides) associated with resistance to
Fusarium wilt (Kanapin et al., 2021) and located mainly on
chromosome 1, as well as on chromosomes 8 and 13. A large
number of QTNs are localized on chromosome 1 within 640 kb
(Kanapin et al., 2021; Cloutier et al., 2024).

Plant resistance to disease may also be determined by mul-
tiple indirect factors related not only to resistance to fungal
infection but also to other plant characteristics, e. g. fatty acids
in plants are known to be involved in defense mechanisms
against various stressors, including fungal infection (Kachroo
et al., 2008; He, Ding, 2020).

Classical MLM-type models help eliminate effects intro-
duced by population structure and sample relatedness, but
suffer from the Bonferroni correction for multiple testing,
which is too stringent to detect associations with complex traits
(Zhang Y.M. et al., 2019). To address this problem, multi-locus
MLM models have been proposed that can detect QTNs with
marginal effects for which the significance threshold set by
the Bonferroni correction is too stringent.

One such method using multi-locus models is the mrMLM
method (Zhang Y.-M. et al., 2020) implemented in the
IMIVmrMLM package (Li M. et al., 2022). In this paper,
we applied this method to search for genomic associations
with resistance assessed in infected plants in 2019, 2020 and
2021, which allowed us to identify novel genetic variants
not previously detected by classical methods. These variants
fell within resistance-related genes as well as within quan-
titative trait loci (QTL, Quantitative Trait Locus) published
previously and related to fatty acid production (You, Cloutier,
2020).
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Materials and methods

297 flax samples from the collection of the Federal Scientific
Centre for Bast Crops were grown in Torzhok, Russia. 180 ac-
cessions were fiber flax varieties, and 117 belonged to oilseed
flax. Of the oilseed samples, 98 belonged to the intermediate
type, 4, to large-seeded varieties, and 15, to the crown type.

Resistance of accessions to F. oxysporum f. sp. lini was
evaluated under infection-provocation nursery conditions with
controlled irrigation but not controlled temperature. Evalua-
tions were conducted in 2019, 2020 and 2021 (Rozhmina et
al., 2022). Each variety was replicated 16 times by sowing
all seeds in cross rows of containers. The dimensions of the
containers were 550 x 85x20 cm. Two genotypes, AP5 and
1-7, were used as susceptible and resistant genotypes to control
Fusarium wilt. The infection background was established by
introducing 400 g of pure culture of F. oxysporum f. sp. lini
strain MI39. Seeds were planted on the 12th day after inocula-
tion with pure culture of the fungus.

Pure culture was prepared by preliminary cultivation of
strain MI39 on agar-agar medium with beer wort and subse-
quent incubation on oat grain substrate (grain/water ratio 1 to
1.75) for 3—4 weeks, until complete infection of oats by the
fungus, after which the pathogen was introduced into the soil.
The indicator of reliability of the infection background was
the reference varieties (resistant and susceptible genotypes),
which were sown at the edges and in the middle of each con-
tainer (16 seeds each). Disease severity was assessed using the
Disease Severity score (DSS). The DSS scores ranged from
0 to 3, where 0 was a healthy plant, 1 was a partially blighted
plant or stem blight on one side, 2 was a completely blighted
plant with seed pods, and 3 was a completely blighted plant
that died before pod formation. Based on the DSS, disease
severity index (DSI) was calculated using the formula adopted
in phytopathology (Guidelines for the Phytopathological
Assessment, 2000): DSI = (Zab/3A) x 100 %, where a is the
number of plants with the same DSS, b is the DSS score; A is
the total number of plants, and 3 is the highest DSS score.

DNA was isolated from leaves using the DNeasy Plant
Mini Kit (Qiagen). Whole-genome sequencing of DNA was
performed in BGI using the [1lumina protocol, which generates
paired-end reads of 150 base pairs in length. Comparison with
the NCBI ASM22429v?2 reference genome assembly (Wang Z.
et al., 2012) was performed using bwa-mem (Li H., Durbin,
2009). Variant prediction was performed using NGSEP (Tello
et al., 2019) version 4.0; from the 3,416,829 SNPs obtained,
72,526 SNPs were retained after filtering by MAF = 0.05 and
conditioning on the presence of the variant in at least 85 % of
genotypes. An annotation of the flax genome with the indicated
Arabidopsis orthologous genes was provided by the Cloutier
group (You, Cloutier, 2020).

Using the [IIVmrMLM package (Li M. et al., 2022) in
Single env mode, GWAS analyses were performed on genetic
data filtered by MAF = 0.05. TASSEL (Bradbury et al., 2007)
and PLINK (Purcell et al., 2007) with standard settings were
used for the necessary data transformation.

The additive effect calculated by the [IIVmrMLM package
was used to identify genotypes with high performance. An
allele with a negative effect led to a decrease in the DSI in its
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carriers, while an allele with a positive effect increased the
DSI. Varieties were selected in which the number of negative-
effect alleles exceeded the number of positive-effect alleles.

Linkage disequilibrium decay (LD) was estimated using the
square of the Pearson correlation coefficient (r2). PopLDdecay
version 3.4.1 (Zhang C. et al., 2019) was run to calculate r? in
a 300 kb window. LD decay was calculated based on r? and
distance for each SNP pair using the R script.

Results

Environmental characteristics may influence disease develop-
ment. Plants were grown under the infection-provocation
nursery conditions with regular irrigation but not controlled
temperature. According to the weather station at the grow-
ing site, the temperature in the first decade of May was
above average in 2019 and 2020 and below average in 2021
(Table 1). In the second decade of May, the temperature was
above average in 2019 and 2021 and below average in 2020.

The analysis of variance showed that the Fusarium wilt
infection depends on the year of cultivation and genotype
(Table 2). When considering the influence of temperatures,
it was found that only the temperature in the 1st decade
of May has a significant influence on the variation (F > 1,
Pr(>F) < 0.05); moreover, its influence on the Fusarium wilt
infection is almost identical to the influence of the year, as
can be seen from the values of the root mean square of the
residuals in the analysis of variance in Table 2, whereas other
environmental characteristics made only a small contribution.

On average, the difference between the maximum and
minimum DSI values for genotype in different years is 25.9.
Nevertheless, the differences in the DSI for the whole popu-
lation under consideration from one year to another do not
show sufficient significance: when comparing the 2019 and
2020 data, the p-value was 0.996, the 2019 and 2021 data,
p =0.113, the 2020 and 2021 data, p = 0.12.

In other words, despite the large influence of growing condi-
tions, the main interest of the study continues to be the effect
of variety (genotype) on disease resistance.

GWAS identified 111 QTNs (Supplementary Materials,
Table S1)! associated with the DSI in different years, of which
35 were associated with 2019 data, 37, with 2020 data, and
40, with 2021 data. QTNs associated with data from different
years are located on all chromosomes, of which 44 fell within
known QTLs (You, Cloutier, 2020; Cloutier et al., 2024) or
appeared to be localized in the gene sequence or less than
1,000 bp away from genes (Fig. 1a—c). The distribution of all
found QTNs in the genome is shown in Figure 1d. The allelic
effect was confirmed for all found QTNs: a Mann—Whitney
test was performed, which confirmed significant differences
between the DSI value in carriers of the reference and alterna-
tive allele (Table S1).

The largest number of QTNs found for each year’s infection
data were located on chromosomes 1, 2, 8 and 15. In a pre-
vious study that used the GAPIT package to find associations
with resistance to Fusarium wilt, QTNs were also located on
chromosomes 1 and 8 (Kanapin et al., 2021). In total, all the

" Tables S1, 52 and Figure S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Duk_Engl.xlsx
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Table 1. Average temperature of the growing seasons 2019-2021 (according to Torzhok meteorological station)

Month Decade Average temperature, °C Average, long-term
2019 2020 2021
May 1 10.1 11.3 7.9 9.9
2 14.5 8.0 16.7 11.5
3 16.3 11.1 12,6 129
June 1 18.8 15.8 15.8 15.3
2 17.9 19.6 19.2 15.6
3 16.0 189 225 16.5
July 1 14.2 18.2 20.5 16.9
2 13.8 15.8 23.2 17.4
3 17.1 16.8 17.9 17.5
August 1 133 17.7 184 17.2
2 16.1 - - 15.2
3 15.7 - - 13.9
QTNs explain more than 50 % of the variation, at most one  Table 2. Dispersion analysis
QTN explains about 5 % of the variation for one year, as can Source of variance Mean Sq F Pr(>F)
be seen in Table 3.
Only one QTN was found in the data of two years and three DSI ~ genotype + year
pai.rs of QTNs found for different years appeared to be located Genotype 29315 10,016 <2e-16
quite close to each other, as shown in Table 4. Table 4 also
presents the mean non-normalized DSI values for carriers of ~ Year 1927.7 6.586 0.00148
the reference and alternative allele fora given QTN. Itcanbe ¢ 01 292.7

seen that carriers of the alternative allele for all the indicated
QTNs showed much lower DSI values than the reference allele
carriers. However, of the mentioned QTNs, only one QTN
common to the 2020 and 2021 data fell within the sequence of
a gene, the function of which, however, is not known, while the
other three pairs were located more than 1 kb away from the
nearest genes. It can also be noted that QTNs Chrl 1706865/
Chrl 1706872 fell into the previously identified region on
chromosome 1, with coordinates 1213418-1854337, asso-
ciated with resistance to Fusarium wilt (Kanapin et al., 2021).

Of'the 111 QTNs associated with Fusarium wilt resistance
in different years, 34 were localized within the gene body
or were located at a distance of less than 1 kb from the gene
(Table 5).

Within the protein-coding genes and their 1-kb flanking
regions, we found 34 QTNs (Table 5), of which 12 had an
alternative allele with an effect of decreasing the value of the
DSI and 22 with an effect of increasing this value.

10 QTNs fell within the QTLs published previously in
(You, Cloutier, 2020), of which two were near a known gene
(marked as ** in Table 5). In addition, one QTN fell within a
region associated with resistance to Fusarium wilt on chromo-
some 1 (Table 6), published in (Kanapin et al., 2021; Cloutier
et al., 2024).

Eleven QTNs whose positions overlap with previously
identified QTLs from (You, Cloutier, 2020; Cloutier et al.,
2024) are shown in Table 6. Most of these QTL are associated
with the production of fatty acids: palmitic acid, oleic acid,

VMMYHUTET U NMPOAYKTUBHOCTb PACTEHUIA / PLANT IMMUNITY AND PERFORMANCE

DSI ~ genotype + temperature in the 1st decade of May

Genotype 2931.0 10.01 <2e-16
Temperature

in the 15t decade of May 3396.0 11.590 0.000707
Residuals 293.0

linolenic acid, etc., and only two QTNs, Chrl 17552378 and
Chrl 2540379, fell into QTLs associated with plant immunity.
In nine out of eleven cases, the presence of the alternative QTN
allele in the plant resulted in an increase in the DSI value, and
only in two cases the alternative allele resulted in a decrease
in the DSI value compared to the reference allele carriers.

To assess variety performance, the number of alleles with a
negative effect (reduction of the DSI value) and with a positive
effect was counted among the QTNs found from each year’s
data (Table S2). The number of negative and positive alleles
affecting the DSI for each year is different, but an increase in
the total number of alleles with a negative effect in the varieties
leads to a statistically significant decrease in the DSI value
for all three years, as can be seen in Figure 2.

Table 7 shows the varieties for which the number of alleles
that increased the DSI value did not exceed the number of
alleles with the opposite effect in all three years.
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Fig. 1. Location of QTNs associated with fusarium wilt relative to chromosomes in flax.

a-c-Manhattan plots of GWAS results using the [IIVmrMLM package; black shows QTNs that fell in the QTL or were located near genes along with their LOD score
value, which is used in lIVmrMLM to assess significance; d - distribution of QTNs found for the DSI for the three years data, by chromosome.

Table 3. Cumulative percentage of variation in each year’s data explained by QTNs

Data Total 2, % QTNs with the largest r?, % Largest r?, %
DSI2019 55.99 Chr3_18720497 5.31
DSI2020 58.50 Chr2_15253612 4.43
DSI 2021 69.84 Chr12_10144355 5.35

Note. QTN names are formed as ChrX_N, where X is the chromosome number and N is the position in the chromosome.

Table 4. Co-localized QTNs across the years

QTN Chr3_18671763 Chr1_1706865/ Chr15_7067724/ Chr2_25600109/
Chr1_1706872 Chr15_7067662 Chr2_25600116
Year 2020/2021 2019/2021 2020/2021 2020/2021
Distance between QTNs 0bp 7 bp 62 bp 7 bp
2, % 1.14/3.47 4.24/3.17 1.05/0.75 4.25/4.66
Average DSI for REF 41.55/36.92 43.12/38.47 41.24/36.31 41.85/38.7
Average DSI for ALT 25.18/21.02 10.55/9.52 24.75/20.56 14.53/15.06
p-value of the Mann-Whitney test  0.0014/0.0021 5.42e-19/1.16e-13 0.0026/0.0027 1.56e-06/2.92e-10
Nearest gene Lus10033807 Lus10025819 Lus10001477 Lus10003500
QTN location relative to the gene  Within the gene 1,026/1,033 bp 3,605/3,543 bp 23,760/23,753 bp
downstream downstream upstream

Gene annotation

Ortholog in Arabidopsis

Protein
with an unknown
function (DUF1664)

AT1G04960.1

2-Oxoglutarate (20G)
and Fe(ll)-dependent

oxygenase superfamily

protein

AT3G21360.1

Remorin family protein

AT5G23750.2

Basic helix-loop-helix
(bHLH) DNA-binding
superfamily protein

AT3G21330.1

Note.The corresponding lines show data for different years separated by “/”; bp — base pairs; REF — reference allele; ALT - alternative allele.
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Table 5. QTNs located within protein-coding genes and their 1-kb flanking regions

2025
293

QTN 2, %
Chr1_740951 0.51
Chr1_6391647 2.21
Chr1_15073726 0.90
Chr1_22688905 0.64
Chr1_25377570 3.15
Chr4_1087234 1.82
Chr5_15553508 1.24
**(QPAL-Lu5.2, PAL)
Chr6_5732293 1.86
Chr9_2114668 0.68
Chr13_6339069 1.71
Chr13_12427556 1.21
Chr14_12732300 1.08
Chr15_2097827 0.88
Chr1_2540379 2.02
**(Lu1_2500703, DSI)
Chr2_16849610 1.01
Chr3_1992356 1.34
Chr3_24632490 1.27

Average DSl for REF
Average DSI for ALT

32.67
46.32%
35.67
43.75%
41.12*
31.36
41.63*
8.42
41.97*
30.21
35.08

46.28*

33.95

45.51*
36.49
48.47*%
35.09
52.45%
35.05

53.25%

34.20
49.92*
41.14*
21.40
33.09
49.75%

36.98

58.99*
35.50
50.85*
35.70

58.40*
43.84*%
28.25

VMMYHUTET U NMPOAYKTUBHOCTb PACTEHUIA / PLANT IMMUNITY AND PERFORMANCE

QTN position

relative to a gene
2019

Lus10036050,

gene body

Lus10034284,
gene body

Lus10015586,
gene body

Lus10014640,
573 bp downstream

Lus10027990,
gene body

Lus10030349,
155 bp upstream

Lus10024055,
gene body

Lus10036674,
132 bp downstream

Lus10017493,
464 bp upstream

Lus10002083,
88 bp downstream

Lus10010801,
894 bp upstream

Lus10008367,
263 bp upstream

Lus10007320,
gene body
2020

Lus10025924,
539 bp upstream

Lus10016310,
gene body

Lus10037255,
gene body

Lus10037741,
gene body

Annotation

Calcium-dependent protein
kinase 34

Sodium/calcium exchanger
family protein

Prolyl oligopeptidase family
protein

Major facilitator superfamily
protein

Oxidoreductase, 20G-Fe(ll)
oxygenase family protein

DZC (Disease resistance/
zinc finger/chromosome
condensation-like region)
domain-containing protein

(Ortholog Arabidopsis:
nitric oxide synthase
interacting protein)

Homeobox 1

NAC (No Apical Meristem)
domain transcriptional
regulator superfamily protein

Cytochrome P450, family 721,
subfamily A, polypeptide 1

ARM repeat superfamily
protein

RING/FYVE/PHD-type
zinc finger family protein

Sec14p-like
phosphatidylinositol
transfer family protein

Cytochrome P450, family 721,
subfamily A, polypeptide 1

Solute:sodium symporters,
urea transmembrane
transporters

Lipoamide dehydrogenase 1

Ortholog in Arabidopsis

AT5G19360.1

AT5G17850.1

AT1G50380.1

AT2G39210.1

AT4G02940.1
(Duan et al., 2017)

AT1G31880.1
(Depuydt et al., 2013;
Rodriguez-Villalon et al., 2014)

AT5G65030.1

AT3G01470.1
(Aoyama et al., 1995)

AT4G34630.1

AT5G08790.1
(Delessert et al., 2005;
Wang X. et al., 2009;
Wang X., Culver, 2012)

AT1G75130.1

AT3G08960.1
(Jiaetal., 2023)

AT1G29800.1
(Kim et al.,, 2023)

AT3G24840.1

AT1G75130.1

AT5G45380.1
(Liu et al., 2003;
Kojima et al., 2007)

AT3G16950.2
(Lutziger, Oliver, 2000)
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Table 5 (end)

QTN r’,%  Average DSIfor REF QTN position Annotation Ortholog in Arabidopsis
relative to a gene

Average DSl for ALT

2020 .
Chr4_19469341 0.79  4045* Lus10039825, - AT4G28290.1
21.40 945 bp upstream
Chr8_7404794 0.81 40.23* Lus10021849, Cysteine-rich RLK AT4G23160.1
1574 gene body (receptor-like protein kinase) 8
Chr9_2644458 316  36.05 Lus10010491, Immunoglobulin E-set AT3G07880.1
5410 gene body superfamily protein (Carol et al., 2005)
Chr11_15810790 0.29 37.57 Lus10023622, ADC synthase superfamily AT1G74710.1
gene body protein (Wildermuth et al.,, 2001;
64.13* Strawn et al., 2007)
Chr14_2163238 1.74  42.23* Lus10025537, PAZ domain-containing AT5G21030.1
gene body protein/piwi domain-
23.94 containing protein
Chr15_1044247 0.95 34.39 Lus10011210, F-box and associated AT1G32420.1
33 bp upstream interaction domains-
43.97% containing protein
2020, 2021
Chr3_18671763 1.14  41.55% Lus10033807, Protein of unknown function ~ AT1G04960.1
55 18 gene body (DUF1664)
2021
Chr1_20417569 0.57  35.92* Lus10015886, Nucleotidyl-transferase family ~ AT4G00060.1
14.00 gene body protein
Chr2_17726495 295 30.63 Lus10033187, K-box region and MADS-box ~ AT3G54340.1
gene body transcription factor family (Krizek, Meyerowitz, 1996)
45.43* protein
Chr4_2301676 327 2994 Lus10029444, Peptide chain release factor 1 AT3G62910.1
4851 gene body (Motohashi et al., 2007)
Chr4_12925693 222 3224 Lus10015799, Leucine-rich repeat protein AT1G67510.1
55 gg gene body kinase family protein
Chr6_8828608 289 31.06 Lus10036278, RNA-directed DNA polymerase AT5G04050.1
568 bp downstream  (reverse transcriptase)
44.86*
Chr7_3147157 0.87 31.48 Lus10023551, - AT5G66440.1
**(QPAL-Lu7.3, PAL) 48 22+ 387 bp upstream
Chr10_16815632 1.08 29.87 Lus10022764, ABI five binding protein 3 AT3G29575.1
4319+ 483 bp upstream (Garcia et al., 2008)
Chr11_575034 049 3280 Lus10027253, Ortholog Arabidopsis: AT3G18050.1
20,28 gene body GPI- anchor protein
Chr12_9853001 1.96  36.04* Lus10024259, Aldehyde dehydrogenase 2C4  AT3G24503.1
2076 gene body (Nair et al., 2004)
Chr15_13834579 0.87  35.60% Lus10037970, Plant U-box 14, AT3G54850.1
16.58 gene body flowering regulation (Andersen et al., 2004)

Note. REF - reference allele; ALT - alternative allele. * The largest of the mean DSl values in carriers of the reference or alternative allele; ** QTNs localized both
in the gene body and known QTL.
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2025
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QTN

Chr5_15553508

Chr8_21862725

Chr12_7449738

Chr1_2540379

Chr5_12086840

Chr8_22542741

Chr1_17552378

Chr7_3147157

Chr7_4787639

Chr12_1240570

Chr12_6862107

% Average DSI for REF  QTL Trait QTL position
Average DSl for ALT

1.24 33.95 QPAL-Lu5.2 PAL 13796740-15667804
45.51*

247 36.27 QOLE-Lu8.1 OLE 21781910-23526575
51.36*

1.06 36.35 QOIL-Lu12.6 OlL 4591134-7490902
60.51%

2.02 36.98 Lu1_2500703 DSI 2500703-2636369
58.99%

1.77 37.19 QPAL-Lu5.1 PAL 12061283-12181348
53.09%

2.77 41.64* QOLE-Lu8.1 OLE 21781910-23526575
23.63

0.90 28.86 QPM-crc-LG1 PM 16920407-18739647
41.23*

0.87 31.48 QPAL-Lu7.3 PAL 624439-5423600
48.22*

1.57 35.91* QPAL-Lu7.3 PAL 624439-5423600
18.53

0.81 32.95 QIOD-Lu12.3/QLIN-Lu12.3/QLIO-Lu12.3 IOD/LIN/LIO  489561-2981562
55.79*%

3.27 3231 QOIL-Lul12.6 OIL 4591134-7490902
55.52*%

Note. REF - carriers of the reference allele, ALT - carriers of the alternative allele. * The largest of the mean DSl values in carriers of the reference or alternative
allele. Abbreviations of trait names from (You, Cloutier, 2020): PAL (Palmitic %) — palmitic acid content; OLE (Oleic %) - oleic acid content; OIL (Oil content %) - oil
content, PM (Powdery mildew rating) — powdery mildew rate; IOD (lodine value) - iodine content; LIN (Linoleic %) - linoleic acid content; LIO (Linolenic %) —

linolenic acid content.

2019 2020 2021
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Fig. 2. Distribution of DSl values in different years for accessions containing different numbers of alleles that have a negative effect

on the DSl value.
The upper part of the graphs shows the p-value of the statistical test.
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Table 7. Varieties that had the best combination of alleles with positive and negative effects in all three years

DSI Morphotype Country
2019 2020 2021
0 8.3 0 Fiber Japan
0 0 0 Intermediate Czechia
0 8.3 0 France
19 8.3 0 Russia
0 0 0
Discussion

In this paper, we used the IIIVmrMLM program to find ge-
nomic regions controlling resistance to Fusarium wilt in flax.
Atotal of 111 QTNs associated with the disease severity index
(DSI) value in data from different years were found.

QTNs Chrl 1706865, Chrl 1706872, and Chr8 22542741
apparently point to regions on chromosomes 1 and 8 pre-
viously found using the GAPIT package, as published in
(Kanapin et al., 2021), being less than the average LD for the
corresponding chromosomes, which was 16 and 45 kb for
chromosomes 1 and 8, respectively (Fig. S1).

Many of the QTNs fall into or near genes with impor-
tant functions, and it is possible that these genes are casual
(Table 5). Among the QTNs found to fall into genes, there
are QTNs that have a favorable effect on a trait. For example,
the alternative allele of the QTN Chrl 25377570 in the
Lus10027990 gene decreases the DSI which is a favorable ef-
fect for this value. The orthologue of this gene in Arabidopsis
AT4G02940.1 encodes a dioxygenase that demethylates meA
in mRNA. Mutations in this gene affect the mRNA stability of
the flowering time regulators FT, SPL3, and SPL9 and delay
the transition from vegetative growth to flowering (Duan
et al., 2017). The alternative allele of QTN Chr3 1992356
(Table 5) located in the Lus10037255 gene also increases
the DSI value. The Lus10037255 ortholog encodes the urea
proton symporter DUR3, which is involved in urea transport
across the plasma membrane into root cells (Liu et al., 2003;
Kojima et al., 2007). Since F. oxysporum infects plants via
roots, the transport of metabolites in roots may influence the
susceptibility of the plant to infection.

Some QTNs fall into genes associated with plant immunity
(Table 5). For example, QTN Chrl5 2097827 with a posi-
tive effect (ALT allele increases the DSI) is localized in the
Lus10007320 gene, the orthologue of which in Arabidopsis
regulates autophagy (Kim et al., 2023). In contrast the alterna-
tive alleles of QTNs in the genes Lus10021849, Lus10008367,
and Lus10024259 decrease the DSI value. Lus10021849 is an
orthologue of Arabidopsis CRK8, which encodes a receptor-
like protein kinase. The Arabidopsis orthologue Lus10008367
encodes the effector Ran KA120. This effector prevents auto-
immune activation in the absence of pathogens and restricts
the activity of the SNC gene, which encodes a TIR-NB-LRR-
like receptor involved in the salicylic acid-mediated immune
response (Jia et al., 2023). The Lus10024259 orthologue in
Arabidopsis is involved in the biosynthesis of ferulic and
synapic acids (Nair et al., 2004), which are important for plant
resistance to biotic and abiotic stresses.
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Breeding Name

Line Honkei35, k-5396

Line AGT987, k-7225

Cultivar Eolle, k-7034

Line VNIIL, LM92, k-6672

Cultivar Voronezhskij 1308/138, k-3052

In many cases, the presence of the alternative allele resulted
in an increased DSI value in its carriers. Many of the genes
that harbored such QTNs were associated with root or leaf
growth. For example, Lus10030349 (Table 5) (orthologue
AT1G31880.1) encodes the BREVIS RADIX protein, which
regulates cell elongation and differentiation in the root and
shoot (Depuydt et al., 2013; Rodriguez-Villalon et al., 2014).
Lus10036674 (orthologue AT3G01470.1) encodes the HATS
protein with homeobox and leucine zipper domains that is
involved in the mechanism of leaf growth regulation (Aoyama
et al., 1995). Lus10010491 (orthologue AT3G07880.1) en-
codes RhoGDI, an inhibitor of GDP dissociation from Rho
GTPase. This inhibitor spatially restricts the sites of growth
to a single point on the trichoblast and regulates activation of
the RHD2/AtrbohC NADPH oxidase, which is required for
root hair growth (Carol et al., 2005).

Mutations in genes related to plant immunity and stress
response can also have a negative effect on plant resistance
to Fusarium wilt (Table 5). For example, Lus10002083 (or-
thologue of AT5G08790.1) encodes the ATAF2 protein, which
is involved in the regulation of basal defense responses of
the host plant against viral infection (Delessert et al., 2005;
Wang X. et al., 2009; Wang X., Culver, 2012). Lus10023622
(ortholog AT1G74710.1) encodes chloroplast isochorismate
synthase 1, which is involved in the synthesis of salicylic acid,
essential for plant defense against pathogens (Wildermuth et
al.,2001; Strawn et al., 2007). The AT1G67510.1 orthologue,
Lus10015799, encodes an RLK protein kinase rich in leucine
repeats. Many RLK kinases are involved in cell response
processes to pathogens and abiotic stresses (Lease et al.,
1998; Gish, Clark, 2011; Yan et al., 2023). The orthologue of
AT3G29575.1, Lus10022764, acts as a negative regulator of
abscisic acid (ABA) and stress response (Garcia et al., 2008).

Also, some QTNs are located in genes related to energy
metabolism and flower growth. For example, AT3G16950.2,
the orthologue of the Lus10037741 gene (Table 5), encodes
a dehydrogenase that is a component of the plastid pyruvate
dehydrogenase complex (PDC) (Lutziger, Oliver, 2000). This
complex is involved in glycolysis. Lus10037741 contains
the Chr3 24632490 QTN, in which the alternative allele
reduces the DSI value (Table 5). Conversely, the alterna-
tive QTN alleles Chr4 2301676 and Chr2 17726495 in the
genes Lus10029444 and Lus10033187 increase the DSI value
(Table 5). AT3G62910.1, the orthologue of the Lus10029444
gene, encodes the chloroplast peptide chain release factor
APG3, which is required for normal chloroplast development
(Motohashi et al., 2007). AT3G54340.1, the orthologue of
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Fig. 3. Normalized DSl values in carriers of the reference (REF) and alternative (ALT) alleles in an independent dataset of 100 samples

for some QTNs common to both datasets.

The p-values of the Mann-Whitney test are shown.

Lus10033187, encodes the homeobox protein APETALA 3,
which regulates flower development (Krizek, Meyerowitz,
1996). On the other hand, QTN Chrl5 13834579 in the
Lus10037970 gene, orthologous to the flowering regulator
AT3G54850.1, has a positive effect on resistance to F. 0xy-
sporum, reducing the DSI value in carriers of the alternative
allele.

It is also interesting to note that 11 of the QTNs found over-
lapped with previously published functional QTL regions, but
only two of these regions were associated with plant immunity,
while the rest were related to fatty acid production (Table 6).
Fatty acids in plants act as a defense against pathogens and
abiotic stresses (Kachroo et al., 2008; He, Ding, 2020); in
addition, palmitic acid has been shown to reduce Fusarium
infection in other plants (Ma et al., 2021). Thus, QTNs located
in regions associated with fatty acid production may influence
plant resistance to Fusarium wilt. Four QTN fell into regions
associated with palmitic acid (Table 6), which may indicate an
important role of this acid in defense against Fusarium wilt in
flax. The Chr8 22542741 QTN overlapped with the QOLE-
Lu8.1 QTL associated with oleic acid production, and the
Chr8 2256060236 and Chr8 2256060290 QTNs previously
found with the GAPIT package (Kanapin et al., 2021) also fell
within this region, indicating the possible importance of oleic
acid production in protecting the plant against Fusarium wilt.
One QTN, Chrl 2540379, also overlapped with a recently
published region associated with flax resistance to Fusarium
wilt (Cloutier et al., 2024).

We also tested on an independent dataset of 100 accessions
the validity of the detected associations between QTNs and the
DSI value (Fig. 3). This dataset grown under the same condi-
tions was previously sequenced separately from the dataset
under consideration and does not overlap with the dataset
used in this study. It can be noted that the Chr5 15553508

VMMYHUTET U NMPOAYKTUBHOCTb PACTEHUIA / PLANT IMMUNITY AND PERFORMANCE

and Chr7 3147157 QTNs, which fell into the palmitic acid-
related regions, and the Chr8 22542741 QTN, which fell
into the oleic acid-related region, demonstrate a significant
difference in the DSI value between carriers of the refer-
ence and alternative alleles in this dataset (Fig. 3). Also, a
significant allelic effect is seen in QTNs located in genes
involved in plant immunity and stress response (Tables 5
and 6): Chr13 6339069 (Lus10002083), Chrl14 12732300
(Lus10008367), Chr4 12925693 (Lus10015799), and
Chr10 16815632 (Lus10022764). This suggests that these
genes may also be involved in the defense of flax plants
against infection.

We identified five varieties with the largest number of al-
leles decreasing the DSI (Table 7). The DSI of these varieties
is much lower than the average DSI value, which for 2019,
2020 and 2021 was 38.7, 38.9 and 34.4, respectively. These
varieties can be integrated into modern breeding programs.

Conclusion

As a result of application of the new multilocus model
IIIVmrMLM to search for genomic associations with flax
resistance to Fusarium wilt wilt, new genomic variants located
in important regulatory regions were identified. Varieties with
these variants showed greater resistance to the disease and can
be used in breeding programs.
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Abstract. Wheat is an extremely important and preferred source of human nutrition in many regions of the world.
The production of biofortified colored-grain wheat varieties, which are known to contain a range of biologically ac-
tive compounds, including anthocyanins, phenolic compounds, vitamins and minerals, reflects a worldwide trend
toward increasing dietary diversity and improving diet quality through the development and introduction of di-
verse functional foods. The present work describes the genetic systems that regulate the biosynthesis and accu-
mulation of anthocyanins in the pericarp and aleurone layer, the presence of which imparts purple, blue and black
grain color. The review is devoted to the systematization of available information on the peculiarities of qualitative
and quantitative content of anthocyanins, soluble and insoluble phenolic acids in wheat grain of different color, as
well as on indicators of antioxidant activity of alcoholic extracts of grain depending on the content of anthocya-
nins and phenolic compounds. A huge number of studies have confirmed that these compounds are antioxidants,
have anti-inflammatory activity and their consumption makes an important contribution to the prevention of a
number of socially significant human diseases. Consumption of colored cereal grain products may contribute to an
additional enrichment of bioactive compounds in human diet along with the usual sources of antioxidants. Special
attention in the review is paid to the description of achievements of Russia’s breeders in developing promising
varieties and lines with colored grain, which will be a key factor in expanding the opportunities of the domestic
and international grain market.
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AHTOILIVIaHBI U (l)eHO.TIbeIe coeaMMHEHNSA
B OKpaAdllI€eHHOM 3€pHeE ITIHIeHNIIbI

E.B. Uymanosa ()1 @), T.T. Eppemosa ()1, K.B. Coboaes (912, E.A. Kocsesa ()12

1 DepepanbHblii NCCNEROBATENbCKUI LeHTP VHCTUTYT ymtonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuinckoln akagemmnm Hayk, HoBocnbnpck, Poccns
2 HoBOCHBUPCKII roCyAapCTBEHHbIV arpapHblii yHuBepcuTeT, HoBocnbrpck, Poccus

@ chumanova@bionet.nsc.ru

AHHoTauus. MNweHrua ABNAETCA Ype3BblYaiHO BaXKHbIM 1 MPeANOYTUTENbHBIM NCTOYHUKOM MUTaHUA YenoBeKa
BO MHOTVX pervioHax 3eMHoro Lwapa. MonyyeHve 6rodpopTrdNLNPOBaHHBIX COPTOB MATKOW MLIEHULbI C OKPaLLEH-
HbIM 3ePHOM, KOTOPOE, Kak U3BECTHO, COAEPXKMNT LieNbli psaa 61MONOrMyeckn akTUBHbIX COeAUHEHWI, B TOM Uncse
aHToUVaHBbl, GeHOMNbHbIE COEAUHEHUS, BUTAMUHDBI Y MUHEPaJSibl, OTPaXKaeT 0OLLEMMPOBYIO TEHAEHLMIO Ha yBennye-
HYie pa3HO06pa3ua 1 NOBbILIEHME KaueCTBa paLoHa NyTeM pa3paboTKm 1 BHepeHWsi pa3HOO6pa3HbIX MPOAYKTOB
byHKUMOHaNbHOro NuTaHus. B HacToswel paboTe onuncaHbl FeHETUYECKUe CUCTEMbI, PerynmpyioLe 6UOCUHTES 1
HaKoM/eHe aHTOLMaHOB B NepuKapre 1 aneipoOHOBOM C/10€, MPUCYTCTBYE KOTOPbIX NPUAAET 3epHY GUONETOBYIO,
rony6yto v YepHyto okpacky. O630p nocesLeH crucTemaTaumnm nHopmaLuy 06 0Co6eHHOCTAX KaueCTBEHHOTO 1
KOMMYECTBEHHOTO COLEPKAaHUA aHTOLMAHOB, PACTBOPVMBIX N HEPACTBOPUMBIX GEHOMbHBIX KUCIOT B 3€pHe Miue-
HULbI C Pa3/IMYHO OKPACKOW, @ TaKXKe MoKasaTesifax aHTMOKCMAAHTHOW aKTUBHOCTM CMPTOBBIX SKCTPAKTOB 3epHa
B 3aBYCUMOCTM OT COAEPKaHVsA aHTOLMAHOB 1 GEHONbHbIX coeiMHeHUni. OrPOMHbIM KONMYECTBOM UCCeOBaHNIA
NOATBEPKAEHO, UTO AlaHHbIE COeIMHEHUA ABNAITCA aHTUOKCMAAHTAMUN 1 COEAVHEHVAMY C MPOTUBOBOCMANUTENb-
HOW aKTUBHOCTbBIO U UX yNoTpebneHrie BHOCUT BaXKHbIN BKaA B NPOGUNAKTUKY pafa COLManbHO 3HAaUMMBbIX 3a-
6oneBaHUii yenoseka. YnotpebneHvie MpoayKToB 13 OKPaLLEHHOTO 3epHa 3/1aKoB MOXET CnocobcTBOBaTh AOMON-
HUTENIbHOMY OGOraLeHMNIO paLyoHa nofein GONOrMYECKN aKTUBHBIMUA COeAVHEHNAMMN HAapAZY C NPUBbLIYHLIMA
MNCTOYHMKaMM aHTUOKCMAAHTOB. OTenbHOE BHUMaHME B 0630pe yaeneHo OnvcaHnio JOCTUMXKEHMIN OTEUECTBEHHbIX
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AHTOUMAHbI 1 ¢eHOJ'IbeIe coefnHeHnA
B OKpalleHHOM 3epHe nuweHnubl

CeneKLMOHEPOB, YCUNIA KOTOPbIX B 3TOW 06/1aCTV MO3BONUAY NOSYUNTb PAS NEPCNEeKTUBHBIX COPTOB U JIMHWIA C
OKpaLUEHHbIM 3€PHOM, KOTOPbIE MOTYT MOCITYXKMTb OCHOBOI CO3AaHUA pbiHKa 61MOPpopTUGULMPOBAHHDIX AreTUYe-
CKMX NPOAYKTOB NTaHUA B POCCHM 11 YBENNYEHNA SKCMIOPTHOIO NOTEHLMasna pbiHKa 3epHa.

KntoueBble cnioBa: niweHna; ronybas, dprionetosas, YepHaa OKpacka 3epHa; aHToLMaHbl; GeHONbHbIe COeANHEHNS;

AHTUOKCMAaHTHaA aKTUBHOCTb

Introduction

Wheat occupies an important place in the structure of world
consumption. Over the last two decades, the biofortification
associated with increasing the nutritional value of food pro-
ducts from wheat grain has become an actual trend in breed-
ing, in particular, much attention of researchers and breeders
is focused on obtaining colored-grain wheat varieties, rich in
anthocyanins. Depending on the type and accumulation of
anthocyanins in different layers of the grain, wheat grain can
have purple (in the pericarp, controlled by Pp genes), blue
(inthe aleurone layer, Ba genes) and dark purple (black) color
(in both layers at the same time, Ba + Pp genes).

The value of colored wheat is a more diverse composition
of flavonoids with important biological properties (Wang et al.,
2020; Razgonova et al., 2021). In addition, many researchers
have shown that colored-grain wheat has a higher content of
protein and essential amino acids (Tian et al., 2018; Garg et
al., 2022), a number of macro- and microelements: Zn, Fe,
Mg, K, Ca, Se, Cu an Mn (Ficco et al., 2014; Sharma S. et
al., 2018; Tian et al., 2018; Dhua et al., 2021; Shamanin et
al., 2024), vitamins B1, B2, B9 and E (Granda et al., 2018)
compared to red and white grains. Anthocyanins and phenolic
compounds have great antioxidant potential, protecting cells
from free radical damage. As well as these compounds have
anti-inflammatory and antibacterial activity, preventing the
development of diabetes, cardiovascular, neurodegenerative
diseases and cancer (Laddomada et al., 2017; Francavilla,
Joye, 2020; Mohammadi et al., 2024).

Colored wheat in China, India, Singapore, Canada and Aus-
tria is used to produce functional food products from whole
wheat flour containing high amounts of antioxidants: dif-
ferent types of whole wheat breads, bakery products, cookies,
pasta, pancakes, crackers (Garg et al., 2022; Gamel et al.,
2023). However, the content of anthocyanins and phenolic
compounds decreases when exposed to high temperatures.
According to the literature data, the loss of anthocyanins
during bread baking varies between 10-73 % and during the
preparation of noodles, pasta, tortillas, biscuits, the content
of anthocyanins and phenolic compounds decreases by 29-74
and 26-80 %, respectively (Garg et al., 2022). It has been
shown that bakery products from colored grains are not infe-
rior or are even superior to products from uncolored flour in
terms of baking and organoleptic properties, and their shelf
life increases (Khlestkina et al., 2017).

In recent years in our country, the direction towards the
production of anthocyanin-biofortified wheat has been actively
developed (Khlestkina et al., 2017; Vasilova et al., 2021;
Rubets et al., 2022; Gordeeva et al., 2022; Shamanin et al.,
2022, 2024), which forms the idea of a healthy lifestyle and
nutrition, since wheat is an important food crop for Russia.

This review compiles available information on genetic fac-
tors regulating the accumulation of anthocyanins in colored
wheat grain, peculiarities of anthocyanins and phenolic acids
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content and antioxidant activity (AOA) in colored grain, and
summarizes information on the achievements of Russian
scientists in obtaining promising colored-grain wheat lines
and varieties.

Genetic control of the synthesis

and accumulation of anthocyanins in wheat grain
The wheat grain consists of an embryo and endosperm densely
surrounded by epidermis and a seed coat (Fig. 1). The fruit
sheath (pericarp or pericarpium: etymologically derived
from two Greek words, i.e., peri: around and carpos: fruit),
consisting of several layers: epidermis, hypodermis, remnants
of thin-walled cells, intermediate, transverse and tubular
cells, surrounds the grain and plays a protective role. Seed
coat cells (pigment layer, testa) of red-grain wheat contain
proanthocyanidins that increase grain resistance to prehar-
vest germination (Himi et al., 2011). The aleurone layer of
the grain is the outer layer of the endosperm, consisting of
a single layer of cells, square or slightly oblong in shape. It
derives its name from the content of aleurone grains, which
are protein storage structures.

Colored wheat is known to exist in three different forms:
blue, purple and dark purple (black), depending upon the types
and position of the anthocyanins in kernel layers. The bluish-
gray color of wheat is because of the synthesis of anthocyanins
in the aleurone layer. The presence of purple color, in turn,
is due to the accumulation of anthocyanins in pericarp cells.
The black grain results from the accumulation of anthocyanins
simultaneously in the pericarp and aleurone layer (Fig. 1).

Anthocyanin biosynthesis in the aleurone layer is under the
control of dominant alleles of Ba genes (Blue aleurone) local-
ized in chromosomes of the fourth homeologous group of some
cereal species. Bal (syn. Ba(b)) is localized in the long arm
of chromosome 4E (formerly 4Ag) of Thinopyrum ponticum
(Podp.) Barkworth & D.R. Dewey (Agropyron elongatum L.;
Lophopyrum ponticum (Podb.) Love; Elytrigia pontica (Podp.)
Holub) (Zheng et al., 2006). Ba2 (syn. Ba(a)) is localized in
the long arm of chromosome 4AP° Triticum boeoticum Boiss.
or 4A™ T. monococcum L. (Singh et al., 2007). BaThb (syn.
Ba(c)) is localized in the chromosome 4J Th. bessarabicum
(Savul. & Rayss) A. Lve (Shen et al., 2013).

ThMyc4E, encoding a MY C-type transcription factor
with a bHLH domain is a Bal candidate gene (Li N. et al.,
2017). TbMyC4A, encoding a bHLH transcription factor
containing three regulatory domains (0HLH-MYC_N, HLH
and ACT-like) (Liu X. et al., 2021) is considered as a likely
Ba(a) candidate gene. It is suggested that the BaThb and Bal
genes may have a common origin (BureSova et al., 2015), as
Th. bessarabicum is a probable donor species of the EP genome
of most polyploid wheatgrass species, including Th. ponticum.

Ba genes were introgressed into the common wheat genome
by producing substitution, addition and translocation lines.
V.S. Arbuzova et al. (2012) and E.l. Gordeeva et al. (2022)
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Fig. 1. Internal structure of wheat grain: longitudinal and transverse section.

Adapted from (Laddomada et al.,, 2015).

obtained substitution lines of spring bread wheat Saratov-
skaya 29 (S29) with the replacement of chromosome 4B or
4D with chromosome 4E Th. ponticum. Liu Xin et al. (2020)
obtained six substitution lines 4AP°(4B) with the Ba2 gene:
Z18-1150, Z18-1195, 718-1223, Z18-1244, 718-1289, and
Z18-3816. The chromosomal composition of several wheat
lines with blue grain was described using in situ hybridization
(Buresova et al., 2015). The results showed that six different
types of Th. ponticum chromatin introgressions were detected:
ditelosomic additions (Blue Norco), ditelosomic substitution
(Blue Baart), T4ABS.4AgL (UC66049), and different transloca-
tions of the distal parts of chromosomal arms of Th. ponticum
(Sebesta Blue 1-3). Y. Shen et al. (2013) obtained 157 lines
derived from the cross between T. aestivum cv. Chinese Spring
and a T. aestivum-Th. bessarabicum amphiploid: they isolated
monosomic and disomic addition lines with chromosomes 4J,
4JL, and 4JS, as well as T4ADS.4DL-4JL carrying a fragment
of chromosome 4J.

Assignificant problem in blue wheat lines selection is caused
by the negative influence of wheatgrass genes linked to blue
aleurone genes (Garg et al., 2016). Therefore, it is preferable
to involve in breeding purple-grain donors, which are devoid
of such a disadvantage.

The purple color of wheat is because of anthocyanin synthe-
sis in the pericarp layer. The first samples of tetraploid wheat
T. aethiopicum Jakubz. (T. turgidum L. subsp. abyssinicum
Vavilov) with purple-grain genes were collected by Wittmack
in Abyssinia (Northern Ethiopia) in the early 1870s and
brought to Europe, from where they further spread to different
countries (Eticha et al., 2011). It is noteworthy that landraces
of purple wheat are still cultivated in Ethiopia.

Anthocyanin synthesis in pericarp is controlled by the
complementary interaction of Pp genes (Purple pericarp):
Pp-1 (TaPpm1l) and Pp3 (TaPpbl/TaMycl), which encode
different types of transcription factors that activate transcrip-
tion of structural anthocyanin biosynthesis genes (Jiang W.
et al., 2018). Pp-1 is a MYB-like transcription factor with
an R2R3 regulatory domain. A set of Pp-1 homoeologous
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genes in chromosomes of the seventh homeologous group
is currently known: Pp-Al in 7AS (T. aestivum) (Gordeeva
et al., 2015), Pp-B1 in 7BS (7B in T. durum, 7S in Aegilops
speltoides Tausch.) (Khlestkina et al., 2010), and Pp-D1 in
7DS (T. aestivum) (Tereshchenko et al., 2012).

The dominant allele of the Pp3 gene, localized in the
centromeric region of chromosome 2A, encodes a transcrip-
tion factor with a bHLH regulatory domain (Shoeva et al.,
2014). Tissue-specific transcriptional activity of the dominant
TaMyc1 allele, which is a likely candidate for Pp3, was shown
in the colored pericarp of grains with lower expression levels
in coleoptile, scales, and leaves. At the same time, Pp-1 is
expressed in many plant tissues (Shoeva et al., 2014; Jiang W.
et al., 2018). It was found that TaMyc1 has at least four cop-
ies in common wheat. In addition to TaMycl, three copies,
TaMyc2—-4 are localized in 2AL, 2BL and 2DL, respectively;
however, none of these extra copies are transcribed in the
pericarp. Comparison of TaMyc1 expression in near-isogenic
lines carrying different combinations of dominant and reces-
sive alleles of Pp-1 and Pp3 showed that the dominant allele
Pp-D1 partially suppressed the transcription of TaMyc1 in the
pericarp (Shoeva et al., 2014).

Four allelic variants were found in the TaPpm1 coding
region: TaPpmla (dominant, in purple wheat) and TaPpm1b,
TaPpmlc, and TaPpm1d, which are nonfunctional due to dif-
ferently sized insertions that cause frameshift or premature
transcription termination (in uncolored wheat). There were Six
261-bp tandem repeats in the promoter region of TaPpb1l in
the purple-grained varieties (TaPpbla allele), while there was
only one repeat unit present in the uncolored wheat varieties
(TaPpblb) (Jiang W. et al., 2018).

The expression of structural genes involved in the antho-
cyanin biosynthesis pathway is regulated by the MBW com-
plex, which includes the R2R3-MYB, bHLH, and WD40
proteins. The allelic variations of TaPpm1 influence anthocy-
anin pigmentation by altering the binding ability with bHLH,
whereas variations in the TaPpb1 promoter alter its expression
level (Jiang W. et al., 2018).
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Aglycon R, R, Color

Cyanidin OH H Purple
Delphinidin OH OH Blue

Malvidin OCH, OCH, Reddish purple
Pelargonidin H H Orange-red
Peonidin OCH, H Bluish purple
Petunidin OCH; OH Purple

Fig. 2. Structure of major anthocyanidins found in wheat grain.

Anthocyanins content in colored wheat grain
Anthocyanins are water-soluble pigments related to flavonoids
that give color to various parts of plants. The basic structure of
anthocyanins is shown in Figure 2. Anthocyanidin (aglycone)
is the base of the anthocyanin molecule. For most anthocy-
anins, the sugar moieties, most often glucose, galactose, arabi-
nose and rutinose, are usually connected to anthocyanidins
through O-glycosidic bonds at C3 position, sometimes at C3
and C5 positions. In addition, sugars can be acylated by ali-
phatic and aromatic acids (Francavilla, Joye, 2020). Cyanidin,
delphinidin, malvidin, pelargonidin, peonidin, and petunidin
are well-known anthocyanidins, which differ from each other
in the number of hydroxyl or methoxyl groups (Fig. 2).

The total anthocyanin content (TAC) of wheat widely va-
ries from 10 to 305 pg/g in purple grain, from 17 to 211 pg/g
in blue grain and from 56 to 198 ug/g in black grain, but in
general, black-grain wheat has a higher anthocyanin content.
White and red grain wheat genotypes have the lowest TAC
(7-10 pg/g) (Abdel-Aal, Hucl, 2003; Abdel-Aal et al., 2006;
Varga et al., 2013; Garg et al., 2016; Kumari et al., 2020;
Wang et al., 2020; lannucci et al., 2022). In addition, whole
wheat flour has a lower anthocyanin content compared to
the bran fraction (Siebenhandl et al., 2007; lannucci et al.,
2022) (Supplementary Materials, Table S1)1. The anthocy-
anin content of blue wheat, on average, is higher than that
of purple wheat, but some purple wheat contains much more
anthocyanins than blue wheat (Abdel-Aal et al., 2016). It has
been suggested that in blue grain and black grain, the location
of the pigment in deeper layers leads to increased stability of
anthocyanins (Garg et al., 2016). In addition, anthocyanins
located in the aleurone layer are less firmly bound to cellular
components than those in the pericarp, allowing them to be
more easily extracted.

It was also found that the qualitative composition of antho-
cyanins differs between blue- grain and purple-grain wheat. In
addition, the main anthocyanins in the genotypes with purple
and blue grains are different. It is considered that purple-grain
wheat varieties have a more complex anthocyanin composition
than blue-grain wheat varieties but a lower TAC. Cyanidin-
3-glucoside is the dominant anthocyanin in purple wheat grain.
The most abundant anthocyanins in purple wheat along with
cyanidin-3-glucoside are cyanidin-3-galactoside, cyanidin-
3-rutinoside, cyanidin-3-(6"-malonyl glucoside), as well as
delphinidin-3-galactoside, malvidin-3-glucoside, peonidin-

T Tables $1-S5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Chuman_Engl_29_3.pdf
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3-glucoside, petunidin-3-glucoside, peonidin-3-(6"-malonyl
glucoside) (Hosseinian et al., 2008; Abdel-Aal et al., 2018;
Jiang Y. et al., 2024; Shamanin et al., 2024).

E.S.M. Abdel-Aal et al. (2006) found eight anthocyanins
in purple grain such as cyanidin-3-glucoside, cyanidin-3,5-
di-glucoside, peonidin-3-glucoside, and malonyl and succinyl
derivatives of cyanidin and peonidin. E.S.M. Abdel-Aal et al.
(2018) found a number of other anthocyanins in purple grain:
delphinidin-3-rutinoside, malvidin-3-rutinoside, malvidin
succinylglucoside, pelargonidin-3-(6"-malonylglucoside),
peonidin-3-rutinoside, petunidin-3-(6"-malonylglucoside).
F.S. Hosseinian et al. (2008) found the presence of 13 antho-
cyanins, which included arabinoside derivatives of cyanidin,
delphinidin, pelargonidin and peonidin, glucoside derivatives
of malvidin, pelargonidin and petunidin, and delphinidin-
3-galactoside.

P. Bartl et al. (2015) identified a number of cyanidin gly-
cosides with a hexose acetylated with malonic and/or acetic
acid, delphinidin with a hexose acetylated with coumaric acid,
peonidin with a hexose/rhamnose acetylated with malonic and/
or acetic acid, and petunidin with two or three sugar moieties
(hexose and rhamnose) acetylated with caffeic or coumaric
acid. Y. Jiang et al. (2024) found the presence of 26 antho-
cyanin glycosides, including 12 acylated ones (acetyl-, ma-
lonyl-, and succinyl- derivatives). It was also shown that the
TAC and content of individual anthocyanin glycosides in-
creased with size reduction of the flour particle (coarse, fine
and superfine flour samples).

The main anthocyanins in blue grains are delphinidin-
3-rutinoside, delphinidin-3-glucoside, malvidin-3-glucoside
(Ficcoetal., 2014), delphinidin-3-rutinoside, cyanidin-3-glu-
coside, cyanidin-3-rutinoside (Abdel-Aal et al, 2006), malvi-
nidin-3-glucoside, delphinidin-3-galactoside, cyanidin-3-glu-
coside (Sharma N. et al., 2020), delphinidin-3-rutinoside,
delphinidin-3-glucoside, petunidin-3-glucoside (lannucci et
al., 2022). Blue grain has a high concentration of delphini-
din-3-glucoside (9.9-56.5 pg/g) and delphinidin-3-rutinoside
(35.9-72.5 pg/g) (Abdel-Aal et al., 2006; Ficco et al., 2014;
lannucci et al., 2022) or delphinidin-3-galactoside and mal-
vidin-3-glucoside (Sharma N. et al., 2020). E.S.M. Abdel-Aal
etal. (2006) found the presence of eight anthocyanins in blue-
grain wheat: cyanidin-3-glucoside, cyanidin-3-rutinoside,
delphinidin-3-glucoside, delphinidin-3-rutinoside, malvidin-
3-rutinoside, peonidin-3-rutinoside, petunidin-3-glucoside,
and petunidin-3-rutinoside. D.B.M. Ficco et al. (2014)
showed the presence of eight anthocyanins and identified
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new peonidine derivatives. P. Bartl et al. (2015) identified
cyanidin, delphinidin, malvidin, peonidin and petunidin
derivatives with 1, 2 or 3 hexose moieties with rhamnose or
coumaric acid.

Black-grain wheat has not only a higher total anthocyanin
content, but also a more diverse composition of anthocyanin
glycosides. For example, N. Sharma et al. (2020) found 10 dif-
ferent anthocyanins in blue grain, 6 in purple grainand 11 in
black grain. M. Garg et al. (2016) identified 22 different antho-
cyanins in blue wheat, 23 in purple wheat and 26 in black wheat
including cyanidin-3-(6"-succinylglucoside), cyanidin-3-(2G-
xylosylrutinoside), cyanidin-3-(3",6"-dimalonylglucoside),
cyanidin-3-(6"-feruloylglucoside)-5-glucoside, cyanidin-
3-rutinoside-3’-glucoside, delphinidin-3-caffeoylglucoside,
delphinidin-3-sambubioside, malvidin-3-rutinoside-5-glu-
coside, malvidin-3-(6"-p-caffeoylglucoside), pelargonidin-
3-(6"-malonylglucoside), peonidin-3-rutinoside-5-glucoside,
peonidin-3,5-diglucoside, petunidin-3-rutinoside-5-glucoside.
It was found that black wheat has a high concentration of
cyanidin-3-glucoside, cyanidin-3,5-di-glucoside, delphinidin-
3-glucoside, delphinidin-3-galactoside, and malvidin-3-gluco-
side (Sharma N. et al., 2020; Shamanin et al., 2024). Red and
white wheat varieties contain cyanidin, delphinidin, malvidin
and peonidin anthocyanin derivatives in small concentrations,
with the highest content of cyanidin-3-glucoside (Ficco etal.,
2014; Garg et al., 2016; Sharma N. et al., 2020). More detailed
information on the qualitative and quantitative content of
anthocyanin glycosides in grains with different coloration is
presented in Table S2.

It is assumed that qualitative and quantitative differences in
anthocyanin composition may be due to genetic characteris-
tics of the analyzed samples, as well as differences in the
equipment used for grain grinding, extraction technologies
and quantitative analysis of anthocyanins. Genetic characters
cause variation in the qualitative and quantitative composi-
tion of anthocyanins in wheat. Each variety has an individual
anthocyanin profile (Abdel-Aal, Hucl, 2003). The anthocyanin
content is affected by environmental factors like temperature
during grain filling period, drought, disease damage (Garg et
al., 2022). E.S.M. Abdel-Aal and P. Hucl (2003) studied the
anthocyanin content over three crop years. Blue wheat exhib-
ited a reduced effect of environmental factors on anthocyanin
content as compared to purple wheat, perhaps due to the loca-
tion of the anthocyanins in different grain layers. D.V. Bustos
etal. (2012) found that anthocyanin content increases rapidly
during grain development and decreases before maturity.
TAC decreases in the distal position of grains in the spike
and when plants are shaded before tillering. On the contrary,
TAC increases by halving the spikelet number per spike.
Magnesium fertilization and early harvesting increases TAC
in purple wheat by 65 and 39 %, respectively. X. Fan et al.
(2020) showed that anthocyanin accumulation in purple wheat
increases when grown under nitrogen-deficient conditions.
According to R. Beleggia et al. (2021), late sowing dates of
wheat increases TAC.

Content of phenolic compounds

in colored wheat grain

Phenolic compounds are secondary metabolites that play an
important role in the mechanisms of plant defense against
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UV radiation, pathogen suppression and ensuring the structural
integrity of the cell wall. Phenolic acids are the most common
class of phenolic compounds (Laddomada et al., 2017), the
molecules of which consist of a phenolic ring and a carboxy-
lic acid functional group. There are mainly two groups of
phenolic acids in wheat: hydroxybenzoic (vanillic, syringic,
p-hydroxybenzoic, gallic, salicylic, protocatechuic, ellagic,
and gentisic acid), which have a C6-C1 structure, and hydro-
xycinnamic acid derivatives (ferulic, cinnamic, coumaric,
caffeic, and sinapic acid), which are aromatic compounds
with a three-carbon side chain (C6-C3) (Table S3). Individual
compounds in each of these groups differ from each other by
the presence and structure of side radicals.

Phenolic acids in wheat grains can take the following
forms: insoluble, bound by ether and ether-ether bonds to cell
wall components such as cellulose, arabinoxylan, lignin, and
proteins (about 50-70 % on average); soluble, conjugated to
sugars or other low molecular weight components (13-20 %);
and soluble, free (0.5-2 %) (Menga et al., 2023).

A lot of studies have shown that the total content of soluble
and insoluble phenolic compounds in colored wheat grain
increases in the following order: white < purple < blue < black
(Kumari et al., 2020; Paznocht et al., 2020) with up to
4-6 times higher content in colored grain compared to un-
colored grain (Sharma S. et al., 2018; Kumari et al., 2020;
Wang et al., 2020; Garg et al., 2022; Shamanin et al., 2022;
Sahuetal., 2023). In general, regardless of the grain color, the
grain shells that are removed during milling have the highest
content of phenolic acids, as well as anthocyanins and only by
using whole wheat flour products you can get all the benefits
possible. The quantitative content of soluble and insoluble
phenolic compounds in wheat grain with different colors is
presented in Table S4.

Ferulic acid is the most abundant compound in wheat grain
(65.0-94.9 % of all insoluble bound phenolic compounds) (Ma
et al., 2021). It has been shown that the quantitative content
of individual phenolic acids in free and bound forms can
vary widely depending on the genotype. According to D. Ma
et al. (2016), purple grain has higher contents of soluble and
insoluble phenolic acids including ferulic acid, vanillin and
caffeic acid than blue and red grain.

The study of free phenolic acids content in bran fractions
showed that purple grain had maximum TPC (636-1,134 pg/g
GAE (gallic acid equivalent)), while in blue and black grain the
TPC was from 476 to 874 ng/g and from 495 to 590 pg/g, re-
spectively. Gallic acid (29-33 pg/g), ferulic acid (and isoferu-
lic acid) (59-66 pg/g) and salicylic acid (30-65 pg/g) had the
highest content in all samples (Zhang et al., 2018). Among the
bound phenolic acids, ferulic (from 1,726 pg/g in black grain
t0 2,620 ug/g in blue grain) and salicylic acids (from 535 ug/g
in blue grain to 906.02 pg/g in black grain, respectively) had
the highest content. Overall, phenolic acid content in both free
and bound forms as well as AOA gradually decreased in the
following order: outer bran > coarse bran > shorts.

V.P. Shamanin et al. (2022) showed that the total phenolic
compound content ranged from 446 to 708 mg GAE/100 g
in red wheat varieties (189-271 and 227-487 mg GAE/100 g
free and bound, respectively), 457 and 767 mg GAE/100 g in
blue-grain wheat lines (204 and 247 mg GAE/100 g; 253 and
520 mg GAE/100 g), 353-772 mg GAE/100 g in purple-grain
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wheat lines (164-248 and 190-432 mg GAE/100 g) and 476—
520 mg GAE/100 g (190-218 and 259-323 mg GAE/100g) in
black-grain wheat lines. In the bound fractions of some purple-
grain wheat genotypes, as well as in F, black wheat hybrids,
ferulic and sinapic acids had the highest content: 307-582 and
277-619 ng/g (in purple wheat); 257424 and 272-450 pg/g
(in black wheat); in some genotypes, ellagic or protocatechuic
acids were predominant (31-89 and 90157 pg/g). The free
fraction was dominated by gallic, protocatechuic, and — in a
number of purple-grain wheat samples — ellagic acid.

According to M. Bueno-Herrera and S. Pérez-Magarifio
(2020), vanillic (20.3-34.2 pg/g) and trans-ferulic (8.4—
20.2 pg/g) prevailed in the free fraction, while cis- and trans-
ferulic (245.1-304.6 pg/g), p-coumaric (8.8-9.9 ug/g) and
vanillic acids (6.5-7.2 pg/g) were predominant in the bound
fraction. A higher content of phenolic compounds was charac-
teristic of the fine bran fraction (with a particle diameter of
200-800 pm) than in the coarse bran (with a particle diameter
0f 800-2,000 um) and flour fractions. O.G. Geyik et al. (2023)
showed that blue wheat had higher ferulic acid content in the
bran fraction than purple and red wheat (2,264, 1,945 and
988 ug/100g, respectively). In the free fractions, p-coumaric
acid (11.5 pg/100 g) had the highest content in red wheat and
ellagic acid (14.7 and 11.5 pg/100 g, respectively) in purple
wheat and black wheat.

D. Ma et al. (2016) studied the accumulation of phenolic
acids in white, red, and purple wheat grains. They concluded
that the maximum accumulation of ferulic and syringic acids
was observed 14 days after flowering, while the levels of
p-coumaric and caffeic acids reached the maximum level
7 days after flowering, and the levels of vanillic acid increased
gradually during grain filling and reached the maximum
level at the ripening stage (35 days after flowering). White
wheat had higher phenolic acid contents and relatively high
phenolic acid biosynthesis pathway genes (TaPAL1, TaPAL2,
TaC3H1, TaC3H2, TaC4H, Ta4CL1, Ta4CL2, TaCOMT1 and
TaCOMT?2) expression at the early stage, while purple wheat
had the highest phenolic acid content and gene expression
levels at later stages.

Antioxidant activity of colored wheat grains

Antioxidants are known to have the ability to neutralize and
destroy free radicals that cause damage to cellular structures.
The AOA of wheat is caused by anthocyanins, phenolic acids,
flavones and flavonols. In vitro and in vivo grain AOA is
assessed using a number of methods. The DPPH method is
based on the registration of DPPH (2,2-diphenyl-1-picrylhyd-
razyl) radical reduction upon interaction with antioxidants.
Other methods are also used, such as ABTS (decrease in
the intensity of absorption by cations of the ABTS radical
(2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)),
ORAC (oxygen radicals absorbance capacity) — ability to
intercept peroxyl radicals, FRAP (ferric reducing antioxi-
dant power) — reduction of trivalent iron complex ion (TPTZ
(2, 4,6-3(2-pyridyl)-1,3,5-triazine)) concentration, CUPRAC
(cupric reducing antioxidant capacity) — change in optical
density in the reduction reaction of Cu2* to Cu*, PCL — chemi-
luminescence registration (Ma et al., 2016; Abdel-Aal et al.,
2018; Sharma S. etal., 2018; Shamanin et al., 2024). The AOCA
of colored wheat grain compared to uncolored grain is mainly
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due to its higher anthocyanin content. C. Hu et al. (2007)
found that 69 % of the total free radical scavenging capacity
of blue wheat is determined by the content of anthocyanins,
while 19 % is attributed to phenolic acids, and the contribu-
tion of bound ones is much higher than free ones (Zhang et
al., 2018; Shamanin et al., 2022). Cyanidin-3-glucoside has
the strongest AOA among anthocyanins — 3.5 times stronger
than Trolox (vitamin E analog).

Several studies have shown that blue, purple and black
wheat have higher AOA values compared to red and white
grain wheat (Ficco et al., 2014; Ma et al., 2016; Sharma S.
et al., 2018; Kumari et al., 2020; Wang et al., 2020). The
highest AOA values (ABTS and DPPH) are characteristic
of black wheat, then decrease in the following order: blue >
purple >white, as well as TAC and TPC (Kumari et al., 2020;
Sharma A. et al., 2023). AOA values of grains with different
coloring determined using different methods are given in
Table S5. Since compounds with antioxidant properties are
found predominantly in the bran fraction, the AOA of bran is
significantly higher than that of whole grain (Siebenhandl et
al., 2007; Abdel-Aal et al., 2018; lannucci et al., 2022; Saini
et al., 2023). V. Jiang et al. (2024) showed that the AOA of
superfine flour was 1.18 and 1.62 times higher than that of
coarse flour (ABTS and ORAC). A positive correlation was
shown between the TPC in flour and AOA (r = 0.769 (ABTS)
and r = 0.984 (FRAP)) (Li Y. et al., 2015), between TPC
and ABTS (r = 0.97) (Ficco et al., 2014), between soluble
phenolic compounds and DPPH (r = 0.65) (Sharma S. et al.,
2018). Significant positive correlations were also observed
between TAC and AOA (PCL) (r = 0.9) (Sharma S. et al.,
2018), individual anthocyanins and ABTS (r = 0.65-0.91)
(Shamanin et al., 2024).

Breeding achievements in Russia

in obtaining colored-grain wheat varieties

In Russia, several research institutions are actively working
on obtaining promising colored-grain wheat breeding lines
and varieties. To date, three purple-grain wheat varieties have
passed competitive variety testing and have been included in
the register of breeding achievements: Nadira (FRC Kazan
Scientific Center of RAS, 2022), Pamyati Konovalov (FSC
of Legumes and Groat Crops and Russian State Agrarian Uni-
versity — Moscow Timiryazev Agricultural Academy, 2023),
and EF 22 (Omsk State Agrarian University named after
P.A. Stolypin, 2024). These varieties are characterized by
high levels of TAC and AOA, and therefore can be used for
the production of functional foods. The variety Nadira was
obtained by individual selection from the hybrid population F3
L.22-95 / Kommissar (Vasilova et al., 2021). L.22-95, which
was obtained at the Siberian Research Institute of Agriculture,
was a donor of purple grain color. Nadira is recommended
for cultivation in the Volga-VWyatka, Middle Volga and Ural
regions. It is a medium-maturing variety. The average yield
in the competitive variety trial for 2016-2018 was 4.8 t/ha
(the standard Yoldyz yield was 4.7 t/ha). The variety is re-
sistant to loose smut, moderately susceptible to leaf rust and
powdery mildew. Drought tolerance of the Nadira variety is
at the level of standard varieties. The variety contains 13.8 %
protein in grain, 25.5 % crude gluten and has baking qualities
corresponding to valuable varieties.
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The variety Pamyati Konovalov was obtained by indivi-
dual selection from a hybrid population: (Laval 19 x Gran-
ny) x Granny. Laval 19 (Canada) is the donor of purple color.
This medium-maturing variety is recommended for cultivation
in the Moscow region. Grain yield per plot in 2020-2021 was
451 and 284 g/m? (the standard variety Zlata yield was 593
and 408 g/m2, respectively). Baking qualities of the variety
are satisfactory and good, it is a good filler. The variety is
resistant to lodging, septoriosis and fusariosis, moderately
resistant to leaf rust (Rubets et al., 2022).

The variety Ivolga fioletovaya (Russian State Agrarian
University — Moscow Timiryazev Agricultural Academy)
is an isogenic purple wheat line of the variety Ivolga. Grain
yield per plot in 20202021 was 417 and 358 g/m2, which is
lower than that of the Zlata variety. Ivolga fioletovaya is a
medium-maturing variety, resistant to lodging, leaf rust and
powdery mildew, but susceptible to fusarium and septoriosis
(Rubets et al., 2022).

The efforts of scientists of OmSAU and ICIG SB RAS
resulted in a number of promising lines from crossing lines of
the S29 variety with Ba and Pp genes with Siberian varieties
such as Element 22 (with Zn content more than 50 mg/kg),
Aina, Tobolskaya and line BW49880 (CIMMYT, high Zn
content) (Gordeeva et al., 2020; Shamanin et al., 2022). These
lines are characterized by high TAC (maximum values of
254 and 326 ug/100 g in F, purple- and black-grain hybrids
obtained based on BW 49880), phenolic compounds (767 and
599-772 mg GAE/100 g; 520 and 427-566 mg GAE/100 g
total and bound phenolic acids in the blue-grain Blue 10 line
(s:C29 4Th(4D)/Element 22) and in purple-grain BCF,—
BC,Fs hybrids of the Element 22 variety, respectively), AOA
(CUPRAC) (482-494 mg TE/100 g (trolox equivalent) in the
BC;Fg purple-grain lines of the Tobolskaya variety and F, hy-
brids of Element 22 and BW 49880), as well as Zn content from
44.5 to 56.5 mg/kg and Fe content from 53.5 to 65.5 mg/kg
(Shamanin et al, 2022, 2024).

The EF 22 variety was created by marker-assisted selec-
tion using SSR markers flanking the Pp-D1 and Pp3 genes
(Gordeeva et al., 2020) over six years. The donor of purple
grain was the i:S29F line (introgression fragments from Purple
Feed) (Arbuzova et al., 1998). EF 22 is a valuable medium-
late variety, which has been included in the State Register
for the Ural and West Siberian regions. The average yield for
2016-2020 was 3.12 t/ha, while the Element 22 variety had
an average yield of 3.89 t/ha (Pototskaya et al., 2022). A study
of the bread characteristics from whole wheat flour of EF 22,
breeding lines Blue 10 and Purple 8 (Element 22*2/i: C29PF)
showed higher content of phenolic compounds and AOA and
lower glycemic index compared to white wheat bread (Koksel
etal., 2023).

Conclusion

The presented review summarized information on the genetic
control of the regulation of anthocyanin accumulation and
biosynthesis in the pericarp and aleurone layer by the Ba,
Pp-1 and Pp3 genes. Information on anthocyanin content,
phenolic compounds and AOA levels in wheat with different
grain coloration is presented. Purple, blue and black wheat
has higher TAC, TPC and AOA than uncolored wheat, and
TAC, soluble and insoluble phenolic compounds and AOA
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values increase in the following order: purple > blue > black
wheat. Purple-grain wheat as well as black-grain wheat
have a more diverse anthocyanin compositions compared to
blue-grain wheat. Colored-grain wheat varieties obtained by
Russian breeders are a source of bioactive compounds that
play an important role in disease prevention and can serve as
a basis for the development of the anthocyanin-biofortified
food industry in the internal market and increase the value of
exported grain products.
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Abstract. The nucleolus is a large membraneless subnuclear structure, the main function of which is ribosome bio-
genesis. However, there is growing evidence that the function of the nucleolus extends beyond this process. While
the nucleolus is the most transcriptionally active site in the nucleus, it is also the compartment for the location and
regulation of repressive genomic domains and, like the nuclear lamina, is the hub for the organization of inactive
heterochromatin. Studies in human and Drosophila cells have shown that a decrease in some nucleolar proteins
leads to changes in nucleolar morphology, heterochromatin organization and declustering of centromeres. This
work is devoted to the study of the effects of Novel nucleolar protein 3 (Non3) gene mutations in D. melanogaster on
the organization of chromatin in the nucleus. Previously, it was shown that partial deletion of the Non3 gene leads
to embryonic lethality, and a decrease in NON3 causes an extension of ontogenesis and formation of a Minute-like
phenotype in adult flies. In the present work, we have shown that mutations in the Non3 gene suppress the posi-
tion effect variegation (PEV) and increase the frequency of meiotic recombination. We have analyzed the classical
heterochromatin markers in Non3 mutants and shown that the amount of the HP1 protein as well as the modifi-
cation of the histone H3K9me2 do not change significantly in larval brains and salivary glands compared to the
control in Western blot analysis. Immunostaining with antibodies to HP1 and H3K9me2 did not reveal a significant
reduction or change in the localization patterns of these proteins in the pericentromeric regions of salivary gland
polytene chromosomes either. We analyzed the localization of the HP1 protein in Non3 mutants using DNA adenine
methyltransferase identification (DamID) analysis and did not find substantial differences in protein distribution
compared to the control. In hemocytes of Non3 mutants, we observed changes in the morphology of the nucleolus
and in the size of the region detected by anti-centromere antibodies, but this was not accompanied by decluster-
ing of centromeres and their untethering from the nucleolar periphery. Thus, the NON3 protein is important for the
formation/function of the nucleolus and is required for the correct chromatin packaging, but the exact mechanism
of NON3 involvement in these processes requires further investigations.
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AHHOTaLMsA. AAPBILWKO — 3TO KpynHas 6e3ameMbpaHHas cybbagepHan CTPYKTypa, rae NpoucxoamT brioreHes pu-
60com. OfHaKo M3BECTHO Bce 6osblie AaHHbIX O TOM, YTO AAPbILIKO BbIMOSHAET 1 Apyrue dyHKLUMM B KneTke. [o-
MUMO TOTO, YTO B AAPbILLKE MPOUCXOAAT aKTUBHbIN CHTe3 1 npoueccuHr pPHK, oHo ABNsieTcAa KoMnapTMEHTOM, Ha
neprdepnn KOTOPOro JIOKann30BaHbl PenpeccrpoBaHHble YYacTKu reHoMa. Takum obpa3om, Hapagy C AaepHom
NaMUHOW AAPLIWKO BbICTYMAET LEHTPOM OpraHu3auuy retepoxpomatuHa. MiccnefoBaHua Ha KneTkax 4YenoBeka
1 [po30¢ubl MOKasany, YTo CHUKEHUE KONMUYeCTBa OTAENbHbIX AAPbILLKOBbIX 6€IKOB MPUBOANT K U3MEHEHNUAM
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The effects of Non3 mutations
on chromatin organization in Drosophila melanogaster

B Mopdonorum aapbillKa, OpraH1M3aLmmn retepoxpomatiHa 1 aeknacteprsaummn LeHtTpomep. [laHHaa pabota no-
CBALLIEHa M3yYyeHunIo BAVAHNA MyTaumin B reHe Novel nucleolar protein 3 (Non3) D. melanogaster Ha opraHusauuto
XpomaTrHa B Agpe. PaHee 6Obino NokasaHo, YTo geneunsa yact reHa Non3 NpMBOANUT K SMOPUOHaNbHOW neTanb-
HOCTW, a CHUXKeHMe KonnyecTtsa 6enika NON3 - K 3aMeafieHunto oHToreHesa n dopmrposaHuto Minute-nogo6Horo
¢deHoTUNa y B3pOoCsbIX MyX. B HacToALel paboTe Mbl TPOAEMOHCTPUPOBANY, YTO MyTaLmmn B reHe Non3 cynpeccu-
pYyIoT 3O PEKT NONOXKEHNA MO3aMYHOTO TWMa 1 YBENMYMBAIOT YacTOTy MENOTUYECKON pekoMbrHaummn. Obulee Ko-
NINYECTBO KNaccMyecknx MapKkepoB reTepoxpomatiiHa, 6enka HP1 n mogudukauum ructoHa H3K9me2, B mo3srax u
CIIOHHbIX »Kefle3ax IMYNHOK MyTaHTOB Non3 CyLeCTBEHHO He OT/IMYaeTCA OT KOHTPOJIA, COMNAacHO OLeHKe BeCTePH-
65101 aHanu3om. iIMmyHooKpalumBaHue aHTuTenamm K HP1 n H3K9me2 Takxe He BbIABMIO 3HAUNTENbHOIO N3MeHe-
HUA B KONIMYECTBE M NaTTepHe foKanmn3aunm 3Tnx 6enkos B NPULEHTPOMEPHbIX PallOHaX MOMUTEHHbBIX XPOMOCOM
CIIIOHHBIX Kenes. V3yuns nokanusauuio 6enka HP1 y mytaHTtoB no reHy Non3 ¢ nomoubto metoga DamID (DNA
adenine methyltransferase identification), Mmbl Tak»ke He 06HapPYXMN 3HAUMMBIX OTAINYMIA B pacnpeaeneHnm 6enka
Mo CPaBHEHWIO C KOHTposneMm. B remoumtax MyTaHToB Non3 mMbl Habnoganm nsmeHeHne mopdonornm aapbillka v
pa3mepa obnactu, BbIABAAEMON aHTULIEHTPOMEPHBIMU aHTUTENTaMK, HO 3TO He COMPOBOXAANoCh AeKnacTepmsa-
LMei LeHTPOMEp 1 OTXOXKAEHNEM UX OT nepudepun agpblika. Takum obpasom, 6enok NON3 BaxkeH ansa popmu-
pOoBaHVA/GYHKLMOHNPOBAHUA APbILIKA U HEOOXOAMM AN MPaBUbHON YNakoBKM XPOMaTUHA, OfHAKO TOYHBbI
MexaHu3m yyactsas NON3 B faHHbIX NpoLeccax TpebyeT fanbHENWero n3yyeHuns.

KnioueBbie cnoa: agpbiwko; NON3; HP1; CID; H3K9me2; xpomaTuH; NpuLeHTPOMEpHblE PalioHbl XPOMOCOM;
3ddeKT nonoxkenus; Su(var)205; Su(var)3-9; ppo3oduna

Introduction

The nucleolus is a membraneless organelle that forms through
phase separation in the nucleus. It is formed around nucleolus
organizer regions (NORs), which contain ribosomal gene
(rDNA) clusters encoding rRNAs (Pavlakis et al., 1979;
Smirnov etal., 2016; Trinkle-Mulcahy, 2018). The main func-
tion of the nucleolus is the synthesis and processing of rRNA,
production of the small 40S and large 60S ribosome sub-
units and ribosome assembly (Panse, Johnson, 2010). During
interphase, the nucleolus can be divided into three compart-
ments: the fibrillar center (FC), the dense fibrillar compo-
nent (DFC), and the outer granular component (GC). The FC
border is responsible for IDNA transcription, while the DFC
and GC are involved in rRNA processing and the assembly
of ribosomes, respectively. The FC is enriched in components
of the RNA pol | machinery, such as the transcription factor
UBEF, whereas the DFC harbors various RNA-modifying en-
zymes and pre-rRNA processing factors including Fibrillarin
(Boisvertetal., 2007; Boulon et al., 2010; Hernandez-Verdun
etal., 2010; Razin, Ulianov, 2022). While the nucleolus is the
most transcriptionally active site in the nucleus, it is also the
compartment for the location and regulation of repressive
genomic domains and, like the nuclear lamina, represents the
hub for the organization of heterochromatin (Janssen et al.,
2018; Quinodoz et al., 2018; Bersaglieri, Santoro, 2019;
larovaia et al., 2019). Indeed, a shell of perinucleolar hete-
rochromatin composed of silent rDNA, repetitive satellite
DNA, heterochromatic regions from non-NOR-bearing chro-
mosomes and pericentromeric/centromeric regions of chro-
mosomes is often located close to the GC of the nucleolus
(Németh, Langst, 2011).

Large segments of the eukaryotic genome are packaged in
heterochromatin domains characterized by late replication
and a low level of meiotic recombination. These domains
containing arrays of repetitive sequences and transposable
elements are enriched in H3K9me2/3 and harbor a small
number of essential protein-coding genes. About one third
of the Drosophila genome is considered heterochromatic,
including the entire Y chromosome, most of the small chro-

mosome 4 and the pericentric regions that cover 40 and 20 %
of the X chromosome and the large autosomes, respectively
(Grewal, Jia, 2007; Smith et al., 2007; Elgin, Reuter, 2013;
Allshire, Madhani, 2018; Janssen et al., 2018). The best
studied non-histone components of heterochromatin are
HP1 encoded by the Su(var)205 gene (Lu et al., 2000) and
Su(var)3-9 methyltransferase encoded by the gene of the
same name (Schotta et al., 2002). HP1 is mainly found in
the chromocenter, telomeres, chromosome 4, and in some
sites on the chromosome arms (Meyer-Nava et al., 2020).
Su(var)3-9 performs di- and trimethylation of H3K9, which is
necessary for the specific binding of the HP1 protein (Rea et
al., 2000; Schotta et al., 2002). Su(var)3-9 associates with the
histone deacetylase HDAC1 (Czermin et al., 2001) and con-
certed histone deacetylation and methylation by a Su(var)3-9/
HDAC/1-containing complex leads to permanent silencing of
transcription in particular regions of the genome (Czermin
et al., 2001). HP1 binding recruits additional Su(var)3-9 to
methylate the adjacent nucleosome, which provides another
binding site for HP1 in a self-propagating process (Schotta et
al., 2003; Sentmanat, Elgin, 2012).

Centromeres are specialized domains of heterochromatin
that provide the foundation for the kinetochore (Bloom,
2014). These multiprotein structures play an essential role
during cell division by connecting chromosomes to spindle
microtubules in mitosis and meiosis to mediate accurate
chromosome segregation (Heun et al., 2006; Kyriacou, Heun,
2023). Centromeres are marked by the histone H3 variant
centromere protein A (CENP-A, also called centromere identi-
fier (CID) in Drosophila), which is necessary and sufficient
for kinetochore activity (Bloom, 2014; Chang et al., 2019).
Clustering and positioning of centromeres near the nucleolus
is essential for the stable organization of pericentric hetero-
chromatin in Drosophila (Padeken et al., 2013). Studies on
human and Drosophila cells have provided evidence that a
decrease in some nucleolar proteins can cause the reposition-
ing of heterochromatin away from the nucleolar periphery and
declustering of centromeres during interphase (Padeken et
al., 2013; Rodrigues et al., 2023). The depletion of nucleolar
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proteins such as Nucleolin and Nucleophosmin led to changes
in nucleolar morphology and heterochromatin organization
(including decreased levels of H3K9me3 and HP1 foci at
perinucleolar regions), as well as to mitotic defects (Olausson
et al., 2014; Bizhanova, Kaufman, 2021). The decrease of
Drosophila nucleolar protein Modulo (Nucleolin orthologue)
led to declustering and untethering of centromeres from the
nucleolar periphery (Padeken et al., 2013).

Previously, we demonstrated that Drosophila protein
NONS3 localizes to the nucleolus in larval brain cells. Null
allele of the Non3 gene (Non346%%) causes early larval lethal-
ity, whereas viable combinations of hypomorphic alleles
(Non3¢4796/Non3259, Non3¢4706/Non3197, Non3¢#706/Non3310)
result in Minute-like phenotype, which is manifested as pro-
longed development, poor viability and fertility, as well as
abnormally short and thin bristles (Andreyeva et al., 2019).
The NON3 protein belongs to the group of Brix domain-con-
taining proteins, which are highly conserved from archaea to
humans (Eisenhaber et al., 2001; Mackawa et al., 2018). The
Brix domain is supposed to function as a structural hub for
interactions with both proteins and RNA, mediated by its N-
and C-terminal halves, respectively (Maekawa et al., 2018).
The NON3 orthologous proteins are Ribosome production
factor 2 (Rpf2) in S. cerevisiae (Morita et al., 2002), ARPF2
in A. thaliana (Maekawa et al., 2018) and RPF2 in humans
(Hirano et al., 2009). All orthologues localize in the nucleolus.
Human RPF2 and NON3 exhibit 66 % similarity and 47 %
sequence identity (Gramates et al., 2017). Despite the fact
that human RPF2 is an rRNA-interacting protein involved in
pre-rRNA processing, it was isolated together with 172 pro-
teins embedded in heterochromatic H3K9me3 domains in the
course of proteomic analysis of purified H3K9me3-marked
heterochromatin in human fibroblasts (Becker et al., 2017).
The fact that RNA-binding proteins remain strongly enriched
in H3K9me3-marked chromatin provides strong support for
these proteins having a role in heterochromatin maintenance
(Becker et al., 2017).

Here, we describe the role of the conserved NONS3 protein
in position-effect variegation (PEV) and show that Non3
mutations are weak suppressors of PEV. We also show that
Non326%0 hackground slightly enhances meiotic recombina-
tion. However, neither immunostaining for HP1 nor genome-
wide DamID-seq mapping of HP1 binding to salivary gland
polytene chromosomes reveals any substantial changes
between the control and Non3 mutants. Finally, we provide
evidence that Non3 mutations affect the size of the nucleolus
and the region detected by anti-centromere antibodies in larval
hemocytes, but do not affect the clustering of centromeres and
their positioning relative to the nucleolus. Identification of new
functions of nucleolar proteins may provide new insights into
the functions of the nucleolus.

Materials and methods
Fly stocks. All fly lines used in this work are presented in
Table 1. Flies were raised and crossed on standard cornmeal
agar media at 25 °C unless otherwise stated.

Generation of the sgs3-FLP transgenic construct and
Drosophila germline transformation. To make the sgs3-FLP
construct, a cassette consisting of a 1345-bp genomic DNA
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fragment [chr3L:11510890-11512234, but with 11510939A>G,
11511517G>T, 11511567A>C and 11511624T>A substitu-
tions; the coordinates are from Release 6 of the D. melano-
gaster genome assembly (Hoskins et al., 2015)] spanning
the salivary gland-specific Sgs3 gene promoter (Biyasheva
et al., 2001; McPherson et al., 2024; Suarez Freire et al.,
2024) and the FLP recombinase coding sequence were cloned
upstream of the SV40 poly(A) sequence of the pattB vector
(DGRC Stock 1420; https://dgre.bio.indiana.edu//stock/1420;
RRID:DGRC 1420). Details of plasmid construction are
available upon request. The sgs3-FLP construct was integrated
into the genome at the attP154 site (chromosome 3R) (Pe-
tersen, Stowers, 2011) mainly as described previously (Bischof
et al., 2007) using the fly stock BDSC #36347.

Eye pigment analysis. Red eye pigment extraction and
analysis were performed as described previously (Connolly
etal., 1969) with the following modifications. Adult flies were
aged for 3 days at 18 °C before measurement. For analysis,
we took thirty heads of each sex per genotype. The optical
density was measured at 480 nm using a Multimode Micro-
plate Reader (Tecan SPARK® 10M).

Meiotic recombination analysis. We counted crossing-
over frequencies along chromosome 3 using two different
fly strains (##306, 620) carrying recessive marker mutations
and the Non34690 mutation. Non3®* was used as control. For
each studied chromosomal region, the frequency of meiotic
recombination between markers was calculated by dividing
the number of recombinant progeny by the total number of
flies analyzed.

Western blotting. Immunoblotting was performed as de-
scribed earlier (Andreyeva et al., 2019). The following pri-
mary antibodies were used: mouse anti-B-Tubulin (1:800;
BX69 (Tavares et al., 1996), kindly provided by Prof. Harald
Saumweber), mouse anti-Non3 (1:5,000 (Andreyeva et al.,
2019)), mouse anti-HP1 (1:800, Developmental Studies
Hybridoma Bank (DSHB) C1A9), mouse anti-H3K9me?2
antibody (1:400, Abcam 1220). The primary antibodies were
detected with HRP-conjugated goat anti-mouse IgG (1:3,500;
Life Technology G-21040) and images were captured using
an Amersham Imager 600 System (GE Healthcare). Band
intensities were analyzed using ImageJ. The intensity of each
band was normalized with the intensity of the corresponding
loading control.

Immunostaining and microscopy. Indirect immunofluo-
rescence (IF) staining of polytene chromosomes, whole-mount
salivary glands and hemocytes was carried out as described
previously (Andreyeva et al., 2017; Tracy, Kramer, 2017;
Meyer-Nava et al., 2021). The following primary antibodies
were used: rabbit anti-HP1 (1:100, kindly provided by Prof.
Peter \errijzer), mouse anti-NON3 (1:50 (Andreyeva et al.,
2019)), mouse anti-H3K9me2 (1:100, Abcam 1220), mouse
anti-Fibrillarin antibody (38F3; 1:100, Thermo MA1-22000),
rabbit anti-CID (1:200, Abcam 10887). The primary anti-
bodies were detected with goat anti-rabbit IgG (H+L) highly
cross-adsorbed secondary antibody, Alexa Fluor™ 568 (1:500,
Thermo Scientific A-11036), and goat anti-mouse IgG (H+L)
cross-adsorbed secondary antibody, Alexa Fluor™ 488 (1:500,
Thermo Scientific A-11001). Samples were imaged using a
Zeiss Axio Imager M2 (Carl Zeiss) and a confocal microscope
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Table 1. List of the used fly stocks

The effects of Non3 mutations
on chromatin organization in Drosophila melanogaster

Genotype Source Stock
number
ylwe7c23 BDSC 6599
y! w¥ M{w*mC=hs.min(FRT.STOP1)dam}ZH-51C. 65433
Hereafter, STOP#1-Dam
y! w¥; M{w+mC=hs.min(FRT.STOP1)dam-HP1} 65436
ZH-51C. Hereafter, STOP#1-Dam-HP1
y w; M{Dam[intein@L127C]-LAM}ZH51C-M2. 65430
Hereafter, Dam(intein)-LAM
w118, p{w+mC= EP} Non364706/TM6C, Sb'. 30094
Hereafter, Non364706
In(1)wm4h, y1 ac’. Hereafter, In(1)wm#h 76618
Oregon RmodENCODE, Hereafter, Oregon R 25211
y! w¥; P{y+t7.7 w+mC =jav-QF.P}attP 154 36347
Diap1th-1 st1cp! in kniri-1 pp 620
ru’ hry! Diap1th-1 st? cu’ Laboratory 306
stock
Non3ex collection
Non3259 —
Non 34600 _
Plrescuel _
Su(var)205% Laboratory -
of Prof.
Su(var)3-96 Gunter
Reuter

Description Reference

Expresses Myc-tagged E. coli DNA adenine
methyltransferase under the control

of a minimal hsp70 promoter after FLP-mediated
excision of the STOP1 transcription termination
cassette

Pindyurin et al.,
2016

Expresses Myc-tagged E. coli DNA adenine
methyltransferase fused to HP1 under the
control of a minimal hsp70 promoter after
FLP-mediated excision of the STOP1 transcrip-
tion termination cassette

Pindyurin et al.,
2018

Expresses Myc-tagged 4-HT-intein-containing
E. coli DNA adenine methyltransferase fused
to LAM under the control of the full-length
hsp70 promoter

Pindyurin et al.,
2016

Strong hypomorphic mutation of the Non3
gene caused by the insertion of P-element-
based transgene

Andreyeva et al.,
2019

Chromosomal rearrangement associated
with variegation of the white* gene expression

The reference wild-type strain

Markstein et al.,
2008

attP docking sites located at 97D2 on chromo-
some 3R (between the CG14247 and Tl genes)

Carries a set of recessive markers on chromo-
some 3

Carries a set of recessive markers on chromo-
some 3

Lindsley, Zimm,
1992

Precise excision of P{EP} transposon from
the Non364706 allele. Used as a control

Andreyeva et al.,
2019

Strong hypomorphic mutation of the Non3
gene carrying remnants of P{EP} transposon
ends

Partial deletion of the Non3 gene coding
region, null allele

2.76-kb genomic DNA fragment carrying
a full-length copy of the wild-type Non3 allele

Loss of function mutation of the gene
encoding HP1

Westphal, Reuter,
2002

Schotta et al., 2002;
Westphal, Reuter,
2002

6-kb insertion in the gene encoding
the Su(var)3-9 histone methyltransferase

Note. BDSC - Bloomington Drosophila Stock Center (Bloomington, IN, USA; flystocks.bio.indiana.edu). All Non3 mutations were balanced with the T(2;3)TSTL,

CyO:TM6B, Tb'.

LSM 710 (Carl Zeiss). Optical sections were combined using
the LSM Image Browser version 4.2 software (Carl Zeiss).
Image analysis. To measure relative fluorescence intensity
of the HP1 protein and H3K9me?2 histone modification on
polytene chromosomes and whole-mount salivary glands, the
fluorescent signals recorded separately as grayscale digital
images were pseudocolor-coded and merged using the ImageJ
program. In the case of whole-mount salivary glands, we ana-
lyzed only corpuscular cells. Hemocyte image analysis was

done using Zeiss LSM Image Browser 4.2.0.121 software.
Centromere clusters were defined by anti-CID antibodies
with an individual center of gravity. Briefly, a sum projection
over 4 optical z-sections (0.35 pum each) was created for each
centromere foci and nucleolus centered around the brightest
pixel of the structure. Distances of centromeres to the nearest
nucleolus were measured by drawing a line from the center
of the centromere to the edge of the nucleolus. Areas of the
nucleolus, centromeres and nuclei were measured by outlin-

404 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 -3



A.A. lOwkoBa, A.A. Ornenko, E.H. AHgpeeBa
A.B. MuHptopuH, A.E. JletarnHa, E.C. OmenuHa

ing their boundaries and calculating the areas of the result-
ing polygons. 35 hemocytes of Oregon R, 39 hemocytes of
Non326%/Non325° and 39 hemocytes of Non3A50/Non3¢4706
third-instar larvae were analyzed.

DamlID-seq procedure. Fly genotypes used for DamID
experiments are listed below in the relevant section. Each
experiment was performed in two technical replicates with
60 salivary glands in each replicate dissected from third-instar
larvae. Isolation of genomic DNA from the collected material
and the entire DamID procedure were performed as previously
described (Pindyurin, 2017). To remove DamID adapters
from the PCR-amplified Dam-methylated DNA fragments,
the latter were digested with Dpnl| restriction enzyme. After
that, the size of the DNA fragments was reduced to a range of
150-450 bp by ultrasonic fragmentation using the Bioruptor
Pico Sonication system (Diagenode). Libraries for NGS were
prepared using the TruSeq protocol (Illumina).

IHlumina NGS and data analysis. Sequencing of the
samples was carried out on the lllumina MiSeq 2 x 75 bp plat-
form using the MiSeq Reagent Kit v3 150 cycles (Illumina).
The obtained fastq files contained ~1-2 million reads for each
sample. The quality analysis of the raw data was performed
using the FastQC tool (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Subsequent bioinformatic analysis of
DamID-seq data was done as described earlier with minor
modifications (Pindyurin et al., 2018). Briefly, sequencing
reads from two technical replicates of Dam or Dam-HP1
samples were adapter clipped and uniquely mapped to the
dm6 genomic assembly by “bowtie2” (Langmead et al., 2009).
Reads were counted by “HTSeqcount” software (Anders et al.,
2015) in GATC genomic fragments. Next, read counts were
merged between the replicates, as they were highly correlated
(the Pearson correlation coefficient = 0.93—0.97). The result-
ing read counts of Dam or Dam-HP1 samples were converted
to reads per million (RPM), and then Dam-HP1 values were
normalized to those of the Dam and log, transformed. Finally,
quantile normalization was applied.

Results

We investigated the role of NONS3 in nucleolar morphology,
heterochromatin organization, and centromere localization.
First, we examined whether Non3 mutants could modify PEV.
In Drosophila, PEV assay has been extensively employed to
study heterochromatin formation (Elgin, Reuter, 2013). We
used In(1)w™ inversion, in which the normally euchromatic
white+ gene responsible for eye pigmentation is placed close
to the pericentric heterochromatin due to chromosomal inver-
sion and becomes silent in some cells (Cooper, 1959). To test
whether Non3 mutations modify PEV, we genetically com-
bined inversion In(1)w™h with the following Non3 alleles:
Non3& (control), Non329 (strong hypomorphic mutation),
and Non32¢% (null allele of the Non3 gene) (Andreyeva et
al., 2019). The Su(var)205°and Su(var)3-9° mutations, known
PEV suppressors (Eissenberg et al., 1992; Schotta et al., 2002),
were used as references. The yw/yw; Non3®/+ and Oregon R
flies were used as negative and positive controls for absence/
presence of eye pigment, respectively (Fig. 1a). PEV can be
modified by a variety of factors. The temperature of develop-
ment and the amount of heterochromatin within the genome
were the first factors shown to affect the extent of variegation
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(Elgin, Reuter, 2013). We carried out experiments separately
for males and females at 18 °C. The visual inspection of fly
eyes showed that both the Non3%5% and the Non32%% muta-
tions combined with In(1)w™" lead to an increase in white+
expression compared to control (Fig. 1a).

To quantitatively measure the effects, we performed extrac-
tion and measurement of the eye pigment. For example, the
Non3250 mutation (In(1)w™h/yw; Non32°9/+) resulted in a
1.32- (for females) and 1.06- (for males) fold increase in the
eye pigmentation level compared to control (In(1)w™h/yw;
Non3/+). The Non32600 mutation (In(1)w™m4"/yw; Non32600/+)
resulted in a 1.67- (for females) and 1.47- (for males) fold
increase in the eye pigmentation level compared to control
(In(1)w™h/yw; Non3e/+) (Fig. 1b). Taken together, these
results demonstrate that Non3 mutations are suppressors of
PEYV, although their influence is significantly lower (~4 times
for both females and males) than that of the Su(var)205° and
Su(var)3-99 mutations. Generally, the results confirmed the
visual observations of fly eyes (Fig. 1a).

Next, we decided to perform meiotic recombination analysis
within the euchromatin and pericentromeric regions in Non3
mutants. Normally, recombination in pericentromeric hetero-
chromatin is almost absent and strongly suppressed in adjacent
euchromatic regions (Baker, 1958; Westphal, Reuter, 2002).
However, the dominant effects of suppressors of PEV on
crossing-over in the pericentromeric regions were shown for
some mutations. For example, for double mutants Su(var)205°
and Su(var)3-99, the meiotic recombination frequency in the
pericentromeric regions between the marker genes kni and p
was increased (Westphal, Reuter, 2002). We used two different
strains (##306, 620) carrying viable recessive genetic markers
on chromosome 3 (Fig. 2a) and measured the crossing-over
frequencies between them in a Non3 mutant background
(Fig. 2b, Supplementary Tables S1, S2)1. In Figure 2, we pre-
sented crossings for strain #306 but not for strain #620, since
it was similar to #306. We analyzed 2,380 crossover flies for
strain #306 and 3,079 flies for strain #620 (Table 2, Supple-
mentary Tables S1, S2). For strain #306, we showed that the
presence of one copy of the Non32%% allele in the genome
leads to a statistically significant 1.24- and 1.71-fold increase
in recombination frequency in the euchromatin region between
the marker genes ru and hry and in the pericentromeric regions
between the marker genes st and cu, respectively. For strain
#620, we observed a statistically significant 1.95-fold increase
in recombination frequency in the pericentromeric region be-
tween the marker genes kni and p (Fig. 2c, Table 2). The results
suggest a possible role of NON3 in maintenance of integrity
and stability of the euchromatin and pericentromeric regions.

We sought to understand whether NON3 is required for
chromosomal localization of the heterochromatin components.
For that, the Non3 mutant and wild-type Oregon R squash
preparations of polythene chromosomes were immunostained
with anti-HP1 and anti-H3K9me?2 antibodies. No difference in
the protein binding patterns at the chromocenter between the
mutant and the control background was found, but the intensity
of the signals was reduced by 27.6 and 23.0 % for HP1 and
H3K9me2, respectively, in Non3 mutants (N = 41) compared
to control (N =81) (Fig. 3a, b). However, when whole-mount

T Supplementary Tables S1, 52 and Figures $1-53 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx14.pdf
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Fig. 1. Suppression of PEV by the Non3 mutations at 18 °C.
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a - Eye pigmentation of control and mutant flies. The most characteristic images for each of the indicated genotypes are provided. b — Quantification of PEV
phenotype of adult flies based on the concentration of red eye pigment. Data are graphically represented as a histogram for three measurement points for each
genotype. The y-axis reflects the optical density (OD,4g4) of the eye pigment extracts from the flies of the indicated genotypes. Numbers inside the columns
indicate the average pigment optical density for each genotype. * Significance level p < 0.05, pairwise t-test.

salivary glands were immunostained with anti-HP1 antibodies,
we even found an increase in the HP1 intensity of 36.0 % in
Non3 mutants (N = 82) in comparison with control (N = 75)
(Fig. 3¢, d). The data of whole-mount salivary glands’ immu-
nostaining was in accordance with Western blotting analysis of
total protein levels from larval salivary glands and brains with
adjacent imaginal discs, which showed that the total levels of
the HP1 protein (Fig. 4a) and H3K9me2 histone modification
(Fig. 4b) were slightly increased in Non32¢9/Non325° mutants
compared to control.

Next, we investigated the distribution of the HP1 protein in
the salivary gland polytene chromosomes of Non3 mutants
using the DamID approach. To generate DamID profiles of

HP1, we used the FLP-inducible STOP#1-Dam system (Pin-
dyurin et al., 2016). Expression of Dam only or Dam-HP1
construct in larval salivary glands was activated by FLP re-
combinase expressed under the control of the sgs3 promoter,
which is specifically active in this tissue (Biyasheva et al.,
2001; McPherson et al., 2024; Suarez Freire et al., 2024). To
achieve that, the sgs3-FLP transgene was integrated at the
97D2 region and its activity was indeed detected in larval
salivary glands but not in whole adult flies (Supplementary
Fig. S1). Next, we combined the sgs3-FLP transgene with
the Non32%9 mutation on the same chromosome. Then, we
generated larvae of the following genotypes: STOP#1-Dam
(-HP1)/+; sgs3-FLP, Non3259/Non326%0 or STOP#1-Dam
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Fig. 2. Mutations in the Non3 gene increase the meiotic recombination frequency.

a- Schematic presentation of strains ##306 and 620 carrying a set of recessive mutations in chromosome 3 and used for analysis of meiotic
recombination frequencies. The numbers indicate the localization of recessive mutations on the genetic map according to (Gramates et
al,, 2017). Pericentromeric heterochromatin and the centromere are shown by a gray rectangle and a black circle, respectively. b — Experi-
mental setup. The #306 strain is shown as an example. The initial cross involves the homozygous strain #306 and the strain carrying any of
the Non3 alleles (Non3ex or Non32600), Virgin F1 females (red asterisk), in the gonads of which crossing-over takes place, are crossed with
males of the strain #306. Several examples of F2 crossovers are shown. ¢ - Effect of the heterozygous Non34600 mutation on the frequency
of meiotic recombination at the studied chromosomal regions as compared to the Non3eX control. * Significance level p < 0.01 by Fisher’s

exact test.

Table 2. The number of F2 crossover flies analyzed for meiotic recombination frequency

Crossovers Number of flies Fisher's exact
Non3& Non 32600 test p-value

Strain #306

ru-hry 299 371 0.001

hy-Drep! %0 94 0.818

paptst 4 10 0.178

st-cu 42 72 0.005

Total 1,190 1,190

Crossovers Number of flies Fisher's exact
Non3# Non 32600 test p-value
BDSC strain #620

Diap1-st 6 8 0.276

st-cp 14 14 0.338

in-kni 2 2 1.000

kni-p 27 36 0.009

Total 1,827 1,252
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Fig. 3. The levels of the HP1 protein and H3K9me2 histone modification in larval salivary glands of Non3 mutants.

a and b - Immunofluorescence images of polytene chromosome staining from wild-type Oregon R (a-a") and Non3A600/Non3259 mu-
tant (b-b") larvae co-stained with anti-HP1 and anti-H3K9me2 antibodies. The intensities of HP1 and H3K9me2 signals are slightly reduced
in mutants compared to control. Arrows with a filled arrowhead indicate the chromocenter. Images in dotted frames represent magnifica-
tion of the chromocenter. c and d — Confocal microscopy (maximum projection) of salivary gland nuclei from wild-type Oregon R (c-c")
and Non32600/Non3259 mutant (d-d”) larvae co-stained with anti-HP1 and anti-NON3 antibodies. There is no detectable NON3 signal in
Non3A600/Non3259 mutants compared to control, but some increase in the fluorescence level of the HP1 protein in Non3 mutants vs control
is detected. Arrows indicate the HP1 signal, arrowheads show nucleoli visualized by anti-NON3 antibodies. Fragments marked by a dot-
ted rectangle are shown with larger magnification in (c”, ¢, d”, d""). DNA is visualized by DAPI (blue), nucleolus by anti-NON3 antibodies
(green), H3K9me2 histone modification, by the corresponding antibodies (green), the HP1 protein by the corresponding antibodies (red).

Scale bar for all images except magnification is 20 um, for enlarged fragments of microphotographs, 10 um.

(-HP1)/+; sgs3-FLP/+ or STOP#1-Dam (-HP1)/P[rescue];
sgs3-FLP, Non3%59/Non326%0 (Fig. 5a). Subsequent amplifi-
cation of Dam-methylated fragments of the salivary gland
genome was performed as previously described (Pindyurin et
al., 2017). The high specificity of the amplification procedure
was confirmed by gel electrophoresis showing substantially
more mePCR products in experimental samples compared
to negative controls (Fig. 5b). DamID-derived libraries were
subjected to lllumina sequencing and analyzed as described
previously (Pindyurin et al., 2018). The correlation between

control, Non3 mutants carrying one copy of the rescue con-
struct (P[rescue]) and Non3 mutant-only samples across the
entire genome showed no significant difference (Fig. 5¢). All
three samples demonstrated the increased binding of HP1
protein to chromosome X in comparison with autosomes
(Fig. 5d), which is in good agreement with previous reports
for larval brains, neurons, glia, fat body and Kc167 cells
(Pindyurin et al., 2018). Comparison of DamID profiles ob-
tained for all three samples did not reveal substantial changes
either at the pericentromeric regions or at any other parts of
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Fig. 4. The levels of the HP1 and NON3 proteins, as well as H3K9me2 histone modification in larval tissues from Non3 mutants.

a - Western blot from larval brains with adjacent imaginal discs showing that in Non32600/Non3259 mutants, the level of the NON3 protein
is substantially reduced compared to the Oregon R and Non3¢*/Non3eX controls. b — Western blot from larval brains with adjacent imaginal
discs and salivary glands. H3K9me2 histone modification is not reduced in both tissue types in Non32600/Non3259 mutants compared to
the Non3€/Non3ex controls. The numbers show the intensity of each band normalized to the intensities of the corresponding loading
control taken as 100 %. M - Prestained Protein Ladder. The protein level of B-tubulin is shown as a loading control.

the chromosomes (Fig. 5e, Supplementary Figs. S2, S3), sug-
gesting that NON3 is not essential for the binding of HP1 to
chromatin.

To understand if NON3 has a role in the tethering and
clustering of centromeres, we isolated hemocytes from
Drosophila third-instar larvae and analyzed the number of
centromeres per cell and their localization relatively to the
nucleolus. Drosophila diploid larval hemocytes possess 8 cen-
tromeres revealed as 2-3 individual centromere foci (Padeken
et al., 2013), which have been described to cluster together
and associate with the periphery of the nucleolus (Fig. 6a)
(Padeken, Heun, 2013; Padeken et al., 2013). We observed
that in Non34699/Non3259 and Non32%%9/Non394706 mutant
interphase hemocytes, the size of the nucleolus was increased
(Fig. 6a, b), while the size of the nucleus was not changed.
In wild-type hemocytes, the mean size of the nucleolus was
1.56+0.10 pm?, in Non32699/Non3%9, 5.82+0.32 um?, and in
Non32609/Non3¢4706, 3,22 +0.19 um2. In mutant hemocytes,
we did not detect any increase in individual centromere foci
per cell or any significant dissociation of centromeres from the
nucleolar periphery, but observed an increase in the size of the
regions detected by anti-centromere antibodies (Fig. 6b). In
wild-type hemocytes, the mean size of the analyzed regions
was 0.07+0.01 um2, while in Non32%99/Non3259 mutants, it
was 0.140+0.02 pm?, and in Non326%/Non39470¢ mutants,
0.216 + 0.02 um?2.

Discussion

Increasing evidence suggests that the function of the nuc-
leolus goes beyond ribosome biogenesis. Among many other
functions, the nucleolus is considered as the hub for the
organization of inactive chromatin in the cell (Quinodoz et
al., 2018). In this study, we aimed to understand the role of
Drosophila Non3 mutations in chromatin organization. We
have found that Non3 is a weak suppressor of PEV (In(1)w™*h)
implicating NON3 directly or indirectly in the maintenance
of normal chromatin structure during eye development. The
involvement of nucleolar proteins in chromatin compaction is
not surprising. Previously, it was shown that mutants of modulo
display a suppressor effect on PEV. The Modulo protein binds

DNA directly and may serve to anchor multimeric complexes,
promoting chromatin compaction and silencing (Garzino et
al., 1992). NON3 does not have a predicted DNA-binding
domain (https://www.uniprot.org/uniprotkb/Q9VEB3/entry);
therefore, we suggest that it might be associated with some
unknown factors to form condensed chromatin.

In addition to the effect on PEV, we have shown that the fre-
quency of meiotic recombination is increased when one copy
of Non3 is missing from the genome. In 2002, T. Westphal and
G. Reuter conducted a large-scale screen to assess the effects
of PEV suppressor genes on crossing-over frequency in the
pericentromeric regions of chromosomes. It was shown that
16 mutations in the Su(var) genes have a significant effect
on increasing the frequency of meiotic recombination in the
region of chromosome 3 between the kni—p markers. Hetero-
zygous combination of the Su(var)205°%/+; Su(var)3-9%/+mu-
tations increased recombination at this chromosomal region by
1.4 times compared to control (Westphal, Reuter, 2002). These
results confirmed that the frequency of crossover events can
be controlled at the level of chromatin structure. We showed
that the deletion of one functional copy of Non3 in the ge-
nome increased the frequency of meiotic recombination in the
kni—p and st—cu regions compared to the control Non3®*allele.
Moreover, an increased frequency of meiotic recombination
was also observed in the euchromatic ru-hry region of chro-
mosome 3 located far away from the centromere (Table 2).
Altogether, our results indicate that a single functioning copy
of Non3 is not enough for maintenance of normal chromatin
structure; it is especially evident in the pericentromeric regions
of chromosome 3.

Since Non3 mutants suppress PEV and enhance meiotic
recombination in the pericentromeric regions of chromo-
some 3, we wondered whether the localization pattern of the
main heterochromatin components, HP1 and H3K9me2, is
somehow affected in Non3 mutants. No substantial changes
were found in their localization patterns on salivary gland
polytene chromosomes, but we noticed a slight decrease in
HP1 and H3K9me2 signals in a Non3 mutant background
using acetic acid fixation (Fig. 3a, b). However, immuno-
staining with formaldehyde fixation and/or immunoblotting
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Fig. 5. FLP-inducible Drosophila DamID system in salivary glands of the Non3 mutant and control third-instar larvae.
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a - Genetic crosses used to activate STOP#1-Dam(-HP1)-containing transgenes. b — Methylation detected in genomic DNA isolated from larval salivary glands.
Specificity of amplification of the methylated GATC fragments was confirmed by the -Dpnl’ and T4 DNA ligase’ control reactions. Dam(intein)-LAM flies were
used as a positive control; the banded pattern is derived from mitochondrial DNA. ¢ — Genome-wide correlation between the studied datasets (p — Pearson’s
correlation coefficient). d - Box plots showing distributions of log,(Dam-HP1/Dam) values in the non-repetitive parts of the X chromosome (light gray) and
autosomes (dark gray) in the studied samples. Wilcoxon rank sum test was used for pairwise comparison of distributions on the X chromosome vs autosomes,
* p-value < 2.2-10716, e - Mutation in the Non3 gene does not substantially affect the HP1 binding profile. Representative 6.0-Mb fragments of chromosomal arms
3L and 3R are shown. A running mean algorithm (a sliding window of 50 GATC fragments, one fragment per step) was applied to the HP1 binding data.
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Fig. 6. The lack of the NON3 protein in Non3 mutants leads to an increase in the size of the nucleolus and centromeres.

a - Immunofluorescence images of fixed Drosophila hemocytes during interphase, isolated from Oregon R (control) and Non32%/Non3%° mutants, show the
relative position of the centromere (CID) and nucleolus (Fibrillarin) in cells. Arrows indicate the centromeres, arrowheads, the nucleolus. b — Quantification of the
nucleolar area, number of centromere foci per cell, distance from centromere foci to the nucleolus, the centromere foci area and nuclear area in hemocytes of
Oregon R, Non3%/Non3%° and Non3"5/ Non3°®*’® third-instar larvae. ** Significance level p < 0.01, *** p < 0.001, Student’s t-test. Nuclear DNA is visualized by
DAPI (blue), nucleolus by anti-Fibrillarin antibodies (green), and centromere by anti-CID (red). Scale bar for all images: 5 pm.

of whole salivary glands did not detect a decrease in amounts
of these proteins within the cells (Fig. 3¢, d, Fig. 4). The
difference in HP1 signal intensities seen using various fixa-
tion methods can be explained by the fact that acetic acid is
prone to extract histones from the tissues (Dick, Johns, 1968;
Johansen et al., 2009). Since NON3 seems to play some role
in maintenance of integrity and stability of the pericentro-
meric regions, acetic acid fixation may extract histones more
extensively in Non3 mutant tissues. This may be the reason
for the observed differences.

We also examined HP1 binding in the polytene chromo-
somes of Non3 mutants with higher resolution using the
DamlID approach, but did not detect substantial differences
compared to control animals either in the pericentromeric
regions of chromosome 3 or somewhere else in the genome
(Fig. 5e, Supplementary Figs. S2, S3). Thus, the effects on
PEV and meiotic recombination in pericentromeric chromo-
somal regions observed in Non3 mutants do not seem to be
due to changes in HP1 localization pattern.

Since there is a connection between clustering and position-
ing of centromeres near the nucleolus and stable organization
of pericentric heterochromatin (Padeken et al., 2013), we
analyzed the number and localization of centromeres using
Drosophila third-instar larval hemocytes. We found that
in Non3 mutants, the number of centromeres (CID foci) in
interphase cells is not different from control. We also did not
detect any untethering centromeres from the periphery of the
nucleolus in Non3 mutants. However, we observed an increase
in the size of the nucleolus and centromeres in Non349%/
Non3%° and Non32%%%/Non39#7% mutant hemocytes (Fig. 6).
Previously, it was shown that reduction of the NON3 ortho-
logue protein ARPF2 leads to the redistribution of Fibrillarin
and Nucleolin from the nucleolus to the nucleoplasm (Choi et
al., 2020). In another study, FCs and DFCs were delocalized
to the periphery of the GC upon a significant decrease in the

levels of Nucleolin protein in HelLa cells (Ugrinova et al.,
2007). In the case of Non3 mutants, we cannot exclude that
there is no enlargement of the nucleolus but Fibrillarin has
moved beyond the DFC compartment. It is interesting to note
that the disappearance of Fibrillarin was earlier observed in
Non3 mutant larval brain cells (Andreyeva et al., 2019). Such
a discrepancy with the findings of the present study might be
caused either by cell type-specific peculiarities or differences
in the fixation methods used. We also observed an increase in
centromere size in Non3 mutants (Fig. 6b). Centromeres are
generally flanked by heterochromatin (Kapoor et al., 2015)
and it was shown earlier that flanking heterochromatin is a
prerequisite for maintaining centromeres (Henikoff et al.,
2001). Therefore, we suggest that the increase in centromere
size in Non3 mutants may be associated with the role of NON3
in maintenance of integrity and stability of the pericentromeric
regions of chromosomes.

Conclusions

Thus, we analyzed the effects of Non3 mutants on chromatin
organization in the nuclei of various Drosophila tissues. We
have shown that Non3 mutants suppress PEV, enhance meiotic
recombination in the euchromatin and pericentromeric regions
of chromosome 3, however, this does not accompanied by
any significant changes in the amount or distribution of clas-
sical heterochromatin markers: the HP1 protein as well as the
modification of the histone H3K9me2. In Non3 mutants, we
observed an increased size of both, the nucleoli and the region
detected by anti-centromere antibodies. However, we did not
detect centromere declustering or their detachment from the
nucleolar periphery. Thus, we suggest that the NON3 protein
is important for the formation/function of the nucleolus and
is required for the correct chromatin packaging, but the exact
mechanism of NON3 involvement in these processes requires
further study.
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Abstract. The achaete-scute complex (AS-C) is a locus approximately 90 kbp in length, containing multiple enhancers.
The local expression of the achaete and scute genes in proneural clusters of Drosophila melanogaster imaginal discs
results in the formation of a well-defined pattern of macrochaetae in adult flies. A wide variety of easily analyzed
phenotypes, along with the direct connection between individual regulatory elements and the development of spe-
cific setae make this locus a classic model in developmental genetics. One classic AS-C allele is sc8, which arose as a
result of the In(1)sc8 inversion. One breakpoint of this inversion lies between the ac and sc genes, while the second is
in the pericentromeric heterochromatin of chromosome X, within satellite block 1.688. The heterochromatic position
of the breakpoint raised the question of whether position effect variegation contributes to the disruption of normal
locus function in the In(1)scé flies. However, conflicting results were obtained. Previously, we found that a secondary
inversion, In(1)19EHet, arose spontaneously in one of the stocks of the In(7)sc8 BDSC line, transferring most of the he-
terochromatin from the ac gene to the 19E region of the X chromosome. Here, we demonstrate that the In(1)19EHet
inversion leads to complete rescue of the number of posterior supraalar (PSA) and partial rescue of the number of
dorsocentral (DC) macrochaetes observed in the original In(7)sc8 line. The same rescue of the macrochaetes pattern
was observed when the In(7)sc8 inversion was introduced into a strain with the Su(var)3-9% position effect modifier.
Combining the inversion with the Rif1’ mutation, a conserved factor determining late replication and underreplica-
tion, does not restore the normal pattern of bristles. Our data indicate that the phenotype of flies carrying the In(1)sc8
inversion, associated with a disturbance in bristle development, is determined by the effect of heterochromatin on
the distal part of the locus. This model can be used to test the influence of various factors on the position effect va-
riegation caused by heterochromatin. Another phenotypic manifestation of In(7)sc8, a decreased proportion of males
in the offspring, was independent of the proximity of the distal part of AS-C to heterochromatin and was not affected
by the Rif1" mutation.
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Ponb retepoxpomatunHa
B GEHOTUNNYECKOM NpoABAeHNn nHBepcun In(1)scé

AHHoTauumA. Jlokyc achaete-scute (achaete-scute complex, AS-C) 3aH1MaeT 0kos0 90 T.M. H. U COAEPKNT MHOXKECTBEH-
Hble SHxaHcepbl. JlokanbHas sKkcnpeccua reHoB achaete 1 scute B NPOHepanbHbIX KNnactepax UMarnHasabHbIX JUCKOB
Drosophila melanogaster npuBogut K $opMUPOBAHUNIO AETEPMIHNPOBAHHOTO PUCYHKA MAKPOXET Y B3POCSIbIX MYX.
Bornbluoe MHOroo6pasve nerko aHanM3npyembix BUAVMbIX GEHOTUMOB, MPAManA CBA3b MEXAY OTAENbHbIMW peryns-
TOPHbIMY SN1EMEHTaMM 1 Pa3BUTMEM KOHKPETHbIX WETUHOK CAeany 3TOT JIOKYC KNacCyecknm MogesibHbIM 06bek-
TOM reHeTUKM pasBuTa. OGHUM 13 Cambix N3BECTHbIX AS-C ABNAETCA annienb Sc8, BO3HMKLLNIA B pe3ysibTaTe UHBEPCUN
In(1)sc8. QucTanbHas TouKa pa3pbiBa 3TON MHBEPCUMN NEXNUT MeXIY FeHaMU ac 1 S, MPOKCMMasbHas — B MPULEHTPO-
MEepPHOM reTepoxpomaTriHe XpoMocombl X, B 6noke catennuta 1.688. [eTepoxpoMaTUHOBOE MOMOXKEHNE TOUKM pa3-
pbiBa NOAHVIMaNo BONpPOC 0 ponu 3pdeKTa NONOKEHNA MO3aNYHOIO TUMa B HapyLUEHUI HOPMabHOM PaboTbl JIOKY-
ca y HocuTenen MHBepcuK, Ho Obinv MOJTyYeHbl NPOTUBOPEYUBbIE pe3ynbTaTbl. PaHee Mbl 0OHaPYKWK, YTO B OAHOM
13 CTOKOB NUHUW, HecyLwen In(1)sc8, CNOHTaHHO BO3HUMKMa BTOpUYHaA nHeepcua In(1)19EHet, KoTopaa nepeHocuT
60nblUYI0 YaCTb reTepPOXPOMaTVIHa OT FeHa ac B NIOKYC, COOTBETCTBYOLWMIA parioHy 19E nonmteHHON X-XpoMoCoMmbl.
B HacToAwwel cTtaTbe Mbl Mokasanu, uto uHeepcua In(1)19EHet NpvBOANT K MOJIHOMY BOCCTAHOBNEHMIO YMC/Ia 3a-
LHUX CYynpaanspHbIX ¥ YaCTUYHOMY — AOP30-LIEHTPasIbHbIX LWETUHOK, HAabMI0AAeMbIX Y MyX UCXOLHOW nnHUK In(1)sc8.
TouHO Takoe e BOCCTaHOBMEHKe NaTTepHa LWETMHOK Mbl yBUAENW NPV BBeAEHWUU B IMHUIO C MHBepcuei In(1)sc8
mogudrKaTopa spdeKTa NonoxeHna — MyTaumm Su(var)3-9%. BeefeHue xe B IMHUIO C MHBEPCMERN MyTaLMm NO reHy
Rif1 — KOHcepBaTMBHOrO daKTopa, onpeAenALWEero NO3AH0I penankaumio 1 Hegopengmkauuio OHK B Knetkax
D. melanogaster, He NpUBOANT K BOCCTAHOBNEHWNIO HOPManbHOrO NaTTepHa LWeTMHOK. Halum AaHHble yKa3biBaloT Ha
TO, UTO GEHOTUN MyX — HOCUTENel nHBepCUK In(1)sc8, CBA3aHHDBIN C HapYyLIEHMEM Pa3BUTUSA LWETVHOK, onpeaenseTca
3¢ PeKTOM reTepoxpomaTiiHa Ha AMNCTaNIbHYIO YacCTb JIOKYCa U MOXET MCMOob30BaTbCA ANA NPOBEPKN BANAHWA pa3-
NNYHBIX GaKTOPOB Ha BbI3bIBAEMbIV reTePOXPOMATVHOM 3 PeKT NonoxeHua reHa. Ewle ogHo deHoTMnMueckoe npo-
AsneHue In(1)scé - CHMKeHMe [oNM CaMLOB B MOTOMCTBE — OKa3anoCb He3aBNCUMbIM OT COCEACTBA ANCTaNIbHOM YacTh
AS-C ¢ reTepoXpoMaTVHOM. DTOT PEHOTUM TaK>Ke He BOCCTAHABNMBANCA Ha poHe myTauuu B reHe Rifl.

KntoueBble cnoBa: achaete-scute complex; AS-C; adpdeKkT nonoxkeHus; moanudrkatopbl dpdpeKkTa NoNoxKeHus; rete-
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poxpomaTtuiH; nieepcuu; Drosophila melanogaster; Rif1; Su(var)3-9

Introduction

External mechanoreceptors in Drosophila are represented by
bristles of varying sizes — macro- and microchaetae. Macro-
chaetae form a stable structural composition known as the
bristle pattern, in which each macrochaeta occupies a strictly
defined position. The formation of the bristle pattern begins
with the establishment of its precursor in the imaginal disc.
The specificity of the future mechanoreceptor positions is
determined by the local expression of two proneural genes —
achaete (ac) and scute (sc) — that are part of the AS-C complex
(Modolell, Campuzano, 1998; Gémez-Skarmeta et al., 2003;
Bukharina, Furman, 2015; Troost et al., 2015; Furman, Bukha-
rina, 2019). The AS-C occupies approximately 90 kilobase
pairs of DNA and consists of four genes (achaete, scute, lethal
of scute, and asense) that encode transcription factors involved
in the regulation of nervous system development. Multiple
enhancers have been identified and characterized within the
locus, each of which determines the function of the complex
genes in specific proneural clusters, giving rise to the corre-
sponding macrochaeta (Fig. 1a, b). Under normal conditions,
the ac and sc genes are regulated by the same enhancers, and
their products are produced in the same cells. Furthermore,
the functions of these genes are partially redundant (Modolell,
Campuzano, 1998).

The inversion In(1)sc (Fig. 1c, d) splits the AS-C locus
apart between the ac and sc genes and connects both parts to
1.688 satellite blocks in pericentric heterochromatin (Miller
et al., 2016). In this case, the distal enhancers remain with
the portion of the complex carrying ac, while the others are
translocated by the inversion along with the sc gene (Fig. 1d).
It has been demonstrated that in this scenario, one part of the
proneural clusters expresses only ac, while the complementary
part expresses only sc, and their effects complement each other
(Goémez-Skarmeta et al., 1995). This likely explains the weak
phenotype observed in the inversion-bearing flies, as pheno-

typic changes involve only a few groups of macrochaetae. In
inversion carriers, a reduction in the number of supra-alars
(SA) may occur, and additional bristles can be found on the
scutellum and in the dorso-central region (Garcia-Bellido,
1979; Lindsley, Zimm, 1992).

The inversion In(1)sc® was obtained in the laboratory of
A.S. Serebrovsky through irradiation of flies with the w2
genotype (Sidorov, 1931). The line In(1)sc?, sc y31d wa was
transferred to the Bloomington Drosophila Stock Center
(BDSC) in 1986 and assigned the number #798. In 2012, this
line was split into two independent sublines (#798 main copy
and #798 backup copy). In 2020, after replacing the second
chromosome in the #798 main copy line with a chromosome
carrying the Rif1! mutation, which completely suppresses the
underreplication of heterochromatic sequences in polytene
chromosomes, an additional inversion was discovered. This
finding occurred during the analysis of polytene chromosome
preparations. The breakpoints of the new inversion were
characterized cytologically and molecularly (Kolesnikova
et al., 2022). The new inversion was named “In(1)19EHet”,
and the complex chromosomal rearrangement involving both
inversions was designated “In(1)sc8+19EHet”. Schematic
diagrams illustrating the positions of the breakpoints are
shown in Figure 1 (c, d).

Numerous genetic and environmental factors are involved
in bristle development. The phenotype depends on the genetic
background, developmental temperature of the flies, and their
sex (Child, 1935; Furman, Ratner, 1977). The existence of two
lines with a common origin, similar genetic backgrounds (both
lines are descendants of flies that were split from a single tube
in 2012), and differing by the In(1)19EHet inversion, which
removes a large portion of heterochromatin from one of the
breakpoints of the In(1)sc8 inversion, provides a unique op-
portunity to investigate the influence of heterochromatin on
the phenotype of inversion carriers.
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Fig. 1. The double inversion In(1)sc8+19EHet splits the AS-C complex into two parts, attaching each part to a block of pericentric
heterochromatin, resulting in altered spatial arrangement of the locus genes and their regulators, as well as a potential position
effect variegation.

a - the relationship between the regulatory elements of the AS-C complex and the positions of macrochaetae (only macrochaetae on the
notum are shown), the development of which is governed by the corresponding elements.

Notations: P (posterior); A (anterior); SC (scutellars); PA (post-alars); DC (dorsocentrals); SA (supra-alars); NP (notopleurals); PS (presutural);
HU (humerals) - bristles. At the bottom, the positions of the four genes of the AS-C complex are indicated: achaete (ac), scute (sc), lethal
of scute (I'sc), and asense (ase), as well as the yellow gene (y). Dashed lines represent experimentally established connections between
specific enhancers (gray rectangles numbered 1-8) in the locus and the macrochaetae, the development of which is controlled by these
enhancers. The enhancers determine in which proneural clusters the expression of ac and sc is activated (after (Held, 2021), with modifica-
tions); b - the position of macrochaetae PSA and DC on the notum of D. melanogaster, determined by the distal enhancers of the AS-C
locus, as well as the scutellar macrochaetae (SC); ¢ - a schematic representation of the localization of the breakpoints of inversions In(1)sc8
and In(1)19EHet relative to the D. melanogaster heterochromatin map (Gatti, Pimpinelli, 1992); d - the location of the breakpoints of the
rearrangements In(1)sc8 and In(1)19EHet relative to the elements of the AS-C complex of D. melanogaster. The inversion In(1)19EHet trans-
locates a large portion of the heterochromatin attached to the distal part of the AS-C cluster from the breakpoint of In(1)sc8 to a region

corresponding to section 19E of the polytene X chromosome (Kolesnikova et al., 2022).

Materials and methods

Flies were cultured at temperatures of 18 or 25 °C, avoiding
overcrowding, on a standard medium composed of: agar-
agar — 10 g, pressed yeast — 100 g, cornmeal — 50 g, sugar —
20 g, and raisins — 40 g per 1 liter of water. The Table lists the
fly lines used in the study and the sample sizes.

Flies were examined under a binocular loupe. For each fly,
information was recorded in the table regarding the number of
posterior supraalar bristles (2 (normal), 1, or 0), and the pre-
sence/absence of abnormalities in the number of dorsocentral
and scutellar bristles (normal, extra/missing bristles).

Statistical analysis was conducted using Excel, and the
Chi-square test was employed to assess the significance of
the differences (p-value).

Results

Based on literature data regarding the phenotype of In(1)sc®,
we selected three groups of macrochaetae for detailed analysis:
posterior supra-alar (PSA), dorsocentral (DC), and scutellar
(SC). We analyzed the number of these bristles on the notum
of flies from the lines In(1)sc?, y3! sc8 w2 (hereinafter referred
to for simplicity as In(1)sc8), and In(1)sc® In(1)19EHet,
sc8 y3ldwa (hereinafter In(1)sc8+19EHet). As control lines, for
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which mutations disrupting macrochaeta development have
not been described, we used the wild-type line Oregon R and
several lines from the laboratory of molecular cytogenetics,
IMCB SB RAS.

Additionally, we included the line In(1)sc8; Su(var)3-9%
in our analysis, where the In(1)sc® inversion occurs against
a strong mosaic position effect modifier. In the control lines
Oregon R and In(1)w™; SuUR, we did not observe any ab-
normalities in the number of PSA bristles (n = 236 and 240,
respectively). The proportion of flies with additional DC
bristles did not exceed 2 % in the Oregon R line and 4 % in
the In(L)w™*; SUUR. Additionally, in the Oregon R line, the
proportion of flies with abnormalities in the number of scutel-
lar bristles reached 6 %, while in the In(1)w™; SUUR line, it
did not exceed 1 %.

In flies of the In(1)sc® line, it is characteristic to observe the
absence of one or both PSA bristles (Fig. 2a). Only 14-15 %
of females reared at both 25 and 18 °C had both PSA bristles
present (Fig. 2b).

The phenotype of the absence of the posterior supraalar
bristle is fully rescued in flies with the double inversion
(Fig. 2). The most distal enhancer of the AS-C locus is re-
sponsible for the development of PSA bristles (Fig. 1a). The
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The D. melanogaster lines used in the study and the sizes of the corresponding samples
Short name Genotype Origin Sample, pcs
25°C 18°C
females males  females males
In(1)sc8 In(1)sc8, sc8 y31d wa #798 (BDSC) 368 258 370 220
In(1)sc8+19EHet In(1)sc8,In(1)19EHet, sc8 y31dwa #94727 (BDSC) 247 151 411 254
In(1)sc8 Su(var)3-9%  In(1)sc8, sc8 y31d wa; Su(var)3-996 (Demakova et al., 2007) 204 186 230 163
Oregon R Wild-type line From the Institute of Molecular 47 60 66 59
and Cellular Biology collection
In(1)wm4; SuUR The line does not carry annotated ~ From the Institute of Molecular 34 31 926 79
mutations in AS-C and Cellular Biology collection
In(1)sc8; Rif11 In(1)sc8, y31 sc8 we; Rif1! The line obtained in this work - - 121 49
by replacing chromosome 2
in line #798 backup copy with
the second chromosome of line Rif17
In(1)sc8+19EHet; Rif17  In(1)sc8, In(1)19EHet, y37 sc8 we; Rif11 (Kolesnikova et al., 2022) - - 130 44
Rif11 w118: Rjf11 The line kindly provided - - 62 55
by J. Nordman (Munden et al., 2018)
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Fig. 2. The effect of heterochromatin removing and the position effect variegation modifier Su(var)3-9% on the development of posterior supra-alar

bristles in In(1)scé flies.

a - atypical phenotype of the In(1)sc8 line showing the absence of the posterior supraalar bristle (arrow indicates the position where the PSA is normally located);
b - the proportion of flies with abnormalities in the number of posterior supraalar bristles (PSA+ — normal phenotype, PSA1 - presence of one bristle, PSA0 -
absence of bristles) in the lines In(1)sc8, In(1)sc8+19EHet, In(1)sc8; Su(var)3-9%, and two control lines Oregon R and In(1)w™4; SuUR. Results for males and females
are provided separately, as well as for flies reared at different temperatures; ¢ — pairwise comparison of the proportions of flies with altered bristle counts among
different genotypes. The p-value for each comparison, calculated using the Chi-square test, is indicated.

complete rescue of the phenotype in flies with the secondary
inversion indicates that the phenotype of the developmental
anomalies of these bristles is caused not by the break in AS-C
itself, but by the effect of heterochromatin on the distal part of
the locus. Additional confirmation of the predominant effect of
heterochromatin on the PSA phenotype is the complete resto-

ration of the normal PSA phenotype in flies carrying In(1)sc®
and the position effect modifier Su(var)3-9% (n = 783).
Interestingly, the proportion of males with abnormalities
in the number of PSA bristles is significantly lower, at only
12 % at 25 °C, although it rises to 42 % at 18 °C, in accordance
with the classical understanding of the enhancement of the
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Fig. 3. The effect of heterochromatin removing and the position effect variegation modifier Su(var)3-9% on the development of dorsocentral bristles

in In(1)sc8 flies.

a - additional dorsocentral bristles in flies of the In(1)sc8 line; b - the proportion of flies with abnormalities in the number of dorsocentral bristles in the analyzed
lines; ¢ - pairwise comparison of the proportions of flies with altered bristle counts among different genotypes. The p-value for each comparison, calculated using

the Chi-square test, is indicated.

heterochromatin position effect at lower temperatures (Elgin,
Reuter, 2013). This potentially explains why PSA disruption is
not documented for flies with In(1)sc8 in A. Garcia-Bellido’s
(1979) article. In that work, only hemizygous males of In(1)sc8
were analyzed, which is mentioned in a separate comment. The
authors may have aimed to emphasize the weak phenotype in
carriers of this inversion compared to other rearrangements
affecting AS-C. A more pronounced influence of the inversion
sc® on the PSA phenotype in females was also observed in the
work by D.P. Furman and V.A. Ratner (1977).

Another phenotype described in the literature for In(1)sc®
flies is the appearance of additional bristles in the dorsocentral
zone (Garcia-Bellido, 1979; Lindsley, Zimm, 1992) (Fig. 3a).
We observed this phenotype in both females and males of
In(1)sc8 (Fig. 3b). The additional bristles most often formed
orderly rows with pairs of PDC and ADC bristles. Instances
of absence of individual dorsocentral bristles were also noted.
In flies of In(1)sc8+19EHet as well as In(1)sc8; Su(var)3-9%,
reared at 25 °C, we saw almost complete restoration of the
phenotype. When culturing flies at 18 °C, the proportion of
carriers with the mutant phenotype was higher in the In(1)sc8
line and was only partially, but significantly reduced against
the background of the position effect modifier and the 19EHet
inversion. Dorsocentral bristles develop from proneural clus-
ters, where AS-C expression is regulated by enhancer 2, a distal
enhancer that is closer to the break point of the inversion than
the enhancer controlling the development of PSA. It can be
assumed that the effect of heterochromatin on this enhancer is
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stronger. According to the data from nanopore sequencing of
In(1)sc8+19EHet flies, at least 30 kb of satellite DNA 1.688
continues to flank the break point of the In(1)sc® inversion
(Kolesnikova et al., 2022).

In some literature sources, it is noted that mutants In(1)sc®
are characterized by abnormalities in the number, thickness,
and length of scutellar bristles (Lindsley, Zimm, 1992; Bely-
aeva et al., 2003; Golovin et al., 2003). However, we did not
observe a significant increase in the proportion of flies with
additional or absent scutellar bristles in In(1)sc® compared to
control lines — under certain conditions, the proportion of flies
with scutellar bristle abnormalities was higher in the control
than in In(1)sc8 flies (Fig. 4).

Another phenotype presumably associated with the hetero-
chromatin effect on AS-C in flies with the In(1)sc8 inversion is
the decrease in the proportion of males in the offspring. This
phenotype is most pronounced in the absence of the Y chromo-
some, which serves as the primary evidence that it is related
to a position effect (Lindsley, Zimm, 1992; Belyaeva et al.,
2003). All lines carrying both In(1)sc® and the double inversion
exhibited a significant decrease in the male proportion in the
offspring (Fig. 5). This ratio did not change in response to the
removal of heterochromatin by the secondary inversion, nor
did it depend on temperature; however, at a temperature of
25 °C, it was restored in the presence of Su(var)3-9%. Thus,
this phenotype is not associated with the distal part of AS-C.

Since the mutant phenotype associated with the absence of
PSA bristles is observed in a large proportion of flies in the
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Fig. 4. Analysis of the effect of heterochromatin removing and the position effect variegation modifier Su(var)3-9% on the development of scutellar

bristles in In(1)sc8 flies.

a - additional scutellar bristles in the In(1)sc8 line; b — the proportion of flies with abnormalities in the number of scutellar bristles in the lines In(1)sc8,
In(1)sc8+19EHet, In(1)sc8; Su(var)3-9% and two control lines, Oregon R and In(1)wm#; SuUR; ¢ - pairwise comparison of the proportions of flies with altered bristle
counts among different genotypes. The p-value was calculated using the Chi-square test.
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Fig. 5. Decrease in the proportion of males in lines carrying the In(1)sc8 inversion.

The ratio of females to males is shown for flies reared at temperatures of 25 and 18 °C in lines harboring In(1)sc8 and in control lines. For
each comparison, the p-value calculated using the Chi-square test is indicated.

In(1)sc8 line, and the probability of its manifestation depends
on modifier factors affecting position effects variegation, such
as temperature and Su(var)3-9, we decided to use In(1)sc® as
a model system to test whether a mutation in the Rifl gene
acts as a modifier of position effect. The Rapl interacting
factor 1 (Rif1) protein is an evolutionarily conserved protein
that participates in various processes, including telomere
length regulation, DNA repair, and establishing the temporal
order of replication origin activation (Richards et al., 2022).
In D. melanogaster, Rifl is involved in establishing the late
replication program of satellite sequences during embryo-
genesis (Sreesankar et al., 2015; Seller, O’Farrell, 2018) and
is responsible for the underreplication of heterochromatin,
including satellite DNA, in polytene chromosomes (Munden
et al., 2018; Kolesnikova et al., 2020). To date, there are no

data on whether this protein can influence the heterochroma-
tin effect on the expression of genes positioned near blocks
of satellite DNA due to chromosomal rearrangements (i.e.,
whether it acts as a modifier of position effect variegation).

We compared females of the lines In(1)sc8, In(1)sc8; Rif1l,
In(1)sc8+19EHet; Rif11, and Rif1%, cultured at 18 °C (Fig. 6).
Replacing chromosome 2 in the In(1)sc® line with chromo-
some 2 carrying the Rif11 mutation does not restore the normal
number of PSA bristles. Moreover, a slight enhancement of
the phenotype is observed. A similar small enhancement of
the phenotype was noted in terms of the decrease in the pro-
portion of males. Comparing with the effect of Su(var)3-9%,
we can conclude that Rif1! is not a suppressor of the position
effect related to the influence of satellite 1.688 on AS-C in
In(1)sc® mutants.

FTEHETUKA HACEKOMDIX / INSECT GENETICS 419



T.D. Kolesnikova, M.N. Balantaeva
G.V. Pokholkova, O.V. Antonenko, I.F. Zhimulev

a %
100
80
[ psa+
€0 = psa1
40 B rsao
20 -
0
Tz g %
S & E &
£ % 5
E
£ 2
&
3
£
b
0% 50 % 100 %
In(1)sc8; Rif11 E-8
In(1)sc8+19EHet; Rif1! E-10
Rif11 0.518

Fig. 6. Analysis of the effect of the Rif1’ mutation on the phenotypes of
flies with the In(1)sc8 inversion.

a - the results of the comparison of the ratio of normal flies to flies with
disrupted PSA bristles for females reared at 18 °C in the lines In(1)sc®, In(1)sc?;
Rif1!, In(1)sc8+19EHet: Rif1!, and Rif1' are presented; b - the Rif1! mutation
does not rescue the phenotype of decreased male proportion in flies carrying

In(1)sc8.

Discussion

The AS-C locus is a classic model system for studying various
aspects of genetic regulation of development in multicellular
organisms. The vast array of easily analyzable visible pheno-
types and the direct connection between individual regulatory
elements and the development of specific bristles have made
this locus highly attractive to researchers since the 1930s, and
interest in it remains strong to this day. A deep understanding
of how this locus is structured and regulated, as well as its
role in the development of Drosophila, has been achieved
(Modolell, Campuzano, 1998; Gémez-Skarmeta et al., 2003;
Furman, Bukharina, 2019; Bukharina et al., 2023). However,
some patterns and peculiarities in the behavior of mutant
alleles discovered in the 1930s to 1970s have only recently
become clear. A vivid example is the discovery of the hyper-
morphic allele of the Notch gene found in lines carrying the
wa mutation (Rice et al., 2015): it turned out that all balancer
X chromosomes carrying In(1)sc® differ significantly in the
expression of the sc phenotype depending on the presence of
the w2 allele and the linked opa33b allele of the Notch gene
in the chromosome. Indirect evidence of the importance of the
Notch gene status is the significant difference in the manifes-
tation of the mutant phenotype in flies carrying the In(1)scV2
and In(1)sc8inversions, which have closely spaced breakpoints
(Rice et al., 2015): in flies of the In(1)sc"? line, the disrup-
tions in the bristle pattern are significantly stronger, affecting
more bristles. Such a strong effect of the genetic background
likely complicated the interpretation of the observed patterns
in the manifestation of mutations in the AS-C locus, as many
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sc alleles used in genetic studies were created based on the
X chromosome carrying w2 (Sidorov, 1931; Furman, Ratner,
1977).

The heterochromatic position of the breakpoints raises the
question of the role of position effects in the manifestation
of inversion phenotypes. Molecular analysis of the inversion
breakpoints showed that both parts of the cluster were adjacent
to large blocks of satellite 1.688 (Miller et al., 2016). Studies
from the 1970s failed to reach a conclusive understanding of
the role of heterochromatin (Ratner, Furman, 1978), although
it was noted that in lines with the In(1)scV2 and In(1)sc® in-
versions, a temperature and sex effect was observed, which
differed from that in other alleles (Furman, Ratner, 1977)
and supported the hypothesis of heterochromatin’s effect on
the AS-C locus. In our work, these patterns were confirmed.

The position effect of heterochromatin on the phenotype of
In(1)sc8, most prominently expressed in males of the X0 geno-
type, was described in a study by E.S. Belyaeva et al. (2003),
which analyzed the effect on scutellar bristles. In our work,
we did not observe a pronounced phenotype associated with
scutellar bristle disruptions. It is possible that the differences
are related to the criteria for disruption adopted for the analy-
sis: we considered as a disruption only the excess or absence
of bristles, while the work of E.S. Belyaeva et al. mentioned
changes in their thickness and length. By applying stricter
criteria to identify disruptions, we did not find abnormalities in
bristle number, for which, according to the literature, proximal
enhancers of AS-C are required. The work of A.K. Golovin
et al. (2003) shows that the phenotype of flies with mutations
In(1)scV2 and In(1)sc8 is significantly enhanced by mutations
in the genes su(Hw) or mod(mdg4), and this enhancement
affects the scutellar bristles. The authors conclude that under
normal circumstances, the effect of heterochromatin on the
proximal part of AS-C in In(1)sc¥2 and In(1)sc® mutants is
blocked by an unannotated insulator. The presence of a well-
studied insulator localized between the regulatory region of
AS-C and the yellow gene (Golovin et al., 2003) explains the
weak effect of heterochromatin on the gene yellow — the ef-
fect is observed only in X0 males (Lindsley and Zimm, 1992;
Belyaeva et al., 2003).

Two sc alleles — In(1)scV2 and In(1)sc® — are associated
with inversions, one of the breakpoints of which is located
within the AS-C locus between the ac and sc genes, while
the second is in the pericentric heterochromatin (Miller et
al., 2016). Elegant studies analyzing the expression of the ac
and sc genes in In(1)sc® mutants showed that the locus, split
into two parts, can continue to function normally because the
functions of these genes largely duplicate each other. Under
normal conditions, both proximal and distal enhancers influ-
ence the expression of each of the ac and sc genes, resulting
in both proteins being detected in all proneural clusters dur-
ing immunostaining of imaginal discs with antibodies to the
Ac and Sc proteins. In carriers of In(1)sc8, the corresponding
regulatory element in each proneural cluster of the imaginal
disc activates the expression of only one of the genes (either
ac or sc), but this is sufficient to form a nearly normal bristle
pattern (Gomez-Skarmeta et al., 1995). Moreover, this is suf-
ficient for the complete restoration of the phenotype when the
block of heterochromatin is removed from the distal part of
the cluster or when there is a strong modifier of the position
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effect variegation. We obtained direct evidence that, with a
reduction in the effect of heterochromatin, the rearranged AS-C
locus can provide a normal phenotype in flies. This observa-
tion is interesting from the perspective of the evolution of loci
with complex regulatory systems: the protein-coding genes
that arose as a result of duplication with redundant functions
may, due to chromosomal rearrangements, divide their func-
tions and start evolving along independent trajectories. It is
known that the ac and sc genes are the result of relatively
recent duplication; outside of the Drosophila group, the ho-
mologs of ac and sc are represented by a single gene (Negre,
Simpson, 2009).

Using the contrasting effect of heterochromatin in flies
carrying In(1)sc® on the PSA phenotype, we decided to test
whether the Rifl protein can modify this effect. In D. mela-
nogaster, the Rif1 protein is involved in establishing the late
replication program of satellite sequences during embryoge-
nesis (Seller, O’Farrell, 2018). In the polytene chromosomes,
mutations in the Rifl gene completely suppress underreplica-
tion in heterochromatic regions, including the replication of
satellite DNA (Kolesnikova et al., 2020).

In cells with polytene chromosomes, Rifl interacts with the
suppressor of underreplication (SUUR) protein (Nordman et
al., 2018), which is a weak modifier of the position effect in
D. melanogaster (Belyaeva et al., 2003). Therefore, one would
expect that in Rif11 mutants, the properties of heterochroma-
tin could significantly differ from the norm; particularly, the
effect of heterochromatin on the transcription of adjacent
genes in chromosomal rearrangements could change. We did
not observe a suppressive effect of the Rif11 mutation on the
position effect associated with the satellite 1.688 effect on the
distal part of the AS-C cluster in the In(1)sc8 inversion, nor on
the sex ratio in the offspring of flies carrying this inversion.
Moreover, we detected a weak enhancer effect, the evidence
of which requires further verification.

Conclusion

In summary, we can conclude that the phenotype associated
with the disruption of the bristle pattern in In(1)sc® mutants
is primarily caused not by the splitting of the AS-C locus into
two parts, but by the effect of heterochromatin on the distal
part of the cluster. This can be used to test the influence of
various factors on heterochromatin-induced position effect
variegation.
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Abstract. Bolgar was one of the most significant mediaeval cities in Eastern Europe. Before the Mongol conquest, it
served as a major administrative centre of Volga Bulgaria, and after 1236, it temporarily functioned as the capital of
the Golden Horde. Historical, archaeological, and paleoanthropological evidence indicates a mixed population of
this city during the 13th—15th centuries; however, the contributions of exact ethnic groups into its genetic structure
remain unclear. To date, there are no genetic data for this medieval group. For the first time, using massive parallel
sequencing methods, we determined whole-genome sequences for three individuals from Bolgar who were buried
in the early 14th century close to the so-called “Greek Chamber”. The average coverage of the studied genomes
ranged from x0.5 to x1.5. We identified the genetic sex of the people (two men and one woman), and performed
a population genetic analysis. The authenticity of the DNA studied and the low level of contamination were con-
firmed, and the mitochondrial DNA haplogroups of all three individuals as well as the Y-chromosome haplogroups
of two male individuals were determined. We used more than 2.7 thousand DNA samples from representatives of
ancientand modern populations that had been previously published to perform a comparative population-genetic
analysis. Whole-genome data analysis employing uniparental markers (mitochondrial DNA and Y chromosome)
and autosomal markers revealed genetic heterogeneity in this population. Based on PCA and f4-statistics analysis,
a genetic connection was identified between one of the individuals (female) and modern Finno-Ugric peoples of
the Volga-Ural region. Genomic analysis of the other two individuals suggests their Armenian origin and indicates
migrant influx from the Caucasus or Anatolia. The results align well with archaeological and paleoanthropological
findings and significantly enhance them by reconstructing the contributions of the indigenous population to the
formation of the mediaeval Bolgar population structure.
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Great Bolgar’s historical genetics: a genomic study of individuals
from burials close to the Greek Chamber in the 14th century

Yyeckne JaHHble CBUAETENbCTBYIOT O CMELLaHHOM COCTaBe HaceneHus atoro ropopa B XllI-XV BB., ogHako BKnap Tex
VI VIHBIX STHUYECKUX FPYNI B €0 reHeTUYeCKyIo CTPYKTYPY OCTaeTCA He BMOJIHE ACHbIM, U O CMX NOP OTCYTCTBYIOT
reHeTnyecKkune faHHble ANA 3TON rpynnbl CPeHEBEKOBOrO HaceneHus. Mbl BnepBble C NpUMeHeHnem MeTOA0B Mac-
WTabHOro napannenbHOro CeKBEHNPOBAHUA OMPEAEN UM NOHOrEHOMHbIE NMOCef0BaTENIbHOCTA Y TPEX XKuTenemn
Benukoro bonrapa, norpe6eHHbix B nepsoli nonosurHe XIV B. y Tak Ha3biBaemoli [peueckoii nanatbl. CpeaHee NOKPbI-
TUe NccnefoBaHHbIX FreHOMOB cocTaBmo OT X0.5 Ao x1.5, 4To NO3BONNNO ONpefAenUTb reHeTUYeCK Non NHANBUAOB
(ABOE My>KUMH 1 OfHA »KEHLLMHA) N MTPOBECTN MONYNALUMOHHO-TEHETUYECKMIA aHanu3. bbinv NoATBEPXKAEHbI ay TeHTUY-
HOCTb nccnegoBaHHom [IHK 1 HU3KKIA ypoBeHb KOHTaMUHaLNW, a Takxke onpeesneHbl ranaorpynrbl MUTOXOHAPWaNb-
Hon [1HK Bcex Tpex MHANBUAOB M rannorpynnbl Y-XpOMOCOMbI IBYX MHAUBULOB MYXCKOro nona. [ina nposefeHuA
CPaBHUTENbHOrO MOMYNALMOHHO-TEHETUYECKOrO aHanm3a HaMu 3afiecTBOBaHbl OMy6/IMKOBaHHbIe paHee fJaHHble
reHOMHOro CeKBeHUpoBaHuA 6onee 2.7 Tbic. 06pa3uos [IHK npencTaBuTenein COBpeMEHHbIX M APEBHUX NONYAALMA.
AHann3 NoJIHOreHOMHbIX aHHbIX Tpex NHAnBUAOB 13 Bennkoro bonrapa ¢ ncnonb3osaHneM OfHOPOAUTENBCKUX
MapkepoB (MuToxoHapuanbHor [IHK 1 Y-XpoMOCOMbI) 1 ay TOCOMHbIX MapKepOoB MOoKa3an reHeTUYeCKyo reTeporex-
HOCTb 1CCIeJOBaHHON rpynnbl HaceneHusa. [1o pe3ynbTaTam reHOMHOIO aHanm3a C NPYMeHeHeM ayTOCOMHbIX Map-
KepoB 1 MeToAa rMaBHbIX KOMNOHEHT (PCA) 1 f4-CTaTUCTUKN HaMK BbiSIBIIEHa reHeT1Yeckasn CBsA3b O4HOro MHAUBUAA
(KEHLUVMHBI) C cOBPeMeHHbIMY GUHHO-YropcKumn Hapodamu Bonro-Ypanbckoro permoHa. leHOMHbIN aHanm3 AByX
ApYrvX UHAVBVAOB NPeAnoaraeT X apMAHCKOE MPOUCXOXKAEHME 1 CBUAETENIbCTBYET O CyLeCTBOBaHNM NOTOKa M-
rpaHToB ¢ Tepputopun KaBkasa nnn AHatonuu. lNonyyeHHble pe3ynbTaTbl XOPOLLO COMNACYTCA C AaHHBIMU apxeo-
NOTUN 1 ManeoaHTPOMNONOTN, a TakXe CyLLeCTBEHHO AOMOJHAOT NX B YaCTV PEKOHCTPYKLUN BK/1aAa aBTOXTOHHOIO
HaceneHusa B opMmpoBaHme NONynALMOHHON CTPYKTYPbl CpeiHEBEKOBBIX XuTenen bonrapa.

KnioueBble cnoBa: gpesHaA [HK; reHom; napannenbHoe ceKBeHNpOBaHuWe; NaneoaHTpononorus; bonrap; peveckasn

nanata

Introduction

Great Bolgar was a significant administrative center of two
sequential medieval states in Eastern Europe, and one of the
key cities of Volga Bulgaria, where Islam was adopted in
922. After the Mongol invasion and devastation in 1236, it
was restored as the first capital of the Golden Horde. Volga
Bulgaria was a polyethnic polity where Finno-Ugric peoples,
Slavs, and the Turkic tribes (Bulgars) — who migrated to the
interfluve of the Kama and the Great Cheremshan from the
Azov region and the territory of Krasnodar Krai —coexisted.
As part of the Golden Horde, the Volga region population
maintained its complex ethnic composition, which was par-
ticularly characteristic of major urban centers such as Bolgar.

In its history and economy, due to its advantageous loca-
tion on the main waterway of the East European plain — both
during the Bulgar period and especially during the Golden
Horde period — considerable importance was attributed to
craft production and transcontinental trade. This circumstance
contributed to the formation of a polyethnic urban popula-
tion, as a significant portion of its inhabitants consisted of
foreign merchants (Smirnov, 1951, 1972, 1974; Gening, 1989;
Khalikov, 1989; Iskhakov, Izmailov, 2000; Bulgarica, 2012;
Sitdikov, Bocharov, 2024).

Archaceological data as well as paleoanthropological ma-
terials indicate a mixed population composition in Great
Bolgar throughout all stages of its existence (Trofimova,
1956; Postnikova, 1970, 1973; Efimova, 1991; Gazimzyanov,
2000, 2015). The contribution of steppe Turkic and indigenous
Finno-Ugric populations to the anthropological makeup of
its inhabitants is considered proven. The question of the
contribution of the Azov Bulgars, who migrated to the Volga
region in the early Middle Ages, as well as the participation
of Slavic groups, remains a topic of discussion. During the
Golden Horde period, new components that increased the
ethnic diversity of the medieval Bolgar population emerged.

A striking example of this is a series of skulls from burial sites
at the “Greek Chamber”, which were identified by T.A. Tro-
fimova as “Armenoid” upon initial study (Trofimova, 1949).

Although the population of Great Bolgar was predominantly
Muslim, as indicated by archaeological data, there were also
diasporas of other faiths present. For instance, the burial
ground at Babiy Bugor is interpreted by several researchers
as a Christian cemetery. However, the most vivid illustration
of this is a site known as the “Greek Chamber”, which was
a rectangular stone structure measuring 12.6 by 16.4 meters,
oriented along the West-East axis. Still well visible at the
beginning of the 18th century, it was scientifically docu-
mented for the first time during that period. Archaeological
excavations of the “Greek Chamber” were carried twice:
once in 1916 by V.F. Smolin and again in the mid-1940s by
A.P. Smirnov. The structural and dimensional characteristics
of the building itself, along with the gravestones featuring
inscriptions in Armenian, described in a timely manner,
allowed it to be identified as a small temple, similar to the
construction from 1339 in Noravank (Armenia) or Armenian
churches from the 14th century in Feodosia and Old Crimea
(Smirnov, 1951). Temples of this type were typically two-
storied, with the lower level serving as a burial chamber. The
deciphered and repeatedly published epitaphs date from 1308
to 1335. This enabled A.P. Smirnov to reasonably assert that
a necropolis of the Armenian colony, formed around a com-
memorative temple, had been discovered in Bolgar (Smirnov,
1951, 1958).

Further extensive paleoanthropological research in Bolgar
has shown that the population buried at the “Greek Cham-
ber” finds considerable analogies in the multidimensional
craniometric space with groups interred in various Muslim
mausoleums of the city, as well as near the Small Minaret, at
the soil cemeteries of Excavations 45 and 191 (Gazimzyanov,
2000, 2015). This emphasizes the importance of employing
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paleogenetic methods as well as new paleoanthropological
analyses.

While genomic methods are already widely employed to
study ancient peoples, populations, and individuals, genetic
data related to the population of Great Bolgar are still lacking.
Such information would greatly improve our understanding
of its ethnic makeup provided by archaeological and paleo-
anthropological studies. A particular goal is to assess the con-
tribution of the medieval population to the formation of the
present-day peoples of the Volga region. In this study, for
the first time, we have applied genomic analysis methods to
investigate individuals buried in the territory of Great Bolgar.

Materials and methods

Paleoanthropological material (inventory numbers 8964,
8973, 8977) from the collections of the Research Institute
and the Museum of Anthropology named after D.N. Anuchin
at Moscow State University was used. The remains originate
from burials dating to the first half of the 14th century, which
were archaeologically examined by a Joint expedition of the
Institute of Material Culture History and the Museum of the
Tatar ASSR, led by A.P. Smirnov, in 1945 and 1947 in Bol-
gar, at the so-called “Greek Chamber”. This site was located
approximately 150 meters west of the city wall, in an area
currently occupied by the Bolgar grain terminal, and is not
discernible on the surface today.

Excavations of the ruins of the “Greek Chamber” and
the surrounding territory to the south and southeast allowed
A.P. Smirnov and A.M. Efimova to identify 113 Christian
burials. From an archaeological perspective, these burials are
characterized as “homogeneous/uniform”, contained within
wooden coffins (the wood was found to be decayed, with
numerous iron nails discovered), which were placed in rect-
angular pits measuring 2 x 0.8 meters, with rounded corners,
vertical walls, and flat bottoms. The remains were found in an
extended position on their backs, with heads facing west, faces
upward, hands folded on their chests, and accompanied by a
small number of personal items. However, it is noteworthy
that some burials with gravestones and their fragments, as
well as burials containing rich silk textiles embroidered with
gold and silver threads, were also recorded; additionally, a
temporal gold ring was discovered. A.P. Smirnov believed
that his excavations uncovered a significant portion of this
necropolis, estimating that it likely contained no more than
150 interments. Interestingly, while characterizing female
ornaments, particularly temporal rings, A.P. Smirnov found
analogies for some of them among the Slavic burial mounds
of the Smolensk and Tver regions, attributed others to Bulgar
prototypes from the 10th to 12th centuries, and associated
some with artifacts from burials dated to the 12th to 14th
centuries found in the Northern Caucasus (Smirnov, 1951).

Currently, considering our understanding of the multi-
component nature of Bulgar material culture, which is
predominantly urban and where many elements lose their
“ethno-defining” characteristics upon contact, one might
question the significance of these observations. Nevertheless,
based on paleoanthropology and paleogenetics, they have
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the potential to significantly enhance our understanding of
the ethnic composition of the medieval population of Bolgar.

In 1948, the collection of skulls from the burials at the
“Greek Chamber” was transferred to the Museum of Anthro-
pology at Moscow State University. These specimens were
first measured and reported by T.A. Trofimova, and subse-
quently re-examined by M.M. Gerasimova and published
later by I.R. Gazimzyanov (Gazimzyanov, 2000; Trofimova,
1956).

Genetic analysis was performed using fragments of teeth
from three individuals with the best-preserved anthropologi-
cal material. Genomic DNA was extracted from fragments
weighing 100-200 mg in clean rooms, where studies of mo-
dern materials had not been conducted, using a previously
published method (Andreeva et al., 2022). The DNA extract
and blank control were tested using the High Sensitivity
DNA reagent kit (Agilent) on a Bioanalyzer 2100 (Agilent).
Fragmented genomic libraries were prepared according to a
single-stranded DNA-based protocol (Gansauge et al., 2017)
and sequenced firstly on Illumina MiSeq (paired-end reads
mode of 76+76 cycles) and then on Illumina NovaSeq 6000
in single-end read mode of 56 cycles.

We used AdapterRemoval v2 (Schubert et al., 2016) for
trimming the adapter sequences of the raw reads. Short reads
were mapped using the BWA program (Li, Durbin, 2009)
with parameters adapted for short fragments of ancient
DNA (Schubert et al., 2012) to the human reference genome
(hg19/GRCh37 assembly), and to the mtDNA Cambridge
Reference Sequence (NC_012920.1). The authenticity of the
ancient DNA was evaluated using the MapDamage?2 program
(Jonsson et al., 2013). To determine the genetic sex of indi-
viduals, we calculated the ratio of reads mapped to the X and
Y chromosomes to reads mapped to autosomes; reads with
a mapping quality (MQ) greater than 30 were used for the
assessment.

We used contamMix (Fu et al., 2013) to estimate the con-
tamination of samples by mtDNA heterozygosity. For male
individuals, the contamination level was additionally esti-
mated by X-chromosome heterozygosity (Rasmussen et al.,
2011).

Mitochondrial haplogroup was determined using Haplo-
grep 2 (Weissensteiner et al., 2016). The Y-chromosome hap-
logroup was determined using the Yhaplo program (Poznik,
2016). Then, in order to clarify the Y-chromosomal lineage,
the markers of the corresponding haplogroup and all its de-
rived branches were visually checked using the IGV browser
(Robinson et al., 2011). Both Y-chromosomal haplogroup
markers presented in the ISOGG database (version 15.73)
(International Society..., 2020) and markers from the Yfull
database (YFull, 2024) were used. To conduct a phylogeo-
graphic analysis of mtDNA using the BLAST service, we
selected all mtDNA sequences close to the sequences of
the studied samples (identity >99.98 %), as well as samples
from the YFull and AmtDB databases (Ehler et al., 2019)
belonging to the identified haplogroup, and used them to con-
struct a phylogenetic tree using the mtPhyl program (Eltsov,
Volodko, 2016).
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For the analysis of genomic markers, pseudohaploid geno-
types corresponding to the AADAR panel (version v54.1.p1),
which includes 1,240 thousand genetic markers (Mallick et
al., 2024), were obtained using the PileupCaller program
with the “--randomHaploid” parameter. Population analysis
was performed using principal component analysis (PCA).
For this purpose, the genotypes of the studied samples from
the burials at the “Greek Chamber” were projected onto the
genetic variability of 2,775 representatives of 80 present-day
European and Caucasian populations from the Human Origin
panel (Lazaridis et al., 2016). PCA analysis was performed
using smartpca from the EIGENSOFT software package (Pat-
terson et al., 20006). To assess genetic similarity with ancient
populations, f4-statistics were calculated. Pseudohaploid
genotypes for the panel of 1,240 thousand genetic markers for
the populations included in the analysis were obtained from
the AADR database (version v54.1.pl). For the calculation,
the ADMIXTOOLS v.7.0.1 (Patterson et al., 2012) and admixr
v.0.9.1 (Petr et al., 2019) software packages were used. The
“inbreed=YES” parameter was applied in the calculation.
The results were visualized using the R/4.2 package (R Core
Team, 2021).

Table 1. Archaeological and anthropological data of the samples

Great Bolgar’s historical genetics: a genomic study of individuals
from burials close to the Greek Chamber in the 14th century

Results

Genomic DNA obtained from the teeth of three individu-
als (AB188, AB189, AB190) was used for genomic library
preparation and sequencing (Table 1, Fig. 1). Bioinformatics
analysis of the obtained short reads confirmed the authen-
ticity of the DNA for each sample (Fig. 2). The proportion of
reads mapped to the human reference genome ranged from
20 % to 66 %, indicating the high quality of the examined
bone material and its suitability for whole-genome analy-
sis (Table 2). According to the results of the assessment of
the ratio of the average coverage of sex chromosomes to
autosomes, it was observed that two samples (AB188 and
AB190) belong to males, while one (AB189), to a female.
The genetic sex of all samples coincided with their phenotypic
sex, previously determined by biological and anthropological
methods.

Based on the sequencing data, complete mitochondrial
sequences of the studied individuals were determined, as well
as their mitochondrial haplogroups. The mtDNA sequences of
all three individuals belong to three different mitochondrial
lineages (I5¢3, A+152+16362, and H78); therefore, these
individuals are not maternally related (Table 3).

Sample ID Museum ID Region Archaeological site, burial number Anthropological sex
AB188 8964 Tatarstan Bolgar, “Greek chamber’, grave 14 Male
AB189 8973 Tatarstan Bolgar, “Greek chamber’, grave 93 Female
AB190 8977 Tatarstan Bolgar, “Greek chamber’, grave 66 Male

AB188 AB189 AB190

mm mm
mm

0 1 2 0 1 2 0 1 2

Fig. 1. Anthropological material (teeth) used in the study.
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Fig. 2. The profile of nucleotide substitutions for reads mapped to the reference mtDNA sequence, calculated with MapDamage2 (Jénsson et al., 2013).

C>T transitions specific to ancient DNA are indicated by a red line. The X axis denotes the nucleotide position from the 5’end of the DNA fragments.
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Table 2. DNA sequencing statistics, mtDNA and Y-chromosome haplogroups

Sample ID Total reads Mapped Contamination, %
reads, %
mtDNA*  X-chromosome**
AB188 475,898,786  20.27 24 7.2
AB189 451,469,305 66.21 1.5 -
AB190 606,729,041 51.10 2.0 5.2

* Based on contamMix (Fu et al., 2013).

Mean coverage Genetic sex Haplogroup

genome mtDNA mtDNA Y-chromosome

x0.39 x35.1 XY (Male) 15c3 R1blalb1~
R-L23 ->R-Z2103

x1.1 x34.7 XX (Female) A+152+16362 -

x1.51 x51.3 XY (Male) H78 G2a2blal~
FGC5083/Y2724

** ANGSD was used to determine X-chromosome contamination in men (Korneliussen et al., 2014).

Table 3. Variants of the mtDNA sequences found in the tested samples from the burials at the “Greek Chamber”

Sample  Database ID The smallest number
ID (origin or ethnic group, period) of single nucleotide
differences from the test
sample
AB188 RISE408 (Armenia, Iron Age) MF362904
KJ690072 (Bulgaria) (Turkey, Armenian) - 2
OP642525 (Russia, Chechen)
MF362879 (Turkey, Armenian)
MK491434 (Turkey, Armenian)
MF362904 (Turkey, Armenian)
AB189 AP010745 (Japan) 59 (Russia, Besermyan)

EF397559 (Czechia)
MH981888 (Paraguay)
MF522991 (Pamir)
MF523016 (Pamir)
HMO036549 (Himalayas)
MH449268 (Vietnam)
AP013161 (Japan)

59 (Russia, Besermyan)
68 (Russia, Udmurt)

95 (Russia, Udmurt)

68 (Russia, Udmurt) - 4

Sample  Database ID The smallest number

ID (origin or ethnic group, period) of single nucleotide
differences from the test
sample

AB190*  FJ999540 (Germany) 7 and more single

MK217231 (Assyrian) nucleotide differences
AY739001 (Italy)

MZ920899 (Spain)

AY339402 (Finland)

AY738987 (Spain)

JX153287 (Italy)

EU600330 (Israel, Druze)
EU600333 (Israel, Druze)
MH001823 (Finland)
KC763393 (Finland)
MZ920486 (Spain)

MZ920710 (Spain)

MN595895 (Pakistan, Pashtun)
ON597638 (Italy)

KR858867 (Finland)

* Several randomly selected mtDNA sequences from those selected by the percentage identity parameter >99.98 % are presented. The mtDNA sequences found

are widely distributed across Europe and Western Asia.

For two male individuals, different Y-chromosome haplo-
groups were identified. The Y chromosome of AB188 belongs
to haplogroup R1blalbl~ (R-Z2103). Individual AB190 is a
carrier of haplogroup G2a2blal~ (FGC5083/Y2724). There-
fore, the studied males are not related to each other through
the paternal line.

A PCA indicated that both male samples (AB188 and
AB190) cluster within present-day Caucasian populations,
in close proximity to samples from present-day Armenia and
Turkey. The female sample AB189 is projected near present-
day populations of the Volga-Ural region (Fig. 3).

For testing the potential genetic contribution and similar-
ity to ancient populations, we performed a calculation of the
f4-statistic of the form f4(Test, Mbuti; AB188 and AB190,
AB189), where Test represents one of the tested ancestral
populations, and the African Mbuti group was used as an
outgroup. The results of the analysis (Tables 4, 5, Fig. 4)

confirm a greater similarity of individual AB189 with ancient
groups that formed the genetic substrate of the contemporary
Finno-Ugric population (Russia Karelia HG and Russia
Krasnoyarsk BA) and with modern Siberian groups (the
Besermyans, Udmurts, and Nganasans). In contrast, individu-
als AB188 and AB190 exhibit significantly more shared alleles
with the population group from the Kura-Araxes culture of
the Bronze Age in Armenia (Armenia EBA Kura Araxes),
which has made a substantial contribution to the genetic
structure of contemporary Armenians, as well as with modern
representatives of present-day Turks, and Iranians (Fig. 4).

Discussion

Previous studies on Bolgar’s craniological series have shown
that the local Finno-Ugric component is significantly repre-
sented in the population. Notably, the male skulls from the
burials next to the “Greek Chamber” have frequently been
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Armenia_EBA_KuraAraxes
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Kazakhstan_LateSarmatian
200 Russia_Sarmatian
Kazakhstan_EarlySarmatian
Kazakhstan_Sarmatian_IA
Kazakhstan_Central_Saka
Russia_Karelia_HG
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Russia_Krasnoyarsk_BA
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Armenian
Armenian_Hemsheni
Turkish
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AB190
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-100
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-0.005 0 0.005

Fig. 4. f4-statistics of the form of f4(Test, Mbuti;
~100 0 100 200 AB188 and AB190, AB189).

PCT Test — ancient (a) and present-day (b) populations.

Fig. 3. PCA plot visualizing Volga Bulgar samples (red dots) projected onto the first two (PC1
and PC2) components of genetic variability of present-day individuals from the Human Origin
dataset (grey dots); present-day Armenians are marked with green dots.

Table 4. f4-statistics of the form f4(W,X;Y,Z) for the ancient samples from the AADR database

W* X* Y z f4 stderr Zscore  BABA ABBA nsnps
Armenia_EBA_KuraAraxes Mbuti  AB188_AB190 AB189 0.003216  0.000621 5.179 6,803 6,386 129,387
Russia_Karelia_HG Mbuti  AB188_AB190 AB189  -0.00382 0.000858 -4.447 6,136 6,612 124,604

Russia_Samara_EBA_Yamnaya Mbuti  AB188_AB190 AB189  -0.00041 0.000583 -0.699 7,422 7,480 143,943
Russia_Sarmatian Mbuti  AB188_AB190 AB189  -0.00088 0.000669 -1314 6,674 6,790 131,859
Kazakhstan_EarlySarmatian Mbuti  AB188_AB190 AB189  -0.00106 0.001 -1.062 4,006 4,090 79,364
Kazakhstan_LateSarmatian Mbuti  AB188_AB190 AB189  -0.00065 0.001004 -0.645 4,080 4,132 80,499
Kazakhstan_Sarmatian_IA Mbuti  AB188_AB190 AB189  -0.00129 0.000594 -2177 7,136 7,318 140,913
Russia_Krasnoyarsk_BA Mbuti  AB188_AB190 AB189  -0.00836 0.000836 -9.988 6,951 8,190 148,263
Note. Here and in Table 5: W - ancient samples from the AADR database; X - Mbuti; Y — AB188 and AB190; Z — AB189; f4 — calculated f4-statistic; stderr — standard

error; Zscore - calculated Z-score; BABA/ABBA — the number of ABBA/BABA patterns of allele sharing among tested populations; nsnps — allele number.
*The labels for the ancient groups correspond to the AADR database (version v54.1.p1) of 1,240 K genetic markers.
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Table 5. f4-statistics of the form f4(W,X;Y,Z) for the present-day samples from the AADR database
W* X* Y z f4 stderr Zscore  BABA ABBA nsnps
Iran_Fars.HO Mbuti AB188_AB190 AB189 0.001956 0.000573 3414 3,313 3,173 71,262
Iran_Zoroastrian.HO Mbuti AB188_AB190 AB189 0.001924 0.000588 3.271 3,310 3,173 71,262
Armenian_Hemsheni.HO Mbuti  AB188_AB190 AB189  0.002469 0.000608 4.061 3,366 3,191 70,835
Armenian.HO Mbuti AB188_AB190 AB189  0.003041 0.000588 5168 3,392 3,172 72,211
Turkish.HO Mbuti AB188_AB190 AB189 0.001966 0.000556 3,535 3,357 3,215 72,211
Udmurt.HO Mbuti AB188_AB190 AB189 -0.00338 0.000607 -5.57 3,178 3,418 70,835
Besermyan.HO Mbuti  AB188_AB190 AB189 -0.00311 0.000632 -4.922 3,191 3411 70,835
Chuvash.HO Mbuti  AB188_AB190 AB189 -0.00147 0.000595 -2465 3,252 3,358 72,211
Nganasan.HO Mbuti  AB188_AB190 AB189 -0.00624 0.000697 -8.953 3,043 3,493 72,211

*The labels for the population groups correspond to the Human Origin set of the AADR database (version v54.1.p1) with 600 K genetic markers.

likened to the skulls of present-day Armenians. In contrast, the
female skulls exhibited closer alignment with the cranial cha-
racteristics typical of the local Finno-Ugric population (Tro-
fimova, 1956; Efimova, 1991). The high-quality whole-ge-
nomic data we obtained from all three samples of individuals
representing the medieval Bulgarian population enabled us to
analyze both uniparental markers (mtDNA and the Y-chro-
mosome) and autosomal markers, thereby providing insights
into the probable origins of the studied individuals.

According to the population analysis utilizing autosomal
genetic markers (Fig. 3), the two male samples and the female
sample (AB189) from grave 93 next to the “Greek Chamber”
differ significantly. According to the projection of the first
two principal components, the female sample is most similar
to modern-day Besermyans, who speak a Finno-Ugric lan-
guage, and to Chuvash and Kazan Tatars, who speak Turkic
languages. All these groups have a significant amount of au-
tochthonous substrate in their genetic makeup. These modern
communities are descendants of a Finno-Ugric people that
lived in regions that were once part of Volga Bulgaria and
the Golden Horde.

The maternal lineage (mtDNA) of individual AB189 be-
longs to the East Eurasian haplogroup A+152+16362. This
mitochondrial haplogroup is distributed mainly in East Asia
and among the indigenous population of America. Among
the present-day European populations, haplogroup A is most
prevalent in Tatars and Bashkirs of the Volga-Ural region,
where it accounts for up to 3.6 % (Malyarchuk et al., 2010).

In the databases of present-day and ancient DNA (GenBank,
AmtDB, Yfull), we searched for complete mitochondrial
sequences that are most similar to the mtDNA sequence of
sample AB189 (percent identity >99.94). The analysis of
the phylogenetic tree constructed using the mtPhyl program
revealed that sample AB189 has a substitution at position 93,
which allows it to form a common clade with samples from
modern Udmurts and Besermyans (Fig. 5). Thus, the results of
the genetic analysis indicate that the woman we studied has a
genetic profile similar to that of the contemporary Finno-Ugric

population of the Volga-Ural region. Due to the current lack of
genomic data for the medieval population of the Volga region,
conducting a comparative analysis of the examined individuals
with the ancient inhabitants of this area is challenging. Never-
theless, paleoanthropological data suggest similarities between
the medieval and modern indigenous populations (Efimova,
1991), which allows us to hypothesize that the woman from
burial 93 next to the “Greek Chamber” was a representative
of the local Finno-Ugric tribes.

The two male samples are positioned on the PCA plot close
to the present-day populations of the eastern Mediterranean
(Turks, Jews, Libyans, and Cypriots) and the Caucasus (Geor-
gians, Armenians), and they are quite far from the samples
that belong to the Volga-Ural region’s populations (Fig. 3).

The mtDNA of male AB188 belongs to haplogroup I5c3.
Sequences of contemporary mtDNA samples of this hap-
logroup, as represented in the GenBank database, have been
identified exclusively among individuals from Caucasian
populations, predominantly among Armenians. Notably,
among ancient samples, haplogroup I5c, which is ancestral to
haplogroup I5¢3, was also found in an individual who lived
in the territory of present-day Armenia and belonged to the
Lchashen-Metsamor culture (1209—1009 BCE) (Allentoft
et al., 2015). The Y chromosome of male AB188 belongs
to haplogroup Rlblalbl~ (R-Z2103). Due to insufficient
genome coverage, we were unable to determine subsequent
markers within this Y clade. This haplogroup is part of the
larger Y-chromosomal clade R1b, which is widespread in
modern populations of Western Europe. However, haplogroup
R-Z2103 identified in individual AB188 belongs to the Eastern
European lineage R1b-L23, which is most prevalent in the
Caucasus, Turkey, and the Ural region, where its frequency
reaches up to 10 % (Myres et al., 2011).

According to the YFull database, the largest number of con-
temporary representatives of haplogroup R-Z2103 originates
from Armenia. Some estimates suggest that between 19 and
23 % of the modern population of Armenia belong to various
branches of this haplogroup (FamilyTreeDNA; Hovhannisyan
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| ON597638 Italy
16362 | MZ920899 Spain
| I5¢ KC763393 Finland
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| | | MHO001823 Finland
16189 MN595895 Pakistan
| 12438C 16114T MZ920486 Spain
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| Armenia, EIA |
150 2242C 8176C 7002T
| 16311T |
i3 I5c3 4113A 12372A H78
MK491434 13968A | |
15908 Armenian (Turkey) 16354T 0OP642525 | |
16400T MF362879 Chechen 14617 711C
AB189 Armenian (Turkey) 3411G 3548C
AB188 15240G 5291C
16519 | 5460A
9168 EU600333 9077C
574C Druze (Israel) 121151
68 Udmurt 10389C |
59 Besermyanian 16311T AB190
MF362904 |
Armenian (Turkey) EU600330
5460 Druze (Israel)
95 Udmurt

Fig. 5. Fragments of phylogenetic trees of haplogroups A, 15¢3, and H78, constructed using the mtPhyl software (Eltsov, Volodko, 2016).

The positions and nucleotide substitutions relative to the reference mtDNA sequence are specified. Mitochondrial haplogroups are highlighted in red. For each
sample, its identification number in the database, origin, and ethnic affiliation are provided. The ancient individual is highlighted in blue; EIA — Erly Iron Age. The

studied samples are enclosed in red rectangles.

etal., 2025). The results of the genomic analysis of individual
AB188 from burial 14, based on data obtained from autosomal
markers as well as maternal and paternal lineage markers, in-
dicate that the studied male from the burial site in the “Greek
Chamber” in Volga Bulgaria had Armenian origins.

The maternal lineage of the second male individual
(AB190) belongs to mitochondrial haplogroup H78. This
mitochondrial haplogroup originated from an ancestral branch
of haplogroup H due to a single substitution at position 7002.
Phylogenetic analysis based on sequences available in da-
tabases that are similar to the mtDNA of individual AB190
(percent identity >99.93) revealed that only two sequences
in the databases contain the same substitution (7002), both
belonging to contemporary representatives of the Druze eth-
nic group residing in northern Israel (Fig. 5). However, it is
important to note that the sequence of AB190 differs from the
sequences of these two individuals by at least nine positions
in the mtDNA, whereas the differences between mtDNA of
AB190 and the sequences of the root haplogroup H, the most
common haplogroup in Europe, as well as numerous sequenc-
es of sister lineages to H78, amount to only 7—8 substitutions.
Thus, drawing conclusions about the likely geographical or
ethnic origins of the maternal lineage of individual AB190 is
challenging, although one might hypothesize the existence of
a common ancient ancestor with the Druze of Israel.

The analysis of the male lineage of this man from Great
Bulgaria showed that his Y-chromosomal haplogroup belongs
to haplogroup G2a2blal~ (FGC5083/Y2724), which is pre-
dominantly found in modern populations of the Caucasus and
is most widely distributed in contemporary Turkey. Recent
data on the most likely origin of modern Armenian groups
from ancient Anatolia (Hovhannisyan et al., 2025) indicate
a high level of genetic similarity between Armenians and
the inhabitants of Turkey. Thus, the second man we studied
(AB190, burial 101) was also likely a migrant from the terri-
tory of Armenia or Anatolia.

Conclusion

The data we obtained are in line with the historical and ar-
chaeological evidence regarding the existence of a segment
of the population in Great Bulgaria that was represented by
migrants or merchants of Armenian descent. Previously, based
on craniological data, a hypothesis was proposed suggesting
that Armenians who migrated to Bulgaria took local women as
wives (Trofimova, 1956). The results of our analysis partially
support the hypothesis of different origins of the men and
women buried at the “Greek Chamber”. However, to provide
evidence for such marital practices, it is necessary to increase
the sample size and include potential descendants from such
mixed marriages.
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Abstract. One of the main etiological factors in the development of cervical cancer is infection with human papilloma-
virus (HPV). At the same time, the risk of developing a malignant process increases with an increase in viral load. The
aim of this study was to investigate the transcription level of DNA repair and cell cycle control genes in the cervical epi-
thelial cells of women with a clinically significant HPV viral load. The material for the study was DNA and RNA samples
isolated from cervical epithelial cells in women. A total of 107 samples were analyzed. 55 women were HPV-positive
(with a clinically significant viral load - more than 103 HPV genomes per 100 thousand human cells); the control group
consisted of 52 HPV-negative women. All women were over 30 years old. The transcription level of the APEXT, ERCC2,
CHEK2, TP53, TP73, CDKN2A, SIRT1 genes was determined using RT-PCR. It was shown that the detection frequency
of the APEXT and ERCC2 gene transcripts was increased in the group of women with a clinically significant viral load.
The transcription level of all the studied genes did not differ between the control group and the group with clinically
significant HPV concentrations. However, the transcription level of the TP53 and TP73 genes decreased with increasing
viral load. In the control, a correlation between the transcription levels of genes involved in the functioning of the p53
protein was revealed. An increase in viral load during HPV infection is associated with a change in the coexpression of
DNA repair and cell cycle control genes.
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DKCITpeccHsi TeHOB CUCTEMbI pernapanim
11 KOHTPOJISI KJIETOUHOTO LMKJ/a rmpu BITY-mHpeKInN

E.B. Mamkuua () @), B.B. Boabunk (), E.C. Mysaaesa (1), E.I. AepeBsaHuyk

IOXHbI depepanbHbI yHUBepcuteT, PoctoB-Ha-[JoHy, Poccus
@ lenmash@mail.ru

AHHoTaumA. O4HUM 13 OCHOBHBIX STMONOrMYeCKMX GpaKTOPOB Pa3BUTUA paka LUK/ MaTKN ABNAeTCA MHOMLMPOBa-
Hne BMPYCOM nanuinombl Yenoseka (BMY). Mpwr 3Tom prck pa3sButrA 310KauyeCcTBEHHOro npoLjecca yBenmnymBaeTca ¢
poCTOM BUPYCHOI Harpy3ku. Llenbto gaHHOro nccnenosaHma 6b110 M3yyeHrie YPOBHA TPaHCKPUNLMK reHOB penapa-
uun JHK 1 KOHTponA KNeTouyHoro LymKkna B SNUTeNranbHbIX KNeTkax LepBrKaIbHOTO KaHaa XeHLWMH C KIIMHUYeCKn
3HAUYMMOW BUPYCHOW Harpyskoi npu BMNY-uHdekuun. Matepuanom ans uccnefoBaHua NocnyXunm obpasubl AHK
1 PHK, BblgeneHHble U3 anuTenunanbHbIxX KNeToK. Bcero 6bino npoaHanusmposaHo 107 06pa3uoB: 55 XKeHLWUH 6biin
BMY-nonoxutesbHbIMY (C KMHUYECKU 3HAUMMON BUPYCHOW Harpy3kom — 6onee 103 reHomoBs BIMY Ha 100 Tbic. KNeTok
yenoBeka), KOHTPONbHYO rpynny coctaBunm 52 BIMY-oTpuruaTtenbHble XeHWnHbI. Bee xeHwmHbl 6binn ctapue 30 neT.
YpoBeHb TpaHckpunuuu reHoB APEXT, ERCC2, CHEK2, TP53, TP73, CDKN2A, SIRT1 onpepensanu ¢ nomotybto OT-TLP.
MokasaHo, uTo YacToTa O6HapyKeHWA TPaHCKPUNTOB reHoB APEXT n ERCC2 6bina NoBbiLLeHa B rpynne XeHLWUH C Ku-
HUYECKM 3HAUMMOW BUPYCHOW Harpy3Kkow. YpoBeHb TPaHCKPUMNLUUN BCEX NCCIeAOBaHHbIX FEHOB He Pa3nnyasnca Mexay
KOHTPOMbHOW rpynnow u rpynnoi BMY-nHeunumpoBaHHbIX xeHWwmnH. OAHaKO YCTaHOBNEHO, YTO YPOBEHb TPaHCKpU-
uunn reHoB TP53 n TP73 cHMXaeTcAa C pOCTOM BUPYCHOWN Harpy3ku. B KOHTpone BbifAiBNeHa Koppenaumna mexay ypoBs-
HAMYW TPAHCKPUMLUMY FeHOB, Y4YacTBYOWMX B obecneveHnn GyHKLMOHMPOBaHMA Genka p53. YBennyeHvie BUPYCHON
Harpysku npu nHounumposaHmm BINY ceA3aHo ¢ n3meHeHMeM KosKcnpeccmm reHoB penapaumm JHK n koHTpona Kne-
TOYHOTO LMKNa.

KntoueBble cnoBa: BUPYC NanuiioMbl YenoBeKa; KOHTPOJIb KIETOYHOTO LMKNa; TPAHCKPUMLMA reHOB; KO3KCnpeccus
reHoB
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Introduction

Human papillomavirus (HPV) is a major risk factor for inva-
sive cervical cancer (Bava et al., 2016). Most cases of HPV
infections (70-80 %) are transient and asymptomatic, in which
the virus disappears from the body or becomes undetectable
within two years of infection (Kim et al., 2012). However,
in some cases, infected women develop low- and high-grade
squamous intraepithelial lesions or cervical cancer (Chansaen-
roj et al., 2013). The International Agency for Research on
Cancer has documented that a high viral load in HPV infection
is a risk factor for cervical cancer (Ylitalo et al., 2000; van
der Weele et al., 2016).

The life cycle of human papillomavirus is determined by
its influence on intracellular processes, primarily cell cycle
control, the activity of factors of the DNA repair system, and
factors of the immune system. Normally, differentiation of
urogenital tract epithelial cells is accompanied by their exit
from the cell cycle. In infected cells, viral DNA is amplified
to thousands of copies per cell, which is accompanied by the
preservation of the ability of epithelial cells to divide (Long-
worth, Laimins, 2004; Minger et al., 2004).

Infection of epithelial cells and amplification of viral DNA
can lead to damage to the human genome. The response to
DNA damage plays a crucial role in maintaining genome sta-
bility by coordinating the course of the cell cycle with DNA re-
pair. The main stages of excision repair include recognition of
DNA damage, unwinding of the DNA region with a damaged
site (ERCC2 is one of the participants), cutting of the DNA
chain and cutting out the damaged DNA region (for example,
with the participation of APX1), ligation of a new chain. The
implementation of repair processes requires stopping the cell
cycle, which is carried out due to the functioning of proteins
such as CHEK?2, CDKN2A, p53, p73, SIRTL.

Aberrant expression of key factors changes the capacity
of the repair system, affecting genome stability and integrity,
which increases the likelihood of altered/damaged cells preser-
vation and the development of a malignant process (Kushwah
et al., 2023). Research data show that the expression level of
the DNA repair and cell cycle control systems genes changes
in cervical cancer, including that of APEX1 (Li et al., 2021;
Zhang et al., 2023), ERCC2 (Ye et al., 2012; Bajpai et al.,
2013), TP53 (Ngan et al., 2001; Zhou et al., 2015), TP73
(Liu et al., 2004; Choi et al., 2007), CDKN2A (Hafkamp et
al., 2009). However, there are almost no data on the effect of
clinically significant viral load in HPV infection on transcrip-
tion of the repair system genes before the development of
severe forms of epithelial cell dysplasia.

The aim of this study was to investigate the expression level
of the DNA repair and cell cycle control systems genes at a
clinically significant concentration of human papillomavirus
in the epithelial cells of the urogenital tract of women.

Materials and methods

The material for the study was DNA and RNA samples isolated
from epithelial cells of the urogenital tract of women. Among
them, there were 55 women infected with HPV (with a clini-
cally significant viral load — more than 3 lg (Ig — common
logarithm, 3 1g— 1000 HPV genomes per 100 thousand cells))
and 52 HPV-negative women (control group). The average
viral load in infected women was 5.03+0.13 Ig (minimum —
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3.4 1g, maximum — 8.1 Ig). Women with a viral load less than
3 Ig were excluded from the study.

Among 55 women infected with HPV, 5.4 % had normal
cytological characteristics of the epithelium (NILM); 36.4 %
had atypical squamous cells of undetermined significance
(ASCUS); low-grade dysplasia (LSIL) was detected in 58.2 %
of women.

Allwomen included in the study were over 30 years old. The
average age of women in the control group was 37+0.79 years,
in the group of women with clinically significant HPV concen-
trations — 38 +£1.25 years. All collected samples of epithelial
cells scrapings from the urogenital tract of the women were
provided by the diagnostic laboratory “Nauka” (Rostov-on-
Don, Russia).

The ethnic component was also considered — only women
of the Caucasian race were included in the study. In this case,
Russians made up 86 %, Armenians, 9 %, other nationalities
of the Caucasian race, 5 %.

Informed written consent was obtained from all women. The
research received approval from the Bioethics Committee of
the Academy of Biology and Biotechnology of the Southern
Federal University on March 29, 2016 (Protocol No. 2). All
experimental procedures adhere to the standards and ethical
guidelines of the World Medical Association (Helsinki Decla-
ration).

Samples of cervical epithelial cells scrapings were used.
Total DNA was extracted using the DNA-sorb-AM reagent
kit according to protocol (NextBio, Russia). DNA for high-
risk HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,
and 59) was quantified using the protocol AmpliSens-HPV
HCR screen-titre-FRT (Interlabservice, Russia) (AmpliSens...
Manual, 2018). An assessment of viral load was made based
on clinical reports published in the manufacturer’s kit manual.
Specifically, a viral load less than 3 Ig per 10° human cells
was taken to signify “low clinical significance”, while a load
greater than 3 lg per 10° human cells was equated to a clini-
cally significant probability of dysplasia.

Total RNA isolation was performed using the GeneJET
RNA Purification Kit (Thermo Scientific) according to the
manufacturer’s instructions. The reverse transcription re-
action was performed at 45 °C for 50 minutes followed by
MMLV-RT inactivation at 92 °C for 5 minutes. The transcrip-
tion level of the GAPDH, APEX1, ERCC2, CHEK?2, TP53,
TP73, CDKN2A, SIRT1 genes in epithelial cells of the cervi-
cal canal of the women was determined by Real-time PCR
using fluorescent gene-specific probes or SYBR Green. The
sequence of primers and probes is presented in Table 1. The
amplification reaction was performed in two replicates for
each sample according to the following program: 94 °C —
10 minutes, 60 °C — 50 seconds, 94 °C — 15 seconds. The last
two steps were repeated 40 times.

Statistical analysis. The target mMRNA level was normalized
to the level of MRNA GAPDH. The level of transcription was
determined using the ACt approach, where ACt is the differ-
ence in the target and the housekeeping gene threshold cycles.
Statistical analysis of data of gene expression was performed
by the 2-24Ct method by Livak and Schmittgen (2001). It
shows the multiplicity of changes in gene expression level
in the samples compared. The average ACt values for two
groups were compared using Student’s t-test. Pearson’s Rank
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Table 1. Sequence of primers and probes
used to determine the level of gene transcription

Gene 5'-3'sequence of primers and probes

GAPDH F 5'-AGGTCGGAGTCAACGGATTT-3'
R 5-ATCGCCCCACTTGATTTTGG-3'

FAM-GGCGCCTGGTCACCAGGGCT-BHQT1

APEX1 F 5-AAAGTTTCTTACGGCATAGGCGAT-3’
R 5'-CTGTTACCAGCACAAACGAGTCA-3’

FAM-ATCACCCGGCCTTCCTGATCATGCTCC-BHQ1

TP53 F 5-GCCCTCAACAAGATGTTTTGCCAACT-3’
R 5-CAACCTCCGTCATGTGCTGTGACTG-3'

FAM-TTGATTCCACACCCCCGCCCGGCACC-BHQ1

ERCC2 F 5'-CGAGGCCCACAACATTGACAAC-3’
R 5-TCTTTGATCCTGAGCACCGTCT-3'

FAM-AACCTCACCCGCCGGACCCTTGACC-BHQ1

CHEK2 F 5-AGCCCAGCCTTCTACTAGTCGAAA-3’
R 5'-GTTCAAACCACGGAGTTCACAACACA-3’

FAM-TCGGCACCCTCGGCTTCCCCTTCACGG-BHQ1

TP73 F 5'-CACACCATCACCATCCCCAA-3’
R 5-CCTCCGTGAACTCCTCCTTG-3'

FAM-GGACTTCGGCTTCGACCT-BHQ1

CDKN2A F 5-CTTCCTGGACACGCTGGTG-3’
R 5"-ATGGTTACTGCCTCTGGTGC-3’

FAM-GACCTGGCTGAGGAGCTG-BHQ!1

SIRT1 F 5'-CTTCACCACCAGATTCTTCAG-3'

R 5-TTCAGCAATACTTTCAACATTCC-3'

Correlation Coefficient was used to assess whether there were
statistical correlations between the expression level and the
selected independent variables (the viral load and women’s
age). GraphPad InStat software (version 3.05) was used for
all statistical analyses.

Results

Among 55 women infected with high-risk HPV types, type 16
was detected in 32.7 % of cases. HPV type 18 was the second
most frequently detected type (9.1 %). Women infected with
either type 31 or type 33 accounted for 7.3 % each. HPV

2025
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type 51 was detected in three women (5.4 %). In addition,
isolated cases of monoinfection with HPV types 45, 52, 58
or 59 were also detected. However, 29.1 % of women were
co-infected with two HPV types. No relationship was found
between the type of human papillomavirus and the viral load,
as well as the transcription level of the studied protein-coding
genes.

As a result of the study, it was found that TP53 and SIRT1
transcripts are detected in 100 % of the samples; CHEK?2
transcripts are detected in 96 % of the samples. Most samples
were characterized by transcription of TP73 (69 and 73 % in
the control and HPV infection groups) and CDKN2A (58 and
62 % in the control and HPV infection groups). It was found
that in a clinically significant viral load, the part of epithe-
lial cell samples with transcribed APEX1 and ERCC2 genes
was 78 and 40 %, respectively, which is 20 % higher than in
the control group (p < 0.05). It should be noted that for the
ERCC2 gene, the transcript detection frequency increased
with increasing viral load. So, at an HPV concentration of
3-51g, the proportion of samples with ERCC2 transcripts was
34.4 %, and at a viral load above 5 Ig, it was 47.8 %. This may
reflect an increase in the intensity of human DNA damage
when the HPV concentration in epithelial cells increases. The
highest level of transcription was typical of the CHEK?2 and
SIRT1 genes.

The transcription level of all the genes studied in the control
and at clinically significant HPV concentrations did not differ
(p >0.05) (Fig. 1).

However, the mMRNA level of two genes depended on HPV
concentrations in the cells of infected women. Thus, the tran-
script level of the CHEK?2 gene in the cells of women with a
viral load of 3-5 Ig did not differ from the control. At the same
time, at HPV concentrations of more than 5 Ig, the relative
level of CHEK2 transcripts was 3 times lower compared to
the control (2-2ACt=0.34, p = 0.03). Another dependence was
revealed for the TP73 gene: with a viral load of 3-5 Ig HPV
genomes, the level of TP73 transcripts was 2.7 times higher
than in the control (p = 0.03); with a viral load of more than
51g, the level of TP73 gene transcripts did not differ from the
control values (Fig. 2).

Anegative correlation was found between the mRNA level
of TP73 or TP53 and the viral load in HPV infection (Table 2).

5
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Fig. 1. The level of the genes’ transcription in the epithelial cells of the urogenital tract of women relative to the expression of
GAPDH in the control and at clinically significant HPV concentrations.
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Fig. 2. The level of CHEK2 and TP73 transcription in the epithelial cells
of the urogenital tract of women relative to the expression of GAPDH
depending on the viral load in HPV infection (comparison with the
corresponding control).
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In the control, the transcription level of CHEK2 corre-
lates with the transcription levels of SIRT1, TP53 and TP73
(Table 3). The level of SIRT1 transcripts correlates with the
MRNA levels of the TP53, TP73 and APEX1 genes. TP53
transcription activity is also associated with CDKN2A tran-
scription levels. And the transcription level of CDKN2A, in
turn, correlates with the transcription level of ERCC2.

At a clinically significant viral load in HPV infection, the
dependence of the TP53 and TP73 genes’ transcription and
also that of SIRT1 and ERCC2 genes has been shown. The
transcription of APEX1 correlated with other genes, except
for CDKN2A (Table 4). At the same time, unlike the control,
the mRNA level of the CDKN2A gene does not depend on the
TP53 gene transcription level (Table 4).

Discussion

In the work, the level of gene transcription in the cervical
canal cells of women over 30 years old in the control group
and in the group with an HPV viral load of more than 103 DNA

Table 2. Correlation analysis of the genes’ transcription level with viral load in HPV infection

SIRT1 TP53 TP73 CDKN2A ERCC2 APEX1 CHEK2
r=0.15 r=-0.27 r=-0.46 r=-0.13 r=-0.05 r=0.23 r=-0.15
p=027 p=0.045 p=0.003 p=0.47 p=081 p=0.14 p=0.29
Table 3. Correlation of genes’ transcription in cervical epithelial cells in the control
Gene SIRT1 TP53 TP73 CDKN2A ERCC2 APEX1
CHEK2 r=0.57 r=0.64 r=0.48 r=0.27 r=-0.14 r=0.23
p <0.0001 p <0.0001 p=0.003 p=0.15 p=07 p=0.21
SIRT1 - r=0.51 r=0.54 r=0.34 r=-0.12 r=0.52
p=0.0001 p =0.0006 p=0.07 p=074 p=0.003
TP53 - - r=0.29 r=0.45 r=0.19 r=0.39
p=0.08 p=0.01 p=06 p=0.033
TP73 - - - r=0.38 r=0.19 r=0.29
p=0.07 p=0.6 p=0.15
CDKN2A - - - - r=0.85 r=0.15
p=0.015 p=053
ERCC2 - - - - - r=-0.52
p=0.19
Table 4. Correlation of genes’ transcription in cervical epithelial cells in HPV-infection
Gene SIRT1 P53 P73 CDKN2A ERCC2 APEX1
CHEK2 r=035 r=0.43 r=0.44 r=0.28 r=027 r=0.34
p=0.016 p=0.0013 p=0.005 p=0.12 p=0.26 p=0.03
SIRT1 - r=0.42 r=0.37 r=0.34 r=0.53 r=0.53
p=0.021 p=0.023 p=0.09 p=0.029 p=0.003
TP53 - - r=0.75 r=20.05 r=0.23 r=0.63
p <0.0001 p=0.76 p=0.31 p <0.0001
TP73 - - - r=0.17 r=-0.01 r=0.38
p=04 p=097 p=0.03
CDKN2A - - - - r=-0.6 r=-0.14
p=0.018 p=0.46
ERCC2 - - - - - r=0.47
p=0.05
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copies of HPV per 105 human cells was investigated. This
level of viral load is considered clinically significant and in-
creases the likelihood of dysplastic changes in epithelial cells
(AmpliSens... Manual, 2018). The change in the epithelial cell
structure is the result of metabolic processes changes in in-
fected cells. The cellular events underlying the transition from
normal cervical tissue to cervical dysplasia or cancer at HPV
infection remain unexplored. Specifically, it is unknown why
some HPV infections persist and progress to cancer, whereas
other HPV infections are cleared or precancer tissues return
to normal states. In addition, each stage has its own specific
HPV-infected epithelial transcription properties.

Cells of the normal cervix highly express multiple tumor
suppressors (for example SLC5A8, DERL3), thereby sup-
pressing cell proliferative, migratory and invasive capacities
(Guo et al., 2023).

HPV-positive cells with histological changes consistent
with CIN I have approximately 20 % of differentially ex-
pressed genes compared to normal keratinocytes. Genes of
DNA repair and cell cycle (ATM, ATRX) are upregulated.
Genes of epithelial differentiation and epidermal development
are downregulated. In addition, genes involved in the immune
response are downregulated (for example IL-6, STAT1, IFNp)
(Templeton, Laimins, 2024).

At HSIL, high cellular motor capacity is manifested, spe-
cifically expressing genes related to cell adhesion (CDH16,
CDH17 and VSIG1) and extracellular matrix degradation. It
can promote the expansion of atypical cells in intraepithelial
neoplasia progression. BRCA1, which plays a crucial role in
DNA replication, DNA repair and genomic stability main-
tenance, is also active in the cells with HSIL. Cancer cells
manifest high expression levels of genes related to carcino-
genic pathways such as epithelial-to-mesenchymal transition,
tumor cell proliferation, migration, invasion and angiogenesis
(Guo et al., 2023).

We have evaluated the effect of viral load in HPV infection
on the transcription level of the DNA repair and cell cycle con-
trol systems genes. A relationship has been revealed between
the transcription of the studied genes in uninfected cells. The
activity of CHEK2 transcription is associated with the mRNA
level of the TP53, TP73, and SIRT1 genes (Table 3, Fig. 3).
At the same time, the TP53 gene transcription is associated
with the activity of the APEX1 and CDKN2A genes. The last
is co-expressed with the ERCC2 gene.

The CHEK?2 gene is an oncosuppressor and encodes serine
threonine kinase, which reacts to DNA damage and plays a
key role in maintaining genome integrity (Bartek et al., 2001).
In response to DNA damage, Chk?2 kinase is activated, which
triggers a protein phosphorylation cascade. The spectrum of
phosphorylation substrates includes proteins involved in the
cell cycle control, apoptosis and DNA repair, including tumor
suppressor p53, cyclin-dependent kinase CDC25C, transcrip-
tion factors E2F1 and FOXML, proteins BRCAL and BRCA2
(Magni et al., 2014; Zannini et al., 2014). In addition, Chk2
participates in the processes of DNA structure modification
and cell progression through the cell cycle.

Activation of p53 is also possible under the influence of
APEX1. Another protein that participates in the regulation of
p53 activity is sirtuin 1 encoded by the SIRT1 gene (Yang et
al., 2015; Chenetal., 2021). Sirtuin 1 (SIRT1) is a deacetylase,
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Fig. 3. Coexpression of DNA repair and cell cycle control systems genes
in cervical epithelial cells.

The red lines show genes’ transcription correlation, which was absent in
the control; the blue line shows changing directly to negative correlation;
the green line - correlation was present only in the control; the black line -
correlation was present in both control and HPV infection.

the activity of which affects gene expression, cell division,
and DNA repair.

The p14ARF protein takes part in the regulation of p53 degra-
dation processes. p14ARF is one of the transcription products of
the CDKN2A gene. This gene encodes two proteins: p16'NK4a
and p14ARF which are involved in the regulation of the cell
cycle, apoptosis, and cell proliferation (Chan et al., 2021).
Protein p16 is a cyclin-dependent kinase inhibitor that is tar-
geted on CDK4 and CDK®6 and limits their interaction with
cyclin D1 (Giacinti, Giordano, 2006). Protein p14 prevents
p53 ubiquitination mediated by ubiquitin-protein ligase E3
MDM2. So, it prevents p53 degradation and ensures p21 ex-
pression. The p21 protein inhibits the cyclin/CDK complexes
formation (Bieging et al., 2014).

Thus, the coexpression of genes involved in the regulation
of the p53 protein was revealed in the cervical epithelial cells
of women uninfected by human papillomavirus.

In HPV infection, E6 and E7 virus oncoproteins can interact
with human proteins of DNA repair and cell cycle control
systems. It has been shown that the E6 and E7 proteins interact
with CHEK?2, which alters its binding efficiency to human
DNA and promotes the localization of CHEK2 in HPV DNA
replication zones (Gillespie et al., 2012; Bruyere et al., 2023).
Also, the E6 protein can bind p53 (Thomas et al., 1999). The
decrease in p53 concentration can be partially compensated
by p73 activity. p73 activates promoters of several p53-sen-
sitive genes involved in cell cycle control, DNA repair, and
apoptosis, and inhibits cell growth in a p53-like manner,
inducing apoptosis or cell cycle arrest at the G1 stage (Chel-
lappan et al., 1992; Flores et al., 2002). Our study showed
that epithelial cells infected with HPV were characterized by
coexpression of the TP53 and TP73 genes, which were absent
in control (Fig. 3).

However, the E6 protein is also able to interact with p73.
At the same time, the more viral proteins there are, the more
pronounced the decrease in p73 activity (Park et al., 2001).
We revealed a negative correlation between viral load and the
TP53 or TP73 genes transcription level (Table 2). This may
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serve as a molecular basis for increasing risk of epithelial cell
dysplasia and cancer development.

We did not detect changes in gene transcription levels dur-
ing HPV infection, including those of SIRT1. However, a few
studies have shown that the SIRT1 protein level in human cells
increases under the influence of the E7 oncoprotein (Allison
et al., 2009; Langsfeld et al., 2015). In infected cells, SIRT1
initiates the assembly of a multi-protein viral DNA replication
complex (Langsfeld et al., 2015; Das et al., 2019). In addi-
tion, SIRT1 can influence the course of the infectious process
by regulating the p53 protein level and activity. SIRT1 can
bind, and deacetylate activated p53 (Vaziri et al., 2001). We
have previously shown that the intergenic interactions of the
TP53, TP73, CDKN2A, and SIRT1 genes polymorphic loci
affect the risk of clinically significant viral load formation in
HPYV infection, which may be due to the influence on the cell
cycle control and apoptosis processes (AlBosale, Mashkina,
2022; Mashkina et al., 2023).

The literature data on the CDKN2A gene transcription
level in carcinogenesis are contradictory. Overexpression
of p16INK4a was established in all cervical intraepithelial
neoplasm and invasive cervical cancers (Klaes et al., 2001).
In several bioinformatic studies analyzing RNA sequencing
data of cervical cancer samples, it was found that CDKN2A
isakind of “nodal gene” of the tumor process, since it inter-
acts with various transcription factors, signaling molecules
and microRNAs (for example, miR-424-5p and miR-9-5p),
and moreover, its overexpression in cervical carcinoma was
noted (Zhao et al., 2018). Bioinformatic analysis showed that
a change in the CDKN2A gene transcription occurs already
at the stage of epithelial cell dysplasia (Kulaeva et al., 2024).

However, at the same time, another study of the CDKN2A
expression in cervical cancer cell lines showed that it was
reduced; moreover, the authors concluded that CDKN2A in-
hibits cell proliferation and invasion in cervical cancer through
the lactate dehydrogenase-mediated ACT-mTOR pathway
(Luan et al., 2021).

We did not detect changes in the CDKN2A transcription
level with a significant viral load. However, if in the control,
the coexpression of the TP53 and CDKN2A genes transcrip-
tion levels were revealed, then this dependence disappears
in HPV-infected cells. This fact may reflect a change in the
p53 protein degradation processes both with the participa-
tion of the E6 and E7 proteins, and in a ubiquitin-dependent
manner. At the same time, a direct relationship between the
MRNA levels of the CDKN2A and ERCC2 genes in the control
changes to an inverse relationship at a clinically significant
HPV concentration (Table 3). This, on the one hand, may be
due to an increase in the number of cells in which the ERCC2
gene is expressed in HPV infection. But, on the other hand,
it may be associated with an increase in the amount of DNA
damage, which is accompanied by the associated activity of
the repair system proteins.

Conclusion

Thus, an increased frequency of the APEX1 and ERCC2 genes
transcription at clinically significant HPV concentrations was
established. The reverse dependence of the TP53 and TP73
genes transcription level on the viral load, as well as a change
in the coexpression pattern of the studied genes in HPV infec-
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tion can lead to a change of cell cycle control and apoptosis.
These factors can create conditions for the preservation of
HPV-infected cells and contribute to an increased risk of
epithelial cells’ dysplasia.
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Abstract. Precocious puberty (PP, OMIM 176400, 615346) is an autosomal dominant disorder caused by the premature
reactivation of the hypothalamic-pituitary-gonadal axis. Genetic, epigenetic, and environmental factors play a decisive
role in determining the timing of puberty. In recent years, genetic variants in the KISS1, KISSTR, MKRN3, and DLK1 genes
have been identified as genetic causes of PP.The MKRN3 and DLK1 genes are imprinted, and therefore epigenetic modi-
fications, such as DNA methylation, which alter the expression of these genes, can also contribute to the development
of PP. The aim of this study is to determine the methylation index of the imprinting centers of the DLK7 and MKRN3
genes in girls with a clinical presentation of PP. The methylation index of the imprinting centers of the DLKT and MKRN3
genes was analyzed in a group of 45 girls (age 7.2+ 1.9 years) with a clinical presentation of PP and a normal karyotype
using targeted massive parallel sequencing after sodium bisulfite treatment of DNA. The control group consisted of
girls without PP (n = 15, age 7.9+ 1.6 years). No significant age differences were observed between the groups (p > 0.8).
Analysis of the methylation index of the imprinting centers of the DLKT and MKRN3 genes revealed no significant dif-
ferences between patients with PP and the control group. However, in the group of patients with isolated adrenarche,
an increased methylation index of the imprinting center of the MKRN3 gene was observed (72+7.84 vs 56.92+9.44 %,
p =0.005). In the group of patients with central PP, 3.8 % of patients showed a decreased methylation index of the im-
printing center of the DLK1 gene, and 11.5 % of probands had a decreased methylation index of the imprinting center
of the MKRN3 gene. Thus, this study demonstrates that not only genetic variants but also alterations in the methylation
index of the imprinting centers of the DLKT and MKRN3 genes can contribute to the development of PP.
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NHpekc metnnnposaHua reHos DLKT n MKRN3
npu NpexxaeBpeMeHHOM MON0BOM CO3PeBaHNN

leHbl MKRN3 n DLKT ABRATCA MMNPUHTUPOBAHHBIMKY, B CBA3N C YeM SMMreHeTnyeckne moguoukaumum, Takme Kak
meTunmposaHune JHK, nsmeHstoLee sKkcnpeccunio AaHHbIX reHOB, Tak»Ke MOryT pacCMaTprBaTbCA B KauyecTBe Npuyun-
Hbl MMNC. Llenb HacToALWero nccnefoBaHna — onpegeneHne nHAeKca MeTUANPOBAHNA LIEHTPOB UMMPUHTUHIA FreHOB
DLKT n MKRN3 y neBouek c knuHuyeckon kaptuHomn MMC. AHann3 nHgekca MeTUIMPOBAHUA LEHTPOB UMNPUHTUHTA
reHos DLKT n MKRN3 nposoaunu B rpynne u3 45 geBouyek (Bo3pact 7.2+ 1.9 roga) ¢ knuHnyeckon kaptuHomn MrC n
HOPMaJsIbHbIM KaprOTUMOM METOAOM TapreTHOro MacCoOBOrO NapasieNlbHOro CeKBeHpoBaHua nocne obpaboTkm AHK
6ucynbdunTom HaTpmaA. KoHTponbHas rpynna coctosana u3 gesoyek 6e3 MMNC (n = 15, Bo3pacT 7.9+ 1.6 roga). Paznuunin
Nno BO3pacTy Mexay rpynnamu He BbifiBfieHO (p > 0.8). AHanm3 nHAeKca MeTUIMpoOBaHWA LIEHTPOB UMMPUHTMHIA FreHOB
DLKT n MKRN3 He noka3zan pasznuuun mexgy naumeHtamu ¢ MMC n KoHTponbHoW rpynnoii. [pynna nauneHToB C 130-
NMPOBaHHbIM apeHapXe UMesa NOBbILLEHHbIN NHAEKC METUAIMPOBAHNA LIeHTPa UMNPUHTUHTa reHa MKRN3 (72+7.84
npotue 56.92+9.44 %, p = 0.005). B rpynne naymeHToB ¢ LeHTpanbHbim MMNC 3.8 % nauneHTOB UMeNV NOHWMXEHHbIN
VNHAEKC MeTUANPOBAHNA LIeHTPa MMNPUHTUHIA reHa DLKT n 11.5 % - reHa MKRN3. Takum 06pa3om, NoKasaHo, UTo He
TOJNIbKO FeHeTuYecKne BapmaHTbl, HO 1 HapyLlleHne NHAeKCa METUANPOBAHNA LIeHTPOB MMMNPUHTUHIa reHos DLKT un
MKRN3 moryT 6biTb nprymHoii MNC.

KntoueBble cnoBa: npexaeBpeMeHHOe NosIoBoe CO3peBaHmne; roHafoTPONUH-PUIM3NHI-TopMoH (THPT); runotanamo-

runodusapHo-roHagHasa ocb (IMN); reHOMHbIN UMRPUHTUHT; DLKT; MKRN3

Introduction

Adolescence is one of the key stages of personality develop-
ment, characterized by complex changes in the neuroendocrine
system and other biological processes that lead to physical
and sexual maturation. The appearance of secondary sexual
characteristics before the age of 8 in girls and 9 in boys is
defined as precocious puberty (PP), with an incidence of ap-
proximately 3.7 cases per 10,000 individuals. Recently, the
prevalence of this condition has been increasing (Chebotareva
et al., 2022; Alghamdi, 2023). According to the International
Classification of Diseases (ICD-10), PP is categorized into
E22.8 (conditions of pituitary hyperfunction, central preco-
cious puberty) and E30.9 (unspecified disorder of puberty,
including isolated thelarche and isolated adrenarche).

The timing of the onset of puberty is significantly influenced
by the child’s gender, race, genetic predisposition, environ-
mental factors, diet, and socioeconomic status (Sazhenova
et al., 2023). For example, obesity and exogenous hormone
intake can have adverse effects (Peterkova et al., 2021; Mi-
cangeli et al., 2023). However, over the past decade, several
genes have been identified that are part of a complex network
of inhibitory, activating, and regulatory neuroendocrine fac-
tors critical for controlling the onset of puberty. These include
KISS1 (1g32.1) and its receptor KISS1R (GPR54, 19p13.3), as
well as two imprinted genes that are normally expressed only
from the paternal allele: DLK1 (14q32) and MKRN3 (15q11.2)
(Roberts, Kaiser, 2020; Faienza et al., 2022). The primary
mechanism of monoallelic expression of imprinted genes is
allele-specific DNA methylation, which establishes differential
methylation patterns on the two parental chromosomes.

DLK1 (OMIM 176290) encodes an EGF-like membrane-
bound protein that belongs to the epidermal growth factor fam-
ily, participates in the Notch signaling pathway, and regulates
preadipocyte differentiation. It is expressed in neuroendocrine
tissues, particularly in the adrenal cortex (Gomes et al., 2019;
Macedo, Kaiser, 2019). The MKRN3 gene (OMIM 603856)
belongs to the makorin family and plays a role in regulating
the onset of puberty by inhibiting the release of GnRH from the
hypothalamus, thereby delaying the oncet of puberty (Abreu
et al., 2020). The MKRN3 gene encodes a protein containing
a zinc finger RING domain, which is characteristic of most
E3 ubiquitin ligases involved in intracellular protein degrada-

tion via the ubiquitin-proteasome pathway. The MKRN3 gene
may interact with proteins associated with puberty, insulin
signaling, RNA metabolism, and intercellular adhesion (Li C.
etal., 2021).

The DLK1 and MKRN3 genes, like most imprinted genes,
are regulated by imprinting centers. The DLK1 gene has two
imprinting centers: the germline MEG3/DLK1:IG-DMR and
the secondary MEG3:TSS-DMR, which is established after
fertilization. MKRN3 is regulated by the germline imprint-
ing center SNURF:TSS-DMR and is directly controlled by
the somatic MKRN3:TSS-DMR. These imprinting centers
are methylated exclusively on the paternal allele in somatic
tissues, such as leukocytes and skin fibroblasts (Okae et al.,
2014).

Imprinted genes are known to play a crucial role in the
development of both the brain and the placenta, the organ
responsible for nourishing the embryo. Disruptions in the
hypothalamic-pituitary system, which regulates the endocrine
activity of the brain during embryonic development, can
adversely affect the formation of the fetal endocrine system
(Tucci et al., 2019). The fetal pituitary gland produces hor-
mones such as somatotropic, follicle-stimulating, luteinizing,
and thyroid-stimulating hormones, which are essential for
fetal growth and the regulation of puberty. Dysfunction in the
production of these hormones can lead to intrauterine growth
restriction or PP after birth (Canton et al., 2021). It is possible
that some cases of PP are associated with disruptions in the
imprinted state of the DLK1 and MKRN3 genes.

The aim of this study is to determine the methylation in-
dex of the imprinted regions of the DLK1 and MKRN3 gene
imprinting centers in girls with a clinical presentation of PP.

Material and methods

The molecular genetic analysis included 45 girls with PPand a
normal karyotype, aged 7.2 + 1.9 years. This group was divid-
ed into two subgroups: girls with hyperpituitary function (PP
of central origin, ICD-10: E22.8, n =26, age 7.6 + 1.4 years)
and those with unspecified PP (ICD-10: E30.1, n = 19, age
6.9 £ 0.8 years). The latter subgroup was further divided into
girls with isolated thelarche (n = 11, age 7.4 + 1.2 years)
and isolated adrenarche (n = 8§, age 6.8 + 1.4 years). The
control group consisted of girls without PP (n = 15, age
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7.9 £ 1.6 years). No significant age differences were observed
between the groups (p > 0.8). The patient cohort was recruited
from the Scientific Center of Family Health and Human Re-
production Problems, Irkutsk. The study was conducted in
accordance with the principles of the World Medical Associa-
tion’s Helsinki Declaration. The study protocol was approved
by the bioethics committee of the Scientific Center of Family
Health and Human Reproduction Problems, Irkutsk (Protocol
No. 1.1, dated January 12, 2023). Informed consent for par-
ticipation in the study and DNA analysis was obtained from
the parents or legal guardians of all participants.

Description of patient subgroups:

* Girls with the isosexual gonadotropin-dependent form
of PP, under 8 years old, exhibiting accelerated physical
development (height SDS +1 or more), with their sexual
development corresponding to Tanner stages 2—4, levels of
pituitary gonadotropic hormones corresponding to pubertal
values, and a positive buserelin test. Additionally, they
have enlarged mammary glands and uterus, as confirmed
by ultrasound, and their biological age does not match their
chronological (passport) age.

* Girls with isolated enlargement of the mammary glands
(thelarche), under 8 years old, with either accelerated or
normal physical development (height SDS +1 or more),
advanced sexual development corresponding to Tanner
stage 2, levels of pituitary gonadotropic hormones cor-
responding to prepubertal values, and a negative buserelin
test. Additionally, they exhibit enlarged mammary glands
and uterus, which is confirmed by ultrasound.

* Girls with isolated adrenarche, under 8 years old, with either
accelerated or normal physical development (height SDS
+1 or more), advanced sexual development corresponding
to Tanner stage 2-3, levels of pituitary gonadotropic hor-
mones corresponding to prepubertal values, and a negative
buserelin test. Additionally, they exhibit enlarged mammary
glands and uterus, which is confirmed by ultrasound.

All probands underwent standard cytogenetic analysis,
which showed a normal karyotype in all cases. Karyotyping
was performed using a research-grade microscope Axiolmager
(Carl Zeiss, Germany).

Genomic DNA was isolated from venous blood by phenol-
chloroform extraction. Bisulfite modification of DNA was
performed using the EZ DNA Methylation-Direct Kit (Zymo
Research, USA) according to the manufacturer’s protocol.
During bisulfite conversion, unmethylated cytosine is modi-
fied to uracil, which is replaced by thymine during further
PCR, and methylated cytosine is not modified. Methylation
index analysis was performed using targeted bisulfite massive
parallel sequencing.

To create libraries, specially designed oligonucleotide
primers were used that allow amplification of target genome
regions from bisulfite-converted DNA. Primers were selected
for imprinted regions containing CpG dinucleotides of the
MEG3/DLK1:IG-DMR and MKRN3:TSS-DMR imprinting
centers, which control the expression of the DLK1 and MKRN3
genes, respectively. The UCSC genome browser (University
of California, Santa Cruz), which contains information on ge-
nome sequences (GRCh38), was used to obtain the nucleotide
sequence. The obtained nucleotide sequence was then used to
select primers using the MethPrimer bioinformatics program
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(Li L.C., Dahiya, 2002). Vector NTI Advance 11.5 was used
to test the thermodynamic properties of the primers.

The imprinted DLK1 gene is located on chromosome 14, at
locus 14q32.2. Expression of this gene is regulated by the im-
printing center MEG3/DLK1:1G-DMR, position 100,809,090—
100,811,721 (GRCh38). This genomic region contains 52 CpG
dinucleotides, changes in the methylation index of which can
affect the expression of this gene. Expression of the imprinted
MKRNS3 gene, located on chromosome 15, atlocus 15q11.2, is
regulated by the imprinting center MKRN3:TSS-DMR, posi-
tion 23,561,939-23,567,348 (GRCh38). This genomic region
contains 26 CpG dinucleotides, changes in the methylation in-
dex of which affect the expression of this gene (see the Table).

Amplification of target fragments was carried out using the
HS-Taq PCR kit (2x) (Biolabmix, Russia) according to the
manufacturer’s protocol with the following PCR conditions:
95 °C for 5 min; 36 cycles: 95 °C for 20 s, 66 °C for 30 s,
72 °C for 40 s. The concentration of the target fragments was
determined using a Qubit 4.0 fluorimeter (Thermo Fisher
Scientific, USA). The reaction products were purified using
Sephadex G50 solution (Sigma, USA). Targeted bisulfite mas-
sive parallel sequencing was performed on a MiSeq device
(Illumina, USA) using a Micro kit (2x150).

The quality of the reads was evaluated using FastQC
v0.11.8, after which the remaining adapter sequences and
low-quality reads were trimmed using Trim-Galore. The reads
were then mapped to bisulfite-converted target sequences
using the bwa-meth tool (v0.2.2) with default parameters.
Methylation data in the context of CpG were extracted from
the resulting BAM files using the MethylDackel tool. The
results were presented as the methylation index, which is
the ratio of the number of cytosines to the total number of
cytosines and thymines in a specific CpG site. In addition, the
average methylation index was calculated along all target sites.

A limitation of the targeted bisulfite massive parallel
sequencing used in this study is the impossibility of differen-
tiating hypomethylation of the identified imprinting centers
from uniparental disomy of chromosomes 14 and 15, as well
as from microdeletions in these regions. Therefore, in case
of detection of a decrease in the methylation index in the
imprinting centers of the DLK1 and MKRN3 genes, real-time
PCR was performed for the intergenic locus 14q32.3 and the
NIPAI gene (15q11.2), respectively, to exclude deletion vari-
ants in these regions.

Statistical analysis was performed using the Statistica 10.0
software package (StatSoft, USA). The Mann—Whitney rank
test was used to compare the methylation index between
groups of samples. The differences were considered statisti-
cally significant at p < 0.05.

The study was conducted using the equipment of the cen-
ter for collective use “Medical Genomics” of the Tomsk Na-
tional Research Medical Center of the Russian Academy of
Sciences.

Results

Analysis of the methylation index of 52 CpG dinucleo-
tides of the imprinting center of the DLK1 gene (MEG3/
DLK1:1G-DMR) in the control group showed that three
loci (DLK1 3 520, DLK1 4 422, and DLK1 5 509) are
hypermethylated, which is atypical for imprinted genes
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Sequences of the oligonucleotide primers used for analysis of the imprinting centers of the DLKT and MKRN3 gene

Primer Primer sequence, 5'- 3’ Position in genome Length Number of CpG

name (GRCh38) of product, bp dinucleotides
MEG3/DLK1:1G-DMR

D1R1 GTTGTTTTGATTTGTTAGGTT chr100809428-100810087 659 1

D1F1 ACCTTATCCCACATAAAATA

D1F2 ATTTTTGATTTGTAGTTGGG chr100809940-100810497 557 13

D1R2 CCTATCTTACTCTTCTTAAAAAAC

D1F3 GATAAGGTAGGATAAGAAAAGTA chr100810080-100810720 640 14

D1R3 CCAAAATTCAATAACTCAAACTC

D1F4 AGGTTTGAGTTTGAGTTATT chr100810692-100811466 655 22

D1R4 ACAATTTAACAACAACTTTCCTC

D1F5 GTAGTTTTTAGTAGTGTAGT chr100811196-100811815 619 13

D1R5 CTACACCTTTTAATCCAAAAA

Total 2,387 bp 52%

MKRN3:TSS-DMR

M3F1 TAGATGGGATAAAAGAAGGTAAT chr23561945-23562513 568 22

M3R1 CCTCAAAAACTAAAACCTAA

M3F2 TTTTTTTGTGTTAGGAGATGAGA chr23562966-23563522 556 2

M3R2 CTTTCTCCTTTTCATAATTACCA

M3F3 TTAGAAAAGAAGGTATAGTTGAG chr23562528-23563130 602 2

M3R3 ACCCCATAAAATTCTTAAAC

Total 1,577 bp 25%

*Taking into account the overlap of the analyzed regions.

(Fig. 1a). When superimposing the methylation index of the
control group and the group of probands with PP for these
CpG dinucleotides, it is also evident that these loci have an
increased methylation index and do not differ from the control
group (Fig. 1a). Therefore, these loci were not included in
the present study. In contrast to the DLK1 imprinting center,
only one of the 25 CpG dinucleotides (MKRN3 3 296) of
the MKRN3 gene imprinting center (MKRN3:TSS-DMR) in
the control group was atypically hypermethylated (Fig. 1b).
When comparing the methylation of the control group and
probands with PP, an increased methylation index was also
observed for this locus (Fig. 1b). Therefore, this locus was
also not included in further analysis.

The average methylation index of the DLK1 imprinting
center in probands with PP was not significantly different
from the control group (51.46 = 9.59 % vs 58.44 £ 7.15 %,
respectively, p = 0.058). Although a slight decrease in this
index was noted, it was not statistically significant (Fig. 1a).
Girls with PP were then divided into three subgroups based
on their symptoms: central PP, isolated thelarche, and
isolated adrenarche. Pairwise comparisons between these
subgroups also failed to reveal significant differences in the
methylation level of this gene (Fig. 2a): 58.44+7.15 % in the
control group, 53.32 £ 8.56 % in the group with central PP,
57.40 +9.31 %, with isolated thelarche, and 59.74 + 2.05 %,
with isolated adrenarche (p > 0.05). Comparison of the meth-

ylation index of each patient with PP and the control group
revealed that only one patient with central PP showed a sig-
nificant decrease in methylation (31.16 % vs 58.44 £ 7.15 %,
p <0.01). Consequently, in the PP group, there is a decrease
in methylation levels in the imprinting control region of the
DLK1 gene in 2.22 % (1/45) of patients, and in girls with
central PP, this decrease occurs in 3.84 % (1/26) of cases.

Analysis of the methylation index of the imprinting center
of the MKRN3 gene showed no significant differences between
patients with PP and the control group (53.71 = 10.30 % vs
56.92+9.26 %, p=0.71). However, when the group with PP
was divided into three subgroups (central PP, isolated thelar-
che, and isolated adrenarche), there was a significant increase
in the methylation index in the adrenarche group compared
to the control (72.00 + 7.84 % vs 56.92 + 9.44 %, p < 0.005)
(Fig. 2b). Comparison of the methylation level of each pa-
tient with the control group revealed that three patients with
central PP had reduced levels (34.09, 29.01, and 32.08 %,
compared to 56.92 £ 9.44 % in the control, p < 0.01). There-
fore, 6.66 % of patients (3/45) in the PP group and 11.53 % of
patients in the central PP group (3/26) had reduced methylation
levels of the MKRN3 imprinting center.

The decrease in the methylation index of the imprinting
centers of the DLK1 and MKRN3 genes may indicate both
uniparental disomy of chromosomes 14 and 15 of maternal
origin and deletions of these regions on chromosomes of pa-
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Fig. 1. Methylation index of CpG dinucleotides of the imprinting centers of the DLK1 (a) and MKRN3 (b) genes.
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Fig. 2. Pairwise comparison of the mean methylation index of the DLKT and MKRN3 imprinted genes between the groups.
ternal origin. Deletion variants that included the imprinting Thus, in the present study, the analysis of the methylation

centers of the DLK1 and MKRN3 genes were excluded by real-  index of the imprinting centers of the DLK1 and MKRN3 genes
time PCR. Uniparental disomy for chromosomes 14 and 15  between patients with PP and the control group showed no
was not excluded. At the same time, uniparental disomy of  significant differences between the two groups. However, the
chromosomes 14 and 15 is a very rare event (1:50,000 people  group of patients with isolated adrenarche had a significantly
for chromosome 15) (Butler, 2020). increased methylation index of the MKRN3 imprinting center
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(72.00 £ 7.84 % vs 56.92 + 9.44 %, p < 0.005). In the group
of patients with central PP, 3.8 % of patients had a decreased
methylation index of the DLK1 gene, and 11.5 %, that of the
MKRN3 gene. The presence of epimutations simultaneously in
two loci was not detected in any proband.

Discussion

In recent years, there has been an increasing understanding of
how epigenetic factors influence the timing of puberty. The
current study found a statistically significant reduction in the
methylation level of the imprinting centers for the DLK1 and
MKRN3 genes among a group of girls with central PP. This
reduction was observed in 3.84 % of patients for DLK1, and
11.53 %, for MKRN3. It is worth noting that a decrease in
methylation level (hypomethylation) at the DLK1 imprinting
site has also been reported in 8.8 % of individuals with Temple
syndrome (Narusawa et al., 2024), a disorder characterized
by pre- and postnatal growth retardation, hypotonia, feeding
difficulties, delayed motor development, joint laxity, trunk
obesity, and facial dysmorphisms (e. g., broad forehead, short
nose, micrognathia). In some cases, an early onset of puberty
has also been reported (Kagami et al., 2019).

The core clinical features of Temple syndrome are similar
to those of Russell-Silver (OMIM 180860) and Prader—Willi
(OMIM 176270) syndromes (Kagami et al., 2015; Abi Habib
et al., 2019). In the present study, a decrease in the methyla-
tion index of the DLK1 gene imprinting center was found
in one proband with PP, who also had obesity, pericallosal
lipoma, and hypogenesis of the corpus callosum. In addition
to PP and obesity, the clinical picture of the patient did not
correspond to the phenotype of Temple syndrome. According
to the literature, Canton et al. (2020) showed a decrease in
the methylation index of the DLK1 imprinting center in 2.5 %
(3/120) of patients with PP, prenatal and postnatal growth
retardation, hypotonia, and feeding difficulties. Further study
of these cases revealed the presence of uniparental disomy of
chromosome 14 of maternal origin in two of them.

Hypomethylation of the imprinting center of the MKRN3
gene may be associated with dysfunction of other genes that
are normally imprinted and expressed only from the paternal
chromosome. These genes include MAGEL2, NECDIN,
NPAP1/C150rf2, SNURF-SNRPN, MKRN3-AS/ZNF127-
AS, UBE3A-AS, IPW, SNORD116, SNORD115, SNORD64,
SNORD107, SNORD108, SNORD109A, and SNORD109B.

Uniparental disomy of the maternal chromosome 15 or dele-
tion of the paternal copy of these genes can cause Prader—Willi
syndrome. The clinical picture of this syndrome includes mus-
cular hypotonia, obesity, hyperphagia, short stature, hypogo-
nadism, and mental retardation of varying severity. Rarely, this
syndrome can be accompanied by PP (Nicoara et al., 2023).
Patients with hypomethylation of the imprinting center of the
MKRNS3 gene, as identified in this study, had central PP, but
without the clinical features of Prader—Willi syndrome. Dele-
tion of the 15q11-q13 region was excluded in these patients.
If they had uniparental disomy of this region from the mother,
it would certainly lead to the clinical picture of Prader—Willi
syndrome. Therefore, it seems that these patients likely only
had hypomethylation of the MKRN3 imprinting center.

An increase in the methylation index of the imprinting cen-
ter of the MKRN3 gene has also been shown in the group of
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probands with isolated adrenarche. Premature adrenarche in
children is not caused by premature activation of the hypotha-
lamic-pituitary-gonadal axis, but it is associated with excessive
activation of the reticular zone of the adrenal glands, which is
the source of dehydroepiandrosterone (DHEA). DHEA is con-
verted into testosterone and dihydrotestosterone in peripheral
tissues. During intrauterine development, the adrenal glands
start to produce DHEA, which is used to produce placental
estriol. A timely increase in androgen levels is necessary for
puberty, promoting growth and strengthening of bone tissue,
as well as stimulating the process of red blood cell produc-
tion. Moderate levels of DHEA activate the development of
the prefrontal cortex in the brain, providing neuroprotective
and neurotrophic effects, and regulate the function of GABA
receptors, which are the main inhibitory neurotransmitters in
the central nervous system.

Hypermethylation of the MKRN3 imprinting center leads
to increased expression of the gene, resulting in an increased
amount of protein produced. MKRN3 then ubiquitinates various
factors to suppress the production of gonadotropin-releasing
hormone 1 (GNRH1). Ubiquitination of the transcriptional
repressor MBD?3 inhibits its binding to both the GNRH1 pro-
moter and DNA TET2 demethylase, resulting in epigenetic
silencing of GNRH1 transcription. Additionally, MKRN3 me-
diates the ubiquitination of poly(A)-binding proteins, such as
PABPCI1, PABPC3, and PABPC4. This reduces their binding
to the poly(A) tail of target mRNA, including GNRH1 mRNA.
This affects the stability and translation of these mRNAs (Li C.
etal., 2020; Fanis et al., 2022). The MKRN3 expression is also
found in the adrenal glands, although its role in activating
adrenarche remains unknown.

Genome-wide, exome-wide, and methylome-wide asso-
ciation studies on the pathogenetic heterogeneity of PP have
shown that genetic variants in the KISS1R, KISS1, MKRN3,
and DLK1 genes occur in approximately 10 % of sporadic
cases and 27 % of familial cases. Copy number variations
(7q11.23 deletions, Xp22.33 deletions, 1p31.3 duplications)
are found in 4 % of patients. Epigenetic abnormalities at the
imprinting centers of the DLK1 and MKRN3 genes are rare,
as reported by Canton et al. (2020). Whole exome sequenc-
ing has also identified rare, de novo variants that cause loss
of gene function in the dominant state. These include the
TNRC6B (22q13.1), AREL1 (14q24.3), PROKR2 (20p12.3),
and LIN28B (6q16.3) genes, although their roles in the disease
process are not fully understood (Shim et al., 2022).

Methylome analysis of this pathology has shown the pres-
ence of hypomethylation in the promoter region of the ZFP57
gene (6p22.1) (Bessa et al., 2018). ZFP57 contains a KRAB
domain, which is a transcriptional repressor, and different
genetic variants of this gene have been linked to multi-locus
imprinting disturbance (MLID), such as transient neonatal
diabetes mellitus (OMIM 601410). This condition is accom-
panied by hypomethylation of several other imprinted genes,
including PLAGL1, GRB10, and PEG3 (Monteagudo-Sanchez
et al., 2020; Mackay et al., 2024). The expression of the
ZFP57 gene in the hypothalamus of female rhesus macaques
has been shown to increase during peripubertal development.
This indicates an enhanced repression of downstream target
genes of ZFP57 (Bessa et al., 2018). The increased expression
of ZFP57 has been observed in the hypothalamus of mature
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female monkeys. This indicates that this gene may play a role
in suppressing the activity of transcription repressors involved
in puberty, such as the Polycomb complex (Lomniczi et al.,
2015).

Thus, it has been shown that not only genetic variations, but
also a disruption of the methylation pattern of the imprinting
regions of the DLK1 and MKRN3 genes, can be a cause of PP.

Conclusion

Puberty is a multifactorial process with a triggering role of
genetic and epigenetic factors. In this study, no significant
changes in methylation of the imprinting centers of the DLK1
and MKRN3 genes were shown between patients with the clini-
cal picture of PP compared to the control group. Despite this,
it was found that a group of patients with isolated adrenarche
had an increased methylation index of the imprinting center
of the MKRN3 gene. Among the girls with central PP, 3.8 %
had a decreased methylation index for the imprinting centers
of the DLK1 and 11.5 % of the MKRN3 genes, and the total
contribution from methylation disorders in these genes was
15.3 %. No probands had epimutations in both of these loci
at the same time.

Therefore, it was demonstrated that not only genetic, but
also epigenetic changes may be responsible for PP through
methylation disorders in the imprinting regions of the DLK1
and MKRN3 genes. However, there are some limitations to the
conclusions drawn, and there may be other epigenetic factors
that can also influence the formation of PP, such as epimutations
in other imprinted genes or mutations in the imprinting centers
that control the expression of imprinted genes. Nevertheless,
this study shows the epigenetic role of the imprinted genes
DLK1 and MKRN3 in the development of PP.
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Abstract. Long non-coding RNAs (IncRNAs) and microRNAs (miRNAs) play important roles in all biological processes,
including adipogenesis, lipid metabolism, and insulin response. Analyzing expression patterns of IncRNAs and miRNAs
in human visceral fat tissue can enhance our understanding of their roles in metabolic disorders. Our research aims to
investigate the expression of IncRNAs (ASMER1, SNHG9, P5549, P19461, and GAS5) and miRNAs (miR-26A, miR-222,
miR-221, and miR-155) in visceral adipose tissues of individuals with abdominal obesity (n = 70) compared to their
levels in non-obese participants (n = 31), using Real-Time PCR. Among the tested miRNAs, only miR-26A was signifi-
cantly downregulated in the visceral adipose tissue of obese individuals, with no significant change in the expression
of miR-26A in obese people with or without type 2 diabetes. Similarly, of the tested IncRNAs, only GAS5 showed sig-
nificantly higher expression levels in obese patients with type 2 diabetes (T2D) (n = 10) compared to obese patients
without T2D (n = 60). To test possible interactions between the analyzed non-coding RNAs, we used Spearman'’s bi-
variate correlation test. GAS5 expression levels showed a weak negative correlation (p < 0.05, rs = 0.25) with miR-155
levels in obese patients only. Conversely, a strong positive correlation (p < 0.01, rs = 0.92) between SNHG9 and GAS5
was found in the non-obese group, with a weaker correlation in abdominally obese patients (p < 0.01, rs = 0.67); addi-
tionally, miR-26A and miR-155 levels were moderately correlated in the non-obese group (p < 0.05, rs = 0.47) and were
found to correlate weakly in obese patients (p < 0.05, rs = 0.26). Our results showed that abdominally obese partici-
pants demonstrated higher expression levels of miR-26A in visceral adipose tissue and a significantly lower correlation
between GAS5 and SNHG9 expression when compared to non-obese subjects.
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miR-155
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AHHoTauuA. JnvHHble Hekogmpytowwme PHK (IncRNA) n mukpoPHK (miRNA) rrpatoT BaxHyto posib BO Bcex buonoru-
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AHanu3 akcnpeccun MukpoPHK n gHKPHK B BrcLepanbHon
XKMPOBOW TKaHW Y JINLL C OXKMPEHUEM 1 6e3 OXKUPEHUs

(ASMERT, SNHG9, P5549, P19461 1 GAS5) 1 miRNA (miR-26A, miR-222, miR-221 n miR-155) B BUcLepanbHO X1POBOW
TKaHW y nitogei ¢ abgoMmnHanbHbIM OXupeHrem (n = 70) No CpaBHEHWMIO C YPOBHAMM UX 3Kcnpeccun y nuy 6e3 abpo-
MUHaNbHOro oxmpeHnsa (n = 31) metogom KonmyectseHHow MLUP B peanbHom BpemeHun. Cpean NPOTeCTUPOBAHHbIX
mMiRNA ypoBeHb 3Kcnpeccun miR-26A 6bifi CHUXKEH B BUCLIEPaNbHOW »KUPOBOW TKaHW y ntofelt ¢ oxunpeHmem. Cpeam
n3yyeHHbIx INCRNA GAS5 nokasan 3HauuTesibHOe MOBbILLEeHVE YPOBHA IKCMPECCUM Y NaLMeHTOB C OXKUPEHMEM U Ca-
XapHbIM grabetom 2-ro Tuna (CA2) (n = 10) No cpaBHEHUIO C MUAMKM € oxumpeHnem 6e3 CA2 (n = 60). YpOBHM 3KC-
npeccun GAS5 nokasanu cnabyto oTpuuatenbHyto kKoppensauuto (p < 0.05, rs = 0.25) ¢ ypoBHAMM MiR-155 ToNbKO Y
NauneHTOB C oxmpeHuem. MonoxnTtenbHaa koppenauna (p < 0.01, rs = 0.92) mexxay SNHG9 1 GAS5 6bina o6Hapy»eHa
B rpynne niofieil 6e3 oXXMpeHus, C yMeHbLIEHEM KO3PULIMEHTa KOPPENALMM Y NALMEHTOB C oXupeHuem (p < 0.01,
rs = 0.67). Kpome Toro, yposHu miR-26A n miR-155 ymepeHHO KoppenupoBanu B rpynne 6e3 oxupeHus (p < 0.05,
rs = 0.47) N 4eMOHCTPMpPOoBanu cnabyto Koppenauuio y nauneHToB ¢ oxnpennem (p < 0.05, rs = 0.26). Hawmn pesynb-
TaTbl MOKa3anu, YTo y NaumMeHToB C abAOMIMHAIbHBIM OXUPEHEeM HaboAaTCA MOBbILLEHHbIE YPOBHU SKCNpeccun
miR-26A B BUCLiepanbHON XNPOBOW TKaHWN 1 cnabasa koppenauna mexgy skcnpeccren GAS5 n SNHG9 no cpaBHeHuio
c nMuamu 6e3 abAOMUHANBHOIO OXMPEHNUA.

KnioueBble cnoBa: gnuHHas Hekoaupytowasa PHK; mukpoPHK; BucuepanbHasa XmpoBas TKaHb; abLOMVHaIbHOE OXU-
peHune; GAS5; SNHG9; mukpoPHK-26A; mukpoPHK-155

Introduction

The prevalence of obesity has been rising over the last four
decades and it is currently considered a global pandemic
(Valenzuela et al., 2023). Visceral fat accumulation has a
stronger association with metabolic disorders compared to
subcutaneous fat, despite both primarily consisting of white
adipose tissue (Nicklas et al., 2003).

The complexity of white adipose tissue lies in its complex
role as an endocrine organ, secreting various hormones,
enzymes, growth factors, and multiple non-coding RNAs,
all of which regulate numerous metabolic processes in the
organism (Lustig et al., 2022). In the last decade, studies have
been focusing on long non-coding RNAs (IncRNAs) and
microRNAs (miRNAs) as key regulators in the fine-tuning of
gene function across various biological processes (Mohanty
et al., 2015; Rupaimoole, Slack, 2017). IncRNAs can be
transcribed from different regions in the DNA and are typi-
cally categorized into three types: intergenic, antisense, and
intronic. According to the latest recommendation, INCRNAS
are transcripts longer than 500 nucleotides (Mattick et al.,
2023), are less evolutionarily conserved than mRNAs, contain
fewer exons, are characterized by lower splicing efficiency
than mRNAs. IncRNAs are less abundantly expressed than
other non-coding RNAs (Statello et al., 2021). Their functions
include RNA-chromatin, RNA-RNA, and RNA-protein inter-
actions (Ferrer, Dimitrova, 2024). The functioning mechanism
of IncRNA involves the regulation of chromatin structure and
transcription, usually through the methylation of enhancer
regions (Li W. et al., 2016). IncRNAs interact with mRNAs,
modifying their splicing and stability (Morrissy et al., 2011).
Additionally, IncRNA can hybridize with mature RNAs at the
5'-region, increasing its translation efficiency (Carrieri et al.,
2012; Zucchelli et al., 2015).

Altered expression profiles of IncRNAs have been found in
patients with acute myocardial infarction (Zhong et al., 2018),
multiple malignancies (Li L. et al., 2021), and, most recently,
Alzheimer’s disease (Zhang M. et al., 2019; Zhang J.-J. et al.,
2021). Studies associating IncRNAs with metabolic disorders
have investigated their roles in adipose tissue regulation and
development (Tello-Flores et al., 2021; Corral et al., 2022;
Sufianov et al., 2023), with accumulating evidence emphasiz-
ing their roles in obesity, type 2 diabetes, and other related
disorders (Liu et al., 2018; Su et al., 2023).

miRNAs are short in length, approximately 22 nucleotides
long, usually derived from longer primary miRNA (pre-
miRNA) transcripts. Most miRNAs are processed from a non-
coding transcript originating from the intron or non-coding
regions, and occasionally from exons of protein-coding genes
(Dexheimer, Cochella, 2020).

The direct association of microRNAs with a wide variety of
diseases — from various malignancies (Reddy, 2015; Ali Syeda
etal., 2020) and autoimmune diseases (Zhang L. et al., 2020),
to metabolic disorders including obesity (Veie et al., 2023)
and type 2 diabetes (Miao et al., 2018) — is well-established.
Currently, miRNAs are being explored as biomarkers in
obesity (Gouda et al., 2023) and as therapeutic targets due to
their short size and promising in vitro (Acharya et al., 2019)
and in vivo results (Lhamyani et al., 2021).

miR-155, miR-221, and miR-222 were found to be de-
creased during adipogenic differentiation of human mesenchy-
mal stromal cells, suggesting their role as negative regulators
of the process (Skarn et al., 2012). Moreover, miR-26A over-
expression in transgenic mice led to reduced visceral fat levels
and an improved lipid profile (Zeng H. et al., 2021). miR-222
blood levels were higher in obese subjects after surgeries
leading to weight loss, while in the same subjects, miR-221
levels were reduced (Ortega et al., 2013). Circulating levels of
miR-155 were higher in obese patients, while miR-26A was
downregulated in the same group (Kim et al., 2020).

Non-coding RNAs function as networks that, if disrupted,
could lead to multiple disorders including, but not limited to,
obesity (Ma et al., 2023); miR-26A is found to be downregu-
lated by the INcRNA GAS5 sponge mechanism in degenerated
nucleus pulposus cells (Tan et al., 2021). Additionally, GAS5
is suggested to participate in the pathogenesis of pneumonia
by downregulating miR-155 and inhibiting apoptosis (Wang et
al., 2021). The miRNA-IncRNA interaction network in obesity
has recently gained interest. Guo and Cao (2019) described a
potential interaction of INCRNA RP11-552F3.9 with miR-130b
and miR-23a in LEP gene regulation and adipogenic differen-
tiation. Additionally, RP11-142A22.4 was identified as a
functional site for binding miR-587, making it unavailable and
subsequently promoting adipogenesis (Zhang T. et al., 2020).
Another example is IncRNA Adi, discovered in 2020, which
was found to bind to miR-449a in adipose-derived stem cells,
inducing their adipogenic differentiation (Chen et al., 2020).
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Previous studies investigating the expression profiles of
IncRNAs in obese patients were limited to describing blood
levels (Sun et al., 2016; Cabiati et al., 2022; Rasaei et al.,
2024) and/or had limited population samples (Tait et al., 2020;
Tan et al., 2021). Additionally, in 2016, Sun et al. identified
new IncRNAs (P19641, P5549, P21015) that are correlated
with obesity, but fell short of identifying the splicing variants
expressed in blood samples (Sun etal., 2016). Similarly, Lv et
al.’s study describing GAS5 function in visceral fat tissues
included only female subjects (Lv et al., 2022).

Despite the attempt by Kim et al. to identify differentially
expressed miRNAs in visceral fat tissues, their population
consisted only of females and was limited to 20 subjects (Kim
et al., 2020). The same limitation was noted in the study by
Capobianco et al. (2012).

Due to the limitations of the aforementioned studies, our
research aims to first identify the specific splicing variant of
P19641, P5549, SNHGY, and ASMER1 in human visceral fat
tissue samples. Subsequently, we aim to measure the expres-
sion levels of multiple IncRNAs (P19641, P5549, SNHG9Y,
ASMER1, and GAS5) and miRNAs (miR-221, miR-222,
miR-155, and miR-26A) in our population.

Materials and methods

Study design. The study protocol was approved by the local
Ethics Committee of the Institute of Internal and Preventive
Medicine — Branch of the Institute of Cytology and Genetics,
Siberian Branch of the Russian Academy of Sciences, Novo-
sibirsk, Russia (Protocol No. 66 from October 10, 2023) —
and was conducted in accordance with the principles of the
Declaration of Helsinki of the World Medical Association.
Informed consent was obtained from all participants.

Atotal of 101 accepted individuals underwent a comprehen-
sive clinical examination program. This included the collection
of sociodemographic data, administration of a standardized
questionnaire on smoking and alcohol use, documentation of
chronic disease history, and recording of medication usage;
the main medication used is described in Table 1, additional
information about administered medications can be found in
the supplementary file (Supplementary Material 1)t Addition-
ally, the program involved the Rose cardiological question-
naire, anthropometric measurements (height, body weight,
and waist circumference), and blood pressure measurements.
Blood serum samples were collected for biochemical assays
measuring total cholesterol, high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol (LDL-C),
triglycerides, and fasting glucose levels.

Lipid levels (cholesterol, triglycerides, and low-density
and high-density lipoprotein cholesterols) and glucose con-
centration were measured using a biochemical analyzer
KoneLab 300i (Thermo Fisher Scientific Oy, Finland) with
Thermo Fisher Scientific reagents (USA). The values of
LDL-C concentration were calculated using the Friedwald for-
mula. The atherogenic coefficient was calculated using the
formula: IA = (TC — HDLC)/HDLC. The levels of leptin and
adiponectin were determined by multiplex analysis using the
Human Adipokine Magnetic Bead Panel 1 kit (EMD Mil-
lipore Corporation, Darmstadt, Germany) on a Luminex 20

1 Supplementary Materials 1 and 2 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx15.pdf
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MAGPIX flow cytometer (Luminex Corporation, Austin,
TX, USA).

All 101 subjects scheduled for elective surgery were in-
cluded in the study based on the main inclusion criteria of
having no records of chronic inflammation or symptoms of
acute inflammation prior to surgery. The participants were
subsequently divided into two groups: 70 participants with
abdominal obesity (AO+) and 31 non-obese subjects (AO-)
(Table 1). Abdominal obesity was defined as a body mass
index (BMI, kg/m?2) of >25.0 or a waist circumference (WC)
of >80 cm in women and >94 ¢cm in men, in accordance with
the latest medical guidelines (Yumuk et al., 2015; Dedov et
al., 2021). Type 2 diabetes (T2D) was diagnosed based on
the criteria set forth by the American Diabetes Association.
No adjustment for age was applied since the study group was
intended to represent only the population aged 45-55. Addi-
tionally, no adjustment for sex or medications was applied
because the resulting subgroups would be relatively small
and could generate statistically unreliable data (Table 1).
Individuals exhibiting chronic or acute inflammation on the
day of surgery, as well as pregnant women and women on
maternity leave, were excluded from the study.

Sample collection and RNA extraction. During the ope-
ration, samples of visceral adipose tissue were collected,
washed with PBS and subsequently preserved in RNAlater
solution (ThermoFisher, USA) at —20 °C until further handl-
ing. INcRNA was extracted using the total RNA extraction
protocol, microRNA was extracted using the microRNA
extraction protocol. Both procedures were performed with
the Total and microRNA Extraction Kit (LRU-100-50) (Bio-
labmix, Russia). All samples were treated with RNase-free
DNase (Biolabs, USA).

The concentration of yielded RNA was determined using
the BioTek Epoch Analyzer (Agilent Technologies, USA), and
the quality was estimated by the absorbance ratios A260/230
and A260/280. Additionally, the quality of RNA preservation
was assessed by determining the integrity of 28S, 18S, and
5S bands on 1 % agarose gel electrophoresis.

IncRNA reverse transcription and relative quantifica-
tion. Reverse transcription of total RNA was performed using
the MMuLV Reverse Transcription Kit. A total of 1,000 ng
of each sample was used in a 40 uL reaction volume, which
included Random Primer6, oligo(dT), and 5X reaction buffer
(Kolenda et al., 2021). All cDNA samples were diluted to a
total volume of 100 pL.

For P5549, P19641, ASMER1, and SNHG9 IncRNAs, we
designed a multiple set of specific primers for each splicing
variant listed in the Ensembl database (Ensembl.org) at the
start of the study (October 2023). For GAS5 IncRNA, we used
a single set of primers specific for the canonical transcript
ENST00000702964.1. All primers were designed using the
PrimerBlast tool (NCBI, USA). Primer efficiency was deter-
mined by the standard curve method with four crossing points.
Specificity was assessed by analyzing melting curves from 65
to 95 °C with a 0.5 °C increment per cycle and by determin-
ing product length using 5 % acrylamide gel. Conventional
PCR for splicing variant identification and gPCR for relative
expression analysis were performed using SYBR GREEN |
intercalating dye master mix “BioMaster HS-qPCR SYBR
Blue (2x)” (Biolabmix, Russia) on the LightCycler 96 system
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Table 1. Clinical characteristics, body composition, and biochemical variables of the study individuals
divided into an obese (AO+) and a non-obese group (AO-)

Variable AO+ AO- p Population

of Western Siberia (Russia)

Number of participants 70 31 N/AT 3,132

T2D? established diagnosis 10 1 N/A No data

Age 54 (42-61.3) 48 (35-60) 0.13 56.5+0.10

Males/Females, % 41.40/59.60 70/30 N/A

BMI3, kg/m? 32.3(29.7-35.5) 22.6 (20.3-24.6) 0.0001 28.1+0.1

Wasit circumference, cm 102.39 (96-109.7) 82 (76-90) 0.0001 93.5+0.2

Blood glucose levels, mmol/L 6.00 (5.4-6.6) 5.8 (5.5-6.5) 0.73 5.7 £0.04

Total cholesterol, mmol/L 5.1 (4.4-5.9) 4.9 (3.8-5.7) 0.52 6.33+0.03

Triglycerides, mmol/L 1.6 (1.2-2.1) 1.2(1.0-1.5) 0.001 1.56 +0.02

HDL-C* mmol/L 1.3 (1.0-1.6) 1.5(1.0-1.9) 0.1 1.54 +0.01

LDL-C%, mmol/L 3.0(2.8-3.6) 2.3(1.9-3.6) 0.47 3.16 £0.02

Undergoing glucose-lowering therapy, % 10.0 3.2 N/A N/A

Undergoing lipid-lowering therapy, % 15.7 32 N/A N/A

Note. Values are indicated as median and (25-75 % IQR), while reference values are indicated as mean =+ standard error of the mean. ' Not applicable, 2 type 2
diabetes, 3body mass index, 4 high-density lipoprotein cholesterol, 5low-density lipoprotein cholesterol.

(Roche, Switzerland). The amplification program was 95 °C
for 3 min, followed by a 3-step amplification (95 °C for 15 sec,
63 °C for 15 sec, 72 °C for 20 sec) for a total of 40 cycles,
followed by product melting as described above. Sequences
of all primers used and standard curves are available in the
Supplementary Material 1. Expression of all INcCRNAs was
normalized to the stable reference gene GAPDH expression
levels (Mehta et al., 2010; Ebrahimi et al., 2020).

miRNA reverse transcription and relative quantifica-
tion. Reverse transcription of microRNA was performed
using the stem-loop pulsed reverse transcription protocol
with 150 pL of the extracted microRNA (Varkonyi-Gasic et
al., 2007). Expression was measured using SYBR GREEN |
intercalating dye master mix “BioMaster HS-qPCR SYBR
Blue (2%)” (Biolabmix, Russia) on the LightCycler 96 sys-
tem (Roche, Switzerland). Primers designed for the reverse
transcription product included a reverse primer specific for
the stem-loop structure and a forward primer specific for the
miRNA of interest (Varkonyi-Gasic et al., 2007). Efficiency
was determined by the standard curve method with four cross-
ing points. Specificity was assessed by analyzing melting
curves from 65 to 95 °C with a 0.5 °C increment per cycle
and by determining product length using 5 % acrylamide gel
analysis. For miRNA quantification, we designed reverse
transcription primers and specific qPCR primers using the
online tool SRNAPrimerDB (srnaprimerdb.com). Sequences
of all primers used and standard curves are available in the
Supplementary Material 1. Expression of all microRNAs was
normalized to miRNA-103, given its proven stable expression
levels in visceral fat tissue (Ragni et al., 2021).

IncRNA sequence verification by Sanger sequencing.
Sanger sequencing was used to verify the PCR amplification
product sequence. The PCR product was purified using the Re-
action Mixtures DNA Isolation Kit (DR-50, Biolabmix, Rus-

sia). Sequencing was performed using the BigDye Termina-
tor v3.1 Kit (ThermoFisher, USA) according to the manufac-
turer’s protocol, and capillary electrophoresis was conducted
using the SeqStudio Genetic Analyzer (ThermoFisher, USA).
All sequences were verified using the Blastn online align-
ment tool (Ensembl.org). Alignment options were set to
default, and only the first sequence hit was reported (Table 2)
with an identity of ~100 % and the highest percentage of
coverage.

Statistical analysis. The ACt method was used to calculate
the relative expression (2-2Ct, fold of expression relative to
the reference gene by the formula ACt = (Cteasured transcript =
— Ctyeference transcript) Of INCRNAand microRNA (Livak, Schmitt-
gen, 2001). All variables were tested for normal distribution
using the Kolmogorov-Smirnov test. The Mann-Whitney
test was used for group comparison. A p-value of 0.05 was
considered significant (*), and p < 0.01 was considered highly
significant (**). No cutoff for the fold change was assigned.
Variables are presented as the median and 25-75 % interquar-
tile range (IQR). Correlation between continuous variables
and expression values of both miRNA and InNcRNA was tested
using Spearmans’s bivariate correlation analysis and results
were reported as Spearman’s rank correlation coefficient and
p-value for statistical significance. All statistical analyses
were performed using SPSS software version 26 for Windows
(IBM, USA). All graphs were generated using Prism GraphPad
software version 8.2.1 for Windows (Dotmatics, USA).

Results

Subject characteristics

Clinical characteristics of the studied groups are presented in
Table 1. A comparative analysis of obese and non-obese indi-
viduals revealed differences in triglyceride levels (p = 0.01).
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Table 2. Splicing variants of the investigated IncRNAs identified to be expressed in visceral fat tissue

IncRNA symbol Ensembl gene code Ensembl code of the detected transcript  Blastn aligned sequence
P5549 ENSG00000259200 ENST00000559600.1 ENST00000559600.1
P19461 ENSG00000259719 ENST00000664388.1 ENST00000664388.1

ENST00000666463.1 ENST00000666463.1
SNHG9 ENSG00000255198 ENST00000531523.3 ENST00000531523.3
ASMER1 ENSG00000281903 Not detected Not detected

Table 3. Expression levels of different measured IncRNAs and miRNAs in visceral fat tissues
of obese patients (AO+) and non-obese participants (AO-), as well as in obese individuals with abdominal obesity
and type 2 diabetes (AO+&T2D+) and obese participants without type 2 diabetes (AO+&T2D-)

Transcript symbol AO+ AO-

miR-155 0.44 (0.20-0.72) 0.41 (0.27-0.49)
miR-26A 7.29 (4.97-10.2) 10.63 (7.24-14.0)
IncRNA SNHG9 0.24 (0.18-0.48) 0.27 (0.22-0.50)
IncRNA GAS5 1.00 (0.50-1.77) 1.23(0.82-1.73)

Values of reference biochemical markers for the West Siberian
population were described in a survey conducted in 2019
(Semaev et al., 2019).

We aimed, first, to identify the transcribed splicing variant
of all investigated IncRNAs. Second, we quantified various
IncRNAs and miRNAs for subsequent statistical analysis of
correlation with phenotypes of obesity, diabetes, and different
biochemical markers. The final section investigates the pos-
sible correlation between IncRNA and miRNA expression,
which might indicate potential interaction or a common
regulatory pathway involved in adipogenesis and the patho-
logy of obesity.

IncRNA expression

Out of the two explored alternative expression forms of
IncRNA P5549, we identified ENST00000559600.1 to be
solely expressed in our sample pool. ENST00000559600.1 is
defined to be the canonical variant in the Ensembl database,
has exons 2, 3 and 4 alternatively spliced, while exons 6, 7
and 8 are kept (Table 2). On the other hand, P19461 was found
to be expressed in two alternative forms out of the five forms
that we tested for. ENST00000664388.1 is the only transcript
with exon 10 kept and defined as the canonical form by the En-
sembl database. ENST00000666463.1 is the shortest splicing
form of P19461 with only one exon (exon 1). We also tested
for the expression of two different transcripts of SNHG9 and
found the canonical transcript ENST00000531523.3 to be the
only expressed form in visceral fat samples; this transcript has
exon 2 out of all three exons alternatively spliced. Finally,
none of the four investigated ASMER1 splicing variants had
detected expression levels (Table 2). Sequence data of all PCR
products used for identification of IncRNAs are available in
the Supplementary Material 1.

The fluorescence signal of specific PCR products for
IncRNA P5549 and P19461 was detected at late cycles and
was lower than the detection limits of LightCycler 96, which
made further precise relative quantification not possible by
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p AO+&T2D+ AO+&T2D- p

0.93 0.5 (0.19-0.87) 0.4 (0.20-0.72) 0.20
0.003* 7.0 (5.09-9.80) 7.7 (4.70-10.20) 0.94
035 0.44 (0.20-1.40) 0.22 (0.15- 0.48) 0.54

0.10 1.34 (1.08-9.06) 0.87 (0.49-1.70) 0.03*

a simple qPCR method. Relative quantification showed no
significant difference of mean SNHG9 and GASS expression
levels between obese patients and non-obese subjects. After
adjusting for type 2 diabetes diagnosis, GAS5 expression le-
vels were significantly higher (~3 fold of change of the mean)
(p = 0.03) in obese subjects with T2D compared to obese
patients without T2D (Fig. 1). Expression levels of measured
IncRNAs are shown in Table 3.

Correlation analysis between IncRNA expression levels
and various metabolic parameters, such as BMI, waist cir-
cumference, total cholesterol, and lipid profile, did not show
any significant correlation in either of the studied groups. The
results of correlation tests performed on IncRNAs are provided
in the Supplementary Material 2.

microRNA expression

Expression levels of miR-221 and miR-222 were undetect-
able using the method described before. Expression levels of
miR-155 were not significantly changed between the obese
and the non-obese group, while expression levels of miR-26A
were significantly lower in the obese group (~1.5 fold of
change of the mean) (p < 0.01) (Fig. 2). After adjustment
for type 2 diabetes diagnosis, miR-155 and miR-26A expres-
sion levels showed no significant differences between obese
patients diagnosed with T2D compared to obese individuals
without T2D (Fig. 2). Mean expression levels of miRNAs in
the studied groups are described in Table 3.

We also performed a correlation test between miR-26A
and miR-155 expression levels and multiple metabolic pa-
rameters. In obese subjects, miR-155 expression showed a
moderate positive correlation with BMI (rs=0.32, p = 0.009).
Interestingly, in non-obese subjects, the opposite pattern of
correlation was observed, where miR-155 negatively cor-
related with both BMI (rs = —0.44, p = 0.029) and waist cir-
cumference (rs = —0.44, p = 0.027). A table of all correlation
tests performed on miRNAs is provided in the Supplementary
Material 2.

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529+ 3



A. beinpkpap, J.E. iBaHowyk, O.B. Ty3oBcKas ...
A.B. MonoHckas, 0.W. ParuHo, E.B. laxTwHenaep

a GAS5

SNHG9
15 r
]
T
P 3t
,g 10
4
g 2r
x
S —
g 5 a
5 :
g L] =
0 0 =
AO+ AO- AO+ AO-

AHanu3 akcnpeccun MukpoPHK n gHKPHK B BrcLepanbHon
XKMPOBOW TKaHW Y JINLL C OXKMPEHUEM 1 6e3 OXKUPEHUs

2025
293

SNHG9

15 ¢ N -
]  —
9
o~
c 3F
L 10}
g
S 2r
: T
N 1+
k| +
& |

T — —

0 0
AO+&T2D+ AO+&T2D- AO+&T2D+ AO+&T2D-

Fig. 1. A box plot representing the relative expression of INcRNA GAS5 and SNHG9.

a, Comparison of IncRNA expression in the obese group (AO+) and the non-obese group (AO-); b, comparison of INcCRNA expression between obese subjects
diagnosed with type 2 diabetes (AO+&T2D+) and obese subjects without an established diagnosis of T2D (AO+&T2D-). The box represents the 25th-75th
percentile range, error bars represent the minimum and maximum values, the median is represented as a line inside the box, and the mean, as a + sign. * p < 0.05.
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Fig. 2. A box plot representing the relative expression of miR-26A and miR-155.

a, Comparison of miRNAs expression in the obese group (AO+) and the non-obese group (AO-); b, comparison of miRNAs expression between obese subjects
diagnosed with type 2 diabetes (AO+&T2D+) and obese subjects without an established diagnosis of T2D (AO+&T2D-). The box represents the 25th-75th
percentile range, error bars represent the minimum and maximum values, the median is represented as a line inside the box, and the mean, as a + sign. ** p < 0.01.

Correlation of IncRNA-IncRNA, miRNA-miRNA

and IncRNA-miRNA expression levels

We tested the correlation between miRNA and IncRNA ex-
pression levels (Table 4). In obese patients, IncRNA GASS
showed a weak negative correlation with miR-155 expression
levels (rg = 0.25, p < 0.05), whereas this correlation was not
observed in non-obese participants. Additionally, no correla-

tion was found between GAS5 and miR-26A expression levels
in either group. Similarly, SNHG9 did not correlate with any
of the investigated miRNAs in either group. Interestingly, the
non-obese group showed a very strong correlation (rg = 0.92,
p < 0.0001) between SNHG9 and GASS5 expression levels.
However, the correlation between SNHG9 and GASS expres-
sion levels in obese subjects was moderate and significant

Table 4. Spearman’s correlation between pairs of measured non-coding RNAs in the obese (AO+) and the non-obese group (AO-)

RNA SNHG9 GAS5 miR-26A miR-155

AO+

SNHG9 1 0.67** -0.25 -0.20

GAS5 0.67** 1 -0.11 -0.25*%

miR-26A -0.25 -0.11 1 0.26*

miR-155 -0.20 -0.25* 0.26* 1
AO-

SNHG9 1 0.92** -0.18 0.06

GAS5 0.92** 1 -0.29 -0.01

miR-26A -0.18 -0.29 1 0.47*

miR-155 0.06 -0.01 0.47* 1

Note. The strength of correlation is described by the Spearman’s rank correlation coefficient (r,). * Indicates a significant correlation with 2-tailed p-value < 0.05,

** indicates a significant correlation with 2-tailed p-value < 0.01.
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(rs=0.67, p<0.0001). Similarly, miR-26 A and miR-155 dis-
played a moderate but significant (rg= 0.47, p < 0.05) correla-
tion in the non-obese group; the same correlation was reduced
and manifested to be weak in obese participants (rg= 0.26,
p <0.05). Scatter plots representing bivariate correlations are
available in the Supplementary Material 2.

Discussion
The first objective of our study was to identify the specific
transcription variant expressed in visceral fat tissue for each
of the IncRNAs P5549, SNHG9, P19641, and ASMERI1
(Table 2). Using specific primers and Sanger sequencing, we
revealed for the first time that IncRNA P5549 was represented
by the transcript ENST00000559600.1, and SNHG9 was
solely identified as ENST00000531523.3. P19641 was ex-
pressed in two different splicing forms: ENST00000664388.1
and ENST00000666463.1, which can be attributed to the
inefficient splicing of some IncRNAs (Li L. et al., 2021).
The specific splicing variant expressed in visceral adipose
tissue suggests a functional significance for the specifically
transcribed exons in the interaction of the studied InNcRNA
with its targets, whether they be DNA, mRNA, or microRNA.
Further studies are necessary to identify the exact functioning
sequences of the identified IncRNAs, which could facilitate the
implementation of these sequences as future therapeutic tar-
gets. Additionally, no expression of any of the tested variants
for ASMER1 IncRNA was detected. This may be a sign of
very low expression levels that are undetectable by the method
used for investigation or an indication of low RNA stability.
Next, we aimed to compare the expression levels of
IncRNAs SNHG9 and GASS between our obese and non-
obese groups. Our analysis showed no significant difference in
the mean expression levels of either of the analyzed INCRNAs
between the two groups. However, GAS5 expression was
significantly higher in obese subjects with type 2 diabetes
(T2D) compared to obese subjects without T2D (Fig. 1). This
contradicts the results from multiple studies showing lower
GASS expression levels in blood samples collected from T2D
patients compared to non-obese subjects (Fawzy et al., 2020;
Luo etal., 2020; Ahmadi et al., 2024). GASS5 was found to be
induced by proinflammatory mediators (Mameli et al., 2016),
which might explain its higher levels in obese patients with
T2D, a condition always linked to chronic adipose tissue
inflammation (Zatterale et al., 2020). Our results suggest a
different expression pattern of GASS in visceral fat tissues
and might reflect the delicate balance between its function
as an adipogenesis inhibitor and a proinflammatory factor.
Despite the novelty of our finding, further verification in a
larger population is required, in addition to investigating the
mechanisms by which GAS5 might regulate fat metabolism.
The expression levels of miR-221 and miR-222 were un-
detectable in our study, which might be due to tissue-specific
expression patterns or methodological differences compared
to previous studies (Markovic et al., 2020; Chan et al.,
2022). miR-26A was significantly downregulated in obese
subjects, whereas miR-155 showed no significant dysregula-
tion between the two groups (Fig. 2). The downregulation
of miR-26A in obesity aligns with the findings of Kim et al.
(2020) and emphasizes the role of miR-26A in adipogene-

454

Expression analysis of microRNA and IncRNA
in visceral adipose tissue of obese and non-obese individuals

sis and metabolic regulation described in previous studies
(Acharya et al., 2019; Zeng H. et al., 2021). Additionally,
miR-155 expression was correlated with current studies that
are examining the potential of non-coding RNAs as biomar-
kers and therapeutic targets (Winkle et al., 2021). GAS5 has
been presented as a promising biomarker in breast cancer
treatment and prognosis (Grossi et al., 2023). Meanwhile,
miR-26A has already been tested as a therapeutic molecule
attenuating visceral fat accumulation in a mouse model
(Zeng H. et al., 2021). Our results highlight the necessity for
novel research investigating GAS5 as a therapeutic target in
metabolic disorders. Additionally, we emphasize the need
for further evidence of the efficacy of miR-26A as a potential
therapeutic molecule in future preclinical and clinical studies.

Our study also explored potential interactions between
the studied non-coding RNAs. We found no correlation
between SNHG9 expression and miR-26A or miR-155. On
the other hand, GAS5 showed a weak negative correlation
with miR-155 levels in visceral fat tissue samples of obese
individuals; we didn’t observe a similar correlation in non-
obese subjects (Table 4). Previous studies described a negative
correlation between GAS5 and miR-155-5p in regulatory
pathways related to inflammation and apoptosis. GASS was
described to sponge and regulate miR-155, leading to the
upregulation of SIRT1 and suppression of the inflammatory
response to lipopolysaccharides (Zeng Z. et al., 2023). Addi-
tionally, GAS5 and miR-155 were inversely correlated in
pneumonia patients, where GAS5 was downregulated and
miR-155 was upregulated in plasma samples. GAS5 overex-
pression decreased miR-155 expression in human bronchial
epithelial cells (Wang et al., 2021). This finding requires
further confirmation in experimental studies, which may
reveal a similar mechanism of regulation in adipose tissue as
in inflammatory responses.

GASS expression levels showed no correlation with
MiR-26A in either of the studied groups. This finding does not
align with the results of Tan et al. (2021) where GAS5 was
responsible for the downregulation of miR-26A. Therefore,
additional studies exploring miR-26A interaction network
in visceral adipose tissue are required to clarify the exact
mechanism by which miR-26A is negatively regulated in
obese individuals.

In an attempt to expand our knowledge of the intricate
network of non-coding RNAs, we also investigated the cor-
relation between SNHG9 and GASS expression levels. In-
terestingly, we found a very strong, almost linear, correlation
between the two IncRNAs in non-obese subjects (rs = 0.92).
This correlation was significantly reduced in obese patients
(rs=0.67). Previous studies investigating expression levels of
SNHGY and GASS5 showed inversed correlation in clear cell
renal cell carcinoma (Yang et al., 2020) and glioblastoma (Ji et
al., 2020), but no common regulation mechanism was sug-
gested. To the best of our knowledge, such correlation between
SNHGY and GASS has never been described before in studies
of metabolic disorders. Hence, we can only suggest the exis-
tence of coordinated regulation between these two INCRNAs
in normal metabolic conditions. This coordination could be
disrupted in the condition of obesity, leading to a weaker cor-
relation in the expression levels of the two IncRNAs. However,
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further in vitro and in vivo experiments are required to confirm
any type of common regulation mechanism.

A moderate correlation between miR-26A and miR-155
(rs = 0.47) was found in the non-obese group, and this cor-
relation was shown to be weak in obese patients (rg = 0.26),
which partially aligns with the correlation pattern of the
above-described IncRNAs. Previous studies showed parallel
downregulation of miR-26A and miR-155 in subjects with
obesity (Kim et al., 2020) and multiple sclerosis (Mameli et
al., 2016), but none of the studies attempted to test for a cor-
relation between the expression levels of the two miRNAs.
Such a correlation in expression levels might be evidence of
a common regulation mechanism for miR-26A and miR-155.
The reduced correlation in obese patients in our results aligns
with the previous observation in IncRNA interaction that sug-
gests the existence of a common regulation mechanism for
both miRNAs, which might be disrupted in the case of obesity.

Our study included 101 participants divided into 70 obese
patients and 31 non-obese individuals, all within the age group
of 4555 years. The study group was not adjusted for sex and
types of medications, which is the first of several limitations
we acknowledge. However, previous data investigating the
expression of different non-coding RNAs in visceral fat tis-
sue are extremely rare, and our chosen targets had not been
investigated in this tissue before. Additionally, we aimed to
generate first-time data that can prompt further investigation
in this direction.

The limitations of our study also include the use of con-
ventional PCR and subsequent Sanger sequencing for the
identification of IncRNA splicing variants. While this method
is highly specific, it is limited due to the small range of tran-
scripts it can identify. We recommend further studies using
transcriptomic methods to identify novel IncRNAs and new
forms of expression for existing RNAs. Another limitation of
our study was the inability to quantify the scarcely expressed
IncRNAs, which might require preamplification or the use
of digital PCR. Finally, our study describes correlations and
statistical differences that require further confirmation or
rejection by experimental in vitro and in vivo studies. Trans-
criptomics might also aid in identifying and quantifying
various novel transcripts of INCRNAs expressed in visceral
fat tissue, deepening our understanding of adipogenesis and
fat metabolism.

Conclusions

In conclusion, the precise network of non-coding RNAS is
once more shown to be associated with the development of
metabolic and various other diseases. Our results indicated
a different pattern of microRNA and IncRNA expression in
individuals suffering from obesity and T2D. This dissimilarity
highlights the important role of the investigated non-coding
RNAs in the formation and differentiation of visceral adipose
tissue. Additionally, our results displayed a specific miRNA-
miRNAand IncRNA-IncRNA correlation pattern in non-obese
individuals, which requires further investigation. Understand-
ing these associations can lead to building a better map of the
interaction network in the absence of metabolic disorders.
This map can serve as a reference for understanding all pos-
sible abnormal or alternative pathways regulating the intricate
networks in cases of obesity and other metabolic disorders.
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Genomic prediction of plant traits
by popular machine learning methods
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Abstract. A rapid growth of the available body of genomic data has made it possible to obtain extensive results in
genomic prediction and identification of associations of SNPs with phenotypic traits. In many cases, to identify new
relationships between phenotypes and genotypes, it is preferable to use machine learning, deep learning and arti-
ficial intelligence, especially explainable artificial intelligence, capable of recognizing complex patterns. 80 sources
were manually selected; while there were no restrictions on the release date, the main attention was paid to the
originality of the proposed approach for use in genomic prediction. The article considers models for genomic pre-
diction, convolutional neural networks, explainable artificial intelligence and large language models. Attention is
paid to Data Augmentation, Transfer Learning, Dimensionality Reduction methods and hybrid methods. Research
in the field of model-specific and model-independent methods for interpretation of model solutions is represented
by three main categories: sensing, perturbation, and surrogate model. The considered examples reflect the main
modern trends in this area of research. The growing role of large language models, including those based on
transformers, for genetic code processing, as well as the development of data augmentation methods, are noted.
Among hybrid approaches, the prospect of combining machine learning models and models of plant development
based on biophysical and biochemical processes is emphasized. Since the methods of machine learning and arti-
ficial intelligence are the focus of attention of both specialists in various applied fields and fundamental scientists,
and also cause public resonance, the number of works devoted to these topics is growing explosively.
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I'eHOMHOe IIPOTrHO3MpPOBaHIEe IIPU3HAKOB pacTeHM’i
ITOITY/ISIPHBIMY METOIaMy1 MallIMTHHOTO OOYUYeHNS

K.H. Kosaos (19!, M.IT. Baukuu (9, E.A. Cemenosa2, M.I. CaMmcoHOBa 1@

T CaHkT-MeTepbyprckuit nonUTexHNYECKUt yHuBepcuTet Metpa Bennkoro, CaHkT-TMetep6ypr, Poccusa
2 lanbHEBOCTOUHI rocyflapCTBeHHbI arpapHblil yHuBepcuteT, bnaroselyeHck, AMypckas obnactb, Poccus

@ m.g.samsonova@gmail.com

AHHOTaLMA. BbICTPO HaKanNIVBaLWMIACA MACCVB FreHOMHDBIX JaHHbIX — CEKBEHWPOBAHHbIX FEHOMOB CE/bCKOXO03Ai-
CTBEHHbIX PACTEHWI — MO3BOMWI MOYYUTb OOLIMPHBIE PE3YNbTaThl MO FEHOMHOMY MPOrHO3UPOBAHWIO U BbIABE-
HMIO accoumnaumin OAHOHYKNEOTUAHbIX NOANMOPGU3IMOB C PeHOTUNMYECKMMI NPpU3HakaMmn. Bo MHorux cnyyasx
AN 06HapYKeHVA HOBbIX CBA3el GEHOTMMNOB C FeHOTNaMM NPEANOUYTATENbHO NCMOMb30BaTbh METOAbI MALLMHHOIO
06yyeHus, rMyboKoro obyyeHnsa 1 NCKYCCTBEHHOTO MHTENEKTa, B OCOOEHHOCT OOBACHMMOrO, CMOCOGHbIe pac-
No3HaBaTb C/IOKHble 3aKOHOMEPHOCTU. BpyuHyio 6b110 0TO6paHO 80 UCTOYHMKOB, NPV 3TOM OrpaH1YeHuUs No aate
BbIXO/a He CTaBU/I0Cb, OCHOBHOW MHTEPEC MPeACTaBAna OpUrMHaabHOCTb NPeAnaraeMoro noaxoaa unv mogundw-
Kaunuy onAa npumeHeHnA B 3agavye reHOMHOro NPporHo3npoBaHnA. B ctaTtbe paccMOTpeHbl mogenn aonAa reHoMHoro
NPOrHO3MPOBaHWS, CBEPTOUHbIE HEVPOHHbIE CETU, 0OBACHVMBIN NCKYCCTBEHHDIN MHTENNEKT 1 60bLUME A3bIKOBbIE
mopenu. YaeneHo BHYUMaHMe NoaxoAam K JOMOSIHEHNIO faHHbIX, MePEHOCY 3HaHMIN, METOAAM CHUPKEHMA pa3mep-
HOCTV 1 rMbpugHbIM MeTofdam. lNprBefieH NprYMep COBPEMEHHOrO CMocoba KoAMPOBaHMA GOMbLUNX FEHOMHbIX
AaHHbIX B NCKYCCTBEHHDbIE VI306pa>KeHVIF|, npenmMyLecTBOM KOTOPbIX ABNAOTCA HarnAagHaA BU3syanusaynAa n BoO3-
MO>XHOCTb MCMOMb30BaHNA N3BECTHbIX MOAENen Ana N3BneyYeHns NpusHakos. ViccnegoBaHus B 0651acT Mofenb-
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[eHOMHOE MPOrHO3MPOBaHYE MPU3HAKOB PacTeHN
MonynAPHbIMYA METOAAMM MALIMHHOO 0GyUeHUs

HO-CMeLndUUHBIX N MOAENIbHO-He3aBMCMMbIX METOAOB UHTEPMPETALMMN PELLeHUs MOAeNel NpeacTaBneHbl TpeMs
OCHOBHbIMM KaTeropusaMu: 30HANPOBaHNe, BO3MYLLEHVE 1 CypporaTHas Mofenb. B paccMoTpeHHbIX npumepax oT-
paeHbl OCHOBHble COBPEMEHHbIE TPeHAbI B M3yyaemolt obnacti. OTMeueHbl pacTyLiasn posb 60MbLIMX A3bIKOBbIX
MOAenel, B TOM Y/c/ie OCHOBAHHbIX Ha TpaHchopmepax, Ans 06paboTKy reHeTYeCKoro Koga, a Takke paspaba-
TbiBaeMble METOAbI ayrMeHTaLUuM AaHHbIX. JOMONHWUTENIbHBIM MPEUMYLLECTBOM NMPUMEHEHNWS A3bIKOBO MOAeNnn
MOXET CTaTb BO3MOXHOCTb GOPMYNMPOBaTh 3aMpochl Ha 6IM3KOM K eCTeCTBEHHOMY Ai3blKe 1 MoslyyaTb OTBETbI 3@
OTHOCKTENBHO KOpOTKoe Bpems. Cpean rmbpriAHbIX NOAXOAOB BbiAeneHa NepCneKTVBHOCTb COYeTaHns Mmogenei
MaLUVHHOTO OGYYEHVS N MOLENEN PA3BUTUA PACTEHUI HA OCHOBE BUOGU3NYECKIX N BUOXUMUYECKIX MPOLIECCOB.
MOCKONbKY METOAbI MALUMHHOIO 06YUYeHNs N NCKYCCTBEHHOTO MHTENNIEKTA HAXOAATCA B pOKYCe BHUMAHWSA Kak cre-
LManmnCToB B PasnuyHbIX NPUKIagHbIX 061acTaX, Tak 1 GpyHAAMEHTasIbHbIX YUYeHbIX, @ KPOME TOro, Bbi3blBalOT 06Le-
CTBEHHbIN PE30HAHC, KONIMYECTBO MOCBALLEHHbIX 3TUM TeMaM PaboT MMEET B3PbIBHOMN POCT.

KntoueBble cfioBa: reHOMHOE NMPOrHO3vpOoBaHWe; GeHOTUM PacTeHNIA; MALLHHOE 06yUYeHNe; ryboKoe 0byyeHNE;

I/ICKyCCTBEHHbIVI VHTENNeKT

Introduction

To this day, a tremendous amount of genomic data has been
accumulated and it continues to grow rapidly. These data
include the sequenced genomes of agricultural plants such
as chickpea, vigna, soybean, wheat, rye, flax etc. (Bragina
et al., 2019; Ichihara et al., 2023; Chamorro-Padial et al.,
2024; Tang et al., 2024). Many annotations have been
obtained, classical methods of genomic prediction and
genome-wide association studies have been successfully
applied to these data, and SNPs associated with different
important phenotypes have been identified (Hayes, 2013).

Many phenotypic traits that selection programs are tar-
geted to are correlated and thus require use of multi-trait
models in order to obtain statistically significant predic-
tions. Machine learning methods are suitable for such a
class of problems as well as deep learning models and
artificial intelligence, explainable Al in particular, which
are able to recognize complex patterns in the given data
and generalize extracted knowledge.

The papers for the current review were selected based
on the originality of the proposed approach or modification
for application to the solution of the genomic prediction
problem. The search was performed in PubMed (https://
pubmed.ncbi.nlm.nih.gov/, accessed on November 7, 2024)
using terms “plants genomic prediction machine learning”
and dates from the beginning of the year 2010 to the end
of the year 2024, which showed exponential growth of the
number of manuscripts per year with a small decrease in
the growth rate after the year 2021 (Fig. 1).

Eighty sources were selected manually without restric-
tions on the publication date. The oldest manuscript was
published in the year 1988, the majority of works (60 %)
were published after the year 2020, and 20 % of the re-
viewed papers belong to the last two years (Fig. 2).

Genomic prediction

Genomic prediction (GP) aims to predict the phenotype of
an organism given single nucleotide polymorphism (SNP)
data (Meuwissen et al., 2001). The wide range of genomic
prediction methods can be divided into two groups: linear
and nonparametric. Linear methods such as BLUP work
well for additive traits. They model the phenotype as a
function of the contributions of different factors such as
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PCA - principal component analysis
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DT - decision trees

RF - random forest

LLM - large language model

GPT - generative pretrained transformer

individual markers, weather parameters, field conditions,
etc. On the other hand, nonparametric machine learning
methods such as support vector machines, random forests,
and gradient boosting can model nonlinear traits, provid-
ing great flexibility to accommodate complex genotype-
phenotype associations (Montesinos-Lopez et al., 2021).

Genomic prediction tools based on statistical methods
such as genomic best linear unbiased prediction (GBLUP)
are widely used in crop breeding. However, these tools
are not designed to account for nonlinear relationships in
high-dimensional datasets or to handle high-dimensional
datasets such as drone images. Machine learning (ML)
algorithms have the potential to surpass the prediction
accuracy of current tools used to predict phenotypic traits
from genomic data due to their ability to autonomously
extract features and represent their relationships at multiple
levels of abstraction (Danilevicz et al., 2022).

The accuracy of prediction depends on the quality and
pre-processing of phenotypic data, the platform used to ob-
tain genomic information, the population breeding scheme,
the internal genetic architecture of the trait, the genetic
structure of the population, how genotype-environment
interactions are treated, and the prediction method (de Los
Campos et al., 2013).
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It was reported in (Sandhu et al., 2021) that deep lear-
ning models outperformed traditional ridge regression with
best linear unbiased prediction (RRBLUP) and Bayesian
models under all forecasting scenarios. Machine learning
methods were used to increase the statistical power of the
models. To apply multi-stage machine learning, a new
BioM2 package (Zhang S. et al., 2024) was proposed for
the statistical computing system R, which has the ability
to apply stratification and aggregation of multivariate data
based on biological information to improve the training
efficiency of models. In this case, stratification allows
one to build subsets of data, for example, training and test
samples, by controlling the ratio of the number of objects
from different groups, for example, SNPs in genes involved
in different processes.

At the same time, aggregation of multivariate data
makes it possible to use simpler and more easily interpre-
table models that can be refined during multi-stage trai-
ning. An innovative computational framework, PlantMine,
which combines feature selection and machine learning
methods to efficiently identify key SNPs, was proposed in
(Tong et al., 2024), taking critical factors for trait improve-
ment in rice as an example. Various data mining algorithms
were applied to the 3,000 Rice Genomes Project dataset.
The results highlighted the effectiveness of combining
feature selection with machine learning to accurately
identify key SNPs, offering a promising avenue to accel-
erate the breeding of new plant varieties with improved
yield and stress tolerance. The overall model performance
depended more on the prediction algorithm than the pre-
dictor selection method. Among all the models, decision
tree-based machine learning methods (random forests
and gradient boosting) performed the best, while classical
Bayesian methods were prone to overfitting (Sirsat et al.,
2022).
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Fig. 2. The distribution of the selected works over the years.

Convolutional neural networks

and artificial image objects

Among machine learning methods, convolutional neural
networks (CNNs) provide the best ability to discover hid-
den patterns or features from data and are best suited for
image analysis (Pook et al., 2020; Montesinos-Lopez et al.,
2021). Artificial image objects (AIO) are a new concept
for genomic data representation that can be used to encode
large genomic data by treating individual genetic variants
as pixels (Galli et al., 2022). The advantages of AIOs in-
clude convenient, simple visualization, compactness, and
the ability to apply a wide range of methods developed for
image analysis and classification (Chen X. et al., 2021b), in
particular CNNs (Chen X. et al., 2021a). Therefore, AIOs
can be used by CNNs for regression and classification tasks
(Bavykina et al., 2022).

The algorithm for optimization of data packing in AIO
was proposed in (Bazgir et al., 2020). The DeepFeature
package proposed in (Sharma et al., 2019, 2021) was de-
veloped to transform large-scale experimental data, such
as genomic or transcriptomic data, into a form optimal for
training a CNN model. The input vector is transformed
into a matrix using t-SNE, kernel PCA, PHATE, or UMAP,
and the smallest rectangle containing all elements is found
using the convex hull algorithm. A rotation is performed
to flatten the image, converting Cartesian coordinates into
pixel indices.

The application of CNN to AIO processing enables the
calculation and visualization of the influence of various
factors on the final solution of the model. The work of (Liu
et al., 2019) was considered to be the first study to apply
the saliency map to identify the most important predictors
in soybean. In this study, gaps in the data were treated as
a new genotype; as a result, each SNP was encoded with
four binary values. The significance value of each geno-
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type was calculated as the maximum absolute value of the
gradients among these four encoding channels, and the
population median was used as a measure of the contribu-
tion of the SNP.

The ResNet architecture, widely used in deep learning
methods, was adapted for use in genomic selection models
in (Xie et al., 2024). Since each locus makes a different
contribution to the final phenotype, successive convolutions
are more suitable for the genomic selection model than
layer pooling. Thus, a deep learning algorithm, ResGS, was
proposed that significantly alleviates the problem of deg-
radation, i. e., the decrease in performance with increasing
model depth, which can improve the prediction accuracy
compared to traditional methods (Wu H. et al., 2024).

Recently, more and more attention has been paid to the
internal mechanisms of convolutional neural networks
and the reasons why the network makes certain decisions
(Wang et al., 2020). Several methods have been proposed,
including data permutation and backpropagation ap-
proaches (Zhang X., Gao, 2020), gradient-based algorithms
(Selvaraju et al., 2020), and class activation maps (Wang
et al., 2020). A saliency map represents the spatial regions
associated with a particular class in a given image (Si-
monyan et al., 2014). Class activation maps provide a visual
explanation for a single input image (Chattopadhay et al.,
2018; Selvaraju et al., 2020), but are sensitive to the model
architecture. Gradient-weighted class activation mapping
(Grad-CAM) uses the gradients of any target concept fed to
the final convolutional layer to create a coarse localization
map, which highlights important regions in the image for
class prediction (Selvaraju et al., 2017).

Score-CAM, unlike previous class activation mapping-
based approaches, removes the dependence on gradients
by deriving the weights of each activation map by directly
computing the network for instances of the target class, with
the final output being a linear combination of the weights
and activation maps (Wang et al., 2020). Grad-CAM-++
(Chattopadhay et al., 2018), a modification of Grad-CAM
(Selvaraju et al., 2020), generalizes CAM to models without
global pooling layers. LayerCAM (Jiang et al., 2021) can
generate robust class activation maps from a combination
of class activation maps from different CNN layers.

Explainable Artificial Intelligence
Explainable Artificial Intelligence (XAI) aims to overcome
the black box problem and provide insight into how Al
systems make decisions. Interpretable ML models can
explain how they make predictions and identify the fac-
tors that influence their results. However, most modern
interpretable ML methods were developed for domains
such as computer vision, making direct application to
bioinformatics problems difficult without customization
and domain adaptation.

An interpretable ML model can identify the factors that
influence its output (e. g. statistically significant features)
and explain the interactions between them (Molnar, 2022).
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Depending on the level of abstraction, methods can be di-
vided into local and global interpretability methods. While
local methods focus on interpreting individual predictions,
global ones try to explain the behavior of the entire model
in the form of diagrams or lists. Various variants of model-
specific and model-independent interpretable ML ap-
proaches have been developed, on which an XAI system
can be built to improve its local and global interpretability
(Wachter et al., 2018), but these methods are most often
used to improve visualization (Weber et al., 2023). Linear
models, decision trees (DTs), and rule-based systems are
less complex and inherently interpretable. However, they
are less accurate compared to tree-based ensembles such as
random forests (RF) and deep neural networks, resulting in
a trade-off between accuracy and interpretability.

Many specific and model-independent interpretable
ML methods have been developed (Azodi et al., 2020). All
these methods can be divided into three main categories:
probing, perturbation, and surrogate models. Examples of
probing methods are gradient-based methods such as gra-
dient-weighted class activation mapping (Grad-CAM++)
and layered relevance propagation (LRP) (Guidotti et al.,
2018). A widely used perturbation-based method is Shapley
additive explanations (SHAP). SHAP is based on coalition
game theory, i. e., on the average marginal contribution of
a feature and the way the payoffs are distributed among its
players (Cubitt, 1991).

Since interpretability comes at the cost of a trade-off
between accuracy and complexity, studies have proposed
training a simple interpretable model to imitate a complex
model (Molnar, 2022). A surrogate or simple proxy model
is a model interpretation strategy that involves training an
initially interpretable model by approximating local black
box predictions (Stiglic et al., 2020; Molnar, 2022).

The majority of surrogate model building tools were de-
veloped with the aim of improving the interpretability and
explainability of black-box ML models covering common
problems in computer vision, text mining or structured data,
and were based on well-known interpretable ML methods
such as LIME (Ribeiro et al., 2016), Model Understand-
ing through Subspace Explanations (MUSE) (Lakkaraju et
al., 2019), SHAP (Lundberg, Lee, 2017) (and its variants
such as SHAP kernel and SHAP tree), Partial Dependency
Graph (PDP), Individual Conditional Expectation (ICE),
Permutation Feature Importance (PFI) and Counterfactual
Explanations (CE) (Wachter et al., 2018).

Large language models

Recently, the use of large language models (LLM) has
become widespread in various fields of science, including
decoding genetic text to predict the manifestation of use-
ful traits in plants. LLMs, such as GPT-4, have conquered
the world, demonstrating amazing capabilities in natural
language proficiency, which immediately prompted re-
searchers to adapt LLMs to a different type of language —
the genome, in order to solve complex problems based on
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large volumes of accumulated data. The success of LLMs
is largely due to the use of transformer-based attention
units in the architecture. The use of such architectural solu-
tions allowed the well-known AlphaFold2 neural network
(Google DeepMind, 2021) to predict three-dimensional
protein structures with unprecedented accuracy. Alpha-
Fold3 (2024), according to the developers, for the first time
surpasses physical methods in its prediction of the 3D struc-
ture of proteins, as well as the interactions of proteins with
each other and with other substances. Profluent’s LLM has
made it possible to create an artificial protein for genome
editing that is comparable in efficiency to the natural one,
but has much greater specificity.

The broad implementation of the results of these achieve-
ments in production requires a deep understanding of the
underlying mechanisms, taking into account complex
interactions, accelerating the search for answers to ques-
tions arising in practice. In particular, there is a need to
shift from identification of SNPs associated with a trait to
identification of genes that affect the trait with a greater
degree of reliability. In addition, it is necessary to take into
account the gene-gene interactions, and to consider not
only one trait, but also pairs of related traits. The solution
to the described problem is impossible without involving
the latest accomplishments in computer science, such as
artificial intelligence based on large language models. An
additional advantage of using such an approach is the ability
to formulate queries in a language close to a natural one
and receive answers in a relatively short time.

Research in this area has increased significantly in re-
cent years. For example, a review (Consens et al., 2023)
on the application of transformer-like models to genetic
data included more than 100 recent papers and noted rapid
development in the field. The use of large language models
based not only on transformers, but also using the so-called
Hyena layer (Poli et al., 2023) to process genomic data was
also noted (Nguyen et al., 2023). One interesting approach
is the possibility of pre-training such models on genome
sequences without using phenotypes.

Currently, the maximum input sequence length among
publicly available DNA transformer-based LLMs is lim-
ited to only 3 x 10% nucleotides for the GENA-LM archi-
tecture. To mitigate this limitation, the performance of a
modified recurrent memory transformer (RMT) architec-
ture in the GENA-LM model was studied in (Kuratov et
al., 2024) for multiple genomic analysis tasks requiring
processing of long DNA sequences. The results obtained in
(Kuratov et al., 2024) showed that augmenting GENA-LM
with RMT leads to a significant performance improvement.

A new method based on a transformer-like neural net-
work to predict the severity of fusarium and the associated
accumulation of the dangerous mycotoxin deoxynivalenol
was proposed (Jubair et al., 2021) that used genomic and
phenotypic data on the barley. The work showed the su-
periority of frequency coding of markers and mentioned
the high memory requirements of the model when using
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a large number of markers, which could be reduced using
selection by the information criterion.

In the paper (Wu C. et al., 2023), a genomic selection
model based on a deep neural network using transformers,
convolutional layers, and an additional information module
was proposed. The model architecture used encoding of
marker positions with trigonometric functions, fast Fourier
transform, Gaussian linear activation function (GELU), and
included blocks of convolutional network, transformer, and
regressor. The model was applied to five datasets, where
it outperformed the four methods used for comparison.

An important source of the phenotype prediction ac-
curacy reduction in models based on genomic data is the
lack of gene-gene interactions consideration. The work
(Cui et al., 2022) proposed an approach for identifying
interactions between genes and taking them into account
in a deep learning model for phenotype prediction. A layer
representing genes as hidden nodes of a sparse network
was added to the deep neural network architecture. Im-
portantly, the Shapley values for hidden nodes of the gene
layer were used to determine the influence of interactions
on the model solution.

Data augmentation

Training large language models requires a large amount
of data because there is a large number of unknown pa-
rameters. The papers (Jubair et al., 2021) and (Wu C. et
al., 2023) consider transformer-like neural network-based
models for genomic prediction. In the paper (Jubair et al.,
2021), GPTransformer contains two Transformer encoding
blocks, uses two nodes for each attention layer, and each
Transformer block contains 256 hidden neurons. The output
is a vector, which is the input of a feedforward network,
which contains one output neuron. The mean squared
error (MSE) loss function is used. A dataset of 400 geno-
types phenotyped in 3 geographic areas and 2 years, i. e.
2,400 records, was used for training and analysis, and
the Pearson correlation coefficient between the model
prediction and the data was 0.6, which allowed obtaining
significant results.

The GPformer model (Wu C. et al., 2023), based on
the transformer-like neural network for predicting phe-
notype from genotype, was separately trained and tested
on the Soybean999, Maize282, Rice469, Wheat599 and
Wheat2403 datasets, which have 999, 282, 469, 599 and
2,403 records, respectively. The resulting Pearson correla-
tion coefficient was 0.4—0.8 for different variants.

An additional tool, as in the case of deep learning models
for image processing, can be data augmentation, which
has recently been studied for deep learning models in the
field of bioinformatics. For example, a new approach to
augmentation of biological sequence data was proposed in
(Jietal., 2024), in which the chromosome order is changed.
This method of generating additional data can be used for
training, because the models cannot use the chromosome
number as a predictor. In the work (Montesinos-Lopez et

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529+ 3



K.H. Ko3nos, M.IN. BaHKnH
E.A. CemeHoBa, M.[. CamcoHOBa

al., 2024) a blending method was considered, which offers
a domain-independent approach to augmentation based on
the assumption that a linear combination of feature vectors
should approximately correspond to a linear combination of
their corresponding target values. In (Vilov, Heinig, 2022),
data augmentation was successfully used to train a classifier
of genomic variants. The approaches based on a genera-
tive network (GAN) and a Boltzmann machine (RBM) for
compiling synthetic genomes were presented in (Yelmen
etal., 2021). In the mentioned works, the authors managed
to improve the accuracy and generalization ability of the
models, so data augmentation can be used to expand the
existing dataset for training the LLM.

Anew method was proposed to predict the classification of
enhancers into strong and weak using data augmentation and
a convolutional neural network ES-ARCNN (Zhang T.-H.
et al., 2021). Two data augmentation techniques, such
as reverse augmentation and shifting, were used to train
ES-ARCNN for previously identified enhancers.

Transfer learning

Transfer learning enables the creation of effective models
for a target domain using knowledge from a different but
related source domain. In medical research, knowledge
transfer can significantly improve the accuracy of disease
prediction for data-poor populations with imbalanced data
(Gao, Cui, 2022). This approach also has great potential
to improve the prediction of complex phenotypic traits,
such as plant yield, although it does not work in all cases
(Kovalev et al., 2018). Transfer learning is widely used to
extract features from images with the models pre-trained on
general-purpose datasets and then fine-tuned on a relatively
limited, specialized dataset (Kirchler et al., 2022).

To facilitate the application of the Transfer learning
approach to phenotype-to-genotype prediction models, an
efficient implementation of TrG2P was proposed in (Li et
al., 2024). In the developed framework, firstly, convolu-
tional neural networks were trained using genomic data
and phenotypic traits with simpler dependencies than a
complex target trait, such as yield. Then, the parameters of
the convolutional layers of these pre-trained models were
transferred to the target trait prediction task, and the fully
connected layers were retrained, thus leading to improved
prediction accuracy of the resulting model (Li et al., 2024).

Dimensionality reduction methods

The explosive growth of available amounts of data not only
brings unprecedented progress in bioinformatics and oppor-
tunities to perform predictive modeling (Han, Liu, 2022),
but also poses challenges to existing Al methods and tools,
such as data heterogeneity, high dimensionality, and volume
(Karim et al., 2021). Principal component analysis (PCA)
and isometric feature mapping (Isomap) are widely used
as dimensionality reduction methods (Fournier, Aloise,
2019). However, the representations obtained by these
methods often lose essential properties (Aggarwal, Reddy,

BUOUHOOPMATUKA N CUCTEMHAA BUOJIOTNA / BIODINFORMATICS AND SYSTEMS BIOLOGY

2025
293

[eHOMHOE MPOrHO3MPOBaHYE MPU3HAKOB PacTeHN
MonynAPHbIMYA METOAAMM MALIMHHOO 0GyUeHUs

2014), making them less effective against a well-known
phenomenon called the curse of dimensionality, especially
for high-dimensional datasets (Fournier, Aloise, 2019).

Hybrid methods
With increasing computing power, existing machine learn-
ing approaches are frequently combined into complex
hybrid models. For example, (Chen C. et al., 2024) con-
sidered algorithms that first use BayesR/GWAS to identify
a subset of 1,000 markers with moderate to large marginal
additive effects, and then use attention networks to make
predictions based on these effects and their interactions.
Hybrid methods with attention networks yielded the low-
est variance in prediction accuracy across all validation
datasets and the lowest root mean square error, the criteria
usually applied in practical breeding programs. In (Ramzan
et al., 2020), a two-step procedure was proposed to solve
the problem of detecting a large number of loci with small
effects on the phenotype. In the first step, the Wald test
statistics values are approximated by cubic splines, and
genomic regions with spline’s extrema that are higher than
expected are considered as quantitative trait loci (QTLs).
SNPs in these QTLs are then ranked by their association
with the phenotype using a random forest approach. In the
work (Nascimento et al., 2024), a Stacking Ensemble Lear-
ning (SEL) model was proposed, which combines several
models that can potentially predict important traits more
accurately than individual ones; the model was applied to
the example of coffee breeding in Coffea arabica.
Acrecently proposed direction of research is the combina-
tion of machine learning models and crop growth models
based on biophysical and biochemical processes (CGM).
It has been suggested that such an approach can improve
the predictions of integrative traits by decomposing them
into simpler intermediate traits with better heritability
(Larue et al., 2024). In the study, the combined CGM-
GP model outperformed the genomic selection models
without CGM integration in the predictive ability, regard-
less of the regression method used. CGM simulates non-
linear (causal) plant responses to the environment through
model parameters (representing genotypic sensitivity to
these responses, GXE). Thus, calibrated CGMs for a geno-
type can be useful for predicting its performance under
unknown conditions; on the other hand, it is impossible
to predict the performance of unknown genotypes (Larue
etal., 2019).

Conclusions

The great variety of machine learning and artificial intel-
ligence methods finds applications in the field of bioinfor-
matics of agricultural plants for such problems as genomic
prediction of important phenotypic traits. ML and Al attract
close attention of researchers and practitioners from dif-
ferent areas as well as cause resonance in the public, and
consequently the number of published manuscripts grows
explosively.
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The main contemporary trends in the field of ML and Al
for GP were included in the review. The examples of the
application of common machine learning models and their
variants modified for bioinformatics tasks were considered.
These examples illustrated the usage of the ML and Al
methods alone and in combination with dimensionality
reduction and feature selection approaches, the construction
of explainable Al solutions and developing hybrid methods.
The increasing role of large language models deserves a
separate mention, including those based on transformers,
and the associated data augmentation methods needed to
train models with a huge number of parameters. Transfer
learning methods can be used to mitigate the problem of
insufficient or imbalanced data.

An important aspect of ML and Al success is data repre-
sentation, for example, the artificial image objects described
in the review make it possible to utilize the powerful and
highly efficient apparatus of convolutional neural networks
for extraction of characteristic patterns from the data. Such
an approach also allows ranking the importance of predic-
tors based on attention maps.

With the rise of the Internet of things, the spread of
mobile devices and autonomous robots, a new trend of
edge computing started to evolve, seeking solutions to the
compactization of models and optimization of algorithms
for resource-limited devices. This topic deserves a separate
review and was not considered in the current work.
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Abstract. Genetic diversity among biological entities, including populations, species, and communities, serves as a fun-
damental source of information for understanding their structure and functioning. However, many ecological and evolu-
tionary problems arise from limited and complex datasets, complicating traditional analytical approaches. In this context,
our study applies a deep learning-based approach to address a crucial question in evolutionary biology: the balance
between sexual and asexual reproduction. Sexual reproduction often disrupts advantageous gene combinations favored
by selection, whereas asexual reproduction allows faster proliferation without the need for males, effectively maintain-
ing beneficial genotypes. This research focuses on exploring the coexistence patterns of sexual and asexual reproduction
within a single species. We developed a convolutional neural network model specifically designed to analyze the dynamics
of populations exhibiting mixed reproductive strategies within changing environments. The model developed here allows
one to estimate the ratio of population members who originate from sexual reproduction to the clonal organisms produced
by parthenogenetic females. This model assumes the reproductive ratio remains constant over time in populations with
dual reproductive strategies and stable population sizes. The approach proposed is suitable for neutral multiallelic marker
traits such as microsatellite repeats. Our results demonstrate that the model estimates the ratio of reproductive modes with
an accuracy as high as 0.99, effectively handling the complexities posed by small sample sizes. When the training dataset’s
dimensionality aligns with the actual data, the model converges to the minimum error much faster, highlighting the sig-
nificance of dataset design in predictive performance. This work contributes to the understanding of reproductive strategy
dynamics in evolutionary biology, showcasing the potential of deep learning to enhance genetic data analysis. Our find-
ings pave the way for future research examining the nuances of genetic diversity and reproductive modes in fluctuating
ecological contexts, emphasizing the importance of advanced computational methods in evolutionary studies.
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[IpyMeHeHNe MeToa IITyOOKOTro 06yuyeHs]
IJISI OLI€HKM COOTHOILIEHVSI PeNIPOAYKTUBHBIX PEKIIMOB
B YaCTUYHO KJIOHAJIbHO ITOMV/ISIIUN

T.A. Hukoaaesa (D1 2@, A.A. Topoumna (1, A YO. lllep6axos ()2

T [IumMHonOrMYecKni MHCTUTYT CUBMPCKOro OTAeneHna POCCUIACKON akaaemMmn HayK, VpKyTck, Poccns
2 HoBocrbMpcKni HaLMOoHaNbHbIN NCCNefoBaTeNbCKNIA FOCYAapPCTBEHHbIV YHUBepcnTeT, HoBocnbrpck, Poccua

@ t.maryanovskaya@alumni.nsu.ru

AHHoOTauus. [eHeTUYecKoe pa3HOO6pasvie GONOrNYecKX 0ObEKTOB, TaKMX Kak MOMyNALMM, BUAbI 1 COOOLLECTBA, ABNAET-
CSl BOXKHEWLUMM NCTOUYHNKOM MHGOPMaLMm Ana NOHUMAHUA UX CTPYKTYPbl U GYHKUMOHUPOoBaHMA. OfHAKO MHOTMe 3KoMo-
TYECKMe 1 BOSIIOLMOHHbIE MPOGIEMbI BO3HMKAIOT 13-3a TOrO, YTO Habopbl JaHHbIX COAEPXaT OTHOCUTEIbHO HEGONbLLOE
KOMMYeCTBO BbIGOPOK, UTO 3aTPYAHSET UCMOJIb30BaHVE TPAANLMOHHBIX METOIOB aHanu3a. B cBA3m ¢ 3Tum Hawe nccnefo-
BaHVie NpeAasnaraeT HOBbI MOAXOM, OCHOBAHHbIN Ha rMy6oKOoM 06yUYeHUy, AN PelleHns OQHOM U3 CamMbIX aKTyaslbHbIX 3a-
[iay 3BOJIOLMOHHON Grionorimn — noucka 6anaHca Mexzy nosoBbiM 1 6ecrnosnbiM pasmMHoOXeHVeM. MONOBOe Pa3MHOXEHNE
YacTo NPMBOAMT K HAPYLIEHUIO BbIFOLHbBIX KOMOMHALMIA reHOB, KOTopble 6bINK 0To6paHbI B NpoLiecce 3osnouumn. C Apyron
CTOPOHbI, 6ecrnonoe pasmMHOXeHVe NO3BOJIAET OpraHN3Mam ObiCcTpee pasmMHOXaTbCA 6e3 yyacTua camuoB, 3bGeKTVBHO
nofAepXKrBas nosnesHble reHoTUnNbI. ViccnegoBaHne NOCBALLEHO N3YYEHNIO 3aKOHOMEPHOCTEN COCYLLECTBOBAHUA NOMOBO-
ro 1 6ecrnosnoro pasMHOXeHVA B pamKax ogHoro Braa. Mbl paspaboTany cneumanbHyo CBEePTOUHYIO MOZEeNb HePOHHOM
ceTu, NpefHa3HaueHHyIo 4N aHanM3a AUHAMUKKU NOMNyNAUUiA, KOTopble JEMOHCTPUPYIOT CMeLaHHble PenpoayKTUBHbIE
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Artificial intelligence
distinguishes reproductive modes

CTpaTernn B U3MEHSIOLMXCA YCIOBUAX. Ta MOAENb MO3BONAET OLEHUTb JOM0 MOTOMKOB PENPOAYKTUBHOTO Pa3MHOXe-
HWAA, €CNN 3Ta AONIA OCTAETCA NOCTOAHHON B TeUeHVe JOCTaTOYHOrO Nepuoaa BpemMeHu, B MOnynsaLusax, COCTOALMX 13 No-
CTOAHHOTO YMC/la OPraHN3MOB, C UCMOMb30BaHNEM MYSIbTUANENbHbIX MPU3HAKOB, TAKUX KaK MUKPOCATENINTHbIE MOBTOPbI.
Pe3ynbTtaTbl MoKasanu, YTo MOAesb C TOUHOCTbIO 0.99 OLleHVBAET COOTHOLLEHME PENPOAYKTUBHBIX PEXNMOB, 3GdeKTUBHO
CNpaBnAAcb C TPYAHOCTAMM, CBA3aHHbIMU C He6ONbLLMMU BbiGopKamu. bonee Toro, Koraa pasmMepHOCTb obyyatoLero Habo-
pa [AaHHbIX COOTBETCTBYET GaKTUYECKM JaHHbIM, MOAeNb ObICTpee AOCTUrAeT MUHUMANbHOW OLIMGKM, YTO NOAYEepKMBaeT
Ba’KHOCTb NMoAbopa CTPYKTYypbl Habopa AaHHbIX AS1A TOYHOCTU NPefcKasaHuii. OTa paboTa BHOCUT 3HAUMTENbHbIV BKNIaA B
NOHVMaHWe AVHAMUKM PENPOLYKTUBHOW CTpaTernn B 3BOSIIOLMOHHON 61ONIOrK, AEMOHCTPYPYA NoTeHuMan rny6okoro
obyueHus Ans ynyJlleHns aHanm3a reHeTUYecKmx AaHHbix. Halm pesynbTaTbl OTKPbIBAIOT ABepU AnA 6yayLmnx nccneaosa-
HI, MOCBALLEHHbIX TOHKOCTAM FEHETUYECKOro Pa3sHoobpasysa 1 Cnocobam PasMHOXKEHUA B U3MEHUMBbIX SKOJTOTMYECKMX
YCIOBUSAX, MOAYEPKMBas BAXKHOCTb COBPEMEHHBIX BbIUMCIINTESNIbHbIX METOAOB B 3BOJIOLIVIOHHbIX MCCIIEA0BAHNMSAX.

KnioueBble cnoBa: rny6okoe obyyeHue; cBepTouHas HelipoHHasa ceTb (CNN); paBHoBecue Xapan-BaiiHbepra; yacTnyHo

KNOoHanbHaA nonynAauna; MUKpOCaTesIJINTbI

Introduction and motivation

Genetic diversity of biological entities such as populations,
species, species communities is the main source of information
allowing one to make numerous conclusions about their setup
and functioning (Korfmann et al., 2023). Hence, the variety
of sampling methods and ways of subsequent experimental
data processing have been developed. In contrast to big data
applications, where sample sizes typically exceed minimal
requirements for robust conclusions, certain problems rely
on limited and hard-to-acquire datasets, which complicates
processing.

Deep learning has been applied successfully in population
genetics in order to study various microevolutionary processes.
A recurrent neural network model has been developed to
predict recombination maps (Adrion et al., 2020), identify
possible cases of positive natural selection (Anders, Korn,
1999; Egrioglu et al., 2008) and to estimate the time since the
nearest common ancestor (Montinaro et al., 2021). A good
predictive effectiveness on simulated data has been shown
(Korfmann et al., 2023).

Neural networks were used to elucidate the demographic
history of an individual population using genomic data without
any preliminary knowledge of the recombination rate (Sanchez
et al., 2021). In this study, the authors showed that network
architecture is crucial for its performance. A poor design could
lead to overfitting and loss of information.

When SNP frequencies were analyzed using MLP (multi-
layer perception), it led to high prediction errors, since the
genomic information was encoded as a simple set of values
where the order did not matter, and thus the information
provided by the data structure was not used. The MLP con-
figuration has several disadvantages for SNP analysis: (a) the
number of estimated network parameters is large, which can
lead to an increase in model training time; (b) MLP can extract
data geometry only by training, without a guarantee that it will
study the spatial structure of the genome. But MLP still works
much better than random assumptions or constant prediction
(by 32 %) (Sanchez et al., 2021).

In this paper, we apply a deep learning-based approach to
one of the most intriguing questions of evolutionary biology:
the balance between sexual and asexual reproduction (Schon
et al., 2009; Baer, 2020; Otto, 2021; Cohen, Marron, 2023).
Sexual reproduction can destroy favorable combinations of
genes supported by selection, while the asexual one allows
to reproduce twice as fast, since there is no need to produce
males for continuous reproduction, and preserve favorable

468

genotypes (Barton, Charlesworth, 1998; Gutiérrez-Valencia
etal., 2021).

There are various patterns of coexistence of sexual and
asexual reproductive modes in a single species. The sexual
and asexual organisms belonging to the same species coexist
in the same population, either alternating throughout their life
cycle or in spatially or temporarily isolated subpopulations
(Tagg et al., 2005; Rossi et al., 2007). Exclusively asexual
vertebrates are usually closely related to sexually reproducing
species (Janko et al., 2007; Schurko et al., 2009).

Asexual lines (clones) can develop by various mechanisms
(spontaneous, contagious or infectious origin, hybridization)
from ancestral sexual species (Avise et al., 1992), but the
mechanisms of transition may be extremely diverse (Thielsch
etal., 2012; Poroshina, Sherbakov, 2023). In order to analyze
the exact population processes in organisms able to follow
both ways of reproduction, one must be able to estimate
the population-wide ratio of reproductive modes. Computer
modeling previously allowed us to show that it is possible to do
using distortions from equilibrium frequencies of microsatel-
lite alleles (Messer, 2016). Here, we describe the development
and testing of a deep learning model designed to study the
dynamics of populations with a mixed type of reproduction
in a changing environment.

Methods

Experimental data. The experimental data were taken from
a published article and represent sets of allele lengths of
microsatellites from 44 natural populations of Daphnia cu-
cullata, D. galeata and D. longispina (1715 individuals) ex-
pressed in nucleotide pairs (Thielsch et al., 2012). The lengths
of microsatellites are converted into matrices reflecting the
frequency of occurrence of alleles and analyzed in this form
by a neural network.

Simulated data. The training data were generated by a
modified version of the Wright-Fisher model (WF), consider-
ing a mixed breeding strategy in a population (Messer, 2016).
The model describes a population with discrete, nonoverlap-
ping generations. In each generation, the entire population
is replaced by the offspring of the previous generation. The
parents are selected by random sampling with substitution. In
a haploid population of constant size N, the probability that
an allele present in i individuals will be present in j indivi-
duals in the next generation follows the binomial probability:

Pjj = ['}'] (NI -iN)NT, 0<ij<N. (D)
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The transition probabilities P;; determine the Markov process
with discrete time in the space of allele frequencies:

x(t) = i(t)/N. 2

The expected frequencies of alleles remain constant across
generations, whereas the variance for each generation is:

Var[x] = x(1 — x)/N. 3)

The probability that an allele will eventually become fixed is
simply its initial frequency. In particular, the probability of
fixing a new mutation present in a single copy is 1/N (Ratner,
1972).

Models of genotype distributions resulting in different
reproductive modes. If all allele and gene combinations are
believed to be of the same adaptive value and the conditions
for the WF model are fulfilled, in a sufficiently big popula-
tion reproducing exclusively sexually the Hardy—Weinberg
equilibrium has to be true. In its traditional form, it describes
a single locus having two alleles. For this study, we need
an expanded model describing equilibrium for multiallelic
loci which would be suitable for multiallelic microsatellites
markers. Thus, for a gene having m alleles (for microsatellite
markers m>2), an array of allele frequencies P =[py, ..., pu]

and Z'i\ilpi =1, where M is the number of alleles. The equilib-
riumprobabilities of diploid genotypes will be:

S=P®P. )
In matrix shape:
Pm
S={Pn1®[py py ... pul=
P1
PPy PP - PR
—|[Pm-1P1 Pm_1 P Pm—1Pm | ©)
P2 pips P1 Py
And Hardy—Weinberg equilibrium will be:
2 p= 1. (6)

And, according to the WF model, it will hold for genera-
tions. In case of asexual reproduction, all ancestors of a given

(3,47,32)

(10,98, 16) (5,49, 16)

(12,100, 1)

Convolution Max-pool

Fig. 1. The structure of the neural network.
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organism will inherit its genotype unless a mutation will trans-
form the ancestral allele into a different one. It is important
to note that we assume a fixed number of allowed alleles M,
possibly different for each polymorphic locus; therefore, no
mutation may increase M and frequencies of alleles will be:

A=[py s Pul* P2 - P U]

Assuming that the ratio of organisms resulting from asexual
reproduction to the ones resulting from sexual reproduction
is o, the genetic setup of a population with two coexisting
reproduction strategies will be:

AS:U‘([pll LS| pM]*[plv ey pM]) +
Jr(17(1)*(“:)1! "'va]®[pli va]) (8)

Neural network architecture and training. Two sources
of noise in real world data have been modeled. Sampling error
was mimicked by substituting probabilities of genotypes with
their frequencies sampled from a small set of organisms. These
frequencies were then converted to probabilities and used for
training the network. The resulting values deviate from the
expected pattern because of the small sample size.

Possible reasons for additional noise may include mis-
identification of samples, pipetting mistakes etc. They were
simulated by the addition of a random value sampled from a
normal distribution with average set to 0 and standard devia-
tion set to 0.05 or any other sufficiently small value.

Neural networks are trained using a matrix of dimension
mxn, where m is the number of different alleles of a gene,
n is the number of genes, and the element of the matrix a;; is
the frequency of occurrence of a combination of the i-th and
j-th alleles.

The training set was obtained by repeating simulation of
genotype distributions at different a for n genes, for different
numbers of alleles M; for each gene. The allele frequencies
were sampled from a uniform distribution and then the geno-
type frequencies were obtained using (5).

A convolutional neural network (CNN) has been developed.
It contains two external and six internal layers, including two
convolution layers followed by max-pooling, a flatten layer
and two fully connected dense layers (Fig. 1).

The mean absolute error (MAE) was chosen as the loss func-
tion. MAE is a measure of errors between paired observations

736

1,23,32
( ) 32

Convolution Max-pool Flatten Dense  Dense

A convolutional neural network contains two external and six internal layers: two convolution layers followed by a max-pooling one,

a flattening layer and two dense layers.
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expressing the same phenomenon. It is calculated as the sum
of absolute errors divided by the sample size:

" lYi—Xi " e
MAE:Z|:1|nyI I|:Z|:r£|'_| Il. (9)

The optimization strategy was based on the Adaptive Mo-
ment Estimation algorithm (ADAM). It combines both the
idea of accumulation of movement and the idea of a weaker
update of weights for typical signs. It is one of the most popular
adaptive step-size methods (Kingma, Ba, 2014).

Gradient descent (CD) is a method that uses the fixed-point
method to zero out the first derivative of the cost function, but
it creates difficulties in complex applications.

Estimation of the model’s precision. The accuracy of the
model was estimated using the coefficient of determination
(R?). The coefTicient of determination is the proportion of va-
riance of the dependent variable explained by the dependence
model in question, that is, the explanatory variables:
DX\

Zi(yi*)Ti) .

Artificial noise in data. Small data size was modelled by
first making a sample of a certain size with genotype quantities
(integers) proportional to genotype probabilities calculated as
described above and then normalized again to obtain frequen-
cies. Thus, the smaller was the “sample size”, the bigger was
the distortion. This procedure allowed us to obtain the training
set of genetic setups similarly distorted.

Other sources of mistakes include diverse aberrations like
misidentification of samples, size calibration errors in the
course of fragment analysis, etc. It was modelled by making
a vector of random values sampled from normal distribution
with the average set to 0 and the standard deviation set to a
desired value, and adding this vector to the vector of values
delimiting different classes of ratios of individuals resulting
from sexual or asexual reproduction.

R2 (10)

Results

A deep learning-based method for estimating the ratio of
asexual and sexual reproduction in populations capable of
switching between these reproductive modes has been de-
veloped. In its current form, the method is intended to use

1.01
— Real shape (12, 5)
— Shape (14, 7)
0.8 — Shape (16, 9)
— Shape (20, 13)
T o6l — Shape (28, 21)
— Shape (44, 37)
04
0.2
0 i 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Epoch

Fig. 2. The dependence of the error value on the learning epoch for
different dimensions of a frequency matrix of the training sample.

Artificial intelligence
distinguishes reproductive modes

multiallelic traits, the most common of which are micro-
satellite repeats. The method achieved an accuracy value of
0.99. The method of training the neuron network appears to
be critically important: our findings reveal that ignoring the
variability in allele counts across genes and using uniform
genotype matrices significantly reduces model precision. This
underscores the importance of accounting for allelic diversity
during training. In this regard, for each data set, the model
was trained on a simulated data set of a similar dimension to
a frequency matrix of the original data.

When the size of the training dataset matches the dimen-
sionality of the actual data, the mean squared error converges
to zero more rapidly compared to situations where the training
dataset has a larger size (Fig. 2).

With the model architecture chosen, the optimal number
of learning epochs turned out to be 15, with the value of the
number of epochs, the learning rate equal to 0.01 and the size
of the training sample equal to 16, the minimal error value
is achieved. With the learning rate of the model equal to 0.1,
the error quickly takes a value less than 0.05 and does not rise
above this value with the sample sizes of 16 and 32. With a
learning rate of 0.1, the result is unstable, and the error value
varies from 0.29 to 0.3 and does not drop below even with
50 training epochs (Fig. 3).

a
0.07 — batch_size=8
— batch_size=16
— batch_size =32
A
o
|
b
0.3100
— batch_size=8
03075 — batch_size =16
03050 | — batch_size =32
0.3025
4 0.3000
o
|
0.2975
0.2950
0.2925
0.2900

Epoch

Fig. 3. The dependence of the error value on the learning epoch for
different sizes of the training sample and different learning rates.

a - the graph shows the error value depending on the learning epoch, with
a model learning rate equal to 0.01; b - the graph shows the error value
depending on the epoch with a learning rate equal to 0.1.
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When noise occurs in the frequency values of the ratio of
sexual and asexual reproduction, which may indicate errors
occurring during sequencing, the average error values when
noise occurs are higher than without noise, but with a standard
deviation value of 0.05 differ by no more than 0.01 (Fig. 4).
This computational experiment tests the method’s resistance
to noise caused by sequencing errors.

As the number of individuals in the sample increases, the
confidence interval in the early epochs of model learning
decreases. When comparing noisy data by sample size and
non-noisy data, it can be concluded that the error does not
differ much; at the initial stages of model training, the con-
fidence interval is larger, but at the end of model training,
both the average and the confidence interval differ slightly
(Fig. 5). This computational experiment tests the method’s
resistance to noise arising from limited sampling for analysis.
The model was tested on experimental data, and values. The
models obtained as a result of calculations coincided with the
experimental data.

Discussion

The model proposed here does not take into account a set
of complications quite common in the real-world data. Dif-
ferent loci are often inherited dependently due to topological
associations in chromosomes which per se may be of posi-
tive selective value and may change the expression level of
some genes. These associations may be supported by assorted
mechanisms bringing even distant loci physically together.
Also, many microsatellites are organized in a more complex
way than just a simple repeat of short sequences; in this case,
the inheritance of microsatellite alleles may be distorted by
non-allelic mutations in the adjacent areas of the genome.
These accomplishments become a serious challenge when
setting up models, which in turn may cause an unnaturally

0.06 Noise
No noise

0 2 4 6 8 10 12 14
Epoch
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R2
0.06

No noise
0.05 Noise alpha

0.03

0 2 4 6 8 10 12 14
Epoch

Fig. 4. The effect of noise in the frequency of occurrence of a combination
of alleles on the prediction error of the model.

The green color shows the error distribution when training the model on
simulated data with artificial noise in the frequencies of occurrence of
a combination of alleles having a Gaussian distribution with a standard
deviation of 0.05. The grey color shows the error distribution when training
the model on simulated data without noise.

high level of mistakes in models or the necessity to develop
models with many more parameters. This increases the num-
bers of model parameters’ computational time and complexity
(Putman, Carbone, 2014).

The advantage of our convolutional neural network com-
pared to traditional approaches is the ability to efficiently
extract and process information from multidimensional data

RZ
0.035 175
100
0.030 20
0.025
0.020
0.015

0.010

0.005

0 2 4 6 8 10 12 14
Epoch

Fig. 5. The dependence of the error value on the epoch of model training with a limited sample.

a - the blue color shows the error distribution when training the model on simulated data containing noise in the form of limiting the sample to the training
data and rounding the value of the sum of frequencies in a sample size from 10 to 200, followed by averaging the frequency of occurrence of a combination of
alleles. The orange color shows the error distribution when training the model on simulated data without noise. The lines are depicting approximation curves for
data with and without noise. The confidence intervals are shown in translucent color; b - the red color shows the error distribution for a sample size of 20 out of
200 possible; the purple color shows the error distribution for a sample size of 100 out of 200 possible; the yellow color shows the error distribution for a sample

size of 175 out of 200 possible.
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structures, which is critically important when analyzing
genetic data. In particular, this means an increased ability to
recognize complex relationships and mechanisms, which can
provide more accurate predictions and a better understanding
of genetic interactions. The model proposed is characterized
by a high degree of accuracy, it is trained on data, the size
of which exactly corresponds to the size of experimentally
obtained genetic matrices, thereby minimizing the risk of
overfitting, which often occurs when using larger, artifact
datasets. This approach made it possible to achieve a signifi-
cant level of accuracy already at the initial stages of training,
which indicates the high efficiency of model training and its
ability to quickly adapt to new data.

When training with data that are selected depending on the
structure of the actual analyzed data, the model quickly reaches
an accuracy of 0.95, after which the overtraining of the model
does not happen. Overtraining of a neural network may not
occur in some cases, for example, when a linear perceptron
is used. In this case, all the minima of the error function are
approximately equivalent to the desired point of the global
minimum, thus overtraining cannot be achieved.

Noise in the data has a significant impact on neural net-
work prediction results, especially in the cases of analyzing
biological data such as DNA sequencing (Kircher, Kelso,
2010). Errors in data acquisition may be due to diverse rea-
sons such as insufficient sample quality: poor quality of DNA
or RNA, for example, due to degradation or contamination,
can lead to errors in sequencing (Levin et al., 2020), and so
can faults in sequencing technology (different sequencing
methods have their own limitations and sources of errors).
For example, some technologies may have difficulty with
repeating sequences or with long DNA fragments (Adiconis
et al., 2013). The very PCR process may become a source of
noise: when samples are amplified using polymerase chain
reaction (PCR), errors can occur, which are then transmitted
to the sequencing results (Hsiao, 2019).

Frequency values of the ratio of sexual and asexual repro-
duction are subject to random deviations. This may make it
difficult for the neural network to correctly identify patterns
and dependencies. Incorrect or distorted data can cause the
model to make incorrect assumptions about the distribution
of data, which reduces its generalizing ability.

However, as the results of the present experiment show,
with a noise standard deviation of no more than 0.05, which
roughly corresponds to the real situation, the difference in pre-
dictions is only 0.01. This indicates that the proposed method
is sufficiently resistant to frequency noise that occurs during
the acquisition of real data.

Modern approaches, such as the use of model ensembles or
techniques for estimating the uncertainty of predictions, can
also help to effectively deal with noise (Zhou, 2025). This
is especially true in biological research, where data may be
distorted due to a large variety of reasons. The reasons are not
specified in this work, since the noise level in the frequencies,
when receiving real data, which are further analyzed, often
does not exceed 0.05.

The noise caused by a limited sample size may result in an
increase in the prediction error, and its negative impact can
be mitigated by using a sufficient sample size. The observed
decrease in the confidence interval with an increase in the
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number of objects in the sample indicates an increase in the
accuracy of the model’s predictions as more data are accumu-
lated. A comparison of error distributions in noisy and non-
noisy data at different stages of training shows that although
the confidence interval for noisy data is wider at the initial
stages, the error differences become less significant at later
stages of training. This may indicate that with an increase in
the number of training iterations, the model is able to adapt to
noise and adjust its predictions. It is also worth noting that the
simulation results agree with experimental data, which con-
firms the adequacy of the proposed method and its resistance
to noise arising from a limited sample size. This opens up the
possibility for applying this approach in various fields were
working with noisy data is an everyday task, such as genetic
research, medical diagnostics, and other scientific fields that
otherwise would require the analysis of a larger amounts of
complex data.

Conclusion

Application of the described approach has its limits since
violations of the equilibrium frequencies of genotypes can
arise for a number of reasons not related to reproductive
strategy, from genetic drift to sudden demographic changes.
Therefore, in each specific case, it is necessary to involve
external knowledge regarding the biology of the organisms
under study. Further studies of populations with a mixed re-
productive strategy and, accordingly, methods for detecting
the characteristics of their genetic diversity should take into
account, firstly, the inconstancy of the ratios of strategies in
a number of generations, and secondly, possible sharp demo-
graphic fluctuations. The combinations of these two factors
result in unusual patterns of genetic diversity.
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